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COEVOLUTION:  BIOLOGICAL 
OBSERVATIONS  FROM 
YUCCA  MOTHS  TO 

MOLECULES,  AN 

INTRODUCTION' 

Victoria  C.  Hollowell2  and 

P.  Mick  Richardson2 

Abstract 

Mutualisms  between  plants  and  animals  have  been  observed  since  the  nineteenth  century  with  George  Engelmann's 
1872  note  of  the  nocturnal  visits  of  yucca  moths  to  Yucca.  Not  until  1964  were  such  close  ecological  associations 

termed  "coevolution"  by  Ehrlich  and  Raven.  Since  then,  these  mutualistic  relationships  have  been  seen  to  extend 

beyond  plant-pollinator  interactions.  Examples  are  now  known  to  occur  between  fungi  and  flowering  plants,  among 

marine  algae,  and  even  for  the  enteric  bacteria  of  phloem-feeding  insects.  The  46th  Annual  Systematics  Symposium 

held  at  the  Missouri  Botanical  Garden  in  1999  presented  modern  coevolution  research  using  methodologies  moving 

from  field  observation  into  molecular  analysis. 

Key  words:     coevolution,  Engelmann,  Yucca,  mutualism,  pollinator. 

The  ecological  intimacy  between  flowering  plants  Several  other  associates  of  the  Missouri  Botanical 

and  their  pollinating  insects  has  long  fascinated  Garden  then  continued  his  studies.  In  reporting  his 

botanists.  As  proof  of  this,  scientific  study  of  these  own    observations    for   plant-insect   interactions, 

mutualisms  and  their  coevolution  has  appeared  in  Charles  V.  Riley  remarked  that  "this  perfect  ad- 
the  literature  since  the  19th  century.  Declaring  that  aptation  and  adjustment  have  been  brought  about 

"nocturnal  insects  are  the  agents,"  George  Engel-  by  slow  degrees  through  the  long  course  of  ages" 
maun  (1872a:  33,  1872b)  first  remarked  on  visits 

( 1 889 

of  yucca  moths  to  Yucca  in  correspondence  to  the      Trelease  continued  this  traditional  interest 

in  co- 

Bulletin    of Torrey   Botanical    Club    (Crosby,      adaptation  with  a  series  of  comments  in  the  Gar- 

1974).  In  1874,  Engelmann  detailed  the  close  as-      dens  Annual  Reports   (1892,    1893,   1894,    1898, 

sociation  between  moth  and  plant  in  a  paper  for  the       1902,  1907,  etc.). 

jf  the  St.  Louis  Academy  of Thus,  the  intertwined  natural  history  of  plants 

1  This  and  the  four  articles  that  follow  it  are  the  proceedings  of  the  46th  Annual  Systematics  Symposium  of  the 
8-9  October  1999 

The  symposium  was  supported  in  part  by  the  National  Science  Foundation  under  grant  number  DEB-9420140.  We 
thank  Marshall  R.  Crosby  and  Wallace  D.  Dawson  for  their  insightful  reviews  of  this  introduction. 

2  Missouri  Botanical  Garden,  P.O.  Box  299,  St.  Louis,  Missouri  63166-0299,  U.S.A. 

Ann.  Missouri  Bot.  Gard.  88:  1-4.  2001. 
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and  insects  has  been  observed  by  biologists  for  over      with  respect  to  the  underlying  genetic  architecture, 

a  century.  But  ecological  definition  of  the  relation-      Beyond  plants  and  pollinators,  participants  in  the 
ship  only in  1964  when  Paul  Ehrlich  and       1999  Coevolution  symposium  drew  from  diverse  ex- 

Peter  Raven  coined  the  term  "coevolution"  in  their  amples,  ranging  from  fungi,  both  endo-  and  eeto- 
classic  Evolution  paper,  but  shifted  the  focus  from  mycorrhizal,  to  marine  red  algae  with  their  adel- 
moths  to  butterflies  as  pollinators.  As  further  evi-  pho-  and  alloparasites.  For  these  red  algae,  their 
dence  of  our  scientific  fascination  with  evolution  in  mutualistic  intimates  arise  from  within  their  own 

tandem,  botanists  have  used  the  specific  term  "co-  ranks,  from  other  red  algae  as  shown  by  Lynda  Goff 
evolution"  in  either  the  title  or  abstract  of  over  77  (University  of  California  at  Santa  Cruz).   Morpho- 
articles  in  the  Annals  of  the  Missouri  Botanical  Gar-       logical  clues  are  few  in  these  algae,  but  host  pref- 
den  alone  in  the  36  intervening  years  since  1964.       erence  is  an  exacting  one,  beginning  with  the  in- 

An  earlier  Garden  symposium  (20th)  also  fo-  jection  of  parasite  nuclei  and  mitochondria  into 

cused  on  "Plant-Animal  Coevolution"  (see  its  1974  hosts.  In  this  symposium,  molecular  analysis  sup- 
introduction  by  Gerrit  Davidse).  At  that  symposium  plants  past  phenomenological  observations  of  pale 
a  young  Al  Gentry  presented  his  dissertation  re-  moths  on  summer  evenings  in  probing  relationships 
search  on  revolutionary  patterns  in  Bignoniaceae,  between  codependent  organisms. 
and  Willi Ramirez  B.  reported  on  the  textbook Two  revolutionary  examples  presented  at  the 

example  of  fig  wasps  and  their  reciprocal  exploi-  1999  symposium  derive  from  fungi  and  progress 
tation  of  fig  synconia.  It  was  also  in  1974  that  Ed-  from  the  macro-  to  microscopic  level.  Roy  Hailing 
ward  Ayensu  commented  on  bat  activity  in  western  (New  York  Botanical  Garden)  dates  the  phenome- 
Africa,  and  in  general,  the  symposium  emphasis  non  in  fungi  to  the  Devonian  when  endomycorrhi- 
fell  on  pollination  and  fruit  dispersal  at  the  level  zae  first  appear  in  the  fossil  record.  Soon  after,  ec- 
oi  the  individual  genus  or  family.  Raymond  Hei-  tomycorrhizal    Homobasidiomycota   (mushrooms, 
thaus  (1974)  examined  the  effects  of  Costa  Rican  truffles,  and  puffball  fungi)  also  formed  mutualistic 
pollinators  on  lowland  community  structure  dem-  associations  with  vascular  plants  during  their  an- 
onstrating  that  the  diversity  of  floral  visitors  and  tediluvian  march  onto  land.  Suilloid  Boletac 

•eae  ra- 

floral  diversity  were  positively  linked.  Across  a  di-  diated  concomitantly  with  the  progenitors  of  mod- 
versity  of  communities,  Alan  Covich  (1974)  looked  ern  conifers,  forming  close  relationships,  both 
at  the  energetic  costs  of  foraging  behaviors  by  pol-       ectomycorrhizal   and   systematic,   over  millions  of 

years.  Ectomycorrhizae  occur  on  a  global  scale,  ex- 
hibiting an  association  with  seasonal  habitats.  Their 

linators,  as  well  as  the  impact  of  herbivory  on 
lection. 

over ad A  quarter  century  later,  the  46th  Annual  System-  plant  hosts  include  pines  and  oaks,  and 
atics  Symposium  (1999)  provided  an  updated  per-  en  other  plant  families.   Ectomycorrhizal  associa- 
spective   on    coevolution    where   additional    model  tions  are  now  known  from  Myrtaceae  and  Diptero- 
systems  and  methodologies  uncontemplated  earlier  carpaceae,  and   have  been   observed  even  among 
were  considered.  Again  held  in  St.  Louis,  the  1999  caesalpinoid  legumes.  Spanning  continents  as  they 

symposium  saw  its  presentations  range  across  phy-  do,   Halling's  systematic  investigations  of  eetomy- 
logenetic  distances  as  wide  as  kingdoms  and  con-  corrhizae    reveal    relictual    disjunct    distributions. 
sidered    profound    (^evolutionary    dependencies  Where  and  what  macrofungi  now  occur  can  be  used 
down  to  the  intracellular  level.  Olle  Pellmyr  (Van-  to  address  the  biogeographic  distribution  of  their 
derbilt  University)  gave  a  modern  interpretation  of  associated  phanerogams  through  time, 
the  classic  yucca-yucca  moth  interactions.  He  doc-  Mutualisms  have  coevolved  at  the  intracellular 
umented  that  other  moths  may  cheat  at  the  mutu-  level  as  revealed  by  Chris  Schardl  (University  of 
alism  with  yucca  and  explored  the  ecological  and  Kentucky  at   Lexington)  for  fungal  endophytics  of 
phylogenetic  implications  of  these  corollary  inter-  cool-season  grasses  of  Pooideae,  which  may  then 
actions.    Brian   FarreU  (Harvard   University)  exam-  benefit    from    increased   drought    tolerance.    Within 
l 
ined  the  coevolving  interactions  between  plants  and  Clavicipitaceae  of  Ascomycota,  he  employed  mo- 
phytophagous  insects  and  extended  his  observa-  lecular  tools  to  examine  Epichloe  species  and  their 
tions  into  a  range  of  other  plant  and  animal  path-  asexual  relatives.  These  fungal  symbionts  transmit 
ogens.  How  does  selection  act  to  stabilize  this  evo-  themselves  among  grasses,  plant  to  plant  by  either 
lutionary  change  as  organisms  increasingly  track  contagious  horizonal  infection,  choking  down  inflo- 
one  another?  Host  use  and  host  tissue  specificities  rescences  and  seed  set,  or  by  a  more  benign,  ver- carried    along in    tl 

ie    mature affect  the  dynamics  of  population  genetics.  Even       tical    transmission 

the  taxonomic  affiliations  of  the  host  organism  may      grains  of  familiar  grasses  such  as  Festuca,  Lolium, 
indicate  how  labile  or  conservative  shifts  will  be      and  Poa.  It  is  striking  that  his  multi-gene  analysis 
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of  nuclear  rDNA  and  beta-tubulin  gene  introns  ad-  variable  may  be  the  selective  advantage  for  the 

dresses  both  biological  and  phylogenetic  species  plant.  Does  its  secondary  phytochemistry  deter  or 

concepts  as  revealed  by  the  depths  of  its  phyloge-  invite  invertebrate  companions?  When  does  this 

netic   signal.   Those  Epichloe  species  that  corre-  move  into  the  taxonomic  coadaptation  of  flora  and 

spond  to  a  biological  species  concept  appear  to  bal-  fauna?  Well  known  is  that  lepidopterans  appear 

ance  horizontal  contagion  and  vertical  seed-borne  more  species-rich  when  associated  with  hostplants 

transmission,   specializing  to  specific  grass  hosts  having  more  advanced  classes  of  coumarins,  e.g., 

and  exhibiting  cladistic  evolution.  However,  those  for  Papilio  on  Apiaceae  (Ehrlich  &  Raven,  1964). 

fungal  species  decoupling  a  balanced  and  bidirec-  Plant  secondary  chemistries  exert  further  selective 

tional  transmission  may   veer  to  horizontal  viru-  pressures  with  their  chemical  interactions.  Methy- 

lence,  increasing  their  intraspecific  diversity,  de-  lenedioxyphenol  or  MDP  compounds,  prevalent  in 

laying  speciation  with  an  amplification  of  lineage  Apiaceae   and    Asteraceae,   potentiate   furanocou- 

sorting,  with  the  ecological  consequence  of  broad-  marin  activity  in  these  plant  families;  MDP  com- 

ening  the  host  base  among  grasses. pounds  also  inhibit  cytochrome  P450  monooxygen- 

Another  elegant  example  of  coevolution  exists  for  ases,  the  enzyme  class  in  insects  that  detoxifies 

phloem-sucking  insects  and  their  endosymbionts  furanocoumarins.  Insects  specialist  to  these  plants 

that  supply  essential  amino  acids,  which  are  oth-  face  this  doubled  toxicological  challenge,  and  if 

erwise  limiting  nutrients  in  plant  sap.  Nancy  Moran  successful  gain  ecological  advantage  for  herbivory 

(University  of  Arizona  at  Tucson)  investigates  these  and/or  colonization  for  themselves  on  these  plants. 

Proteobacteria,    which    reside    within    specialized  Insects  not  preadapted  do  not  meet  the  competitive 

bacteriocytes  of  their  insect  hosts  and  are  trans-  challenge.  In  turn,  similar  insect  faunas  select  for 

mitted  maternally  to  aphid  offspring.  Related  to  en-  similar  phytochemistries  in  host  plants,  regardless 

teric  bacteria,  aphid  endosymbionts  have  discarded  of  their  phylogenetic  affinities, 

superfluous    nucleic    acid    sequence,    and    conse- 

quently many  functional  gene  pathways,  and  fea-  Literature  Cited 
ture  very  small  genomic  sizes.  For  Buchnera,  the 

best  characterized  of  the  aphid  endosymbionts,  this 

means  its  genome  is  only  about  l/7th  the  size  of  its 

well-known  relative  E.  colL  This  mutualism  is  an 

old  one,  estimated  at  over  a  million  years,  but  how-  Q™^  ̂ R.^T^'  George  Engelmann's  notes  on  the 

Ayensu,  E.  S.  1974.  Plant  and  bal  interactions  in  West 
Africa.  Ann.  Missouri  Bot.  Gard.  61:  702-727. 
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in  which  slightly  deleterious  mutations  accu-  I'liuW  in  coevolutkm.  I 
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ECTOMYCORRHIZAE 

CO-EVOLUTION, 
SIGNIFICANCE,  AND 

BIOGEOGRAPHY1 

Roy  E.  Hailing' 

Abstract 

The  fungus/plant  root  association  known  as  a  mycorrhizal  symbiosis  appears  to  have  evolved  in  the  Devonian.  Of 

the  two  genera]  morphological  types  of  mycorrhizae  among  plant  families,  arbuscular  mycorrhizae  appear  earlier  in  the 

fossil  record  and  are  more  widespread  than  are  ectomycorrhizae.  The  latter  type  of  symbiosis  most  likely  evolved  with 

the  vascular  plant  progenitors  of  modern  Pinaceae  in  the  Jurassic,  but  also  developed  with  the  ancestors  of  a  dozen  or 

perm profit  by  acquiring  resources  from  their  partners  that  would  otherwise  be  unavailable.  In  natural  environments  where 

ectomycorrhizal  communities  exist,  the  symbiosis  may  be  restricted  or  not  depending  on  the  particular  plants  and  fungi 

involved.  The  presence  of  an  obligate  specificity  of  a  particular  fungus  with  a  particular  plant  has  a  profound  conse- 
quence on  biogeographic  distribution. 

Key  words:     Australia,  biogeography,  Colombia,  Costa  Rica,  disjunct  distribution,  fungi,  montane  tropics,  mycorrhi- 
zae, symbiosis. 

I  address  five  general  points  regarding  mycor- 1885  by  A.  B.  Frank  (1885) 

rhizae  below,  with  particular  reference  to  the  type  According  to  Trappe  (1977a:  203),  "About  95  per- 

known  as  ectomycorrhizae.  These  points  are:  (1)  cent  of  the  world's  present  species  of  vascular  plants 

mycorrhizae,  (2)  the  organisms  involved,  (3)  co-evo-  belong  to  families  that  are  characteristically  mycor- 

lution,  (4)  biological  significance,  and  (5)  biogeog-  rhizal;  mycorrhizae  have  evolved  as  the  norm  of  ter- 

raphy.  The  discussion  is  not  from  the  viewpoint  of  restrial  plant  nutrition,  not  the  exception."  A  clear- 
one  who  studies  the  mycorrhizal  phenomenon,  but  inghouse  for  mycorrhiza  information  on  the  WWW 

rather  as  a  mycomic  systematist  whose  study  or-      can  ̂   found  at:  http://mycorrhiza.ag.utk.edu.  Also, 

these  mycorrhizal  associ-      an  updated  text  by  Smith  and  Read  (1997)  provides 
an  excellent  overview  of  the  subject. 

Although  mycorrhizae  exhibit  several  different 

types  of  morphologies,  I  will  address  just  one:  the 

form 

ations. 

(1)  Mycorrhizae 

terms 

Mycorrhiza  refers  to  an  association/symbiosis/mu-  predominately  involved  in  the  association  are 
tualism  between  plants  and  fungi  wherein  fungi  col-  H()mobasidi          ota  (mushrooms,  pUffballs,  and  al- onize  the  cortical  tissue  of  feeder  rootlets  during  pe-  j_  u^rfont 

,                 ,      m                       /    c  lies),  although  some  Ascomycota  are  also  important 
riods   of  active   rootlet   growth.    Ihe   movement   ot 

ungus 
ormers 

.     f         .  ii.  n      u        *    •  pervasive   Cenococcum) .   Among  other  features  ot 

quired  nutnents  to  the  plant  generally  charactenzes  PCIvas 
 /  & 

.i  .-       i?        n    :~.     ̂ ™»  -«.  iU~  n«J,t^nn  the  Homobasidiomycota,  the  spore-producing  cell the  association.  Equally  important  are  the  production  /  l       j-  u  n 
growth  regulators of  these  fungi,  the  non-septate  basidium,  is  a  hall- 

rootlets  from  pathogen  invasion  or  heavy  metal  up-       mark  of  the  grou
p.  The  diagnostic  feature  of  an 

ectomycorrhiza  is  the  presence  of  hyphae  between 

the  root  cortical  cells  producing  a  netlike  structure 
sporocarps  as  tooc 

term  "mycorrhiza, comes 

gus-root  and  was  first  applied  to  fungu 
fan-      called  the  Hartig  net.  By  definition,  ectomycorrhi- 
asso-       zae  have  a  sheath,  or  mantle,  of  fungal  tissue  that 

i 

00424) 

Forestry,  Environment  and  Natural  Resources,  Bureau  of  Science  and  Technology,  of  the  U.S.  Agency  for  International 9300798 

much  of  the  fieldwork  possible.  I  am  particularly  grateful  to  Gregory  Mueller,  Field  Museum  of  Natural  History,  for  his 

continued  collaboration  over  the  past  decade.  Finally,  I  want  to  thank  the  director  and  staff  of  the  Missouri  Botanical 

Garden  for  providing  the  opportunity  to  present  some  of  this  material  in  oral  form  at  their  annual  systematics  symposium. 

2  Institute  of  Systematic  Botany,  The  New  York  Botanical  Garden,  Bronx,  New  York  10458-5126,  U.S.A. 
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may  completely  cover  the  absorbing  root  (typically  different  fungi  at  the  same  time  in  the  same  place, 
the  fine  feeder  roots).  The  mantle  can  vary  widely  and  a  succession  of  different  fungi  occurs  over  the 
in  thickness,  color,  and  texture  depending  on  the  lifetime  of  a  plant.  In  the  case  of  Douglas  fir,  an 
particular  plant-fungus  combination.  The   mantle  important  timber  resource  in  the  western  U.S.A., 

the  surface  area  of  absorbing  roots  and       mycorrhizists  at  the  U.S.D.A.  Forestry  Laboratory 
often  affects  fine-root  morphology,  resulting  in  bi-       in  Corvallis,  Oregon  (Molina  et  al.,  1992)  estimate 2500 
furcate,  pinnate  to  irregular,  or  coralloid  branching. 
Sometimes  hyphal  strands  extend  into  the  soil  from      some  exclusively,  some  not. 
the  mantle.  Often  hyphae  aggregate  to  form  rhizo- Only  about  3%  of  phanerogams  form  ectomyeor- 

morph-like  strands  that  may  be  visible  to  the  un-  rhizae  (Meyer,  1973).  While  this  number  is  rela- 
aided  eye.  The  internal  portion  of  these  strands  can  tively  small  in  terms  of  overall  numbers  of  vascular 
differentiate  into  tubelike  structures  specialized  for  plants,  the  global   importance  is  tremendous  be- 

long-distance  transport  of  nutrients  and  water.  A  cause  of  their  disproportionate  occupancy  of  the 
color  atlas  of  specific  ectomycorrhizal  morphologies  land  surface  and  their  economic  value  as  timber 

can  be  found  in  Agerer  (1987-1999).  In  some  as-  sources.  Most  of  the  plants,  such  as  members  of  the 
sociations,   persistent   intracellular  penetration  of  Pinaceae  and  Fagaceae,  dominate  forests  outside  of 
the  cortical  cells  occurs  in  which  case  the  associ-  the  tropics  along  with  eucalypts  and  other  Myrta- 
ation  is  called  an  ectendomycorrhiza.  One  form  of  ceae   in   temperate   and   tropical   Australasia,   and 

this  type  of  mycorrhiza  known  as  "arbutoid"  occurs  dipterocarps,   which    dominate   forests   of  tropical with  some  members  of  the  Ericaceae  and  has  char-  Indo-malaya.  Considerable  recent  work  shows  that 
acteristics  of  both  ectomycorrhizae  and  endomycor-  many  caesalpinoid  legumes  are  ectomycorrhizal  on 
rhizae.  Intracellular  penetration  occurs  in  the  root  nutrient-poor  soils  in  the  lowland  tropics  of  Africa 
cortex,  a  mantle  forms,  and  a  Hartig  net  is  present.  and  South  America  and  will  form  canopy-dominant 
These  associations  are  found  on  Arbutus  (e.g.,  Pa-  stands  (Alexander,  1989;  T.  Henckel,  pers.  comm.) 
cific  madrone),  Arctostaphylos  (e.g.,  bearberry  and  in  which  they  do  not  support  nitrogen-fixing  bac- 

sanitas),  and  several  species  of  the  Pyrolaceae.  teria.  Also,  in  the  montane  Neotropics,  recent  north 
In  the  monotropoid  subtype,  the  fungi  colonize  ach-  temperate  immigrants  such  as  oak  and  alder  occupy 
lorophyllous  (lacking  chlorophyll)  plants  in  the  areas  in  which  they  are  the  dominate  canopies 
Monotropaceae  (e.g.,  Indian  pipe  and  Snow  plant),  (Kappelle,  1996).  It  is  of  interest  to  note  that  the 
producing  the  Hartig  net  and  mantle.  ectomycorrhizal  fungal  genera  associated  with  these 

trees  are  also  of  north  temperate  origin  (see  below). 

(2)  The  Organisms  Involved 

Ectomycorrhizae    are    found    on    certain    woody 
plants.  They  are  worldwide  in  distribution  and  are 

(3)  Co-EVOLLTION 

It  has  been  postulated  that  fungi  were  critical  in 

particularly  adapted  to  habitats  with  marked  sea-  the  transition  of  ancient  plants  from  aquatic  habi- 
sonal  changes,  especially  where  periodic  flushes  of  tats  to  land  by  enhancing  water  and  nutrient  uptake 
nutrients  occur  in  the  soil.  One  estimate  (Molina  et  as  well  as  decomposition  of  substrates  and  devel- 
al.,  1992)  states  that  between  5000  and  6000  fun-  opment  of  soils  in  rather  harsh  landscapes  (Malloch 
gal  species,  belonging  primarily  to  the  Homobasi-  et  al.,  1980;  Bougher  &  Tommerup,  1996).  The 
diomycota  (at  least  25  families  according  to  Miller,  best  fossil  mycorrhiza  dates  from  -410  mya,  sug- 
1982),  and  fewer  to  the  Ascomycota  (±  9  families),  gesting  that  the  mycorrhizal  way  of  life  was  well 
are  known  to  form  ectomycorrhizae.  Many  of  these  established  by  the  Devonian. 
fungi  produce  mushrooms,  puffballs,  truffles,  and  Trappe  (1977b)  and  Trappe  et  al.  (2000)  postu- 
false  truffles  on  the  forest  floor.  Some  fungi  are  re-  lated  that  the  present  disjunct  distribution  of  truf- 
stricted  to  a  single  plant  species,  like  Suillus  grev-  fle-like  fungi  in  Europe  and  North  America  (Figs. 
illeii  (Klotzseh)  Singer  on  larch,  Truncocolumella  ci- 1,  2)  that  sporulate  underground  (and  depend on 

trina    Zeller   on    Douglas   fir,    or  Suillus   spraguei      animals  for  dispersal)  is  best  explained   by  their 
(Berk.  &  Curt.)  Kuntze  on  eastern  white  pine.  In       widespread  occurrence  throughout  La 

a  prior  to contrast,  others  have  a  very  broad  host  range,  such       the  tectonic  events  that  broke  up  the  animals'  over- 
as  Pisolithus  tinctorius  (Pers.)  Coker  &  Couch,  land  migration  routes  some  50  mya.  While  it  is 
which  will  form  ectomycorrhiza  with  more  than  40  commonly  accepted  that  aboveground  forms  (mush- 
tree  species  belonging  to  at  least  eight  genera.  We  room-producing  agarics)  are  ancestral  to  those  that 
know  that  a  single  plant,  or  plant  species,  usually  produce  truffle-like  sporocarps  (e.g.,  Thiers,  1984; 
forms  ectomycorrhizae  simultaneously  with  many  Bruns  et  al.,  1989;  Mueller  &  Pine,  1994),  those 
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Habits  of  false-truffles  and  mushrooms.  — 1.  Alpova  sp.  (Xl).  — 2.  Hydnotrya  tulasnei  (X0.75).  — 3. 

Pulveroboletus  ravenelii  (Xl).  -A.  Tylopilns  chromapes  (X0.5).  —5.  Tylopilus  queerulandianus  (X0.75). .  Lactariiis 
coslaricemis  (X0.75).  — 7.  Amanita  conara,  nom.  prov.  (X0.3). .  Amanita  costaricensis,  nom.  prov.  (X0.3). 

ormin Triassic,  -220  mya  ±  50  myrs.  If  the  Pinaceae 

would  have  had  to  originate  at  some  point  before      (95%  of  which  form  * 

the  50  myr  mark.  Based  on  molecular  clock  dating      &  Reddell,  1987)  are .*  .7  v 

d  to  be  monophyletic 

of  nuclear  small-subunit  ribosomal  DNA  sequenc-  and  plesiomorphically  ectomycorrhizal,  then  the 

es,  Berbee  and  Taylor  (1993)  suggested  that  diver-  existence  of  Compsostrobus,  a  late  Triassic  fossil
 

gence  of  the  Homobasidiomycota  occurred  in  the      that  is  thought  to  be  an  ovulate  cone  of  Pinaceae 
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(Delevoryas  &  Hope,  1987),  could  possibly  indicate      gues  against  co-cladogenesis.  Nevertheless,  host  h- 
that  ectomycorrhizal  Homobasidiomycota  might  delity  within  the  suilloids  is  high  over  evolutionary 
have  arisen  by  -200  mya.  The  oldest  fossils  of  time  scales,  and  host-switching  events  are  rare  and 
ectomycorrhiza  are  50-myr-old  associates  of  Pinus  usually  restricted  to  a  suite  of  closely  related  plant 
roots  from  the  Princeton  chert  of  British  Columbia      genera.  However,  speciation  of  the  fungi  within  a 

taxonomic  suite  of  plant  associates  is  common.  In 
10  spp.  of  Suillus  |e.g.. 

1997 

fungal  component  is  morphologically  similar  to  the      North  America,  there  are 

extant  truffle-like  genus  Rhizopogon,  but  the  true      S.   serotinus   (Frost)   Kretzer  &   Bruns]  associated 
identity  remains  unknown  because  of  a  lack  of  the      only  with  Larix,  for  example.  At  the  extreme,  as  I 
diagnostic  spore-producing  stage.  Ectomycorrhizal  mentioned  before,  there  are  estimates  that  there 
fungi  probably  concomitantly  diversified  in  the  Ju-  may  be  over  2500  species  of  ectomycorrhizal  fungi 
rassic,  when  ectomycorrhizal  Gymnosperms  were  associated  with  Douglas  fir  (Molina  et  al.,  1992). 
globally  establishing  a  presence  (before  the  break-  Some  fungi  will  be  found  only  with  that  tree  (e.g., 
up  of  Pangaea).  The  subsequent  diversification  of  Truncocolumella  citrina),  while  others  can  associate 
Angiosperms  probably  catalyzed  a  boost  in  the  di-  with    members    of  other   genera   and    families   of 
versity  of  ectomycorrhizal  fungi  soon  after  these  plants. 

plants  appeared  in  the  Cretaceous  (146-65  mya)  The  fungi  of  the  Monotropaceae,  a  plant  family 
(Raven  &  Axelrod,  1974;  Talent,  1984;  Truswell  et  consisting    of   achlorophyllous    epiparasites,    also 
al.,  1987).  form  ectomycorrhizae  with  nearby  coniferous  trees 

The  recent  discovery  and  eventual  description  of  and  thereby  form  a  link  through  which  carbon  and 
Archaeomarasrnius,  a  possible  member  of  the  Tri-  other  nutrients  can  flow  from  the  autotrophic  host 
cholomataceae  fide  Hibbett  et  al.  (1997a)  from  mid-  plant  to  the  heterotrophic,  epiparasitic  plant.  Using 
Cretaceous  New  Jersey  amber,  suggest,  at  the  very  DNA    fingerprinting    techniques,    Cullings    et    al 
least,  that  an  extant  mushroom  morphology  existed  (1996)  demonstrated  in  the  monotropes  that  Sar- 
at  a  minimum  of  90-94  mya.  Taking  that  date  and  codes  sanguinea  Torn  (Snow  plant)  appeared  to  be 
the  probable  date  of  another  fossil  agaric,  Coprinites  a  generalist  in  its  fungal  associations,  while  Mon- 

otropa  uniflora  L.  (Indian  pipe)  from  widely  diver- 

mya)  (both  in  Dominican  amber)  and  mapping  these  gent  habitats  associated  exclusively  with  members 
on  the  attine/fungus  molecular  co-phylogeny  pro-  of  the  Russulaceae.  Monotropa  hypopithys  L.  was 

.5-30 ( 

( 1 5-30 

duced   by   Chapela  et   al.   (1994),   Hibbett  et  al. more  specialized  in  associating  with  Suillus  and/or 

(1997a)  hypothesized  minimum  divergence  dates  Rhizopogon.  Pterospora  andromeda  Nutt.  from  sev- 
for  nodes  of  that  phylogeny.  They  suggested  that  the  eral  geographic  regions  was  at  the  extreme,  forming 
primarily  ectomycorrhizal  families  (basal  to  the  rest  mycorrhizae  only  with  Rhizopogon  subcaerulescetis 
of  the    phylogeny)    Boletaceae   and    Russulaceae  A.  H.  Smith,  a  false-truffle.  The  authors  (Cullings 
could  date  from  at  least  the  mid-Cretaceous  (90  et  al.,  1996:  64)  ".  . .  argue  that  the  specificity  re- 
mya)  when  Angiosperms  appeared.  According  to  suited  from  a  one-sided  selection  on  these  parasitic 
Hibbett  and  Thorn  (2000),  by  mapping  ectomycor-  plants  to  inc se  their  fitness  by  optimizing  carbon 

rhizae  as  a  feature  on  a  molecular  phylogeny  of  allocation,  rather  than  from  co-evolution  in  the 
Homobasidiomycota  (Hibbett  et  al.,  1997b),  it  ap-      sense  of  reciprocal  selection."  What  are  the  1 

e  nene- pears  possible  that  the  ability  to  form  ectomycor-  fits  of  such  a  specialization  that  outweighs  the  loss 
rhizae  could  have  arisen  eight  different  times.  How-  of  opportunity  provided  by  a  generalist  strategy? 
ever,  they  indicate  that  this  inference  is  weak  due      They  hypothesize  that  the  suilloid  fungi,  in  spe- to  insufficient  sampling  of  taxa. cialization  with  Pinaceae,  have  become  more  effi- 

Suillus  s.l.  and  Rhizopogon  are  the  two  largest  cient  at  obtaining  carbon  from  their  partners,  and 
genera  in  the  suilloid  group  of  mushrooms  and  that  the  most  widespread  monotropes  in  those  pine 
false-truffles  (of  the  Boletaceae).  According  to  ecosytems  have  in  turn  specialized  on  the  most  ef- Bruns  et  al.  (pers.  comm.),  most  larger  clades  and      ficient  conduit  of  fixed  carbon. 

Largent  et  al.  (1980a)  showed  that  Amanita  gern- rme 
grades  within  these  genera,  and  the  radiation  at 
large,  are  associated  with  subgroups  of  white  pine  m 

or  red  pine,  Douglas  fir,  or  larch,  but  these  specific  manzanitas  {Arctostaphylos  spp.)  and  ectomycorrhi- 
associations  are  convergent.  They  estimate  the  tim-  zae  with  lodgepole  pine  {Pinus  contorta  Dougl.  ex 
ing  of  the  suilloid  radiation  at  60  to  35  mya  (Eo-  Loud.)    in    two   different    populations.    In   another 
cene),  which  is  recent  relative  to  the  origin  of  gen-  study,  Largent  et  al.  (1980b)  demonstrated  the  var- 
era   in   the   Pinaceae   (late  Triassic).   This  timing  lability  of  type  of  ectomycorrhizae  formed  by  spe- 
difference  and  the  convergence  of  host-pattern  ar-  cies  of  Ericales.  Some  of  each  mycorrhizal  type: 
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ecto,  arbutoid,  or  ericoid  could  be  found  on  the  subsequent  reproduction.  As  a  result,  mycorrhizal 

same   plant   species,   madrone    (Arbutus   menziesii  plants  compete  and  tolerate  environmental  stresses 

Pursh.),  for  example.  better  than  non-mycorrhizal  plants.  These  physio- 
logical  benefits    have    been   well   documented    in 

(4)  Biological  Significance  many  case  stu,dies  wer  the  Past  several  decades 
V  ;  (Smith  &  Read,  1997). 

Pirozynski  and  Malloch  (1975:  154)  speculated  In  much  of  the  northern  spotted  owls'  range,  old 

that  the  appearance  of  plants  on  land  could  only  growth  conifer  forests  provide  relatively  high  d
en- 

have  happened  through  the  establishment  of  a  my-  sities  of  their  preferred  prey,  the  northern  
flying 

corrhizal  symbiosis;  it  had  to  be  a  new  lifestyle,  a  squirrel  and  the  red-backed  vole.  Ninety
  percent  of 

way  uniquely  capable  of  conquering  a  hostile  hab-  these  rodents'  diet  consis
ts  of  ectomycorrhizal,  un- 

itat,  "...  a  biological  innovation  on  a  scale  equal  derground,  truffle-like  fungi  in  th
ese  large,  dense 

to  or  surpassing  that  responsible  for  the  Cambrian  forests  of  the  Pacific  North
west  (Hayes  et  al.,  1986; 

'explosion'."  This  association  allowed  for  increased  Maser  et  al.,  1978,  1985).  
The  occurrence  and  ben- 

efficiency  in  nitrogen  and  phosphorus  uptake  and  «*»  f  mycorrhizal 
 fungi  in  this  forest  community 

was  necessary  for  the  exploitation  of  new  habitats  has  been  wel
l  descnbed  (Molina  et  al.,  1992). 

and  development  of  more  complex  tissue  systems  Thus, in  th>s  f 
uation'  we  see  a  ̂   four-Part  har" 

(Pirozynski  &  Malloch,  1975).  According  to  Mai-  monyin  which  a  b\rd
  sPecies  Pre^f°n  rodent  sPe" 

ii.i    /inon        j      r               n;.»J  ,l,^;n^    ;.  cies  that  eat  truffle-like  mycorrhizal  lungi  which,  in 
loch  et  al.  (1980,  and  references  cited  therein),  it  '    .       .   .         D ,          .           ,               ,  .               c        i  turn,  are  responsible  for  maintaining  the  health  ot 
seems  clear  that  ectomycorrhizae  conferred  a  se-  '               r                                        ".         . 
.                .                       ,       ,     .          ,  .                   ,  ,  Douglas  fir  trees  whose  branches  and  trunks  pro- lective  advantage  on  the  plants,  making  it  possible  ...                .            ,         ..                r     tU    i  •    i 

.                           ,                x      ,    •  vide  prime  roosting  and  nesting  sites  tor  the  bird, 
for  them  to  occur  in  pure  or  nearfy  pure  stands  in  .     .       ,         ,                  i     •        5              c           11 

.     .  .    .  .         .      ,            iii-            l  .  As  is  often  the  case,  chansmatic  macrotauna,  like 
marginal  habitats  (such  as  at  high  elevations  or  lat- the  owl,  become  the  icon  for  conservation  of  unique 
itudes,  very  poor  soils,  and/or  areas  with  dramatic  '  ,      .  , 

'        {.  F    .       ,  ., .     _,      ,  ...      and  pnstine  ecosystems,  yet  experimental  evidence 

seasonal  ̂ ^_^);^^^^^      verifies  that  ectomycorrhizal  fungi  are  the  actual 

keystone  organisms  (Amaranthus  et  al.,  1989;  La- 

1992 

associates  have  selective  value  in  extreme  environ- 

ments because  of  their  direct  role  in  breaking  down 

leaf  litter  and  a  more  specialized  and  controlled      ̂   ̂ quiral  c^ada^'to  laboratory'  rations recycling  of  nutrients  back  to  the  plants  (Malloch      ̂   ̂   ̂   cannot  becauge  rf  dentition?  squirrel 

mycophagy  is  likely  adaptive  whereas  the  vole  ap- 
et  al.,  1980,  and  references  cited  therein) 

By  effectively  colonizing  a  larger  volume  of  soil  'p^^^^  7o"ivolution  (Trappe,  pers. than  plant  roots  do  alone,  the  benefits  that  plants  comm  \ 

accrue  from  mycorrhizal  symbioses  can  be  gener-  The  previous  example  Js  not  an  isolated  incident; 
ally  characterized  by  increased  growth  and  yield  smaU  animal  mycophagy  has  been  documented  for 
and  improved  fitness.  For  example,  it  has  been  doc-  mQre  than  2Q  years  (jmppe  &  Maser,  1977;  Fogel 
umented  that  mycorrhizae  affect  phosphorus  nutri-  &  Trappe?  ̂ 78).  Similarly,  there  is  additional  doc- 
tion  in  plants  (Allen,  1991).  The  fungus  benefits  umentation  0f  similar  feeding  habits  in  less  mesic 
directly  from  a  link  to  a  proven  carbon  source  (and  envir0nments  by  at  least  two  Australian  marsupials 
becomes  a  carbon  sink  according  to  M.  Allen,  pers.  (brush  tail  rat  kangaroo  and  southern  brown  ban- 
comm.).  In  any  case,  the  benefit  to  both  associates rm 

arises  primarily  because  mycorrhizal  fungi  critical- 

Eucalyp 

ly  link  plant  roots  with  the  soil.  The  mycorrhizal  1987).  A  comprehensive  review  of  Australian  mam- 
hyphae  in  the  soil:  (1)  take  up  mineral  nutrients  mai  mycophagy  has  been  extensively  documented 
from  the  soil  solution  and  transport  those  nutrients  by  Claridge  et  al.   (1996).   According  to  Andrew 
to  the  root;  and  (2)  release  nutrients  from  the  litter/  Claridge  (pers.  comm.),  the  Australian  sooty  owl 

humus   layers   by   the   production   of  enzymes   in-  consumes   the   mycophagous   bush   rat,   as   a   core 

volved  in  mineralization  of  organic  matter.  In  this  component  of  its  diet,  as  well  as  the  long-nosed 

regard,  we  are  talking  about  the  breakdown  of  eel-  bandicoot,  which  is  notorious  for  consuming  ecto- 
lulosic  and  complex  lignosic  compounds  by  the  mycorrhizal  fungi.  Here  is  an  analogous  predator/ 

fungus  to  be  utilized  by  other  soil  organisms  or  the  prey/plant/fungus    relationship    in   the   Southern 

plant.   By  the  first  mechanism,  a  mycorrhiza  in-  Hemisphere, 
creases  the  effective  absorptive  surface  area  of  the 

plant's  feeder  roots.  In  nutrient-poor  or  moisture-  (5)  BlOGEOGRAPHY 
deficient  soils,  nutrients  and  water  taken  up  by  the While  my  co-workers  and  I  have  been  docu- 

soil  hyphae  can  lead  to  improved  plant  growth  and       menting   ectomycorrhizal    associations   and   distri 
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butions  during  the  last  two  decades,  we  have  no-  Guinea)  and/or  with  Myrtaceae  (in  Australia).  Less- 
ticed  some  distinctive  patterns:  (1)  relictual  er  diversity  for  Rozites  evolved  in  the  Northern 
disjunct  distribution  of  (A)  an  individual  species,  Hemisphere  (only  3  species)  and  occurred  after  the 
(B)  a  species  group,  and  (C)  a  genus;  and  (2)  ge-  continental  breakup.  We  know  that  Nothofagus  was 
neric  and  specific  distributions  along  a  cline.  distributed  across  southern  Australia  when  it  rafted 

away  from  Antarctica,  but  gradually  went  extinct  in 
part  of  its  range  with  increasing  aridity  across  the (1)  RKLICTUAL  DISJUNCT  DISTRIBUTIONS 

region   known the   Nullarbor  Plain.   Fossils  of 

(A)  Based  on  its  current  distribution,  Pulvero-      Nothoft 
ravenelii South  America  and  elsewhere  have  been  the  sub- 

(Fig.  3),  with  basidiomata  of  variable  size,  exhibits  ject  of  much  biogeographical  debate  (see  references 
a  relictual  disjunct  distribution.  I  would  suggest  cited  in  Bougher  et  al.,  1994).  When  Nothofagus 
that  it  most  likely  has  an  ancient  genome  with  mi-  went  extinct  in  southwestern  Australia  (known  also 
nor  phenotypic  change,  and  is  a  generalist  in  its  for   its   enigmatic    flora)   in   the   Eocene/Plio< 

> 

yfi 

tnycorrhizal  associations.  It  partners  with  Pinaceae  Bougher  et  al.  (1994)  speculated  that  the  relictual 
and  various  dicot  genera  in  eastern  and  western  R.  symeae  Bougher  et  al.  apparently  jumped  shif 
North  America.  In  its  southern  distribution  in  the  (switched  hosts)  fro 

Quer-  cies  of  Eucalyptus.  Interestingly,  and  not  coinci- 
de. It  is  also  reported  from  Fagaceae  forests  in  dentally,  there  is  another  species,  R.  fusipes  Horak 

southeastern  Asia,  dipterocarps  in  Indo-Malaya  &  Taylor  (apparently  a  sister  taxon  to  R.  symeae 
(Corner,   1972),  Myrtaceae  and  Casuarinaceae  in  fide  Bougher  et  al. 
Q (p 

fide  Bougher  et  al.,  1994),  associated  with  Notho- 

fagus in  New  Zealand  and  with  Nothofagus  and 
Eucalyptus  in  Tasmania.  In  the  laboratory,  Bougher 

(B)  Tylopilm  subg.  Roseoscabra  presents  a  dif-  (1987)  demonstrated  pure  culture  synthesis  of  ec- 
ferent  scenario  (the  T.  chromapes  group  fide  Wolfe  tomycorrhizae  with  Nothofagus  and  Eucalyptus  us- 
&  Bougher,  1993).  Eight  species  were  added  by  ing  isolates  of  Descolea  maculata  Bougher  &  Ma- 
those  authors  to  the  original  T.  chromapes  (Frost)  lajczuk  from  Western  Australia  eucalypt  forests.  In 
Smith  &^ Thiers  (Fig.  4),  including  one  (T.  carta-      the  New  World,  Hailing  (1989)  and  Mueller  and Strack  (1992)  have  documented  similar  host  shifts Q 

CLINF 

Costa  Rica  and  two  [7:  queemlandianm  Wolfe  &  of  mushroom  species  from  conifers  in  the  United 
Bougher  (Fig.  5)  and  T.  palumanws  Wolfe  &  Bough-  States  to  oaks  in  Colombia  and  Costa  Rica, 
er]  from  Myrtaceae  and   Casuarinaceae  forests  in 

northeastern  Australia  among  others  from  east  Asia  (2)  GENER1C  AN1)  spECmc  DISTH1BL:r|()NS  A,  ()N(;  A (Japan  and  China).  Wolfe  and  Bougher  (1993)  spec- 
ulated that  there  was  a  Laurasian  origin  of  the  an- 

cient genotype  and  subsequent  migration  to  and  In  the  New  World  montane  tropics,  especially 
speciation  in  Australia  during  Pleistocene  glacia-  Costa  Rica  and  Colombia,  Greg  Mueller  and  I  (and 
tions  via  land  bridges.  Today  known  associates  of  our  collaborators)  have  been  documenting  the  ma- 
subgenus  Roseoscabra  are  Pinaceae,  Fagaceae,  Be-  crofungus  diversity  (e.g.,  Hailing  &  Ovrebo,  1987; 
tulaceae,  Salieaceae,  Myrtaceae,  Mimosaceae,  and  Hailing,  1996;  Hailing  &  Mueller,  1999;  Mueller, 
Casuarinaceae  (distributions  in  the  eastern  United  1996;  Mueller  &  Hailing,  1995;  http:// 
States,  Costa  Rica,  Japan,  and  China  to  northeast-  www.nybg.org/bsci/res/hall/costaric.html).  Although ern  Australia;  the  subgenus  is  absent  in  Europe).  we  are  not  the  first  to  note  affinities  of  montane 
Again,  I  hypothesize  that  we  are  probably  looking  Neotropical  Agaricales  with  taxa  in  the  North  Tem- 
at  an  ancient  genome,  a  generalist  mycorrhizal  pro-  perate  zone  (see  Moser  &  Horak,  1975),  we  do  sug- 
clivity,  but  with  some  phenotypic  change  or  genetic  gest  co-migration  of  mycorrhizal  communities;  that 
drift/allopatric  speciation. is,  obligate  ectomycorrhizal  fungal  genera  hav 

e  mi- 

(C)  Bougher  et  al.  (1994)  indicated  that  the  ob-      grated  from  the  North  Temperate  zone  with  their 1  a.  4  j    

ligate  ectomycorrhizal  mushroom  Rozites  essentially  associated  phanerogams,  specifically  alder  and  oak, 
has  a  Gondwanan  distribution.  The  genus  seems  to  both  of  which  had  a  North  Temperate  origin.  Pal- 
have  most  likely  co-evolved  with  a  Cretaceous  fa-  ynological  studies  by  Hooghiemstra  and  Cleef 
galean  complex  with  more  genetic  diversity  going  (1995)  around  Bogota,  Colombia,  suggest  that  oak 
south    (18    species    known    today),    where    it    co-      communities  have  been  in  the  northern  Andes  1 

»fcj  U 

>/< 

Chile,    Argentina,    New    Caledonia,    Papua    N 

tralia,  New  Zealand,       than  350,000  years  and  alder  less  than  1  million 
ew       years. 
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EPICHLOE  SPECIES,  FUNGAL 
SYMBIONTS  OF  GRASSES1 

A.  Leuchtmann,*  W.  Hollin,2  and 

C.  L.  Schardl2^ 

Abstract 

Epichloe  species  are  fungal  symbionts  (endophytes)  of  grasses,  many  of  which  are  benign  or  mutual  islic  and  have  a 
balance  of  horizontal  (contagious)  and  vertical  (seed-borne)  transmission,  whereas  others  mainly  transmit  horizontally 
and  are  more  antagonistic.  Over  the  past  eight  years  several  Epichloe  species  have  been  describe!  based  largely  on 
the  biological  species  concept.  We  conducted  a  multi-gene  phylogenetic  analysis  to  evaluate  these  endophytes  as 
phylogenet.c  species,  and  thereby  assess  the  relationship  of  phylogenetic  and  biological  species.  Variation  mainly  in 
nitrons  of  genes  encoding  ̂ -tubulin  (tub2),  translation  elongation  factor  1-a  («e/7),  and  actin  (act I)  provided  robust 
phylogenet.c  signal  distinguishing  the  described  Epichloe  species.  Outgroup  rooting  split  the  genus  into  two  major 
groups.  One  group  included  most  species  with  balanced  transmission  strategy,  and  in  this  group  the  phylogenetic  ami 
biological  spec.es  concepts  corresponded  well.  In  contrast,  these  species  concepts  poorly  corresponded  for  the  other 
group  the  Epichloe  typhina  complex,  with  predominantly  antagonistic,  horizontally  transmitted  endophytes.  We  suggest 
that  the  balance  of  vertical  and  horizontal  transmission  may  promote  ecological  (host)  specialization  and  subsequent 
genetic  isolation  as  mechanisms  promoting  speciation;  whereas  strict  horizontal  transmission  may  select  for  broader 
host  ranges,  slow  the  development  of  genetically  isolated  species,  and  thereby  increase  lineage  sorting  effects  that cause  conflicts  between  phylogenetic  and  biological  species. 

Key  words:     biological  species,  Clavicipitaceae,  Epichloe,  grass  endophytes.  molecular  phylogenetic  s.  phylogenetic species,  Poaceae,  symbiosis. 

Fungi  in  the  family  Clavicipitaceae  (Ascomycota)  ing  no  visible  symptoms  of  infection  for  the  majority 
are  a  diverse  group  of  organisms  capable  of  inter-  of  the  symbiont  and  host  life  cycles  (Fig.  1).  The 
acting  with  an  even  broader  assemblage  of  hosts.  only  macroscopic  sign  of  infection  occurs  as  the 
Contained   within   the   Clavicipitaceae  are  fungal  grass  reaches  reproductive  maturity  and  initiates 
and    invertebrate    pathogens    (tribe    Cordycipeae),  flowering.  At  this  stage,  the  endophytes  may  cause 
and  plant  pathogens  (tribes  Ustilaginoideae,  Clav-  abortion  of  some  or  all  inflorescences  (grass-choke 
icipeae,  and  Balansieae)  (Diehl,  1950).  Members  of  disease),  and  replace  them  with  their  own  sexual 
the  tropical  tribe  Ustilaginoideae  are  biotrophs  of  structures  (stromata).  When  a  stroma  is  fertilized 
bamboos,  forming  hardened  sclerotic  stromata  on  by  spermatia  from  a  stroma  of  an  opposite  mating 
stems  (Diehl,  1950),  while  the  Clavicipeae  destruc-  type,  the  sexual  state  develops  and  culminates  in 
tively  infect  grass  florets  and  replace  host  ovules  production  and  ejection  of  contagious  spores.  The 
with  fungal  sclerotia  (Tudzynski  et  al.,  1995).  Fungi  level  of  antagonism  to  the  host  is  directly  related 
in  the  tribe  Balansieae  form  perennial  infections  of  to  the  level  of  fungal  sexual  expression,  as  a  "strong 
grasses,  yet  cause  little  or  no  symptoms  of  disease.  choker"  effectively  shuts  down  host  seed  produc- 
The  extent  of  host  colonization  by  members  of  this  tion  (Schardl  et  al.,  1997).  While  some  Epichloe 
tribe  varies  from  fairly  localized,  epibiotic  infec-  species  seem  to  choke  (stromatize)  every  develop- 
tions  to  a  more  systemic,  endophytic  growth  habit  ing  host  inflorescence,  other  species  reproduce  sex- 
(Glenn  et  al.,  1996).  Species  in  the  genus  Epichloe  ually  on  only  a  portion  of  the  host  tillers,  the  other 
lie  at  this  endophytic  extreme,  systemically  infect- 

norm dth 
,,   — .  endophyte 

ing  cool-season  grasses  in  the  subfamily  Pooideae      enters  into  the  developing  ovule  of  the  host  seed. 
(Schardl  &  Phillips,  1997).  All  Epichloe  species  are      The  result  is  vertical  (asexual)  transmission  of  the 
intercellular  inhabitants  of  their  host  grasses,  caus-      endophyte  from  the  maternal  host  to  her  offspring. 
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Figure  1.  Generalized  life  cycle  of  Epichloe  species  using  E.  festucae  in  Festuca  rubra  as  an  example.  Both  trans- 
mission life  cycles  are  exhibited  by  several  Epichloe  species  (see  text).  Some  Epichloe  species  (such  as  E.  typhina) 

exhibit  little  or  no  asexual  transmission  in  host  seeds  and  are,  therefore,  predominantly  transmitted  horizontally  via 

ascospores.  Asexual  derivatives  of  Epichloe  species,  conventionally  classified  in  genus  Neotyph  odium,  rely  entirely  on 
vertical  transmission  for  their  dissemination.  Modified  from  Schardl  et  al.  (1997). 

Previous  research  based  mainly  on  artificial  mat-  they  are  seed  transmitted  at  nearly  100%  efficiency 

ing  tests  has  capitalized  on  the  presence  of  the  Ep-  (Siegel  et  al.,  1984).  Although  their  hyphal  mor- 

ichloe  sexual  cycle  and  heterothallism  (obligate  out-  phology,  conidiophore  size  and  structure,  and  host 

crossing;  White  &  Bultman,  1987)  to  circumscribe  associations  all  indicate  their  relatedness  to  Epich- 

interfertility  groups  (mating  populations)  that  cor-  loe  species,  their  lack  of  a  sexual  phase  has  pre- 

respond    to,    or    approximate,    biological    species  eluded   their  classification  based  on   a  biological 

(Le 
ing    definition    of   biological    species,    populations 

species  concept. 

The    development    of   modern    molecular   tech- 

whose  members  have  the  potential  to  interbreed  in  niques  such  as  polymerase  chain  reaction  (PCR) 

nature  to  produce  viable  offspring,  but  who  cannot  and  DNA  sequencing  allows  classification  based  on 

interbreed  with  members  of  other  species  (Claridge  genetic   relationships   (phylogenies)  to  be  consid- 

et  al.,  1997;  Mayr,  1940).  To  date,  nine  mating  pop-  ered.  The  strength  of  using  gene  sequence  data  for 

ulations  of  Epichloe  have  been  identified  (Schardl  inferring  relationships  arises  from  a  wealth  of  pre- 

et  al.,  1997).  cisely  comparable  characters  (aligned  positions  of 

Many  grass  endophytes  appear  to  be  restricted  nucleotide  sequences)  between  even  the  most  dis- 

to  an  asexual  lifestyle,  and  are  only  transmitted  ver- 

1988) 

tically  (Sampson,   1933).  In  fact,  the  presence  of      ships  emerging  from  such  analyses  have,  in  many 

such  endophytes  was  widely  recognized  only  after  cases,  corroborated  classification  schemes  based  on 

the  realization  that  forage  grasses  infected  with  morphological  characteristics  (Hillis,  1987).  Molec- 

these  asexual  species  were  toxic  to  livestock  such  ular  data  have  also  been  used  to  either  strengthen 

as  cattle  and  sheep  (Bacon  et  al.,  1977).  Subse-  or  weaken  support  for  hypotheses  regarding  organ- 

quent  studies  have  shown  these  endophytes  to  be  ismal  and  cellular  evolution  (Hillis,  1987).  For  ex- 

responsible  for  producing  novel  secondary  metab-  ample,  gene  sequence  data  indicate  that  cellular 

olites  responsible  for  the  toxicoses  (Kennedy  &  organelles  such  as  mitochondria  and  chloroplasts 

Bush,  1983),  as  well  as  conferring  on  their  hosts  are  most  closely  related  to  some  free-living  bacte- 

increased  drought  tolerance  (Arechavaleta  et  al.,  rial  species,  lending  credence  to  the  endosymbiont 

1989)  and  many  other  dramatic  fitness  enhance-  theory  of  the  modern-day  eukaryote  cell  as  a  com- 

ments (Schardl  &  Phillips,  1997).  Despite  the  ap-  posite  of  two  or  more  once  distinct  prokaryote  spe- 

parent  inability  of  these  asexual  endophytes  to  cies  (Margulis,  1991). 

spread  contagiously,  they  can  be  abundant  because  Gene   sequence   data   also   allows   phylogenetic 
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in£ c s  for  organisms  that  lack  distinguishing      bromicola  (Moon  et  al.,  2000),  E.  amarillans  with 
features   for   reliable   morphological   classification. 
Because   of  rather   little    morphological   variation 

many  sexual  endophytes  were  originally  classified      with  E.  elymi,  E.  bromicola  with  E.  typhina,  ami  E. 
as  Epichloe  typhina.  Recently,  a  number  of  species      bromicola  with  E.  ft 
have  been  described  based  on  molecular  phyloge-  Based  on  these  findings,  most  asexual  endophytes 
netic  evidence,  interfertility  groups,  and  morphol-  related  to  Epichloe  spp.  are  likely  to  be  genetic 
ogy  (Leuchtmann  &  Schardl,  1998;  Leuchtmann  et  hybrids  arising  through  the  parasexual  process  of 
al.,   1994;  Schardl  &  Leuchtmann,  1999;  White,  hyphal  anastomosis  (Schardl  et  al.,  1994;  Schardl 
1993,  1994).  A  phylogeny  has  been  inferred  from  &  Wilkinson,  2000),  and  the  asexual  tall  fescue 
partial  sequences  of  26S  large  subunit  rRNA  genes  endophyte  is  apparently  derived  from  at  least  two 
from  Epichloe  species  and  other  members  of  the  such  hybridizations.  The  genus  N eotyphodium  has 
family  Clavicipitaceae  (Kuldau  et  al.,  1997).  Those  been  adopted  to  contain  such  endophytes  with  close 
endophytes  assigned  to  the  genus  Epichloe  through  relationships  to  Epichloe  spp.,  but  lacking  a  sexual 
morphological  data  and  mating  tests  all  formed  a  stage  in  their  life  cycles  (Glenn  et  al.,  1996).  A 
monophyletic  clade  within  the  Clavicipitaceae.  A  morphological  difference  that  often  distinguishes 
more  comprehensive  analysis  within  the  genus  Ep-  N eotyphodium  spp.  from  their  Epichloe  relatives  is 
ichloe  was  conducted  using  non-coding  regions  of  that  the  asexual  endophytes  tend  to  have  larger  co- 
the  0-tubulin  gene  (tub2)  (Schardl  et  al.,   1997).      nidia,  probably  as  a  result  of  increased  genomt 
Each  sexual  isolate  contained  a  single  tub2  copy,  content  due  to  hybrid  origins  (Kuldau  et  al.,  1999). 
reflecting  the  haploid  state  of  the  Epichloe  myce-  A  potential  problem  that  arises  when  sequence 
hum.  Most  but  not  all  mating  populations  eorre-  data  are  used  to  construct  phylogenies  is  whether 
spond  to  well  defined  clades  in  phylogenetic  anal-  or  not  the  gene  tree  accurately  represents  the  true 
yses  based  mainly  on  tub2  introns.  However,  more  evolutionary  relationships  between  species  (species 
Retailed  analyses  are  needed  to  further  test  the  in-  tree).   For  example,  similarities  between  two  se- 
ferred  relationships. quences  can  arise  from  convergence,  gene  conver- 

Similar  analysis  of  tub2  sequence  data  obtained  sion,  or  homology  (common  ancestry).  Homology 
from  the  strictly  asexual  grass  endophytes  revealed  can  further  be  divided  into  orthology  (common  an- 
quite  novel  findings.  The  majority  of  these  isolates  cestry  tracing  back  to  a  speciation  event)  and  par- 
actually   appeared   to   have   multiple  tub2  copies  alogy  (common  ancestry  tracing  back  to  a  gene  du- 
(Schardl  et  al.,  1994;  Tsai  et  al.,  1994;  Moon  et  al.,  plication  event)  (Moritz  &  Hillis,  1996).  Sampling 
2000;  K.D.C.  &  C.L.S.,  unpublished  obs.).  Through  of  paralogous  sequences  can  cause  incorrect  infer- 
a  combination  of  restriction  endonuclease  digestion  ences  about  species  phylogeny,  so  only  orthologous 
and  selective  priming  in  PCR,  as  well  as  by  clon-  sequences    should    be    evaluated.    Therefore,    the 
ing,  these  copies  could  be  isolated  and  sequenced  genes  chosen  in  such  analyses  are  of  paramount 
independently.  Inclusion  of  these  sequences  in  a  importance  if  one  wishes  to  obtain  an  accurate  evo- 
phylogenetic  analysis  of  Epichloe  species  revealed  lutionary  picture. 
that  each  tub2  copy  contained  in  the  genome  of  an  Another  way  of  measuring  the  accuracy  of  a  gene 
asexual  grass  endophyte  aligned  most  closely  with  tree  in  reflecting  the  actual  species  tree  is  to  sam- 
that  of  a  different  sexual  Epichloe  species  (Schardl  pie  other  genes.  If  trees  developed  from  different, 
et  al.,  1994;  Tsai  et  al.,  1994).  For  example,  Neo-  independently    assorting   genes    contain    identical 

can  l>e typhodium  coem>phialum,  a  common  asexual  en-  branching  orders  and  taxa  placement,  this 
dophyte  of  tall  fescue  [Lolium  arundinaceum  regarded  as  strong  support  for  these  estimations  as 
(Schreb.)  S.  J.  Darbyshire  =  Festuca  arundinacea  accurately  revealing  the  evolutionary  relationships 
Schreb.]  was  found  to  harbor  three  tub2  copies  cor-  among  the  species  being  studied.  An  additional  ad- 
responding  with  those j>f  three  different  Epichloe      vantage  to  multi-gene  phylogenetics  is  that  popu- 

,  or  have  been,  interbreeding  can  be fi 
baconii      lations  that 

(Tsai  et  al.,   .994).  Similar  results  were  obtained  by       distinguished  from  those  that  are  genetically  iso- 
analysis  of    ther  genes  (specifically,  those  utilized       lated  in  nature  (Geiser  et  al.,   1998:   Burt  et  al 
in  this  paper;  K.D.C.  &  C.L.S.,  unpublished  data). 1996).  This  is  important  for  fungal  evolutionary  bi- 

Furthermore,  other  asexual  endophytes  from  Fes-       ology  because  on  the  one  hand  many  lack  a  known 
sexual  stage,  and  on  the  other  hand  the  ability  to 

Ijolium 

L.  spp.  have  genes  derived  from  different  combi-  mate  in  experimental  crosses  (biological  species) 
nations  of  Epichloe  species,  such  as  E.  baconii  with  does  not  guarantee  that  the  process  is  relevant  to 
E.  typhina  (Tsai  et  al.,  1994),  E.  baconii  with  E.       natural  populations.  This  paper  reports  the  cl 
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acterization  and  analysis  of  two  more  genes  in  the  lophane    allowed    hyphal    growth    and    facilitated 

Epichloe  genome.  Portions  of  the  translation  elon-  subsequent  harvest  of  mycelium.  Cultures  were  in- 

gation   factor    1-a    (tefl)   gene   (O'Donnell   et   al.,  cubated  at  room  temperature  for  two  weeks,  after 
1998)  and  the  actin  (actl)  gene  (Fidel  et  al.,  1988),  which  mycelium  was  harvested  and  freeze  dried, 

with    variable    introns,    were    amplified    and    se-  Total  fungal  DNA  was  prepared  as  previously  de- 

quenced  for  this  group  of  closely  related  grass  en-  scribed  (Byrd  et  al.,  1990;  Schardl  et  al.,  1997)  or, 

dophytes.  The  sequence  data  were  used  to  con-  preferably,  the  method  of  Al  Samarrai  and  Schmid 
struct  separate  gene  phylogenies,  which  could  be  (2000). 

compared  to  those  obtained  from  tub2  sequences. 
The  results  indicate  different  phylogenetic  patterns  ASSESSMENT  OF  GENE  LINKAGE 

for  symbiont  species  that  themselves  differ  in  rel- 
ative mutualistic  or  antagonistic  character. 

Materials  and  Methods 

BIOLOGICAL  MATERIALS 

To  assess  the  possibility  of  linkage  between  the 

three  genes  used  in  this  analysis,  spermatia  from  iso- 

late ATCC200736  (Epichloe  typhina  from  Lolium  per- 
enne)  were  used  to  fertilize  stromata  of  isolate 

ATCC200740  (E.  typhina  from  Dactylis  glomerata). 

Fungal  isolates,  their  hosts,  and  sequence  acces-  Since  these  two  E.  typhina  isolates  are  of  opposite 

sion   numbers   are   listed   in  Table   1.   Endophytes  mating  type,  perithecia  developed  from  which  asco- 

were  isolated  by  plating  infected,  surface-sterilized  spores  were  obtained.  Inheritance  of  parental  alleles 

leaf  sheath  and  stem  material  onto  potato  dextrose  in  each  progeny  was  assessed  by  polymerase  chain 

agar  (PDA,  Difco  Laboratories,  Detroit,  Michigan)  reaction  (PCR)  with  primers  specific  for  each  tub2, 

containing  streptomycin  and  penicillin  (1  mg  L"1  tefl,  and  actl  allele.  All  primers  are  listed  in  Table 

each).  Plates  were  checked  regularly  for  contami-  2.  Amplification  of  tub2  spanning  introns  1-3  was 

nation  and  endophytic  growth.  Most  strains  grew  performed  using  non-selective  primer  tub2-exonld-l 

out  5-14  days  after  plating.  Isolates  were  stored  in  with  selective  primers  tub2-intron3u-200736  (selec- 

50%  glycerol  at  -80°C  (Schardl  &  An,  1993)  and  tive  for  E.  typhina  ATCC200736)  and  tub2-intron3u- 
on   PDA   slant  cultures  overlain  with  autoclaved  200740  (selective  for  E.  typhina  ATCC200740).  The 

light  mineral  oil. 

MATING  TESTS 

Plants  naturally  infected  with  Epichloe  were  ver- 
nalized over  winter  at  an  experimental  garden  in 

Zurich,  Switzerland,  to  induce  stromata  formation. 

non-selective  primer  annealed  to  the  exon  1— intron  1 
junction  while  both  selective  primers  annealed  to 

complementary  regions  within  intron  3.  A  region  of 

the  actl  gene  approximately  300  bp  long  (including 

introns  2^4)  was  amplified  using  two  selective  primers 

for  each  parental  isolate.  Primers  actl-intron2d- 
200736  and  actl-intron-4u-200736,  respectively,  an- The  following  spring,  plants  were  moved  into  a  i  j    t        -.  -.i  ••  .  o        j    A      c   4l ,  .  „  .  nealed    to    sites    within    introns    z    and    4    ot    the 

greenhouse  where  mating  tests  were  performed  on 
ATCC200736  actl  allele.  Similarly,  primers  actl -in- 

emergent  stromata.  Spermatia  were  transferred  be-      tm2d^m74jQ  ^  actl-intron4u-200740  annealed tween  mating  types  by  rubbing  stromata  of  opposite 

mating  type  together,  or  by  applying  cultures  con- 
taining conidia  onto  stromata.  Successful  matings 

between  opposite  mating  types  (of  the  same  mating 

to  these  same  regions  of  the  ATCC20074O  actl  allele. 

Partial  amplification  of  the  tefl  gene,  including  in- 

trons 1—2,  was  performed  using  the  non-specific  prim- 

er tefl-exonld  with  specific  primers  tefl-intron3u 
population)  were  evidenced  by  the  production  of      200736  for  ATCC2oo736  or  tefl-intron3u-20074O  for 

ATCC200740.  The  non-specific  primer  anneals  to 
tan  to  orange  perithecia  after  3-6  weeks,  from 

which  ascospores  could  be  collected.  Single  asco- 
spore  isolates  were  grown  on  media  and  subjected 

to  isozyme  analysis.  Independent  assortment  of  pa- 

rental isozyme  alleles  in  ascospore  progeny  con- 
firmed successful  matings. 

conserved  sequence  within  exon  1,  while  both  isolate 

specific  primers  anneal  to  complementary  sequence 

within  intron  4.  PCR  was  performed  in  50  |xl  reac- 

tions containing  0.2  fiM  of  each  deoxynucleotide  tri- 
phosphate (dATP,  dCTP,  dGTP,  and  dTTP;  Boehringer 

Mannheim,  Indianapolis,  Indiana),  1  X  PCR  buffer 

(10  mM  tris(hydroxymethyl)aminomethanc  hydrochlo- 

Subcultures  were  generated  by  grinding  a  small  ride  [Tris-HCl]  pH  8.3,  15  mM  MgCl2),  500  nM  of 

amount  of  fungal  mycelium  in  sterile  water  using  each  primer  (see  below),  10  ng  total  fungal  DNA,  and 

an  autoclaved  mini-pestle  and  spreading  approxi-  0.02  U  |xl_I  of  AmpliTaq  gold  DNA  polymerase  (Per- 
mately  300  |xl  of  this  suspension  atop  sterile  eel-  kin-Elmer,  Foster  City,  California).  The  thermal  cycler 

lophane  disks  on  PDA  plates.  The  permeable  eel-  (Perkin-Elmer  model  2400)  was  programmed  as  fol- 

PREPARATION  OF  GENOMIC  DNA 
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Table  2.      Oligonucleotide  primers  used  in  this  study.  Primers  are  listed  in  order  of  appearance  in  text. 

Oligonucleotide 

designation 

tuh2- 
exon 

ld-1 

actl-intron2d-2(M)736 
actl-intron4u-2(K)736 

actl-iritron2d-2(X)740 

actl-intron4u-2(K)74() 

tefl-exonld 

tefl-intron3u-2()0736 

tefl-intron3u-2(M)74() 

tub2- 
exon 

4u-l 
tefl-exon6u-l 

act  1-exon  ld-1 

actl-exon6u-l 

actl-exon3u-l 

act  l-exon3d-l 

(; 

ene 

Sequence  (5 '-3') 

Position 

tub2 

tul)2-intron3u-2(K)736       tub2 

tub2-intron3u-2(K)74()       tub2 

actl 

actl 
actl 
actl tefl 

tefl 

tefl 

Hi  b2 
tefl 

actl 
actl 
actl 
actl 

GAGAAAATGCGTGAGATTCT 

GCATGATAACACTTrrCCTTTCCA 

gcatgataacacgmtattt(;ct 
gcgtagacccacgcaacgta 
ctgcatgntgccagccaga 
gcatagacccaggcaacgtg 
gtgcatgtitgccagccagt 
gggtaaggacgaaaagactca 
arcacgcgaatgtcatgitg 
atc  acgcg  aa  tgtcatgtta 
tggtcaaccagctcagcacc 
cggcagcgataatcaggatag 
ta  atc  agtg  aca  tggagggt 
aaccaccgatccagacagagt 
cttgcacatgcccgaactacc 
ggtagttcgggcatgtgcaao 

intron  3 

intron  3 

intron  2 

intron  4 

intron  2 

intron  4 

exon  1 

intron  4 
intron  4 
exon  4 

exon  6 

exonl-intron  1  junction 

exon  6 

exon  3 
exon  3 

Orientation 

exon  1— intron  1  junction         downstream 

upstream 

upstream 
downstream 

upstream 
downstream 

upstream 
downstream 

upstream 

upstream 

upstream 

upstream downstream 

upstream 

upslream 
downstream 

Ltion  at  94°C  for  9  min.;  then  40 
60  sec,  60°C  for  60  sec.  and  7 

60 

SKyiKNCIN(;  OF  GKNOMIC  DNA  SKGMKNTS 

Sequences  of  each  gene  were  obtained  directly 

from  PCR-amplified  products.  All  oligonucleotide 
primers  used  for  PCR  and  sequencing  are  listed  in 

Table  2  along  with  their  corresponding  positions 

mine-labeled  dideoxynucleotide  triphosphates  or 

BigDye  Terminator  Cycle  sequencing  kit  (Perkin- 
Elmer).  Sequence  reaction  products  were  analyzed 

using  an  ABI  model  310  capillary  electrophoresis 

genetic  analyzer  (Perkin-Elmer).  Both  DNA  strands 

sequenced. 

phylogknktk:  analysis 

Sequences  were  aligned  using  the  PILEUP  pro- 

and  orientations  in  the  genes.  The  5'  portions  of  gram    in    the    Wisconsin    Package    (GCG,    1996). 
tub2,  inclusive  of  introns  IVS1,  IVS2,  and  IVS3,  PILEUP  parameters  were  adjusted  empirically;  a 

were  amplified  using  non-selective  primers  tub2-  gap  penalty  of  one  and  a  gap  extension  penalty  of 
and  tul)2-exon4u-l.  A  ca.  850  bp  frag-  zero  resulted  in  accurate  alignment  of  intron-exon 

exon ld-1 

ment  of  tefl,  including  the  first  five  introns,  was  junctions  and  in  a  reasonable  alignment  of  the  in- 

amplified  using  primers  tefl -exon  ld-1  and  tefl-  trons  within  the  ingroup  (Epichloe/Neotyphodium 
exon6u-l.  A  ca.  700  bp  fragment  of  the  actl  gene,  spp.)  for  individual  analysis  of  tub29  actl,  and  tefl 
including  introns  1-5,  was  amplified  by  PCR  using  genes,  and  for  a  combined  data  set  using  appended 
primers  actl-exonld-1  and  actl-exon6u-l.  Inter-  sequences  of  all  three  genes  for  representative  iso- 
nal  regions  of  the  PCR-amplified  product  were  se-  lates  from  each  Epichloe  species,  as  well  as  from 
quenced  with  primers  actl-exon3u-l  and  actl-  outgroup  taxa,  Claviceps  purpurea  ATCC20102  and 
exon3d-l.  All  amplification  products  were  verified  Echinodothis  tuberiformis  ATCC201937.  Both  out- 
by  agarose  gel  (0.8%)  electrophoresis.  Water  blanks  group  taxa  are  in  the  family  Clavicipitaceae  and 

were  included  as  controls  to  identify  possible  con-  among  the  closest  known  relatives  of  Epichloe 
tamination.  Successfully  amplified  products  were  (Glenn  et  al.,  1996).  No  ambiguous  alignments 

purified  for  sequencing  using  Quiaquick  spin  col-  were  evident  for  the  ingroups,  but  slight  realign- 
umns  (Quiagen,  Chatsworth,  California).  PCR  was  ment  of  outgroup  sequences  were  needed  and  were 

performed  as  described  above,  except  that  the  tern-  performed  by  eye.  Maximum  parsimony  (MP)  em- 
incubation  at  ployed  the  branch-and-bound  option  in  PA  UP*  ver- perature  program  was foil ows:  one 

weighted  and  unordered;  gaps  were  treated  as  miss- 

94°C  for  9  min.;  then  40  cycles  of  94°C  for  60  sec,  sion  4.0  beta  4  (Swofford,  1998)  for  exact  solutions. 
55°C  for  60  sec,  and  72°C  for  60  sec  Reaction  For  parsimony  analysis,  character  changes  were  un- mixtures  were  as  described  above. 

PCR   products   were  sequenced   by   the   Sanger  ing  information.  Robustness  of  the  data  was  esti- 

method  (Thomas  &  Kocher,  1993)  with  a  Perkin-  mated  by  bootstrap  replications  (Swofford  et  al., 
Elmer  GeneAmp  PCR  System  2400  using  rhoda-  1996).  All  branches  receiving  70%  or  higher  boot- 
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Table  3.  Linkage  analysis  between  actl,  tub2,  and  tefl -alpha  genes.  Parental  alleles  represented  by  letters  a  (for 
E.  lyphina  ATCC200736)  and  b  (for  E.  typhina  ATCC200740).  Parental  isolates  were  chosen  based  on  differential 
polymorphism  in  each  allele  detectable  by  selective  primers  in  PCR. 

Fungal  isolate actl 
tefl 

tub'2 

actl  I  tefl 
actlltub2 

tefl  I  tub'2 

E.  lyphina  parental  isolates  used  in  cross 

ATCC2(K)736  a 
ATCC20O74O  b 

Progeny  isolates  obtained 
E386.003 
E386.009 
E386.026 
E386.027 
E386.042 
E386.043 
E386.045 
E386.057 
E386.084 
E386.180 

aa :  bb :  ab :  ba 

a 

a 

b 
b 
a 

a 

a 

a 

a 

a 

b 

a 

b 
b 
b 

b 
b 

b 
b 

b 

a 

b 

b 
a 
a 

b 
b 

b 

b 

a 
a 

aa 

bb 

aa 
a b bb 

bb 

ab 

ab aa 
a 
a 
a 

b 
b 

b 

2:2:6:0 

aa 

bb 

a I) 
aa 
ba 
bb 
ab 

ab 
aa 
a b 
aa 
aa 

4:1:4:1 

aa 

bb 

ab 
b a 
a b 

bb 
bb 
bb 
aa 
bb 

b 
ba 
a 

1:4:1:4 

strap  values  were  considered  well  supported.  For  progeny  were  analyzed  for  alleles  derived  from  the 

distance-based   analysis   a   number  of  different  parents,  ATCC200736  (male)  and  ATCC  200740 

thods  were  employed  to  derive  pairwise  distanc-  (female).  The  occurrence  of  recombinant  progeny 

es.  These  included  Jukes-Cantor  and  Kimura  two-  was  assessed  for  each  gene  pair.  Ratios  of  parental 
parameter  distances  [transition/transversion  (ts/tv)  to   recombinant   progeny   genotypes    indicated   no 

=  2],  and  various  gamma  values  to  adjust  for  be-  close  linkage  between  any  of  these  genes  in  E.  ty- 

tween-site  variation.  Distance  trees  were  inferred  phina  (Table  3). 

by  neighbor-joining  (NJ)   implemented  in  PAUP* 
version  4.0  beta  4  (Swofford,  1998)  with  random  MATING  tests 
taxon  additions.  All  such  distance  trees  were  sim- 

ilar to  the  MP  trees,  and  are  therefore  not  shown. Past  mating  tests  indicated  that  the  currently  de- 

Maximum  likelihood  (ML)  trees  were  constructed  scribed  Epichloe  species  mostly  correspond  to  in- 

using  PUZZLE  in  PAUP*  version  4.0  beta  4.  A  terfertile  groups  (Leuchtmann  &  Schardl,  1998; 

Hasegawa-Kishino-Yano    model    (Swofford    et    al.,      Schardl  &   Leuchtmann,   1999).   Exceptions  were 

1996)  was  employed  with  transition/transversion some  instances  of  nonreciprocal  interfertility  among 

2.0.  PUZZLE  uses  quartet  puzzling  to  create  trees  E.  typhina  isolates,  and  high  fertility  between  E. 

for  all  possible  quartets  of  taxa  via  maximum  like-  clarkii  and  E.  typhina.   Several  additional  mating 

lihood.  These  quartet  trees  serve  as  starting  points  tests  were  conducted  to  establish  species  affinities 

to  reconstruct  a  set  of  optimal  trees  for  all  taxa.  The  of  new  isolates  and  mating  tests  that  had  not  pre- 

majority-rule  consensus  of  these  trees  defines  the  viously  been  conducted  for  technical  reasons.  A 

quartet    puzzling    tree    and    shows    well-supported  new  Epichloe   isolate  from  Arrhenatherum  elatius 

branches  (Strimmer  &  von  Haeseler,  1996).  Parti-  was  fully  compatible  in  matings  with  E.   typhina 

tion  homogeneity  analysis  was  performed  in  PAUP*  stromata  on  Dactylis  glomerata,  as  were  the  recip- 

version  4.0  beta  4  on  each  two-gene  combination  rocal  matings.  The  ascospore  progeny  were  viable 

in  the  combined  sequence  alignment.  and  exhibited  segregation  of  parental  allozymes.  An 

isolate  from  Poa  nemoralis  was  compatible  with  at 

least  some  strains  from  Brachypodium  sylvaticum, 

but  the  matings  exhibited  low  fertility  with  few  asci 

containing  ascospores  and  a  very  low  germination 

To  check  if  the  three  genes  selected  for  phylo-      rate  of  the  ascospores.  These  matings  were  also 

Results 

LINKAGE  ANALYSIS 

genetic  analysis — namely,  tub2,   actl,   and  tefl confirmed  by  allozyme  analysis.  Epichloe  typhina 

were  unlinked,  Mendelian  segregation  was  assessed       stromata  from  P  nemoralis  mated  successfully  with 

for  variant  alleles  in  an  Epichloe  typhina  cross.  Ten      Brachypodium  pinnatum  isolates,  although  fertility 
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was  intermediate  (moderate  ascospore  germination 

rate).  Epichloe  clarkii  isolates  from  Holcus  lanatus 

successfully  mated  with  E.  typhina  stromata  on  Poa 

trivialis.  Epichloe  festucae  fertilized  with  a  new  iso- 

late from  Koeleria  cristata  reacted  by  forming  pro- 

toperithecia,  but  no  mature  perithecia  were  ob- 
d  and  no  ascospores  were  obtained.  Epichloe 

festucae  stromata  on  Festuca  rubra  mated  success- 

fully with  endophyte  isolates  from  Lolium  gigan- 

teum  (=  Festuca  gigantea),  Festuca  valesiaca,  F 

glauca,  and  F.  heterophylla.  Matings  were  attempt- 
ed between  stromata  of  E.  amarillans  isolates  on 

Sphenopholis  ohtusata  and  spermatia  of  the  E. 

amarillans  ex-type  (ATCC200744)  from  Agrostis 
hiemalis.  Abundant  perithecia  gave 

MP  on  act1/tub2/tef1  P  E.amarillans  200743  So 

to  viable 

ascospores,  but  in  the  10  ascospore  isolates  ana- 

lyzed, only  maternal  allozyme  alleles  were  ob- 
served. 

PHYLOGENETIG  RELATIONSHIPS  BASKD  ON  ACTl/ 

TUB2/TEF1  COMBINED  DATA 

An  MP  tree  (Fig.  2)  was  constructed  from  the 

combined  data  set  of  actl,  tub2,  and  tefl  intron 

sequences,  and  included  representatives  of  all  de- 
scribed Epichloe  species  and  two  clavicipitaceous 

outgroups,  Claviceps  purpurea  and  Ech.  tuberifor- 
mis.  The  tree  shown  in  Figure  2  reflects  the  overall 

diversity  within  clades  and  described  Epichloe  spe- 
cies. However,  results  described  later  indicated 

some  incongruences  between  gene  trees  due  to  re- 

ticulation involving  E.  typhina.  For  this  reason  the 

positions  of  E.  typhina  isolates  did  not  reflect  their 

positions  in  all  gene  trees.  To  test  that  the  com- 
bined analysis  gave  a  valid  result  for  relationships 

between  species,  it  was  rerun  with  only  two  rep- 

combined  data 
E.amarillans  200744  Agh 

E.baconii  76552  Ags 

E.baconii  90167Agt 

E.festucae  90661  Frr 

E.festucae  028  Fl 

E.baconii  200745  Cv 

E.bromicola  200749  Be 

E.bromicola  201 558  Br 

E.bromicola  201559  Bb 

E.elymi  200850  Ev 

E.elymi201551Ec 

E.glyceriae  200747  Gs 

E.glyceriae  200755  6s 

E.brachyelytri  200752  Bee 

E.brachyelytri  201561  Bee 

Edarkii  200742  HI 

Etyphina  200736  Lp 

Etyphina  200851  Php 

Etyphina  201666  Ps 

E.typhina  200738  Ao 

E.typhina  200740  Dg 

E.sylvatica  200751  Bps 

E.typhina  200739  Bpp 

E.sylvatica  200748  Bps 

Etyphina  201668  Pn 
E.typhina  201669  Pp 

20  changes 

C.purpurea  20102 Ech.tuberitormis 
201937 

Figure  2.      MP  tree  generated  from  the  combined  mil/ 
resentatives  of  E.  typhina,  and  again  without  any  tub2/tefl  data  set  including  representatives  of  each  major 

E.  typhina  sequences  (data  not  shown).  In  all  cases  Epichloe  clade,  Claviceps  purpurea  and  Echinodothis  tub- 

the  interrelationships  of  the  remaining  taxa  were      eriformLS  (outgroups).  Branch-and-bound  search  
resulted 

e  same. th 

In  bootstrap  analysis  (again  using  MP)  of  the 
combined  data  set  most  branches  were  strongly 

supported,  but  the  placement  of  the  root  received 

only  weak  support  (Fig.  3).  This  was  not  surprising 
because  of  the  considerable  sequence  divergence 

between  the  ingroup  and  outgroup  taxa,  making  un- 
ambiguous alignment  difficult.  Nevertheless,  the  in- 

ferred root  was  very  close  to  the  midpoint  root  of 

each    individual    gene    tree    (discussed    later   and 

in  2  MP  trees,  differing  slightly  in  the  E.  festucae/E.  ba- 
conii/E.  amarillans  clade.  The  alternative  resolution  of 

this  clade  is  shown  in  the  smaller  box  at  right.  The  num- 
ber of  parsimony-informative  characters  =  379;  tree 

length  =  1350  steps;  consistency  index  =  0.8622;  reten- 
tion index  =  0.8502;  rescaled  consistency  index  - 

0.7331;  outgroup  rooting  with  basal  polytomy.  Bar  repre- 
sents 20  inferred  nucleotide  substitutions,  letters  follow- 

ing isolate  number  refer  to  abbreviated  host  designation. 
Full  host  names  are  listed  in   Table  I. 

e  secom 1 shown   in   Figs.   4,    7,    11).   Assuming   its  correct      the  "main  group"  of  Epichloe  species.  Th 
placement  in  the  combined  data  analysis,  the  root       group,  henceforth  called  the  "E.  typhina  complex," 
split  the  Epichloe  genus  into  two  major  groups  (Fig.       included  E.  typhina  isolates  from  several  host  spe- 

3):  O 
/ group,  comprising  Epichloe  amarillans,  E. 

as  we 11 E.  clarkii  (from  Holcus  lanatus)  and 

baconii,  E.  festucae,  E.  bromicola,  E.  elymi,  E.  gly-      E.   sylvatica   (from  Brachypodium  sylvaticum).   A 
ceriae,  and  E.  brachyelytri,  is  henceforth  designated       very  strongly  supported  clade  within  the  E.  typhina 
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Bootstrap  on  act1/tub2/tef1 
combined  data 

96 

E.amarillans  200743  So 

E.amaritlans  200744  Agh 

Ebaconii  76552  Ags 

Ebaoonii  90167  Agt 

E.festucae  90661  Frr 

EJestucae  028  Fl 

E.baconii  200745  Cv 

E.bromicola  200749  Be 

E.bromicola  201558  Br 

E.bromicola  201559  Bb 

E.efymi  200850  Ev 

E.elymi201551  Ec 

E.gJyceriae  200747  Gs 

E.glyceriae  200755  Gs 

Ebrachyelytri  200752  Bee 

E.brachyelytri  201561  Bee 

Edarkii  200742  HI 

Etyphina  200736  Lp 

E.typhina  200851  Php 

Etyphina  201666  Ps 

Etyphina  200738  Ao 

Etyphina  200740  Dg 

Esylvatica  200751  Bps 

Etyphina  200739  Bpp 

Esylvatica  200748  Bps 

Etyphina  201668  Pn 

Etyphina  201669  Pp 
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Cpurpurea  20102 
Ech.tuberilormis  201 937 

Figure  3.  Bootstrap  tree  generated  from  the  combined 

act  1 Vtub2/tefl  data  set.  Numbers  at  branches  are  the  per- 
centage of  trees  containing  the  corresponding  clade  based 

on  1000  bootstrap  replications.  Only  bootstrap  values 
greater  than  70%  are  shown  and  considered  supportive  of 
the  clades  indicated  by  the  branches. 

fob?  MP 
E.amarillans  201670  So 

Eamarillans  200743  So 

E.amanllans  200744  Agh' E.bacon«  76552  Ags 

E.baoonii  90167  Agt* E.bacon»  200745  Cv 

EJestucae  90661  Frr 

E.cf.f  estucae  E1 1 57  Kc 
E.festucae  E434  Lg 

Ebromicola  200749  Be 

ttt 

E.bfomicola  200750  Be 

EJxorricola  2015598b' i  E.elynii  201 553  Evr 
n  Eelymi  201554  Evl 

Eerymi  200850  Evr 
E.etymi  201555  Evl 

Eelymi  201556  Eh  * 
E-etymi  201 551  Ec 

Egryceriae  200747  Gs 
E.glycenae  200755  Gs 

Ebrachyelytri  200752  Bee  m Ebrachyelytri  201 561  Bee 

E.clarkn  200742  HI 

E.typhina  200736 1|) ' 

E.typtiiaE1015Pt' 
__  Etyphina  201 666  Ps 

_^E.typhinaE1019Ps 
1  E.typhina  200851  Php 

E.typhinaE1158Are 
E.typhina  200849  Dg 

E.typhina  E348  Php 

E.typhina  200738  Ao  * E.typhina  E428  PI 
E.typhina  200740  Dg 

Estate  200748  Bp 

m  Esylvatica  200751  Bps 

<-  Etyphina  200739  Bpp ' 

1  change 
Etyphina  201667  Pn ' 

E.typhina  201669  Pp 

E.typhina  E1 1 54  Pp 

Figure  4.  EpichloS  spp.  tub2  gene  tree  based  on  max- 

imum parsimony  (MP)  analysis  of  introns  1—3.  Shown  is 
the  single  MP  tree  obtained  by  branch-and-bound  search. 
Number  of  parsimony-informative  characters 
informative  characters   = 

82;  un- 

complex  was  designated  the  crown  clade  (Fig.  3),  informative  characters  =  21;  tree  length   =   143  steps: 
and  includes  among  others,  E.  typhina  from  Dae-  consistency  index  =  0.8182;  retention  index  =  0.9426; 

tylis  glomerata  (which  was  among  the  original  hosts  rescaled  consistency  index  ■  0.7712;  midpoint  root  is  at 

on  which  Persoon  described  E.  typhina  and  which  the  left  edf  ■  »"  rJ*eseT  o
nelinferrec! 'nucleotide  suh- 

was  later  selected  as  host  of  the  lectotype)  and  E. 
clarkii  from  Holcus  lanatus. 

stitution.  Asterisks  (*)  indicate  the  number  of  additional 
isolates  (ranging  from  one  to  four),  sampled  from  the  same 
host  genus,  that  had  identical  sequence. 

(3-TUBULIN  GENE  PHYLOGENY with    the    tub2    relationships    previously    reported 

The  tub2  data  set  included  sequences  from  59  among  Epichloe  species  (Schardl  &  Leuchtmann, 

isolates  of  Epichloe  spp.  Phylogenies  derived  by  MP  1999).  Both  MP  bootstrap  analysis  (Fig.  5)  and  ML 

(Figs.  4,  5),  NJ  (not  shown),  and  ML  quartet  puz-  quartet  puzzling  (Fig.  6)  strongly  supported  the  two 

zling  (Fig.  6)  were  consistent  with  each  other  and  major  groups  elucidated  by  the  combined  data  set. 
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Figure  6.      Epichloe  spp.  tub2  gene  tree  based  on  max- 

Figure  5.      bootstrap  tree  generated  from  Epichloe  tub2        imum   likelihood  (ML)  PUZZLE  analysis  of  introns   1-3. 

gene  sequence  using  MI*  (heuristic).  Numbers  at  branches        Tree  is  based  on  a  Hasegawa-Kishino-Yano  model  with  ts/ 

are  the  percentage  of  trees  containing  the  corresponding        tv   =  2  (kappa  =  4.01068);  number  of  puzzling  steps  = 
HXX).  Tree  shown  represents  majority-rule  consensus  and 
numbers  at  branches  are  estimations  of  support  for  each 
branch. 

clade  based  on  1000  bootstrap  replications.  Bootstrap  val- 
ues greater  than  70%  are  considered  supportive  of  the 

clades  indicated  by  the  branches.  For  bootstrap  analysis 

each  set  ol  identical  sequences  was  represented  twice. 

Asterisks  (*)  indicate  the  number  of  additional  isolates 
(ranging  from  one  to  four),  sampled  from  the  same  host 

genus,  that  had  identical  sequence. 

Members  of 

E.   typhina  exhibited  apparent  paraphyly  with  E. 

sylvatica  and  E.  clarkiL 

The  tub2  tree  included  sequences  from  several 

st  biological  species  tended  to  group  new  isolates.  An  isolate  from  host  species  Koeleria 
together.  For  example,  the  isolates  of  E.  amarillans,  cristata  was  placed  in  the  Epichloe  festucae  clade, 
E.  brachyelytri,  E.festucae,  E.  bromicola,  E.  clarkii,  with  perfect  sequence  identity  to  four  other  E.  fes- 
E.  elymi,  and  E.  glycerine  grouped  into  exclusive  tucae  isolates.  New  isolates  from  Arrhenatherum 

clades.  However,  E.  baconii  from  Agrostis  spp.  were  elatius,  Poa  silvicola,  and  P.  trivialis  grouped  to- 
not  definitively  grouped  with  E.  baconii  from  Cal-  gether  with  isolates  from  several  other  hosts  in  the 
amagrostis  villosa,  the  two  E.  sylvatica  isolates  did  crown  clade  of  the  E.  typhina  complex.  New  iso- 
not  definitively  group  in  a  monophyletic  clade,  and       lates  from  Poa  pratensis  and  Brachypodium  pin- 



Volume  88,  Number  1 
2001 

Craven  et  al. 

Fungal  Symbionts  of  Grasses 

25 

natum  grouped  with  other  isolates  from  these  same 

hosts,  in  basal  clades  of  the  E.  typhina  complex. 

tefl  MP  tree  1 

TRANSLATION  ELONGATION  FACTOR   1-a  GENE 

PHYLOGENY 

To  assess  the  extent  to  which  the  tub2  gene  tree 

reflected  the  evolutionary  relationships  among  Ep- 
ichloe species  and  isolates,  noncoding  portions  of 

two  additional  genes,  tefl  and  actl,  were  sequenced 

from  most  of  the  isolates.  A  portion  of  tefl  contain- 

ing introns  1-4  was  amplified  and  sequenced  from 

representatives  of  the  Epichloe  species,  and  phy- 
logenetic  trees  were  inferred  by  MP  (Figs.  7,  8),  NJ 

(not  shown),  and  ML  quartet  puzzling  (Fig.  10).  The 

tefl  MP  trees  resolved  most  of  the  same  clades  that 

were  resolved  in  the  tub2  trees,  except  that  the  po- 

sitions of  E.  glyceriae  and  E.  brachyelytri  were  un- 
resolved in  the  tefl  trees.  Within  the  E.  typhina 

complex  tub2  and  tefl  phylogenies  differed  in  the 

crown  clade,  as  would  be  expected  if  clade  mem- 
bers are  interbreeding.  In  bootstrap  analysis,  all 

major  clades  that  were  strongly  supported  by  the 

tub2  data  were  also  strongly  supported  by  tefl  (Fig. 

8).  The  tefl  trees  grouped  isolates  of  each  of  the 

species,  E.  brachyelytri,  E.  bromicola,  E.  clarkii,  E. 

elymi,  E.  festucae,  and  E.  glyceriae.  Furthermore, 

E.  typhina  isolates  from  Lolium  perenne9  Poa  ne- 
moralis,  and  Brachypodium  pinnatum  grouped  into 

exclusive  clades,  each  with  strong  bootstrap  sup- 

port. 

ACTIN  GENE  PHYLOGENY 

E.amarillans  200743  So 

E.amarillans  200744  Agh 

Elestucae  90661  Frr  * Efestucae  E028  Fl 
*# 

E.cf.festucaeE1157Kc 

Ebaconii  76552  Ags 

Ebaconii  90167  Agt 

E.baconii  200746  Agt 

Ebaconii  200745  Cv 

E.brachyelytri  200752  Bee ' 

E.brachyeiytri  201561  Bee  * E.bromicola  200749  Be 

E.bromicola  200750  Be 

E.bromico4a201558Br* E.elymi  200650  Ev 

Eelymi  201551  Ec 

Eglyceriae  200747  Gs 

E.glyceriae  200755  Gs 
E.ciandi  200742 

E.typhina  200736  Lp  * E.typhina  200738  Ao 
EJyphina  200740  Dg 

Etyphina  200851  Php 

EJyphina  201666  Ps* 
■  E.typhina  E348  Php 

E.sylvatica  200748  Bps 

5  changes 

E.sylvatica  200751  Bps 

E.typhina  200739  Bpp 

E.typhina  E1016  Bpp 

Etyphina  201667  Pn' 
E.typhina  201669  Pp 

Etyphina  1020  Pp 

Figure  7.  Epichloe  spp.  tefl  gene  tree  based  on  MP 
analysis  of  introns  1—4.  Branch-and-bound  search  resulted 
in  72  MP  trees.  Number  of  parsimony-informative  char- 

acters =  110;  tree  length  =  196  steps;  consistency  index 
=  0.8571;  retention  index  =  0.9506;  rescaled  consistency 
index  =  0.8148;  midpoint  root  is  at  the  left  edge.  Bar 
represents  five  inferred  nucleotide  substitutions.  Asterisks 

The  actl  MP  trees  were  not  as  highly  resolved 

as  the  other  gene  trees.  This  lack  of  resolution  re- 
sulted in  failure  to  successfully  complete  bootstrap 

analysis  on  the  actl  data  set.  Even  so,  all  major 

clades  indicated  by  tub2  and  tefl  analyses  were 

supported  in  the  actl  consensus  trees  (Fig.  11). 

One  conspicuous  incongruence  between  the  actl 

phylogeny  and  those  constructed  from  both  tub2      (*)  indicate  the  number  of  additional  isolates  (ranging 

and  tefl  was  the  placement  of  the  isolates  within      from  one  to  twoK  sampled  from  the  same  host  genus,  that 
.11         i     l    j         f  ii      p  .'  Li  t  i     l  l  had   identical   sequence.   Some  sequences   separated  on the  basal  clades  ot  the  Lpicnloe  typhina  complex.  .       .    .        \        ,.r.         ■     ••    ■  ■        ■  •  ■ 

r  r  zero-length  branches  ditter  only  in  indels,  which  were 
Both  tub2  and  tefl  analysis  placed  the  E.  typhina      treated  as  missing  information  in  this  analysis, 
isolates  from  Poa  nemoralis  and  P.  pratensis  togeth- 

er in  the  most  basal  clade,  whereas  the  actl  trees 

placed  the  E.  typhina  isolates  from  Brachypodium      TESTS  FOR  
THKE  INCONGRUENCES 

pinnatum  together  with  one  of  the  E.  sylvatica  iso-  To  circumscribe  interbreeding  populations  we  in- 
lates  (ATCC  200751)  from  Bp.  sylvaticum  as  the      vestigated  reticulation  within  clades.  Interbreeding 

most  basal  clade  (Figs.  11,  12).  Such  incongruenc-  should  lead  to  incongruences  between  gene  trees 

es  between  gene  trees  in  placement  of  taxa  sug-  in  the  placement  of  isolates  within  the  interbreed- 

gested  possible  genetic  reticulation  due  to  inter-      ing  population.  Most  clades  corresponding  to  inter- 
breeding within  the  E.  typhina  complex fertile  groups  had  too  little  sequence  variation  to 
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Figure  9.  Strict  consensus  eladogram  from  the  72  MP 

trees  derived  from  a  braneh-and-bound  search  of  tefl  se- 
quence. Numbers  at  branches  are  the  percentage  ol  trees 

containing  the  corresponding  clade  based  on  5(X)  boot- 
strap replications.  Bootstrap  values  greater  than  7(Y/(  are 

considered  supportive  of  the  clades  indicated  by  the 

branches.  For  bootstrap  analysis  each  set  of  identical  se- 
quences was  represented  oidy  once. 

Figure  8.  Epichloe  spp.  tefl  gene  tree  based  on  MP 

analysis  of  nitrons  1-4.  Branch-and-bound  search  resulted 

in  72  MP  trees.  Tree  shown  was  chosen  to  represent  var- 
iation in  branching  orders  among  the  MP  trees.  The  most 

important  differences  are  the  positions  of  K.  brachyelytri 

and  E.  glycerine  (boxed).  Number  of  parsimony-informa- 

tive characters  =  110;  tree  length  =  196  steps;  consis- 
tencv  index  =  0.8571;  retention  index  =  0.9506;  rescaled 

consistency  index  =  0.8148;  midpoint  root  is  at  the  left 
edge.  Bar  represents  five  inferred  nucleotide  substitutions. 

Asterisks  (*)  indicate  the  number  of  additional   isolates  ,,   .  , 

(ranging  from  one  to  two),  sampled  from  the  same  host       E'   bacon"  lsola*e  from  C (llama grostis  villosa  was 

genus,  that  had  identical  sequence.  Some  sequences  sep-       well  separated  from  those  with  Agrostis  spp.  hosts. 

arated  on  zero-length  branches  differ  only  in  indels.  which       Thus,  there  was  no  conflict  between  the  gene  trees 
that  would  suggest  intermating  between  E.  baconii 

in  different  clades.  There  were,  however,  incongru- 

ences between  gene  trees  in  the  E.  typhina  corn- 
make  such  an  assessment.  However,  three  such  plex.  Specifically,  there  were  differences  in  the 

groups  were  highly  diverse  in  sequences:  Epichloe  crown  clade  between  all  gene  trees,  and  there  were 

baconii,  E.  sylvatica,  and  the  E.  typhina/E.  clarkii  differences  in  basal  clades  of  the  complex  when  the 

group.  In  all  three  gene  trees  (Figs.  4,  7,  11)  the      actl  tree  was  compared  to  the  tub2  and  tefl  trees. 

were  treated  as  missing  information  in  this  analysis. 
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Figure  10.  Epichloe  spp.  tefl  gene  tree  based  on  Ml, 

puzzle  analysis  of  introns  1—5.  Tree  is  based  on  a  Hase- 

gawa-Kishino-Yano  model  with  ts/tv  =  2  (kappa  = 

3.97409);  number  of  puzzling  steps  =  1000.  Tree  shown 

represents  majority-rule  consensus,  and  numhers  at 
branches  are  estimations  of  support  for  each  branch. 
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Etyphina  200739  Bpp ' Figure  1  1 .  Strict  consensus  cladogram  from  the  1946 
MP  trees  derived  from  a  braneh-and-bound  search  of  act 1 

sequence.  Number  of  parsimony-informative  characters  = 
80;  tree  length  =  149  steps;  consistency  index  =  0.8792; 
retention  index  =  0.9430;  rescaled  consistency  index  = 

0.8291;  midpoint  root  is  at  the  left  edge.  Asterisks  (*) 
indicate  the  number  of  additional  isolates  (ranging  from 

one  to  three),  sampled  from  the  same  host  genus,  that  had 

These  incongruences  and  the  involvement  of  these  identical  sequence, 

clades  were  investigated  by  partition  homogeneity 
tests. 

The  partition  homogeneity  test  compares  phylo-  0.03).  To  determine  which  taxa  may  be  reticulated, 

genetic  information  from  two  genes  to  determine  thus  the  source  of  incongruence,  we  removed  cer- 

whether  there  is  statistically  significant  evidence  of  tain  members  of  the  E.  typhina  complex  and  re- 
incongruence  between  sequence  data  sets  (P analyzed  the  data.  When  all  of  the  crown  clade  was 

0.05).  Since  we  were  interested  in  reticulation  (pos-      removed  except  E.  typhina  from  Dactylis  glomerata 
sible  intermating)  within  the  genus  Epichloe,  we and  E.  clarkii  from  Holcus  lanatus,  and  the  test  was 

moved  the  outgroup  taxa  (C.  purpurea  and  Ech.  tub-      rerun,  there  was  no  longer  significant  incongruence 

eriformis)  from  the  analysis.  Comparison  of  actl       between  actl  and  tefl  trees  (P  =  0.20).  Similarly, 
with  tefl  resulted  in  significant  incongruence  (P removal  of  all  E.  typhina  isolates  except  one  from 
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Inclusion  of  all  Epichloe  isolates  in  the  actlltub2 

test  indicated  incongruence  (P  =  0.01).  In  contrast 
to  the  other  gene  comparisons,  when  the  test  was 

run  without  the  crown  clade  E.  typhina  isolates  it 

still  indicated  incongruence  (P  =  0.02).  However, 

if  taxa  from  Poa  pratensis,  P.  nemoralis,  and  Bra- 
chypodium  pinnatum  were  also  pruned  from  the 

test,  there  was  no  significant  incongruence  (P  = 
0.23).  Thus,  evidence  of  reticulation  in  this  last 

comparison  was  only  lost  once  E.  typhina  isolates 

from  both  the  crown  and  basal  clades  were  re- 

moved, suggesting  reticulation  throughout  the  E.  ty- 

phina complex. 

Discission 

PHYLOGENKTIC  AND  BIOLOGICAL  SPEC1KS 

The  main  focus  of  this  study  was  to  examine  the 

relationship  between  biological  and  phylogenetie 

species,  as  well  as  the  role  of  ecological  speciali- 

zation in  genetic  isolation  of  populations  of  Epich- 

loe species.  To  address  these  issues,  we  sought  ad- 
ditional genes  to  compare  to  the  tub2  gene  trees 

previously  inferred  (Schardl  et  al.,  1997).  Since  ge- 
netic linkage  tests  indicated  that  tefl,  actl,  and 

tub2  were  not  closely  linked,  at  least  in  E.  typhina, 

these  were  considered  appropriate  for  gene  tree 

comparisons.  Taxonomic  sampling  was  comparable 

in  scope  to  our  recent  tub2  phylogenetie  analysis 

(Schardl  &  Leuchtmann,  1999),  with  all  10  de- 

scribed species  of  Epichloe  sensu  stricto  represent- 
ed by  multiple  isolates.  The  trees  inferred  from  tefl 

and  actl  intron  sequences  largely  corroborated  the 

relationships  within  the  genus  Epichloe  previously 

elucidated  by  tub2  phylogeny  (Tsai  et  ah,   1994; 

Figure  12.     Epichloe r  spp.  actl  gene  tree  based  on  ML       Schardl  &   Leuchtmann,   1999).   Analysis  of  eorn- 
puzzle  analysis  of  introns  1^4.  Tree  is  based  on  a  Hase- 
gawa-kishino-Yano  model  with  ts/tv  =  2  (kappa  = 
3.98002);  number  of  puzzling  steps  =  1000.  Tree  shown 
represents  majority-rule  consensus  and  numbers  at 
branches  are  estimations  of  support  for  each  branch. 

bined  data  with  outgroups  also  corroborated,  with 

moderate   support,   the   midpoint  root  inferred  for 

each  of  the  three  gene  trees.  The  tree  thus  rooted 

divides  the  genus  into  two  major  clades.  One  clade 

comprises  most  of  the  currently  accepted  Epichloe 

species,  three  of  which  (E.  baconii,  E.  bromicola, 

D.  glomerata,  while  leaving  E.  clarkii  and  E.  syl-       and  E.  festacae)  are  associated  with  Eurasian  grass 

vatica,  gave  a  nonsignificant  test  result  (P  =  0.47).       hosts  (e.g.,  Festuca  spp.  and  Bromus  spp.),  and  four 
Partition  homogeneity  analysis  of  tub2  and  tefl       (E.   amarillans,   E.   brachyelytri,  E.  elymi,  and  E. 

gave  similar  results.  When  the  test  included  all  Ep-      glyceriae)  with  North  American  grasses  (e.g.,  Ely- 
ichloe  taxa,  there  was  a  significant  incongruence      mus  spp.  and  Agrostis  spp.).  This  major  Epichloe 

between  these  two  gene  sets  (P  —  0.01).  Removal       clade  we  refer  to  as  the  main  group.  The  other  ma- 
of  all  crown  clade  isolates  except  E.  typhina  from      jor  clade,  here  termed  the  E.  typhina  complex,  was 

Dactylis  glomerata  and  E.  clarkii  from  Hole  us  Ian-       associated  with  a  broad  range  of  Eurasian  grass 
atus  resulted  in  nonsignificance  (P  =  0.71).  Elim-  and  included  the  described  species  E.  typhina,  E. 
ination  of  all  E.  typhina  isolates  except  the  D.  clarkii,  and  E.  sylvatica.  For  the  most  part,  the  main 
glomerata  isolate  also  resulted  in  nonsignificance      group  of  Epichloe  comprised  clear-cut  phylogenetie 

(p 
0.59). species  corresponding  to  established  interfertility 
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groups  and  morphologically  based  species.  A  pos-  closely  linked  in  other  clades  as  to  affect  inferences 
sible  exception,  E.  baconii,  is  discussed  later,  as  is  about  genetic  reticulation.   More  importantly,  the 

the  possibility  of  cryptic  biological  species  within  most  apparent  conflicts  between  phylogenetic  and 

morphospecies  E.  festucae  and  E.  amarillans.  How-  biological  species  were  associated  with  the  E.  ty- 

ever,  the  E.  typhina  complex  poses  the  most  diffi-  phina  complex. 
culty   in   reconciling  phylogenetic   and   biological 

species  concepts. 

Likely  reticulation  was  identified  by  conducting 

partition  homogeneity  tests  both  with  all  taxa  in- 

Biological  species  can  be  defined  as  potentially  eluded  and  with  most  members  of  potentially  retic- 
interbreeding  populations  that  are  reproductively  ulating  clades  removed.  Since  all  three  gene  trees 

isolated  from  other  mating  populations  (Claridge  et  were  obviously  concordant  for  the  main  Epichloe 

al.,  1997;  Mayr,  1940).  Recent  descriptions  of  Ep-  group,  we  focused  on  the  E.  typhina  complex, 

ichloe  species  have  considered  the  results  of  mating  where  the  different  gene  trees  gave  different  topol- 
tests  to  identify  potentially  interbreeding  groups  ogies.  Not  surprisingly,  when  all  taxa  were  included 

(Leuchtmann  et  al.,  1994;  Leuchtmann  &  Schardl,  the  test  indicated  significant  conflict  between  the 

1998;  Schardl  &  Leuchtmann,  1999;  White,  1993,  trees.  In  two  comparisons  (actl/tefl  and  tub2/tefl) 

1994).  However,  such  tests  do  not  necessarily  in-  significance  was  lost  when  the  E.  typhina  crown 

dicate  actual  interbreeding  populations.  This  is  a  clade  (including  E.  clarkii)  was  reduced  to  two  rep- 
particular  concern  if  parents  are  so  specialized  to  resentatives.  This  result  strongly  suggests  that  the 

different  ecological  niches,  such  as  hosts,  as  to  pre-  crown  clade  comprises  or  is  a  component  of  a  re- 

clude  survival  of  their  progeny.  A  phylogenetic  ap-  ticulated  gene  pool.  Only  when  the  E.  typhina  com- 

proach  to  identify  effectively  interbreeding  popu-  plex  was  further  pruned  by  removal  of  most  basal 
lations  has  recently  been  applied  to  fungi  for  which  taxa  did  the  test  indicate  congruent  actl  and  tub2 

the  sexual  cycle  is  unknown  (Geiser  et  al.,  1998;  trees.  This  suggests  that  there  was  also  reticulation 

Burt  et  al.,  1996).  The  approach  is  to  identify  the  in  the  basal  taxa,  and  inspection  of  the  gene  trees 

smallest  well-defined  phylogenetic  units  in  com-  indicates  that  the  positions  of  E.  sylvatica  isolates 

bined  analysis  of  multiple  genes.  Such  clades  are  differ  in  the  different  trees.  The  positions  of  E.  syl- 

suggested  to  indicate  reproductively  isolated  pop-  vatica  isolates  in  the  three  gene  trees  were  a  par- 
ulations  (Geiser  et  al.,  1998).  One  assumption  is  ticular  surprise,  as  was  the  lack  of  fertility  between 

that  phylogenetic  species,  so  defined,  are  equiva-  E.  sylvatica  and  Brachypodium  pinnatum-associat- 
lent  to  biological  species.  In  our  study  we  have  ed  E.  typhina  despite  their  close  relationships 

looked  only  at  known  sexual  Epichloe  species  and,  (Leuchtmann  &  Schardl,  1998).  It  would  appear 

furthermore,  have  identified  the  interfertility  groups  that  E.  sylvatica  has  emerged  as  a  distinct  species 

in  the  genus.  This  allows  a  check  on  the  relation-  from  within  E.  typhina,  or  that  E.  sylvatica  has  re- 

ships  between  phylogenetic  and  biological  species.  combined  with  E.  typhina  in  the  course  of  its  evo- 

We  looked  for  reticulation  that  would  give  rise  to  lution  prior  to,  or  despite,  emergence  of  intersteril- 
disparities   between   tree   topologies  inferred  from  ity  barriers. 

different,   unlinked   genes.    Reticulation   indicates It  is  possible  that  this  conflict  between  biological 

that  either  the  population  has  a  history  of  recom-  and  phylogenetic  species  may  be  a  problem  of  lin- 

bination  characteristic  of  an  interbreeding  gene  eage  sorting  in  the  Epichloe  typhina  complex.  Lin- 
pool  or  that  much  of  the  extant  polymorphism  was  eage  sorting  arises  due  to  polymorphisms  present 

inherent  in  the  clade's  ancestral  gene  pool.  We  in  an  ancestral  mating  population  from  which  dif- 
point  out  that  this  analysis  cannot  indicate  how  re-  ferent  alleles  are  fixed  in  extant  lineages,  and  can 
combination  occurs,  how  often  it  occurs,  or  when  it  result  in  incorrect  phylogenetic  inferences  being 

last  occurred.  Genetic  tests  indicated  that  the  tefl,  drawn  as  to  the  true  relationships  between  extant 

actl,  and  tub2  genes  independently  segregated  in  lineages  (Lyons-Weiler  &  Milinkovitch,  1997).  An- 

Epichloe  typhina,  so  we  considered  these  genes  ap-  other  possibility  is  that  there  has  been  parasexual 

propriate  for  the  analysis.  Tests  of  linkage  were  recombination  involving  E.  typhina  and  E.  sylvatica 

most  feasible  in  E.  typhina  because  this  species  (Caten,  1981).  This  is  plausible  considering  the  or- 
had  sufficient  sequence  diversity  of  all  three  genes  igins  of  many  asexual  endophytes  as  hybrids  of 

for  the  appropriate  primers  to  be  developed  and  multiple  Epichloe  species.  However,  the  hybrid 

PCR  tests  to  be  conducted.  An  assumption  was  that  asexual  species  generally  have  large  portions  of  the 

these  genes  are  likewise  not  closely  linked  in  other  genomes  of  their  ancestors,  thus  containing  multi- 

Epichloe  clades.  We  consider  this  a  reasonable  as-  pie  copies  of  most  genes  (Kuldau  et  al.,  1999). 

sumption  because,  since  they  are  not  linked  in  E.  There  is  no  indication  of  this  in  Epichloe  species 

typhina,  it  is  unlikely  that  all  three  would  be  so  from  analysis  of  tub2,  tefl,  and  actl,  though  occa- 
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sional  multiband  phenotypes  have  been  observed  from  the  male.  Though  this  does  not  preclude  lim- 
in  isozyme  studies  of  E.  typhina  (Leuchtmann  &  ited  genetic  exchange,  the  result  suggests  that  these 

Schardl,  1998).  Even  if  parasexual  recombination  host-associated  populations  have  a  degree  of  ge- 

occurs  in  the  E.  typhina  complex,  the  close  rela-  netic  isolation.  Since  phylogenetic  analysis  placed 
tionship  between  E.  sylvatica  ATCC  200751  and  E.  these  populations  into  distinct  clades  they  may  in- 

typhina  from  Brachypodium  pinnatum  is  unexpect-  deed  represent  different  biological  species.  Like- 
ed  in  that  all  three  gene  trees  give  this  same  rela-  wise,  E.  festucae  from  Festuca  rubra  failed  to  mate 
tionship,  and  isozyme  analysis  gives  a  similar  result  with  an  isolate  from  Koeleria  cristata  even  though 

(Leuchtmann  &  Schardl,  1998).  In  stark  contrast,  they  had  identical  gene  sequences.  This  test  must 

E.  typhina  from  Bp.  pinnatum  did  not  share  any  be  considered  preliminary  pending  reciprocal  mat- 
identical  or  highly  similar  gene  sequences  with  E.  ing  tests.  Nevertheless,  the  result  points  up  a  po- 
typhina  isolates  from  any  other  host,  as  would  have  tential  limitation  that  if  sequence  evolution  does 

been  expected  from  either  sexual  or  parasexual  re-  not  adequately  keep  pace  with  biological  speciation 
combination.  Although  we  cannot  exclude  either  it  may  be  difficult  to  identify  species  on  a  strictly 

lineage  sorting  or  parasexual  recombination  to  ex-  phylogenetic  basis, 
plain  the  apparent  paraphyly  of  E.  typhina  to  E. 

sylvatica,  as  well  as  polyphyly  of  both  biological  GENE  FL()W  WITHIN  A  BIOLOGICAL  SPECIKS 
species,  these  relationships  nevertheless  amount  to 

a  conflict  between  the  phylogenetic  and  biological 
species  concepts 

The  relationships  among  host-associated  popu- 

lations in  the  Epichloe  typhina  complex  is  intrigu- 
With  the  exception  of  the  E.  typhina  complex,  ing.  In  keeping  with  previous  results  from  isozyme 

most  phylogenetic  species  of  Epichloe  had  little  ge-  analysis  (Leuchtmann  &  Schardl,  1998)  we  found 
netic  diversity,  and  there  is  little  or  no  evidence  of  that  certain  host  grasses  harbor  genetically  diverse 

gene  flow  (reticulation)  between  phylogenetic  spe-  endophyte  populations,  whereas  other  hosts  harbor 
cies.    Previous    mating    test    results    (Schardl    &  populations    of   genetically    similar    individuals. 

Leuchtmann,   1999)  have  shown  that  many  phylo-  Among  the  more  diverse  are  the  E.  typhina  popu- 
genetic   species   in   the   main   Epichloe   group  also  lations  in  D act y lis  glomerata  and  Phleum  pratcnse. 

conform  to  a  biological  species  concept;  there  was  as  well  as  E.  sylvatica  from  Brachypodium  sylvati- 
intermating  only  between  isolates  from  the  same  or  cum.  In  contrast,  isolates  from  other  host-associated 

closely  related  hosts,  often  within  one  host  genus.  fungal  populations  had  similar  or  identical  allozyme 
Yet,  even  in  the  main  group  there  were  some  cases  profiles  and  DNA  sequences.  Little  or  no  sequence 

where  phylogenetic  species  did  not  precisely  pre-  variation  was  observed  within  E.  typhina  popula- 
dict  interfertility  groups  or  vice  versa.  Epichloe  ba-  tions   in   many   of  its   grass   hosts:  Anthoxanthum 

conii  isolates  from  host  genera  Agrostis  and  Cala-  odoratum  (based  on  tub2),  Brachypodium  pinnatum 
magrostis,    though   capable   of   intermating,   never  (tub2   and   tefl),  Lolium  perenne  (tub 2,   tefl,   and 
definitively  grouped  in  a  monophyletie  clade  in  any  actl),  Poa  nemoralis  (tub2,  tefl,  and  actl),  and  P 

gene    phylogram    (this    was    also    the    observation  pratensis  (tub2);  as  well  as  among  E.  clarkii  from 
based  on  allozyme  cluster  analysis;  Leuchtmann  &  Holcus  lanatus  (tub2  and  tefl).  Since  most  of  these 

Schardl,  1998).  However,  it  is  possible  that  when-  host-associated    populations    are    currently    repre- 
ever  Agrostis-  and  CalamagrostLs-associated  popu-  sented  by  a  small  sample  size  it  is  unclear  whether 
lations  intermate  in  nature  their  progeny  are  lost  they  might  be  substantially  more  diverse  than  so 

due  to  lack  of  a  compatible  host.  Such  a  situation  far   indicated.   Still,   the   genetic   uniformity   of  E. 

would  isolate  the  populations  into  different  biolog-  clarkii  seems  well  substantiated  because  this  spe- 
ical  species  despite  their  observed  interfertility  in  cies  is  represented  by  five  isolates  from  Britain  and 

experimental  matings.  More  sampling  of  the  E.  ba-  Switzerland,  and  both  mating  types  are  included. 
conii  populations  is  needed  to  assess  if  they  actu-  Even  though  most  E.  clarkii  isolates  are  readily  in- 

ally  represent  distinct  biological  species  or,  alter-  terfertile  with  E.  typhina  on  several  other  hosts,  E. 
natively,    if    this    is    another    conflict    between  clarkii  seems  to  maintain  genetic  and  even  mor- 

phylogenetic  and  biological  species  concepts.  phological  distinction  from  the  rest  of  the  E.  typhi- 
The   converse   situation   apparently   arises   with  na  complex  (White,  1993;  Leuchtmann  &  Schardl, 

Epichloe  amarillans  and  E.  festucae.  An  E.  amar-  1998).  However,  the  position  of  E.  clarkii  relative 
Mans  isolate  on  Sphenopholis  obtusata  had  limited  to  the  various  E.  typhina  isolates  is  not  consistent 

or  no  interfertility  with  an  isolate  from  Agrostis  hie-  among  gene  trees,  so  that  E.  clarkii  does  not  fit  the 
malis.    Although    mating   proceeded    as   expected,  criterion  for  a  phylogenetic  species.  It  is  possible 
progeny  showed  no  evidence  of  genetic  contribution      that  E.  typhina  on  other  grasses — such  as  Dactyiis 
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glomerata — actually  mates  with  E.  clarkii  in  na-  horizontal  transmission.  As  discussed  above,  spe- 
ture,  but  that  the  progeny  do  not  colonize  or  survive  ciation  in  this  complex  is  not  clear  cut.  In  contrast, 

on  Holcus  lanatus,  host  grass  for  E.  clarkii  Perhaps  most  of  the  species  in  the  main  group  balance  ver- 
only  E.  clarkii  X  E.  clarkii  progeny  can  colonize  tical  and  horizontal  transmission,  and,  as  partial 

this  host,  leading  to  extreme  inbreeding  but  not  chokers,  have  more  benign  or  even  mutualistic  ef- 
necessarily  genetic  isolation.  Thus,  E.  clarkii  may  fects  on  host  plants.  In  this  group  speciation  follows 

contribute  to  the  gene  pool  of  certain  E.  typhina  a  cladistic  stereotype  and  most  species  boundaries 

populations,  but  E.  typhina  rarely  or  never  contrib-  are  unambiguous. 

utes  to  the  E.  clarkii  (i.e.,  H.  lariatus-associated) Species  in  the  main  Epichloe  group  with  sub- 

gene  pool.  The  other  low-diversity  host-associated      stantial  seed  transmission  include  E.  brachyelytri, 

populations  may  have  similar  relationships  to  the      E.  amarillans,  E.  festucae,  and  E.  elymi  (Leucht- 
d more  diverse  ones. mann  &  Schardl,  1998;  Leuchtmann  et  al.,  1994; 

Is  incipient  speciation  occurring  in  the  Epichloe  Schardl  &  Leuchtmann,  1999).  The  situation  for  E. 

typhina  complex?  One  might  expect  speciation  bromicola  is  unique  in  that  it  is  a  strong  choker  on 

based  on  host-associated  populations  given  the  Bromus  erectus,  but  is  strictly  seed  transmitted  on 

strong  association  of  other  Epichloe  species  with  other  Bromus  species  (Leuchtmann  &  Schardl, 

individual  host  genera  or  tribes.  Epichloe  sylvatica  1998).  It  is  possible  that  E.  bromicola  has  both 

appears  to  be  an  example,  since  it  is  restricted  to  transmission  modes  on  an  unidentified  host.  Only 

one  host,  Brachypodium  sylvaticum.  Yet  even  if  two  main  group  species,  E.  glyceriae  and  E.  bacon- 

such  species  emerge,  it  appears  that  they  will  not  ii,  are  strong  chokers  for  which  vertical  transmis- 

correspond  to  such  clear-cut  phylogenetic  clades  as  sion  is  unknown.  The  deep  rooting  of  E.  brachye- 

do  the  other  Epichloe  species.  This,  also,  is  illus-  lytri  (based  on  combined  sequence  analysis;  Fig.  3) 

trated  by  the  apparent  polyphyly  of  E.  sylvatica.  and  the  preponderance  of  vertically  transmitted 

Overall,  no  phylogenetic  species  obviously  emerge  species  suggest  that  this  is  an  ancestral  trait  of  the 

from  host-associated  populations  in  the  E.  typhina  main  Epichloe  group.  We  previously  proposed  that 

complex.  However,  it  appears  that  the  crown  clade  the  loss  of  seed  transmissibility  in  E.  glyceriae 

of  E.  typhina/E.  clarkii  may  have  effectively  spe-  might  have  been  associated  with  a  host  jump,  since 
ciated  from  the  more  basal  clades.  All  indications  without  this  fungal  species  the  relationships  among 

of  reticulation  were  either  within  the  crown  clade  the  main  Epichloe  group  largely  reflect  host  rela- 

or  among  the  basal  clades,  but  not  between  the  tionships  (Schardl  et  al.,  1997).  However,  since  the 

crown  and  basal  clades.  This  suggests  that  the  relevant  branches  were  unresolved  in  tefl  and  actl 

crown  clade  is  an  incipient  species  that  has  not  trees,  it  remains  possible  that  E.  glyceriae  and  the 

fully  established  genetic  barriers  to  mating  outside  rest  of  the  main  group  have  tracked  the  evolution- 
the  clade  (many  matings  between  basal  and  crown  ary  paths  of  their  hosts. 
clade  members  are  fertile;  Leuchtmann  &  Schardl, Even  with  inconsistent  phylogenetic  tracking  it 

1998).  Furthermore,  even  though  one  genus  (Poa)  is  likely  that  host  specialization  played  a  role  in 

is  represented  among  hosts  of  both  basal  and  crown  Epichloe  speciation.  Since  vertical  transmission 

clades,  the  different  clades  consistently  comprise  provides  a  dependable  route  for  dissemination 

isolates  from  different  host  species.  Epichloe  spe-  there  is  little  benefit  expected  for  broadening  host 

cies  in  the  crown  clade  infect  P  silvicola  and  P  range.  This  is  particularly  true  if  there  is  a  tradeoff 

trivialis,  whereas  members  of  the  more  basal  clades  between  broad  host  range  and  the  balance  of  ver- 

infect  P.  pratensis  and  P.  nemoralis.  tical  and  horizontal  transmission  in  these  fungi.  We 

have  suggested  that  such  a  balance  of  host  and  fun- 
gal development  is  unlikely  to  survive  host  jumps, 

and  that  this  is  why  the  more  mutualistic  Epichloe 

The  apparently  different  evolutionary  processes       species  seem  to  track  host  phylogeny  (Schardl  et 

PREVAILING  TRANSMISSION   MODES  AND  EVOLUTION 

between    the   Epichloe   typhina    complex   and   the       al.,  1997).  Here  we  suggest  that  this  is  also  why 

containing  the  other  seven  Epichloe      there  are  clear  boundaries  between  host-associated "main  group" 
species  may  relate  to  their  different  host  interac-  species  in  the  main  Epichloe  group.  As  further  ev- 

tions,  namely  whether  they  are  more  benign  and  idence  that  benign  or  mutualistic  interactions  have 

vertically  transmissible  or  more  virulent  (antago-  promoted  host-based  speciation,  the  phylogenetic 

nistic)  and  reliant  on  horizontal  transmission.  Most  pattern  is  substantially  different  for  the  more  an- 

members  of  the  E.  typhina  complex  are  antagonistic  tagonistic  species,  especially  the  E.  typhina  com- 

(strong  chokers)  in  that  they  shut  down  almost  all  plex.   Models  of  host-parasite  interactions  predict 

host  seed  production.  They  must  therefore  rely  on  that  high  virulence  levels  (antagonism)  should  cor- 
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relate   with    rapid   contagious   spread  (Yamamura,  interactions  were  simultaneous  infections,  whereby 

1993).   No  comparative  study  has  been  done  on  individual  Brachypodium  sylvaticum  plants  had  two 
transmission  rates  of  Epichloe  species.  However,  endophytes,  one  sexual  (E.  sylvatica)  and  the  other 
horizontal  transmission  of  E.  typhina  appears  to  be  asexual    (Meijer   &    Leuchtmann,    1999).    Though 
very  rapid  in  Dactylh  glomerata  populations,  as  in-  closely  related  to  E.  sylvatica,  these  asexual  endo- 
dicated  by  a  recent  epidemic  in  Oregon  (Pfender  phytes  represent  the  opposite  extreme  in  that  they 
&  Alderman,  1999).  We  speculate  that  high  viru-  have  sacrificed  all  capacity  for  horizontal  spread 
lence  and  reliance  on  horizontal  transmission  se-  and  are  strictly  vertically  transmitted.  Although  this 
lects  for  broad  host  range  and  limits  speciation  in  may  well  benefit  the  host,  it  is  nevertheless  appar- 
the  E.  typhina  complex.  There  are  two  reasons  why  ent  tnat  the  balanced  interactions  characterizing 
E.  typhina  may  be  particularly  subject  to  this  kind  much  0f  tne  Epichloe  main  group  species  are  absent 
of   selection.    First,    since    this    species    depends  in  tne  E.  typhina  complex  as  they  are  among  other 
heavily  on  horizontal  transmission  the  availability  Oavicipitaceae. 
of  hosts  within  a  short  range  of  a  parent  stroma  Symbioses  of  asexual  endophytes  with  grasses 
(specifically,  the  dispersal  area  for  ascospores)  is  represent  a  third  class  of  fungal/host  interactions 
important  for  its  propagation.  Second,  it  can  partic-  distinct  from  the  balanced  or  antagonistic  associa- ipate  in  reducing;  the  host  population,  and  indeed       *:  M      •       1   •  1     r  •  l;  •  m 
.       .„  .  &.  *  f  *  *****       turns    involving    sexual    Epichloe    species.    Many it  will  be  a  factor  in  the  reduction  of  available  hosts 

by  reducing  flowering.  Whenever  local  host  popu- 
lations decline  either  by  effects  of  E.  typhina  or 

other  factors,  there  would  be  increased  selection  on 

the  fungus  to  colonize  other  hosts.  Such  a  selective 

effect  is  not  expected  for  more  benign  Epichloe  spe- 
cies because  their  assured  vertical  dissemination 

obviates  any  immediate  reliance  on  horizontal 

transmission  to  neighboring  plants. 

grasses  in  subfamily  Pooideae  possess  asexual  de- 

rivatives of  Epichloe  species,  which,  by  current  tax- 

onomic  convention,  are  classified  in  a  distinct  ge- 
nus in  the  Fungi  Imperfecti.  Several  such  species 

have  been  formally  described  and  placed  in  genus 

Neotyphodium   (Glenn  et  al.,   1996).  These  endo- 
phytes are  often  beneficial  to  their  hosts  and  cause 

no  disease,  so  they  are  commonly  regarded  as  mu- 
tualists.  We  are  currently  analyzing  tub2,  tefl,  and 

actl  noncoding  regions  for  several  Neotyphodium 

species,   some  formally   described  and   others   re- 

The  main  group  of  Epichloe  species  represents  mai]ning  t0  be  described-  
Results  from  <his  tub2 

the  emergence  of  a  mechanism  to  maximize  mutual  analyS1S  ,nd,cate  that  several  have  h
y,md  ori*in 

benefit  to  host  and  symbiont.  This  mechanism  is  a      (Schardl  et  aI'  1994;  Tsai  et  aI'  1994;  Mo°"  et  aL' 

OKIUNS  OK  THK  MITUAI.ISTIC  KNDOPI1YTKS 

balanced  interaction  whereby  individual  plant-fun-  2000)'  a  con(lusion  also  supported  by  analysis  of 

gus   symbiota   can   simultaneously   exhibit   sexual  ufl  and  actl  Senes  (KDC-  &  CLS>  unpublished 

propagation  of  both  partners.  Although  the  neces-  obs^  As  we  exPand  the  numher  of  8e"es  a'ld  «pe- 

sary  components  of  such  interactions  are  repre-  cies  analyzed  li  is  becoming  apparent  that  hybrid 

sented    among    related    Clavicipitaceae    (Clay    &  origins    are    vei7    common    among   Neotyphodium 

Jones,  1984;  Kover  &  Clay,  1998),  it  is  only  in  the  SPP'  though  not  universal.  For  example,  the 

main  Epichloe  group  that  such  a  balance  is  consis-  ual  N'  coenophialum,  a  common  endophyte  of  Lal- 

tently  evident  (Schardl  &  Clay,  1997).  In  contrast,  ium  arundinaceum  (=  Festuca  arundinacea),  has 

the  more  antagonistic  effects  of  the  E.  typhina  com-  three  Epichloe  species  in  its  pedigree  (Tsai  et  al., 

plex  are  similar  to  those  of  many  other  plant-as-  1994);  wh 
N.  lolii,  the  most  common 

do- 

sociated  Clavicipitaceae,  particularly  Balansia  spe-       Phyte  of  Lolium  perenne,  seems  to  be  a  direct  de- 

cies     (Diehl,     1950;     Kuldau     et     al.,     1997).       scendant  of  E.festitcae.  Those  Epichloe species  in- 

,  most  of  the  E.  typhina  complex,  like      volved      in      known      hybridizations      span      the 
Furth 

most  Balansia  species,  fail  to  transmit  in  host  phylogenetic  diversity  of  the  genus,  including  E. 

ds.  Although  E.  typhina  on  Poa  nemoralis  can  typhina,  E.  bromicola,  E.  elymi,  E.  amarillans,  E. 

transmit  vertically,  it  tends  to  choke  the  vast  ma-  festucae,  and  a  relative  of  E.  baconii.  The  hybrid- 

jority  of  tillers  and  thereby  severely  limit  both  host       izations  have  led  to  diploidy,  polyploidy,  or  exten- 
ploidy    in    most    Neotyphodium    species seed  production  and  its  potential  for  vertical  trans-  sive 

mission.  Likewise,  although  E.  sylvatica  was  pre-  studied  to  date,  and  for  this  and  other  reasons  are 
viously  considered  to  have  balanced  host  interac-  likely  somatic  events  rather  than  hybrid  matings 
tions,  more  detailed  examination  has  indicated  that  (Schardl  et  al.,  1994;  Kuldau  et  al,  1999).  Thus, 

stroma-forming  genotypes  are  actually  strong  chok-  traditional  species  concepts  are  violated,  albeit  in 
ers.  What  were  previously  thought  to  be  balanced  different  ways,  both  by  endophytes  that  only  trans- 
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mit  vertically  and  those  that  only  transmit  horizon- 
tally. 

Conclusions 

The  most  striking  result  from  our  phylogenetic 
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symbionts  (Schardl  et  al.,  1994;  Tsai  et  al.,  1994). 

Further,   the  E.   typh 
ominated   by 

strains  that  only  transmit  horizontally — lacks  clear- 

cut    genetically    isolated groups 

Atkinsonella  hypoxylon  (Clavicipitaceae)  by  cleistoga- 
.  .  mous  seed  of  Danthonia  spicata  (Gramineae).  Canad.  J, 

transmitted    and    strictly    horizontally    transmitted  got   62:  2893-2898. 

species.  Interspecific  hybridization  is  often  evident       Diehl,  W.  W.   1950.  Balansia  and  the  Balansiae  in  Amer- 

ica. Agric.  Monogr.  U.S. I). A.  4. 

Felsenstein,   J.     1988.    Phylogenies   from   molecular  se- 
quences: Inference  and  reliability.  Annual  Rev.  Genet. 

22:  521-565. 

Fidel,  S.,  J.  H.  Doonan  &  N.  R.  Morris.    1988.  Aspergillus 

nidulans  contains  a  single  actin  gene  which  has  unique 

intron  locations  and  encodes  a  -v-actin.  Gene  70:  283- 
293. 

|GCG]  Genetics  Computer  Group.  1996.  Wisconsin  Pack- 
age. Version  9.0.   Published  by  the  authors,  Madison. 

Wisconsin. 

should  amplify  lineage  sorting  problems  that  cause      Geiser,  D.  M.,  J.  I.  Pitt  &  J.  W.  Taylor.    1998.   Cryptic 

conflict   between   the   biological   and   phylogenetic  speciation  and  
recombination  in  the  aflatoxin-producing 

,.  ,     ,  Tr         ■.  fungus  Aspergillus  fiavus.  rroc.  [Natl.  Acad.  hci.  U.S.A. 
species  concepts,  as  discussed  above.  11  a  reliance  95-  388-393 
on  horizontal  transmission  delays  speciation  as  we       Glenn,  A.  E.,  C.  W.  Bacon,  R.  Price  &  R.  T  Hani  in.  1996. 

speculate,  an  obvious  prediction  is  that  other  highly  Molecular  phylogeny  of  Acremonium  and  its  taxonomic 

implications.  Mycologia  88:  369-383. 
Hillis,  D.  M.    1987.    Molecular  versus  morphological  ap- 

proaches to  systematics.  Annual  Rev.  Ecol.  Syst.    18: 23-42. 

speculate  that  high  virulence  and  dependence  on 

horizontal  transmission  might  counteract  host  spe- 

cialization and,  in  turn,  promote  intraspecies  di- 

versity and   delay  speciation.   Delayed   speciation 

virulent  pathogens  will  exhibit  conflicts  between  bi- 

ological and  phylogenetic  species.  To  our  knowl- 

edge, this  has  not  yet  been  tested.  A  good  relation- 

ship between  these  species  concepts  was  noted  for       Kennedy,  C.  W.  &  L  P.  Bush.    1983.   Effect  on  environ- 

the  Gibberella  fujikuroi  group  (O'Donnell  et  al., 
1998),  but  these  fungi  also  exhibit  both  horizontal 

and  vertical  transmission  (Bacon  &  Hinton,  1996). 

Detailed  phylogenies  and  population  surveys  are 

clearly  needed  for  more  virulent  pathogens,  organ- 
isms that  cause  the  most  probl 

and  the  food  supply. 

in  human  health 
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Abstract 

Insects  that  feed  on  plant  sap  depend  on  symbiotic  bacteria  for  nutrients  that  are  not  present  in  the  diet.  These 

bacteria  live  within  host  cells  and  are  transmitted  from  mother  to  offspring.  The  symbionts  of  aphids,  in  the  genus 

Buchnera,  are  the  best  characterized  of  insect  endosymbionts.  They  result  from  an  ancient  infection  of  a  common 

ancestor  of  modern  aphids,  and  they  possess  genes  underlying  pathways  for  production  of  essential  amino  acids  that 

are  rare  in  the  phloem  sap  diet  of  aphids.  Thus  these  bacteria  appear  to  be  highly  coadapted  with  hosts  and  to  have 

evolved  as  mutualists  for  millions  of  years.  Nonetheless,  Buchnera  and  other  endosymbionts  possess  some  genetic  traits 

that  appear  to  be  deleterious  to  both  hosts  and,  ultimately,  the  bacterial  symbionts  themselves.  The  most  likely  basis 

for  these  traits  is  the  fixation  of  slightly  deleterious  mutations  in  the  context  of  genetic  drift  in  these  bacterial  popu- 

lations, which  possess  small  genetic  population  sizes  relative  to  many  free-living  bacteria.  Investigations  during  the 

next  few  years  will  reveal  the  extent  of  convergence  among  independently  derived  symbionts  of  different  insect  families 

and  the  extent  to  which  symbionts  are  adapted  to  species-specific  aspects  of  their  host's  ecology  and  nutrition. 
Key  words:     aphid,  Buchnera,  coevolution,  endosymbiont,  mutualism,  phloem  sap,  phylogenetics. 

Introduction:  Phloem-feeding  and  Animal 
Nutrition 

Among  the  major  groups  of  organisms,  animals      tamins. 

acids,  causing  excess  nonessential  amino  acids  to 

be  excreted  as  waste  (Sandstrom  &  Moran,  1999). 

In  addition,  phloem  may  be  deficient  in  some  vi- 

stand  out  for  their  limited  biosynthetic  capabilities.  Phloem-feeding  insects  have  adopted  a  common 
Many  vitamins  and  amino  acids  cannot  be  synthe-  solution  to  nutritional  deficiencies:  association  with 
sized  by  animals,  which  must  ingest  each  of  these  bacterial  endosymbionts  that  have  the  capacity  for 

compounds  in  the  diet.  As  a  result,  dietary  spe-  biosynthesis  of  required  amino  acids  (P.  Baumann 
cialization  imposes  the  risk  of  nutritional  deficien- 

Th 
cies. 

Several  groups  of  insects  feed  only  on  the  phlo- 
em sap  of  plants.   Because  tapping  into  a  single 

cialized  host  cells  called  bacteriocytes  (or  myceto- 
form 

1998) 

phloem  sieve  element  allows  access  to  nutrients  transmitted  maternally  with  progeny  inoculated  be- 

from  throughout  the  plant  without  moving,  this  fore  oviposition  or  birth.  Bacteriocyte  associates  ap- 

feeding  mode  is  potentially  rewarding.  Further-  pear  to  be  present  in  all  strict  phloem-feeders,  in- 
more,  phloem  sap  of  plants  is  rich  in  sugars  and  eluding  most  members  of  the  clade  corresponding 

contains  free  amino  acids.  However,  the  nutrient  to  suborder  Sternorrhyncha  and  many  members  of 

profile  of  phloem  is  not  favorable  to  animal  growth.  the  suborder  Auchenorrhyncha.  These  two  subor- 

Although  nitrogen  is  present  in  the  form  of  free  ders  within  the  Hemiptera  are  often  lumped  as  Ho- 
amino  acids,  there  is  a  deficit  of  essential  amino  moptera,  although  not  a  monophyletic  group  (von 

acids,  the  set  required  in  animal  diets  (Fig.  1;  Dohlen  &  Moran,  1995).  The  Sternorrhyncha  in- 

Sandstrom  &  Moran,  1999).  Whereas  plant  and  an-  eludes  aphids  (Aphidoidea),  scale  insects  (Coccoi- 

imal  proteins  show  similar  amino  acid  abundance  dea),  whiteflies  (Aleyrodoidea),  and  psyllids  (Psyl- 

profiles,  phloem  sap  contains  primarily  a  few  non-  loidea)  (Fig.  2).  Current  understanding  of  the 

essential  amino  acids,  which  are  transaminated  as  genetics  and  evolution  of  the  aphid-symbiont  as- 

needed  for  protein  synthesis  at  the  site  of  growth.  sociation  is  more  extensive  than  for  any  other  ani- 

Thus,  the  reproduction  and  development  of  phloem  mal  endosymbiosis.  More  limited  knowledge  for 

feeders  may  be  limited  by  certain  essential  amino  psyllids,  whiteflies,  and  some  scale  insects  suggests 

1  Elizabeth  Bernays  gave  useful  comments  on  a  draft  of  this  manuscript.  The  writing  and  much  of  the  work  reviewed 

were  supported  by  NSF  grants  DEB  9815413  and  DEB  9978518  to  NM. 

department  of  Ecology  and  Evolutionary  Biology,  University  of  Arizona,  Tucson,  Arizona  85721,  U.S.A. 

Ann.  Missouri  Bot.  Gard.  88:  35^4.  2001. 



36 Annals  of  the 
Missouri  Botanical  Garden 

55 

C/) 

CD 

0) 

o 

CO 

o 

50 

40     - 

30     - 20 

E 
CO 

10 

0 

< 

CO 

CO 

co 

CO 

CL 

phloem  sap  contents 

<D 

O 

o 

CO CD 

-Q 

CO 

.O 

CO 

CO 

CO 

O 

CD 

CO 

-Q 

O 

CO 

CD 

5 

eg 

E 

> 

-2        Q) 

O 

-Q 

CO 

■D 

o cd 

o 

E 
CO 

O 

O 

9 

6 

3 

0 

Arg       His 

Rhopalosiphum 

lie 

Leu     Lys      Met      Cys      Phe     Tyr      Thr      Trp      Val 

Figure  1.  (Quality  of  phloem  sap  as  a  diet  lor  aphids.  — a.  Proportion  of  essential  amino  acids  in  aphid  proteins, 
insect-defined  diets,  and  phloem  sap  of  various  plants  as  sampled  from  aphid  stylets.  In  phloem  sap,  a  higher  proportion of  amino  aeids  are  nonessential.  — b.  Proportions  of  individual  essential  amino  aeids  of  total  amino  aeids  in  the  diet 
and  body  proteins  of  the  aphid  Rhopalosphium  padL  Most  essential  amino  aeids  are  deficient  relative  to  requirements 
(or  protein  synthesis.  (Although  amino  acid  profiles  of  proteins  are  roughly  representative  of  dietary  requirements,  some, 
including  tryptophan,  are  required  in  higher  concentrations  due  to  use  in  other  endproducts  or  due  to  differences  in 
efficiency  of  absorption).  Data  are  summarized  from  Sandstrbm  and  Moral!  (1999)  for  various  studies  based  on  phloem 
sap  ingested  by  different  aphid  species  on  several  angiosperm  species  (alfalfa  =  Medicago  saliva  L;  pea  =  Pisum 
sativum   L;  clover  =   Trifolium  pratense  L;  faba  bean   =    Vina  faba  L.;  oats  =  Avena  saliva  L;  barley   =  Hordeum vulgare  L;  rice  =  Oryza  saliva  L;  wheat 
=  Primus  padus  L). 

Trilicum  aestivum  L.;  mustard  =  Brassica  juncea  (L.)  Czern.;  bird  cherry 

that  similar  patterns  of  evolution  will  extend  at  least  belong  to  the  gamma-Proteobacteria,  near  Esche- 
to  these  groups,  and  some  parallels  have  been  ob-  richia  coli  and  other  enterics  (Munson  et  al., 

served  in  other  invertebrate  endosymbioses,  includ-       1991b).    Buchnera    lives    within    maternal    cell' ing  cockroaches  (Bandi  et  al.,  1995),  carpenter  ants  called  bacteriocytes,  and  infection  occurs  within 
(Schroder  et   al.,   1996),  tsetse  flies  (Chen  et  al.,  the  mother's  body,  during  the  egg  or  embryo  stage 
1999),  and  bivalves  (Peek  et  al.,  1998).  (Buchner,   1965).   Increase  in  bacterial  numbers 

In  this  paper,  I  present  an  overview  of  the  cur-  during  development  closely  tracks  the  increase  in 
rent  knowledge  of  the  coevolution  of  endosymbionts  aphid  body  size  (Baumann  &  Baumann,    1994). 
with  hosts  in  the  Sternorrhyncha,  especially  aphids.  Nutritional  studies  suggest  that  Buchnera  provi- 
n  „  sions  the  host  with  certain  amino  acids  (Douglas, 
BlOI.OCICAI.  B\CK(;H()LINI)  iooov  J  A-  ii  n\it IWtf),  and  genetic  studies  have  confirmed  that  the 

Aphid  primary  endosymbionts  are  classified  as  enzymatic  pathways  for  amino  acid  biosynthesis 
Buchnera  aphidicola  (Munson  et  al.,  1991a)  and  are  retained  and  modified  to  allow  increased  pro- 
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Figure  2.  Phylogenetic  relationships  within  the  Sternorrhyncha  (von  Dohlen  &  Moran,  1995)  and  affiliations,  where 

known,  of  hacteriocyte-associated  or  "primary"  symbionts  of  major  groups  (Buchner,  1965;  Munson  et  al.,  1991b;  Clark 
et  al..  1993;  Soaulding  &  von  Dohlen,  1998;  Thao  et  al.,  2()(K)a). 

duction  of  end  products  (Lai  et  al.,  1994;  Bracho      ecologically  and  phylogenetically  related  hosts 

et  al.,  1995).  showed    strict   codivergence   with    no   horizontal 

Other  Sternorrhyncha  also  possess  endosymbi-  transmission  of  Buchnera  (Clark  et  al.,  2000).  Fi- 

onts  that  live  within  bacteriocytes  and  that  are  nally,  molecular  phylogenetic  studies  within  a  sin- 

transmitted  maternally.  However,  the  phylogenetic  gle  aphid  species,  Uroleucon  ambrosiae,  indicate 

position  of  the  symbionts,  mechanisms  of  vertical  strict  codivergence  of  symbiont  genes  and  mito- 

transmission,  and  the  position  and  characteristics  chondrial  genes,  indicating  that  even  intraspecific 

of  bacteriocytes  differ  among  major  groups  of  insect       transfer  of  Buchnera  is  absent  (Funk  et  al.,  2000). 

Since  even  rare  instances  of  transfer  would  result 

in  major  discrepancies  between  phylogenies  of  host 

and  symbiont,  these  combined  results  suggest  that 

Buchnera  has  completely  lost  the  capacity  to  live 
Phylogenetic  analyses  for  Buchnera  and  aphids      outside  hosts  an(]/or  to  invade  new  hosts. 

support  strict  cospeciation,  with  strictly  vertical 

transmission  over  at  least  100  million  years  (Fig. 

3).  This  conclusion  is  based  on  analyses  at  several 

hosts. 

CODIVERSIFICATION 

Age  of  Endosymbioses  in  Sternorrhyncha 

phylogenetic  depths.   First,  phylogenies  based  on  The  shared  ancestor  of  the  superfamily  Aphidoi- 
representatives   from   the   superfamily  Aphidoidea 1 00-200 

for are  completely  concordant  with  phylogenies  of  their  The  observation  of  congruent  phylogenies 

corresponding  endosymbionts,  based  on  deeply  di-  aphids  and  Buchnera  implies  that  the  original  in- 

verging  lineages  (Munson  et  al.,  1991b;  Moran  et  fection  is  at  least  this  old.  Since  the  large  majority 

al.,  1993).  However,  phylogenetic  studies  of  such  of  modern  Sternorrhyncha  have  endosymbionts  and 

divergent  groups  might  not  reveal  horizontal  trans-  feed  on  plant  phloem  sap,  it  seems  likely  that  the 

fer  if  it  has  occurred  between  related  aphid  line-  common  ancestor  of  the  group  also  possessed  en- 

ages,  such  as  members  of  the  same  aphid  tribe  or  dosymbionts.  However,  the  current  distribution  of 

genus.  Phylogenetic  concordance  of  Buchnera  and  symbiont  lineages  at  a  higher  taxonomic  level,  i.e., 

15  host  species  within  the  aphid  genus  Uroleucon  among  families  of  Sternorrhyncha,  indicates  that 

there  have  been  numerous  independent  infections, 

ed  host  insects  has  taken  place  (Clark  et  al.,  2000;  possibly  involving  replacements  of  ancestral  sym- 

Fig.  3).  These  aphids  are  restricted  to  plants  within  bionts  with  novel  ones  (Fig.  2).  For  example,  some 

the  Asteraceae,  sometimes  use  the  same  host  plant  of  the  symbionts  characterized  for  the  Coccoidea, 

the  sister  group  to  Aphidoidea,  are  in  the  beta- 

parasitoid  wasps  that  might  act  as  vectors  for  sym-  Proteobacteria  (Munson  et  al.,  1992)  although  other 

biotic  bacteria  (Moran  et  al.,   1998).   Even  these  groups  of  bacteria  appear  to  be  present  in  at  least 

etermine 

taxon 



38 Annals  of  the 

Missouri  Botanical  Garden 

E 

o 

<0 

O 

1 
i 

t: 

.9- g 

03 

CO 

03 

g 
03 

o 

cj 

g 

E 
3 

.3 

o 

"5 

o 

CO 

CD 

g 

4 

8 

g 

:j 

03 

8 

g 

03 
O 

•2, 

o 
o 

g 

:j 

E 
g 
o 

CO 

o 

g 

CO 

CJ 

c: 

I 

c: 

o 

03 

g 

•3 

I 
o 

CO 

o 
o 

g 

03 

CO 

03 
O 

.5 

g 

i 
S 

CO 

o 

03 

g 

03 

•5 

o 
03 

g 

o 

CJ 

g 

CO 

E 
o 

g 

W3 

CO 

8 

p 

(0 

CD 

CD 

O 
0 

O 

o3 

o 
CD 

D 
Q. 
CD ^ 

CD 
CD ■D CD 

CJ) 

CO 
Q. 
CO 

CD 
c: 

CO     O o    5 
en .^

 

•  *^^ 
CO 

c 

1 
03 

-c 

■S 

0 
03 

.to 

-Q 
"  --  a   

(Q 

CO 

■
O
 

3 

c: 

& 03 

-C 

<J 

CI 

-S> 

E 5 
& 

0 

0. 

CO 

S2 

E 

CO 

5 

03 

CO 

C 

CO 

t & 

CTJ 

O 

CO 

g 

.9 

5 

CJ 

c: 

o 

CO 

c: 
O 

CJ 

g 

:j 

E 
s 

03 

iS 

CO 

*  —- 

a 

CO 

O 
c 

ipho
 

h
u
m
 

to 

.9. 

0 

CO 

0 

t: 

^*^ 

*s 

0 

CJ 

«S 

^ 5 

03 

CO 

03 
a 

CO 

N 

& 

i 

I 

CO 

E 

E 

03 

CO 

5 

QC 

cj 

CO 

(D CO 

"D 

03 

•5 

i 
E 

CO 

c: 

8 

g 

< 



Volume  88,  Number  1 
2001 

Moran 

Bacterial  Endosymbionts  and  Insects 

39 

some  coccoid  species  (Kantheti  et  al.,  1996;  Fu-  living  ancestor.  This  resembles  the  situation  in  phy- 

katsu  &  Nikoh,  2000).  The  Aleyrodoidea  and  the  logenetically  diverse  intracellular  pathogenic  bac- 

Psylloidea,    sister    clades    within    Sternorrhyncha,  teria,  which  have  repeatedly  evolved  small  genomes 

each  contain  a  clade  of  gamma-Proteobacteria  that  (Andersson  &   Kurland,    1998;   Moran  &   Werne- 

are  possibly  sister  clades  to  one  another  but  not  to  green,  2000).  Because  bacterial  genomes  are  most- 

Buchnera   (Clark   et  al.,    1993;   Spaulding  &  von  ly  composed  of  functional  genes,  an  implication  is 

Dohlen,  1998).  that  Buchnera  has  lost  most  ancestral  loci  and  cor- 

Based  on  recent  studies,  phylogenetic  relation-  responding  functional  capabilities. 

ships  are  congruent  for  the  Psylloidea  and  their A  second  distinctive  aspect  of  genome  evolution 

corresponding  symbionts  (Thao  et  al.,  2000a).  This  is  revealed  in  the  presence  of  plasmids  bearing 

result  implies  an  ancient  infection,  since  the  Psyl-  genes  for  biosynthesis  of  amino  acids  required  by 

loidea  are  probably  of  similar  age  to  the  Aphidoi-  the  host.  Plasmid  location  of  these  genes  is  not  typ- 

dea.  The  infection  may  have  predated  divergence  ical  of  free-living  bacteria,  and  the  plasmid  location 

of  Aleyrodoidea  from  Psylloidea;  however,  current  allows  increased  gene  copy  number  and  overpro- 
duction  of  the   gene   product.   Buchnera   of  some 

sufficient  to  fully  resolve  the  sister  group  of  psyllid  hosts,  including  members  of  the  large  family  Aphi- 

rmation 

symbionts. 

Distinctive  Characteristics  of  Endosymbionts 

AND  CO  ADAPTATION  WITH  HOSTS 

didae,  possess  two  plasmid  types  that  are  involved 

in  production  of  tryptophan  and  leucine  respective- 

ly (Lai  et  al,  1994;  Bracho  et  al.,  1995).  On  one 

of  these,  trpEG,  the  rate-limiting  genes  for  trypto- 

phan biosynthesis,  are  amplified  as  tandem  repeats. 
The  100  million  years  or  more  that  Buchnera Jias  ̂               ̂    ̂   ̂    host  &^flpW,  graminum, 

resided  in  aphids  implies  more  than  a  billion  bac-  ̂               d  ̂   four  ̂           &nd  ̂   four  ̂  terial   generations.   How   has   it  diverged  from   its  .  ,  t  ,      ,  i   
5                                                         &  mijs  are  present  for  each  chromosomal  copy,  re- nonsymbiotic  ancestor?  Extensive  characterization  ~         a  u  (Au  nmni;u»iAn   OntU 

J                                       .            .       ,  .  suiting  in  an  effective  16-fold  amplification.  Un  the 
of  Buchnera  from  the  aphid  Schizapnts  graminum  .          ,        .  ,     ,      r                          j     i   •        l        : 

^                t  .      ,      •  ,                                  i-         r  other  plasmid,  the  four  genes  underlying  leucine (Rondani)   combined  with   comparative  studies  ot  .           ,      .                                    .;Mi«   ™™<>c     ainn(r 
v,         '     c                .            ..,,           .,.           L  biosynthesis   are   present   as   single   copies,   along svmbionts  of  some  other  aphid  hosts  indicate  that  .  .          1§       .                         ,             ,                              i 
y    ,             u                            P  with  repilcatlon  genes  anj  an  unknown  conserved Buchnera  is  closely  related  to  Escherichia  coll  but  jt           i         u~™  ^  «1      locyn    TTi~ 

.      J                    ,.                    r  open  reading  frame  (van  Ham  et  al.,   Ivv/).   Ihe 
shows  a  very  divergent  overall  pattern  of  genome  ^  .§              t  fa  m                         ̂   with  an  rf_ 
evolution  (Baumann  et  al.,  1999).  The  relationship  ̂ .^  ̂ ^         lififiation  in  flllcWro  of  5.  gra- 
to  E  coli  and  other  entenc  bacteria  has  been  ver-  ^^  ̂ .^  ̂             ̂   ̂   main  bacterial  chrQ. 
ified  repeatedly  by  sequence  comparisons  of  ho-  ̂ ^    ̂   ̂   typeg  rf  plasmids  are  entireJy mologous  genes:  almost  all  ot  the  loci  sequenced  .      .         .       ,   .         ,         ,            .   . 
"       6         &                                                         •      1      ri  different  in  organization,  implying  that  they  ongi- so  far  for  Buchnera  have  clear  homologs  in  the  b.  ,  .    ,           ,      ,      Wr-4i  •           u  ♦     ̂     »^««  _«„ 

......          ,     ,         ,  nated  independently.  Within  each  type,  gene  rear- coli  genome,  in  agreement  with  initial  results  based  ,                           .     .       ,          ̂ ^lt„.^ 
6             '         &               _  _                        ,     .  „_  rangements  and  sequence  evolution  have  occurred, 

on  16S  rDNA  sequences  (P.  Baumann  et  al.,  1999;  .        ,.~.                                 ,                     /P 
M               v  resulting    in    differences    among    host    taxa    (Ko- 

Shigenobu  et  al.,  2000). 

One  indicator  of  a  distinctive  pattern  of  genome       ^  ̂   igg^  ̂ ^^  e,  ̂   1999) 

1997 

evolution  is  evident  from  the  extremely  small  ge- 

nome size.  The  genome  of  Buchnera  of  Acyrthosi- 

phon  pisum  is  only  about  640  kilobases  and  con- 
tains   590    genes    (Charles    &    Ishikawa,    1999; 

COEVOI.UTION  AND  PLASMIDS  IN  APHID  SYMBIONTS 

Both   the   leucine   plasmid   and   the   tryptophan 

Shigenobu  et  al.,  2000),  about  a  seventh  of  the  size  plasmid  are  interpreted  as  adaptive  modifications 

of  the  genome  of  E.  coli  at  about  4500  kilobases  of  the  Buchnera  genetic  system  that  enable  im- 

and  over  4000  genes.  Similar  sizes  are  found  in  proved  growth  and  reproduction  of  hosts.  Bacterial 

Buchnera  of  other  Aphidoidea  (Wernegreen  et  al.,  plasmids  are  usually  thought  to  be  involved  in  gene 

transfer  among  bacterial  strains  or  species.  How- 

genome  reduction,  losing  most  of  its  DNA  and  most  ever,  in  the  case  of  the  Buchnera  plasmids,  phylo- 

genes  in  the  course  of  its  evolution  from  a  free-  genetic   evidence,   based   on   sequences   of  genes 

rwent 

Figure  3.  Phylogenetic  congruence  of  aphids  and  their  endosymbiotic  bacteria,  Buchnera,  at  the  level  of  the  family 

Aphididae  and  at  the  level  of  an  ecologically  homogeneous  clade  of  aphid  hosts,  the  genus  Uroleucon  and  relatives. t   j-^...„  f   .  iu..~t.™  ^  «1     lOOIk*  Mnran  *>»  ill      1 WA-  HW;in  et  al..  1  OOtt:  and  Clark  et  al..  2000. 
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from  both  plasmid  types,  the  bacterial  chromosome,  DEGENERATIVE  SVMBIONTS? 
and  the  aphid  mitochondrion,  indicates  strict  ver- 

tical transmission  of  the  plasmids  within  the  clade  Selection  at  the  level  of  host  individuals  favors 

corresponding  to  the  aphid  family  Aphididae  (Ro-  mutualistic,  and  functional,  symbionts.  However, 

uhbakhsh  et  al.,  1997;  Silva  et  al.,  1998;  L.  Bau-  such  selection  wil1  »e  limited  in  effectiveness, 

man.,  et  al.,  1999),  within  the  genus  Uroleucon  First'  since  selection  occurs  mostly  a»  the  l«vel  of 

(Wernegreen  &  Moran,  2001),  and  within  the  spe-  the  animal  host'  the  effective  population  size  
will 

cies  Uroleucon  ambrosiae  (Funk  et  al.,  2000).  In  be  relatively  sma11  resulting  in  more  genetic  
drift, 

other  words,  not  only  is  Buchnera  itself  entirely  ver-  ThlSn1S  becaUSe  ammal  P°Pulations  are  relatively 

tically  transmitted,  its  plasmids  also  are,  resulting  Smal    (aS  comPared  to  populations  
of  most  free-liv- 

in  complete  linkage  of  the  plasmid-borne  genes      "lg  bacte™)'   Furthe™;re<  *e  sym
bionts  forego 

™i*U  n  *«-*«    «  a     u     *     •   i     u  j  any  recombination  with  bacteria  from  other  hosts, with  genes  on  the  bacterial  chromosome  and  genes  ,     .  ,  ,  .        ,    , 
_  a  i  •  i      ..     I        .  •   ,     i  rwn  .  a  conclusion  strongly  supported  by  phylogenetic  re- 
on  the  aphid  mitochondrial  chromosome.  This  sit-  ,        .  .     ,  .     . suits   that   support   vertical   transmission   even   for 

plasmid-borne  genes  are  strictly  vertically  trans- 
mitted (Funk,  Wernegreen  &  Moran,  unpublished 

nation  might  facilitate  coadaptation  of  genes  in  dif- 
ferent locations  and  improved  coordination  of  ex- 

pression   of   biosynthetic    genes    important   to   the  y' fitness  of  aphid  hosts. 

Ski. fish  Sym wonts 

A  variety  of  evidence  based  on  gene  sequences 
suggests  that  Buchnera  and  other  symbionts  have 
been  subject  to  the  fixation  of  slightly  deleterious 
mutations  through  genetic  drift.  First,  rates  of  DNA 

Because  Buchnera  is  strictly  vertically  transmit-       sequence  evolution  are  increased  in  symbionts,  as 
ted,  the  possibilities  for  the  establishment  of  sym-       expected   if  a   larger  proportion  of  mutations  are 
biont  traits  that  harm  host  fitness  are  quite  limited.       fixe('  rather  than  eliminated  through  purifying  se- 

A  bacterial  mutant  that  replicated  faster  but  pro-  lection  (Moran,  1996;  Spaulding  &  von  Dohlen, 

visioned  hosts  less  well  might  spread  within  the  1998;  Peek  et  al.,  1998;  Wernegreen  &  Moran, 

population  of  bacteria  in  a  single  host  and  might  1999).  This  acceleration  is  found  at  all  loci  ana- 

then  preferentially  infect  progeny.  However,  hosts  ̂ zec'  anc*>  in  genes  encoding  polypeptides,  is  con- 

bearing  symbionts  with  "selfish"  traits,  i.e.,  those  centrated  at  sites  causing  amino  acid  substitutions, 

that  benefit  bacterial  replication  at  the  expense  of  that  is'  sites  likely  to  be  subject  to  purifying  selec- 

host  fitness,  would  experience  negative  selection  tion  (Moran>  1996;  Wernegreen  &  Moran,  1999). 

within  host  populations  even  if  bacteria  are  favor-  The  se<luence  changes  lead  to  decreased  stability 

ably  selected  within  individual  hosts.  However,  in  in  secondary  structure  of  gene  products  (Lambert 

small  host  populations  that  experience  genetic  drift,  &  Moran'  1998)'  aS  exPected  if  theY  ar<*  sliRhlly 

there  is  some  potential  for  the  spread  of  selfish  deletenous-  These  Patte™s  aPP™r  to  characterize 

traits  despite  counter  selection  at  the  host  level.  many  endosymbiont  groups  that  are  maternally 

This  is  especially  true  if  effects  on  hosts  are  small  J™**1    in    invertebrate    hosts    (Moran,    
1996; 

and  if  such  alleles  originate  frequently  through  mu-  La"      *  &  M°/an'  ̂   ̂   et  ̂  '  ̂^  *"" 

tation  (Michod,  1997;  Rispe  &  Moran,  2000).  Fre-  ™  ̂ T™?  f^1"*  °f  endM5™biont8  is  the  over- 

quency  of  selfish  mutations  will  depend,  in  part,  on  T       'Toot      A  f™"  l?3S  ̂   ®?  &  ̂  the  size  of  the  mutational  target.  Most  mutations 
knocking  out  functionality  of  genes  that  underlie 
biosynthesis  of  host  nutrients  might  have  selfish  ef- 

fects, since  they  will  compromise  host  nutrition  but 
could  improve  rate  ol  replication  of  the  individual       ™„.   c       *•       *  •   4   •     r       .•       i-        c      , 

r„  ,.  m.  may  function  to  maintain  functionality  of  polypep- mutant  cell  lineage.  The  proportion  of  the  genome       *uot,  ti  ,.     r    i  *   i  i     j       .  k-   i  •  •  i 
.  ,        y    y  B^ii^nic       tldes  that  are  jess  sta|,|e  (jue  t()  multiple  amino  acid 

ikawa,  1997;  Aksoy,  1995).  Bacterial  GroEL 
functions  to  fold  proteins  that  have  lost  their  func- 

tional conformation  (Ewalt  et  al.,  1997),  and  it  is 

typically  overproduced  in  response  to  stress  such 
as  heat.  Constitutively  high  levels  in  endosymbionts 

underlying  amino  acid  biosynthesis  is  substantial: substitutions    resulting    from    mutation    fixation 

based  on  the  combined  length  of  genes  for  synthe-  through  genetic  drift  (M()ran?   19%)    FinaUy    ̂  
sis  o<  essential  amino  acids  and  or.  the  full  genome  sman  genome  sizes  of  endosymbionts  may  be  the 
size  (Charles  &   Ishikawa,    1999)  this  proportion  consequence  in  part  of  genetic  drift  causing  the could  be  as  much  as  10%  or  more.  A  high  rate  of  fixation    of  mutations   that   eliminate   function   of 
origin  of  selfish  mutations,  combined  with  a  short-  genes  that  are  beneficial  but  not  essential.  Oner 

m   r  —  —          —    —    —     —  ~—  ^^  ^r^       ^V  ̂ P    ̂ mr     ^ 

term  selective  advantage  within  hosts,  might  result       fixed,    silenced    alleles    would    disappear   througl in  a  constant  threat  to  aphid  fitness.  neutral  deletions. 

i 
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Variable  Host  Nutrition  and  Variation  in  growth  rate  than  does  D.  rwxia.  Thus,  it  appears 

Symbiont  Provisioning  Capacity  that  the  decreased  biosynthetic  capability  of  Buch- 

nera of  D.  rwxia  does  correspond  to  lower  trypto- 

Oddly,  some  Buchnera  have  undergone  second-  phan  and  leucine  availability  in  D.  rwxia,  and  to  a 
ary  loss  of  the  extra  copies  of  genes  for  biosynthesis  }ower  growth  rate  of  the  host,  but  whether  this  de- 
of  essential  amino  acids.  Apparently,  the  ability  to  crease  is  maladaptive  for  the  host  is  not  clear.  Pos- 
produce  large  amounts  of  these  nutrients  has  been  Ba>ly,  the  low  rate  of  reproduction  and  growth  of  D. 

eliminated.  In  the  case  of  trpEG,  the  genes  for  tryp-  noxia  ls  part  0f  a  life  history  strategy  that  is  con- 
tophan  production,  some  of  the  tandem  repeats  are  nected  with  its  habit  of  forming  small  sedentary 
eliminated  as  pseudogenes  (gene  copies  with  strong  col0nies  within  curled  leaves  of  hosts.  Pseudogenes 

homology  to  functioning  copies  but  with  multiple  for  trpEG  are  widespread  among  D.  noxia  popula- 
frameshifts  and  stop  codons  in  the  coding  region).  tjons  an(j  have  arisen  independently  in  other  Di- 

In  the  case  of  the  genes  for  synthesis  of  leucine,  uraphis  species  that  inflict  similar  damage  on  their 
the  plasmid  copy  number  is  reduced.  An  example  host  plants  (Wernegreen  &  Moran,  2000). 
of  this  situation  is  in  Buchnera  of  Diuraphis  noxia, 

an  aphid  that  causes  extensive  damage  to  its  Trit-  SECONDARY  SYMBIONTS 
icum  host  (wheat)  and  related  grasses.  In  D.  noxia, 

there  are  only  one  or  two  copies  of  plasmid  trpEG 
leuABCD 

Many  species  of  Sternorrhyncha  have  more  than 

one   maternally   transmitted   symbiont,  within  the 

in  contrast,  other  Aphididae  have  16  to  24  copies      *ame  individu
al  insect.  In  aphids,  symbionts  other 

for  both  sets  of  plasmid-encoded  biosynthetic  genes      than  Buchnera,
  called  secondary  or  accessory  sym- 1998) bionts,  live  outside  the  bacteriocytes,  often  in  the 

usual,  it  is  not  unique;  other  instances  of  reduced  nearby  sheath
  cells  (Buchner  1965).  Whether  they 

amplification    level    for    amino    acid    biosynthetic  are  mutualistic
  or  poss.bly  pathogenic  is  not  known, 

genes  are  known  in  Buchnera  of  other  aphid  spe-  Associations  
 are   maternally   transmitted   but   are 

cies  (e.g.,  Baumann  et  al.,  1997).  evolutionarily  less  long-lived,  with  sporadic  distn- *        i  i  u        a  bution  among  related  species  or  even  within  a  spe- 
Are  these  reductions  in  gene  copy  number  adap-       """""  omuiig  icai        H

  F 
.     i-  ii        a     *•       a  a  u     f  „^A  r»      cies  (e.g.,  Chen  &  Purcell,  1998;  Sandstrom  et  al., 

tive,  potentially  reflecting  decreased  host  need  tor      ulca  ̂   o '  '  .*   . 
,.     x  .  .      •      o  a  .1        _i  ,j0^f-  ̂   „*       2001).   Some  horizontal  transmission  also  occurs, symbiont  provisioning:  Or  are  they  maladaptive  at  ;         ,  r  i      i       i        i       j 

.l     i       i    r*u     u     *  ™        »«f;«n«  n.nUnif      based  on  the  presence  of  extremely  closely  related 
the  level  of  the  host  organism,  potentially  resulting  r  j  j 
r  it.  1     *•         *  *u     •   *    u     *       svmbionts    in    phylogenetically    divergent    hosts 
from  genetic  drift  or  even  selection  at  the  intrahost      "J"1"  UE"  r   J     *.  J  °       . 
t       ,J :  tt  i        •  l        x    r  •         *  a     ui  (Chen   &   Purcell,    1998),   but   the   mechanism  of 
level?  Unusual  enrichment  of  ingested  phloem  sap       V^"CIi   «  »  h 

.  ,      ,      !   ,         j        j    j  a  ™i ;   *  transfer  is  not  known.  Secondary  symbionts  also  oc- 
might   lead   to   reduced   dependence   on   symbiont  #  \  J 
,•  ,      .        j  i     ;•      §    i  i     .•  cur  in  psyllids  (Fukatsu  &  Nikoh,  1998;  Spaulding 
biosynthesis  and  even  selection  to  lower  production  r  J  ,«««*        i  •        i  •     o-      /r-i     i     .    i 
,       ,    ,  t-     *     t    r    *     -  j-  *u         ♦  •  ~*  &  von  Dohlen,  1998)  and  in  whiteflies  (Clark  et  al., 
levels  by  symbionts.  In  fact,  studies  on  the  nutrient  '  ;  v 

;.rll  .         Aiun-         j,  •        1993).  Secondary  symbionts  sometimes  do  not  show 
composition  of  phloem  sap  ingested  by  uiurapnis  '  /    *  .        , 

.     .    ,.           V        i  •             -j         •                j-  *  the  unusually  fast  sequence  evolution  and  biased 
noxia  indicate  that  this  species  does  ingest  a  diet  ..        ,.          •     i     r      •                   u- 

.  .     .  .                .  ,        .           .,     T,  ■          •  .          .  base  composition  that  is  typical  of  primary  symbi- 
ennched  in  essential  amino  acids.  Ihis  enrichment  /                              Jr              r           J        , 

rr         r      i  •  i  r      t           i  •  l                      u  onts;  their  sequences  may  resemble  those  ol  char- 
is  an  effect  of  aphid  feeding,  which  causes  a  char-  .      i  r        l-   •        l      /    •            U         *L 

.    .      ,         r          irii.j         •  actenzed  free-living  bacteria  such  as  the  enterics 
actenstic  damage  to  the  infested  plant  and  an  in-  °                                  incm    u     , .  ,         .            .j     .       -                a    ,  (Chen  &  Purcell,  1998;  Clark  et  al.,  1993).  How- 
crease   of  essential   amino   acids   in   the   ingested  v                                                .                            ,               , 

/ril  ,                t     ,  orim  rp,       i             ii  ever  some  secondary  symbionts,  perhaps  those  with 
phloem  sap  (Telang  et  al.,  1999).  The  observed  loss  .        .                    u-     *      j       u 
%                *V           °     ,              .  .              -i           i  longer  histones  as  symbionts,  do  show  some  ten- 
of  gene  copies  may  relate  to  this  nutritional  ennch-  °                              . '         .          ,                  j    u-        i 

&     /TOr                     on*            ™™\    ivt       .i    i  dency    toward    accelerated    evolution    and    biased 
ment    Wernegreen  &  Moran,  2000).  Nonetheless,  hJ           ̂   (S       lding  &  von  Dohlen,  1998; haemolymph  levels  of  leucine  and  tryptophan  are      ̂ ^  &  N  ^  Thao  ̂   ̂   ̂ ^ unusually  low  in  Z).  noxia,  suggesting  that  these 

nutrients  may  be  limiting  to  growth  despite  in- 
creased concentrations  in  ingested  sap  (Wernegreen 

&  Moran,  2000).  Like  D.  noxia,  Schizaphis  gramin- 

um  causes  damage  on  grass  host  plants  that  results 

Speculations  on  the  Evolution  of 

Endosymbioses 

Endosymbioses  may  initially  become  established 

in  increases  in  amino  acid  concentrations  in  the  on  the  basis  of  nutritional  benefits  to  hosts,  explain- 

diet.  Buchnera  of  5.  graminum  do  not  show  a  loss  ing  their  concentration  in  animal  clades,  such  as 

of  amplified  gene  copies,  and  S.  graminum  hae-  Sternorrhyncha,  that  live  on  restricted  diets  (Buch- 

molymph  is  not  low  in  tryptophan  and  leucine.  Fur-  ner,  1965).  If  infections  benefit  host  fecundity,  then 

thermore,    S.    graminum    shows    a    much    higher      infected  maternal  lineages  will  spread;  similarly, 
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symbiont  lineages  with  traits  benefitting  host  fecun-      Andersson,  S.  G.  &  C.  Kurland.    1998.    Reductive  evo- 

dity  will  spread  at  the  expense  of  symbiont  lineages 
that  lack  these  benefits.  The  latter  is  illustrated  in 

lution  of  resident  genomes.  Trends  Microbiol.  6:  263- 268. 

Bandi,  C,  M.  Sironi,  G.  Damiani.  L.  Magrassi,  C.  A.  Na- 
lepa,  U.  Laudani  &  L.  Sacchi.    1995.    The  eslablish- Buehnera  by  the  amplification  of  amino  acid  bio- 

synthetic  genes  on  plasmids:  this  feature  apparently  merit  of  intracellular  symbiosis  in  an  ancestor  of  cock- 
evolved   few   times   and   must   have   become   fixed  roaches  and  termites.  Proc.  Roy.  Soc.  London,  Ser.  B, 

through  selection  at  the  level  of  host  individuals.  BioL  Sci-  259:  293-299. Ck,™...   *1  u-      A     l  •    .  Baumann,   L  &   P.   Baumann.    1994.    (Growth   kinetics  of 
subsequently,  as  symbionts  become  more  integral-  fl  ,         ,.     .  D    .  ,  .,  .      .      ' j   .  i       j        ,  11.1  r  i  tne   ̂ "dosymbiont    Huchnera   aphidicola   in   the  aphid 
ed  into  the  development  and  physiology  of  hosts,  Schizaplus  granunum.  Appl.  Knvironm.  Microbiol.  60: 3440-3443. 

  ,  M.  A.  Clark,  I).  Rouhbakhsh,  P.  Baumann,  N.  A. 
Moran  &  I).  J.  Voegtlin.  1997.  Endosymbionts  (Huch- 

nera) of  the  aphid  Uroleucon  sonchi  contain  plasmids 
with  trpEG  and   remnants  of  trpK  pseudogenes.  Curr. 
Microbiol.  35:  18-21. 

,  P.  Baumann,  IN.  A.  Moran,  J.  Sandstrom  &  M.  L 

hosts  may  evolve  dependencies  on  their  bacteria 

that  do  not  involve  nutrition.  This  possibility,  that 

hosts  evolve  increasing  dependence  on  their  long- 
term  symbionts,  is  supported  by  repeated  observa- 

tions that  aphids  deprived  of  Buchnera  cannot  re- 

produce, even  when  limiting  nutrients  are  supplied 

in  artificial  diets  (Douglas,  1998).  Although  the  as-  Thao.    1999.  Genetic  characterization  of  plasmids  con- 

sociation is  beneficial  and  even  obligate  for  hosts  taining  genes  encoding  enzymes  of  leucine  biosynthesis 

the  symbionts  themselves  may  become  less  func-  ̂ e77^mbi°nta  {Buchnera)  of  aPhid*  J-  Mo1^  ra- 
tional due  to  a  large  effect  of  genetic  drift  on  their      Baumann,  P.]  N.  A.  Moran  &  L.  Baumann.    1999.    Bac- 

evolution,  with   the  consequent  fixation  of  mildly 
deleterious  mutations. 

The  genome  size  of  Buchnera  is  near  the  lower  book  on  tlie  Biol°g>'  of  Bacteria:  Ecophysiology,  Isola- 

teriocyte-associated    endosymbionts   of   insects.    In    M. 
Dworkin  (editor).  The  Prokaryotes,  3rd   Ed.,   A    Hand 

that  form  chronic  associations  with  animal  hosts. 

limit  observed  in  bacteria  (Maniloff,  1996;  Charles  ̂   ̂ T^i^  .AWli™"?™;  ̂ "'T'^nf/,  ?c7 e    T  w\  man    xvr  i     r»™^    **  York-  hltp://link.springer.de/link/service/books/l()l25/ 
&  Ishikawa,  1999;  Wernegreen  et  al.,  2000).  Most       Rracho,  A.  M..  D.  Martmez-Torres,  A.  Moya  &  A.  I, lone, 
small  genome  bactena  studied  so  far  are  pathogens  1995.    Discovery  and  molecular  characterization  of  a 

plasmid  localized  in  Buchnera  sp.,  a  bacterial  endosvm- 
biont  of  the  aphid  Rhopalosiphum  padi.  J.  Molec.  Evol. 
41:  67-73. 

Buchner,  P.    1965.   Endosymbiosis  of  Animals  with  Plant 
Microorganisms.  Interscience  Publishers,  New  York. 

Charles,  H.  &  H.  Ishikawa.    1999.    Physical  and  genetic 
map  of  the  genome  of  Buchnera,  the  primary  endosym- 
biont  of  the  pea  aphid  Acyrthosiphon  pisum.  J.  Molec. 
Evol.  48:  142-150. 

Chen,  D.  Q.  &  A.  II.  Purcell.    1998.    Occurrence  and 
transmission   of   facultative   endosymbionts    in   aphids. 
Curr.  Microbiol.  34:  220-225. 

These  pathogenic  bacteria  have  lost  many  biosyn- 
thetic  pathways,  including  almost  all  amino  acid 

biosynthetic  pathways,  obtaining  needed  nutrients 
from  host  cells.  In  contrast,  genetic  characterization 
of  Buchnera  indicates  that  multiple  amino  acid  bio- 

synthetic pathways  are  retained  (P.  Baumann  et  al., 

1999;  Shigenobu  et  al.,  2000).  An  implication  is 
that  Buchnera  evolved  from  a  free-living  bacterium 
that  became  endosymbiotic  and  mutualistic  as  it 

lost  genes:  it  did  not  evolve  from  an  intracellar  bac-  Cnen-  x-  s-  Li  &  S.  Aksoy.  1999.  Concordant  evolution 

terium  already  possessing  a  reduced  genome.  The  of  a  8Jrmbiont  witn  its  host  insect  species:  Molecular 

amino  acid   biosynthetic   genes  are  too  numerous  vW°f™y  of  genus  Glossina  and  its  bact
eriome-asso- 

1  .        j.  ,   .       -       °  .  .  ciated  endosymbiont,  Wigglesworthia  glossinulia.  }.  Mo- and  too  dispersed  in  the  genome  to  have  been  re-  ]e(.   yvo\  48:  49.5a 
acquired  after  being  lost  in  a  pathogenic  ancestor.       Clark,  M.  A.,  L  Baumann,  M.  A.  Munson,  P.  Baumann, 
Thus,  the  idea  that  mutualistic  bacteria  arise  from B.  C.  Campbell,  J.  E.  Duffus,  L.  S.  Osborne  «!<   N.  A. 

flies    (Homoptera:    Aleyrodoidea)   constitute   a    lineage 
distinct  from  the  endosymbionts  of  aphids  and  mealy- 

bugs. Curr.  Microbiol.  25:  119-123. 
  ,  N.  A.  Moran,  R   Baumann  &  J.  J.  Wernegreen. 
2(KM).      Cosneeiiltirm     IipIwppii     kant^riul     .Mwln.vn.lMM..). 

long-term  pathogens  can  be  discounted  in  this  case  Moran.   1993.  The  eubacterial  endosymbionts  of  while- 

and    perhaps    in    others    (Moran    &    Wernegreen, 
2000). 

Do  other,  independently  acquired,  symbionts  of 

phloem-feeders  show  the  same  patterns  discovered 
for  Buchnera?  The  answer  to  this  question  will  be-  (Buchnera)  and  a  recent  radiation  of  aphids  (Uroleucon) 

come  evident  during  the  next  few  years,  through  and  pitfalls  of  testing  for  phylogenetic  congruence.  Kvo- lution  54:  517-525. 

Dohlen,  C.  I),  von  &  N.  A.  Moran.  1995.  Molecular  phy- 
togeny of  the  Homoptera:  A  paraphvletie  taxon.  J.  Mo- 

lec. Evol.  41:  211-223. 

genome  characterization  of  other  symbionts.  Initial 
suits,  for  symbionts  of  psyllids,  indicate  some 

striking  similarities  (Spaulding  &  von  Dohlen, 
1998;  Thao  et  al.,  2000a). 
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Abstract 

The  chemical  diversity  of  the  Apiaceae  has  made  the  family  of  particular  significance  in  discussions  of  plant/insect 

interactions  for  close  to  a  century.  As  forbs  with  distinctive  chemistry  and  a  specialized  insect  fauna,  species  in  the 

Apiaceae  and  their  associated  herbivores  represent  an  ideal  system  for  examining  competing  hypotheses  accounting  for 

hostplant  acquisition  patterns.  Comparisons  of  the  phylogenetic  history  of  colonization  of  Apiaceae  across  a  number  of 

taxa  reveal  that  host  shifts  to  the  family  originate  in  only  a  narrow  range  of  taxa;  chemical  similarities  among  those 

taxa,  rather  than  geographic  proximity  or  phylogenetic  relationships,  are  the  most  plausible  basis  for  the  observed  host 

shifts.  Similar  ecologies  among  species  in  this  narrow  range  of  taxa,  including  similar  herbivore  faunas,  may  well 

account  for  similarities  in  overall  chemical  profiles.  The  patterns  documented  here  are  consistent  with  reciprocal 

revolutionary  interactions  between  herbivorous  insects  and  their  hostplants. 

Key  words:     Agonoplerix,  Apiaceae,  coevolution.  Depressaria,  Euleia,  furanocoumarin,  Greya,  insect-plant  interaction. 
Oreina,  Papaipema,  Papilio. 

The  family  Apiaceae  contains  over  3000  spe-  versity  in  chemistry.  The  earliest  manifestations  of 

cies   worldwide;   these   can   be   found    in   a   wide  these  chemical  differences  appear  in  the  myriad 

range  of  habitats,  including  deserts,  marshes,  ba-  ways  in  which  apiaceous  plants  have  been  used 

saltic  bluffs,  forests,  subalpine  tundra,  woodlands,  historically  by  cultures  all  over  the  world.  Every- 

and  wasteplaces  (Berenbaum,  1990).  Morphologi-  where  they  grow,  they  have  been  utilized  through- 

cally,  the  Apiaceae  are  a  fairly  conservative  fam-  out  the  ages  by  people  for  all  manner  of  purposes, 

ily,  one  of  the  few  so-called  "natural  plant  fami-  In  his  Greek  Herbal,  Dioscorides  listed  close  to  50 

lies"  of  Theophrastus  of  Eresus  (the  "father  of  different  Apiaceae  among  his  useful  plants,  most  of 

botany").  Theophrastus  recognized  the  taxonomic hich  were  classified  as  "herbs."  The  aromatic 

significance  of  the  "naked  seeds"  that  characterize  ture  of  many  apiaceous  plants,  attributable  to  es- 

some  members  of  the  group  (the  pair  of  one-seed-  sential    oils    in    glands   on    seeds   and    elsewhere, 

ed  mericarps  that  constitute  a  schizocarp),  as  well  makes  them  well  suited  for  this  function.  Dill  (Ane- 

as    the    distinctive    umbelliform    inflorescence.  thum  graveolens  L.),  coriander  (Coriandrum  sati- 

These  plants  were  classified  as  Narthekodes,  from  vum  L.),  fennel  (Foeniculum  vulgare  Mill.),  cumin 

the  Greek  Narthex,  meaning  "plant."  In  Latin,  the  (Cuminum  cyminum  L.),  and  anise  (Pimpinella  an- 

group    acqui 
46 

d    th e    name Ferulacea;    the    term  isum   L)  have  filled  this  role  more  or  less  contin- 

Umbelliferae"  did  not  appear  until  the  late  six-  uously    since   that   time.    Petrified   caraway   seeds 

teenth  century,  with  Daleschamps's  1586  Historia  (Carum  carvi  L.)  were  excavated  from  prehistoric 

generalis  plantarum   as   an   example   (Constance,  Lake  Dwellings  in  Switzerland  (Rohde,  1922).  As 

1971).  To  the  Apiaceae  goes  the  distinction  of  be-  well,  many  members  with  tuberous  roots  or  analo- 

ing  the  first  plant  family  to  be  monographed,  when  gous  structures  have  found  use  as  staple  foods — 

Robert  Morison  published  his  Plantarum  umbel-  carrots  (Daucus  carota  L.),  parsnip  (Pastinaca  sa- 

liferarum  distributio  nova  in  1672  (Hedge,  1973; 

Downie  et  al.,  1998). 

In  striking  contrast  with  their  morphological  con- 

servatism, the   Apiaceae  display  considerable  di-       tivation  of  parsnips  or  carrots,"  in  North  America, 

tiva  L.),  and  celery  (Apium  graveolens  L.)  among 

them.  Although,  as  French  (1971:  387)  pointed  out, 

"no  known  civilization  has  been  based  on  the  cul- 

1  I  thank  Stephen  Downie  for  sharing  reprints  and  insights,  Arthur  Zangerl  and  Terry  Harrison  for  helpful  comments 

on  the  manuscript,  and  I  especially  thank  Victoria  Hollowell  and  her  colleagues  at  Annals  of  the  Missouri  Botanical 

Garden  for  patience  well  heyond  reasonable  expectations.    Phis  work  was  funded  in  part  by  NSF  99  03867  and  1BN 
96-30442. 

2  Department  of  Entomology,  320  Morrill  Hall.  University  of  Illinois,  505  S.  Goodwin.  Urbana.  Illinois  61801-3795,  U.S.A. 

Ann.  Missouri  Bot.  Gakd.  88:  45-59.  2001. 
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the  Nez  Perce  used  the  swollen  roots  of  Perideridia      corrupting  the  morals  of  Athenian  youth  (Fairbairn, 
La a  staple  food  source. 1971).  In  imperial  Rome,  plant  poisoning  was  an 

In  large  part  due  to  their  diverse  chemistries,  important  factor  in  determining  patterns  of  primo- 
apiaceous  plants  have  found  ubiquitous  use  for  a  geniture  and  succession.  The  practice  of  plant  poi- 
panoply    of   disorders    and    diseases,    including,  soning  probably  reached  its  peak  in  medieval  Eu- 
among  others,  gastrointestinal  disturbances,  respi-  rope,    and    in    the    courts    of    Italy    and    France 
ratory    diseases,    urogenital    problems    (including  apiaceous  species  were  routinely  included  in  the 

syphilis),  and  skin  problems  (wounds,  bites,  stings,  poisoner's  arsenal.  The  twelfth  century  herbal  of 
Apuleius,  for  example,  specifically  makes  note  of 

the  poisonous  properties  of  water  dropwort,  Oen- 
fish 

as  a 

warts) 

aphrodisiacs.  According  to  Dioscorides,  "Parsley 
especially  Bastard  or  Wild  Parsley — provokes  ven-      anthe  crocata  L.  (which  was  employed 

ery  and  bodily  lust  &  erection  of  the  parts"  (Rohde,       poison  when  it  was  not  being  used  for  more  insid- 
1922).  Carrots  were  used  to  treat  jaundice  in  Eu-      ious  purposes), 
rope,  most  likely  because  of  their  orange  color,  in 

an  apparent  application  of  the  doctrine  of  signa-      Chfmical  Diversity  Documented 
tures  (French,  1971).  Rycharde  Bankes's  1525  Her- 
ball,  possibly  the  first  herbal  printed  in  Britain,  de-  The  ethnobotanical  importance  of  the  Apiaceae, 
voted    quite    a    bit    of   text    to    apiaceous    plants.      specifically  of  Apiaceae  subfamily  Apioideae,  is  a 

Caraway    was    recommended    "to   destroy   wycked       reflection    of   the    remarkable    chemical    diversity 
wynds  and  y  coughe;  it  is  good  for  y  frenesy  &  for  within  the  family;  these  plants  are  distinctive  in  the 

bytynge  of  venemous  beestes;  for  scabbes  &  teters."  diversity,    abundance,    and    uniqueness   of  their 
He  also  claimed  the  oil  "restoreth  heere  as  it  is  chemistry.  Throughout  the  nineteenth  and  twentieth 
fallen  awaye."  As  for  celery,  according  to  Bankes,  centuries,  as  the  scientific  study  of  analytical  chem- 
"The  virtue  of  this  Herbe  is  thus:  it  wyll  make  a  istry  and  then  phytochemistry  grew  more  sophisti- 
man  to  pysse  and  open  y  stoppynge  of  y  lyver."  The  cated,   an   impressive   inventory  was  documented, 
seed  "ground  well  with  Seed  of  Rue/  pepper  &  salt/  Apiaceae,  for  example,  are  well  endowed  with  es- 
then  mixt  with  Wyne  &  drunke/  was  goode  for  the  sential  oil  constituents.  Although  they  share  mono- 

terpenes  with  a  large  number  of  taxa,  they  are  dis- 
1 onges 

wycl 
With 

efi 

tinctive     in     producing     certain     essential     oil 

ium  (L.)   Hoffmann),  "the  vertue  of  this  herbe  is       constituents  and  non-volatile  biosynthetically  rclat- 
thus:  it  shall  make  a  man  to  pysse  well  ...  if  it  be      ed   compounds.   The   characteristic   terpenoids  of 
dronken  with  Wyne  it  delyuereth  a  man  of  ache  in      Apiaceae  include  esters  of  monoterpene  aldehydes, 
the  raynes  [kidneys]  &  letteth  out  and  unbyndeth 

y  wycked  wyndes."  John  Gerard  was  perhaps  the       pounds,  and  guaianolide  and  _ 
most  well  known  of  English  herbalists — The  Her-       quiterpene  lactones  (Hegnauer,  1971). 

germac )fpl Also  present  as  essential  oil   constituents  are 

1597.  According  to  Gerard,  "Caruwaies  consume      phenylpropanoid  derivatives.  There  are  at  least 
winde;  are  delightful  to  the  stomacke  and  taste  and       five  different  groups  of  phenylpropenes,  based  on 

< 

1649,  Nicholas  Culpepper  pro-       patterns  of  hydroxylation  of  the  benzene  ring  (Har- 
luced  his  Physicall  Directory  (an  Astrologo-Phisi-      borne,   1971).   One  widespread   representative  of 

)f  the  Vulgar  Herbs  of 
if  Phys 

3,4,5-trihydroxy-substituted   phenylpropenes   is 
myristicin,  containing  a  methylenedioxyphenyl 

a  man  may  preserve  his  both  in  Health;  or  Cure      (MDP)  ring;  this  compound  is  reported  to  occur  in 
himself   being  Sick,  ft 14  genera  within  the  family.  Isoeugenol  epoxide 

such  things  only  as  grow  in  England,  they  being      esters   are   found   in  Apiaceae,   but   they   are  ex- 
fitft tremely    rare    outside    the    family.    Also    unusual 

carmi 

rfc  c^» 

we 

1938).  In  this  work,  angelica  (Angelica  archange-  among    plants    are    the    2-methylchromones    that 
lica  L.)  was  recommended  as  a  tonic,  stimulant,  characterize  Apiaceae. 

11  Other  phenylpropanoid  derivatives  include  the 

as  a  remedy  for  warding  off  devils  and  witches.  coumarins;  the  Apiaceae  produce  these  compounds 
Chemical  potency  underlies  the  historical  use  of  in  abundance  and  diversity  rivaled  by  few  other 

Apiaceae  for  not-so-therapeutic  purposes  as  well.  families  (Berenbaum,  1991).  Among  the  distinctive 
In  ancient  Greece,  one  of  the  plants  used  for  the  coumarin  derivatives  are  both  linear  and  angular 
execution  of  criminals,  Conium  maculatum  L.  (poi-  furanocoumarins;    pyranocoumarins    are    also    fre- 
son  hemlock),  was  used  for  dispatching  Socrates  for      quently    found.    Although    hydroxycoumarins 

are 
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widespread   among   plants,   occurring   in   over  30       and    plants,    Stahl    (1888 — quoted    in    Fraenkel, 

families,   the   presence   of  isopentenyl-substituted      1959:  1466)  remarked: 

coumarins  in  abundance  further  distinguishes  the 

Apiaceae  from  other  families. 

Polyacetylenes  are  yet  another  hallmark  of  the 

We  have  long  been  accustomed  to  comprehend 

many  manifestations  of  the  morphology  [of  plants] 

s  being  due  to  the  relations  between  plants 

tamily,  occurring  in  all  three  suDtamiiies  <noni-  and  animals,  and  nobody,  in  our  special  case  here, 

mann,  1971).  Whereas  C-17  polyacetylenes  (such  will  doubt  that  the  external  mechanical  mean
s  of 

as  falcarinol)  are  most  frequently  encountered,  C-  protection  of  plants  were  acquired  in  their  s
trug- 

13  and  C-15  polyacetylenes  are  also  known  from  a  gle.  .  ■   with  the  animal  world 
  In  th e  same 

variety  of  taxa. sense,  the  great  differences  in  the  nature  of  chem- 

Conium.    The    structural    type    represented       standing,  if  we  regard 
 these  compounds  as  means 

Alkaloid  production  is  extremely  limited  within      ical  products  [Excrete]  and  conse
quently  of  meta- 

the  Apiaceae,  being  more  or  less  restricted  to  the      bolic  processes,  are  bro
ught  nearer  to  our  under- 

genus        ~         -/r-    ~-r  i.i  li 

within  this  genus  is  relatively  unusual.  Coniine  and      °f  protection,  acquir
ed  in  the  struggle  with  the  an- 

related  piperidine  alkaloids  are  narrowly  distrib-      imal   wotW"   Thus< , the,  ani™al  world  whlf  ̂  
,i  i       .   .1         1     .  i  •      j  j  u     *       rounds  the  plants  deeply  influenced  not  only  their 

uted  throughout  the  plant  kingdom  and  are  best      IVU"^°  lIlc  Fltt  l  r  J  j 
i  r         *u-  tu    a     m    ««♦;«*.  ~t ««;«™       morphology,  but  also  their  chemistry, 
known  from  this  genus.  1  he  deadly  action  ot  poison  r        oj*  ' 

Secondary  compounds,  then,  were  suggested  to 

play  an  important  ecological  function  to  the  plant — 

by  mediating  its  interactions  with  other  organisms. 

The  Apiaceae  have  been  a  key  focus  for  testing  this 

hypothesis  over  the  years.  Brues  (1920:  322),  writ- 

hemlock  is  attributable  to  the  presence  of  these  al- 

kaloids, which  function  as  potent  neurotoxins  to 

vertebrates  (Fairbairn,  1971). 

Finally,  even  storage  compounds  are  chemically 

distinctive  within  the  Apiaceae  (Hegnauer,  1971).  myr  J        '  '  * 
n  t1  .      ,  .  .         r  r  _  me  on  associations  between  plants  and  insects,  re- 
Seeds  generally  contain  large  quantities  of  fatty  ̂   ^  ̂   .g  infrequently  colonized  by 
oils;  virtually  universal  in  occurrence  throughout  .^^  ̂   ̂   ̂   ̂ ^  and  conspicuoug  chem. the  family  is  the  fatty  acid  petrosehnic  acid,  rarely  .  ..,  ,        ,  ,, 

,    ,  J    _  .     *  .li  i         rr  istry  (e.g.,     We  may  readily  see  that  the  generally found  elsewhere.  As  tor  carbohydrates,  the  ramnose  ,  T    u.  j  tt    i    wc  -~J  *u^ 
;  ,  li  strong-scented  Labiatae  and  Umbelliterae  and  the 

milky  Euphorbiaceae  might  require  great  adapta- 
isomer  umbelliferose  is  a  family  character. 

tion  on  the  part  of  larvae  eating  them").  It  did  not 
Ecological  Significance  of  Apiaceae  escape  his  notice  that  the  insects  associated  with 
CHEMISTRY  these  plants  are  highly  specialized.  Dethier  (1941) 

traced  patterns  of  chemical  similarity  among  hosts 

The  distinctive  nature  of  the  chemistry  of  Api-      rf  papiUo  swallowtails,  including  Apiaceae,  and 
aceae  typified  a  pattern  that  had  been  revealed  by      suggested  that  chemical  similarities  among  plants, 
the  last  quarter  of  the  nineteenth  century  after  in-       particuiariy  in  essential  oil  constituents,  may  facil- 
spection  of  a  broad  range  of  plants.  Perhaps  most      itate  0Olonization  of  novel  hostplants. _  _  -a.  _  h 

distinctive  was  the  fact  that  there  were  certain  types 
Fraenkel    (1959)    resurrected    Stahl's    notion   of 

of   chemicals    possessed    to    some    degree    by    all       chemical  mediation  of  ecological  interactions  and 

plant chlorophyll,  for  one,  used  as  a  photosyn-       bolstered   it  with  the  accumulated  empirical  evi- 
thetic  pigment,  or  the  amino  acids  that  make  up  dence  of  the  intervening  seven  decades  that  eco- 

plant  proteins.   Others  were  exceedingly  idiosyn-  logical  interactions  were  in  fact  the  raison  d'etre  of 
cratic  in  their  distribution — restricted  to  only  a  sin-  plant   secondary   compounds.  The   Apiaceae  were 
gle  family,  genus,  or  even  species  of  plant,  and  one  0f  sjx  families  of  plants  and  their  associates 

varying  with  season,  climate,  soil  type,  and  even  provided  as  examples  of  how  chemical  similarities 

age  of  the  individual  plant.  It  was  reasoned  that  underlie  patterns  of  hostplant  use  by  specialized 

such  compounds  were  unlikely  to  be  essential  to  herbivores.  Moreover,  he  provided  an  evolutionary 

the  day-to-day  physiological  needs  of  a  plant  and  mechanism  to  account  for  the  idiosyncratic  distri- 

thus  they  were  called  secondary  compounds.  The  bution    of    plant    secondary    chemicals — what    he 

Apiaceae  proved  to  be  an  excellent  source  of  these  called  reciprocal  adaptive  evolution. 

secondary  compounds. Five    years    later,    Ehrlich    and    Raven    (1964) 

If  these  compounds  play  no  role  in  primary  phys-  dubbed  this  reciprocal  process  coevolution  and 

iological  processes,  the  question  then  arose  as  to  proposed  a  multi-step  scenario  to  account  for  di- 

what  their  function  really  is  in  the  plant.  By  the       versification  of  secondary  metabolism 

mid-nineteenth  century,  a  hypothesis  was  put  for- 1.  by  mutation  or  recombination,  plants  acquire 

ward.  In  a  study  of  the  relationships  between  snails       a  novel  chemical  compound;  by  chance,  this  com- 
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pound  reduces  the  suitability  of  the  plant  as  food  elevated  pigmentation  of  the  skin.  The  agents  re- 
for  herbivores;  sponsible  for  these  conditions  are  the  furanocou- 

2.  protected  from  herbivory,  the  plant  can  enter  marins  (Berenbaum,  1991).  They  are  relatively  un- 
a  new  adaptive  zone  and  diversification  can  take  usual  among  plant  compounds  in  that,  in  the 
place;  presence  of  ultraviolet  light,  they  are  able  to  cross- 

3.  by  mutation  or  recombination,  a  phytopha-  link  strands  of  DNA  and  hence  prevent  transcrip- 

orses 

gous  insect  acquires  the  means  to  detoxify  or  oth-  tion.  Thus,  they  are  toxic  to  a  wide  range  of  organ- 
tolerate  the  erstwhile  toxin  and  thus  can  isms,  including  bacteria,  fungi,  and  some  viruses; 

utilize  the  previously  protected  plant;  plants  containing  furanocoumarins  cause  problems 
4.  this  insect  then  enters  a  new  adaptive  zone 

and  can  undergo  evolutionary  diversification;  and  pigs;  and  they  are,  of  course,  toxic  to  insects. 
5.  the  erstwhile  toxin  can  become  a  host  recog-  All  known  furanocoumarins  are  thought  to  derive 

nition  cue  or  attractant  for  its  adapted  herbivores.  from  a  single  biosynthetic  precursor,  umbel liferone 
Again,  Apiaceae  and  their  insect  associates  pro-  (7-hydroxycoumarin).  Umbelliferone  and  related 

vided  fuel  for  the  argument.  In  particular,  these  au-  hydroxycoumarins,  occurring  in  approximately 
thors  remarked  on  the  ability  of  species  in  the  ge-  three  dozen  plant  families,  are  far  more  widespread 
nus  Papilio  to  feed  freely  on  Rutaceae  and  among  plant  families  than  are  the  derivative  fur- 
Apiaceae,  two  chemically  similar  families;  yet  de-  anocoumarins.  Among  the  furanocoumarins  the  two 
spite  the  close  taxonomic  relationship  between  Api-  principal  structural  classes  derive  from  the  activity 
aceae  and  Araliaceae,  no  papilionid  butterflies  of  two  different  location-specific  prenylating  en- 
were  known  at  the  time  to  feed  on  species  in  the  zymes:  linear,  with  the  prenyl  group  ring  attached 
latter  family. at  the  6  position,  and  angular,  with  the  prenyl  group 

With  their  multistep  scenario,  Ehrlich  and  Raven  attached  at  the  8  position.  Linear  furanocoumarins, 
suggested  that  coevolution  between  insects  and  known  from  about  a  dozen  plant  families,  are  more 
plants  was  responsible  at  least  in  part  for  the  tre-  widely  distributed  in  turn  than  are  the  angular  fur- 
mendous  diversification  of  these  two  groups  and  anocoumarins,  which  are  restricted  to  approximate- 
hence  for  the  diversity  observed  in  most  terrestrial  ly  three  plant  families.  When  tested  against  a  gen- 
ecosystems.  Thus,  this  revolutionary  process,  sub-  eralist      insect,      linear      furanocoumarins are 

sequently  labeled  the  "escape  and  radiate"  model  appreciably  more  toxic  than  are  hydroxycoumarins, 
(Thompson,  1999),  accounts  not  only  for  the  bio-  and,  when  tested  against  an  adapted  specialist,  an- 
chemical  diversity  of  angiosperm  plants  and  her-  gular  furanocoumarins  are  more  toxic  than  are  lin- 
bivorous  insects,  but  also  for  the  tremendous  di- 

versification of  plant  secondary  compounds. 

Ehrlich  and  Raven's  (1964)  paper  inspired  de- 

ear  furanocoumarins.  This  progressive  increase  in 

toxicity,  corresponding  to  biosynthetic  advance- 
ment, is  consistent  with  the  Ehrlich  and  Raven  sce- 

cades  of  both  theoretical  and  empirical  work  de-  nario.  Moreover,  as  Ehrlich  and  Raven  predicted, 
signed  to  document  all  or  part  of  the  evolutionary  plant  taxa  with  more  advanced  coumarins  are  more 
scenario.    Berenbaum   (1983)  combined   literature  species-rich  than  are  taxa  with  less  advanced  eou- 
and  original  data  to  apply  the  stepwise  scenario  to  marins,  and  insect  taxa  feeding  on  plants  with  high- 
furanocoumarins,  a  group  of  apiaceous  secondary  er  coumarins  are  more  species-rich  than  are  taxa 
chemicals.  Furanocoumarins  are  typical  secondary  feeding  on  plants  with  simple  coumarins  (Table  1). 
compounds  in  that  they  are  idiosyncratically  dis-  This  increase  in  diversity  was  interpreted  as  evi- 
tributed  among  plants.  They  have  been  reported  dence   of  the   existence   of  Ehrlich   and    Ravens 

from  only  a  handful  of  angiosperm  families,  and  "adaptive   zones."    Similarly,   lepidopteran   groups 
they  are  ubiquitous  and  diverse  in  only  two  fami-  associated  with  hostplants  with  advanced li 

couma- Rutaceae    and    Apiaceae.    Within    the    Api-       rins  (such  as  furanocoumarins) 
aceae,    they   are   common    only   in    the   subfamily 

more  species- rich  than  close  relatives  that  are  associated  with 

Apioideae.  There  are  two  classes  of  furanocoumar-       plants  containing  only  simple  coumarins  (Table  1), ins 
linear,   with  the  furan  ring  attached  in  line       again   suggesting  entry  into  a  new  adaptive 

zone 

with  the  coumarin  nucleus,  and  angular,  with  the       with  subsequent  diversification. 
furan  ring  at  the  7,8  position  and  hence  at  an  angle. The  suggestion  that  the  evolution  of  biochemical 

The    citrus    and    carrot   families    have    been    long      innovations  in  plants  and  insects  initiates  adaptive 
radiation  led  Mitter  and  Brooks  (1984)  to  predict 

rmati 

tic  properties.  Casual  contact  with  the  aboveground  that  coevolution  between  plants  and  animals  should 
parts  results  in  the  eruption  of  painful  blisters,  fol-  lead  to  parallel  cladogenesis— essentially,  that 
lowed  in  severe  cases  by  permanent  scarring  and       these  alternating  periods  of  diversification  in  con- 
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Table  1.     Putative  adaptive  radiations  associated  with       necessarily  reflect  tribal  relationships  among  host- 

biochemical    novelties    in    Apiaceae-insect    associations       plants  (Funk  et  al.,  1995). 
(LFC linear  furanocoumarin,  AFC   =  angular  furano- 

coumarin,  HC  =  hydroxycoumarin).  (Berenbaum.  1983.) 

A.  Chemical  diversity  in  genera  within  Apiaceae 

Coumarin  chemistry 
Avg.  no. 

spp./genus 

Without  furanocoumarins  or  with  dihydro- 
xyfuranocoumarins  only 

With  linear  furanocoumarins  only 

12.1 

17.4 

With  linear  and  angular  furanocoumarins      67.3 

3.6 

5.8 

16.8 

The  fact  that  patterns  other  than  parallel  clado- 
genesis  have  been  demonstrated,  with  perhaps 

greater  frequency,  has  been  interpreted  by  some 

(Jermy,  1993;  Schoonhoven  et  al.,  1998)  as  a  jus- 
tification for  rejecting  coevolution  as  a  mechanism 

for  species  interaction.  Cited  in  support  of  this  re- 
jection is  literature  suggesting  that  insects  rarely 

act  as  selective  agents  on  their  hostplants — a  nec- 

essary prerequisite  to  reciprocal  selection.  Many 

still  maintain  this  position  (Schoonhoven  et  al., 

1998),  despite  abundant  evidence  that  under  cer- 
tain circumstances  insect  herbivores  can  indeed 

exert  selection  on  their  hostplants  (Marquis,  1992). 

Another  factor  leading  to  skepticism  about  coevo- 
lution is  the  temporal  incongruence  of  taxa;  in 

many  cases,  it  is  clear  that  plant  hosts  diversified 

long  before  insect  colonization  took  place  (Futuy- 
ma,  1983;  Funk  et  al.,  1995).  Thompson  (1999) 

argued,  however,  that  the  Ehrlich  and  Raven  (1964) 
C.  Species  diversity  within  the  Depressariinae  according       scenario  does  not  in  fact  predict  parallel  cladogen- 

B.  Species  diversity  within  the  genus  Papilio  according  to 

hostplant  chemistry 

Papilio  section 

Hostplant 
chemistry 

No.  spp 

Section  II 

Section  IV 

Section  V 

Section  I 

Section  III 

LFC,  AFC,  HC 

LFC,  HC 
HC 

HC 
HC 

139 

34 

18 9 

8 

to  hostplant  chemistry 

Depressariine 

genus 

Hostplant 
chemistry 

No.  spp. 

Depressaria 

Agonopterix 
Exaeretia 

Apachea 
Bit tar  ram bla 
Nites 

LFC,  AFC,  HC 
LFC,  AFC,  HC 
HC 

LFC,  HC 
HC 
NC 

100 
125 
38 
1 
1 
5 

cert  will  be  reflected  in  the  evolutionary  record  as 

esis  at  all;  rather,  the  phylogenetic  pattern  that  is 

generated  by  stepwise  reciprocal  evolution  is  one 

of  alternating  "starburst"  episodes  of  diversifica- 
tion. Thus,  the  infrequency  of  congruent  cladogen- 

esis  does  not  in  itself  lead  to  a  rejection  of  coevo- 
lution. 

A  more  reasonable  view  of  interaction  between 

plants  and  insect  herbivores  is  that  coevolution  is 

not  a  universal  phenomenon  characterizing  all 
forms  of  interactions  between  herbivorous  insects 

and  their  hostplants,  but  that  it  successfully  de- 

scribes some  forms  of  interactions  at  particular  tax- 

onomic    levels    under    certain    ecological    circum- 
phylogenies  with  identical  topologies.  This  sugges-  stances.  Inrjeed,  given  the  staggering  abundance  of 
tion  stimulated  a  wave  of  effort  among  systematists  plant.feeding  insects  and  the  plants  they  consume, 
to  compare  cladograms  of  herbivorous  insects  and       the  expectation  of  a  single  model  of  any  sort  seems th associated  hostplants.  There  have  been  some  unrealistic  at  best.  Moreover,  the  intense  focus  on 
striking  examples  of  congruent  cladogenesis,  e.g.,  insect  ancj  piant  systematics  and  phylogeny  has  led 
Tetraopes  and  their  milkweed  hosts  (Farrell  &  Mit-  many  investigators  to  overlook  the  putative  chemi- 
ter,  1998),  but  the  majority  of  tests  have  failed  to  cai  mediators  of  the  process.  Tests  of  chemical  fa- 
document  such  patterns.  At  the  same  time,  studies  cilitation  of  hostplant  shifts  and  subsequent  diver- 
of  other  groups  have  revealed  patterns  that  are  en-  sification  are  few  and  far  between. 
tirely  inconsistent  with  parallel  cladogenesis  and Janz  and  Nylin  (1998)  conducted  a  study  that 

are  more  consistent  with  models  of  sequential  evo-  sheds  some  light  on  the  nature  of  sequential  colo- 
lution,  whereby  insects  colonize  plants  long  after  nization.  Appropriately,  these  authors  reexamined 

taxonomic   and   chemical   diversity   have   evolved,  the  groups  that  had  originally  inspired  Ehrlich  and 

rather  than  coevolution.  Menken  (1996)  examined  Raven  (1964)  to  propose  their  revolutionary  sce- 

relationships  among  nine  western  European  Ypon-  nario.  In  this  study,  a  butterfly  phylogeny  was  as- 

omeuta  moth  species  and  determined  that,  within  sembled  from  a  broad  array  of  studies  and  was  com- 

this  species-group,  four  hostplant  families  repre-  pared    with    a    plant    phylogeny    derived    from 

senting  three  orders  are  utilized.  Even  for  species  molecular  analyses  (Chase  et  al.,  1993).  From  this 

groups  utilizing  a  single  hostplant  family,  phyloge-  study,   the   authors  concluded   that   host   shifts  do 

netic  relationships  among  insect  herbivores  do  not  tend  to  occur  between  closely  related  plants,  with 



50 Annals  of  the 

Missouri  Botanical  Garden 

Table  2.      Specialist  insects  in  North  America  exclusively  or  almost  exclusively  associated  with  Apiaceae  (Beren- 
haum.   I  WO). 

Homoptera 

Aphididae 

llemiptera 

Miridae 

Diptera 

Psilidae 

Agromyzidac 

Tephritidae 

Coleoptera 

Curculionidae 

Lepidoptera 

Prodoxidae 

Oecophorida » 

EpermeniicUu 
Noctuidae 

Papilionidae 

(/cnus 

*  PS  =  phloem  sucker,  RM 
stem  borer. 

Aph  is Cavariella 

Hya  daph  is 

Orthops 

Psila 

Phytomyza 
Euleia 

Apion  (Fallapion) 
Smicronyx 

List  ro  not  lis 

Greya 

Agonopterix 
Depressaria 

Epermenia 
Papaipema 

Papilio 

Number  of  specialists/ 
number  in  genus 

5/ 1 53 
4/11 
1/2 

1/11 

1/1 

14/ 

1/2 

4/10(125  total) 

2/69 
1/28 

3/15 
7/34 

18/21 

3/3 
2/22 
1 1/26 

Feeding  habits'* PS 

PS 
l>S 

I>S 

RM LM 

LM 

SM 

SM 

RM 

SM LF 

LF 
SM,  LM SK 

LF root  miner,  LM  =  leaf  miner,  SM  =  seed  miner,  LF  =  leaf  and  flower  chewer,  SB 

colonization  of  more  distantly  related  plants  more       inae  in  Elachistidae);  two  genera,  Depressaria  and 
common  in  tree-feeding  taxa.  They  suggested  that      Agonopterix,  are  noteworthy  in  the  extent  to  which 
a  possible  mechanism  underlying  the  facility  with  species  utilize  apiaceous  hostplants.  Within  the  ge- 
whieh  tree-feeding  taxa  colonize  new  hosts  is  the  nus  Papaipema  (Noctuidae),  Apiaceae-feeding  is 
reduced  degree  of  chemical  differentiation  among  also  well  documented,  as  it  is  for  a  handful  of  mi- 
trees,  relative  to  forbs.  Thus,  for  tree-feeding  spe-  crolepidopteran  species  in  the  Prodoxidae  and 
cies,    the    expectation    of   revolutionary    interac-  Epermeniidae. 

In  Diptera,  there  are  representatives  of  two  fam- 
ilies associated  with  Apiaceae;  within  the  family 

Agromyzidae,  several  species  of  Phytomyza  are 
specialists,  forming  distinctive  linear  leaf  mines  in 

the  foliage  of  their  hosts.  Also  mining  the  leaves  of 

apiaceous  hostplants  are  species  of  Tephritidae  in 

tions — and  hence  parallel  cladogenesis — should  be 
low;  correspondingly,  for  forb-feeding  species,  the 
expectation  should  be  higher. 

Acquisition  of  Apiaceae  Hostplants 
Phylogkny  ok  Chemistry? 

As  forbs  with  a  specialized  insect  fauna  and  di-       ™e  genus  kuleia. 

verse  chemistry,  the  Apiaceae  and  their  associated  Within  other  orders,  feeding  on  Apiaceae  is  in- 

herbivores  (Table  2)  represent  an  ideal  system  for  frequently  encountered  (Burki  &  Nentwig,   1997). 

examining    competing    hypotheses    accounting   for  Among  Coleoptera,  specialization  on  Apiaceae  is 

hostplant  acquisition.  The  principal  insect  associ-  found  in  at  least  two  families:  Curculionidae1  (Apion 
ates  in  North  America  are  in  the  order  Lepidoptera,  and,  in  Europe,  Liophloeus)  and  Chrysornelidae  (in 

notably  in  the  family  Papilionidae;  within  the  genus  Europe,  Oreina).  There  are  relatively  few  hemime- 

Papilio,  a  group  of  approximately  six  species  within  tabolous  insects  specialized  on  Apiaceae — among 

the   machaon   complex   are   associated    with   Api-  them   are   Aphis/Cavariella/Anuraphis   (Aphididae) 
aceae.  Also  within  the  Lepidoptera  is  the  family  and,  in  Europe,  Eupteryx  aurata  (Cicadellidae)  in 
Oecophoridae  (in  part;  now  subfamily  Depressari-  Homoptera,  and  Orthops  in  Hemiptera.  In  part  due 
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Elachistinae 

Pyramidobela 

Apachea 

Depressaria 

Bibarrambla 

No. 

Species 

Exaeretia 

Rutaceae 

Apiaceae 
Asteraceae 

□ 

•■: :   ■* >^^*.>,  >,  i 

□ 

57 

24 

11 

Agonopterix  45 

Hostplant 
Clade 

Monocots 
Asterid  1 
Asterid  2 

Asterid  1 

Rosid  1 C 

Rosid  2 

Asterid  2 

Rosid  1 C 

Asterid  2 
Rosid  2 

Asterid  2 
Rosid  1A 
Rosid  1 B 
Rosid  1 C 
Rosid  2 

Feeding 

Mode 

Leaf  miner 

Leaf  roller 

Leaf  roller 
Leaf  tier 

Leaf  tier 

Flower  feeder 
Leaf  feeder 

Leaf  tier 

Leaf  miner 
Leaf  tier 
Leaf  roller 

Leaf  roller 
Flower  feeder 

Figure  1.     Phylogenetic  relationships  and  hostplant  associations  in  depressariine  Elachistidae  (modified  from  Ber 
enhaum  &  Passoa,  1999;  plant  clades  as  in  Chase  et  al.,  1993). 

to  the  economic  importance  of  the  Apiaceae,  and  tapomorphies  in  their  male  genitalia  and  larval  pin- 

in  part  due  to  general  recognition  of  the  importance  acula  (S.  Passoa  &  M.  Berenbaum,  unpublished 

of  the  family  as  a  paradigm  for  the  study  of  coevo-  data).  A  phylogeny  for  Agonopterix  is  not  presently 

lution,  a  remarkable  number  of  phylogenetic  stud-  available. 
ies  have  been  conducted  to  date  on  the  herbivores 

associated  with  the  family. 
The  existence  of  monophyletic  groups  is  impor- 

tant because  within  the  context  of  coevolution 

adaptive  radiations  occur  due  to  the  acquisition  of 

key  innovations  associated  with  overcoming  plant 

D         ,  j  d  nnnm  .1        ™  l  t        defenses  (Ehrlich  &  Raven,  1964).  Farrell  et  al. 
Berenbaum  and  rassoa  (1999)  recently  complet-  v  ' 

ed  an  analysis  of  phylogenetic  relationships  among      <1992)    suggested   
 that    sister-group    comparisons 

the  depressariine  Oecophoridae  (=   Elachistidae)      could  be  used  to  det
ermine  whether  an  adaptive 

Dkpressariines 

(Fig.  1).  The  Depressariinae  can  be  denned  as  a      radiation  has  taken  place;
  because  sister  groups  are 

monophyletic   insect  group  based  on  the  tubular      equal  in  a8e<  a  significantly  gr
eater  number  of  spe- 

le    a  character  first  noted  by      c*es  m  one  branch  could  be  construed  as  evidence mesothoracic  spiracle, 

Nakamura  (1981).  In  the  Depressariinae,  Agonop-  of  evolutionary  success.  Agonopterix,  with  42 
 spe- 

terix  and  Depressaria,  the  only  two  Apiaceae-feed-  cies,  is  more  diverse  than  its  sister  group  Exaeretia, 

ing  Nearctic  depressariines,  are  both  monophyletic.  with  10  species,  at  least  in  North  America  (Hodges 

Although  Depressaria  is  defined  by  a  homoplasious  et  al.,  1983).  On  a  generic  level,  Depressaria,  with 

apomorphy,  at  least  the  two  major  North  American  24  species,  is  less  diverse  than  its  sister  group, 

Apiaceae-feeding  species  groups  within  the  genus  composed  of  Bibarrambla  (1  species),  Exaeretia  (10 

(pastinacella  and  douglasella)  are  defined  by  au-  species),  and  Agonopterix  (43  species).  In  contrast, 
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Rutaceae 

Apiaceae 

□ □ 

D 
□ 

□ 

□ 

□ 

constantinus 
dardanus 

phorcas demoleus 

hospiton 
zelicaon 

polyxenes oregonius 
machaon 
indra 
xuthus 

glaucus canadensis 
rutulus 
multicaudatus 

garamus scamander 

palamedes 
troilus 

pHumnus alexanor 

cresphontes 
anchisia  des 

neptunus 
ma  reel  I  us 

Colias  eurytheme 
Feltia  jaculifera 
Drosophilia  yakuba 

n 
□ 

□ 

Figure  2. Phylogenetic  relationships  and  hostplant  associations  in  Papilio  (Lepidoptera:  Papilionidae)  (modified 
from  Caterino  &  Sperling,  1999). 

within  the  genus  Depressaria,  half  of  the  species  (12       I  and  II  genes  for  a  number  of  species  in  the  genus 
of  24)  belong  to  the  douglasella  group,  and  no  other      Papilio.  They  identified  five  major  lineages 

ma- 

group  has  more  than  five  species  (Hodges,  1974).  chaon-phorcas-demoleus-xuthus,    cresphontes-an- 
Because  Agonopterix  and  Depressaria  are  not  sister  chisiades,  glaucus- garamas- scamander,  troilus,  and 
groups,   the   Apiaceae   must   have   been   indepen-  alexanor.  According  to  this  analysis  (Fig.  2),  Api- 
dently  colonized  at  least  twice  by  Depressariinae.  aceae-feeding  arose  at  least  two  times,  in  each  case 

The  results  of  this  work  on  the  North  American  from    Rutaceae-feeding    ancestors    (alexanor,    ma- 
fauna  confirm  that  Rutaceae-feeding  in  the  genus  chaon  complex,  demoleus  group  (demodocus)).  The 
Apachea  is  ancestral  to  umbellifer-feeding  in  De-  ancestral  relationship  of  Rutaceae-feeders  to  Api- 
pressaria  and  Agonopterix.  The  same  pattern  is  sug-  aceae/Asteraceae  feeders  in  both  the  tribe  Papi- 
gested  in  European  Depressariinae  from  phenetic  lionini  and  the  subfamily  Depressariinae  argues  for 
studies  (Hannemann,  1953,  1958),  but  no  eladistic  a  historical  progression  rather  than  simply  oppor- 
analysis  of  either  North  American  or  European  De-  tunistic  colonization  of  chemically  related  plants, 
pressariinae  existed  at  the  time. 

Papaipema 

Pa  piuo 
Papaipema  species  in  the  family  Noctuidae  are 

Caterino  and  Sperling  (1999)  sequenced  2.3  kb       stem-borers,  mostly  of  herbaceous  plants.  Most  are 
of  DNA  from  the  mitochondrial  cytochrome  oxidase      oligophagous   and   a   number  feed   exclusively  on 
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H  Monocots 

S  Polypodiacae 

Apiaceae 

Asteraceae 

_  Lamiaceae 

ID  Scrophulariaceae 

Ranunculaceae 

singleton  host 
family  association 
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birdi m 
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n.s. 
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circumlucens 

polymniae duplicata 
nelita 
harrisii 
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speciosissima arctivorens 
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limata 
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eryngii 
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appassionata duovata 

stenocelis 
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rigida furcata 
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sciata 

marginidens 
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matheri 
maritima 
Par  buffaloensis 

Figure  3.      Phylogenetic  relationships  and  hostplant  associations  in  Papaipema  (Lepidoptera:  Noetuidae)  (modified 
from  Goldstein,  1999,  and  pers.  comm.). 

m 
m 

BE 

m 

m 
DD 

m 

w 

Apiaceae.  Goldstein  (1999)  recently  completed  an  stances    of    Apiaceae-feeding    can    be    found    in 

examination  of  patterns  of  colonization  of  Apiaceae  apameine  noctuids  outside  Papaipema.  The  Api- 

by  species  in  the  genus  Papaipema  (Fig.  3).  Phy-  aceae  feeders  consist  of  P.  eryngii,  which  appears 

logenetic  analysis  suggests  three  independent  ori-  as  sister  to  an  Asteraceae-feeding  species;  P  har- 

gins  of  Apiaceae-feeding  within  Papaipema;  no  in-  risii,  which  falls  directly  within  an  Asteraceae-feed- 
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Apiaceae 

variata 

variabilis 
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enchrysa 

politella 
mitellae 

piperella 

punctiferella 

obscura 

obscuromaculata 

powelli  1 
solenobiella 

suffusca 
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reticulata 

?  Osmorhiza  occidentalis 

?Saxifraga 

?Saxifraga 
B 
H 

Heuchera  cylindrica,  H.  grossulanfolia    g2 

Lithophragma  spp.,  Heuchera 
saxicola.  grossularifolia,  micrantha 
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?  Osmorhiza  chilensis  or 
Tiarella  trifoliata 

Bowlesia  incana 

Yabea  microcarpa 

Osmorhiza  brachypoda 

Bowlesia  incana 

Lomatium  spp. 
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Figure  4.      Phylogenetie  relationships  and  hostplant  associations  in  Greya  (Lepidoptera:  Prodoxidae  Incurvarioidea) 
(modified  from  Hrown  et  al.,  1994). 

ing  clade;  and  the  P.  birdi  group,  which  appears  as  Tripetina).  Han  and  McPheron  (1997)  conducted  an 
paraphyletic  on  the  tree,  but  which,  depending  on  analysis  of  tephritid  phylogeny  using  sequence  data 
optimization,  may  also  have  arisen  from  an  aster-  from  the  mitochondrial  16S  ribosomal  DNA  (925 
feeding  clade.  It  is  noteworthy  that  the  birdi  group  base    pairs).    Within   the   monophyletic  Trypetini, 
appears  as  paraphyletic  to  the  generalist  species  P  Apiaceae-feeding  is  a  derived  trait  and  represents 
cataphracta,  which  is  recorded  from  many  astera-  a  shift  from  Asteraceae-feeding  ancestors  (Fig.  5). 
ceous  species  but  only  one  apiaceous  species,  with 
that  being  a  dubious  record. 

Greya 
Phytomyza 

At  least  15  species  of  Phytomyza  (Diptera:  Agro- 

Brown  et  al.  (1994)  found  that  Apiaceae-feeding  myzidae)  are   leaf  miners  of  apiaceous  plants.   If 
prodoxid  moths  form  a  phylogenetic  unit.  Apiaceae-  there  is  a  cladistic  analysis  of  phylogeny,  it  is  not 
feeders  in  this  group  are  monophyletic;  sister  taxa  readily  available.  However,  it  is  interesting  to  note 
are  most  likely  associated  with  Saxifragaceae  (Fig.  that  at  least  four  species  (P  albiceps,  P.  chrysan- 
4).  This  host  shift  is  very  likely  attributable  to  the  therm,  P  nigra,  and  P  obscurella)  are  reported  on 
fact  that  species  in  both  host  families  occupy  sim-  both  apiaceous  and  asteraceous  hostplants. 
ilar  habitats  in  close  geographical  proximity;  few  if 
any  chemical  similarities  are  known  to  exist  be-  OREINA 
tween  these  two  families. 

EULE1A 

Dobler  et  al.  (1996)  examined  hostplant  switches 

in  the  chrysomelid  genus  Oreina,  a  Palearctic  ge- 
nus with  approximately  24  species,  most  of  which 

Although  the  majority  of  Tephritidae  (4000  spe-      are  alpine  in  distribution.  Hostplant  range  includes 
cies  in  500  genera)  are  fruit  or  flower  feeders,  spe-       Oreina  gloriosa  on  a  single  species  Peucedanum 
cies  in  the  genus  Euleia  are  unusual  in  that  they      ostruthium  (L.)  W.  Koch,  to  0. ostruthium  (L.)  W.  Koch,  to  0.  bifrons  on  two  hosts 

are  leaf  miners  (as  are  all  members  of  the  subtribe       in  different  tribes  (Peucedanum  and  Chaerophyl- 
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PLATYSTOMATIDAE 
OTITIDAE 

99/100 

TEPHRITIDAE 

Rivellia  quadrifasciata 

Delphinia  picta 
Blopharoneura  femorafis 

Blopharoneura  manchesteri 
Acanthoneura  sp. 

Parasenopa  limata 

Myoleja  lucida 
Paramyiolia  rhino 

Chetostoma  curvinerve 

Platyparea  poeciloptere 

Tephritis  signatipennis 

Neaspilota  alba 

Gymncarena  mexicana Anastrepha  serpentina 
Anastrepha  suspensa 

Toxotrypana  curvicauda 
Hexachaeta  amabilis 

Kimura  2-parameter 
distance 
I   1 

0.01 
Apiaceae Asteraceae 

Figure  5.      Phylogenetic  relationships  and  hostplant  associations  in  Euleia  (Diptera:  Tephritidae)  (modified  from  Han 
&  McPheron,  1997). 

lum),   to   species   on   Apiaceae   in   three   different  in  any  relative  (distant  or  close)  of  an  Apiaceae- 

tribes.  The  majority  of  species  feed  on  Asteraceae  feeder.  By  the  same  token,  the  sister  family  of  As- 

in  two  tribes,  Senecioneae  and  Cardueae.  One  spe-  teraceae,  the  hosts  for  immediate  ancestors  of  a 

cies,  Oreina  frigida,  accepts  both  Asteraceae  and  number  of  Apiaceae-feeders,  is  regarded  by  many 

Apiaceae.    These    authors    conducted    a    cladistic  (Bremer  &  Gustafsson,  1997)  to  be  the  Campanu- 
analysis  of  18  allozyme  loci  (Fig.  6).  Dobler  et  al.  laceae,  again,  a  family  absolutely  absent  from  the 

(1996)    generated    two    most    parsimonious    trees,  host  records  of  relatives  of  Apiaceae-feeders. 

which  demonstrated  that  the  ancestral  host  for  Or-  Another  common  explanation  for  host  shifts  is 

eina  was  most  likely  Asteraceae;  Apiaceae  occur  in  geographic  or  ecological  proximity.  Such  an  expla- 

the  diet  of  one  oligophagous  species  and  its  occur-  nation  is  plausible  for  Asteraceae-Apiaceae  shifts; 
rence  in  a  derived  clade  represents  an  independent  both  families  are  primarily  temperate  herbaceous 

switch.  The  two  asteraceous  tribes  utilized  by  these  and  occupy  similar  habitats.  There  are  many  other 

insects  are  phylogenetically  "distant. 

•>•> 

Comparisons  Among  Taxa 

families  that  share  early  successional  habitats  with 

the  hostplants  of  these  insect  groups,  including  spe- 
cies   of   Lamiaceae,    Brassicaceae,    Polygonaceae, 

An  examination  of  the  phylogenetic  history  of  an(1  Fabaceae,  to  name  bu
t  a  few,  but  host  shifts 

colonization  of  Apiaceae  across  taxa  reveals  some  from  these  g™uPs  to  Apiacea
e  are  non-existent, 

inescapable  patterns.  Host  shifts  to  the  Apiaceae  Geographic  or  ecological  proxim
ity  is  even  less  sat- 

originate  in  only  a  narrow  range  of  plant  taxa.  In  isfying  as  an  explanation  for  shifts  to  A
piaceae  from 

four  cases  (twice  within  the  depressariine  elachis-  Rutaceae,  given  that  the  Rutaceae  con
sists  primar- 

tids  and  twice  within  the  genus  Papilio),  Rutaceae-  ty  of  trees  and  shrubs  that  are  mostly  tropic
al  in 

feeding  is  ancestral  to  Apiaceae-feeding,  and  in  five  origin 

cases  (three  in  Papaipema,  one  in  Oreina,  and  one Patterns   of  host   shifts   in   Apiaceae   associates 

in  Euleia),  Asteraceae-feeding  is  ancestral  to  Api-  parallel  patterns  of  hostplant  colonization  among 

aceae-feeding.  There  are  several  possible  expla-  the  butterflies  (Janz  &  Nylin,  1998:  plant  classifi- 

nations  as  to  why  this  should  be.  Phylogenetic  re-  cations  that  follow  according  to  this  source).  As  do 

lationship    can    almost    certainly   be    ruled    out,  butterflies,  a  high  proportion  of  depressariine  oec- 

however.  The  most  likely  sister  family  to  the  Api-  ophorid    species    use    Rosidae    as    hostplants    (all 

aceae  is  the  Araliaceae  (Downie  et  al.,  1998),  and  Nites,  Apachea,   and  Bibarrambla,   and   11    of  42 

there  is  virtually  no  evidence  of  Araliaceae-feeding  Agonopterix) .  If,  in  fact,  the  Amphisbatinae  are  an- 
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Figure  6.      Phylogenetic  relationships  and  hostplant  associations  in  Oreina  (Coleoptera:  Chrysomelidae)  (modified 
from  Doblcr  et  al.,  1996).  Species  names  include  0.  bifrons  (0  B i H ,  0  BiT),  O.  cacaliae  (O  CaT,  0  CaZ),  0.  coerulea 
(()  CoB,  0  Cc>C),  O.  elongate  (0  EIC),  0.  frigida  (()  FrH),  0.  gloriosa  (().  CIS,  0  GIT),  0.  intricate  (0  InH,  0  InT), 
0.  melanocephala  (()  MeH),  0.  speciosa  (0  SaC,  0  SaT),  0.  speewssissima  (0  SiT,  0  SiZ).  0.  variabilis  (()  VaT,  0  VaZ). 
0.  virgulata  (()  ViH). 

cestral  to  the  Depressariinae-Ethmiinae  clade  (Pas-  feed  on  Apiaceae  and  Asteraceae;  all  of  the  De- 
soa,  1995),  then  the  Rosidae  may  be  the  ancestral  pressaria   species   with   known   feeding   habits  are 
host  plant  8;  contemporary  Amphisbatinae  utilize  found  on  these  plant  families,  and  19  of  42  Agon- 
representatives  of  Rosid  1A  (Salicaceae),  Rosid  IB  opterix  species  feed  predominantly  or  exclusively 
(Ulmaceae),  and  Rosid  1C  (Betulaceae,  Fagaceae,  on  these  plants. 

Juglandaceae)  clades.  As  is  true  for  butterflies,  gen-  Chemistry  provides  an  extremely  attractive  or- 
era  associated  with  trees  predominate;  there  is  no  ganizing  principle  to  account  for  patterns  of  colo- 
obvious  trend  toward  specialization  on  forbs  at  this  nization  and  diversification  in  virtually  all  taxa  as- 
level,  and  there  is  no  evidence  of  a  tendency  for  sociated  with  Apiaceae.  The  distinctive  groups  of 
advanced  insect  taxa  to  feed  on  advanced  plant  secondary  chemicals  shared  by  Asteraceae  and 
taxa.  Association  with  plants  in  the  asterid  2  clade  Apiaceae  include  cyclitols,  isoeugenol  epoxides, 
appears  to  have  led  to  rapid  speciation.  The  two  germacranolides,  guaianolides,  and  eudesmanolide 

most  species-rich  genera  in  the  group,  Depressaria  sesquiterpene  lactones,  2-methyl  chromones,  petro- 
and   Agonopterix,    are   dominated   by   species   that  selinic  acid,  triterpene  sapogenins,  poly  acetylenes 
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Table  3.  Phytochemical  characteristics  of  Apiaceae,  Venable  (1999)  found  that  geographic  similarity 

plants  utilized  by  Apiaceae-feeders,  and  sister  taxa  to  an(J  phylogenetic  relatedness  could  not  account  as 
plant  groups  utilized  by  Apiaceae-feeders  (phytochemical  well  for  the  patterns  observed  as  could  hostplant 
data  from  Hegnauer,  1971).  chemistry;  for  specialists  within  the  genus,  plant 

chemical  similarity  appears  to  be  the  best  expla- 
nation for  shifts  within  this  group. 

Similar  selection  pressures  can  increase  the 

probability  of  parallel  evolution.  The  key,  then,  is 

the  preadaptation  of  the  insects  to  co-occurring 
groups  of  chemicals.  Considerable  evidence  exists 

that  co-occurring  chemicals  can  interact  in  additive 

and   synergistic   ways   (Berenbaum,    1985;   Beren- 

As- 
Cam- 

Api-    Arali-  Ruta- 

tera- 

pan u- 

Phytochemical aceae  aceae    ceae ceae laceae 

Essential  oils 

Furanocoumarins 

Pyranocoumarins  x 

Isopentenyl  coumarins       x 

Polyacetylenes  x 
Trit erpenic  saponins 

2-methyl  chromones 
uaiano G 

Germ 

lides 

acra nolid es 

Petroselinic  acid 

Tannins  lacking 

Lignans 

baum  &  Zangerl,  1996);  these  combinations  of 

chemicals  thus  can  exert  selection  pressures  quite 

unlike  those  exerted  by  component  chemicals  in 

isolation.  There  is  also  experimental  evidence  that 

insects  adapt  to  combinations  of  chemicals  in  dis- 
tinctive ways.  Methylenedioxyphenyl  compounds  in 

Apiaceae  (e.g.,  myristicin)  and  Asteraceae  (e.g.,  se- 

samin),  for  example,  are  associated  with  potentia- 
tion of  furanocoumarins;  these  MDP  compounds  act 

(although   in  Asteraceae  these  tend  to  be  cyclic,       as  inhibitors  of  cytoch P450  monooxygenases, 

with  aromatic  or  heteroaromatic  terminal  groups),  the  enzymes  largely  responsible  for  furanocoumarin 

and  coumarins.  These  families  also  have  the  ab-  detoxification  in  herbivorous  insects.  Specialists  on 

sence  of  certain  chemicals  in  common;  both  lack  Apiaceae  show  greater  resistance  to  the  P450-in- 

ellagitannins,  proanthocyanidins,  and  iridoids.  The  hibiting  effects  of  these  compounds,  and  concomi- 

tantly greater  tolerance  of  co-occurring  furanocou- 
chemical  resemblances  between  these  families 

all  the  more  striking  considering  the  generally  low-  marins,    than    do    insects    that    normally    do    not 
er  level   of  chemical   resemblance   between   sister  encounter  these  compounds  together  (Neal  &  Wu, 

taxa.  The  Asteraceae  have  more  chemistry  in  com-  1994;  Zumwalt  &  Neal,  1993).  Thus,  combinations 

mon  with  the  Apiaceae  than  with  the  Campanula-  of  toxins  and  synergists  present  a  different  toxico- 

ceae,  widely  regarded  as  the  sister  group;  by  the  logical  challenge  to  insects,  and  counteradaptation 

same  token,  although  Apiaceae  and  its  sister  group  presents  a  different  resistance  challenge  to  plants, 

Araliaceae  share  many  chemicals,  there  are  more  in  which  a  narrower  range  of  chemistries  may  be 

different  types  of  secondary  compounds  in  common  available   to   overcome   resistance.   Similar  faunas 

between  Apiaceae  and  Asteraceae  (Table  3). can  thus  be  expected  to  select  for  plants  with  sim- 

Thus,  the  question   remains — why  do  distantly       ilar  kinds  of  chemistry. 
related  plant  taxa  have  more  similar  chemistries Colonization  of  a  new  hostplant  by  an  insect  is 

than  closely  related  taxa?  Convergence  in  morpho-  possible  only  if  parents  can  locate  the  hosts  and 

logical  traits  in  plants  arises  as  a  result  of  common  immature  feeding  stages  are  equipped  metabolical- 

ecologies — desert-dwelling  plants  have  reduced  ly  to  deal  with  the  hosts.  It  is  thus  not  altogether 

leaf  area    to   conserve    water,    and    bee-pollinated  surprising  that  insects  sharing  certain  chemically 

plants  have  zygomorphic  aromatic  blue  flowers  to  distinct  hostplants  colonize  new  hostplants  in  sim- 

attract  their  mutualists.  Similar  ecologies,  including  ilar  fashion,  and  in  doing  so  they  jointly  act  to  af- 

similar  herbivore  faunas,  could  account  for  simi-  feet  evolution  in  those  hostplants.  In  nature,  then, 

larities  in  overall  chemical  profile.  These  patterns  as   in   human   culture,   it   appears   inexorably  that 

are  actually  suggestive  of  reciprocity — it  is  difficult  there  really  are  a  limited  number  of  ways  to  eat  an 

otherwise  to  provide  a  scenario  to  account  for  such  umbellifer — a  limited  number  of  evolutionary  ap- 

remarkable  convergences  (other  than  common  an-  preaches — due  to  the  unique  nature  of  its  chem- 
cestry,  which,  according  to  systematists,  is  not  the  istry. 

likely  explanation).  Chemical  innovation  can  lead 

to  adaptive  radiation — and  it  can  also  lead  to  col-  Literature  Cited 
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Abstract 

Twenty-eight  species  and  six  subspecies  of  the  hem i parasitic  genus  Striga  Lour.,  witchweed,  occur  in  Africa.  Twenty- 
two  species  are  endemic.  Witchweeds  occur  throughout  the  continent  with  greatest  diversity  in  the  grasslands  and 

savannas  north  of  the  equator.  Striga  gesnerioides  (Willd.)  Vatke  and  S.  hermonthica  (Del.)  Benth.  have  developed  host- 
specific  strains  that  may  have  distinct  morphotypes.  We  accord  these  no  formal  taxonomic  status.  Striga  hermonthica 
and  S.  asiatica  (L.)  Kuntze,  limited  to  agroecosystems,  may  be  recently  derived  from  non-ruderal  species.  Striga  hirsuta 
Benth.  and  S.  lutea  Lour.,  sometimes  treated  as  eonspecific  with  S.  asiatica,  are  recognized  as  distinct  species  restricted 
to  natural  ecosystems.  Striga  linear  if olia  Hepper,  with  its  strongly  bilabiate  corolla  and  perennial  habit,  is  considered 
as  a  subspecies  of  S.  bilabiata  (Thunb.)  Kuntze.  Striga  baumannii  Engl,  and  S.  fulgens  Hepper  are  excluded  from  the 
genus.  Striga  baumannii  has  tuberous  roots  and  a  ligneous  calyx  and  may  represent  a  distinct  genus.  Striga  fulgens, 
with  free  petals,  is  aligned  with  Chascanum  K.  Mey.  in  the  Verbenaeeae. 

Key  words:     Africa,  Scrophulariaceae,  Striga,  witchweed. 

Globally,  witchweeds  have  a  greater  impact  on       witchweed  biology  are  found  in  Sand  et  al.  (1990), 
human    welfare    than    any    other   parasitic    angio-       Sauerborn  (1991),  Parker  and  Riches  (1993),  and 
sperms  because  their  hosts  are  subsistence  crops       Press  and  Graves  (1995). 
in   areas   marginal  for  agriculture.   They  are   also Because  witchweeds  are  parasitic  and  not  totally 

among  the  most  specialized  of  all  root-parasitic  dependent  upon  leaves,  no  exclusively  vegetative 
Scrophulariaceae  (or  Orobanchaceae,  depending  on  stems  are  produced.  In  other  words,  each  stem 
how  the  families  are circumscribed).  Some  mem-       bears  an  inflorescence.  Flowers  are  usually  showy, 
bers    of    the    Scrophulariaceae    are    holoparasitic      in  some  cases  spectacular.  Most  species  that  have 

autogamous  (e.g.,  Musselman  & (without  chlorophyll);  most  are  hemiparasites  (with  been  studied  are 

chlorophyll).   Striga  combines   life   styles   of  both  Hepper,  1986),  although  S.  hermonthica  and  S.  as- 

with  a  holoparasitic  seedling  and  a  green,  chloro-  pera  (Willd.)  Benth.  are  outcrossers  (Aigbokhan  et 

phyll-containing   emergent   plant.   These   furtive  al.,   1998).  Seed  production  is  prodigious.  Condi- 
pathogens  attack  their  hosts  underground  and,  by  tioning,  germination,  parasitic  contact,  and  pene- 
the  time  the  flowering  stem  of  the  parasite  emerges  tration  are  mediated  by  elegant  systems  of  chemical 
and  is  evident,  the  crop  is  damaged.  This  occult  communication  between  host  and  parasite  (Parker 
behavior  may  be  the  source  of  the  Latin  name,  &  Riches,   1993;  Press  &  Graves,   1995;  M 

"Striga,"  meaning  "hag"  or  "witch."  In  this  way, 
hosts  are  "bewitched"  because  the  fa 

1999). 

is  un- 
Witchweeds  tolerate  a  relatively  wide  range  of 

aware  of  the  parasite  until  it  comes  up.  Due  to  the  climatic  and  soil  conditions.  They  grow  in  areas 
serious  injury  they  inflict,  witchweeds  have  been  with  annual  rainfall  ranging  from  25  to  150  cm  per 
the  targets  of  many  control  strategies.  Helpful  re-  year  with  a  decrease  in  the  severity  of  infestation 
views   of  control    measures   and   other  aspects   of      in  areas  with  higher  rainfall  (Musselman  &  Ayensu, 

1  This  work  is  based  mainly  on  the  dissertation  research  of  K.  1.  Mohamed  that  was  supported,  in  part,  bv  grant 
USDA  58-319R-5-(MX)6.  Research  conducted  in  Nigeria  was  supported  by  grant  AID  DHR  5600-G-00-102I-O0.  Many 
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Appreciation  is  extended  to  the  curators  and  staff  of  BRE,  BM,  GH,  K,  MO,  OI)U,  S,  US,  and  UPS  for  the  loan  of 
specimens. 

2  Department  of  Biology,  State  University  of  New  York  College  at  Oswego,  Oswego,  New  York   13126-3501,  U.S.A. 
moharned@oswego.edu. 

3  Mary   Payne   Hogan   Professor  of  Botany,  Old   Dominion   University,   Norfolk,   Virginia  23529-0206,   U.S.A. lmusselm@odu.edu. 

4  Natural  Resources  Institute,  University  of  Greenwich,  Central  Avenue,  Chatham  Maritime,  Chatham,  Kent  ME4 4TB,  U.K.  charlie.riches@bbsrc.ac.uk. 

Ann.  Missoum  Bor.  Gawd.  88:  60-103.  2001. 



Volume  88,  Number  1 
2001 

Mohamed  et  al 

Striga  in  Africa 

61 

1984).  Optimum  temperature  for  seed  germination  are  few.  Wettstein  (1891)  divided  Striga  into  two 

is  between  30°C  and  40°C,  with  no  germination  at  sections:  the  Pentapleurae,  which  have  a  5-ribbed 

15°C  or  lower,  or  higher  than  45°C  (see  review  of      calyx,  and  the  Polypleurae,   characterized  by  ap- 
literature  in  Parker  &  Riches,  1993). proximately  10-calyx  ribs.  Later,  Engler  (1897)  cre- 

Phenology  among  the  different  species  of  Striga  ated  the  section   Tetrosepalum  to  include  S.   bau- 
varies.  In  a  given  area,  there  is  a  progression  of  mannii.  Saldanha  (1963)  noted  that  the  number  of 

appearances  from  the  onset  of  the  rains  to  the  end  ribs  is  inconsistent  within  species.  In  spite  of  this, 

of  the  rainy  season.  For  example,  in  the  Southern  rib  number  has  remained  as  the  only  infrageneric 

Kordofan  region  of  Sudan,  the  first  Striga  to  appear  character. 

is    S.   forbesii    Benth.,    followed    by    S.    passargei Figures  1  and  2  illustrate  the  general  features  of 

S.  aspera—>  S.  gesnerioides^t  S.  hirsuta—>      witchweeds. Engl.-> 
and  lastly,  S.  hermonthica. Following  is  a  summary  of  features  helpful  in 

In  general,  low  soil  fertility,  nitrogen  deficiency,       determining  Striga  species. 

well-drained  soils,  and  water  stress  accentuate  the 1.  Duration.      Striga  species  are  annuals  or  pe- 
severity  of  Striga  damage  to  the  host.  These  are  rennials.  Duration  may  help  identify  plants  in  the 

typically  the  environmental  conditions  for  Striga-  field,  but  it  is  of  limited  value  for  herbarium  spec- 

hosts  in  the  semiarid  tropics  (Sauerborn,  1991;  imens,  especially  when  roots  are  lacking.  All  ag- 
Parker  &  Riches,  1993).  Striga  usually  causes  less  ronomically  important  species  are  annuals,  perhaps 

damage  to  hosts  growing  on  fertile,  deep  soils. because  their  hosts  are  also  annuals.  The  exception 

Striga  is  distinguished  from  other  genera  in  the  is  sugarcane  (Saccharum  qfficinarum  L.),  which  is 

subfamily  Rhinanthoideae  of  the  Scrophulariaceae  perennial.  In  natural  grasslands  witchweed  species 

by  bilabiate  corollas  with  a  pronounced  bend  in  the  do  not  seem  to  affect  their  hosts  the  same  as  cul- 

corolla  tube,  and  unilocular  anthers.  The  corolla  tivated  crops;  damage  is  not  evident.  Perennial  spe- 
feature  distinguishes  Striga  from  related  Buchnera  cies  produce  fleshy  underground  rhizomes  or  tubers 

L.  in  which  nine  Striga  species  were  once  included.  that  bear  scale  leaves  from  which  new  stems  arise 

Based  on  this  feature,  the  genus  Striga  was  erected  annually.  Generally,  perennial  species  have  re- 

by  the  Italian  botanist  Loureiro  in  1790  as  distinct  duced  or  narrow  stem  leaves.  See  Raynal-Roques 

from  Buchnera,  which  has  a  salverform  corolla.  Lit-  (1993)  for  a  helpful  discussion  of  duration  in  witch- 
tie  data  are  available  on  seed  structure  in  Buck-  weeds. 

nera,   but   Musselman  and  Mann   (1976)  reported 2.  Stem  shape.      Three  stem  types  can  be  distin- 
secondary  ornamentation  of  Buchnera  americana  L.  guished.  Terete  stems  are  round  in  cross  section, 

similar  to  that  of  Striga  asiatica.  Buchnera  germi-  obtusely  square  stems  are  square  with  blunt  cor- 

nation   and   seedling  development   are  also  much  ners,  and  winged  stems  are  square  and  acutely  an- 
less  specialized  (Parker  &  Riches,  199,3).  Lastly,  gled.  A  furrowed  stem  has  grooves  parallel  to  the 

Buchnera  is  found  in  both  the  New  and  Old  Worlds,  long  axis. 

while  Striga  is  strictly  Old  World. 3.  Indumentum.      Indumentum  types,  both  sur- 

Recent   molecular  work    supports   the   long-as-  face  features  and  trichomes,  are  diverse.  Many  spe- 

sumed  relationship  between  Striga  and  Buchnera.  cies  have  scabrous  leaf  and  stem  surfaces  at  ma- 
Olmstead  et  al.  (in  press),  using  three  plastid  genes,  turity.  The  most  common  trichome  types  include: 

show  Buchnera  floridana  Gandoger  (=  B.  ameri-  glandular  trichomes;  stiff  hairs  (hispid);  long  soft 
cana)  and  S.  asiatica  as  sister  taxa.  Further  work  hairs  (pubescent  or  pilose);  long  stiff  hairs  (ciliate) 

is   needed  to  determine  the  relationship  between  (Neumann  et  al.,  1996). 

Alectra  and  Striga.  Unlike  Buchnera,  Alectra  spe- 4.  Leaf  lobing,  dentation.      Leaves  of  most  spe- 

cies require  a  germination  stimulant  and  have  a      cies  are  unlobed,  and  only  a  few  have  teeth.  Ve- 
holoparasitic  seedling  stage. nation  may  extend  to  the  tips  of  leaves  in  a  few 

All  witchweeds  are  African  except  the  following:       species 

5.    curviflora    Benth.    (Australia,   New   Guinea),  5. 5.    Inflorescence.      Inflorescence    types    include 

densiflora    (Benth.)    Benth.    (India),    S.    masuria  solitary  flowers,  spikes,  and  racemes.  The  length  of 

(Buch.-Ham.  ex  Benth.)  Benth.  (=  S.  flava  Miq.?,  the  inflorescence  compared  to  the  vegetative  part 

5.   esquirolia  Lev.?)  (China,  India,  Indonesia),  S.  of  the  stem  (longer  or  shorter);  compactness  of  the 

multiflora  Benth.   (Australia),  S.  parviflora  Benth.  flowers  (lax  or  dense);  and  bract  size  and  shape 

(Australia),    and   S.    sulphurea    Dalz.    ex    Dalz.    &  (similar  to  or  different  from  stem  leaves)  are  also 

pre- 

Gibbs  (India).  Our  understanding  of  the  genus  in       helpful  distinguishing  features.  Bracteoles 

Africa  requires  a  better  knowledge  of  these  species.       sent  just  above  the  floral  bract.  Flowers  can  be  op- 
Taxonomic  studies  at  the  genus  and  tribal  level      posite  or  alternate  on  the  inflorescence.  In  almost 
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Figure    1.      Striga  angolensis   K.    I.   Mohamed   &   L  J.   Musselman.  — A,    B.    Habit.   Note  the  reduction  of  leaves 
acropetally  and  basipetally.  — 
has  lour  lobes.  — I),  K.  Corolla. 

C.  Calyx.  Two  braeteoles  are  evident,  with  the  much  larger  bract  on  the  left.  This  calyx 

K  Seeds.  — G.  Caosule.  — H.  Pistil.  (R.  G.  N.  Young  1365,  MO).  Drawing  by  karillos 
G.  Capsule. 

Karillos  in  Mohamed  and  Musselman,  Brittonia  49:  118-121.  1997. 
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are  available,  including  cytology.  Reported  chro- 

mosome numbers  have  varied  widely,  from  n  =  18 

to  n  =  40  (reviewed  in  Aigbokhan  et  al.,  1998). 
Careful  cytological  studies  are  needed  to  clarify  the 

counts.  Ultrastructural  studies  are  also  limited.  Pol- 

len has  few  useful  features,  at  least  in  the  species 

studied  (DeLeonardis,  1986;  Minkin  &  Eshbaugh, 

1989).  Current  taxonomy  is  based  almost  exclu- 
sively on  morphology. 

Seed  size  and  structure  have  been  used  to  sep- 
arate S.  angustifolia  from  other  species  because  of 

its  larger  seed  size  and  its  germination  without  a 

host  stimulus  (e.g.,  Parker  &  Riches,  1993).  Sec- 

ondary ornamentation  of  5.  angustifolia  is  also  dis- 
tinct from  other  species  (Musselman  &  Parker, 

1981).  However,  in  a  survey  of  nine  species,  no 
other  consistent  seed  ornamentation  features  were 

found  to  separate  species  (Musselman  &  Parker, 1981). 

A  conspectus  of  the  genus  on  a  continent-wide 
basis  is  important  for  agricultural  researchers, 

among  others,  to  enable  the  determination  of  new 

parasite  problems.  Certainly,  future  expansion  of 

food  crop  species  possibly  susceptible  to  parasitism 

by  witchweed  should  take  into  account  indigenous 

all  species  the  2  to  4  pairs  of  lower  bracts  at  the      Striga  species  that  could  potentially  attack  crops. 

base  of  the  inflorescence  are  longer  than  the  upper      There   are    several   examples   where   this   has   oc- 

Figure  2.  Striga  hirsuta  (Benth.)  Benth.  Note  brad 
and  bracteole,  lower  left.  Miusselman  &  Mansfield  5531 

(ODU).  Drawing  by  Daniel  L.  Nickrent  from  Musselman 

et  al.,  Sida  8:  196-201.  1979.  (Originally  determined  as 

S.  asiatica  (L.)  Kuntze.)  Scale  =  1  cm. 

bracts  and  are  described  separately. curred.    These    include    maize    planted    in    the 

6.  Calyx.     Calyx  lobes  can  be  equal  or  sube-      KweKwe  region  of  Zimbabwe  (Knepper  et  al.,  1991) 

qual.  In  some  species  the  adaxial  lobe  is  reduced.       where  S.  forbesii  occurred.  Another  is  the  planting 

7.  Corolla  color  and  tube  bend.      Most  witchweed       of  sugarcane  in  Ethiopia,  which  was  attacked  by  S. 

corollas  are  red  or  white,  but  they  can  also  be  salm-      latericea  Vatke  (Parker,  1988).  Moreover,  meaning- 
i  depend  on  knowledge  of on,  orange,  or  yellow.  The  bend  in  the  corolla  tube      ful  quarantine 

can  be  positioned  distally  or  proximally.  If  proxi-       the  distribution  of  the  parasite 
mal,  it  may  be  within  the  calyx  teeth.  If  distal,  it A  study  of  Striga  taxonomy  invites  comparison 

is  closer  to  the  corolla  limb.  Fragrance  has  been       with  the  taxonomy  of  the  other,  agronomically  sig- 
reported    only    in   S.    hermonthica    (Musselman   &       nificant   g in   the   family   (assuming  parasitic 

Hepper,  1986). Scrophulariaceae   and    Orobanchaceae   are    mono- 
8.  Hosts.      Witchweeds  have  one  of  the  narrower      phyletic,  e.g.,  Nickrent  et  al.,  1998;  Young  et  al., 

host  ranges  of  any  parasitic  Scrophulariaceae.  Not       1999).  This  is  Orobanche,  the  genus  of  broomrapes. 

surprisingly,  hosts  of  agronomically  important  spe- Historically,  broomrapes  have  suffered  from  ex- 
cies   are   better  documented   than  hosts  of  native  treme  splitting  and  the  establishment  of  varieties, 

species.    Most   Striga   species,   however,   have   not  forms,  and  even  subforms  based  largely  on  herbar- 

been  critically  examined  for  host  range  and  host  ium    studies   with    little   consideration   of  host-in- 

specificity.  Except  for  S.  gesnerioides,  which  is  re-  duced  variation.  Thus,  a  plethora  of  names  encum- 
stricted  to  dicots,  these  hosts  are  all  Poaceae  with  bers  the  taxonomy  of  the  group.  Unlike  Orobanche, 

the  odd  connection  to  non-grasses  noted,  dispro-  the  cytology  of  witchweeds  needs  much  additional 

portionately,  by  collectors.  Great  caution  is  advised  work.   Based  on  the  limited  data  available,  aneu- 

when  ascribing  any  form  of  host  specificity  to  root  ploidy  does  not  play  a  major  role  in  witchweed  spe- 

parasites.  It  is  essential  that  the  host-parasite  con-  ciation  and  variability.  Some  groups  of  broomrapes, 
nection  be  located,  not  that  hosts  be  inferred  from  on  the  other  hand,  exhibit  aneusomaty,  polyploidy, 

proximity.  Further,  it  is  virtually  impossible  to  de-  and  parthenogenesis  (Cubero,  1996).  In  short,  the 

termine  how  many  different  plants,  perhaps  differ-  taxonomy  of  witchweeds  is  less  daunting  than  that 

ent  species,  are  attacked  by  a  single  witchweed. 
Too  few  studies  on  other  features  of  witchweeds 

of  broomrapes. 

Despite  the  well-known  impact  of  Striga  on  sub- 
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sistence  crops  in  Africa,  there  is  no  single  refer- 
ence to  the  taxonomy  and  distribution  of  African 

taxa.  The  purpose  of  this  paper  is  to  describe  all 

the  reported  taxa  in  Africa,  map  their  distribution, 5'. 

lie,  shortly  petiolate;  corolla  bright  salmon- 
pink,  tube  22-25  mm  long        15.  S.  hallaei 

Calyx  lobes  about  as  long  as  tube;  leaf  lan- 
ceolate, sessile;  corolla  mauve,  tube  12-13 

mm  long      2.  S.  angolensis 

record  notes  on  their  biology,  and  provide  a  key  for      6(4).        Plant  succulent,  usually  branched  from  base 
their  identification. 

Maps  of  Striga  collection  sites  were  constructed 

using  the  Britannica  Atlas.  Collection  sites  were 

plotted  on  a  large  computer-generated  map  (Anon- 
ymous, 1996). 

6'. 
7(6) 

Striga    Lour.,   Fl.   Cochinchinensis    1:   22.    1790. 

TYPE:  Striga  lute  a  Lour. 

7'. 

(tufted);    leaf  reduced,    <10   mm    long,    ap- 
pressed         7 
Plant  not  succulent,  unbranched  or  i( 

branched  then  from  middle;  leaf  large,  >  10 
mm  long,  ascending  or  spreading       9 
Corolla  densely  pubescent,  bent  proximally 
within  calyx  teeth;  lower  corolla  lobes  Ian- 
ceolate        21,5.  lepida ga I h idU 

Corolla  sparsely  pubescent  or  glandular-pu- 
bescent, bent  distally  above  calyx;  lower  co- 

rolla lobes  obnvate        8 

Annual  or  perennial,  herbaceous  hemiparasites.      8(7).       Plant  glabrate,  about  6  cm  tall,  perennial; 
Stem:  stiffly  erect,  square  or  terete,  ridged  in  some 

species.   Indumentum:   hirsute   or  pilose,   scabrid, 
8'. 

corolla  tube  up  to  8  mm  long 12.  S.  gust  on  ii 

Plant  sparsely  to  densely  hispid  or  poly- 

glandular pubescent; ly  glabrate.  Leaves:  op- 
posite or  subopposite,  rarely  alternate,  reduced  to 

cent,  >  10  cm  tall,  annual  (except  strain  on 

Euphorbia);  corolla  tube  8-14  mm  long   

small  scales  at  the  base  of  the  stem  in  all  species.  9(6). 
Inflorescence:  dense  or  lax  spike  or  raceme;  rarely 
solitary.  Calyx:  tubular,  with  4  to  8,  usually  5,  equal 
or  subequal  lobes.  Corolla:  divided  into  a  tube  and 
a  limb,  the  tube  cylindrical  with  an  acute  bend,  the 

limb  2-lipped,  with  lobes  fused  at  least  at  their  ba- 
ses to  form  a  bilabiate  corolla  with  3  lower  and  2 

upper  lips.  Stamens:  4,  didynamous,  anthers  dor- 
sifixed,  unilocular,  dehiscence  loculicidal.  Pollen: 

-      1 3.  S.  gesnerioides 

Calyx   lobes  deltate,   <   Vi  the  tube   length, 
adaxial  lobe  reduced  to  <  1  mm          10 

Calyx   lobes   linear  to  lanceolate,   >   Yi  the 
tube  length,  adaxial  lobes  >  1  mm           12 

10(9).      Herbage  with  dense  retrorse  hispid  hairs;  co- 
rolla retrorsely  pubescent;  leaf  1-2  mm  wide 

10'. 

         28.  N.  yemenica 
Herbage  with  dense  ascending  hispid  hairs; 
corolla  with  ascending  hairs;  leaf  >2  mm 
wide         

II 

with  3-4  colpi,  15-30  |xm  with  2  nuclei  at  shed- 

ding. Style:  terete,  elongate,  and  persistent.  Cap- 
sule: oblong  or  subovoid,  placentation  axillary,  de- 

hiscence loculicidal.  Seeds  [except  in  5. 

angustifolia    (Don)    Saldanhal:   dust-like,  0.35    X 

1  1(10).   Plant  branched;  corolla 

11'. 

10  mm  long,  lobes 

of  lower  lip  7-15  mm  long.  3-6  mm  wide; 
calyx  tube  5-10  mm  long  ...  16.  S.  hermonthicQ 
Plant  usually  unbranched;  corolla  <  10  mm 

long,  lobes  of  lower  lip  1-3  mm  long,  1-1.5 
mm  wide;  calyx  tube  3-4  mm  long    

14.  S.  gracillirna 

0.20    mm,    with    prominent   ridges    that    are    orna-       12(9).     Corolla  white  (rarely  pink  or  yellow);  upper 

merited.   Germination:   hypogeal  and  cryptocotylar 

[except  in  S.  angustifolia].  Chromosome  numbers 

ranging  from  n 18  to  n  =  40.  Hosts:  usually 

12'. 

bracts  as  long  as  or  longer  than  calyx;  (lowers 

sessile,  spike  longer  than  vegetative  stem  -» 
—   -      24.  S.  passu rgei 

Poaceae;  few  species  restricted  to  dicots 
Corolla  pinkish  purple;  upper  bracts  shorter 

than  calyx;  flowers  shortly  pedicellate,  ra- 
ceme shorter  than  vegetative  stem          13 

Kk\  to  thk  African  Striga  Spkciks 13(12).   Calyx  tube  4-6  mm  long;  lower  corolla  lobes 

1. 
r. 

2(1) 

2'. 

Calyx  4-  to  5-ribbed  (sect.  Pentapleurae)        2 
Calyx  10-  or  more  ribbed  (sect.  Polypleurae) 
          14 

lx)bes  of  lower  lip  fused  to  >50c/(   of  their 
length  forming  a  strongly  bilabiate  corolla  ....     3 
Lobes  of  lower  lip  fused  to  <50%  of  their 
length  forming  a  weakly  bilabiate  corolh 

13'. 

4—8  mm  long,  2-5  mm  wide         5.  S.  aspera 
Calyx    tube    1.5—3    mm    long;    lower  corolla 
lobes  2-3  mm  long,  1-2  mm  wide    

7.  S.  bra<  hycalyx 

14(1).      Leaf  pinnatifid;  flowers  solitary,  few,  axillary 

14'. 
i  .... 

4 

15(14) 

       25.  S.  pinnatifida 

Leaf  not   pinnatifid;  flowers  in  terminal   ra- 
ceme or  spike       15 

I  ,eaf 

3(2). 

3'. 

Plant  glabrate  with  few  hairs  on  leaf  margins 

and  bracts;  calyx  <4  mm  long    
—    1 .  S.  aequinoct talis 
Plant   pubescent  or  hispid;  calyx   >  4  mm 

15'. 

3  mm  wide,  with  2  to  5  prominent 
veins,  margin  toothed          16 

Leaf  <  3  mm  wide,  veins  obscure,  margin 
entire             20 

4(2). 

4'. 

5(4). 

long       6.  S.  bilabiate 

Leaf    prominently    3-veined,    leaf    margin 
toothed       5 

Leaf  veins  obscure,  not  apparent,  leaf  margin 
entire             6 

Calyx  lobes  twice  as  long  as  tube;  leaf  ellip- 

16(15).   Corolla  salmon-pink;  lower  bracts   >  2  cm 

16'. 

long;  inflorescence  lax  at  base         17 

Corolla  pink  or  white;  lower  bracts  <  2  cm 
long;  inflorescence  compact        18 

17(16).   Stern   hairs  stiff;   lower  bracts  distinctly  3- 
veined,  toothed;  lower  corolla  lobes  (y-{)  mm 
long         11.  S.  forbesii 
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17'. 

18(16) 

18'. 

than  vegetative  stem.  Calyx  5-ribbed,  3—4  mm  long; 

tube  2-2.5  mm  long;  lobes  5,  unequal,  lanceolate, 

1-2  mm  long,  slightly  shorter  than  tube.  Corolla 

pale  mauve,  tube  10-12  mm  long,  bent  and  ex- 
panded distally  above  calyx,  retrorsely  pubescent; 

hairs  enlarged;  bracts  lanceolate        19       iobes  Qf  jower  bp  3.7  x  2-3  mm,  ovate,  tip  acute, 

Stem  hairs  soft;  lower  bract  veins  obscure, 

entire;  lower  corolla  lobes  10-15  mm  long 
       20.  S.  laterieea 

Leaf    linear,    base    of   hairs    inconspicuous; 
bracts  linear      9.  S.  dalzielii 

Leaf  elliptic    or   narrowly   elliptic,    base   of 

19(18).   Corolla  pink,  tube  10-13  mm  long;  lower  co- 
rolla lobes  4-7  mm  long,  2-4  mm  wide;  leaf upper  lip  3-5  X  4—7  mm,  slightly  notched,  tip  ob- 

shorter  than  internode       19.  S.  hlingii       tuse. 

19'. Corolla  white,  tube   17-24  mm  long;  lower 
corolla  lobes  7-10  mm  long,  4-8  mm  wide; 
leaf  longer  than  internode  .....    23.  S.  macrantha 

20(15).   Corolla   brilliant  scarlet  with  yellow  throat; 

flowers  opposite  in  dense  raceme         - 
      — -    10.  S.  elegans 

20'. 

21(20). 

21'. 

Corolla  not  brilliant  scarlet:  flowers  alternate 

in  lax  raceme  or  spike           21 
Corolla  white  or  creamy  white       22 

Corolla  pink,  purple,  yellow,  or  dark  red    .... 

22(21).   Calyx  8-12  mm  long;  corolla  tube  10-15  mm 

Restricted  to  the  moist  montane  grasslands  of 

west  tropical  Africa  between  5°16'N  and  11°0'N 
(Fig.  3).  Known  from  Guinea,  Sierra  Leone,  Liberia, 

and  Ivory  Coast  with  only  one  collection  from  out- 
side West  Africa,  Young  1300  (MO),  from  Angola. 

Like  S.  bilabiata,  5.  aequinoctialis  has  a  bilabiate 

corolla,  decussate  leaves,  slender  stem,  retrorsely 

23       pubescent  corolla  and  shares  part  of  the  geograph- 

22'. 

long,  lower  lobes  4-8  mm  long,  2^1  mm  wide 
         3.  S.  angustifolia 

Calyx  13-21  mm  long;  corolla  tube  27-35 

mm  long,  lower  lobes  14-20  mm  long,  10- 
17  mm  wide           27.  S.  pubiflora 

23(21).   Calyx  with  at  least   15  ribs;  plant  perennial 

24 

ical  range.  Striga  aequinoctialis  is  distinguished  by 

its  glabrous  stem,  filiform  leaves,  and  small  calyces. 

The  calyx  is  the  smallest  in  the  genus. 

Selected  specimens  examined.  ANCOLA.  Lund  a 

South:  Saurimo-Dala  Road,  11°2'S,  20°12'E,  Young  1300 
(MO).  GUINEA.  Eastern:  Kankan,  45  mi.  NW  of  Heyla, 

cai^h  To ;  riS  plan,  —r::::::::  25  jim  2 .<*-"» » ?-*«™=  j™-*-? 23'. 
24(23).   Corolla  purple;  leaf  linear,  >  1cm  long;  ca- 

lyx 11-15  mm  long,  lobes  5,  equal 
18.  S.  junodii 

24'. Corolla  yellow;  leaf  lanceolate,  <  1  cm  long; 

calyx  8-9  mm  long,  lobes  5,  unequal    — 

25(23).   Leaf 

  -—  26.  S.  primuloides 
15  mm  long,  longer  than  internode; 

     4.  S.  asiatica 

25'. 

lower  bracts  >  15  mm  long  __   
Leaf  <  15  mm  long,  shorter  than  internodes; 
lower  bracts  <  15  mm  long          26 

26(25).   Corolla  tube  20-25  mm  long;  calyx  8-15  mm 
long      8.  S.  chrysantha 

26'. 

27(26) 

27'. 

Corolla  tube  <   15  mm  long;  calyx  up  to  6 

mm  long               27 
Plant  6  cm  tall  (rarely  20);  lower  surface  of 
leaf  and  bract  with  a  single  row  of  hispid 

hairs  along  margin  and  midrib;  calyx  lobes 

about  equaling  tube  length        17.  S.  hirsuta 

Plant  up  to  40  cm  tall;  lower  surface  of  leaf 
and  bract  with  two  rows  of  hispid  hairs  along 

margin  and  midrib;  calyx  lobes  Vi  the  tube 

length        22.  S.  lutea 

7°43'N,  8°50'W,  Adam  57//,  24653,  24386,  26054, 
26531  (all  MO).  Western:  Fouta  Djalon,  near  Bandakure, 

SW  of  Pita.  ll°0'N,  12°16'W,  Adames  284  (K).  IVORY 

COAST.  Northwestern:  Odienne,  Tienko,  10°5'N. 
7°30'W.  Morton  &  Gledhill  18771  (K).  Southwestern: 

Danane,  Nimba  Mountains,  7°34'N,  8°24'W,  Houghey 
18052,  18067k  180995  (all  K).  LIBERIA.  Nimba: 

Mountain  Nimba,  7°34'N.  8°40'W,  Adam  21457  (K.  MO. 

UPS),  Vallah  65  (K);  Grassfield-Nimha-Ideria,  6°45'N, 
8°30'W,  Adam  25550  (K,  MO).  Sinoe:  Jedepo,  5°16'N, 
8°20'W,  Adam  24039,  27478  (MO).  Liberia:  Adam 

25592  (K).  SIERRA  LEONE.  Bintinani,  Morton  &  Gle- 

dhill 1093  (K).  Eastern:  Sankanbiaiwa,  8°45'N,  1 1°0'W, 
Cole  199  (K).  Northern:  Bumhuna  to  Farangbaia,  9°1'N, 

H044'W,  Deighton  5146  (K);  Loma,  9°15'N,  11°2'W, 
Anonymous  9783  (K).  Western:  Freetown,  Mendi  (Nja- 
mumu),  8°29'N,  13°0'W.  Burbridge  510  (K). 

2.  Striga  angolensis  Mohamed  &  Musselman, 

Brittonia  49:  118-121.  1997.  TYPE:  Angola. 

Vila  Luzo,  R.  Luena,  Young  1365  (holotype, 

MO!).  Figure  1. 

Perennial,  to  70  cm  tall,  stiffly  erect,  simple  or 
Dalz.,  Expl.  Bot.  Afr.  Oc.  Fr.   1:  476.  1920.      ̂   2  Qr  3  bmnches  from  below  mid(1le,  densely 
TYPE:  Guinea  (Conakry).  Montagne  de  Nzo,       giandular_pubescent,  stem  obtusely  square.  Leaves 

1.   Striga  aequinoctialis  A.  Chev.  ex  Hutch.  & 

Chevalier  21035  (holotype,  P!). 

(10-)20-35  X  2-8 
ile,  alter- Perennial,  to  50  cm  tall,  slender,  glabrate,  usu-  nate,  coarsely  toothed,  3-veined,  longer  than  inter- 

ally  simple  or  with  2  or  3  branches  from  below  nodes  at  the  lower  part  of  stem,  becoming  shorter 

middle,  stem  winged.  Leaves  10-24  X   l(-2)  mm, 
orm 

5^8 

leaves,  lanceolate,  shorter  than  calyx.  Flowers  op- 

internodes,   hispid   along   margins,   margin   entire,       posite,  lax  at  the  base  of  inflorescence,  dense  to- 

ward the  apex,  spike  shorter  than  vegetative  stem. 
4-6 

6—8  mm  long;  tube  2.5-4 hispid  along  margins,  incurved,  longer  than  calyx.      Calyx  4-  or  5-ribbed. 

Flowers  decussate  in  open  spikes,  spike  shorter      long;  lobes  4  or  5,  subequal,  lanceolate,  3-5  mm 
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Figure  3.      Distribution  based  on  specimens  of  Striga  aequinoctialLs  (circle),  S.  angolensis  (triangle),  and  S.  angus tifolia  (diamond). 

long,  as  long  as  tube.   Corolla  weakly  bilabiate,  leaf-like  bracts  that  surmount  the  calyx,  at  least  at 
mauve,  tube  12-13  mm  long,  bent  and  expanded  the  base  of  the  inflorescence, 
distally  above  calyx,  densely  glandular-pubescent; 

lobes  of  lower  lip  7-8X2  mm,  obovate,  upper  lip  ,    &fcc'frf  W^mens  examined.     ANGOLA.  Bengiiella: 

c  v  o  .        «       ,.  .7,        '    r]  PP        P  Benguelk,  12°36'S,  13°2()'K,  GossweUer  3504  (K);  Catum- 5  X  3  mm,  obovate,  slightly  notched.  be^    UoS0%    ̂ .j,     fWW  ^    (K)     Lunda 
c,_-  fl  ---,*!_«•.  :  ♦  •   *     i*     u  i      j  South:  small  river  between  River  Luachi  &  River  Lumeii, 
5*1*11  ango/e^,s  is  restricted  to  boggy  grassland  l(m,s  ̂ ^  y  |aw  (()Dy)   Ma,  (Ja  Jo; 

and    wet    areas    in    Angola    between    9  48'S    and  9°48'S,    16°1()'E,   Faulkner  AM 6  (K).   Mexico:   boggy 
12°50'S  (Fig.  3).  Because  there  are  numerous  col-  grassland  by  River  Chibamba,  12°4()'S,  20°45'E-  Milne- 

lections,  we  assume  that  S.  angolensis  was  fairly  ?ff*?^  4J6L  ̂ ;_.Kiv.er  Luena:   Vi[a   Luzo<    H°45'S, 
common  in  this  region,  but  we  are  not  aware  of  any 
recent  collections. 

19°5()'E,   Exell  &  Mendonca    1353   (BM),    Young   1347 
(BM),  Young  1365  (MO). 

While  many  witchweeds  are  plants  of  dry  areas, 
S.  angolensis  is  part  of  a  guild  of  witchweeds  that 
inhabit  wetlands,  including  &  latericea,  S.  forbesii, 
and  S.  junodii  Schinz. 

A  statistical  analysis  of  the  genus  (Mohamed, 
1994)  suggested  that  Striga  angolensis  is  closelv 

3.  Striga  angustifolia  (Don)  Saldanha,  Bull.  Bot. 
Surv.  India  5:  70.  1963.  Buchnera  angustifolia 

Don,  Prodr.  Fl.  Nepal:  91.  1825.  TYPE:  Nepal. 
Wallich  s.n.  (holotype,  K!). 

Annual,  10-50  cm  tall,  stiffly  erect,  unbranched 

related  to  S.  hallaei  A.  Raynal,  S.  dalzielii  Hutch.,  or  with  2  or  3  branches  from  below  middle,  pubes- 
&  klingii  (Engl.)  Skan,  and  S.  macrantha  (Benth.)  cent  or  sometimes  densely  hispid  with  short  upward 
Benth.  They  can  be  distinguished,  however,  on  leaf  curved   hairs,  stem  obtusely  square.   Leaves   10- 
and  bract  characters.  Striga  angolensis  and  S.  hal-  20(-30)   X   1-3  mm,  linear,  alternate,  as  long  as 
laei  are  the  only  two  Pentapleurae  with  prominently  internodes,  entire,  veins  obscure.  Lower  bracts  10- 
veined  leaves,  a  feature  common  in  at  least  six  spe-  25  X   1-2  mm,  leaf-like,  longer  than  calyx,  upper 
ies  in  section  Polypleurae.  Striga  dalzielii,  S.  ma-  bracts  subulate,  shorter  than  calyx.  Flowers  alter- 

crantha,  and  S.  klingii  (sect.  Polypleurae)  differ  nate  in  lax  racemes,  raceme  shorter  than  vegetative 
from  S.  angolensis  in  having  dense  leafy  spikes  and       stem.  Calyx  15-ribbed:  ribs  prominent,  pilose,  8- 
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12  mm  long;  tube  3^6  mm  long;  lobes  5,  equal,       (K);   Marandellas,   Charter  Estate,   
18°15'S,  31°2()'E, 

linear  to  lanceolate,  3-6  mm  long,  equal  or  sube-  8 

qual  to  the  tube.  Corolla  creamy  white  with  green- 

ish tube,  tube  10-15  mm  long,  bent  and  expanded      4-   Slri8a  asiatica  (L.)  Kuntze,  Rev.  Gen.  PI.  2 

distally  above  calyx,  densely  pubescent;  lobes  of 

lower  lip  4—8  X  2-4  mm,  obovate,  upper  lip  3-4 

X  3^1  mm,  broadly  obovate,  emarginate  or  trun- 
cate. 

466.  1891.  Buchnera  asiatica  L.,  Sp.  PL:  630. 

1753.  TYPE:  Comoro  Islands.  St.  Joanna,  7b- 
reen  s.n.  (LINN,  photograph!). 

Plant  annual,  up  to  40  cm  tall,  stiffly  erect,  usu- 
T     Af  .        c  -r  /■  •     .i  11  ally  branched  from  middle,  scabrous,  hispid,  stem 
In  Africa,  S.  angustifolia  grows  in  the  seasonally  J  n '        \ 

,       i       £  rp  A,  i      •    w  i  •  obtusely  square.  Leaves  (10— )20— 50   X    1—  6  mm, 
wet  grasslands  of   Ianzania,  Malawi,  Mozambique,  J     M  .    v  . 
rj      ,.  1-7-iu         u  *  noro'c         j  linear  or  narrowly  elliptic,  opposite,  longer  than  m- Zambia,    and    Zimbabwe    between    9  bz  b    and  /  .  .  .  T 

22°05'S  (Fig.  3).  It  does  not  attack  crops  in  eastern 

Africa,  although  it  has  been  cited  as  a  pest  of  ce- 

ternodes,    margin    entire,    veins    obscure.    Lower 

bracts    15-35(-50)    X    1-3   mm,   leaf-like,   upper 

,     '      ,  T    ,       /o         •  i       x      i         bracts    lanceolate,    all    bracts    longer   than    calyx, reals    and    sugarcane    in    India    (Kamaian    et    al.,  \  .         ° 
1983).  The  occurrence  of  5.  angustifolia  in  native 

grasslands  and  its  absence  in  agroecosystems  sug- 

gest it  is  indigenous  to  East  Africa.  Striga  angus- 

tifolia is  sympatric  with  and  apparently  related  to 

S.  pubifiora  Klotzsch.  and  S.  junodii  (Mohamed, 

1994).  The  Indian  species  S.  masuria  superficially 

bles  5.  angustifolia,  but  the  relationship  be- 

tween these  two  species  has  not  been  investigated. 

Striga  angustifolia  is  widespread  in  India  and  Sri 

Lanka,  and  is  known  from  a  single  collection  in 

Oman.  See  Hepper  (1986)  regarding  typification. 

Flowers  alternate  in  lax  terminal  racemes,  raceme 

longer  than  vegetative  stem.  Calyx  10-ribbed,  7-9 

mm  long;  tube  5-7  mm  long;  lobes  5,  equal,  or  6 

to  8  unequal,  narrowly  lanceolate,  <  Vi  tube  length. 

Corolla  red  with  yellow  throat,  occasionally  yellow, 

tube  11-14  mm  long,  bent  and  expanded  distally 

above  calyx,  sparsely  to  densely  pubescent;  lobes 

of  lower  lip  3-5  X  2-3  mm,  obovate,  spreading, 

upper  lip  3  X  3-4(-7)  mm,  emarginate,  wider  than 
long. 

Tl le    re d-flowered    witchweed,    which    severely 

damages  sorghum  [Sorghum  bicolor  (L.)  Moench.], 
Selected  specimens  examined.      MALAWI.  Central:  6       maize  (Zea  mays  L.),  and  other  crops,  is  S.  asiatica. 

km  N  of  Kasungu,  12°55'S,  33°29'E,  Grosvenor  &  Renz  „  na7A\  mtainJ  tU*  no™*.  <s   n*intim  (nr 1/100  <v\  v  u-11     iQon'c   9901  r f r    7    7        9909  Hepper  (1974)  retained  the  name  a.  asiatica  lor 1038  (K);  Kasungu  Hills,  13  0  S,  33  15  L,  Jackson  2282  I,  ,  ,11  •  1      1     1         i         in 

(K);  Kasungu  National  Park,   13°35'S,  33°32'E,  Pawek      the  well-branched  pl
ant  with  dark-colored  flowers 

over  S.  lutea,  the  name  used  for  many  years  for  the 

species  of  agronomic  importance  (e.g.,  in  the  Unit- 

Clounie  178 ̂ (K).  Southern:  Mount  Mlanje^abovej.ikhu-       ed  §tateS9  sanc|  et  a^  1990).  Striga  lutea  (see  dis- 
cussion below)  and  S.  hirsuta  may  also  have  red 

12015A  (K);  near  Tamanda  Mission,  Robson  1094  (BM. 

K).    Northern:    Nyika    Plateau,    10°30'S,    34°0'E,    Mc- 

bula,  16°5'S,  35°40'E,  Hepper  7368  (K);  Saturi  Stream, 

Likhubula  Valley,  Mulanj  Mountain,  16°15'S,  35°27'E, 
Chapman  &  E.  G.  7186,  9000  (K);  Zomba  Mountain,  Chi- 

vunde  Valley,  15°30'S,  35°19'E,  Im  Croiz  2735  (MO); 
Zomba,    15°30'S,  35°19'E,  Hepper   7333  (K).   MOZAM- 

corollas. 

Striga  lutea  and  S.  hirsuta  can  also  attack  crops, 

but  with  no  discernible  damage.  Because  of  con- 

BIQUE.  Inhambane:  Mabote,  22°5'S,  34°5'E,  de  Koning      fusion  amon„  these  plants,  reports  in  the  literature 
of  a  red-flowered  witchweed  damaging  a  crop  need 

arrupa 

471  (K).  TANZANIA.  Ruvuma:  just  E  Songea  District 

Boundary,    10°42'S,    35°37'E,    Milne-Redhead  &    Taylor 

10577    (K);    Songea,    3    km    W    of    Gumbiro,    10°15'S, 

to  be ven ified. 

17    mi. 

Some    workers,    e.g.,    Musselman    and    Hepper 

35°42'E,  Milne-Redhead  &  Taylor  10024  (K);  S  of  Hanga  (1986),  have  lumped  S.   asiatica,  S.   lutea,  and  S. 
River,  64  km  from  Songea  on  Njombe  Road,  also  collected  ̂ ^  ag  fl  sing,e  species,  &   asiatica.   However, 120    km    from    Songea   on    Lindl    road,    Songea    District,  /inn.  _,  .   .      .  u   1      • 

9°52'S,  35°22'E,  Gilbert  17889  (K).  ZAMBIA.  Southern:  Mohamed  (1994
)  reported  consistent  morphologi- 

NE    of   Choma,    Brachystegia   Wood,    16°40'S,  cal,  ecological,  and  phenologieal  differences  among 

27°18'E,  Hutchison  &  Gilbert  3537  (K);  Glioma,  16°55'S,  these  and  concluded  that  three  taxa  should  indeed 

26°59'E,  Robinson  1214  (K).  ZIMBABWE.  Maniealand:  j)e  reCognized 

Inyanga,  Cheshire,   L8°15'S,  3T48'E,  Norlindh  &Wei-  geographica,  range  of  S.  asiatica  includes marck    4878     K);    Inyanga,    Ghikon    Reserve,    18°0'S.  ,  ,  ,   »r  . 
32°30'E,  Masierson  217  (K);  Umtali,  Zimunya  Reserve,  southern  and  central  

Africa,  where  it  is  common  on 

18o50'S,32°37'E,  Chase  6854  (K).  Mashoiialand  North:  light  sandy  soils.  It  has  also  been  collected  from 

River  Ruya,    16°50'S,  31°2()'E,  Philcox  &  Drummond  Abu  Zaabal,  Nile  Delta,  Egypt  (Fig.  4),  no  doubt 
9054  (K).  Mashoiialand  South:  Goromonzi,  Kopje  Dom-  through  contaminated  grain  seed,  which  is  a  major 
boshawa,  17WS,  31WE.  Plnlcotet  al<W3  (K)    Go-  rf  ^  ^  &,      ̂     ̂   md_ ronionzi,  Kopje  Ngomakunra,  1 7  58  h,  3 1  22  E,  rhilcox  r  .    . 

et  al.  9127  (K);  Lower  Sahi,  Videw,  19°20'S,  31°25'E,  agascar  and  southern 
 Afnca,  especially  Botswana, 

Videw  8110  (K);  Macheke,  18°0'S,  31°47'E,  Eyles  8799  S.   asiatica  does   most  damage  to  crops  like  sor- 
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Figure-  4.      Distribution  based  on  specimens  of  Striga  asiatica  (circle)  and  S.  aspera  (triangle). 

ghum,  maize,  and  millet  [Pennisetum  americanum 

(L.)  Schumann]  (Ralston  et  al.,  1987). 

Selected  specimens   examined.      ANGOLA.   ('iianza 
North:   Cassoalala,  9°25'S,    14°2()'K,  Anonymous  Ki47 

S,rigl,  asiatica  ,s  no,  recorded  as  a  pes,  in  Africa      SJSSS.'SSS  ' ffi 5  ™T" . ' ™  »  £ anda:  Zenzado,  8°48'S,   13°I4'K,  Gotswelier  4466  (K). BOTSWANA.  Central  Mahalalswe  Lands  2(K)  km  N  of  Ga- outside  this  region  except  in  Kenya  (Musselman, 

unpublished)  and  its  introduction  in  the  Republic       barone,  Musselman  7003  (ODU).  Central:  Swooning,  near 

of  Togo  (Agbobli,  1991).  Recently,  rice  in  Mada-      Serowe,  22°28'S,  26°47'E,  Mitchison  1975  (K).  Chobe: 

gascar  has  been  attacked  by  S.  asiatica  (Geiger  et      formabachena,    near    Pandamatenga,    18°9'S,   24°24'F, Musselman  el  al.  9/4/86  (ODU).  Ngamiland:  Okavango, 
Morerni    Wildlife,    19°10'S,    23°16'E,    Smith    845    (K). 

al.,  1996). 

The  center  of  origin  of  S.  asiatica  is  most  likely      Southern:  fobatsi,  Magaba'ne,  25°I2'S,  25°38'E,  l)e  Bell African  (Raynal-Roques,  1991);  it  probably  evolved  878  (K).  BURUNDI,  Eastern:  Astrida  (Rubona  Ineae), 

in  southern  Africa,  Madagascar,  or  the  Mascarenes.  2°33'S,  29°45'F,  Michel  5367  (K).  CONGO.  Kinshasa: 

This  assumption  is  supported  by  the  presence  of  K,T^Z  C^Hdville),  4°2()'S,  15°15'E,  Baldwin  s.n. ,.  •      .  j       !  t-     ,        ,       jVl         j  (K- DEMOCRATIC  KKPUBUC  OF  CONGO.  Ban-Zaire: 

rL77  T  o      ? "       ,Vdy  related  (M°hamed'  Boma,  5°48'S,  13VE.  So^  /«9  (K).  Kasai  Oriental: 
1994)  b.  elegans  Benth.  only  in  southern  and  east-  Gandajika,  6°45'S,  23°57'K,  Sieber  2401  (GH).  EGYPT. 
ern  Africa.  If  correct,  then  the  S.  asiatica  popula-  Delta:  Abu  Zaabal,  3()°15'N,  31°2I'E,  Elhadi  &  Khattab 

tion   introduced   to  the   Carolinas   in   the   United  90/188  (S).  KENYA.  Coast*  Kilifi,  3°35'S.  39"5!Vh\  Mog- 

States  came  from  southern  Africa.  Allozyme  studies  f^  ̂ V^' STSZZ  h^, Fore8t'  ̂ ^  *^  (K)" 
•     .-    „.      ,,     .    .,       •    ,      ,      ,.  /  -  Nairobi:  Naimhi,  1°I7'S.  36°48'K,  Napier  51  (K).  North 
indicate  that  the  introduction  occurred  once  from  Easlern!  (;lu)m  Airehip    ,8  mi    ̂    K      <  '  1'35'S 
an  autogamous  population  (Werth  et  al.,  1984).  41°22'E,  Gillespie  186  (K).  Rift  Valley:  Isiolo  to  Mathews 
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Range,  0°24'N,  37°33'E,  and   Mountain  Nyiru,  2°10'N,       Striga  aspera  van  schweinfurthii  Skan,  Fl.  Trop.  Afr.  4(2): 
36°50'E,  Nesbould  1958  (K).  LESOTHO.  Western:  Ma- 

fetieng,  29°5()'S,  27°10'E,  KB.  6431  (K).  MADAGAS- 
CAR. Southern:  Katoala,  S  of  Ambovombe,  25°8'S, 

46°5'E,  Decary  9014  (US).  MALAWI.  Central:  Bunda 

Agriculture  College  Farm,  23  km  S  of  Lilongwe,  14°8'S, 
33°47'E,  Brummit  8661  (K).  Northern:  Rumpi,  1  mi.  up 

403.  1906.  TYPE:  Sudan.  Schweinfurth  1992  (holo- 

type,  K!). Striga  aspera  var.  filiform  is  Benth.,  in  DC.  Prodr.  10:  501. 
1846.  TYPE:  Niger.  Vogel  15  (holotype,  K!). 

Annual,  to  53  cm  tall,  slender,  unbranched  or 

Shelinda   River,    10°55'S,   33°53'E,   Pawek   12566   (K).       branched  from  the  middle,  densely  hispid,  stem  ob- 
Southern:  Lower  Shire  Valley,  15°45'S,  35°0'E,  hiwrenee 
15  (K).  MOZAMBIQUE.  Cabo  Delgado:  15  km  on  Mo- 

cimboa-Mueda  Road,  10°40'S,  40°35'E,  Jasen  8158  (K). 

tusely   square.    Leaves   (10-)20-35(-60)    X    l(-2) 

mm,  opposite,  linear,  ascending  or  spreading,  Ion- 

Gaza:  3  km  from  Chibuto,  24°39'S,  33°30'E,  De  hemes       ger  than  internodes,  margin  entire,  veins  obscure. 
&  Balsinhas  92  (K).  Inhambane:  Govuro,  7  km  from 

Banamana,  24°2'S,  34°54'E,  Correia  &  Marques  4142  (K). 

Manica:  Odzi  River  Valley,  18°59'S,  32°37'E,  Jeagu  84 

Lower  bracts  8-30(-40)  mm,  leaf-like,  longer  than 

calyx,  upper  bracts  lanceolate,  shorter  than  calyx. 

(K).  Maputo:  Namaacha,  25°59'S,  32°05'E,  Sousa  555      Flowers  alternate  in
  open  racemes,  raceme  shorter 

(K).  Niassa:  E  Coast  of  Lake  Nyasa,  Johnson  101  (K). 

Zambezia:  I.ugela,  Haniagru,  16°25'S,  36°43'E,  Faulk- 

ner  90   (K).    NAMIBIA.    Owambo:    Olukonda    18°0'S, 

5-10 

4-6 

.    „  ear,  3-5  mm  long,  as  long  as  tube.  Corolla  weakly 
16°3'E,  Reed  3/1888  (K).  SOUTH  AFRICA.  Natal:  Dur-       ,.'.  ,-.  ,7       l       U;^\  n.k- 19   1* 
u„„  u„_u    d__..,    w^-«    wwv    /,^A.c   7//090      bilabiate,  pinkish  purple  (rarely  white),  tube  12-16 

mm  long,  bent  and  expanded  distally  above  calyx, 
ban  North,  Prospect,  29°55'S,  30°56'E,  Forbes  1/1929 
(K).  Nxikazi:  Kangwane  Homeland,  Musselman  7022 

(ODU).  Orange  Free  State:  Kroonstad,  27°46'S, 
27°12'E,  Rogers  96  (US).  Transki:  Grigualand  East,  Cly- 

4- 

4-7 

dis-dall,  3WS2%S  /^(GH)   Transvaal:  ^  Qr  subtmncate,  as  long  as  wide. near  Pretoria,  25°4()'S,  28°10'E,  Gkvile  41  (K).  SUDAN. 
Al-jazirah:  Gir,  Anonymous  2159  (K).  Bahr  Al-Gabal: 

Addai,  9°50'N,  24°()'E,  Anonymous  2180  (K).  Northern: 
Ghattas,  Schweinfurth  2285  (K).  Jungali:  Bor,  Zandi 

Land,  Li  Atafu,  6°I2'N,  31°20'E,  Wyld  225  (K).  TAN- 
ZANIA.   Arusha:    Endabash,    Lake    Manyara    National 

Superficially,  Striga  hermonthica  and  5.  aspera  re- 
semble one  another.  There  are  three  characters  to 

distinguish  between  them:  corolla  tube  bend,  pubes- 

cence, and  size  of  calyx  lobes.  In  the  field,  S.  aspera 

Park,  3°4()'S,  35°5<)'E,  ̂ nway&PolhM  11305  (K).      c&n  be  (]ifferentiated  from  S-  hermonthka  by  its  slen- Dar  es  Salaam:  Dar  es  Salaam,  6  47  S,  39  18  K  Kuntze  .      .  ,      , 

7/iv94  (US).  Iringa::  Ruaha  National  Park,  at  road  to  Ido-       <*er  stem  and  the  p
inkish  purple  corolla  tube  bent 

di,  7°40'S,  35°25'E.  Bjronstad  1294  (K).  Lindi:  Naching-  distally  above  the  calyx  teeth.  The  tube  of  S.  her- 

wea,  1()°28'S,  38°49'E,  Anderson  846  (K).  Mafia  Island:  monthica,  on  the  other  hand,  bends  in  the  middle, 
Kikuni,  Greenway  5097  (K).  Mara:  Kampi  Ya  Mawe,  25  that  ift^  proxjma]ly  within  the  calyx  teeth.  Unfortu- 
mi.    from   Scronera    Musoma,    1°30'S,   34°6'E,   Greenway  ,       .  ,  .  ,    .  ,.        ̂ u—^*— 
"*.lft^  m/f  XI         »,       .  ■       z-oo/c  o7o9A,i/       nately,  there  are  plants  with  intermediate  characters. 10519  (K).  Morogoro:  Nguru  Mountains,  6  3  S,  37  26  h,  **  * 

Thulin  &  Mhoro  3140  (K).  Mwanza:  Nyahanga,  2°20'S,       Striga  aspera  is  sparsely  glandular-pubesc
ent,  while 

33°3'E,  Tanner  810  (K).  Pwani:  23  km  SE  of  Bagamoyo,      S.  hermonthica  lacks  a  glandular-pubescent  corolla 

tube.  The  glandular  pubescence  of  the  corolla  and 

ba,  r30'S   31-45'K,  Bullock  377C <  (K).  Ruvuma: Jun-       ̂   short  ̂       ̂   are  ̂   mos{  consistent  char. duru,  60  mi.  from  Masasi,  1 17  S,  37  2  E,  Richards  17980  J.  _  .       .  , 

(K).   Shinyanga:   Shinyanga,   3°30'S,   33°30'E,   Choner  meters  separatin
g  these  two  species.  Calyx  lobes  in 

2005  (K).  Singinda:  Manyoni,  S  of  Itigi  Station,  5°37'S,  S.  aspera  are  almost  equal  to  the  tube  length  with 

34°27'E,  Greenway  &  Polhill  1 1736  (K).  Tanga:  Dahali-  the  adaxial  lobe  more  than  1  mm  long,  whereas  the 

Madanga,  4°45'S,  39°' E,   Tanner  3018  (K).  Zanzibar:  ]obeg  ()f  &   hermonthica  are  short,  triangular.  The 
Chaani,  and  Pemba,  Greenway  1204  (K).  UGANDA.  East-  .     .   .  ,   ,      .     ,  ,         .  ,  .      ~    l__-_ 

»  oo->m   oooo-7'ir   it/;/  oo/ti  v »  uDi  a        adaxial  lobe  is  less  than  1  mm  long  in  o.  tiermon- ern:  Aniuna,  2  4  IN,  33  37  E,  Williams  32  (K).  ZAMBIA. 

Central:  near  Kapushi  River,  Lukanga  Plains,  14°30'S,  tnica. 

27°40'E,   Troprell  2050  (K).  Eastern:   Luangwa  Valley,  Leaves  of  S.  hermonthica  are  more  than  2  mm 

Tunwe  Munkanya,  14°2'S,  30°30'E,  Phiri  79  (K).  North-  ^[^  whereas  leaves  of  5.  aspera  are  rarely  2  mm 
ern:    Chisnoima   Falls,   Luombi    River,    1<)°6'S,   3I°0'E,  .^      Thig  and  ̂   smaiier  stems  ma^e  the  overall Richards  5230  (K).  ZIMBABWE.  Mashonaland  North:  .. 

Midlands,  near  Makava,  17°17'S,  32°42'E,  Musselman  4/  ̂ Pect  «>f  S-  ™Per<1  more  dt-hcate- 

Kukwa 

17/86  (ODU).   Matabeleland  North:   Bulawayo,  Water- Striga    aspera    and    S.    hermonthica    interbreed; 

ford,  20°7'S,  28°32'E,  Narrgrann  459  (K).  Midlands:  both  are  outbreeders.  Aigbokhan  et  al.  (1998, 

Gwelo,  Msasa-Mnondo,  Senka  Area,  19°0'S,  29°46'E,  Bie-  2000)  demonstrated  a  high  rate  of  interfertility  be- 
gel  1912  (K).  tween  the  two  species.   Morphological  differences 

between  the  two  species,  compared  to  within-spe- 

5.   Striga  aspera  (Willd.)  Benth.,  Companion  Bot.       cies  variation,  and  the  low  germination  percentage 

Mag.  1:  362.  1835.  Euphrasia  aspera  Willd.,       of  their  hybrids'  seeds  (Aigbokhan  et  al.,   1998), 
Syst.  2:  776.   1801.  TYPE:  Ghana.  Isert  s.n. 

(holotype,  BM!;  isotype,  C  not  seen). 
support  the  current  taxonomic  treatment  of  recog- 

nizing two  species.  Chromosome  numbers  are  also 
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different,  with  S.  aspera  N  =  18  and  S.  hermonthica       13°26'N,  13°55'W,  Mmselman  7085  (K,  ODD).  SUDAN. 
N  =  19  (Aigbokhan  et  al.,  1998). 

Striga  aspera,   in  its  more  delicate  forms,  may 

Bahr  Al-Chazal:  on  River  Sue,  between  Peili  and  Wan, 
7°10'N,  28°0'E,  Meyers  7329  (GH,  K).  Jungali:  12  km  K 
of  Nyany,  80  km  N  of  Bor,  6°52'N,  31°25'E,  hnk  81/132 

resemble  S.  brachycalyx  Skan  and  S.  passargei,  and       (K).  South  Kurdufan:  Dilling,  Nuba  Mountains,  12°5'N, 
the  three  species  are  sympatric  in  most  of  their      29°41'Ef  Andrews  6  (K).  Upper  Nilei  Djur,  Jeriba  Ghaf- range fas,  8°39'N,  28°35'E,  Schweinfurth  1992  (S). 

Striga  aspera  is  in  the  Sahelian  and  Sudanian 

domains  of  Africa  (Fig.  4),  from  Senegal  to  Sudan       6.   Striga   bilabiata  (Thunb.)  Kuntze,   Rev.  Gen. 
PL    3(2):    240.    1898.    Buchnera    bilabiata 

Thunb.,   Prodr.    PI.   Cap    100.    1800.   TYPE: 
South  Africa.  Thunberg  s.n.  (holotype,  UPS!). 

between  4°43'N  and  15°18'N  (Fig.  4).  Together 
with  S.  gesnerioides  and  5.  hermonthica  it  has  the 

most  northern  distribution  of  all  species.  Unlike  S. 
hermonthica,  however,  the  range  of  5.  aspera  does Perennial,    20-60    cm    tall,    stiffly    erect,    un- 
not  extend  south  of  the  equator.  Striga  aspera  has       ,  ,     ,  .  ,    0  x    0  ,  ,'       r         ,    ,     ' L   ^    i  .       ..     ,         .       ,     .  ,  branched  or  with  2  to  3  branches  from  below  mid- 

dle, pilose  or  scabrous  hispid.  Stem  either  terete, 
be reported  to  attack  maize  but  not  sorghum  in 

Stapf] 

1988) 

2-6 
10-60 

other  species),  and  sugarcane  in  West  Africa  (Park-  ,.                       ,.                  '                ,                 ;     ' 
„  A  r;  i          iono\    tl         *                 r             i  mm'  linear*  ascending  or  spreading,  shorter  or  lon- er &  niches,  1993).  The  extension  of  agriculture  aU       .  x         ,                .          .           . 
\»*~  «^.-  ill                                                ,  .  8er  than  mternodes,  margin  entire,  veins  obscure, into  natural  grasslands  may  expose  crops  to  this  R       .    c  on  v  ,    Q           , .               /          .          . 
B„     •                  •   n     •     \w    *  at-          i         •    •  Bracts  5-zO  X  1-3  mm,  linear  or  lanceolate,  short- species,  especially  in  West  Africa  where  it  is  com-  i              u           l        r-  i mon. 

4- 

2-6(-8) 

or  5  unequal,  linear  or  deltate,  1-5  mm  long.  Co- 
rolla densely  pubescent,  tube  7-17  mm,  bent  and 

expanded  proximally  or  distally;  lobes  of  lower  lip 

l-4(-7)  X  1-2  mm,  upper  lip  2-4(-7)  X  (l-)2- 

4(-7)  mm,  the  three  lobes  of  the  lower  lip  and  the 
two  lobes  of  the  upper  lip  are  fused  almost  their orm 

Kenfack  et  al.  (1996)  have  shown  that  S.  aspera 

in  northern  Cameroon  has  the  broadest  host  range 
(Poaceae  and  Cyperaceae,  18  genera,  24  species) 
of  the  eight  species  of  witchweeds  they  studied. 

Selected  specimens  examined.      BURKINA  FASO.  Cen- 

ter East:  5  km  N  of  Tenkodogo,  11°5()'N,  0°10'W,  Sofa 
&  Mmselman  10/25/87  (ODU).  Eastern:  Fada  N'Gourma, 
12°12'N,  0°25'E,  Rarnal  22127  (K).  Haut  Bassins:  Ban- 
fora,  l()°5()'N,  4°50'W,  Raynal  22394,  22395  (K).  North- 

ern: 5  km  E  of  Godi,  1 1°55'N,  2°24'E,  Safa  &  Mmselman 
10/12/87  (ODU).  Volta:  Boromo,  11°50'N,  2°55'W,  Rayn- 

al 22309  (K).  CAMEROON.  Northern:  Champs/Pied- 

mont, Maroua,  10°35'N,  14°22'E,  Meurillon  1363  (K). 
CENTRAL  AFRICAN  REPUBLIC.  Vakaga:  Dongolo 
Plains,  9°33'N,  21°24'E,  Fay  2794  (K).  ETHIOPIA.  Si- 
damo:  Upper  Birr  State  Farm,  N  of  Bore,  4°43'N, 
37°40'E,  Parker  4065  (K).  GAMBIA.  Central:  Denfi,  Ter- 

ry 3173  (K).  Eastern:  Basse,   13°25'N,  14°28'W,  Terry      Heppers  treatment  (Mohamed,  1994).  All  subspe- 

tips  obtuse  or  acute,  short. 

The  lack  of  dependable  characters  separating  S. 
bilabiata,  S.  rowlandii  Engl.,  S.  barteri  Engl.,  S. 
ledermannii  Pilger,  and  S.  welwitschii  Engl,  led 

Hepper  (1960)  to  reduce  these  species  to  subspe- 
cies of  5.  bilabiata.  Statistical  analysis  of  popula- 

tions of  each  subspecies  of  5.  bilabiata  supported 

1942  (K).  GHANA.  Eastern:  2/3  of  way  between  Adi- 
form 

dame  and  Ho,  6°40'N,  0°30'E,  Morton  s.n.  (K).  North-       „f_  i-        •   f  ,i         T    ,       L.,.. 
en,  in..  N  „f  R.,iM  nliA„  ,in  k;„,^  ..  t '  u  p^       acters  0™W  lnto  one  another.  Like  S.  bdalnata, ern:  just  N  of  Buige  Bridge  on  Kintampo  to  Tamale  Road, 

8°25'N,  1°30'W,  Hossain  & Agyakwah  37826  (K).  Upper: 
Bolgatanga,  10°40'N,  0°50'W,  Hossain  &  Agyakwah 
37829  (K,   US).  GUINEA.  Eastern:   Kankan,   10°30'N. 

S.   linearifolia  also  possesses  a  strongly  bilabiate 
corolla,  winged  stem,  perennial  habit,  and  occurs 

nirrTifff"^' k"  [°V?  nTr   C°f T  ̂SSS1  a  sixth  SuhsPecies  of  *   ««*■!  otherwise,  we LIDI   Office  at   Kouto,  45  km  N  of  Bouandougou,  9°0  N,  c  n         u  /i^™\ 

6°32'W,  Ruhes  230,  233  (K).  MALI.  Koulikoro:  1  1  km  follow  HePPer  ̂ 1960^ 

N  of  Didieni,  13°55'N,  8°25'W,  Mmselman  &  Mohamed  The  following  is  a  key,  followed  by  brief  descrip- 10/6/88  v 

14°39'N,  r>°15'W,  Raynal  225aF(K).  NIGER.  Boundom 
to  Chetimari,  Saadou  1839  (K).  Dosso:  Dongondoutehi, 
13°50'N,  4°8'E,  Parker  2314  (ODU).  Maradi:  Dan  Issa 
Road,  3  mi.  from  Maradi.  13°30'N,  7°7'E,  Hall  452  (K). 
NIGERIA.  Banehi:  Hassan  Estate,  Luna  Road,  10°10'N, 
9°20'E,  Knepper9/2(>/m  (ODU).  Kano:  7  km  S  of  Katsina 
on  Kano  Road  (163  km  N  Kano),  12°57'N,  7°4Q'E,  Parker 
2046  (K).  Plateau:  Jos  Plateau,  Naroguta,  9°50'N, 
4°35'E,  hiwlor  &  Hall  n  46508  (K).  Sokoto:  10  mi.  N 
of  Bussa,  50  mi.  S  <,f  Yclwa,  10°15'N,  4°35'E,  Cook  358 
(K).    SENEGAL.    Oriental:    41    km    NE    of   Velingara, 

tions,  of  the  subspecies  of  S.  bilabiata: 

Kky  to  Subspecies  ok  S.  rhahiata 

1.        Bract  broader  than  leaf;  lower  corolla  lobes  ob- 
tuse        2 

T.       Bract  narrower  than   leaf,  lower  corolla  lobes 
acute         3 

2(1).  Calyx  lobes  subulate,  about  same  length  as 
tube,  flowers  opposite  in  spikes,  spike  as  long 
as  vegetative  stem         6b.  subsp.  bilabiata 

2'.      Calyx  lobes  lanceolate,  <  Vi  tube  length,  flow- 
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Figure  5.      Distribution  based  on  specimens  of  Striga  bilabiate  subsp.  barteri  (diamond),  .S.  bilabiata  subsp.  bilabiata 
(circle),  and  S.  bilabiata  subsp.  rowlandii  (triangle). 

3(1). 

3'. 

4(3). 

4'
 

5(4). 

ers    imbricate   in    strobilus-like   spikes,   spike 
much  shorter  than  vegetative  stem    
      -    6c.  subsp.  jaegeri 

Leaf  scale-like,   <    1   cm   long,   plant  covered 

with  appressed,  hispid  hairs;  corolla  bent  prox- 
imally  within  calyx  teeth    ...    6e.  subsp.  line arifolia 

Leaf  not  scale-like,  3-8  mm  long;  plant  covered 
with  soft  or  hispid  divergent  hairs;  corolla  bent 
distally  above  calyx       4 

Plant  ciliate;  inflorescence  strobilus-like;  calyx 
5  mm  long       6d.  subsp.  ledermannii      expanded  distally  above  calyx,  tube  pubescent  or 

Plant    pilose;    inflorescence   not   strobilus-like; 
calyx  6-12  mm  long             5 
Stem    winged;    calyx    lobes    deltate,    Vi    tube 

length;  spike  shorter  than  vegetative  stem    
           6f.  subsp.  rowlandii 

longer  than  internodes.  Lower  bracts  10-22(-45)  X 

1  mm,  linear,  longer  than  calyx,  upper  bracts  lan- 

ceolate, shorter  than  calyx.  Flowers  alternate,  the 

upper  ones  opposite,  forming  long  open  spikes, 

spike  longer  than  vegetative  stem.  Calyx  6-12  mm 

long;  tube  4(— 8)  mm  long;  lobes  5,  unequal,  linear, 

3^4  mm  long,  about  the  same  length  as  tube.  Co- 

rolla lilac  or  pinkish,   12-14  mm  long,  bent  and 

5'.       Stem  terete;  calyx  lobes  linear,  equaling  tube 
length;  spike  longer  than  vegetative  stem 

glandular-pubescent;  lobes  of  lower  lip  2-3   X    1 

mm,  tips  acute,  upper  lip  2-A  X  2  mm,  tips  acute. 

The  range  of  S.  bilabiata  subsp.  barteri  extends 

from  Senegal  to  southern  Sudan  and  south  into 

Uganda  and  Tanzania  between   14°N  and  3°10'S 

6a.  subsp.  barteri      (Fig.  5).  Within  this  region,  it  occurs  only  in  small 

scattered  populations  among  grasses  in  rocky  sa- 

6a.    Striga  bilabiata  subsp.  barteri  (Engl.).  Hep-       vanna  woodland 

per,  Kew  Bull.  14:  414.  1960.  Striga  barteri 

Engl.,  Bot.  Jahrb.  Syst.  23:  514.  1897.  TYPE: 

Nigeria.  Nupe,  Barter  1170  (holotype,  K!). 

Striga  glandulifera  Engl.,  Bot.  Jahrb.  Syst.  23:  514,  fig. 

Selected  specimens  examined.  BURUNDI.  Ruyigi:  Ki- 

gamba,  3°6'S,  3()°33'E,  Reekmans  7125,  7166  (K). 

CHAD.  Logone-Oriental:  Doha,  8°39'N,  16°51'E,  Elli- 
ott s.n.  (K).  GUINEA.  Northwest:  Kouroussa,  Banko, 

10°45'N,  9°54'W,  Adam  26896  (MO).  GUINEA  BISSAU. 
H-J.   1897.  TYPE:  Sudan.  Schweinfurth  2931  (iso-       Southern:    Madina  do   Boe,    11°45'N,    14°13'W,  Epirito 
type,  K!). Santo  3199  (K);  Kipkarren,  Hill  755  (K).  MALI.  Kayes: 

Madina,    13°25'N,  8°48'W,   Robert    16608  (K).    NIGER. 

Plant  to  18  cm  tall,  usually  unbranched,  densely  /W/.  \m  (GH).'nIGERIA.  Kwara:  slope  near  waterfall 
pilose  with  divergent  hairs,  stem  terete.  Leaves  10-  at  head  of  Jebba  Glen,  9°5'N,  4°50'E,  Meckle  1011  (K). 

40  X  1-3  mm,  linear,  spreading,  tortuous  when  dry,       RWANDA.      Southern:      Mutara,      Ngarama,     2°20'S, 



72 Annals  of  the 
Missouri  Botanical  Garden 

30°10'K,  Alcool  4116  (K).  SENEGAL  Oriental:  Tamba-       Banguella,  L2°36'S,  13°20'E,  Gossweller  2234  (K).  Mux- 
counda,  Hasirik,  I3°45'N,  13°4()'W,  Adam  17917,  17934      ico:  2  mi.  N  of  Jimele  River  bridge  on  Caianda-Mwini- 

lunga  road,  1 1°17'S,  23°48'E,  Richards  17147  (K).  BOT- 
SWANA. 3  mi.  SW  Nzinzi  down  Omuramba  Mpungu, 

Winter  3995  (K).  Ngamiland:  banks  of  Okavango  Kiver 
at  Runtu,  19°34'S.  23°15'E,  Winter  &  Mania  U78,  4913 
(K).  North  District :  Tsetse  Ely  Camp,  W  of  Parakarungu, 
Lambrecht  264  (K).  Southern:  Digkatlong  Ranch, 
25°4()'S.  25°3'E,  Hansen  3016  (K,  MO).  DEMOCRATIC 
REPUBLIC  OF  CONGO.  Kivu:  6.3  km  NW  of  Katshun- 

gu,  2°22'S,  27°22'E,  Anonymous  4863  (K).  Shaba:  Ka- 
tanga, Biano  Plateau,  7°0'S,  27°22'E,  Russell  41  (K).  LE- 

SOTHO. Central:  N  of  Blue  Mountains  Pass.  29°30'S, 
28°3()'E.  Dieterlen  527  (K).  Northern:  Leribe,  28°58'S. 

(MO),  Tutin  162  (K).  SUDAN.  Kquatoria:  Zandi-land, 

Ibba.   4°5()'N,  29°I0'E,    Wytd   725  (BM).  TANZANIA. 
Mwanza:  Nyanhanga,  Bugufi,  Ngara,  3°1()'S,  33°8'E, 
Tanner  SI  10  (K).  Ziwa  Magharibi:  Bukoba.  near  Nddma, 

l°3()'S,  31°1()'E,  Harrer2227  (K);  W  Lake  Province,  Lu- 
sabanga,  Bibaramulo,  2°52'S,  31°12'E,  Tanner  5655  (K); 
W  lake  Prov.,  Murukurazo,  Bugufi,  Ngara,  2°25'S. 
30°35'E,  Tanner  5108  (K).  UGANDA  Eastern:  Sorati, 
Kapiri  Ferry,  1°43'N,  33°35'E,  I  And  340  (K).  North  Bu- 
ganda:  Butemba-Singo,  1°8'N,  31°35'E,  Brown  2027  (K); 
Kambuga,  Kizezi,  1°0'S,  29°58'E.  Purseglove  2711  (K). 
Northern:  2  km  SE  of  Kikandwa,  3°38'N,  32°7'E,  Isster 

&  Morrison  2337  (K).  South  Buganda:  Masaka,  0°2I'S,  28°()'E,  Dieterlen  529  (K).  MALAWI.  Central:  Lilongwe, 
3I°45'E,  Elliott  1481  (K);  Mubende,  Lukwaninigo  Hills,  13°59'S,  33°47'E,  Jackson  649  (K).  MOZAMBigUE.  Ma- 
PO'N.  31°()'E.  Ltnbrester   18  (K).  Western:   Mubende.  puto:  Namaacha,  Mt.  Ponduine,  26°0'S,  32°25'E,  Schuter 
l°5'N.  31°5'E,  Lind  2027  (K),  Plant  706  (K);  Toro,  Oruha  *  Nuvunga  6644  (K).  NAMIBIA.  Windhoek:  20  mi.  SW 
Hill.  ()°25'N,  30°3()'E,  Eggeling  4033  (K). 

6b.   Striga  bilabiata  Kuntze  subsp.  bilabiata 

o,  ■       ,,      ,  „     ,.      r  .....        ,    ..,„        29°28'E.  Ross  2240  (K).  Orange  Free  State:   Barkly Striga  thunbergu   Benlh..  Companion   Bot.   Mag.   1:  363.       w,    ,   ,,  .        ...      ,  .     V>ooon>c   ̂ o0i.,.^    .       ,     ,  io,  lV.\ 

of  Windhoek.  Farm  Haris,  22°35'S.  17°4'E.  Winter  2540 
(K).  SOUTH  AFRICA.  Cape:  Stockenslrom,  Nogsback. 

32°4()'S.  26°5()'E.  Uighton  2948  (MO).  Natal:  Bethle- 

hem,   Royal    National    Park,    Tugela    River.    2804.r>'S. 

1835.  TYPE:  Botswana.  (?)Anonymous  2494  (holo- 
lype,  K!). 

Striga  thunbergii  var.  grandiflora  Benth.,  in  DC.  Prodr.  10: 
502.  1846.  TYPE:  South  Africa.  Kat  River  Poort, 
Drfge  2297b  (holotype,  K!). 

Striga  welwitschii  Engl..  Bot.  Jahrb.  Syst.  23:  514.  12,  fig. 
F,  G.    1897.  TYPE:   Angola.    Welwitsch  5821/5820 
(holotype.  K!;  isotype,  BM!). 

West,  Cristaalfrontein.  28°30'S,  24°26'E.  Acocks  1481  (K). 

Transkei:  (;ri(1ualand  East,  Clydesdall,  30°40'S,  29°0'E, 
Tyson   894   (GH).   Transvaal:    Albany.    Alieedale   Boad, 

26°6'S.  28°5'E.  fl«v/i.w  8112  (MO,  US).  SWAZILAND. 

Hhohho:  5  km  NW  of  Mbabane,  26°I8'S,  31°6'E,  Kemp 
701  (MO.  US).  Matobo:  Farm  Bosua  Kobila,  Miller  7260 
(K).  ZAMBIA.  Central:  5  mi.  from  Mumhwa  on  Road  to 

Kafue   Hoek,    15°0'S,   26°52'E,   Drummond  &   Cookson 

*.  .       ,,      ,'                   :'    ,-n     ".-     ,     •     „          „                    6185  (K).  Copperbelt:  3  km  NE  of  Mufulira,   I2C30'S. Striga  thunbergu  var.  grandiflora  Engl.,  in  Baiim  Kunene-       oo0, ri,    n...:.  oti  ,v\    ■   i._.  i>__i._..   n:n    no.„»#e 
Sand).  Exped.  369.  1903.  TYPE:  Angola.  Lmgamin- 
diing.  Haum  552  (holotype,  K!). 

Plant  20(-40)  cm  tall,  usually  unbranched  or 
with  2  or  3  branches  from  base,  scabrous,  densely 

hispid  with  divergent  hairs,  stem  square,  furrowed. 

Leaves  10-20(-30)  X  l(-2)  mm,  linear  or  lanceo- 

28°17'E,  Cruse  372  (K).  Lusaka:  Broken  Hill,  14°30'S, 
28°29'E,  Mutimushi  932  (K).  Mbala:  Lyopa  Plain,  Sanane 

980  (K).  Northern:  16  km  N  of  Mbala,  8°40'S,  31°15'E, 
1'hilcox  et  al.  10170  (K).  Western:  4  mi.  N  of  Kalobo, 
14°55'S,  22°30'E,  Drummond  &  Cookson  6451  (K).  ZIM- 

BABWE. Farm  Besna  Kobila,  Miller  2630,  2671,  5737 

(K).  Lomagundi:  Great  Dyke,  Philcox  &  Muller  9080  (K). 

\laniealand:  lnyanga,  Cheshire,  I8°15'S,  32°42'E,  A'or- 

late,  ascending,  decussate,  longer  than  internodes.      lindh  &  We<"><ir<*  44347  (K).  Mashonaland  South:  Ma- 

Iti         cheke,  18°6'S,  31°47'E,  Kyles  2015  (K).  Mataheleland late,  cii-       South.  Matopo,  20°28'S,  28°29'E,  Miller  1590  (MO). 
All  bracts  similar,  6—18 

iate,  enclosing  calyx,  broader  than  leaves.  Flowers 

opposite  in  short,  dense  spikes,  spike  as  long  as 

vegetative  stem.  Calyx  6-10  mm  long;  tube  3— 5(-7) 

mm  long;  lobes  5,  unequal,  subulate,  3—5  mm  long, 
about  the  same  length  as  tube.  Corolla  white  or 

mauve,  tube  10-15  mm  long,  bent  and  expanded 
proximally  within  calyx  teeth,  densely  glandular- 

pubescent;  lobes  of  lower  lip  2-4  X  1-2  mm,  tips 

,  upper  lip  2-5(-7)  X  2-4  mm,  tips  obtuse. 

Striga  bilabiata  subsp.  bilabiata  is  found  only 

between  2°22'S  and  34°02'S  (Fig.  5)  in  southern 

6c.   Striga  bilabiata  subsp.  jaegeri  Hepper,  Kew 
Bull.  14:  415.  1960.  TYPE:  Mali.  Massif  de 

Kita,  Jaeger  k.2  (753/51)  (holotype,  K!). 

Striga  hroui/lelii  Mielcarek,  Bull.  Jard.  Bot.  Belg.  Bull. 
Nat.  Plantentuin  Belg.  58:  121-127.  1988.  TYPE: 
Guinea  (Conakry).  Mt.  Kankan:  Koumbankourou,  Li- 
sowski  80579  (holotype,  POZG,  photo!;  isotype,  BB not  seen). 

Plant  30-40  cm  tall,  unbranched,  densely  hispid 

Democratic  Republic  of  Congo,  Zambia,  Angola,  W,th  dlvergent  halrs-  stem  win8ed-  Lea
ves  40-70 

Zimbabwe,  Botswana,  and  South  Africa.  It  is  less  X  2"3  mm'  linear  to  narrowly  elliptic,  spreading
, 

frequent  to  the  north  and  unknown  from  the  East  decussate-  alternate  toward  the  apex,  with  promi
- 

African  coast.  This  subspecies  varies  considerably  nent  midrib'  lonSer  than  internodes.  All  bracts  sim
- 

in  height  but  is  typically  about  20  cm  tall.  Striga 
ilar,  9-11   X  3—4  mm,  widely  obovate,  acuminate, 

bilabiata  subsp.  bilabiata  is  strongly  autogamous      ciliate'  encl°sing  calyx>  broader  than  leaves.  Flow
- 

(Ralston  et  al.    1987)  ers  iml)ricate  in  short,  dense,  strobilus-like  spikes, 

Selected  specimens  examined.     ANGOLA.  Banguella:       8  mm  long;  tube  5-6  mm  long,  lobes  4  equal,  or  5 

spike  much  shorter  than  vegetative  stem.  Calyx  7 
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Figure  6.      Distribution  based  on  specimens  of  Striga  bilabiata  subsp.  jaegeri  (triangle),  S.  bilabiata  subsp.  leder 
marinii  (diamond),  and  S.  bilabiata  subsp.  linearifolia  (circle). 

unequal,    lanceolate,    1-2    mm    long, 
length 

%    tube 
Plant  36  cm  tall,  unbranched,  scabrous,  with  cil- 

15-17 10-23 

and  expanded  distally  above  calyx,  densely  pubes-       2-3(-5)  mm,  lanceolate,  decussate,  decurrent,  ap- 

X  2  mm,  tips  obtuse,       pressed,  enclosing  stem,  longer  than  internodes.  All 2-4 

5-2 
5-15  X  2^ 

.5-3 

...  or  lanceolate,  ciliate,  enclosing  calyx.  Flowers  im- Striga  bilabiata  subsp.  jaegeri  is  a  rare  taxon  .   ,  ..,       ...  .,  -k^ 
6       ,  ,      .      .         I,  ,     i  bncate  in  short,  dense,  strobilus-hke  spikes,  spike 

determined  by  its  broad  bracts  and  short  compact  _  .      .  ,  , 

.7',  ii  i  r  i  shorter  than  vegetative  stem.  Calyx  5  mm  long;  tube spikes.  It  has  been  collected  trom  savanna  on  rocky 

plateaus   in   Guinea,   Senegal,   and   Mali   between  -  .       .   . 
i^oio.ivT         i    iooca/m    /i?        £\     e*  •        ii   w  f  long,  about  the  same  length  as  tube.  Corolla  pink, 
10°18  N   and    13  50  N    (Fig.   6).   Striga   bilabiata  &  *  r 
.  ,  .        ,  c    ...   ,.   .         i  •  •  *      ̂   tube  12  mm  long,  bent  and  expanded  distally  above 

subsp.  barteri  and  S.  bilabiata  subsp.  jaegeri  have  „  ,         .  ,  ,  c  ̂ 
,      ,       ,.  .    i     x.  Ai  c     l/    /  •   ♦  calyx,  usually  retrorsely  pubescent;  lobes  ol  lower 

northerly    distributions    than   S.    bilabiata  ^ai?A>  u:5Ucr   7  7  r  ' 
.>.  ,.  i  -  ,., ....     i ____      /_„/••  lin  1-2   X  0.5-1  mm.  short,  tips  acute  or  obtuse, 

more 

linearifi 

upper  lip  3  X  1-2  mm,  tips  obtuse. 

Striga  bilabiata  subsp.  ledermannii  is  endemic 

to  the  northern  province  of  Cameroon  between  9°N 

^i^'^S^'  o  •1°'.Ni  T34'hN'  JUe~      and  10°N  (Fig.  6).  It  is  infrequent,  like  other  sub- ser  753/51.  2541  (K).  SENEGAL  Oriental:  Tamlmcoun-  \_    =>      ■ '  ^ 

da,  Gouloumbou,  14°()'N,  13°40'W,  Adam  14861  (MO).         species  of  S.  bilabiata,  perhaps  because  it  on
ly  par- 

(Figs.  5,  6). 

Selected  specimens  examined.     GUINEA.  Northern:  5 

km    NW   of  Karifameriya,    11°55'N,    13°30'W,   Usowski 

asitizes  perennial  hosts  such  as  Loudetia  simplex 

6d.  Striga  bUabiata  subsp.  ledermannii  (Pilger)  (Nees)  C.  E.  Hubbard,  
Schizachyrium  sanguineum 

Hepper,  Kew  Bull.  14:  413.  1960.  Striga  led-  (Retz.)  Alston,  and  Hyparrhema  
species  (Kenfack 

ermannii  Pilger,  Bot.  Jahrb.  45:  215.  1910.  et  al.,  1996).  Although  the  hosts  of  other 
 subspecies 

TYPE:  Cameroon.  Garoua,  Ledermann  4529  of  S.  bilabiata  have  not  been  studied,  parasitism  
of 

(lectotype,    designated    by    Hepper    (1960),      perennial  hosts  may  explain  why  S.  bilabiata  subsp.
 

BM!). 

ifi 
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abiata  subsp.  jaegeri  are  infrequent  and  occur  only       lands,  6°3'N,  37°35'E,  Gilbert  &  Timlin  415  (MO).  Oga- 
rn all  populations. den  Harerge:  Harar,  Harrar-Jijega,  9°13'N,  42°29'K,  de 

Wilde  6399  (MO).  Shewa:  Awash  National  Park.  8°55'N, 

Selected  s^vimem  examined.     CAMEROON.  North-       39°55'E,  Gilbert  &  S.  B.  1250  (K).  GHANA.  Accra:  Ac- 

ern:  20  km  SW  of  Dourbey,  Biatonmi,  Fotius  2219  (K);       cra  Plains<  5°35'N,  0°6'W,  Morton  6123  (K).  Eastern! 
23  km  S  Oaroua,  9°()'N,  13°25'E,  Musselman  et  al.  10/       Keta  Krachi,  5°55'N,  1°2'E,  Morton  7171  (K).  Northern: 

l(>/88(K.  ()I)U);  Bogalo  by  River  Benue,  9°0'N,  13°50'E,       2    mi-    S    Nasia    °n    Tamale-Bolgalanga    Road,   9°55'N. 
Talbot  313  (RM);  Buar  to  Buala  9°34'N,  13°46'E,  Miebael 

Uppe 

9531  (K);  (;aroa,  9°16'N,  13°25'E,  Udermann  4529  (RM)-       10°52'N,  2°40'W,  Morton  8794  (K).  Volta:  Akuse,  6°6'N. 
Jaiya  Buge,  6°20'N,  16°15'E,  Michael  9706  (K);  Koun-      0°8'E,   Vigne  4359  (US).  GUINEA.  Probegum  364  (K). 
den,    6°7'N,    14°38'E,    Saxer   254    (K);    near    Koubout,       IVORY   COAST.   Northeast:   Gawi-seye,   along  Iringon 

River,  9°14'N,  3°41'W,  Amshoff  225  (MO).  Odienne: 
Odienne,  9°31'N,  7°38'W,  Adam  27125  (MO).  Seguela: 
Seguela  and  Man,  8°0'N,  6°38'W,  Ake  8755  (K).  KENYA. 

9°57'N,  I3°45'E,  Thomas  2452  (MO) 

6 
e.  Striga  bilabiata  subsp.  linearifolia  (Schum.      Central:  uke  ̂ ^  ̂ ^  3(f2(V^  MJthew6m 

&  Thonn.)   Mohamed,  comb.   nov.   Basionym:       (K).  Eastern:  Embu,  Rumbia,  0°32'S,  37°28'E,  Graham 
Buchnera    linearifolia    Schum.    &    Thonn.,      2405  (K).  Rift  Valley:  Chyulu  Hills,  2°40'S,  37°52'E, 

Beskr.  Guin.  PL:  279.  1827.  Striga  linearifolia      Gilbert  &  K(iriuki  18863  (K).  Shiyanga:  Kahawa,  Ken- 

(Schum.   &  Thonn.)   Hepper,   Kew   Bull.    14:      ̂ C«Sl!^ "Kf^Si^^ 
416.  1960.  TYPE:  Ghana.  Thonning  284  (ho- 
lotype,  C,  holotype  negative  #  2785,  2786;  iso- 

types,  K!,  P-JU  not  seen). 

LAWI.  Northern:  27  mi.  N  of  Rumpi,  10°55'S,  33°54'E, 
Bawek  12317  (K,  MO).  MALI.  Koulikoro:  Simidij. 
11°40'N,  7°35'W,  Musselman  &  Mohamed  9/30/88 
(ODU).  NIGER.  Barter  1263  (GH).  NIGERIA.  Kaduna: 
Katsina,  Maska,  13°0'N,  7°35'E,  Keay  25896  (K).  Niger: 

Striga  striclissima  Skan,  El.    Prop.  Afr.  4(2):  407.  190<).       between   Gawu-Abuja   Road  Junction,  9°I5'N,  6°5()'K, 
TYPE:  Nigeria.  Barter  1263  (holotype,  K!). Onochie   18697  (K).   Northern:   Lemnie,  My  146  (K). 

Plateau:  Shere  Mountains,  9°1()'N,  9°50'E,  Hall  &  Dar- 

3-8 

Plant  up  to  62  cm  tall,  unbranched  or  with  1  to  amola  67404  (MO).  Sokoto:  10  km  N  of  Bussa.  50  km 
2  branches  from  base,  covered  with  dense,  white,  S  of  Yelwa,   10°15'N,  4°35'E,  Cook  445  (K).  SUDAN, 

appressed,  hispid  hairs,  stem  winged.  Leaves  re-  Bahr  Al-Ghazal:  Wau,  7°46'N,  2S°2'E,  Anonymous  1651 

X  1-2  mm,  lanceolate,  decussate,  de-  SLI^*1*-  ,Aru8na:  J)"1!:/  <?f  Uk<*  ̂ ^ ,       ,    _,         .          .              .          .  „  3  40  S,  35  53  E,  Lamprey  515  (K  .  Kigoma:  Buha,  56 
current,   appressed,   shorter  than   internodes.   All  rni.  from  Kasu,u  on  Kigoma  Roa(,  y^  :my[i]    lm/. 
bracts   simdar,   5-7(-10)    X    1-2   mm,   lanceolate,  court  3330  (K).  Kilimanjaro:  E  Kilimanjaro,  Mran  Rom- 

slightly    longer   than    calyx.    Flowers   opposite   in  bo*  3°12'S,  37°20'E,  Haarer  517  (K).  TOGO.  Central:  9 

dense  spikes,  spike  shorter  than  vegetative  stem.  km  N  of  Sokode"  9°7'N<  l°10'E'  Hakki  el  aL  2H9  <K>- 
Ar-1  mm  long;  tube  2-3>(-A) 
qual,  linear,  1.5-3  mm  Ion** 

UGANDA.  Bokora:  Iriri,  Nilson  332  (K).  Central:  K  of 

Mengo,  Kakonge,  0°15'N,  32°28'E,  Rwalmrimlore  580 
(MO).  Eastern:  Busana,  Bugisu,  1°15'N,  34°20'E,  Eg- 
geling  350  (K).  South  Buganda:  near  Sanje  K<\st  Camp. length  as  tube.   Corolla  whitish  to  bluish  purple, 

tube  7-14  mm  long,  bent  and  expanded  proximallv  °°49'S,  31°30'E,  An  hole  &  Eggeling  610  (K).  Southern: 

within   calyx   teeth,   densely  retrorsely  pubescent;  *nko,e'   "^  °?#S'.  *"*£•  *?*"»   Jf"   (US)" J  J   \  f  Western:  Busoga,  8  mi.  W  of  Kamuli,  0°58'N,  33  TK, 5-1 

2-4 

Wood  726  (K). 

linearift 

tributed  in  Africa  in  wet  grassy  savannas.  Its  range 

extends  from  13°N  and  reaches  its  southern  limit 

in  Malawi  (10°55'S)  (Fig.  6).  Like  other  subspecies 
of  S.  bilabiata,  it  occurs  in  small  populations  often 
of  only  a  few  plants.  For  example,  we  gathered  it 

6f.  Striga  bilabiata  subsp.  rowlandii  (Engl.) 

Hepper,  Kew  Bull.  14:  415.  1960.  Striga  row- 
landii Engl.,  Bot.  Jahrb.  Syst.  23:  513.  1897. 

TYPE:  Nigeria.  Western  Lagos,  Rowland  1893 
(holotype,  K!). 

once  from  populations  of  two  plants  in  Mali,  Ivory  Plant  UP  to  *^4  cm  ta^  unbranched  or  with  2  or 
Coast,  and  Guinea  (Conakry). 

3  branches  from  base,  sparsely  to  densely  pilose 
10-55 

X  1-3  mm,  linear,  decussate,  decurrent,  ascending, 
longer  than  internodes.  Lower  bracts  7-10(-18)  X 
1-2  mm,  lanceolate,  longer  than  calyx,  upper 
bracts  shorter  than  calyx.  Flowers  alternate  at  bas 

Selected  specimens  examined.  ANGOLA.  Benguela: 
Benguela,  Sambo,  12°30'S,  13°26'E,  Teixerira  303  (BM). 
BURKINA  FASO.  Central:  S  of  Sapones,  ]2°()'N, 
1°3()'W,  Sofa  &  Musselman  10/21/87  (ODU).  Haul  Bas- 
sins:  5  km  S  of  Banfora,  10°4()'N,  5°50'W,  Sofa  &  Mus- 

•^^vTV)'    BU?iSD«  ?m[a,:   GneRft'      °f  inflore^nce,   opposite   above   in   a  somewhat 3  20! S,  29  55  V.,  Anonymous  1829  {K).  Southern:  Dmiga  j^„_         i  1         u  _.       .1 

(Mosso),    Bururi,   4°12'S,   MWE,   Heekmans   6786   (K)  ̂T     Spike'   Spike   sh°rter  than   vt*ge,at»ve  stem. 
CENTRAL  AFRICAN  REPUBLIC.  Bangoran:  4  km  N  Calyx  6~9  mm  lonS'  tube  5-6(-8)  mm  long;  lobes 
of  Camp  Koumbula,  (ianmha  Creek,  8°31'N,  21°13'E,  5'  unequal,  deltate,  1-2  mm  long,  Vi  tube  length. 
Fay  7057  (MO).  ETHIOPIA.  Gamu  Gofa:  Gughe  high-  Corolla  pink,  mauve,  or  white,  tube  9-12(-15)  mm 
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long,    bent    and    expanded    distally    above    calyx,       such  as  heights  and  sizes,  overlap  in  this  species 

densely  pubescent;  lobe  of  lower  lip  2-4  X  1  mm,       complex,  making  them  unreliable  characters, 

tips  acute,  upper  lip  2-A  X  2-\  mm,  tips  acute. 

The  subspecies  is  endemic  to  the  relatively  wet, 

rocky-plateau  grasslands  in  West  Africa  between 

13°N  and  6°10'N  (Fig.  5);  its  range  extends  from 
Senegal  to  Cameroon. 

Selected  specimens  examined.  BURKINA  FASO.  Haut 

Bassins:  18  km  N  of  Banfora,  1()°39'N,  4°50'W,  Leeu- 

wenberg  4357  (K,  MO).  CAMEROON.  Northern:  Mont       middl^   scabrouSi   hispid9   stem   square9  furroWed. 

7.  Striga  brachycalyx  Skan,  Fl.  Trop.  Afr.  4(2): 

403.  1906.  TYPE:  Nigeria.  Nupe,  Barter  1858 

(holotype,  K!). 

Striga  warneckei  Kngl.  ex  Skan,  Fl.  Trop.  Afr.  4(2):  414. 
1906.  TYPE:  Togo.  Warnecke  201  (isotypes,  BM!, 
K!). 

Annual,  to  70  cm  tall,  slender,  branched  from 

Boulorb,  5  km  N  of  Maroua,  10°37'N,  14°22'K,  Letoazey 
624  (K).  CAMBIA.  Hayes  539  (K).  GHANA.  Eastern:  2 )20-37( 
mi. 

NE   of   Kwahu-Tofo   on    road    to   Adawso,   6°15'N,  linear,  ascending  or  spreading,  longer  than  inter- 

0°15'W,  Innes  909  (K);  3  mi.  N  of  Kwahu-Tafo,  6°17'N,  nodes,  margin  entire,  veins  obscure.  Lower  bracts 
0°2()'W,  Harris  1 95  (K).  Northern:  10  mi.  from  Lumbuga,  5_20   X   1   mm,  linear,  as  long  as  or  longer  than 
9WN,  JS'E,  Morton  8795  (K);  2  mi.  beyond  Kwaha-  ^        upper  bracts  subula^  ̂ orter  than  Calyx. Tafo  on  Mankrong  Road,  6°10'N,  0°18'W,  Morton  A663 

(K);  Afram  Glams,  6°50'N,  0°25'W,  Onsow  709  (K);  Da- 

forming 

mongo,  Yendi,  9°17'N,  0°22'E,  Hepper  &  Morton  A3I10      raceme  shorter  than  the  vegetative  stem.  Calyx  5- 

(K);  Kwaha-Tafo,  6°1()'N,  TO'W,  Hall  131,  260  (K);  Okro- 3—6  mm  long:  tube  1.5—3 

so  to  Otiso  Ferry,  1()°0'N,  0°25'E,  Hepper  &  Morton  A3039       5    almost  equal,  linear,  1-3.5  mm  long,  about  the 

(^L0ny^  ll^JrX- iui'if^JiT' rT.?      -me  length  as  tube.  Corolla  purple  with  white  een- Thomas  D138  (K).  GUINEA.  Northern:  Seriba,  Gaoual. 

1I°50'!N,    13°I()'W,    Adam    14812    (MO).    Southern: 
(r>-)9 

k_*  V  ' upper  lip  l-2(-4)  X  2—4  mm,  obovate. 

Striga  brachycalyx  is  widespread  and  often  com- 
mon in  dense  stands  in  the  savannas  of  west  and 

central  Africa  between  13°12'N  and  5°17'N  (Fig. 

N'zerekore,  7°40'N,  8°50'W,  Adam  26898,  27661  (MO).      distally  above  calyx,  sparsely  glandular-pubescent; 

IVORY  COAST.  Northeast:  Dabakala,  45  km  NW  Da-      lobes  of  lower  lip  2-3(-5)  X  1-2  mm,  tips  obtu 
bakala,  8°32'N,  4°9'W,  Geerling  &  Bokdam  2029  (MO). 
NIGER.  Barter  1169  (GH).  NIGERIA.  Bauchi:  Bauchi 

Plateau,  10°25'N,  9°55'E,  lAy  83  (K);  H)°20'N,  9°45'E, 

Lely  P83  (K.  MO).  Kaduna:  3  mi.  N  of  Zaria,  U°B'N, 
7°43'E,    Milne-Redhead    5043    (K);    Kaduna,    10°31'N, 

7°25'E,  HOI  51  (K);  near  Zaria,  11°7'N,  7°43'E,  Dalziel  . 

407  (K);  Riruwai-Kano  Hills,  11°15'N,  8°17'E,  Carpenter      7).  Its  range  extends  from  Ivory  Coast  into  Burkina 

192  (K):  Zaria.  Mando,  Gayam,  I0°27'N,  7°25'E,  Keay  Faso,  Mali,  Ghana,  Togo,  and  Nigeria,  reaching  its 
25833  (K);  Zaria,  Samaru,  1 1°5'N,  7°43'E,  Harris  II  (K);  eastern  limits  in  Sudan.  It  is  also  known  from  Con- 
N  Nigeria,  Pobeguin364  (K)   Oyo:  8  mi.  E  of  Igboho,  Thj  •       j     morphologically   homogenous 
Upper  Ogun  Forest  Reserve,  8°47'N,  4°()'E,  *>«>  s.n.  (K);       B,  .         K  c  i       l        i  ui 
Kogosti,  27  mi.  E  of  llesha,  7°35'N,  4°58'E.  W  3378      throughout  its  range.  Striga  brachycalyx  resembles 

S.  aspera,  but  can  be  distinguished  by  its  smaller 

flowers  and  more  slender  stems.  The  two  species 
(K).    Plateau:    Vom,    Bauchi    Plateau.   9°40'N,   8°48'E, 
Young    185   (K).    SENEGAL.    Casamance:    Ziguinchor, 

Bayotter,  12°35'N,  16°12'W.  Adam  13724  (MO).  Orien-      are  sympatric,  found  in  relatively  drier  savannas, 

tal:  Niokolo-Koba,  13'0'N    13W  Berlunu  163C »g      an{J  f  }     encountered  in  large  p<)pulations. 
Iambacounda,   Niokolo-Koba.    13  :i  N,    13  0  W,  Adam  IJ  .         .     .         , 

14200,  26891,  26897  (MO).  SIERRA   I.EONE.  Kafari      Unlike  S.  cw/xrro,  whic
h  occasionally  invades  agroe- 

(Malal),  Bakshi  146  (K);  Pake  Sonfon,  Gledhill  285  (K).       cosystems,  S.  brachycalyx  is  not  known  to  damage 

Northern:  Buyabuya  Scarries,  9C45'N,  12°10'W,  Elliott      grains  even  though  it  is  very  common. 
4279  (GH);  Falaba,  9°52'N,  11°20'W,  Elliott  5207  (K, 
MO);  Loma  Manza,  9°15'N,  1 1°2'W.  Thomas  155  (K);  near 

Mongo,  Bure  Makonte  Chief<lom,  9°40'N,  11°5()'W,  Glan- 

ville   241    (K),   Adames   224    (K);    Sumbuya,    7°39'N, 
11°58'W,  Thomas  603  (K):  Hhoml)e  Swamp,  Adames  146 
(K);  Robis,  Jordan  190  (K). 

In  summary,  we  recognize  six  subspecies  of  S. 

bilabiata,  the  five  subspecies  originally  proposed 

by  Hepper  (1960)  in  addition  to  5.  bilabiata  subsp. 

linearifolia.  These  form  a  natural  group:  they  are 

generally   autogamous,   perennials,   unbranched, 

Selected  s/>ecimens  examined.  Bl'KKINA  FASO.  Cen- 
ter East:  5  km  N  of  Tenkodogo,  12°()'N,  0°19'W,  Sofa  & 

Musselman  10/9/87  (OI)U).  Center  West:  5  km  W  of 

Godi,  11°55'N,  2°24'W,  Sofa  &  Musselman  10/12/87 

(OI)U).  Central:  1  km  S  of  Kamboiense,  12°25'N, 
l°40'W,  Musselman  6118  (01  )U).  Haut  Bassins:  5  km  S 

of  Banfora,  IO°37'N,  4°44'W.  Sofa  &  Musselman  10/13/ 

87  (ODU).  Northern:  5  km  N  of  Gourcy,  13°12'N. 
2°22'W,  Safa  &  Musselman  10/10/87  (ODU).  Volta:  near 

Boromo  and  Paba,  11°50'N,  2°55'W,  Raynal  2282  (K). 
DEMOCRATIC  REPUBLIC  OF  CONGO.  Kasai  Orien- 

tal: Tumba  Camp,  Kasumanyense  Mbuga,  Bukwa  Valley, 

3°7'S,  23°34'E,  Siame  144A  (BM).  GHANA.  Ayafie,  Ad- 

have  strongly  bilabiate  corollas,  winged  stems,  and  am%>4693  (K).' Northern:  Bole,  9°5'N,  2°29'W,  Morton 
occur  in  small  populations.  Many  of  the  morpho-  A3295  (K).  Upper:  4  mi.  from  Tono.  Navrongo,  10°57'1N. 

logical  features  used  to  distinguish  other  species,       1°40'W.  1  nine  4668  (K).  IVORY  COAST.  Northern:  Kor- 
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Figure  7. 
(diamond). 

Distribution   based  on  specimens  of  Striga  brachycalyx  (triangle),  S.   elegans  (circle),  and  S.  Italian 

hogo,  10  km  SW  of  Korhogo,  9°27'N,  5°38'W,  Riches  243 
(K).    MALI.    Koulikoro:    12    km    N    of  Oulessebougou, 
12°0'N,  7°40'W,  Musselman  &  Mohamed  9/30/88  (OI)U). 
Sikatmo:  fj  km  from  Bougouni,  1 1°32'N,  7°30'W.  Raynal 
22196  (K).  NIGERIA.  Bauchi:  Bauchi  Plateau,  10°25'N, 
<J°5.VE,  My  f>567  (K).  Benue:  Abinsi,  7°20'N,  9°25'E, 
Dalziel  s.n.  (K).  Gongola:  Bogalo.  close  to  River  Benue, 

8°45'N,  10°15'E,  Talbot  312  (K).  Kaduna:  Zaria.  Sarna- 
ru.  11°5'N,  7°43'E,  Hams  4,  7  (K).  Kwara:  llorin. 
8°30'N,  4°32'E,  Parkinson  9/17/86  (ODU).  Niger:  Bida/ 

and  expanded  distally  above  calyx,  glandular  pu- 
bescent; lobes  of  lower  lip  15  X  8  mm,  spreading, 

broadly  round,  upper  lip  8  X  10  mm,  reflexed 
backward,  emarginate. 

Striga  chrysantha  is  from  the  southern  region  of 
the  Central  African  Republic  and  northern  Demo- 

cratic Republic  of  Congo  (Raynal-Roques,  1969). 

uz: ,:;^:^^m^zZi'!^mn  '• rr  br,ween,  3O40'N  and  5°20'N  (Fig- 8)- Th- TOGO.  Southern:  Barani-Ideppe,  6°30'N,  1°45'E,  Kerst- 
10-calyx  ribs,  indumentum,  and  the  yellow  corolla 

ing  665  (K).   Southern:   Togo   Forest,  6°29'N,    1°9'E,       suggest  a  relationship  among  this  species,  S.  lutea, 
Anonymous  s.n.  (US).  an(J  &  hirsuta. 

8.   Striga  chrysantha  A.  Raynal,  Bull.  Jard.  Bot.      9.   Striga  dalzielii  Hutch.,  Fl.  W.  Trop.  Afr.,  ed 
Belg.  39:  378.  1969.  TYPE:  Central  African 

Republic.  Zemio-Rafai,  Descoings  12466  (ho- 
lotype,  P!). 

1(2):  226.  1931.  TYPE:  Nigeria.  Zungeru,  Dal- 
ziel 168  (holotype,  K!). 

Annual,  19-35  cm  tall,  stiffly  erect,  unbranehed, 
Annual,  small,  <   12  cm  tall,  tufted,  scabrous,       scabrous,  densely  ciliate  with  long  (1  mm),  diver- 

gent hai 
densely  pubescent,  stem  obtusely  square.  Leaves  <  gent  hairs,  stem  square.  Leaves  15-30  X  4-7 

10  X  2 (-3)  mm,  lanceolate,  scale-like,  shorter  than  2- veined,  opposite,  linear,  becoming  reduced  along 
internodes,  margin  entire,  veins  obscure.  All  bracts  the  stem,  as  long  as  or  longer  than  internodes,  mar- 
similar,  6X2  mm,  lanceolate,  shorter  than  calyx.  gin  toothed.  All  bracts  similar,  8-18  X  4  mm,  lin- 
Flowers  alternate  in  rather  dense  spikes,  spike  as       ear,  enclosing  calyx,  densely  hispid  along  margins 

ssile,    imbricate,   forming 
{{-1 6-13 

tate,  2  mm  long,  much  shorter  than  tube.  Corolla 
20-25 

and  midrib.  Flowers 

very  dense  spikes,  spike  shorter  than  vegetative 

stem.  Calyx  10-ribbed,  5-8  mm  long;  tube  3-5  mm 
long;  lobes  5,  unequal,  lanceolate,  2-3  mm  long, 
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Figure  8.      Distribution  based  on  specimens  of  Striga  chrysantha  (diamond),  S.  gastonii  (triangle).  S.  gesnerioides 

(circle),  and  S.  lepidagathidis  (star). 

shorter  than  tube.  Corolla  pink,  tube  10-20  mm  brous,  densely  hispid,  stem  obtusely  square,  fur- 

long, bent  and  expanded  distally  above  calyx,  glan-  rowed.  Leaves  10-20(-30)  X  2-3  mm,  opposite, 

dular-pubescent;  lobes  of  lower  lip  3-8  X  3-5  mm,       linear  or  lanceolate,  shorter  than  internodes,  margin 

obtuse,  upper  lip  3-6  X  6  mm,  emarginate. 

Striga  dalzielii  occupies  the  wet  Guinea  savan- 

nas in  Mali,  Guinea,  and  Nigeria  (Raynal-Roques, 
1987).  It  resembles  S.  klingii  and  S.  macrantha, 

entire,  veins  obscure.  All  bracts  similar,  3-12  X 

1-2  mm,  lanceolate,  shorter  than  calyx.  Flowers  op- 

posite in  dense  racemes,  raceme  shorter  than  veg- 

etative stem.  Calyx  10-15-ribbed,  8-13  mm  long; 

,        c»    j  i  •  I- 1        ia      i         i        i  c    //•  tube  6-7(-9)  mm  lone;  lobes  5  equal  or  6  unequal, 
but  S.  dalzielii  has  10-calyx  ribs  whereas  b.  klingu  i  i  o   e  i  u  u 
and  S.  macrantha  have  10—15  ribs.  Striga  dalzielii linear  to  lanceolate,   2-5   mm   long,   shorter  than 

is  characterized  by  its  leaf-like  bracts  and  long  his-      tube'  Corolla  brilliant  ,scarlet'
  ,with  ̂ ™  *"*• 

pid  hairs. 

10.   Striga  elegans  Benth.,  Companion  Bot.  Mag. 

tube  14^18  mm  long,  bent  and  expanded  distally 

above  calyx,  densely  glandular-pubescent;  lobes  of 

lower  lip  5-10  X  3-5(-7)  mm,  ovate,  upper  lip  3- 

1:  363.  1836.  TYPE:  South  Africa.  Burke  443/      5X6
-11  mm,  emarginate. 

3591  (holotype,  K!). 
Striga  elegans  is  common  in  East  and  South  Af- 

Plant  annual,  30(-50)  cm  tall,  stiffly  erect,  un-      rica  between  00°30'S   and   33°30'S   (Fig.   7).   Its 

branched  or  with  2  or  3  branches  from  base,  sea-       range  extends  from  central  Kenya  south  into  Tan- 
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zania,   Malawi,  Zambia,  Zimbabwe,   Mozambique, Annual,  37-72  cm  tall,  stiffly  erect,  unbranehed 
Swaziland,  Botswana,  and  Lesotho.  Striga  elegans  or  with  2  to  4  branches  below  middle,  scabrous  to 

shows  considerable  variation  in  corolla  size  and  hispid,  stem  square,  furrowed.  Leaves  15-40(-90) 
color  that  does  not  seem  to late  with  geogra-  X  4-12  mm,  opposite,  lanceolate,  coarsely  toothed, 
phy.  This  beautiful  species  resembles  S.  asiatica  3-   to  5-veined,  usually   shorter  than   internodes. 
and  the  two  are  sympatric  in  East  Africa  (see  notes  Lower  bracts  20-50(-90)   X   3-12  mm,  leaf-like, 
under  S.  asiatica),  but  it  can  be  distinguished  from  longer  than  calyx,  upper  bracts  shorter  than  calyx. 

S.  asiatica  by  its  relatively  short,  dense  inflores-  Flowers  opposite  in  open  racemes,  raceme  shorter 
cence  with  opposite  flowers  and  large  brilliant  scar-  than  vegetative  stem.  Calyx   10-15-ribbed,  9-14 
let  corolla  lobes.  Authentic  crop  loss  from  this  par-  (-20)  mm  long;  tube  4-6  mm  long;  lobes  5,  equal, 
asite  has  not  been  reported.  broadly  lanceolate,  5-9(-14)  mm  long,  longer  than 

tube.  Corolla  salmon-pink,  tube  20-25  mm  long, 

Selected  specimens  examined.     ANGOLA.  Huila:  Qui-  l)ent  and  expanded  distally  above  calyx,  densely lengues,  Kinde,  15°S,  13°3()'K,  de  Menezes  A.377  (K).  Ma-  i      j    i            u            *    l   u         r\            i-     ̂    <\  w  «%   * 
i«JL>.  !>..„„    a    i           aojuvc    ico-wwp   n/  /    /  /  coa  glandular-pubescent;  lobes  of  lower  lip  6-9  X  3-6 lange:  run^o  Andongo.  9  40  b,  15  30  E,  Welwitsch  585I  i                            i                       i       . 
(K).  Moxico:  between  River  Namavumba  and  River  Lu-  mm*  obovate,  spreading,  upper  lip  3-6  X  6-9  mm, 

kaia,  !2°40'S,  20°45'E,  Milne-Redheud  4018  (K).  BOX-  emarginate. 

Striga  forbesii    ranges    between    14°30'N    and 
SWANA.  Ngamiland:  Lesbums  Valley,  18°3()'S,  23°20'E, 
Holub  I834  (K).  Southern:  Lobatse,  25°ll'S,  25°4()'E, 

Tapscott  2548  (K).   KENYA.  Central:   Nairobi,  l°20'S,      28°30'S  (Fig.  9).  It  is  common  in  the  Sudanian  sa- 
36°48'E,  Perceval  190I  (MO).  Coast:  Loitokitok,  NE  of      vannas  from  Senegal  to  Somalia  and  extends  into Kilimanjaro  3*37'S,  37°20'E,  Rogers  560  (K).  Rift  Val-      e<     ♦  \c  •  u-       •♦  *u        i-     4    •     Ai      D 
,_  p...   .:    i,.:l:..:.    cal.  m  „r  pj.l     .     .    j  ^ast  Alnca  reaching  its  southern  limits  in  the  Re- 

public of  South  Africa.  A  plant  of  relatively  wet 

open  areas  and  swampy  soils,  5.  forbesii  can  cause 

Knepper  et  al.  (1991)  showed  that  some  popu- 

ley:    Rumuruti,   Liikipia.  50   km    N   of  Coleheeio  Lodge, 

()°19'N,  3(>°34'E,  Hepper  &  Jaeger  6618  (K,  MO).  LE- 
SOTHO.     Northern:       Mont-aux-Sources,      28°56'S, 

28°5()'E,  Grant  2212387  (MO).  MALAWI.  Central:  Ka-  damage  to  irrigated  crops  such  as  sugar  cane  in 
sungu,    Chipala    Hill.    4    mi.    N    of   Kaaungu,    I2°55'S,  Somalia  (Musselman,  unpublished). 
33°29'E,  Robson  <fc  Jackson   1179  (K).  MOZAMBIQUE.  P 
Paraia  Sepulveda,  Lwranos  4265  (MO).  NAMIBIA.  Ka- 

vango:  2.4  mi.  E  masari  Camp  on  road  to  Nyangana,  lotions  of  S.  forbesii  are  distylous.  Flowers  either 

18°()'S,  2()°4rE,  de  Winter  4087  (K).  SOUTH  AFRICA.  had  styles  strongly  exserted  from  the  corolla  tube 
Bechiianaland:  Little  klihbolikhonni,  27°0'S,  23015'E,  exposing  the  stigma,  or  stigmas  were  among  or  just 

2SJ??  2n82r  (KL4^^:HAIM;7,  KWoestKHilL  *3°°'S'  below  the  cpipetalous  stamens,  with  increasing  pos. do  ll)  K,  Hayhss  4^26  (OH,   MO).   Karasbiir^:  Orange  .,.,.  .         f      lf       n.                                                     r 

River  Colony,  28°45'S,  I  WE,  Walich  1278  (K).  Natal:  s,blllties  of  self-pollination. 
between    Mooi    River  and    Esteourt,   29°18'S,   29°56'E,  Striga  forbesii  resembles  5.  latericea.   Both  are 
Wood  394  (k).  Orange  Free  Slate:  Walton,  12  km  S  of  sympatric  in  East  Africa,  occupy  wet  habitats,  and 

Harrismith,  V18'&  2£3%  Jocabsz  2/^(K).  Tran.kei:  have   unique   salmon-pink   corollas.   No  work   has een    done    to   demonstrate    interfertility   between Griqualand,  3()°40'S,  29°()'E,  Tyson   1368  (MO).  Trans-       . I  li  II  1 7         II  I  r%  s  C\  s-   §  r*  .\^nr /\/i^  t     -        *  ■  J^» 

these  two  species.  Striga  forbesii  is  distinguished 

from  S.  latericea  by  its  annual  habit,  stiff  hairs  that 

vaal:    Banclburg,    Kelland,   26°6'S,  27°59'K,  Liebenberg 
8581    (MO).    SWAZILAND,    Louwgburg:    2    mi.    E   of 

Coedgegnn,  27°2()'S.  31°7'E,  Ross  1743  (K.  MO).  TAN- 
ZANIA. Arusha:  Arusha  National  Park,  3°25'S,  36°37'E,       give  the  plant  a  harsh  texture,  coarsely  toothed  and Richards  25019  (K).  Iringa:  8  km  E  of  Kilolo,  which  is       broader  {  and  shorter  coroUas  ̂   sma,ler 30  km  SE  ol  Irmga,  7  40  5,  35  40  E,  Peterson  833  (K).       .   .  ,      .    .   ,  ,  .    .        ,       „,,  „ 

Kilimanjaro:  E  Kilimanjaro  Mom.lain,  30°0'S,  37°38'E,       lobes  and  a  br,£hter  salmon-pink  color.  The  corolla 
llaarer  637  (K).  TANZANIA.  Mara:  Chamliho  Hill.  Ikizu      color  is  darker  in  S.  latericea. 

Musoma,  fake  Province,  1°30'S,  33°58'E,  Tanner  1690 
(K).  Iringa:  Kyimbila,  N  of  l-ake  Nyasa,  9°50'S,  34°50'E, 
Siolz  2494  (GH,  MO).  ZAMBIA.  Lusaka:  129  km  E  of 

Lusaka.  I5°15'S,  28°40'E,  Robinson  6174  (K).  Southern: 
Kalomo.  Kanchele,  17°0'S,  26°30'E,  Astle  1571  (K).  ZIM- 
I!  \li\\  T   Maim  aland:    (>   mi.    N   of  Troulbeck,   Inyanga, 
I8°2rs,  32°I5'E,  Robinson  1961  (K).  ZIMUABWE. 
Mashonaland  South:  Harare,  Circular  Drive,  17°5()'S, 
31°3'E,  Hughes  s.n.  (ODU).  Mataheleland  South:  Be- 
lingwe  (Mberengwa),  Mount  Bnhwa,  20°37'S,  29°55'E, 
Wild  4315  (K).  Mirllands:  Gokwe,  I8°9'S,  29°0'E.  Bing- 

ham 1178  (MO). 

Selected  specimens  examined.  ANGOLA.  Cuanza 

^orth:  Cuanza,  8°50'S,  15°()'E,  Johnston  83  (K).  Moxi- 
eo:  between  Biver  Masann  and  Biver  Katelele,   13°0'S. 
21°0'E,  Milne-Redhead  4155  (BM,  K).  BOTSWANA. 

Chobe:  near  Pandamentenga,  18°9'S,  24°24'E,  Mussel- 
man  4/9/86  (ODU).  NgauiUand:  NE  Maun,  20°0'S, 
23°26'E,  Lambrecht  479  (K).  Bujumbura:  Karazi, 
3°23'S,  29°22'E.  lswalle  335  (K).  Ruand:  Kigungee  Ter- 

ritory, Biumba,  2°12'S,  30°32'E,  4/roo/  4142  (K).  CAM- 
EBOON.  Northern:  5  km  W  Marona.  I()°35'N,  I4°0'E, 
de  Wilde  et  al.  2954  (K).  DEMOCBATIC  REPUBLIC  OE 

CONGO.  Bandundu:  Kisambo,  Kwango,  6°2.r>'S, 
I8°I0'E,  Anonymous  3384   (K).   Equateur:  Olru-Uele, 

1 1 .   Str*a  forbesii  Benth.,  Compan.on  Bot.  Mag.      £™;  ̂ S^L3^^^?  HZ??* 
1:  364.  1836.  TYPE:  Mozambique.  Forbes  s.n. 

(holotype,  K!). 

Dungu,  Garamba  National  Park,  3°40'N,  28°30'E.  Jaeger 
1225  (K).  Katanga:  Elisabetbville,  1  l°40'S,  27°28'E, 
Quarre  1451   (K).  Oriental:   Kasai,  Gandajika,  6°42'S, 
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Figure  9.     Distribution  based  on  specimens  of  Striga  forbesii  (circle). 

34°0'E,  Liben  2038  (K).  Shaba:  River  Lualaba,  50  km  of  Kaduna,  10°32'N,  7°26'E,  Jackson  254  (K).  Niger: 

downstream  from  Bukama,  8°55'S,  25°55'E,  Paterson  59  Zungeru,  9°48'N,  6°5'E,  Dalziel  167  (K).  Plateau:  Jos 

(K).  ETHIOPIA.  Ilubabor:  Ilubabor,  Gambela,  Baro  Riv-  Plateau,  9°50'N,  8°40'E,  Batten-Poole  371  (K).  Sokoto: 

er,  8°16'N,  34°35'E,  Ash  544  (K).  Welo:  Asaeta,  Awasb  10  mi.  N  Bussa,  10°20'N,  4°35'E,  Cook  386  (K).  SO- 

MALIA. Jubba  House:  Middle  Juba,  Mareeri,  0°25'N, 
42°42'E,  Musselman  7086  (ODU).  SOUTH  AFRICA.  Na- 

tal: Inanda,  26°7'S,  28°3'E,  Wood  440  (K).  Qriqualand: 

N  of  Kaap,  Barberton,  28°30'S,  23°45'E,  Thorneiop  2206 

(K).  Transvaal:  Crocodile  River,  beyond  Brits,  25C42'S, 
27°45'E,  Dyer  &  Merdoom  3421  (K).  SUDAN.  Bahr  AJ- 

12°27'N,  16°17'W,  Guerra  3812  (K).  KENYA.  30  mi.  W       Ghazal:  Wau,  7°46'N,  28°2'E,  McCinlosh  57k,  109k  (K). 
of  Bwa,   Wham  26/2/24  (K).  Coast:   Kipini,   Mlango  Ya  Equatoria:  Mount  Nakbi  between  Yambio  and  Tambura, 

Simba,  2°30'S,  40°32'E,  Greenway  &  Rawlin  9463  (K).  5°0'N,  28°5'E,  Myers  6997  (K).  Jungali:  20  km  N  of  Kon- 

Narok:   Mara  Plains,  1°0'S,  35°20'E,  Slewarl  327  (K).  gor,  7°10'N,  31°21'E,  lxuk  82/31  (K).  Kassala:  Metem- 

Rift    Valley:    Chyulu-Goohills,    1°0'N,    35°50'E,    Bally  ma,   Gallabat,    12°59'N,  36°0'E,  Schweinfurth    179  (K). 

8072  (K).  Western:  Uasingishu  Plateau  and  Trans  Nzoia,  North  Darfur:  Darfur,  Zalingei.  I2°45'N,  23°29'E,  Lynes 
0°30'N,  34°35'E,  Dowson  674  (K).  MALAWI.  Central:  2  577  (BM).  South  Kurdufan:  Kadugli,  Nuba  Mountains, 

mi.    N   of  Mzambazi,    13   mi.   S  of  Mpercmbe.    I  1°58'S.  11°1'N,  29041'E.  liaslur  s.n.  (K).  SWAZILAND.  Central: 

Valley,  33  km  S  of  Tandah,  11°17'N,  40°54'E,  Ash  2259 

(K).  GAMBIA.  Eastern:  Kuntaur,  13°49'N,  14°52'W, 
Ruxton  67,  149  (K).  Upper:  Bolgatanga,  Crocodile  Pool, 

10°50'N,    0°50'W,    Hall   558   (K).    GUINEA    BISSAU. 

Northern:  between  Farim  and  Bigene,  12°10'N, 

15°15'W,   Anonymous   3063   (K).    Western:    Sao,    Fa, 

33°33'S,  Paia-k  13954  (K).  Kyimbila:  Nyasa  Hochland 
Station,  Stolz213  (GH,  US).  Northern:  16  mi.  N  of  Rum- 

Tshaneni.  Swaziland  Irrigation  Scheme,  26°30'S,  31°30'E. Parker   1066   (ODU).   TANZANIA.    Morogoro:    Kilosa, 

pi,  10°45'S,  33°54'E,  Pawek  13913  (K).  Southern:  Low-  6°50'S,  36°50'E,  Robertson  676  (K).  Pwani:  Dar  es  Sa- 

er  Shire  Valley,  Elephant  Marsh,  I6°20'S,  35°0'E,  laam,  University  College,  6°47'S,  39°18'E,  Mwasumhi 

Robertson  5  (K).  MALI.  Massina:  Mopti,  14°30'N,  4°8'W,  10487  (K).  Rukwa:  Milepa,  8°3'S,  31°56'E,  Lea  LR20 

lj-an  37  (K).  MOZAMBIQUE.  Maputo:  Maputo  (Uuren-  (K).  Shinyanga:  Shinyanga,  3°45'S,  33°27'E,  Koritschon- 

co  Moazgues),  Vila  Luisa,  25°45'S,  32°35'E,  Grandraux       er  2059  (K).  Tanga:  Handeni,  5°27'S,  28°2'E,  Ryae  H40/ 

33  (K).  Ziwa:  Bukoba,  Kakindu,  1°30'S,  31°10'E,  Haarer 
2307  (K).  Zanzibar:  Pemba,  Vaughan  402,  1613,  1664 

(K).  UGANDA.  Busoga:  Bugerere,  0°45'N,  33°3()'E,  Lie- 

benberg  1532  (K).  Eastern:  Elgon,  Pemba,  1°10'N, 
34°30'E,  Fames   1905  (K).   Karamoja:    Honyili   Bidgc. 

&  Delemos  7913  (K).  Sofala:  near  Massara,  18°20'S, 

34°5'E,  Anonymous    1858  (K).   Zambezia:    Morrumhala 
Plains,  17°22'S,  35°36'E,  Kirk  15/1/63  (K).  NIGERIA. 

Amambra:  Udi,  upper  Nau  River,  6°18'N,  7°20'E,  An- 

derson   1364    (K).    Bauchi:    Bauchi    Plateau,    IO°27'N, 

9°57'E,  Lely  P369  (K).  Bendel:  3  mi.  N  Asaha,  6°7'N,  2°25'N,  33°40'E,  Wilson  880  (K).  Nile:  Arua  West  Hill. 

6°47'E.  Killick  234  (K).   Cross  River:   Oban.  5°17'N,  3°1'N,  31°10'E,  Hazel  442  (K).  North  Buganda:  Kak«.- 

8°35'E,  Talbot  308  (BM).  Gongola:   Mamhilla  Plateau,  ge,  Mengo,  1°0'N,  32°30'E.  Brown  1732  (K).  Northern: 

6°5'N,  1 1°14'E,  Chapman  2935  (K).  Kaduna:  2  mi.  NE  Ungo,  2  km  W  of  Ngunyhoke,  2°13'N,  32°34'E,  Lye  4747 
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(K).  South  Buganda:  Masaka  Rest  Camp,  ()°20'S, 
31°44'E,  Chancellor  72  (K).  Southern:  Mharara,  0°37'S, 
30°39'E,  Maitland  103  (K).  ZAMBIA.  Copperbelt:  Ki- 

491.  1949.   TYPE:  Santapau  3072  (holotype,  Blatter 
Herb.,  St.  Xaviers  College.  Bombay  not  seen). 

Annual  or  occasionally  perennial,  12—30  cm  tall, 
unbranched  or  branched  from  the  base,  usually 

succulent,  drying  black  or  brown,  sparsely  to 

densely  hispid  or  pilose,  stem  terete  or  obtusely 

square.  Leaves  4-10  X  1-3  mm,  lanceolate,  op- 
Mitchell  24/78  (K).  ZIMBABWE.  Manic  aland:  Melsetter,  posite/subopposite,  scale-like,  appressed,  usually 

?«™  Mutanibara  Village    19°50'S,  32°47'E,  Whiteside      shorter  than  internodes,  margin  entire,  veins  ob- 107793  (K).  Maslionalaiut  North:  Mazore,  Shamva,  near  n,   ,  .     .,        rt  r    -    ,.    rt   n  , 

Lions  Heads,  17°17'S.  31°30'E,  Wild  599  (K).  Murium-      SCUre-  AU  bracts  S,milar'  25_6   X  2"3  mm'  lan' 

aland  South:  Makwiro,  18°0'S,  3()°2()'E,  Smith  22673      ceolate,  longer  or  shorter  than  calyx.  Flowers  op- 
(K).  MatulMlclaiul  North:  Urungwe  National  Park,  271       posite/subopposite  in  simple  spikes,  spike  shorter 

km  from  Salisbury  on  Chirundu  Road,  I8°57'S,  27°6'E,       Gr  longer  than  vegetative  stem.  Calyx  5-rihhed,  4- 
Philcox  et  al.  8796  (K).  Midland*:  Kwe  Kwe,  18°55'S,      Q  mm  i     „.  ,„,     £*  m     i  ,  .       r  , 
•>o°/io'i,'   m  ■■  i         i')i  iv\  y  mm  ion8'  iu"e  c'-"  mm  l°ng;  lobes  5,  unequal  or 

Iwe,  l2Tvt'S.  28°l7'K,  Famhawe  10003  (K).  Eastern: 
Luangwa  Valley,  13°2()'S.  3l°35'E,  Astle  4471,  4570  (K). 
Luapula:  5  km  K  of  Lusaka,  15°28'S,  28°19'K.  King  260 
(K).  Shaba:  3  mi.  INK  Ndola-Waterlogge.l  Dambo, 
12°58'S.  28°46'K,  Draper  25  (K).  Southern:  Kafue  Kiver, 
al    Lubalansuki,    Namwala    District,    15°50'S,    26°30'E, 

29°4<rK.  Musselman  124  (K). suhequal,   linear,  deltate  or  lanceolate,   1—3   mm 

12.  Striga  gastonii  A.  Raynal,  Bull.  Mus.  Natl.  lonf '  shortt:r  tha"
  tube-  Corolla  creamy-white,  blue, 

Hist.  Nat.,  B,  Adansonia,  3:  225-227.  1987.  pmk,'  PurPle<  tube  S"14
  mm  l°n*  bent  an<1  ™- 

TYPE:  Chad.  Danamadji,  Audru  1245  (holo-      J*"^  d'Stally  abOVe  Cd
lyX'  Pubescent>  Wlth  "^ 

type,  P  not  seen;  isotype,  ALF  not 
K*^*S 

)
•
 

few  hairs  or  glandular  hairs;  lobes  of  lower  lip  2 

6  X  1.3-3  mm,  obovate,  spreading,  upper  lip  1-2 

Perennial,  7  cm  tall,  succulent,  tufted,  glabrous,       X  2-2-5  mm,  indistinctly  bilobed  or  emarginate, 
stem  obtusely  square.  Leaves  scale-like,  1-4  X  1— 

2  mm,  lanceolate,  appressed,  longer  than  inter- 

nodes, margin  entire,  veins  obscure.  All  bracts  sim- 

uially  wider  than  long. 

Striga  gesnerioides  is  the  most  widely  distributed 

ilar,  3  X   1-2  mm,  lanceolate,  shorter  than  calyx.       of  a11  witchweed  sPecies  (Fig-  8)  and  is  found  be- 

Spike  dense,  longer  than  vegetative  stem.  Calyx  5-      tween  33°10'N  and  32°15'S,  extending 
 into  Arabia 

ribbed,  3-5.5  mm  long;  tube  2-1  mm  long;  lobes      and  Asia'  Stri«a  g^nerioides  was  introduced  into 

5,  subequal,  subulate,  1-2  mm  long,  shorter  than       Florida  in  the  United  States  <Sand  et  aL'  1990>  ,)ut 

tube.  Corolla  purple,  tube  8  mm  long,  bent  and      has„ not  become  an  agronomic  problem. 

expanded  distally  above  calyx,  sparsely  glandular- 
pubescent,  weakly  bilabiate;  lobes  of  lower  lip  4  X 

Striga  gesnerioides  parasitizes  only  dicotyledons. 
Host  selection,  succulence,  reduction  of  leaves,  and 

1-2  mm,  obovate,  upper  lip  1   X   1-2  mm,  emar-      tufted  habit  have  been  considere<]  (see  Boeshore, 1920)  to  represent  a  reduction  in  the  direction  of 

the  holoparasitic  Orobanchaceae.  Thalouarn  et  al. 
ginate,  tips  obtuse. 

Striga  gastonii  is  endemic  to  the  lateritic  plains      (1991)  found  that  S.  gesnerioides  has  a  weak  ca- 
Kepublic       pacity  to  fix   C02.  These  features  of  morphology, 

in  southern  Chad  and  Central  Afri 

oft! 
(Fig.  8)  and  is  parasitic  on  Lepidagathis  (Acantha-  host  selection,  and  physiology  distinguish  S.  ges- 
ceae)  species  (Raynal-Roques,  1987).  It  is  a  small  nerioides  from  other  meml 
plant  that  resembles  S.  gesnerioides  var.  minor  San- 

tojuan  in  its  overall  appearance.  The  relationship 

of  5.  gastonii  to  the  S.  gesnerioides  parasitizing  Lep- 
idagathis in  India  (e.g.,  Saldanha,  1963)  should  be 

investigated.  Striga  gastonii  may  be  a  host-specific 
strain  of  S.  gesnerioides. 

13.    Striga  gesnerioides  (Willd.)  Vatke,  Oesterr. 

le  genus 

Selected  specimens  examined.  (All  collections  of  S. 
gesnerioides  are  listed  here.  Under  each  strain  we  have 
listed  specimens  representative  of  those  strains).  ANGO- 

LA. Benguella:  Benguella,  12°36'S,  13°20'E,  Gossweller 
3540  (K).  Cunetie:  Cahama,  16°19'S,  14°15'E,  Pearson 
2421  (K).  Luanda  North:  Catete,  9°2'S,  13°42'E,  Anon- 

ymous 9200  (K).  Lunda  South:  Cazange,  11°2'S, 
20°45'E,  Gossweller  647  (K).  BOTSWANA.  Central:  Bo- 
teti  Delta  Area,  S  of  Mopipi,  20°50'S,  25°5'E,  MacDonald 

Bot.  Z.  25:    11.    1875.  Buchnera  gesnerioides      21  (K).  Desert:  5  km  NW  of  Bokspits,  26°5rs,  20°41'K, 
Willd.,  Sp.  PL  338.   1801.  TYPE:  India.  Ko-       Skarpe  52  (K).  Ghanzi:   13  mi.  S  of  Ghanzi  on  Eolmtsi 
enig  s.n.  (B  11573  not  seen). Road  21°50'S,  21°36'E,  Brown  8282  (K).  Kweneng:  Ar- 

tesia,  24°2'S,  23°26'E,  Mitchiwn  1975  (K).  Ngamiland: 
Buchnera  orobanchoides  R.  Br..  Flora  2:  388,  t.2.  1832.  Mhoma  Island,  19°12'S,  23°18'E,  Smith  830  (K).  South- 

Striga  orobanchoides  (R.  Br.)  Benth.,  Companion  em:  Gaborone,  Aedume,  24°42'S,  25°54'E,  Hansen  33 75 
Bot.  Mag.   1:  361.    1836.  TYPE:  Ethiopia.  Salt  s.n.        (k).  BURKINA  FASO.  Central:  Korsimoro,  30  km  from 
(holotype,  BM!). Kaya,  12°0'N,  l°0'W,  Raynal  22603  (K).  Northern:  55 

Striga  orchidea  Hochst.,  Fl.  XXIV.  43.  1841.  TYPE:  Kot-       km  from  Ouahigouya.  13 O'N.  2°()'W,  Raynal  22613  (K). schy  387  (holotype,  K!). BURUNDI.  Bujumbura:  Magari,  4°44'S,  29°18'E,  Reek- 
Striga  gesnerioides  var.  minor  Santapau,  Kew  Bull.  1948:       mans  9834  (K).  Kubindi:  Bururi,  3°56'S,  29°33'E,  Reek- 
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mans  6926  (K).  Rusizi:  14  km  from  Bujumbura,  3°20'S,  19°35'E,  Winter  3372  (K).  Mariental:  E  Aranos,  Farm 

29°27'E,  Uwalle  1474  (K).  CAMKKOON.  Northern:  5  Mara  on  the  Botswana  border,  24°2'S,  19°10'E,  Vuuren  & 
km  W  of  Maroua,  ]0°37'N,  14°12'E,  de  Wilde  &  de  Wilde-       Giess  1132  (K).  Omaruru:  Farm  Okandjon  North,  30  km 

NW  of  Omaruru,  21  °26'S,  16°0'E,  Wanntop814  (K).  Win- 
dhoek: 6  mi.  E  of  Homestead  on  INossob  River,  Gibeon, 

Duyfjes  29629  (K).  CENTRAL  AFRICAN   REPUBLIC. 

Bamingui-Bangoran:  Saline  on  Niao  River,  2  km  from 

(K).  NIGER.  Maradi:   10  km  NW  of  Maradi,  13°45'N, 

confluence  with  Ground  River,  8°42'N,  21°22'E,  Fay  Farm  Haruchas,  22°15'S,  17°48'E,  lAstner  1817  (K). 

3354  (K).  CONGO.  Shaba:  Lubanda,  Kivu  Province,  Windhoek:  Avis  Dam,  22°46'S,  17°7'E,  Liebenberg  AS  1 6 
5°10'S,  26°38'E,  Germain  5717  (K).  DEMOCRATIC  RE- 

PUBLIC OF  CONGO.  Bandundu:  Tweya,  0°56'S,  7°0'E,  Parker  2044  (K).  Niamey:  Niamey,  13°35'N, 

18°58'E,  Robyn  1980  (K).  Haul  Zaire:  Faradje-Olru,  2°10'E,  Olufsen  479  (K).  NIGERIA.  Bauchi:  10  mi.  from 

3°44'N,  29°43'E,  Lebrun  3535  (MO).  Shaba:  Luvngu,  Gombe  on  Biu  Road,  10°27'N,  11°14'E,  Daramola  62346 

8°48'S,  25°17'E,  Under  1966  (K).  ETHIOPIA.  Arsi:  Lake  (K).  Gongola:  Kilba  Hills  and  Yola,  9°20'N,  12°35'E, 

Langano.  7°4.V\.  :58°45'E,  Ash  347  (K).  Gamo  Gofa:  12  Dalziel  300  (K).  Kwara:  llorin.  36  mi.  from  llorin.  on 

km  S  of  Arba  Minch,  6°5'N,  37°40'E,  Gilbert  et  al.  345  Ilorin-Bacita  Road,  8°30'N,  4°35'E,  Gbile  et  al.  63394 

(K).    Gonder:   Tana,    12°30'N,   37°20'E,   Pichi-Sermolli  (K).   Niger:   between   Mokwa  and  Bida,  9°3'N,  5°30'E, 

/296(K).  nubabor:Gambela,8018'N,34°37'E,As/i  557,  Lowe  A12  (K).  Oyo:   Ado  Rock,  7°40'N,  5°15'E,  Keay 

1089    (K).    Ogaden    Harerge:    E    of   Grawa,   8°50'N,  25446  (K).  Plateau:  Jos  Plateau,  9°40'N,  8°35'E,  lAy 

42°25'E,  Burger  2846  (K,  US).  Shewa:  SW  Shore  of  Lake  535  (K).   RUANDA.   Southern:    Rumonge,  along  Uke 

I^ngano,  7°25'N,  38°25'E,  Gilbert  &  S.B.  1078  (K).  Ti-  Tanganyika,  3°58'S,  29°25'E,  Shantz  &  Tanner  4196  (K). 

gray:  Takaze  Valley,  13°43'N,  39°H'E,  Gilbert  &  Gela-  SENEGAL.  Djembering,  Broadbent  158  (K),  Farmer  131 

chew  2958  (K).  GAMBIA.  Eastern:   Kuntaur,   13°45'N,  (K).   SIERRA    LEONE.   Western:    Buyabuya,    12°10'N, 

14°40'W,  Ruxlon  53  (K).  GHANA.  Northern:  Tamale,  7°50'W,  Elliott  4279  (K).  SOMALIA.  Bari:  Galgallo,  04 

9°20'N,  0°59'W,  Irvine  4572,  4574  (K),  Hall  2058  (K).  km  SW  of  Bosaso,   10°58'N,  49°1'E,  Bally  &  Melville 

Upper:  Bolgatanga,  10°45'N,  0°55'W,  Parker  2023  (K).  15841  (K).  Bay:  Buur  Heybo  (bur  Eibi),  2°59'N,  44°I0'E. 
Volta:  Keta.  Rest  House,  5°55'N,  1°2'E,  Akpabla  36  (K).  Timlin  &  Mahamed  7088  (K).  Jubbada  Hoose:  16  km 

KENYA.  Coast:  Arabuko,  Kilifi,  3°40'S,  39°50'E,  Gra-  S  of  Badade,  1°4'S,  41°23'E,  Gillett  et  al.  25136  (K).  Mo- 

ham  1675  (K).  Eastern:  Buna,  3°26'N,  39°54'E,  Gilbert  gadisho:    Mogadishu   International   American  School. 

13104  (K).  Nyanza:  Karungu,  Homa  Mount  Foot,  0°49'S,  2°7'N,  45°32'E,  Kuchar  15312  (K).  Nugaal:  Nugaal  Val- 
34°9'E,  Twuner  6730  (K).  Rift  Valley:  Chebloch,  Eudo, 

Upper  Kerio  Valley,  0°22'S,  35°15'E,  Tweedie  2448  (K). 
MALAWI.   Northern:    19  mi.   S  of  Chilumba,    H°0'S, 

ley,  8°5'N,  49°35'E,  Hemming  &  Watson  30216  (K).  Sa- 

naag:  Sugli,  10°58'N,  48°53'E,  Ballenetlo  277  (K).  Wo- 

qooyi  Gelbeed:  Borama,  10°2'N,  43°10'E,  Gilbert  4723 
33°54'E,  Pawek  9601  (K).  Southern:  Chiwembu.  Mank-  (K).   SOUTH   AFRICA.   Cape:   bank   of  Kareiga   River, 

hudwe  Hill,   15°38'S,  34°32'E,  Smith  et  al.  5872  (K);  Bathurst  District,  32°15'S,  23°30'E,  Bayliss  5212  (OH). 

Sombani  Plateau,  Mulanje  Mountain,  16°10'S,  35°33'E,  Natal:  Inomda,  Amonopl  Grass,  Wood  4276  (K).  Orange 

Mouculie  574  (K).  MALI.  Koulikoro:  Sotuba,  12°50'N,  Free  State:  Kimberly,  Dronfield,  28°54'S,  24°41'E,  Wil- 

7°59'W,  Raynal  22063  (K).  Massina:  Dioura,  N  Macina,  Ham  5975  (K).  Transvaal:  9  mi.  W  of  Krugersdorp  on 

14°52'N,  5°16'W,  Davey  s.n.  (K).  Segou:  between  Dou-  Farm  Gladysvale.  26°5'S,  27°24'E,  Robin  3839  (K).  SU- 

gouba  and  Markala,  13°0'N,  6°0'W,  Raynal  22565  (K).  DAN.    Bahr   Al-Gebel:    Terakekka,   5°25'N,   3I°42'E, 
Sikasso:  4  mi.  from  Koutiala,  12°30'N,  5°30'W,  Raynal  N.D.H  7361  (K).  Equatoria:  10  km  S  of  Bemmeiza,  40 

22211    (K).    MOROCCO.    Agadir:    Agadir,    30°30'N,  km  S  of  Bor,  5°55'N,  31°36'E,  Lock  82/44  (K).  Kassala: 

9°40'W,  Hettewy  52,  179,  186  (K),  Lynes  53  (BM).  Azilal:  Gedaref,  Urn  Shagara,  14°2'N,  35°30'E,  Beshir  151  (K). 
near  Demnate,  31°40'N,  7°3'W,  Balls  3022  (K).  Beni-  Lake  Province:  near  Baidit,  35  km  N  of  Bor  by  Kongor 

Mellal:  Kesbeh,  32°20'N,  6°20'W,  Uwalle  10634  (BM).  Road,  6°30'N,  31°30'E,  Lock  81/77  (K).  North  Kurdu- 

Gouliinime:  1  km  E  of  Tirhmi.  29°6'N,  9°5'W,  Miller  et  fan:   Barah,  Hadeid  Sherifi,  13°38'N,  30°36'E,  Wickens 
al.    615    (BM).    Quaovizert:    Moyen    Atlas    Mountain, 

33°10'N,  5°0'W,  Jahandiez  149  (BM).  Southwest:  Oued 

Massa,  between  Agadir  and  Tiznit,  3°N,  9°35'W,  Davis  24°51'E,    Wickens  3159  (K).   South   Kurdufan:   G.T.Z. 

53515  (BM).  MOZAMBIQUE.  Liben,  Kuntze  94  (K).  Ma-  Farm,  near  Telo,   10°30'N,  30°E,  Musselman  6174  (K, 

puto:    Maputo   (Ixmrenco   Marques),  25C58'S,  32C32'E, 
Balsinhas  152  (K).  Niassa:  Marrupa,  slope  of  Mountain 

536  (K).  Red  Sea:  Erkowit,  18°27'N,  36°32'E,  Jackson 

2722  (K).   South   Darfur:    13   km  S   Nyala,    1]°58'N, 

ODU).  Upper  NUe:  Bahr  el  Jebel,  Sheikh  Jowbe,  8°45'N, 
30°E,  Brown  1644  (K),  Shellai  837  (K).  TANZANIA.  1.5 

Kuwanko,  15  km  on  road  to  Nungo,  13°8'S,  37°30'E,  Jan-       mi.  NE  Dangani,  Drummond  &  Hemsley  3319  (K).  Aru- 

sen  8040  (K).  Sofala:  Chibabava,  Lown  Buzi,  20°25'S, 

33°35'E,    Swynnerton   1413    (K).    Tete:    Tete,    16°13'S, 
sha:  Lake  Tanganyika,  Mbulu,  3°52'S,  35°33'E,  Richards 

4512    (K).    Dodoma:    Handeni,    Kwa    Mtono,    5°15'S, 

33°33'E,  Kirk  (K),  Peters  8  (K).  NAMIBIA.  Along  road  to  35°25'E,  Archbold  2776  (K).  Iringa:  19  km  E  of  Ibuguz- 

Ethosha  Pans  National  Park,  Musselman  &  Visser  4/2/86  iwa  Ferry,  7°55'S,  35°35'E,  Bjronstad  1363  (K).  Kigonia: 

(ODU).  Gobabis:  10  km  E  of  Gobabis,  22°28'S,  19°5'E, 
Wanntop  760  (K).  Great  Namaqualand:  Jafelberg. 

24°45'S,  17°15'E,  Smith  26  (K).  Grootfontein:  11  mi. 
from    Otavi-Grootfontein    on    flat    between    mountains, 

19°38'S,  17°30'E,  Tolken  &  Hardy  919  (K).  Kaokoland: 

Mopane,    Otjivero.    18°0'S,    13°29'E.    Winter  &   Instner 

Mahali  Mountains,  6°0'S,  30°E.  Jejjord  el  al.  53  (K).  Kil- 

imanjaro: Mrau  Rom  bo,  E  Kilimanjaro,  3°7'S,  37°30'E, 
Haarer  5127  (K).  Mara:  Lake  Province,  Musoma  Town, 

1°30'S,  33°48'E,  Tanner  3996  (K).  Mbeya:  Galula,  S 

Saza,  8°37'S,  33°2'E,  Carter  et  al.  2479  (K).  Morogoro: 

10  km  from  base  of  Kitonga  Gorge,  7C40'S,  36°15'E,  Ijov- 

5368  (K).  Karasburg:  Grot  Karasberg,  Naruda  Sud  Ra-  ett  &  Congdon  1404  (K).  Mpana:  Katahi  Plains,  6°20'S, 
vine,  27°29'S,  18°45'E,  Pearson  8122  (K).  Karibib:  Da-  31°30'E,  Sanane  1571  (K).  Mtwara:  Tunduru,  60  mi. 

maraland   Otisondu,  22°0'S,    15°56'E,  Seydel  4491    (K,       from  Masasi,  11°0'S,  39°0'E,  Richards  17965  (K).  Ruk- 
US).  Kavango:  hank  of  Okavango  River  at  Runyu, 

17°56'S,  19°44'E,  Winter  &  Marais  4479  (K).  Keetman- 

shoop:    Keetmanshoop,    3    mi.    W    of   Aroab,    26°51'S, 

wa:  Rukwa  Valley,  7°40'S,  32°20'E,  Pielou  130  (K).  Ru- 

vuma:  6.5  km  E  of  Guinbiro,  10°15'S,  35°52'E,  Milne- 
Redhead  &  Taylor   10018  (K).   Shinyanga:   Shinyanga, 
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3°45'S,  33°27'E,  Burn  3770  (K).  Singinda:  Doma,  7  mi. 
on  Bahi  to  Kilimatinde  Road,  5°54'S,  35°14'E,  Bidgood 
et  al.  1204  (K).  Ufipa:  Kalambo  Falls  on  Tanzania  side 

of  the  river,  8°37'S,  31°15'E,  Richards  12813  (K).  TOGO. 
Northern:  near  Dapaon  (Dapango),  1()°53'N,  0°16'E,  Em 
et  al.  1478  (K).  UGANDA.  Busoga:  2  mi.  N  of  Nkond 

Kigindi  Road,  0°50'N,  33°30'E,  Wood  805  (K).  Eastern: 
Soroti  Rock,  1°43'N,  33°38'E,  Lye  5379  (K).  Karamoja: 
Lodoketeminit,  near  Moroto,  2°30'N,  34°36'E,  Kerfoot 
1313  (K).  Northern:  N  of  Mengo,  2°N,  32°28'E,  Brown 
2185    (K).    Western:     Butiaba,    Like    Albert,    1°50'N, 
31°20'E,  Thomas  3458  (K).  ZAMBIA.  Central:  Lunzua 
Valley,  Kafakula,  15°32'S,  27°0'E,  Richards  4813  (K).  Lu- 
apula:    Mweru   Lake,   near   Nehelengi,   8°45'S,   29°0'E, 
Bullock  3826  (K).  Lusaka:  Mazabuka,  4  mi.  from  Chirun-       L     ,      r  „  „.  „ooir,c    n,loon/r    „     ..      -ft,rt 
•  t        i      d      j    icoro'c    ooo^oM-    n  j  rn^       bank  oi   Kareiga  Kiver,  M  15  S,  2o  30  h,  Hayliss  5212 
da  on  Lusaka  Road,  IS  :>8  S,  28  48  E,  Drummond  5M)3       ,rm     ™  &    ,      ...  ■>       i        ,,   .  .      J  ftirfll ftlo 

tube  length.  Corolla  light  blue  or  dark  purple,  tube 

10-12  mm  long,  sparsely  hairy,  bent  and  expanded 

distally  above  calyx;  lobes  of  lower  lip  obovate,  ob- 

tuse; upper  lip  indistinctly  bilobed,  wider  than 

long.  Parasitic  on  arborescent  Euphorbia  species, 

i.e.,  E.  abyssinica  J.  F.  Gmel.  (Musselman  &  Hep- 

per,  1986). 

Selected  sfwimsns  examined.  ETHIOPIA.  Welo:  1 

km  NE  of  Desse,  near  Borkenna  River,  1I°7'N,  39°38'E, 
Sutherland  381  (MO).  NAMIBIA.  Namaland:  Great  Na- 

maqualand,  Great  Karas  Mountains,  25°10'S,  17°5()'E, 
Ortendahl  487  (UPS).  SOUTH  AERICA.  Cape:  Bathurst, 

(K).  Northern:  Abereorn,  Cassawa  Sands,  8°30'S, 
31°17'E,  Richards  10921  (K).  Southern:  Livingstone, 
17°45'S,  25°52'E,  Rogers  7023  (K).  Western:  Barotse 
Eloodplains,  Lizulu  Island,  15°30'S,  23°30'E,  Verboom 
1039  (K).  ZIMBABWE.   Binga   District:   Mwenda  Re- 

(GH).  Transvaal:  Albany,  Douglas  Heights,  2f>°12'S, 
28°15'E,  Bayliss  3158  (GH).  SUDAN.  Red  Sea:  Gabal 
Mavvinja,  Musselman  6180  (ODU). 

Indigofera  (Fabaceae)  Strain:  Plant  annual, 

search  Station,  Grosvenor  144  (K).  Manicaland:  Umtali,  succul™t,  "P  ̂   16  cm  tall,  with  2  to  4  branche
s 

Zimunyas  Reserve,  18°50'S,  32°37'E,  Chase  6853  (K).  from  base.  Stem  light  green  or  purple,  drying  black, 
Mashonaland  North:  20  km  from  Makuti  on  road  to  Kar-  slender,   obtusely   square,   furrowed,   covered   with 

iba,  Urungwe  National  Park,  16°50'S,  28°0'E,  Philcox  &  fense,  soft,  divergent  hairs.  Internodes  short,  not Leopard  87 1 8  (K).  Mashonaland  South:  311.5  km  from  j-        1  aii  i_       *       •     -i  i-   »        i 
u  »        a    A-       j      /     i       i7  .    , -oft,^  exceeding  1  cm.  All  bracts  similar,  ciliate,  shorter Harare  towards  Lhirundu,  Zambezi  Escarpment,  17  27  S,  r«i 

3()°19'E,  Philcox  &  lsppard  8575  (K).   Matabeleland  than  calyx*   Flowers  opposite/subopposite  in  open 

North:  30  km  from  Makuti  on  road  to  Kariba,  I7°0'S,  spikes,  spike  longer  than  the  vegetative  stem.  Calyx 

28°0'E,  Philcox  et  al  8748  (K).  Matabeleland  South:  5-7  mm  long,  ribs  hispid,  translucent  between  ribs; 
tributary  of  Nuanetsi  River,  near  Mabalauta,  Gona  Game       lobes  j  or  subequa!9  linear  to  lanceolate,  cili- Reserve,  21   10  S,  30  15  E,  Ngom  160  (K).  .  ,  ,  .  .        ~       n     i-  i 

ate,  about  the  same  length  as  tube.  Corolla  light 

Host-specific  strains  of  5.  gesnerioides  differ  in  pink  to  deep  purple,  tube  7-10  mm  long,  sparsely 

succulence,  number  of  branches,  pubescence  and  hairy,  bent  proximally  within  calyx  teeth;  lobes  of 

color  of  stem,  bract  length  relative  to  calyx,  length  lower  lip  obovate,  obtuse,  longitudinally  rolled  in- 

of  calyx  lobes  relative  to  tube,  and  corolla  color,  side  when  dry;  upper  lip  emarginate,  as  long  as 

pubescence,  and  size.  Seed  size  is  fairly  uniform, 

0.30  X  0.20  mm,  for  all  strains  of  S.  gesnerioides 

except  for  the  Euphorbia-sixain,  which   measures 
0.39  X  0.24  mm. 

wi ide. 

Strains  of  Striga  gesnerioides 

Selected    specimen    examined.      SUDAN.    Blue    Nile: 

Abu  Naama,  Gabal  Obeid,  12°15'N,  33°28'E,  Mahomed 10/25/88  (ODU). 

Tephrosia  (Fabaceae)   Strain:   Plant   annual, 

up  to  23  cm  tall,  unbranched.   Stem  pale  green. 

While  S.  gesnerioides  has  evolved  a  strong  host-  often  red,  drying  brown,  slender,  obtusely  square, 

specificity  among  its  populations,  these  "morphs"  furrowed,  glabrate.   Internodes  2.5  mm  long.  All 
do  not  have  enough  morphological  differences  to  bracts    similar,    lanceolate,    ciliate,    much    shorter 

justify  according  them  the  level  of  species  or  sub-  than  calyx.   Flowers  opposite/subopposite  forming 
species  (Mohamed,  1994).  However,  because  of  the  somewhat   open   spikes,   spike   much   longer  tl 

potential  for  damage  to  crops  and  as  a  reference  for  vegetative  stem.  Calyx  5-6.5  mm  long,  ribs  hispid, 

further  molecular  work,  we  consider  it  important  to  translucent   between   ribs;  lobes  unequal,  laneeo- 
record  information  on  the  host  strains. 

Euphorbia  (Euphorbiaceae)  Strain:  Peren- 

nial, succulent,  12-25  cm  tall,  with  2  to  4  branches 

from  base.  Stem  greenish  yellow,  drying  brown,  te-  .i  i 

rete,  thick,  densely  pilose  with  retrorse  hairs.  In- 

ternodes 1-3.5  cm  long.  All  bracts  similar,  lance- 
olate, ciliate,  incurved,  shorter  than  calyx.  Flowers 

opposite/subopposite  in  dense  spikes,  spike  much 

late,  ciliate,  <  Vi  tube  length.  Corolla  pink  to  light 

purple,  tube  8-10  mm  long,  sparsely  pubescent, 
bent  and  expanded  distally  above  calyx,  lobes  of 

lower  lip  linear-oval;  upper  lip  emarginate,  wider 

longer  than  vegetative  stem.  Calyx  7-9  mm  long, 
pubescent;  lobes  unequal,  lanceolate,  ciliate,  Vz  the      Knepper  9/19/89  (ODU). 

Selected  specimens  examined.  BURKINA  FASO.  Cen- 

ter East:  5  km  N  of  Tenkodogo,  11°50'N,  ()°19'W,  Safa 
&  Musselman  10/9/87  (ODU).  CAMEROON.  Northern: 

29  km  S  of  Garoua,  9°5'N,  13°25'E,  Musselman  et  al.  10/ 

16/88  (ODU).  NIGERIA.  Niger:  Mokwa,  9°18'N,  5°2'E, 
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Vigna  (Fabaceae)  Strain:   Plant  annual,  sue-  2-4  cm  long.  All  bracts  similar,  incurved,  ciliate, 

culent,  8—26  cm  tall,  branched  from  base.  Stem  shorter  than  calyx.  Flowers  opposite  in  open  spikes, 

green  or  purple,   drying  black,  slender,  obtusely  spike  very  much  longer  than  vegetative  stem.  Calyx 

square,  furrowed,  covered  with  sparse,  soft,  diver-  5—8  mm  long,  ribs  hispid,  translucent  between  ribs; 

gent  hairs.  Internodes  1—3  cm  long.  Bracts  lance-  lobes  unequal,  acuminate,  <  Vi  tube  length.  Corolla 

olate,  ciliate,  incurved,  lower  ones  as  long  as  or  pale  blue  or  mauve,  tube  8—11  cm  long,  glabrate, 
longer  than  calyx,  upper  ones  shorter  than  calyx.  bent  and  expanded  distally  above  calyx,  lobes  of 

Flowers  opposite  forming  somewhat  dense  spikes,  lower  lip  obovate;  upper  lip  widely  obovate,  indis- 
spike  usually  shorter  than  vegetative  stem.  Calyx  tinctly  bilobed,  wider  than  long. 

6-9  mm  long,  ribs  hispid,  translucent  between  ribs; 
lobes  unequal,  acuminate,  ciliate,  Vi  tube  length. Selected  specimens  examined.      NIGER.  Dosso:  Kane, 

Corolla  light  pink  or  bluish,  tube  8-10  mm  long,       224  km  from  Niamey  on  Maradi 
 Roafl  ̂ °26'N'  3°53'F- 

,,  fi  jjj-iii  i  Parker  2312   (ODU).   Maradi:    Maradi,    13°32'N,   7°5'E, 
glabrate,  bent  and  expanded  distally  above  calyx,  ̂ ^  m?/  (R  QDU)  NIGERIA  p|aleau:  Jos_Shen. 
lobes  of  lower  lip  obovate,  spreading,  slightly  rolled  dam  Roa(^  9°50'N,  9°25'E,  Knepper  8/26/89  (ODU). 
inside;  upper  lip  emarginate,  as  long  as  wide.  Eco-       SOUTH  AFRICA.  Miisselman  6269  (ODU). 
nomically,  this  is  the  most  important  strain  of  S. 

gesnerioides  because  it  attacks  Vigna  unguiculata  Merremia  (Convolvulaceae)  Strain:  Plant  an- 

(L.)  Walp.,  cowpea,  which  is  a  staple  in  parts  of  nual,  succulent,  up  to  18  cm  tall,  unbranched  or 

Africa.  Damage  can  be  extensive  to  this  and  a  few  with  2-3  branches  from  base.  Stem  purple,  drying 

other  crops  (Parker  &  Riches,  1993).  black,  slender,  obtusely  square,  furrowed,  sparsely 

to  densely  pilose,  with  divergent  hairs.  Internodes 

!iHHKI^^    o^()*       short,  2   cm   long.   All   bracts   similar,  ciliate,  in- 

curved, shorter  than  calyx.  Flowers  imbricate  form- 

ing dense  spikes,  spike  very  much  longer  than  veg- 
(ODU).  NIGER.  Maradi:  Maradi,  Weed  Research  Orga-  etative  stem.  Calyx  5—6  mm  long,  ribs  hispid, 

nization  Station,  13°32'N,  7°5'E,  Parker  2264  (ODU).  NI-       translucent   between   ribs;   lobes   unequal,   acumi- 
CERIA.  Kano:  near  Kano  Airport,  12°5'N,  8°35'K,  Knep- 

per 2/22/89,  8/24/89  (ODU). 

Selected  specimens  examined. 

Northern:  5  km  S  Gourcy,  13°9'N,  2°22'W,  Safa  &  Miis- 
selman 10/10/87  (ODU).  MALI.  Koulikoro:  Bamako,  So- 

tuba,   12°50'N,  8°0'W,  Miisselman  &  Mohamed   10/1/88 

nate,  about  Vi  tube  length.  Corolla  purple,  tube  8- 
10  mm  long,  glabrate,  bent  and  expanded  distally 

Ipomoea  (Convolvulaceae)  Strain:  Plant  an-       above  calyx,  lobes  of  lower  lip  linear-obovate,  lon- 

nual,    succulent,    15—30    cm    tall,    usually    un-       gitudinally  rolled  inside  when  dry;  upper  lip  emar- 
branched.    Stem    purple,    drying    black,    obtusely       ginate,  wider  than  long. 

square,  furrowed,  somewhat  thick,  scabrous,  very 

sparsely  pilose,  with  soft,  divergent,  short  hairs.  In- Selected   specimens    examined.      SUDAN.    Bahr-Al- 

ternodes  1^1  cm  long.  All  bracts  similar,  slightly      ̂ ™t  ®]Zo^\il?l%  ?7/?!_( !9  w Sl^?™ 
incurved,  shorter  than  calyx.  Flowers  opposite  in 

open  spikes,  spike  as  long  as  or  longer  than  vege- 

tative stem.  Calyx  5-7  mm  long,  ribs  hispid,  trans- 

Nile:  Tozi,  12°54'N,  33°36'E,  Mohamed  10/26/88  (ODU). 

Nicotiana  (Solanaceae)  Strain:  Plant  annual, 

15-22  cm  tall,  unbranched.  Stem  pale  green,  dry- 

lucent  between  ribs;  lobes  unequal,  acuminate,  cil-  ing  [mywn^  slender.  obtusely  square,  furrowed,  cov- 
iate,  shorter  than  tube.  Corolla  white  to  light  blue,  efed  with  denge?  ghort?  goft?  divergent  hairs.  Inter- 
tube  9-13  mm  long,  glabrate,  bent  and  expanded  nodeg  j_3  cm  long  Bractg  cfliate  incurvedf  lower 
distally  above  calyx,  lobes  of  lower  lip  spreading,  oneg  ag  long  ag  Qr  longer  than  calyx  upper  oneg 
linear-oval;  upper  lip  emarginate,  about  as  long  as  ghorter  than  c&lyx  Flowerg  spar^  opposite  in  open 

spikes,  spike  usually  shorter  than  vegetative  stem. 

Calyx  4—7  mm  long,  ribs  hispid,  translucent  be- 
tween ribs;  lobes  unequal,  acuminate,  about  Vz  tube 

med  10/6/88  (ODU).  SENEGAL^Dakar:  10  km  N  Dakar,       length.  Corolla  pink/mauve,  tube  8-10  mm  long, 

with  few  hairs  or  glandular  hairs,  bent  and  expand- 

ide. 

Selected  specimens  examined.      MALI.  Koulikoro:   14 

km  N  Koulokani,  13°38'N,  7°54'W,  Miisselman  &  Moha- 

Masselman  et  al.  7066  (ODU).  Diourbel:  Kheur  Serigne 

Sarr,  16  km  E  Diourbel,  14°39'N,  16°0'W,  Miisselman 
7064  (ODU).  SUDAN.  South  Kordofan:  Balangya, 

10°30'N,  29°48'E,  Miisselman  8/23/86  (ODU). 

Jaquemontia  (Convolvulaceae)  Strain:  Plant 

annual,  succulent,  up  to  30  cm  tall,  unbranched  or 

with  2-3  branches  from  base.  Stem  purple,  drying  Selected  specimens  examined.     NICER.  Maradi:  Mar- 
black,  slender,  obtusely  square,  furrowed,  sparsely       ac]^    near   the    Weed    Research    Organization   Station, 

to  densely  pilose  with  divergent  hairs.  Internodes       13°32'N,  7°5'E,  Parker  1316,  2265  (ODU). 

ed  distally  above  calyx,  lobes  of  lower  lip  obovate; 

upper  lip  emarginate,  as  long  as  wide.  Tobacco  in 
Zimbabwe  has  been  seriously  damaged  by  this 

strain  (Wild,  1948). 
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Figure  10.      Distribution  based  on  specimens  of  Striga  gracillima  (triangle)  and  S.  hermonthica  (circle). 

14.   Striga  gracillima  H.  Melchior,  in  Mildbraed,      pie,  tube  6-8  mm  long,  bent  and  expanded  proxi- 
Notizbl.    Bot.   Gart.   Berlin-Dahlem   11:  681 mally    within    calyx    teeth,    densely    hairy,    never 

682.  1932.  TYPE:  Nyassa  Hochland.  Station      glandular-pubescent;  lobes  of  lower  lip  1-3  X  1- 
Kyimbila,  Stolz  1304  (holotype,  B?;  isotypes,       1.5  mm,  spreading,  obovate,  upper  lip  4X5  mm, 
BM!,  K!). 

Annual,   25—55   cm    tall,    slender,    usually   un- 

obovate,  emarginate,  as  long  as  wide. 

Striga  gracillima  is  a  poorly  understood  species 

branched,  densely  scabrous,  hispid,  hairs  ascend-  and  has  mistakenly  been  identified  as  S.  aspera 
ing,  stem  obtusely  square.  Leaves  18-45  X  2-5  (Hepper,  1984).  It  has  been  collected  from  Malawi, 

mm,  opposite,  narrowly  elliptic,  longer  than  inter-      Tanzania,  and  Zambia  between  8°41'S  and  15°45' 

ler- 

nodes,  margin  entire,  veins  obscure.  Lower  bracts      S  (Fig.  10).  Striga  gracillima  differs  from  S.  / 

10-25  X  2  mm,  leaf-like,  longer  than  calyx,  upper      monthica  in  having  a  slender,  sparsely  branched 
bracts  lanceolate,  as  long  as  or  just  shorter  than      stem;  narrower,  erect,  linear-elliptic  leaves;  shorter 
calyx.  Flowers  alternate,  shortly  pedicellate,  axil-  corolla  tube  with  smaller  lobes;  and  much  smaller 

lary  at  the  base  of  inflorescence,  becoming  imbri-  calyces  than  those  of  5.  hermonthica.  The  glandular 
cate  above  middle,  forming  strobilus-like  inflores-  pubescent  corolla  and  the  equal  calyx  lobes  are 
cences,  raceme  shorter  than  vegetative  stem.  Calyx  among  the  features  that  distinguish  S.  aspera  from 

5-ribbed,  5-7  mm  long;  tube  3^t(-5)  mm  long;  S.  hermonthica  and  S.  gracillima.  Striga  gracillima 
lobes  5,  unequal  (adaxial  reduced  to  <  1  mm),  del-  has  not  been  reported  to  attack  crops.  Its  host  range 
tate,  1-2  mm  long,  shorter  than  tube.  Corolla  pur-  has  not  been  investigated. 
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er   above    middle,    spike    shorter   than    vegetative 

stem.  Calyx  5-ribbed,  7-12  mm  long;  tube  5-10 

Selected  specimens  examined.  MALAWI.  Central: 

Dedza,  Dedza  Mountain  Forest,  14°22'S,  34°2(VE,  Salu- 
beni  1330  (GH,  K,  MO);  Dedza,  near  Kanjali,  Chongoni 

Forest,  14°27'S,  34°18'E,  Salubeni  1341,  1539  (K);  Li-  mm  long'  lobes  5>  "nequal  (adaxial  reduced  to 

longwe,  25  mi.  S  of  Lilongwe,  14°17'S,  33°47'E,  Pawek  1  mm),  deltate,  2-4  mm  long,  shorter  than  tube. 
14332A   (K);   Kyimbila,  Stolz  1304  (GH,   MO);   Nyassa  Corolla  pink  or  mauve,  rarely  white,  with  ascending 
Hochland,  Station  Kyimbila,  Stolz  1304  (BM    K).  South-  hairS9  tube  (13)16_20  mm  long,  bent  and  expanded ern:  Chiradzulu,  Chiradzulu  Mountain,  15  45  S,  34  18  E,  •       n        •  i  •          i               i                  i     i     • 

Brummit  &  Banda  9838  (K).  TANZANIA.  Morogoro:  Proximally  within  calyx  teeth,  sparse
ly  hairy,  never 

Mahenge,  8°41'S,  36°41'E,  Schlieben  2108  (US).  ZAM-  glandular-pubescent;  lobes  of  lower  lip  7-15  X  3- 

BIA.  Northern:  Kasama,  40  km  W  of  Kasama,  10°16'S,  6(-10)   mm,  obovate,  upper  lip  4-9   X    4^7   mm, 
30°54'E,  Philcox  et  al.  10210  (K). 

15.   Striga  hallaei  A.   Raynal,   Bull.  Jard.   Bot. 

emarginate. 

Striga  hermonthica,  giant  witch d,i s  a  serious 

Belg.   39:   374.    1969.   TYPE:   Gabon.   Efout,       pest  of  food  crops  (sorghum,  maize,  millet,  rice)  es- 
Halle  &  Villiers  4914  (holotype,  P!). pecially  in  the  Sahel  of  Africa.  In  fact,  in  parts  of 

the  Sahel  it  causes  more  damage  to  millet  and  sor- 
Annual,    30^60    cm    tall,    erect,    slender,    un-      ghum  than  any  other  factor<  wJth  the  possible  ex_ branched,  pilose,  stem  obtusely  square.  Leaves  40 

ception  of  birds.  Striga  hermonthica  is  not  partic- 

70  X  12(-30)  mm,  opposite,  elliptic,  shortly  peti-  ular  to  soil  type  or  pH  and  can  be  abundant  on 
olate,  coarsely  toothed,  3-veined,  shorter  than  in-  hghter  §oilg  in  Wegt  Mric^  ag  weU  a§  Qn  heayy 
ternodes.  Lower  bracts  8-20  X   5  mm,  leaf-like,      day  soilg  j„  £agt  Africa upper  ones  reduced,  all  bracts  longer  than  calyx. Giant  witchweed  is  an  obligate  outcrosser  as  is 

Flowers  alternate  in  open  racemes,  raceme  shorter      the  related  specie^  s  a  (Musselman  et  al., 
than  vegetative  stem.  Calyx  5-ribbed,  6—7  mm  long; 1991).  Several  insects  are  potential  pollen  vectors 

tube  2  mm  long;  lobes  5,  equal,  linear  to  lanceolate,  Comparison  of  populations  of  S.  hermonthica  par- 
4-5  mm  long,  twice  as  long  as  tube.  Corolla  salm-  asitizing  simiiar  hosts  but  g^^g  in  djfferent  geo- 
on-pink,  tube  22-25  mm  long,  bent  and  expanded  graphical  localities  revealed  a  high  level  of  mor- 
distally  above  calyx,  densely  pilose;  lobes  of  lower  phological  and  floral  variability.  This  high  phenetic lip  17  X  30  mm,  broadly  round;  upper  lip  12  X 

15  mm,  emarginate,  reflexed  backward. 

This  species  inhabits  openings  within  rainforests 

(Raynal-Roques,  1969)  of  Gabon  and  Democratic 

variability  was  accompanied  by  high  genetic  diver- 
sity (Bharathalakshmi  et  al.,  1990;  Olivier  et  al., 1998). 

The  sorghum-  and  millet-strains  of  S.  hermon- 

Republic  of  Congo  (Fig.  7).  The  large  toothed  and  thica  have  similar  vegetative  characteristics  but  dif- 

nerved  leaves,  long  calyx  lobes,  salmon-pink  co-  ferent  corolla  sizes  and  shades.  The  millet-strain 

rollas,  and  adaptation  to  wet  habitats  suggest  a  re-  has  a  smaller  dull  pink  corolla  and  is  common  on 

lationship  between  this  species,  5.  forbesii,  and  S.  sandY  soil  whereas  the  sorghum-strain  has  a  larger 

latericea.  Of  these  three  species,  only  S.  hallaei  has  P^k  corolla  and  is  associated  with  clay  soils.  Al- 

a  5-ribbed  calyx.  though  host-specificity  reduces  the  host  range  of 
the  parasite,  it  may  lead  to  successful  attachment 

16.   Striga  hermonthica  (Del.)  Benth.,  Compan-  and  better  adaptability  to  a  given  host  under  spe- 

ion  Bot.  Mag.  1:  365.  1836.  Buchnera  hermon-  cific  conditions.  Such  floral  differences  could  be 

thica  Del.,  Fl.  Egypte:  245,  34  fig.  3.  1813 

TYPE:  Egypt.  Delile  s.n.  (holotype,  P!). 

expected  to  reduce  cross  pollination  between  the 

two  strains  when  sympatric.  Breeders  developing 

grains  for  tolerance  to  the  parasite  need  to  be  aware 

Striga  senegalensis  Benth..  in  DC.  Prodr.  10:  502  (1846).  of  genetic  interchange  in  this  wide-ranging  species. TYPh:  Senegal.  Heudelot  s.n.  (syntvpe,  K!).  0    .       ,  ,  .  ,    r         0  i       t-  i  • 
Striga  hermonthica  extends  Irom  Senegal  to  htni- 

Annual,   to  90  cm  tall,   stiffly   erect,   branched  opia  with  southern  limits  in  the  Democratic  Re- 

from  middle,  scabrous,  densely  hispid,  hairs  as-  public  of  Congo  and  Tanzania,  between  22°3'N  and 

cending,    stem    square,    furrowed.    Leaves    15-80  9°30'S  (Fig.  10).  There  are  a  few  collections  from 
(-110)   X   (4— )10-25(— 40)  mm,  opposite,  linear  or  Angola  and  Namibia.  Collections  from  the  Nile  Del- 

narrowly  elliptic,  ascending  or  spreading,  longer  ta  and  parts  of  Yemen  likely  represent  introductions 

than  internodes,  margin  entire,  veins  obscure.  Low-  with  contaminated  seed,  a  well-documented  means 

er  bracts  12-50(-95)   X   2-5(-10)  mm,  leaf-like,  of  dispersal  (Berner  et  al.,  1992).  Striga  hermon- 

longer  than  calyx,  upper  bracts  lanceolate,  as  long  thica  has  not  been  found  in  native  grasslands  ex- 
as  or  shorter  than  calyx.  Flowers  opposite,  forming  cept  in  the  Nuba  Mountains  of  the  Sudan  Republic 

a  lax  spike  at  base  of  inflorescence,  becoming  dens-  (Musselman  &  Hepper,  1986). 
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South  of  9°30'N,  S.  hermonthica  is  less  frequent       (K)-  NIGER.  Maradi:  2  km  W  Maradi  on  Niamey  Road, 
and  smaller  in  size.  Striga  hermonthica,  S.  asiatica, 

and  5.  gesnerioides  are  the  only  species  found  north 

of  the  Sahara  (Figs.  4,  8,  10). 

13°32'N.  7°4'E.  Parker  2316,  2317  (ODU).  Niamey:  Nia- 
mey, Galome,  13°35'N,  2°10'W,  Hagerup  478  (K),  Barter 

136,  1821  (GH).  NIGERIA.  Bauchi:  1  mi.  N  of  Naraguta, 

10°40'N,  8°55'E,  Hepper  1162  (K).  Bornu:  Biu,  10°35'N, 

In  any  large  population  of  5.  hermonthica  it  is       12°K)'E,  Noble  30,  31  (K).  Gongola:  10  mi.  W  of  Gomhi, 
10°12'N,  12°41'E,  ljowe  1671  (K).  Kaduna:  between  Za- 

ria  and  Kano,  site  of  new  tollgate,  1 1°30'N,  8°10'E,  Ltwe 

4828  (K).  Kano:  Gaya,  near  Kano,  11°55'N,  9°2'E,  Shor- 

possible  to  find  albino  plants.  These  are  plants  to- 

tally lacking  chlorophyll  yet  capable  of  flowering 
b 

Hepper,  1986). 
of  their  parasitic   nature  (Musselman  &      iand  }79  (K)    Kwara:  Ix)koja,  7°50'N,  6°40'E,  Parsons 

Selected  specimens  examined.  ANGOLA.  Luanda: 

Catete,  9°2'S,  13°42'E,  Gossweller  199,  14219  (K).  BUR- 
KINA EASO.  Central:  60  km  E  of  Ouagadougou. 

12°35'N,   0°18'W,  Safa   &   Musselman    10/9/87   (ODU). 

L79  (K).  Niger:  Kontajora,  10°25'N,  5°25'E,  Dalziel  171 

(K).  Ogun:  Ibadan,  Botany  Department,  7°10'N,  3°50'E. 
Lowe  2760  (K).  Plateau:  Jos-Shendam  Road,  9°S0'N, 
9°25'E,  Knepi>er  8/26/89  (ODU).  Sokoto:  Guadabawa, 
13°8'N,  5°15'E.  Ryan  58  (K).  SENEGAL.  Oriental:  Bak- 
el,  14°55'N,  12°29'W,  Hepper  3721  (K).  SUDAN.  Al-Ja- 

Northern:  Bogoya,  5  km  NW  of  Ouabigouya,  13°38'N,       zirah:   Madani,  Barakat,   14°20'N,  33°48'E,  Musselman 
2°27'W,   Raynal  22263   (K).    Volta:    Boromo,    H°50'N, 
2°55'W,  Raynal  22600  (K).  CAMEROON.  Center  South: 

6139  (ODU,  K).  Bahr  Al-Ghazal:  Wau,  7°46'N,  28°2'E, 
MacCintosh  103  (K).  Blue  Nile:  Abu  Naama,  12°40'N, 

near  Djikainke,  4  mi.  from  Foumban,  4°43'N,  I0°55'E,  33  40' E,  Mohamed  10/27/88  (ODU).  Kassala:  Al-Oad- 

Leeuwenberg  10189  (K).  Northern:  Adamawa,  near  Can-  arif-  14°4'N,  35°24'E,  Schweinfurth  595  (K).  Khartoum: 

gumi,  7°0'N,  13°0'E./^i7t)«S:Oaramo/a2fl792(K).CEN-       »t   15°38'N,  32°32'E,  Sawer  13698,   13699  (K).  North 
Darfur:  Gabal  Kurdufan,  13°23'N,  23°32'E,  Wickens  628 TRAL  ALBICAN   REPUBLIC.  Ouham:   Bossango  Re- 

gion,   6°30'N,     17°20'E,     Fay    &    Doka    5070    (K).  (*)■  Cabal  Abu  Sinun,   12°52'N.  23°30'E,  Wickens  309 

DEMOCRATIC  REPUBLIC  OF  CONGO.  Equateur:  Li-  (K).   North  Kurdufan:   El  Obeid.   Kbartaget.   13°I3'N, 

benge,  3°39'N,  18°38'E,  Lebrun  1759  (GH).  Haba:  Nia-  30°32'E,  Musselman  6162  (ODU).  Northern:  Wadi  llal- 

bembe,  2°14'S,  27°44'E,  Steyagi  s.n.  (US).  Haut  Zaire:  &.  1  km  NW  Debeira  Station,  22°3'N,  3I°23'E,  Petterson 
between  Mahagi  and  Mahagi  Port,  2°16'N,  31°7'E,  Bou- 

tique 308  (K).  Kivu:  between  Oabiro  and  Kidebe,  1°30'S, 

16819   (K).   South    Kurdufan:   near   Kadugli,    1  Pl'N, 
29°41'E,    Musselman    6155    (K).    Upper    Nile:    Sobat. 

30°25'E,  Lebrun  9631  (K).  Shaba:  Kundelungu,  9°30'S,  8°55'N,  32°25'E,  Petherick  1863  (K).  West  Kurdufan: 
27°45'E,  Kassner  exped.  2786  (K).  DJIBOUTI.  Eastern:  E1  Greo<  Pf'""{  679  (K)-  TANZANIA.  Mara:  1-ake  Prov- 

Arta  Road,  H032'N,  43°9'E,  Curie  98  (K).  EGYPL  Cai-  ince,  'koma,  Musoma,  2°2'S,  34°35'E,  Tanner  4142  (K). 

ro:  S  of  Al-Jizah,  Helwan,  29°58'N,  31°16'E,  Boland  743  Shinyanga:  near  Shinyanga,  3°40'S,  33°27'E.  Box  293 

(K).  Delta:  Rodah,  30°15'N,  31°15'E,  Schweinfurth  1880  (K).  Ziwa  Magharibi:  West  Uke  Province,  Bibaramulo, 

(US).  Red  Sea:  Al-Fashn,  28°27'N.  30°55'E,  Faad  1881  2°37'S,  31°19'E,  Tanner  5274  (K).  CHAD.   Chari-Ba- 
(K),  Radjil  594  (GH).  ERITREA.  Southern:  4  km  S  of 

Adi  Kuala,  14°38'N,  38°50'E.  Ryding  et  al.  1548  (K). 
Teseney:  15°6'N,  36°40'E,  Pichi-Sermolli  1295  (K). 
ETHIOPIA.  Gojam:  Shoa,  10°5'N,  38°16'E,  Meyer  s.n. 
(K).  Ilubabor:  Blue  Nile,  Gore,  8°9'N,  35°32'E,  Parker 
E22  (K).  Kefa:  Onto  National  Park,  8°25'N,  37°15'E,  Ash 

3648  (K).  Ogaden  Harerge:  at  8°44'N,  40°30'E,  Puff  et 
al.    820922   (K).    Shewa:    N    Addis    Ababa,   9°12'N, 

guirmi:  Ba  III,  10°32'N,  16°27'E,  Audry  B2  (K).  TOGO. 
Northern:  7  km  N  of  Mango,  10°26'N,  0°17'K.  Posh 

7916  (K).  UGANDA.  Eastern:  Amuria,  2°4'N,  33°37'E, 
Willemse  30  (K).  North  Buganda:  Sempayo-Kiboga 

Road,  Semlilci  Plats,  0°40'N,  31°45'E,  Liebenberg  1029 
(K).  Northern:  between  Nimule  and  Condnkoro,  along 

Babr  El  Gabal,  3°10'N,  32°5'E,  Mearns  3005  (GH). 
Southern:  W  Ankole,  0°30'S,  30°18'E,  Dawe  444  (K). 

38°42'E,  Meyer  7594  (US).  Tigray:  Enda  Sellassie,  W  of      Western:  Bunyoro,  1°38'N,  31°30'E,  Vyffe  32,  164  (K). 
Axum,  14°10'N,  38° I  l'E,  Scott  217  (K).  Welega:  Condor, 
9°S0'N,  36°3I'E.  Massey  47  (K).  GAMBIA.  Central: 
Sapu,  13°0'N,  15°0'W,  Terry  s.n.  (K),  Saunders  60,  62  (K), 

Brookes  19  (K).  (ill ANA."  Northern:  2.3  mi.  NW  of 
Bunkpurugu,  10°32'N,  0°3'E,  Innes  30748  (K).  Upper: 
Bongo,  near  Bolgatanga,  10°50'N,  0°50'W,  Hossain  & 
Agyakwah  37855  (K).  GUINEA  BISSAU.  Central:  Baf- 

ata,  Arredores  Region,  I2°12'N,  14°42'W,  Espirito  Santo 
2796  (K).  Eastern:  Gahee,  Canquelifa,  12°40'N, 
I3°50'W,   Espirito  Santo  2960  (K).   IVOBY    COAST. 

17.  Striga  hirsuta  Benth.,  in  DC.  Prodr.  10:  502. 

1846.  TYPE:  China.  Loureiro  s.n.  (holotype, 

P!).  Figure  2. 

Striga  pusilla  Hoehst,  in  DC.  Prodr.  10:  503.  1846.  TYPE: 
Ethiopia.  Cafata,  Schimper  1209  (holotype,  K!). 

Annual,  small,  2-6(-20)  cm  tall,  slender,  un- 

Bouna:  Varale,  60  km  N  of  Bouna,  9°39'N,  3°6'W,  Geer-  branched  or  branched  from  middle,  sparsely  hispid 
ling  &  Bokdam  934  (K).  Boundiali:  Zaguinaso,  64  km  N  to  ciliate,  hairs  ascending,  stem  obtusely  square, 

of  Boundiali,  10°2'N,  6°32'W,  Riches  249  (K).  Firkesse-      furrowed.  Leaves  reduced,  3-15  X  0.5-1  mm,  op- dougou:  5  km  S  of  Lirkessedougou,  9°36'N,  5°8'W,  Rich- 
es 226  (K).   KENYA.   Nyanza:  3  mi.  S  of  Homa   Bay, 

posite/subopposite,  linear,  shorter  than  internodes, 

0°34'S,  34°22'E,  Bogdan  4535  (K).  M [ALL  Kayes: Dion-      margin  entire,  veins  obscure.  Lower  bracts  6-15  X 

koulane  Fields,  Yelitnane  Circle,  15°8'N,  10°34'W,  Yeafes       1  mm,  narrowly  1 late,  longer  than  calyx,  up- 

88  (K).  Koulikoro:  Sekesona,  7  km  from  Ouelessebou-  per   bracts   lanceolate,   shorter  than   calyx.   Lower 
gou   90  km  S  of  Bamako,  Fgynal  22194  (K)   Seg»»:  7  surface  of  leave§  and  bractg  ̂   a  row  of  hi     y km  from  Diahalv,   14  ()  Y  0  ()  W,  Raynal  22;u3  (K).  Si-  ,     .         ,  .  ,       .  .  ..  . 

kasso:   10  km  W  of  Yangasso,  Raynal  22221  (K).  NA-  hairs  alon8  mar8ins  and  midrlb'  uPPer  surface  hls
" 

MIHIA.   Cunene:   Oshikango,    17°9'S,    16°K)'E,   Rodin  PK*  on'y  al°ng  margins.  Flowers  alternate  in  open 

9379  (K).  Owamho:  Olukonda,  18°()'S,  16°;VE,  Reed  14  racemes,  raceme  longer  than  vegetative  stem.  Calyx 
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Figure  11.      Distribution  based  on  specimens  of  Striga  hirsute  (circle). 

10-ribbed,   4-5.5   mm   long;   tube   2-3   mm   long;       Couceiro,  Vila  Parire,  15°10'S,  13°30'E,  Henri
que*  853 

lobes  5,  equal,  subulate,  1.5-2.5  mm  long,  as  long 
(K).     BURKINA     FASO.     Eastern:     Fada-NVGourma, 
12°12'N,  0°25'E,  Sofa  &  Musselman    10/25/87  (OI)U). 

as  tube.  Corolla  dark  red  with  yellow  throat,  8-10  BURUNDL  Northern:  Bubanza,  Imbo,  3°10'S,  29°58'E, 
(-12)  mm  long,  bent  and  expanded  distally  above  Reekmans  10314  (K).  CAMEROON.  Eastern:  Batouri, 

calyx,  sparsely  glandular-pubescent;  lobes  of  lower      4°30'N,  14°30'E,  Taylor  1  (K).  North- Western:  Nanpe, 

lip  2-3(-5)  X  l-2(-3)  mm,  obovate,  upper  lip  1 

2  X  2—4  mm,  emarginate. 

8  km  W  of  Bangante,  8°5'N,   10°36'E,  de   Wilde  &  de 
Wilde-Duyfjes  2397  (K).  Northern:  Jangla,  foot  of  Vogel 

Peak,  8°22'N,  11°55'E,  Hepper  2745  (K).  Western:  Mbaw 

Striga  Ursula  is  frequent  in  the  Sudanian  savan-  Plain,  6°15'N,  1 1°0'E,  Brunt  404  (K).  CENTRAL  AFRI- 

na.  Its  range  extends  from  Mali  to  Ethiopia  and  CAN    ipPUBUC^                                                  of .    .         *             o,                  iv/ii      •          i  **  Camp  Koumbala,  8°29'Nf  21^4  E,  Fay  2867  (K).  Nana- 
south  into  Kenya,  Tanzania,  Malawi,  and  Mozam-  Mambere:  Bouai.   ̂ ^  15o35,E    Mildraed  9S0I  (K). 
bique  between  13°N  and  26°S  (Fig.  11).  Striga  hir-  Ouham-Pende:    near    Nana-Bakassa    River,    7°0'N, 
suta  and  5.  lutea  may  rarely  attack  crop  plants  such  17°0'E,  Fay  5068  (K).  CONGO.  Kinshasa:  at  4°3()'S, 
as  sorghum  and  maize,  but  no  noticeable  damage 
occurs. 

15°30'E,   Woolhouse  51/61/22  (K).   DEMOCRATIC   RE- 

PUBLIC OF  CONGO.  Bas-Zaire:  Boma,  5°48'S,  13°0'E, 
o    .        ,  .  .  .      fl  n     ,  .      ,        Dacremont    128,    129    (K).    Haut    Zaire:    Ihila-Bofea, 
Striga  hirsute  is  typically  a  small  plant,  up  to  6      2<,2(yN    ̂ ^    Kmard  ̂    (K)    Katanga:   Kayuba 

cm,  that  emerges,  flowers,  and  matures  in  a  fairly  9045-5,  27°58'E,  de  Witte  3332  (K).  Kivu:  Beni,  0°30'N, 
short  time.  It  flowers  sooner  after  the  commence-  29°28'E,  Gille  39  (K).  Shaba:  Pweto,  8°25'S,  28°51'E, 

ment  of  the  rains  than  the  most  damaging  species,  Robyn    1971    (K).    ETHIOPIA.    Bale:    Dallo.  6°22'N, 

Striea  hlrsuta  is  less  hispid  than  39°50'E,  Mooney  8427  (K).  Gamo  Gofa:  8  km  S  of  Arba 
ermonimca thi S.  h 

S.  asiatica  and  S.  lutea;  however,  it  is  more  sca- 

brous than  both  species.  See  comments  under  S. 

Minch,  5°58'N,  37°36'E,  Gilbert  et  al  320  (K).  Gojam: 

Beles  Farm,  W  of  Gojam,  10°5()'N,  35°47'E,  Parker  4074 

(K).  Ilubabor:  Gambela,  8°18'N,  34°37'E,  Ash  518  (K). 
asiatica.  Musselman  and  Hepper  (1986)  included       Ogaden    Harerge:    Awash    National    Park,    8°55'N, 
S.  hirsuta  and  S.  lutea  in  S.  asiatica.  Further  work       39°55'E,    Gilbert    1663   (K).   Tigray:    Gafata,    12°55'N, 

is  needed  to  elucidate  the  relationship  of  this  spe-       39°40'E,  Anonymous  1842  (GH,   US).  Welega:  9°3'N, cies  to  S.  asiatica. 36°H'E,  Gilbert  &  Thulin  708  (K).  KENYA.  Central:  Za- 
wadi,  0°24'S,  36°59'E,  Faden  et  al.  74/572  (K).  Coast: 

Selected  specimens  examined.     ANGOLA.  Benguella:       30  km  W  of  Bum,  3°45'S,  38°18'E,  Durham  26/2/24  (K). 

Benguella,  12°36'S,  13°2()'E,  Gossweller  2916  (K).  Huila:       Eastern:  Emali  Hill,  2°3'S,  37°27'E,  Someren  250  (K). 
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Nairobi:  l°17'S,  36°48'E,  Johnstone  1551  (K),  Red  1424       lukwe,  near  Surprise  Mine,  19°38'S,  30°0'E,  Cecil  128 
(K).  Victoria:  Kyle  National  Park,  20°19'S.  3I°I  E,  Phil- 

Vall 

36°I4'E,  Gilbert  4840  (k).  LIBERIA.  Maryland:  Harper,       cox  &  Leppard  8870  (k). 
4°25'N.  7°4:VW,  Baldwin  5988  (US).  MALAWI.  Central: 
Fori  Manning.  Una  River.  I  .TIT'S,  32°58'K,  fiobson  1083 
(k).  Northern:  37  mi.  SW  Mzuzu,  11°47'S,  33°38'E, 
Pawek  10942  (k).  Southern:  Blantyre,  2  mi.  N  of  Limbe, 

15°49'S,  35°7'E,  Brummit  8428  (k).  MALI.  Koulikoro: 
Baguineda,  22  km  N  of  Bamako,  12°51'N,  7°46'W,  Mm- 
selman  &  Mohamed  10/8/88  (OI)U).  MOZAMBIQUE.  Ma- 

puto: Inhaca  Island,  23  km  E  of  Maputo  (Lourenco 

Marques),  2o°l'S,  32°57'E,  Mogg  30317  (k).  NIGER. 
Barter    530    (ODU).    NIGERIA.    Plateau:    Jos-Plateau, 

9°50'N,  8°40'E,  Knepper  8/25/89  (ODU).  RWANDA.  Ka-  ,  .  . 

duna:  Tcgina,  Musselman  &  Mansfield  5531  (ODU).  tire'  Ve,nS  obscure-  L°wer  and  uPPer  bra('ts  similar. 
Northern:  Buhengeri,  l°30'S,  29°36'E,  Reekmans  4257  2-5(-12)  X  1  mm,  linear,  shorter  than  calyx.  Flow- 
(K).  SEYCHELLES  ISLAND.  Vallee  de  Mai,  Belle  196      ers  alternate  in  open  racemes,  raceme  much  shorter 
(GH).  SOMALIA.  Coast:  5  km  S  of  Goba,  ()°47'N, 
41°41'K,  Gillett  el  al.  5045  (K).  SUDAN.  Bahr  Al-Gha- 
zal:  Djur  Biver,  8°40'N,  28°35'E,  Ayhuer  GA27151  (K). 
Darfur:  Kalwe,  Hynes  478  (k).  Equatoria:  Nakbi,  be- 

tween Yambio  and  Tambio,  5°1'N,  28°5'E,  Myers  7000 

18.  Striga  junodii  Schinz.,  Mem.  Herb.  Boiss  10: 

62.  1896-1900.  TYPE:  Mozambique.  Delagoa 
Bay,  Junod  183  (holotype,  G  not  seen). 

Perennial,  30-60  cm  tall,  stiffly  erect,  un- 
branched,  scabrous,  hispid,  stem  winged.  Leaves 

10-25  X  1-2  mm,  linear,  opposite  at  base  of  stem, 
alternate  above,  shorter  than  inteniodes,  margin  en- 

15-18 15 

mm  long;  tube  7-9  mm  long;  lobes  5,  equal,  linear 4-7 

20-22 

(k).   Jungali:   near   Baidit.   45   km    N   of  Bor,  6°32'N,       and  expanded  distally  above  calyx,  densely  pub 31°3o'E,  Lock  81/247  (K).  North  Darfur:  Gabal  marra, 

Kibbi,  12°1'N.  23°32'E.  Wickens  2241  (K).  South  Kur-  T"'  """".."VY" 
dufan:     between     Belatama    and    Kadugli,     11°3()'N,  obovate'  slightly 

29"30'E,  Sherif  3952  (k).  Upper  Nile:  Adok.  8°1()'N.  »»m,  emarginate. 

8-11  X  4-5 

5-8X8-1 

3()°I8'E,  retherick  1862  (K).  TANZANIA.  Arusha:  Mbu- 
lu,  Jeltogo  Hill,  Mgati  Plains,  4°5'S,  35°3()'E,  Bunt  2105 

Striga  junodii  is  represented  by  only  a  few  col- 

(K).  Iringa:  80  km  N  of  Muhange,  8°10'S.  36°0'E,  Bid-       lections  from   swampy  grounds  in   southern   Moz- 
good  et  al.  65  (k).  Kigomu:  Livingstone  College,  5°30'S, 
3()°()'E,    Verdeourt    3390    (K).    Kilamanjaro:    Ngungu, 
Shimba  Hills.  4°28'S,  38°4'E,  Jackson  415  (K).  Mafia: 
Clumgaruma,  Greenway  5371   (k).   Magharibi:   Bibara- 

ambique  and  northeastern  South  Africa  between 

24°S  and  26°S  (Fig.  12).  It  does  not  extend  north 
into  Mozambique  where  the  similar  5.  pubifiora  oc- 

mulo,  on  Nyamirembe  Road,  2°39'S,  31°23'E,  Balslev447  curs  (Fi8-  15)-  The  two  species  may  have  different 

(MO).   Mheya:  Chimala,  85  km  E  of  Mbeya,  8°52'S,  ecological  requirements.  Striga  junodii  is  also  mor- 

34°0'E,  Bally  &  Carter  16448  (k).  Morogoro:  25  mi.  phologically  similar  to  the  Asian  species,  S.  ma- 
o      omgoio.  i.         .            --    '  g '       *               '    '•  suria;  however,  S.  junodii  has  a  characteristic  notch Kukwa:   lumba,  t  30  S,  31  45  E.  Bullock  BI4  (k).  Ru-  ,      .                    '     .  ,         _ 

vuma:  10  km  SW  of  Songea,  10°44'S,  35°33'E,  Milne-  on  the  lower  corolla  lobes.  The  current  status  of  5. 
Redhead  &  Taylor  882  (K).  Shinyanga:  near  Shinyanga,  junodii  remains  unknown.  We  are  unaware  of  extant 

3°45'S,  33°27'E,  Box  291  (k).  Tanga:  Handeni,  Nyongolo  populations.  Collectors  in  Mozambique  and  South 

?!«  5?7  J  SHi '.E\M^a  ft  (K)-   Zanzibar:   Kirk  Africa  should  be  aware  of  hs  presence. 2179  (K).  Ziwa  Magharibi:  Muhutwe  Bukoba,  1°35'S, 
31°45'E.  Panayotis  98  (K).  UGANDA.  2  mi.  S  of  Akilok, 
hingdale- Brown  2421  (k).  Central:  Entebbe,  0°4'N, 
32°28'E,  Brown  21,  238  (k).  Karamoja:  SE  of  Karamoja, 
NE  of  kocemaluk,  2°18'N,  34°18'E.  Hudson  296  (K). 
Nile:  Koboko,  3°25'N,  3I°0'E,  Looe  P1048  (k).  North 
Buganda:   10  km  NW  of  Katera,  0°46'N,  31°58'E,  Lye 
s.n.  (K).  South  Buganda:  lake  Kauonje,  Mountain  Ma- 

Selected  specimens  examined.  MOZAMBIQUE.  In- 

haiiihane:  Inbambane,  23°54'S,  35°30'E,  Anonymous 
12092  (MO,  S,  UPS).  Maputo:  Lourenco  Marque*,  Bi- 
katla,  25°58'S,  32°32'E,  Junod  276  (BBE).  SOUTH  AF- 

RICA. Transvaal:  Mu/.i  Swamp,  2  km  from  Phelendaba 

Crossing  on  Mbazwana  Road,  23°55'S,  3I°13'E,  Germi- 
shuizen  3534  (k);  Nelspruit,  25°30'S,  30°59'E,  Prosser 

sak.  0°21'S,  31°45'E,  Rose  10253  (k).  Southern:  Kara-       1784  (BRE,  K).  Britton  4778  (BBE). 
bug...   Kisi/i.  (fplain  45'S,  29°50'E,  Purseglove  P2424 
(K).  ZAMBIA.  Eastern:  Fort  Jameson,  13°37'S.  32°44'E. 
Bush  23  (k).  Lusaka:  1.5  km  N  of  Marangora,  Zambezi 

Escarpment,  Urungwe  National  Park,  15°45'S,  29°0'E, 
Philcox  el  al.  8563,  8610  (K).  North-Western:  Mwini- 

lunga.  near  Matonchi,  ll°41'S,  24°24'E,  Townsend  170 
(K).  Northern:  16  km  E  of  Kasama,  Nambkiingu  Bidge, 

10°16'S,  31°15'E,  Philcox  et  al.  10190  (K).  Western: 
Sesheke.  17°30'S,  24°50'E,  Gairdner  412  (K).  ZIMBAB- 

WE. Inyanga:  Inyanga,  18°I5'S.  32°42'E,  Norlindh  & 
Weimarck  4956  (K).  Manicaland:  River  Tandai,  19°32'S, 

32°40'E,  Myres  294  (K).  Mashonaland  South:  Salisbury 
Experimental  Station,  17°48'S,  3I°1'E,  Wild  5718  (K). 
Matal>eleland    North:    near    Wankie    Prison,    18°22'S, 

26°30'E,  Raymond  319  (K).  Matabelelaiul  South:  Se-       longer  than  calyx,  upper  bracts  lanceolate,  as  long 

19.  Striga  klingii  (Engl.)  Skan,  Fl.  Trop.  Afr. 
4(2):  413.  1906.  Buchnera  klingii  Engl.,  Bot. 
Jahrb.  18:  69.  1893.  TYPE:  Togo.  Buttner  239/ 221  (B?). 

Annual,  to  86  cm  tall,  coarse,  stiffly  erect,  often 

3-branched  just  below  inflorescence,  scabrous,  his- 

pid, stem  obtusely  square.  Leaves  20-40(-70)  X 

4-7(-12)  mm,  opposite,  narrowly  elliptic,  tips  ob- 
tuse, 3-veined,  coarsely  toothed,  shorter  than  inter- 

nodes.  Lower  bracts  10-20  X  2^4  mm,  lanceolate, 
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Figure  12.      Distribution  based  on  specimens  of  Striga  junodii  (triangle)  and  S.  macrantha  (circle). 

as  calyx.  Flowers  imbricate  forming  very  compact 

spikes,  spike  much  shorter  than  vegetative  stem. 

Calyx  12-15-ribbed,  8-10  mm  long;  tube  5-6  mm 

long;  lobes  4  equal  or  5  unequal,  linear,  3-5  mm 

long,  slightly  shorter  than  tube.  Corolla  pink,  tube 

10—13  mm  long,  bent  and  expanded  proximally 

within  calyx  teeth,  pubescent  or  glandular-pubes- 

cent; lobes  of  lower  lip  4-7  X  2-4  mm,  spreading, 

oval,  upper  lip  2-3  X  3^1  mm,  obovate,  emargin- 
ate. 

A  very  distinct  witchweed,  stiffly  erect  with 

bright  pink  corollas,  S.  klingii  is  usually  found  in 

small  populations  parasitizing  grasses  in  the  wet 

savannas  of  west  and  central  Africa.  Its  range  ex- 

tends from  Senegal  to  southern  Sudan  between 

4°0'N  and  15°0'N  with  disjunct  localities  in  Tan- 
zania and  Malawi  (Fig.  13).  Striga  klingii  is  similar 

to  S.  macrantha;  both  species  have  three  terminal 

branches  just  below  the  inflorescence.  However,  S. 

klingii  has  pink  flowers  whereas  S.  macrantha  has 

white  flowers  and  glandular  hairs. 

The  vestiture  of  S.  klingii  is  unique,  as  noted  by      £Jg  (k)"  sijE^  Nw'oV  Veil Neumann   et   al.   (1996)   and   Musselman   (unpub-       4°17'N,  30°32'E,  Meyers  7867  (GH). 
lished),   with   curved   hairs   that   have   very   broad 

L3°35'E,  Breteler  258  (K);  7°20'N,  13°32'E,  Musselman 

et  al  s.n.  (K);  Ngaouyanga,  29  km  N  of  Dogba,  7°20'N, 
L3°32'E,  Musselman  10/16/88  (ODU).  CENTRAL  AFRI- 

CAN  REPUBLIC.   Bamingui  Bangoran:  Camp  Koum- 

bala,  8°29'N,  21°13'E,  Fay  6021  (K,  MO).  GHANA. 

Brong  Ahafo:  N  of  Krachi,  7°55'N,  0°1'W,  Morton  6292 
(K).  GUINEA.  Northern:  Youkounkoun,  Sambailo, 
12°40'N,  13°22'W,  Adam  13884  (MO).  Southern:  Ma- 
mou.  1()°27'N,  12°2'W.  Shuell  6785  (K).  GUINEA  BIS- 

SAU. Eastern:  Madina,  11°55'N,  14°5'W,  Espirito  Santo 

3754  (K).  Northern:  Bafata,  Bambadinea,  12°12'N, 
14°42'W,  Espirito  Santo  3808  (K,  MO);  Earim,  12°35'N, 
15°10'W,  Espirito  Santo  3622  (K,  MO);  Piche,  12°25'N, 
13°55'W,  Pereira  2328,  2368  (K);  Sao  Domingos, 
12°30'N,  16°8'W,  Espirito  Santo  3668  (K,  MO).  MALAWI. 
Kyimbila,  N  Lake  Nyasa,  Stolz  2500  (GH).  NIGER.  Barter 

158  (GH).  NIGERIA.  Gongola:  Vogel  Peak  Area,8°22'N, 
11°55'E,  Hepper  1397  (K).  Kaduna:  Zaria,  Burra, 
ll°()'N,  9°()'E,  Harris  10  (K).  Niger:  near  Mokwa, 
9°18'N,  5°2'E,  Musselman  &  Mansfield  5533  (ODU). 
North  Nigeria:  Lely  680  (K).  Roger  758  (K).  SENEGAL. 

Oriental:    Kedougou,    12°44'N,    12°15'W,  Adam  26881 
(MO).  SIERRA  LEONE.  Eastern:  between  Kainkordu 

and  Sefadu,  8°34'N,  1()°54'W,  Morton  2527  (K).  North- 
ern: Fiedwont,  8°45'N,  11°28'W,  Towa  8166  (K);  Seku- 

rela,  Kabala,  9°33'N,  11°34'W,  Adam  21995  (GH,  MO); 

Tingi    Mountains,  8°56'N,    10°48'W,  Morton   &  Gledhill 

shield-like  bases. 

Selected  specimens  examined,      CAMEROON.   North- 

ern: 10  km  S  of  Ngaoundere,  Adamaoua  Plateau,  7°16'N, 

20,  Striga  latericea  Vatke,  Linnaea  43:  311. 

1882.  TYPE:  Somalia.  (?)  Anonymous  s.n.  (ho- 

lotype,  K!). 
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Figure  13.      Distribution  based  on  specimens  of  Striga  klingii  (circle)  and  S.  latericea  (triangle). 

Rhamphicarpa  stricta  Engl.,  Abh.   Preuss.   Akad.  Wiss. 
24-.W.  18<M.  TYPE:  Tanzania. 
K!). 

(1988)  has  shown  that  S.  latericea  is  a  perennial 

{         ype,       that  produces  aerial  shoots  from  adventitious  buds 
developing  from  the  roots,  unique  in  the  genus  (see 

Perennial,  to  60  cm  tall,  stiffly  erect,  unbranched      also  Raynal-Roques,  1993,  for  a  discussion  of  roots 
or  with  2  to  3  branches  from  base,  pubescent,  stem      in  this  species).  The  aerial  parts  also  have  a  pe- 

Leaves  20-35  X  4^-6 

posite,  li 

rennial  habit  with  new  shoots  arising  from  the  lower 

to  lanceolate,  3-veined,  shorter  than  nodes  after  much  of  the  stem  matures  and  dies, 

internodes,  margins  slightly  toothed.  Lower  bracts  Striga  latericea  is  a  pest  of  sugar  cane  in  Somalia 

20-33  X  2-6  mm,  linear,  often  shorter  than  calyx,  and  Ethiopia  (Parker  &  Riches,  1993). 
upper  bracts  lanceolate,  shorter  than  calyx.  Flowers  c/        ,                                     .      I^IIWW,I4     „   „ 

.                                                 ill  Selected    specimens    examined.      E1H10PIA.    Kefa: 
opposite  in  racemes,  raceme  lax  at  its  base,  dense Maji,   6°8'N,   35°37'E,   Kaesssner   1474   (KM).   Ogaden 
above  middle,  shorter  than  vegetative  stem.  Calyx       Harerge:  Awash  National  Park,  Metahara  Plain,  8°59'N, 

39°58'E,  Gilbert  1122  (K);  Harar  Sugar  Estate,  Awash  Val- 
ley, 9°4'N.  4()°9'E,  Parker  4034  (K,  ODU).  Shewa:  Yerer 

and  Kereya,  8°54'N,  39°59'E,  Puff  el  al  8209  (K).  Si- 

10-24  mm  long:  tube  10-15 5-15 

mm  long,  longer  than  tube,  lobes  of  lower  calyces      dan|o.   ,5  km  NE  Yave„o   4„59,^  330,3,,,    ̂   & 
about  2  cm  long,  3-veined.  Corolla  salmon-pink,  Jeff0rd  4594  (K);  20  km  S  of  Negele,  5°15'N,  39°36'E, 
tube  22-30  mm  long,  bent  and  expanded  distally  Tadesse  &  Vollesen  3073  (K);  Sidamo,  6°2'N,  37°46'K, 

above  calyx,  densely  glandular-pubescent;  lobes  of      Pu"  *  KMeua  921220  (K).  KENYA.  Between  Samburu and  Mackinnin,  Drummond  &  Homsley  4086  (K).  Goawt: 

between  Makindu  and  Mtito  Andei,  2°25'S,  37°57'K.  Hale 
105  (K);  Kilifi,  near  Ganze,  3°0'S,  39°35'E,  Robertson 
4121  (K);  Kwale,  Kaya  Bombo,  4°15'S,  39°]()'E,  Luke 

lower  lip  10-15(-20)  X  7-9  mm, 

lip  7-13  X  13—14  mm,  emarginate. 

Unlike  S.  forbesii,  which  is  widely  distributed  in  3489  (K);'  Mwala,j_Voi,  3°10'S,  38*32%  Napier  957  (K), Africa,  S.  latericea  (its  closest  putative  relative)  is  Mwatati-Voi,  3°25'S,  38°32'E,  Joanna  8928  (K);  Saka- 
confined  to  East  Africa.  It  is  found  in  swampy  areas      Garissa  Hoad,  0°45'S,  39°40'E,  Faden  &  R.B.  74/744  (K) 

in  Somalia,  Ethiopia,  Kenya,  and  Tanzania  between      VanPa<  Tanzania-Kenya  border,  4°35'S,  39°I2'E,  Smith 10/92  (K);  Diwanya  Dakebuko,  Parker  GM/522/H  (K) 

Eastern:  Maebakos,  Sultan  Hamnd,  Subalala,  2°()'S 
37°40'E.    Verdcourt   3690   (K);    Mjiva   Chumvi    Isiolo 

tinct  (also  see  comment  under  5.  forbesii).  Parker      0°24'N,  37°33'E,  Adarnson  615  (K);  Sultan  Hamud,  2°8'S 

9°37'N  and  4°40'S  (Fig.  13)  where  it  is  sympatric 
with  5.  forbesii.  We  consider  these  two  species  dis- 
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37°40'E,  Kaessner  645  (BM,  K);  Mwachi,  3  mi.  S  of  Ma-       Striga  lutea  van  bicolor  Kuntze,  Rev.  Gen.  PI.  3,  2:  240. 
zeras,  Drummond  &  Homsley  4247  (K);  Mwea  Irrigation 
Scheme,  Parker  2984  (ODU).  Nairobi:  Embakasi,  near 

airport,  1°17'S,  36°48'E,  Napper  &  Faden  1839  (K);  20 
km  E  of  Nairobi,  1°17'S,  37°4'E,  Bogdan  3270A  (K);  out- 

1898.  TYPE:  Mozambique.  Kuntze  7494  (holotype, 
K!). 

Annual,  7^10  cm  tall,  slender,  unbranched  or 

side  Nairobi  at  Mombasa  Road,  1°19'S,  36°49'E,  Hensen  with  2-  to  3-branches  from  middle,  densely  hispid, 
854  (K);  near  Magi  Ghumor,  Kaessner  474  (K).  Northern:  stem  obtusely  square.  Leaves  reduced,  3-7  X  1 
Jex-Blake  6880  (K).  Rift  Valley:  Emali  and  Sultan  Ha-      mm^   alternate5   narrowly   lanceolate,  appressed, mud,  2°50'S,  37°57'E,  Bally  8601  (K);  Emali  Station, 
2°5'S,  37°27'E,  Bally  8176  (K);  Majiya  Chumki,  0°42'N, 

shorter  than  internodes,  margin  entire,  veins  ob- 

37°33'E,  Adanson  615  (K,  S).  SOMALIA.  Goan  Libah,  scure.  All  bracts  similar,  1^1  X  0.5-1  mm,  lan- 
Bally  10025  (K).  Jobba  Hoose:  Juba  Sugar  Project,  ceolate,  shorter  than  calyx.  Lower  surface  of  leaf 

0°15'N,  42°0'E,  Terry  3384  (K,  ODU).  Woqooyi  Gel-      and  bract  with  two  rows  of  hispid  hairs  along  mar- 

^of m  rm  K  f  Pi"""  dn9037FN'f4H047'K'    TO?      &™  ̂ d  midrib,  upper  surface  hispid  only  along 7394  (K);  Gombale  Plains,  40  mi.  E  of  Hargesia,  9  ,57  IN,       °        .         n  i  •     i 
44°38'E,  Glover  &  Gilliland  1231  (BM,  K).  TANZANIA.       margins.  Flowers  sparse,  alternate  in  lax 

Arusha:   Lekuruki   Area,   3°20'S,   36°40'E,  Richards       raceme   shorter   than   vegetative   stem.    Calyx    10- 

24897,  26863   (K).    Kilimanjaro:   Mkomazi,  4°40'S,       ribbed,  4-6  mm  long;  tube  3-4  mm  long;  lobes  5, 

equal,   subulate,    1-2    mm   long,   about   half  tube 

length.  Corolla  yellow  or  rarely  red,  tube  10-11  mm 
21.  Striga  lepidagathidis  A.  Raynal,  Bull.  Mus.      j  bent    and    expanded   distally   above   calyx, 

38°7'E,  Harris  9  (K). 

Natl.  Hist.  Nat.,  B,  Adansonia  224-225.  1987. 
sparsely  to  densely  glandular-pubescent;  lobes  of 

TYPE:    Guinea.    Mamou,   Jacques-Felix    775      1()wer  h    23(_5)  x  j_2  mm?  oboyate  or  Qval?  up_ (holotype,  P!). 

Plant  perennial,  up  to  12  cm  tall,  succulent,  tuft- 

ed, branched  from  base,  glandular-pubescent,  stem 

per  lip  1-2  X  2—3  mm,  emarginate. 

Striga  lutea  occurs  between  15°N  and  15°S  (Fig. 
14).  The  plants  are  easily  overlooked  in  the  field 

whitish  or  purple,  square,  furrowed.  Leaves  8X2  because   they   are   smaH9   possess   a   slender  un- 
mm,  lanceolate,  reduced,  appressed,  longer  than  branched  stem5  and  have  reduced  leaves.  We  do 
internodes,   margin  entire,  veins  obscure.   Bracts  nQt  know  the  relationship  between  this  species  and 
similar,  6X2  mm,  lanceolate,  slightly  longer  than  the  Indjan  g  lutm  See  notes  under  S  (lsiatica  and 
calyx.  Flowers  imbricate  in  dense  spikes,  spike  Ion-  ̂    hirsuta 
ger  than  vegetative  stem.  Calyx  5-ribbed,  6  mm 

long;  tube  4  mm  long;  lobes  5,  unequal,  subulate, 

1.5-2  mm  long,  about  half  tube  length.  Corolla  pur-       '^ZTe'lma'n  IW13/87  [OTlSrNian^koio  Agronomic  Re~- ple,  pink,  or  white,  tube  10-12  mm  long,  bent  and       searcn  Station,  10°16'N,  4°54'W,  Sofa  &  Mmselman  10/ 
expanded  proximally  within  calyx  teeth,  densely 

pubescent;  lobes  of  lower  lip  4—5  X  2  mm,  spread- 

Selected  specimens  exam  ined.     BURKINA  FA  SO.  Haul 

Bassins:  5  km  S  of  Banfora,  10°37'N,  4°43'W,  Safa  & 

25/87  (ODU).  CAMEKOON.  Western:  Bangwa,  15  km 

NW  of  Bangante,  5°12'N,  10°36'E,  de  Wilde  &  de  Wilde- 

Duyjjes  2347  (K);  Bawwda,  Bum,  5°10'N,  10°30'E,  Ho ing,  lanceolate,  longitudinally  rolled  in  when  dry,  ̂ .^  /5y9  {^  CENTRAU  AFRICAN  REPuilLIC. 
tips  acute,  upper  lip  2-3  X  2-3  mm,  emarginate,  Ouaka:  5  km  E  of  Bambari,  5°41'N,  20°41'E,  Fay  1896B 
as  long  as  wide. wwane 

4°55'N.  25°30'E,  Bousique  168  (K).  DEMOCRATIC  RF- 
Striga  lepidagathidis  grows  in  Senegal,  Guinea,      PUBLIC  OF  CONGO.  Shaba:  Albertville,  Lake  Tangan- 

and  Guinea  Bissau  (Raynal-Roques,  1987)  between 

13°N  and  10°23'N  (Fig.  8).  It  is  parasitic  on  Lepi- 

dagathis  (Acanthaceae)  species  and  other  dicoty- 

ledon plants  (Raynal-Roques,  1987).  Striga  lepi- 
dagathidis resembles  5.  gesnerioides  and  S. 

gastonii  in  their  overall  features  and  is  difficult  to 

distinguish  from  them.  (See  comments  under  S. 

gastonii.) 

Selected  specimens  examined.     GUINEA.  Touba-Kan- 

de,  Roberty  16608  (K).  Western:  Mamou  (type),  10°23'N,  „.,».,        T        -       »,    •       , 
12°5'W,  Jacques- Felix  1241  (?).  GUINEA  BISSAU.  East-       (ODU).  NIGERIA.  Niger:  Biria/Mokwa  J

unction,  National 

yika,  5°56'S,  29°12'E,  Under  1927  (GH).  KENYA. 

Coast:  Kwale,  Sliimba  Hills,  Giriama  Point,  4°15'S, 
39°I0'E.  Magogo  &  Fstes  1152,  1153  (K).  Eastern: 
Embu,  0°32'S,  37°28'E,  Graham  2154  (K);  Mahadra,  Gra- 

ham 1701  (K).  Rift  Valley:  Chyulu  Hills,  2°32'S, 
37°47'E,  Bally  8068  (K),  Gilbert  6215  (K).  MALI.  Kou- 

likoro:  Dialakoro,  32  km  S  of  Bamako,  12°20'N,  7°56'W, 
Musselman  &  Mohamed  10/4/88  (ODU);  just  N  of  Bama- 

ko, 12°40'N,  8°0'W,  Parker  4001  (ODU);  Kamesoba,  be- 

tween Bamako-Siby,  12°30'N,  8°16'W,  Musselman  &  Mo- 
hamed 10/2/88  (ODU);  Zantiebougou,  S  of  Baguineda, 

I2°45'N,    7°46'W,    Musselman    &   Mohamed    10/5/88 

ern:  Boe-Madina,  11°45'N,  14°13'W,  Espirito  Santo  3199 
(K),  Pereira  2984  (K). 

Grain  Corporation,  9°20'N,  5°40'E,  Parkinson  9/18/85 
(ODU),  Mansfield  9/4/78  (ODU).  SIERRA  LEONE. 

Northern:  near  Mapaki,  9°40'N,  11°50'W,  Sighton  1298 

(BM).  Western:  Waterloo,  8°25'N,  13°5'W,  Sighton  2042 22.   Striga  lutea  Lour.,  Fl.  Cochinc:  22.   1790.       (RM);  TANZANIA    Tanga:  pomnwe,  Madanga,  4°50'S, 
TYPE:  China.  Canton,  Loureiro  s.n.  (holotype,      39°o'E,  Tanner  2954  (K).  UGANDA.  Central:  Bugoye, 
P!;  holotype,  K  photo!) 0°34'N,  33°45'E.  Dummer  2629  (US),  Curtis  4  (GH). 
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Figure  14.     Distribution  based  on  speeimens  of  Striga  lutea  (circle) 

23.  Striga  macrantha  (Benth.)  Benth.,  in  DC. 
Prodr.  10:  503.  1846.  Buchnera  macrantha 

Benth.,  Companion  Bot.  Mag.  1:  366.   1836. 

Selected  specimens  examined.  ANGOLA.  Luanda: 

Cazengo,  8°47'S,  13°15'E,  Gossweller  558  (HM).  Lunda 
North:  Luiballa,  9°1()'S,  19°15'E,  Mmdeiro  6143  (K). 
CAMKROON.  Center  South:   Mountain   Kebern,  3  km 

TYPE:  Sierra  Leone.  Afzelius  s.n.   (holotype,      nw  Yaounde,  3°51'N,  11°35'E,  Breteler  2565  (K).  Lit- K!). 
toral:    Douala   to   Mountain    Bambouto,  4°2'N,  9°48'E, 
Meurillon  CNAD577  (K).  Northern:  29  km  N  of  Dogba 

Buchnera  buettneri  Engl.,  Cbev.  Hot.  475.   1894.  TYl'E:       _,.  n__„.,„„„„„   7°on'N    ia°ao'r   u       ,  ,    ,   U\n*i \       ■      ir/  /    •     i   cn/i-7  /u  i  i/i\  a'  "gaouyanga,  1  2X)  IN,  IA  M  h,  Mussel  man  et  al.  10/16/ Angola.  Welwitsch  5907  (holotype,  K!). 88  (ODU).  CKNTRAL  AFRICAN  REPUBLIC.  Bamin- 

Plant  annual,  up  to  2.5  m  tall,  coarse,  stiffly      •«■■«■»"■«  8  km  S  of  Kouml>ala,  8°26'N,  21°15'E, 

^r^t     ,,ft.,n   1  U„„k  A         .   U  1         •   fl  J       Fay  4083  (K).  GAMBIA.  Brookes  4  (K),  h-sler  34  (K). erect,  often  3-branched  just  below  inflorescence,      rnJNA    „  A,    f     T    ■•  _„, um    ,»ro^/  \  , ,      .,      ,  .  .      ..      ,  .  GHANA.  Brong-Ahafo:  rechunan,  7  38  N,  1  58  W, /M- 
covered  with  dense,  hispid,  glandular  hairs,  stem  ams  &  Akpahia  4509  (K)  Norlhern:  between  River  Oti 
square,  furrowed.  Leaves  50-120(-160)  X  4-15(-  and  Atafie,  10°()'N,  0°25'E,  Morton  94  (K).  Volta:  Ho, 

20)    mm,    opposite,    narrowly    elliptic,    3-veined,      6°35'N,  0°30'E,  Glumptre  25  (K).  GUINEA.  Northwest: 

sely  toothed,  longer  than  internodes.  All  bracts      Youkounkoun,  Sambailo,  12°40'N,  13°22'W,  Adam  13885 (MO).    GUINEA    BISSAU.    Central:    Bafata,    Sallinho, 
12°12'N,   14°42'W,  Espirito  Santo  3636  (K).  Northern: 

10-20 
I 
ong 

4-7 

2-* 

or  longer  than  calyx.  Flowers  imbricate  Farinii  ̂ 'N,  1510'  W,  Tout  Botanic  a  Exped.  1699  (K). 
forming  very  compact  racemes,  raceme  much  short-  Western:  Tussubi,  12°()'N,  15°35'W,  Tout  Botanical  fre- 

er than  vegetative  stem.  Calyx  10-ribbed,  7-10  mm      ped.   1464  (K).  LIBERIA.  Lofa:  Inpaka,  near  Kolahun 
Summit,    8°12'N,    I0°4'W,    Bequaert   35    (CH).    Sinoe: 
Creenville,  5°3()'N,  8°50'W,  Adam  24394  (MO),  Adam 

■  .  i       ,  _  0r  ,  .  7  ,    .       29806  (US).  MALI.  Koulikoro:  Bamako,  Manduiiigues, 
white,  tube  17-24  mm  long,  bent  and  expanded       i2°40'N,  7°59'W.  Adam  11339  (MO).  NIGER.  Barker  985 distally  above  calyx,  densely  pubescent;  lobes  of      (GH).  NIGERIA.  Bauchi:  Fuel  Plantation,  SE  of  Combe, 

10°12'N,  ll°15'E,  Ijowc  1484  (K).  Benue:  2-3  mi.  SE 
Oturkpo,  7°15'N,  8°10'E,  Anonymous  2143  (BM).  Gon- 
gola:  Adamawa,  Dakemi,  8°25'N,  1 1°5<)'E,  Hepper  1392 
(K).  Kaduna:  Zaria,  near  dam  for  Institution  for  Agricul- 

ture Research,  10°58'N,  7°58'E,  Chile  &  Daramola  245 

(K).  Kwara:  10  km  W  of  lsanlu-Makutu,  8°15'N,  5°45'E, 
Lowe  4463  (K).  Lagos:  W  of  Lagos,  6°28'N.  3°30'E,  Row- 

land 1893  (K).  Niger:  45  mi.  N  of  Bida,  9°29'N,  5°58'E, 
Harm  8  (K).  Northern:  Dalziel  169,  911  (K).  Ogun: 
Abeokuta,  7°6'N,  3°25'E,  Baldwin  13639  (K,  MO,  US). 

lower  lip  7-10  X  4-8  mm,  obovate,  spreading,  up- 
per lip  3-7  X  4— 10  mm,  emarginate. 

One  of  the  tallest  of  all  witchweeds,  S.  macran- 

tha is  found  in  the  grassland  savannas  in  West  and 

Central  Africa  between  13°55'N  and  3°51'N  (Fig. 
12)  and  also  from  a  few  localities  in  Angola  and 
Zambia.  Its  range  overlaps  with  5.  klingii,  but  S. 
macrantha   has  a  more   southerly  distribution   in 

West  Africa  (Figs.   12,  13).  Striga  macrantha  has       <>yo:  Oyo,  University  of  Ife  Camp,  7°58'N,  4°0'E,  Suabad 

unique  glandular  trichomes  composed  of  a  10-16-      6994  (M())-  PIaleau:  J°s  Plateau,  9°5()'N,  8°40'E,  to- 

lled glandular  head  (Neumann  et  al.,  1996).  It      'T™*™  ̂ JS^i  ̂ .££51  ?"» 
cenec 

.,       «,,...       Jc  ,       .     0  Musselman  &  Mansfield  5522  (ODU)-  SENEGAL  Oi*. 
resembles  &,  klingii  and  b.  angolensis.  See  notes       enta|:  Kedougou,  12°44'N,  l2°\5'W,Adam  20029  (MO). under  S.  klingii. SIKRKA  LEONE.  Freetown:  rifle  range,  near  Waterloo, 
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8°22'N,  13°3'W,  F.A.M.  &  T.H.  474  (K).  Northern:  Bis-  kimon   1985  (ODU).  Plateau:  Jos,  Naraguta  Hills,  SK 
awa,  above  Bumbuna,  9°6'N,  1 1°44'W,  King  175  (K).  SU-  Naraguta,  9°50'N,  8°40'K,  Lawlor  &  Hall  34  (K).  Sokoto: 
DAN.  North  Darfur:  Ngertete,  Gabal  Marra,  12°50'N,  Sokoto,  13°8'N,  5°15'E,  Dalzlel  355  (K).  SENEGAL  Ori- 
24°30'E,   Wickens  2807  (K).  CHAD.  Logone-Oriental:  ental:   Dialakoto,    13°27'N,    13°18'W,  Musselman  et  al. 
Lere  to  Ham,  at  9°50'N,  14°4()'E,  Talbot  324  (BM,  K).  7061,  7063  (ODU).  SUDAN.  Blue  Nile:  Abu  Naama,  Ga- 
ZAMB1A.    Southern:    Kalomo,    17°0'S,   26°30'E,    Fan- 
shawe  4689  (K). 

bal  To/.i,  12°54'N,  33°36'E,  Lea  58  (K,  ODU),  Isa  180 

(K).  Jungali:  near  Baidit,  45  km  N  of  Bor,  6°35'N, 
31°36'E,  Lock  81/248  (K).  North  Darfur:  Kutum, 
14°10'N,  24°42'E,  Lynes  578  (BM).  North  Kurdufan: 
Al-Obied,  13°15'N,  30°12'E,  Pfund  86  (K).  South  Kur- 

dufan: Kadugli,  Saref  Research  Station,  11°5'N,  29°42'E. 
Musselman  198  (K).  TANZANIA.  Eastern:  2  mi.  W  of 

Chibembe  River,  Luangwa  Valley  Game  Reserve,  14°25'S. 
30°30'E,  Prince  200,  401  (K).  Lindi:  Kingupira  Eorest, 
8°30'S,    38°34'E,    Vollesen    3311    (K,    UPS).    Mwanza: 

24.  Striga  passargei  Engl.,  Bot.  Jahrb.  23:  515, 

12  figs.  M,  N.  1897.  TYPE:  Cameroon.  Jola, 

Passarge  48  (holotype,  K!). 

Annual,   to   46  cm   tall,   erect,   unbranched   or 

branched  from  middle,  densely  hispid,  stem  ob- 

tusely  square.  Leaves  10-45  X  1-3  mm,  narrowly  ̂ wanza  2°3()'S  32;58 Sft?  f $  (K),' ̂ '^^ ,,.     .                   •     /     i              •                     ji  Rukwa  Valley,  4  15  S,  33  °14  E,  Siame  144  (K).  Shinyan- 
elhptic,    opposite/subopposite,    ascending,    longer  ̂   near  shinyanga^  y4TS   33o27%  Rax  292  (K)   Ta_ 
than  internodes,  margin  entire,  veins  obscure.  Low-  bora:    Rukwa-Nzega    Plain,   4°10'S,   33°12'E,    Whellar 
er  bracts  12-60   X    1—3  mm,  linear,  much  longer  1188    (K).    TOGO.    Northern:    Dapaon,    (Dapango), 

than  calyx,  upper  bracts  as  long  as  or  longer  than  H>°44'N,  0°12'E,  Hakki  el  al.  1504  (K).  ZAMBIA
.  Mash- 

l         pi                n         .11             V             h  onaland  North:  Kariba  Airport,  16°30'S,  28°35'E,  Phil- calyx.  Howers  alternate  in  long,  lax  spikes,  spike  .           fV.        r 

longer  than  vegetative  stem.  Calyx  5-ribbed,  8—12 
cox  &  Isppard  8677  (K). 

mm  long;  tube  3-8  mm  long;  lobes  5,  equal,  linear      2%     Strigfl    pinnatifida   Qetachew   Aweke,    K 
ew 

to  lanceolate,  3-8  mm  long,  about  same  length  as 

tube.  Corolla  cream-white,  rarely  pink  or  yellow, 

tube  6-8  mm  long,  bent  proximally  within  calyx 

teeth,  glandular-pubescent;  lobes  of  lower  lip  2-6 

X  2-4  mm,  round,  upper  lip  1-3  X  2-5  mm,  emar- 

ginate. 

Bull.  47:  293-294.  1992.  TYPE:  Ethiopia.  Si- 

damo  Pro  v.,  Friis,  Gilbert,  Rasmussen  &  Vol- 

lesen 918  (holotype,  K!;  isotype,  ETH  not seen). 

Annual,  to  45  cm  tall,  erect,  unbranched  or  with 

2  to  3  branches  from  middle,  covered  with  dense, 

Striga  passargei  is  found  in  the  wet  areas  within       hispid  hairs  stem  obtusely  square.  Leaves  15-30 
the  Sudanian  domain  in  Africa.  Its  range  extends 

X    10   mm,   alternate,   pinnatifid   with   linear  seg- 

from    Senegal    to    Sudan    between    14°44'N    and  ment^  shorter  than  internodes.  Lower  bracts  10 
6°35'N  (Fig.  15).  In  this  area  it  is  sympatric  with  25   X   8  mm,  leaf-like,  longer  than  calyx,  upper 
5.  aspera  and  5.  brachycalyx.  Unlike  these  two  spe-  bracts  shorter  than  calyx.  Flowers  shortly  pedicel- 
cies,  S.  passargei  always  occurs  in  smaller  popu-  late>  alternate,  axillary,  solitary,  sparse.  Calyx  10- 
lations.  South  of  the  equator,  it  occurs  only  in  Tan-  ribbed,  10-12  mm  long;  tube  6-7  mm  long;  lobes 
zania,  Zambia,  and  Namibia  (Fig.   15).  There  is  ̂   unequaif  lanceolate,  3-5  mm  long,  half  tube 
considerable  variation  in  populations  of  S.  passargei  iength.  Corolla  white,  tube  20  mm  long,  bent  and 
particularly  in  stem  height,  leaf  and  bract  size,  ca-  expanded  distally  above  calyx,  pubescent;  lobes  of 
lyx  lobes  relative  to  tubes,  and  corolla  color. lower  lip  6  X  5  mm,  spreading,  obovate,  upper  lip 

Selected  specimens  examined.     BURKINA  FASO.  Cen-       3  X  6  mm'  emarginate. 

Striga  pinnatifida  is  known  solely  from  the  type 

collection.  It  is  the  only  witchweed  with  pinnatifid 

tral:  Zorgo,  69  km  E  of  Ouagadougou,  12°24'N,  0°35'W. 
Raynal  22277  (K).  Center  East:  5  km  S  of  Ouada, 

11°30'N,  0°20'W,  Sofa  &  Musselman  10/9/87  (ODU). 

Center   North:    55   km    N    of  Ouagadougou,    12°51'N,       leaves  and  solitary  flowers. 

1°39'W.  Safa  &  Musselman  10/19/87  (ODU).  CAME- 

ROON. Northern:  Bogo,  35  km  from  Maroua,  1()°44'N,       26.    Striga  prim ulo ides  Chev.,  Bull.  Soc.  Bot.  Fr. 
14°36'E,  Bounougou  126  (K).  GHANA.  Brong-Afafo: 
Bambo,  8°10'N,  2°12'W,  Hall  2028  (K).  GUINEA  North- 

ern: Jiripa,  10°55'N,  1°58'W,  Thorold  251  (BM).  Cen- 
tral: Pita,  11°6'N,  12°24'W,  Adames  341  (K).  MALI. 

Koulikoro:  Dialakoro,  32  km  S  of  Bamako,  12°18'N, 
7°56'W,  Musselman  &  Mohamed  10/4/88  (ODU).  NAMIB- 

IA. Ovamboland:  Ondangua,  17°56'S,  16°0'E,  Kers 

1399  (S).  NIGERIA.   Bauchi:   Panshanu   Pass,   1()°5'N, 

Mem.  8:  185.  1912.  TYPE:  Ivory  Coast.  An- 

oumaba,  Chevalier  B. 22.404  (holotype,  P!;  iso- 

type, K!). 

Perennial,  30-70  cm  tall,  erect,  unbranched,  ap- 

pearing leafless,  pilose,  stem  obtusely  square. 

Leaves  scale-like,  2-5  X   1-2  mm,  lanceolate,  al- 

9°3'E,  Lawlor  &  Hall  461  (K).  Bornu:  Lake  Tchad  Area,  ternate,  appressed,  shorter  than  internodes,  margin 

9  10  N,  12  25  E,  Dalziel  110  (K).  Kaduna:  Panshanu,  30  '  m 
mi.  from  Jos  on  Jos-Bauehi  Road,  10°8'N,  8°0'E,  lawlor  2    mm,    lanceolate,    shorter    than    calyx.    Flowers 

&  Hall  73  (K).  Ogun:  Ibadan,  IITA,  7°17'N,  3°30'E,  Par-  sparse,  alternate  in  lax  spikes,  spike  much  shorter 
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Figure  15.     Distribution  based  on  specimens  of  Striga  passargei  (triangle),  S.  primuloides  (circle),  S.  pubiflora  (di 
amond),  and  S.  yemenica  (star). 

l- 

th an    vegetative    stem.    Calyx    approximately    15- 
8-9 

3-4 

Perennial,  35-75  cm  tall,  stiffly  erect,  un- 
branched  or  branched  from  base,  densely  pilose  or 

hispid,  stem  obtusely  square,  furrowed.  Leaves  10- 

than  tube.  Corolla  pale  yellow,  tube  22-30  mm  20(-50)  X  1-2(^1)  mm,  linear,  opposite  on  the  low- 
long,  bent  and  expanded  distally  above  calyx,  er  part  of  the  stem,  alternate  above,  shorter  than 

densely  glandular-pubescent;  lobes  of  lower  lip  9-  internodes,  margin  entire,  rarely  toothed,  veins  ob- 
10  X  8-9  mm,  round,  spreading,  as  long  as  wide,  scure.  Lower  bracts  22-27  X  2  mm,  linear,  longer 
upper  lip  5  X  10  mm,  broadly  obovate,  notched.  than  calyx,  upper  bracts  shorter  than  calyx.  Flowers 

Striga  primuloides  is  restricted  to  the  southern       altemate  in  lax  ™ emeS'  7?~  8horter  than 
 ve«" 

parts  of  West  Africa  between  5°10'N  and  10°37'N       etftlVe   f*T'    CalyX    15"nbhed'    13"21    mm   ̂iig; 
(Fig.  15).  It  is  a species  with  only  a  few  col- 

4- 

lections  from  Mali,  Ivory  Coast,  Gh 
ern  Nigeria. ,  and 

sou 

th- 

12  mm  long,  as  long  as  or  shorter  than  tube.  Corolla 

white,  tube  27-35  mm  long,  bent  and  expanded 
distally  above  calyx,  densely  pubescent;  lobes  of 

14^20  X  10-1 

upper  lip  9-12  X  10-20  mm,  widely  obovate. 

Striga  pubiflora    is   common   in   the   seasonally 

Selected  specimens  examined.  GHANA.  Brong-Aha- 

fo:  Bambo  Ravine,  8°10'N,  2°8'W,  Hall  1998  (K),  Morton 
A4241  (K);  Bambo,  W  of  Wenchi,  8°15'N,  2°12'W,  Morion 
GCH60I    (K).    Northeastern:   along  road   from   Cawi   to 
Seye,  in  Gallery  Forest  of  Iringou  River,  9°14'N,  3°41'W  a       1     l  c  *i         .  *r-         i     » 
a      I  ff    mo    /M/u     i,ui     ii       .   \m  V  Hooded   savannas  of   southeastern  Africa  between 
Amshojf   193    (MO).    MALI.    Mopli:    Massina,    D.ou,  ,0ln#Q   Q    i   900^,0   (V-       1Cv    u  4      , 
l4^'N,&l6'W,Lqjmell2(K).  NIGERIA.  South  Ni-  6  1U  b  and  »  «  &  (**   15)-  lts  range  extends 
geria:  Awkaka,  Birkett-Smith  49  (K).  fr°m  Kenya  south  into  Tanzania,  Zanzibar,  Malawi, 

and  Mozambique.  It  may  be  related  to  S.  juriodii 

27.   Striga  pubiflora  Klotzsch.,  in  Peters  Reise  an^  S.  angustifolia  (Mohamed,  1994).  Striga  pubi- 

Mossamb.    Bot.:   227.    1861.   TYPE:    Mozam-  flora  anc>  S.   angustifolia  are  sympatric  and  also 
bique.  Dayser  s.n.  (holotype,  B  not  seen). 

Striga  zanzibaremis  Vatke,  Linnaea  43:  310.  1882.  TYPE: 
Mafia  Isl.  Hildebrandt  1904  (holotype,  K!). 

have  white  flowers,  but  the  corolla  of  S.  pubiflora 
is  much  larger. 

Selected  specimens  examined.      KKNYA.  CoafttS  Kwale, 
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Shimba  Hills,  Mombasa  Road  between  Vanga  and  Tiwi  Alemaya  on  road  to  Grawa  and  Bedeno,  Gilbert  4072  (K). 

turn-off,  4°25'S,  39°8'E,  Magogo  &  Glover  1050  (K).  MA-  Ogaden  Harerge:  4  km  W  of  China  Hasen,  31  km  NW 

LAWI.  Central:  Dowa,  25  km  S  of  Kasungu,  13°14'S,  of  Jijiga,  9°26'N,  42°42'E,  Boulos  10250  (K);  Gures,  18 
33°40'E,  Pawek  4112  (K).  Southern:  Zomba  Mountain,  km  NW  of  Jijiga,  9°20'N,  42°42'E,  Boulos  10509  (K); 
Chivunde  Valley   Road,   15°20'S,  35°19'E,  Croix  2735  Harrar,  9°18'N,  42°8'E,  Ellis  272  (K);  Mountain  Hakim, 

(MO).  MOZAMBIQUE.  5  mi.  NE  of  Lunga,  Moomaw  953  9°17'N,  42°6'E,  de  Wilde  7223  (K);  Mountain  Hakim, 

(K).  Inhambane:  Inhambane,  23°54'S,  35°30'E,  Anony-  9°16'N,  42°7'E,  Gilbert  &  S.B.  1408  (K);  1  km  W  of  Abu 
mous  s.n.  (BM).  Manica:  25  mi.  S  of  Muda,   19°51'S,  Yonis,  30  km  NW  Jijiga,  9°24'N,  42°45'E,  Boulos  10316 
33°50'E,  Leach  11232  (K,  MO).  Niassa:  47  mi.  W  of  Nova  (K,  MO). 
Ureixo  on  Mandimba  Road,  12°40'S,  35°40'E,  Leach  & 
Smith  11011  (K),  Allen  84  (K),  Stocks  55  (K).  Sofala:  41 

mi.  N  of  Sofala,  19°50'S,  34°34'E,  Methew  257  (K).  Zam- 

bizia:  Quelimane,  17°53'S,  36°58'E,  Faulkner  K118  (K). 
TANZANIA.  Dar  es  Salaam:  20  mi.  S  of  Dar  es  Salaam, 

Excluded  Species 

Striga  baumannii  has  tuberous  roots  and  a  lig- 

between  Mbwa  and  Kimbiji,  7°0'S,  39°18'E,  Batty  870  neous  calXx'  features  not  found  in  any  0
ther  StnSa 

(K).  Iringa:  Mahenge  Plateau,  7°37'S,  36°12'E,  Schlieben  species.  The  foliage  is  also  unique  with  two  large 
2281  (K).  Lindi:  3  km  W  of  Nainokwe/Njinjio-Nanguru-  leaves  formed  during  the  growing  season.  In  Striga 

kuru  Road  junction  on  road  to  Kilwa,  9°0'S,  39°0'E,  Ma-  t^e  lowermost  leaves  are  reduced  to  small  scales. gogo  &  Innes  373  (K).   Mafia:   Mji   Mkuu,   Kipumbwe,  Wr  .,       c    ,  •■   i-  *•      *  r    _  .   -*«u 
?.e        ™  oor^ y   '     m/I  >  i      m    r  ii/ii  u-  We  consider  b.  baumannii  distinct  trom  any  witch- Mwera,  Tanner  2850  (K).  Morogoro:  3  km  N  of  Mlahi,  •      i     i     •    •       i 

8°16'S,  37°5'E,  Kesollesen  2817  (K).  Pwani:  Kibaha,  N  weed  and  therefore  do  not  include  it  in  the  genus. 

of  Bush,  6°46'S,  38°55'E,  Harris  786  (S).  Rukwa:  Mlim-  It  is  thought  to  represent  a  new  genus  (Mohamed, 

ba,  7°51'S,  31°0'E,  Paget-Wilkes  700  (MO).  Ruvunia:  5  unpublished). 
km  E  of  Gumbiro,  10°15'S    35°48'E,  Milne-Redhead  &  $    ■        c  .  ,       Buchnera  fulgem  Engl.)  was 
Taylor  8421  (K).  Tanga:  Aboni,  Mgaza  4°50'S,  39°()'E,  f,    J*         \lft0/n   „        J     *  *' t  on  /i)\    XV     •     v  am        r       »  r  named  by  Hepper  (1984).  However,  Kaynal-Koques 
Tanner  89  (K).   Warn:   Kisarawe   Mogo   rorest   Reserve,  j         rv      \  >  »       3  ^ 

7°3'S,  39°0'E,  Poulo  105  (K,  MO).  Zanzibar:  Fessland  (1993)  presented  evidence  that  it  is  a  member  of 
the  Verbenaceae,  likely  in  the  genus  Chascanum  E. 

Mey.  It  has  free  lobes  of  the  upper  corolla  lip  as 

bee  Lamu,  Hildebrandt  1907  (UPS). 

28.    Striga    yemenica    Musselman    &    Hepper,       wej]  as  a  glabrous  calyx  with  characteristic  white 
Notes  Roy.  Bot.  Gard.  Edinburgh  45(1):  43 

bands  between  the  ribs  and  short  calyx  lobes  (1-2 

50.  1988.  TYPE:  Yemen  Arab  Republic.  Jib-      mm)    Accordingly,  we  exclude  it  from  Striga. 
lah,  Miller  546  (holotype,  E!;  isotype,  K!). 
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witehweed  [Striga  gesnerioides  (Willd.)  Vatke]  by  legu-       (6e),  4419  (K)  (16),  4472  (K)  (23),  4693  (K)  (7);  Adams, 

208-2 
C.  D.  &  G.  K.  Akpahla  4107  (K)  (16),  4272  (K)  (5).  4509 

Young,  N.  D.',  K.  E.  Steiner  &  C.*W.  dePamphilis.    1999.       (K)  (23);  Adanson,  G.  615  (K,  S)  (20);  Adamson,  J.  527 

876-893 

The  evolution  of  parasitism  in  Scrophulariaceae/Oro-  (K)  (4),  615  (K)  (20).  3562  (K)  (13);  Agnew,  A.  8700  ,  , 

banchaceae:  Plastid  gene  sequences  refute  an  evolu-  (6e);  Ajayi,  M.  O.  19271  (K)  (23);  Ake,  L.  8755  (K)  (6e): 

tionary  transition  series.  Ann.  Missouri  Bot.  Card.  86:       Akestrid  2527  (UPS)  (6e);  Akpabla,  G.  K.  36  (K)  (13): 
Alcool.  M.  963  (K)  (16),  4116  (K)  (6a).  4142  (K)  (11); 

Allen,  C.  E.  124  (K)  (13);  Allen,  E.  F.  84  (K)  (27);  Allen, 

J.  10470  (K)  (13);  Amshoff,  G.  J.  193  (MO)  (26),  225  (MO) 

(6e):  Anderson,  B.  846  (K)  (4),  885  (K)  (II),  1364  (K) 

(11);  Andrews,  F.  W.  1018  (K)  (17);  Andrews,  J.  W.  6  (K) 

(5);  Angus,  A.  1066  (K)  (6b);  Ankole,  E.  &  W.  J.  Eggeling 

610  (K)  (6e);  Ankrah.  J.  O.  20183  (K)  (6e):  Anonymous 

189  (K)  (13),  782  (K)  (13),  837  (K)  (13),  1036  (K)  (16). 

1126  (K)  (5),  1651  (K)  (6e),  1784  (K)  (18),  1829  (K)  (6e), 

1842  (GH,  US)  (17),  1858  (K)  (11),  2069  (GH)  (10),  2143 

(BM)  (23),  2159  (K)  (4),  2180  (K)  (4),  2381  (K)  (16),  2482 
(GH)  (10).  3063  (K)  (11),  3384  (K)  (11),  4863  (K)  (6b), 

.   .     -  --  5749  (GH)  (4),  8347  (K)  (4),  9199  (US)  (16).  9200  (K) 

6d.  Striga  bilabiate  subsp.  ledermannu  (Pdger)  Hep-       ̂ 3^   9?83  ̂ )  (1),  1 1762  (K)  (11),  12092  (MO,  S,  UPS) 
per  (18)!  12092  (BM,  K.  US)  (27),  s.n.  (BM)  (27).  s/ss  (K)  (16): 

List  ok  Spkcies 

1.  Striga  aequinoctialis  A.  Chev.  ex  Hutch.  &  Dalz. 

2.  Striga  angolensis  Mohamed  &  Musselman 

3.  Striga  angustifolia  (Don)  Saldanha 

4.  Striga  asiatica  (L.)  Kuntze 

5.  Striga  axpera  (Willd.)  Benth. 

6.  Striga  bilabiata  (Thunb.)  Kuntze 

6a.  Striga  bilabiatia  subsp.  barleri  (Engl.)  Hepper 

6b.  Striga  bilabiata  Kuntze  subsp.  bilabiata 

6c.  Striga  bilabiata  subsp.  jaegeri  Hepper 

6e.   Striga   bilabiata   subsp.   linearifolia   (Schum.   & 

Thonn.)  Mohamed 

6f.  Striga  bilabiata  subsp.  rowlandii  (Engl.)  Hepper 
7.  Striga  brachycalyx  Skan 

8.  Striga  chrysantha  A.  Raynal 
9.  Striga  dalzielii  Hutch. 

10.  Striga  elegans  Benth. 

11.  Striga  forbesii  Benth. 

12.  Striga  gastonii  A.  Raynal 

13.  Striga  gesnerioides  (Willd.)  Vatke 

14.  Striga  gracillima  H.  Melchior 

15.  Striga  hallaei  A.  Raynal 

16.  Striga  hermonthica  (Del.)  Benth. 

17.  Striga  hirsuta  Benth. 

18.  Striga  junodii  Schinz. 

19.  Striga  klingii  (Engl.)  Skan 

20.  Striga  latericea  Vatke 

21.  Striga  lepidagathidis  A.  Raynal 
22.  Striga  lutea  Lour. 

23.  Striga  macrantha  (Benth.)  Benth. 
24.  Striga  passargei  Engl. 

25.  Striga  pinnatifida  Getaehew  Aweke 

26.  Striga  primuloides  Chev. 

27.  Striga  pubiflora  Klotzsch. 

28.  Striga  yemenica  Musselman  &  Hepper 

Index  to  Exsiccatae 

Appelsbosch  1889  (UPS)  (4);  Archbold,  A.  E.  694  (K)  (4), 

732  (K)  (4);  Archbold,  M.  E.  2776  (K)  (13);  Aschemeier, 
C.  R.  1 1  (US)  (17);  Ash,  J.  W.  347  (K)  (13),  518  (K)  (17). 

557  (K)  (13),  1089  (K)  (13),  3648  (K)  (16);  Ash,  M.  J. 

544  (K)  (11),  2259  (K)  (11);  Astle,  W  L.  1023  (K)  (6b), 

1556  (K)  (11),  1571  (K)  (10),  4471  (K)  (11).  4570  (K) 

(11),  5507  (K)  (4);  Audru,  1245  (P)  (12);  Audry,  P.  B2  (K) 
(16);  Awaikweki,  et  al.  148  (K)  (11);  Awbeya,  1430  (MO) 

(10):  Avlmar.  G.  27/50  (K)  (1 1),  27/51  (K)  (13e),  236  (K) 

(13). Baikie,  W.  B.  1865  (GH)  (16);  Baitha,  R.  36  (K)  (16); 

Bakshi,  T.  S.  146  (K)  (60:  Baldwin,  J.  T.  5988  (US)  (17), 

13639  (K,  MO,  US)  (23),  s.n.  (K)  (4);  Ballenetto  277  (K) 

(13):  Balls,  E.  K.  3022  (BM,  K)  (13);  Ballv,  M.  283  (K) 

(17);  Bally,  P.  R.  O.  4596  (K)  (13),  7329  (K)  (13),  8064 

(K)  (6e),  8068  (K)  (22),  8072  (K)  (1 1),  8176  (K)  (20),  8601 

(K)  (20).  9675  (K)  (13),  10025  (K)  (20);  Ballv,  P.  R.  & 

Carter  16448  (K)  (17);  Bally,  P.  R.  0.  &  R.  Melville  15841 

(K)  (13);  Balsinhas,  A.  152  (K)  (13);  Balsinhas,  A.  &  L. 
Marrime  379  (K)  (4);  Balslev,  H.  447  (MO)  (17);  Barbey 

1051  (US)  (13);  Barbosa,  G.  &  R.  Corrsia  8937  (K)  (4); 
Barter,  C.  136  (GH)  (16),  158  (GH)  (19).  530  (ODU)  (17). 

1169  (GH)  (60,  1170  (GH)  (6a).  1263  (GH)  (6e),  1821 

((ill)  (16);  Basera.  C.  343  (K)  (13);  Bashir.  M.O.  s.n.  (K) 

(11):  Batten-Poole,  W.H.  226  (K)  (23),  371  (K)  (11):  Bat- 
tiscombe.  E.  495  (K)  (16):  Batty.  M.  131  (K)  (27),  870  (K) 

(27);  Baum.  II.  490  (k)  (10):  Baur,  R.  34  (K)  (10);  Bayliss, 

Specimens  examined  are  listed  alphabetically  by  col-  L.  P.  1 1866  (K)  (27)  Bayhss   K    1)  3080  (US  
  10,  3158 

lector;  followed  by  collection  numbers  (or  dates  of  collec-  (GH)  (13a).  4526   GH.  MO)  (10,  5212  (GH 
  (3a)   7468 

tions  for  specimens  with  no  numbers),  herbarium,  and  the  (MO)  (10),  81  12  (MO.   LS)  (6b):   I  e«  kett    j    J-  J47  (
K 

species  number  corresponding  to  the  number  in  the  List  (13):  Beesley.  J.  S.  S.  252  (K)  (10);  Belle.  E. 
 R.    96 ■  (GH) 

of  Species. (17):  Ben.  V.  I).  2441  (K)  (6e);  Bequaert.  C.  35  (GH)  (23): 

Aeocks,  J.  P.  1481  (K)  (6b),  1491  (K)  (10),  2012  (K)  Berhaut,  R.  P.  1630  (K)  (60:  Beshir.  B
.  113  (K)  (16),  151 

(13);  Adam,  j.  G.  51 1 1  (MO)  (1),  11248  (MO)  (23).  1  1339  (K)  (13).  507  (K)  (16).  508  (K)  (16).  509  (K) 
 (16),  510  (K) 

(MO)  (23).   13724  (MO)  (60,  13884  (MO)  (19),   13885  "'x    r"   ""  "^    " 
   '    v    D    c°  ™  n"    "" 

(MO)  (23),  14200  (MO)  (60,  14812  (MO)  (60,  14861  (MO) 
(16),  511  (K)  (16):  Best,  E.  B.  52  (K)  (II).  74  (K)  (17): 

Bidgood,  &  J.  Lovei  38  (K)  (17):  Bidgood.  et  al.  65  (K) 

(6c)   17917  (MO)  (6a),  17934  (MO)  (6a).  20029  (MO)  (23),  (17),  429  (K)  (17),  644  (K)  (17).  1204  (K)  (13
):  Biegel.  H. 

21457  (K,  MO,  UPS)  (1),  21957  (MO)  (23),  21995  (GH,  M.  1912  (K)  (4);  Bigger.  M.  1923  (K)  (10);  Bmgham.  M.G
. 

MO)  (19)   24039  (MO)  (1),  24386  (MO)  (1),  24394  (MO)  1178  (MO)  (10);  Birkett-Smith  49  (K)  (26);  B
.ttnm.wx  40 

(23),  24653  (MO)  (1),  251 17  (MO)  (23),  25550  (K,  MO)  (K)  (4);  Bjronstad,  A.  1294  (K)  (4).  1363  (K)  (13).  160
5 

(1)    25592  (K)  (1),  26054  (MO)  (1),  26531   (MO)  (1),  (K)  (17);  Blackburn.  1863  (GH)  (4):  Blackmore,  et  al.  45
3 

26881   (MO)  (19),  26891   (MO)  (60,  26896  (MO)  (6a),  (K)  (10);  Blake,  M.  2282  (K)  (13);  Boaler,  S.  B.  527  (K) 
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(17);  Bogdan,  3270A  (K)  (20),  4535  (K)  (16),  4600  (K) 
(11),  4827  (K)  (11);  Boicher,  E.  1841  (GH)  (16);  Boland, 
B.  G.  743  (K)  (16);  Boughey,  A.  S.  14298  (K)  (7),  18052 
(K)  (1),  18067b  (K)  (1),  180995  (K)  (1);  Boulos,  L.  10250 
(K)  (28),  10316  (K,  MO)  (28).  10509  (K)  (28);  Bonner,  E. 
1846  (K)  (16);  Bounougou,  K.  126  (K)  (24);  Boutique,  308 
(K)  (16);  Bousique,  H.  168  (K)  (22);  Bowsoti,  W.  J.  452 
(K)  (16);  Box,  H.  D.  291  (K)  (17),  293  (K)  (16);  Breteler. 

Mene/es,  A.  377  (K)  (10);  de  Wilde,  J.  J.  6399  (MO)  (6e), 
7223  (K)  (28);  de  Wilde,  W  J.  4585  (MO)  (23);  de  Wilde, 
W.  J.  &  B.  E.  de  Wilde-Duvfjes  2347  (K)  (22),  2397  (K) 
(17),  2954  (K)  (1 1),  3471  (K)  (13),  9693  (K)  (16),  29629 
(K)  (13);  de  Winter,  B.  3994  (K)  (10),  4087  (K)  (10);  de 
Witte,  G.   F  3332  (K)  (17);  Decary,  R.  9014  (US)  (4); 
Deighton,  F.  C.  4494  (K)  (23),  5146  (K)  (1),  6096  (K)  (23); 

   Descoings  12466  (P)  (8);  Dieterlen,  M.  527  (K)  (6b),  529 

F.  J.  258  (K)  (19),  2565  (K)  (23),  71 10  (K)  (7);  Britton,  L.  (K)  (6b);  Dinter,  K.  5749  (GH)  (4);  Dowson,  W.  J.  674  (K) 
L  4778  (BRE)  (18);  Broadbent,  J.  A.  158  (K)  (13);  Brock-  (11);  Draper,  25  (K)  (1 1);  Drege,  J.  F.  92713  (MO)  (10), 
num.  1).  321   (K)  (13);  Brod   10503  (K)  (II);  Brodbursk-  832608  (MO)  (6b).  832649  (MO)  (6b);  Drurnmond.  K.  B. 
Hill  176  (K)  (17):  Brookes,  A.  J.  4  (K)  (23),  19  (K)  (16);  5503  (K)  (13):  Drurnmond,  R.  B.  &  A.  J.  Cookson  6185 
Brown,  A.  J.  1644  (K)  (13);  Brown,  E.  21  (K)  (17),  238  (K)  (6b),  6451  (K)  (6b);  Drurnmond,  R.  B.  &  J.  H.  Hern- 
(K)  (17);  Brown,  F.  91  (K)  (13);  Brown,  L  1732  (K)  (11),  sley  3319  (K)  (13),  3721  (K)  (13),  3839  (K)  (4),  4086  (K) 
2027  (K)  (6a),  2066  (K)  (1 1),  2185  (K)  (13);  Brown,  R.  C.  (20),  4247  (K)  (20);  Duben,  WV.  1845  (S)  (4);  Dummer, 
8282  (K)  (13);  Brown,  &  Shapiro  4112  (K)  (6b);  Bruce,  E.  2629  (US)  (22);  Durham,  F  R.  26/2/24  (K)  ( 1 7);  Dyer,  & 
M.  841  (K)  (4);  Brumn.it  R.  K.  8428  (K)  (17),  8661  (K)  Merdoom  3421  (K)  (II);  Dynes.  H.  120A  (K)  (17). 
(4).  18348  (K)  (13);  Brummit.  R.  K.  &  E.  A.  Banda  8527  Easterbuper,  E.  972  (K)  (10);  Ecklon,  &  Zeyher  3  10 
(K)  (4).  9838  (K)  (14);  Brummit,  R.  K.  et  al.  13988  (K)  (MO)  (66),  10.11  (GH,  MO,  US)  (6b);  Edwards,  I,.  G.  1923 
(6b).  14239  (K)  (10),  1491 1  (K)  (4),  16199  (K)  (6e);  Brunt,  (K)  (16);  Eggeling,  W  J.  350  (K)  (6e),  785  (K)  (16),  4033 
M.  404  (K)  (17),  1389  (K)  (16);  Buchanan  1 141  (US)  (13),  (K)  (6a);  Ejiofor.  M.  C.  30240  (K)  (16).  3081 1  (K)  (16); 
I  174  (K)  (27);  Buhrmann,  A.  E.  14  (K)  (6b);  Bullock,  A.  Elhadi,  N.  &  A.  Khatlab  90/188  (S)  (4);  Elliott.  G.  S    128 
A.  2212  (K)  (6b),  2293  (K)  (4),  2391  (K)  (4),  3748  (k)  (K)  (16),  1481  (K)  (6a),  4174  (K)  (23),  4279  (GH)  (60. 
(11).  3770  (K)  (4),  3826  (K)  (13),  B14  (K)  (17);  Bunkc,  5207  (K,  MO)  (60,  s.n.  (K)  (6a);  Ellis,  P.  E.  272  (K)  (28): 
R.  369  (GH)  (10);  Burbridgc.  K.  510  (K)  (1),  534  (K)  (23);  Krn  et  al 
Burchcll.  W.  J.  396  (K)  (6b),  2482  (K)  (10);  Burger,  W  (K)  (5);  1 

400 
2960 

3204 

(K)  (13),  3489  (K)  (13);  Burke  443/3591  (K)  (10);  Burnett. 

(K)  (21),  3520  (K)  (16),  3622  (K,  MO)  (19),  3636  (K)  (23), 
{668 

799 (K,  MO)  (19).  3824  (K,  MO)  (23);  Esterhinper,  E.  E.  970 1 645 
(17),  2423  (K)  (16).  2443  (K)  (4),  2448  (K)  (16),  2732  (K) 

(6e),  3770  (K)  (13).  5095  (K)  (13),  Bush,  R.  P.  23  (K)  (17).  ehard,  E.  E.  27  (K)  (16);  Eviard,  C.  2231  (k)  (17);  Exe'll Carnnchacl.  390  (K)  (10);  Carpenter,  S.  W  192  (K)  (60;  A.  &  F  Mendonca  1353  (BM)  (2);  Exell,  A  et  al  214 
Carter.  S.  864  (K)  (13),  870  (K)  (13);  Carter,  S.  et  al.  2251  (BM)  (10),  1241  (K)  (6b);  Eyles  F  985  (K)  (13),  1274  (K) 
(K)  (13),  2479  (K)  (13);  Cathorold,  210  (K)  (13);  Cecil,  F, 
128  (K)  (17),  159  (K)  (6b),  247  (K)  (27),  259  (K)  (10); 
Chafer,  P.  A.  &  A.  Nuvunga  6644  (MO)  (6b);  Champion. 
A.  M.  T187  (K)  (13);  Chancellor,  R.  J.  5  (K)  (17),  56  (K) 

8799 

106 

2935  (K)  (II),  3198  (K)  (16),  70986  (K)  (16);  Chapman, 
J.  P.  H/579  (k)  (13);  Chapman,  J.  WF  64  (K)  (11);  Chap- 

man, &  E.  G.  7186  (K)  (3),  9000  (K)  (3);  Chase,  N.C.  666 
(K)  (10),  1423  (K)  (6b),  6382  (K)  (10),  6819  (K)  (13),  6853 
(k)  (131.  0854  (k)  (3).  7925  00  {fhV  Ph^man    K    w. 

FA.M.  &  Hooker,  T.  474  (K)  (23),  287 A  (K.  MO)  (23); 
FB.  6431  (K)  (4);  Faad,  G.  A.  1881  (K)  (16);  Faden,  A. 
J.  77/309  (US)  (13);  Faden,  A.  J.  &  R.  B.  74/744  (K)  (20), 
74/1122  (K)  (13);  Faden,  A.  J.  et  al.  74/572  (K)  (17); 
Fames,  E.  1905  (K)  (II);  Fanshawe,  I).  B.  615  (K)  (6b), 
2083  (K)  ( 1 3),  4689  (K)  (23),  4920  (K)  (6b),  5439  (K) 
(13),  5543  (K)  (13),  5819  (K)  (6b),  10003  (K)  ( 1 1 );  Farmer, 
F.  131  (K)  (13);  Farris,  J.  1736  (K)  (17);  Fauckner,  W 

m„,  „„   „,        ,  -'"21  (K)  (11),  4877  (K)  (13);  Fauckon,  D.  844  (K)  (4); (BM)  (10);  Chevalier,  B.  22.404  (K)  (26);  Chikawa,  I.  676  Fauckor,  H.  3605  (K)  (4);  Fauckom  2494  (K)  (4)  Faulk- 
(K)  (13);  Choner,  U.K.  2<K)5  (K)  (4);  Cleghorn,  WB.  2357  ner,  H.  G.  90  (K)  (4),  Kl  18  (K)  (27),  A376  (K)  (2)  001 
(K)  (3);  Codd,  L.  E.  3729  (K)  (13),  9661  (K)  (6b):  Cole,  (K)  (27);  Fav,  J.  M.  1896B  (K)  (22),  2787  (K)  (17)  2794 

N.  H.  199  (K)  (I);  Collenette,  C.  N.  3  (K)  (1);  Cook,  C.  (K)  (5),  2867  (k)  (17),  2877  (K)  (17),  3354  (K)  (13)',  4083 I ).  358  (K)  (5),  386  (K)  (1 1 ).  445  (K)  (6e),  477  (K)  (11 );  (K)  (23),  5066  (K)  (17),  5067  (K)  ( 1 7),  5008  (K)  ( 1 7).  5009 
C(K)per,  r.  1349  (K)  (10),  2829  (K)  (6b);  Correia,  F  &  A.  (K)  (17),  5479  (MO)  (6e),  6021  (K,  MO)  (19),  7057  (MO) 
Marques,  4142  (K)  (4);  Croat,  T.  B.  53417  (K,  MO)  (16);  (6e);  Fay,  J.  M.  &  J.  Doka  5070  (k)  (16);  Fitzgerald,  D 
Cro.x,  I.  F  2735  (MO)  (27);  Cruse,  A.  W  121  (K)  (6b),  V.  3235  (k)  (17);  Forbes,  H.  W  1/1929  (K)  (4);  Fotius 
372  (K)  (6b);  Cullett,  J.  B.  3243  (K)  (10);  Cunningham,  2177  (K)  (24),  2219  (K)  (6d);  Friis  et  al.  918  (K)  (25)- 
T.  F  18  (K)  (10);  Curie,  N.  98  (K)  (16);  Curtis,  A.  G.  707  Frith,  A.  C.  147  (K)  (5);  Froment,  D.  588  (K)  (16)-  Fvffe 

(OH)  (4),  860  (CH)  (4),  s.n.  (GH)  (22).  R.  32  (K)  (16).  164  (K)  (16).  X     ' Dacremont  128  (K)  (17),  129  (K)  (17);  Dale,  J.  R.  252  Gaepin  1709  (US)  (11);  Gairdner,  A.  E.  194  (K)  (13) 
(K)  (13);  Dal/.iel,  J.  M.  109  (K)  (1 1).  1 10  (k)  (24),  167  412  (K)  (17):  Galpin,  E.  E.  9768  (K)  (6b),  13131  (k)  (0b)- 
(K)  (II),  168  (K)  (9),  109  (K)  (23),  171  (k)  (16),  300  (K)  Gande,  P.  39/74  (K)  (1 1);  Gardner,  H.  M.  3517  (k)  (13); 
(13),  355  (k)  (24),  357  (k)  (13),  407  (k)  (60,  711  (k)  (23),       Gaughan.  j.  H.  1614  (K)  (11);  Gbesolssiere  3724  (GH,  k) 91 1  (k)  (23),  1912  (BM)  (23),  s.n.  (k)  (7);  Damwell  et  al. (16);  Gbile  et  al.  63394  (k)  (13),  64088  (k)  (16),  72899 

252  (k)  (13);   Daramola,   B.  O.  62346  (k)  (13);   Davev.       (k)  (16);  Gbile  &  B.  ().  Daramola  245  (k)  (23):  Geerling 
27126  (k)  (16);  Davey,  J.  T.  s.n.  (k)  (13);  Davies,  R.  M.       C.  &  J.  Bokdam  934  (k)  (16),  2029  (MO)  (60'  GeilinKor 
2890  (k)  (13):  Davis,  P.  53515  (BM)  (13),  55245  (BM)       "    "  ^ 48448 

  499.   ,,      v„,  v_,   v../v..„  .._ 
(k)  (17)  ;  Germain,  R.  4269  (k)  (17),  5717  (kj  (13),  0(>66 

2  (k,  US)  (16).  0  (k)  (4),  255  (k)  (24);  Davy.  J.  B.  932  (k)  (1 1),  6747  (k)  (11);  Germishuizen,  G.  1018  (k)  (6b). 
(k)  (6b):  Dawe  120  (k)  (16),  444  (k)  (16);  Dawson,  W.  J.  3534  (k)  (18);  Gerrad,  W.  T.  424  (k)  (11);  Gerstner   J 
533  (k)  (6e);  De  Bell,  G.  S.  878  (k)  (4);  de  koning,  J.  7151  (k)  (4);  Gilbert,  J.  B.  4253  (k)  (13),  4347  (k)  (13), 
7703  (k)  (3);  De  l,emes,  F  &  A.  Balsinhas  92  (k)  (4);  de  4722  (k)  (13),  4723  (k)  (13),  4918  (k)  (13),  4938  (kj 
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(13),  13104  (K)  (13),  17889  (K)  (3);  Gilbert,  J.  8.  &  F.  (16),  1218  (K)  (16),  1278  (K)  (16),  1392  (K)  (23),  1397 

Kariuki  18863  (K)  (6e);  Gilbert,  J.  8.  &  S.  P.  Kibuwa  (K)(I9),  1847  (K)  (16),  2745  (K)  (17),  3721  (K)  (16),  3759 

19932  (K)  (11);  Gilbert,  M.  G.  1663  (K)  (17),  2412  (K)  (K)  (16),  3915  (K)  (23),  7333  (K)  (3),  7368  (K)  (3),  7373 

(13),  4071  (K)  (13),  4072  (K)  (28),  4840  (K)  (17),  6215  (K)  (4),  7377  (K)  (13);  Hepper,  F.  N.  &  I).  V.  Field  5218 

(K)  (22),  6268  (K)  (13);  Gilbert.  M.  G.  &  A.  Getachew  (K)  (4);  Hepper,  F.  N.  &  A.  Jaeger  6618  (K,  MO)  (10); 

2958  (K)  (13);  Gilbert,  M.  G.  &  S.  8.  Gilbert  1078  (K)  Hepper,  F.  N.  &  J.  K.  Morton  2314  (K)  (6e),  A3039  (K) 

(13),  1250  (K)  (6e),  1408  (K)  (28),  1438  (K)  (13);  (Albert,  (61),  A3050  (K)  (6e),  A31 10  (K)  (6f),  A3 160  (K)  (16);  Het- 

M.  G.  &  T.  G.  Jefford  4594  (K)  (20);  Gilbert,  M.  G.  &  M.  tewy,  A.  W.  52  (K)  (13),  179  (K)  (13),  186  (K)  (13):  Hil- 

Thulin  415  (MO)  (6e),  708  (K)  (17);  Gilbert,  M.  G.  et  al.  debrandt,  J.  M.  1907  (UPS)  (27);  Hill,  A.  W.  51  (K)  (60: 

24  (K)  (13),  304  (K)  (13),  320  (K)  (17),  345  (K)  (13),  417  Hill,  8.  755  (K)  (6a);  Hilliard,  0.  M.  &  8.  E.  Burtl  7861 

(K)  (13),  524  (K)  (13),  525  (K)  (13);  Gilbert,  S.  8.  1 122  (MO)  (10),  10012  (MO)  (6b),  12139  (K)  (10);  Hindort  818 

(K)  (20);  Gilger,  W.  710  (K)  (11);  Gille  39  (K)  (17);  Gil- 
lespie, J.  8.  186  (K)  (4),  246  (K)  (4);  Gillett,  J.  B.  16369 

1 883 
(K)  (13);  Hooper,  S.  S.  &  C.  C.  Townsend  503  (K)  (6b): 

(K)  (16),  17889  (MO)  (27);  Gillett,  J.  B.  &  R.  Faden  18152  Hopkins,  J.  C.  9712  (K)  (1  I),  14555  (K)  (13):  Hornby,  K. 

(K)  (13);  Gillett,  J.  B.  et  al.  5045  (K)  (17),  25031  (K)  (13),  M.  2898  (K)  (1 1);  Hossain,  &  Agyakwab  37826  (K)  (5). 

25136  (K)  (13);  Gilliland,  H.B.  kl398  (BM,  K)  (10);  Gkvi-  37829  (K,  S)  (5),  37831  (K)  (13),  37954  (K)  (16),  37855 

le,  J.  W.  41  (K)  (4);  Glanville,  R.  R.  241  (K)  (60;  Gledbill,  (K)  (16),  37957  (K,  US)  (16),  s.n.  (K)  (5);  Howaiduud  1599 

D   285  (K)  (60,  328  (K)  (23),  942  (K)  (23);  Glover,  P.  E.  (K)  (22);  Hudson,  D.  64  (K)  (17),  296  (K)  (17).  2566  (K) 

&  H.  B.  Gilliand   1231   (BM.  K)  (20);  Glover,  P.  F.  &  (17);  Hughes,  N.  K.  s.n.  (OI)U)  (10);  Huntley,  B.  J.  192 

Samuel   2722   (K)   (17);   Glumptre,   E.   D.   25   (K)   (23);  (MO)  (6b);  2033  (MO)  (10);  Hutchinson,  J.  2381  (K)  (6b), 

Gooddny,  H.V.  101  (K)  (13);  Goodies,  R.  69  (K)  (13);  Gos-  2586  (K)  (6b),  2854  (K)  (10);  Hutchinson,  J.  &  J.  B.  Gil- 

sweller,  J.  199  (K)  (16),  329  (K)  (13),  558  (BM)  (23),  647  berl  3537  (K)  (3);  Hynes,  A.  478  (K)  (17),  576  (K)  (16). 

(K)(13),  1466  (K)  (4),  2234  (K)  (6b),  2916  (K)  ( 17),  3504  ""   T    " 
(K)  (2),  3540  (K)  (13),  4545  (K)  (23),  14219  (K)  (1);  Goy-  30748  (K)  (16);  Irvine,  R.  146  (K)  (6e),  466  (K)  (6e),  1426 

der,  I).  J.  &  A.  J.  Paton  3515  (K)  (1 1);  Goyder,  I).  J.  &  (K)  (6e),  1620  (K)  (6e),  4534  (K)  (16),  4572  (K)  (13),  4574 

A.  R.  Smith  3216  (K)  (13);  Goyder  et  al.  3631  (K)  (17);  (K)  (13),  4581  (K)  (16),  4667  (K)  (5),  4668  (K)  (7),  4669 

Graham,  M.  A.  2405  (K)  (6e);  Graham,  M.  D.  3031  (K)  (K)  (7),  4732  (K)  (7),  4914  (K)  (5),  4915  (K)  (6e),  s.n.  (K) 

(13):  Graham,  R.  M.  272  (K)  (4),  497  (K)  (13),  1577  (K)  (6e):  Ithwa,  R.  1370  (US)  (16);  Iverson,  et  al.  87612  (K) 

(27),  1675  (K)  (13),  1701  (K)  (22),  2154  (K)  (22);  Gran-  (13). 
draux,  L.  A.  &  F.  Delemos  7913  (K)  (11);  Grant,  A.  L. 

3141    (MO)    (6b),    3505    (MO)    (10),    3570   (MO)    (6b), 

909 

Jackson,  G.  649  (K)  (6b).  1656  (K)  (4),  2282  (k)  (3), 

U 103  (K)  (17);  Jackson,  J.  A.  D.  119  (K)  (16),  254  (K) 

2212387  (MO)  (10);  Greenstock,  V  1613834(MO)  (10);  (11):  Jackson,  J.  K.  2722  (K)  (13),  31%  (K)  (17);  Jackson. 

Greenway,  P.  J.  1204  (K)  (4),  2274  (K)  (17),  4358  (K)  (13),  W.  B.  415  (K)  (17);  Jacques-Felix,  1241  (P)  (21):  Jaeger. 

4462  (K)  (6e),  5097  (K)  (4),  5330  (K)  (27),  5371  (K)  (17),  H.  I).  1225  (K)  (1 1);  Jaeger,  P.  753/51  (K)  (6c).  790  (K) 

7392  (K,  US)  (16),  7473  (K)  (6e),  7840  (K,  S)  (10),  10519  (23),  2541  (K)  (6c);  Jahandiez,  E.   149  (BM)  (13),  202 

(K)  (4),  s.n.  (K)  (13);  Greenway,  P.  J.  &  J.  M.  Brenan  8095  (BM)  (13);  James,  E.  1905  (K)  (11),  1905  (K)  (16),  1905 

(K)  (6b),  8213  (K)  (6b);  Greenway,  P.  J.  &  Kanuri  1 1245  (K)  (17);  Jansen,  P.  C.  8040  (K)  (13);  Jarrett,  T.  103  (K) 

(K)  (13),  11870  (K)  (13),  14220  (K)  (4);  Greenway,  P.  J.  (6e);  Jasen,  P.  C.  8158  (K)  (4);  Jeagu,  A.  J.  84  (K)  (4); 

&  R.  M.  Polhill  11305  (K)  (4),  11736  (K)  (4);  Greenway,  Jeffery,  G.  M.  K242  (K)  (4);  Jefford.  cl  al.  53  (K)  (13): 

P  J   &  S   P.  Rawlins  9463  (K)  (11);  Grosvenor,  R.  K.  144  Jex-Blake,  M.  6880  (K)  (20);  Joanna,  B.  8928  (K)  (20), 

(K)  (13);  Greenway,  P.  J.  et  al.  13160  (K)  (13),  14082  (K)  8947  (K)  (13);  Jocobsz,  M.  L.  218  (K)  (10),  201 1  (K)  (6b): 

(13):  Grosvenor.  R.  &  J.  Renz  1038  (k)  (3);  Guerra,  J.  A.  Johannes,  26-1-22  (US)  (10);  Johnson,  W.  P.  32  (K)  (13). 
3812  (K)  (II);  Guile,  I).  P.  1662  (MO)  (23). 

Haarer,  Q.  E.  177  (K)  (13),  338  (K)  (17),  517  (K)  (6e), 

596  (K)  (17),  637  (K)  (10),  1767  (K)  (17),  2307  (K)  (11), 

5127  (K)  (13).  5128  (K)  (13),  s.n.  (K)  (17);  Hagerup,  O. 

478  (K)  (16);  Hakki.  et  al.  289  (K)  (6e),  309  (K)  (6e), 

101  (K)  (4);  Johnston,  A.  H.  83  (K)  (11);  Johnstone,  M. 

1551  (K)  (17);  Jones,  A.  3660  (K)  (16),  7164  (BM)  (23): 

Jones,  K.  W.  41  (K)  (4),  501  (K)  (16),  502  (K)  (16),  503 

(K)  (16),  504  (K)  (16),  505  (K)  (16),  506  (K)  (16).  512  (K) 

(16),  513  (K)  (16),  514  (K)  (16),  515  (K)  (16),  516  (K) 

1504  (K)  (24),  Hale,  M.  105  (K)  (20);  Hall.  J.  B.  90  (K)  (16),  517  (K)  (16),  518  (K)  (16),  519  (K)  (16),  521  (K) 

(1 1),  131  (K)  (60,  260  (K)  (61),  400  (K)  (16),  452  (K)  (5),  (16),  522  (K)  (16),  523  (K)  (16),  524  (K)  (16),  525  (K) 

558  (K)  (II),  1392  (K)  (6c).  1998  (K)  (26),  2028  (K)  (24),  (16),  526  (K)  (16),  527  (K)  (16),  528  (K)  (16),  529  (K) 

2058  (K)  (13),  3079  (K)  (5),  s.n.  (K)  (7);  Hall,  J.  B.  &  B.  (16),  530  (K)  (16),  531  (K)  (16),  532  (K)  (16),  533  (K) 

().   Daramola  67404  (MO)  (6e):   Hall,  J.   B.  &  Swaine  (16),  534  (K)  (16),  535  (K)  (16);  Jones.  V.  3  <K)  (11): 

GC46220  (US)  (24);  Halle,  N.  &  Villiers  4914  (P)  (15);  Jordan,  H.  D.  152  (K)  (23),   190  (K)  (60;  Junod,  H.  A. 

Ilambler,  I).  J.  768  (K)  (23);  Hansen,  ().  J.  854  (K)  (20),  276  (BRE)  (18). 

3016  (K,  MO)  (6b),  3375  (K)  (13):  Hardy,  D.  S.  961  (K)  Kaessner,  T.  474  (K)  (20),  645  (BM,  K)  (20),  1474  (BM) 

(13);  Hardy,  I).  S.  &  P.  8.  O.  Bally  10826  (K)  (13);  Har-  (20);  Kassner  Exped.,  190  (K)  (17),  2397  (K)  (6b),  2786 

ison,  2  (K)  (1 1);  Harlan.  H.  V.  1029870  (US)  (16):  Harold,  (K)  (16),  3148  (K)  (16);  Keay,  R.  W.  J.  21674  (K)  (16), 903 25440 

8    J    1774  (K)  (13),  2523  (K)  (1 1);  Harris,  B.  J.  &  A.       (24),  s.n.  (K)  (60;  Kelly,  R.  1).  80  (K)  (10);  Kemp.  S.  701 

McCusker  BJH2568  (MO)  (27):  Harris,  E.  4  (K)  (7),  5  (K)       (MO,  US)  (6b);  Kennedy,  J.  D.  2894  (K)  (16);  Kenyon.  E. 

(16),  6  (K)  (23).  7  (K)  (7),  8  (K)  (23),  9  (K)  (16),  10  (K) 

(19),  11  (K)  (60:  Harris,  I..  D.  9  (K)  (20);  Harris,  T.  M. 

195  (K)  (7),  786  (S)  (27);  Hayes,  T.  R.  539  (K)  (60;  Hay-       (24);  Kersting,  665  (K)  (7);  Kesollesen,  2817  (K)  (27): 

Kew,  J.  19911  (MO)  (27);  Kilian,  N.  1833  (K)  (13);  Kil- 
lick,  D.  J.  3857  (K)  (6b);  Killick,  H.  J.  234  (K)  (11); 

1901  (K)  (13);  Kcrfoot,  O.  1313  (K)  (13),  3815  (K)  (13): 

Keritochonorag,  H.  2166  (K)  (16);  Kers,  E.  E.  1399  (S) 

garth,  W.  92714  (MO)  (10);  Hazel,  C.  289  (K)  (16);  Hazel, 

G.  442  (K)  (11);  Hazel,  O.  521  (K)  (17);  Hedbert,  ().  7022 

(UPS)  (4)-  Hemming,  C.  F.  &  R.  M.  Watson  30216  (K)       Killick  &  Leisner  3415  (K)  (11);  Kimani,  Z.  J.  186  (K) 

(13);  Henriques,  C.  853  (K)  (17);  Hepper,  F  N.  1 162  (K)      (13);  King,  A.  E.  260  (K)  (II):  King,  E.  E.  175  (K)  (23), 
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I75B  (K)  (23);  Kirk,  J.  15/1/63  (K)  (11),  2179  (K)  (17),       1153  (K)  (17),  1153  (K)  (22):  Magogo,  F.  C.  &  I'.  Glover 9/68 I 1050  (K)  (27),  1080  (K)  (4);  Magogo,  F.  C.  &  R.  R.  Innes 
849  (K)  (27);  Maitland,  J.  103  (K)  (11),  1926  (K)  (16), 

(K)  (13);  Knepper.  I).  K.  8/22/89  (ODU) 
(13h),  8/24/80  (ODU)  (I3h),  8/25/80  (ODU)  (17),  8/26/89 

(ODU)  (13.1),  8/26/89  (ODU)  (16),  8/26/89  (ODU)  (5),  8/       1946  (K)\l6).  s.n.  (K)'(ll),  s.m  (K)V  (l^Y  MansfieldV  IL 25/80  ,()|)U)  (5),  0/20/80  (ODU)  (16),  0/22/89  (ODU)       A.  9/4/78  (ODU)  (22),  9/4/78  (ODU)  (7);  Mar......  V.  36 

!'!.'!; ,?/2''m)  (<>,)U)  (16)-  9/23/}W  (0DU)  (5)'  W24/89       <K>  (23);  Masierson.  G.  217  (K)  (3);  Massey,  R.  K.  47  (K) *""'"*   *""  '"    "   ""  ""*    (16);  Mathew,  B.  6126  (K)  (6e);  Mauteiro  6193  (K)  (13); Mavi,  S.  626  (K)  (6b);  McCintosh,  D.  G.  H.  3k  (K)  (17), 
57k  (K)  (11),  109k  (K)  (II);  MeClean,  A.  595  (K)  (6b); 
McClean.  11.  200  (K)  (6b);  McClounie,  T.  60  (K)  (4),  178 
(K)  (3);  McDonald,  J.  910  (K)  (16);  McGillett  1007  (K) 
(13);  Mearns,  E.  A.  2885  (GH)  (1 1),  3005  (GH)  (16);  Med. 
L.  V.  1432  (K)  (17);  Meikle,  R.  I).  746  (K)  (16).  768  (K) 
(23),  1011  (K)  (6a);  Melville,  F.  A.  &  T.  Hooker  287a  (K, 
MO)  (23);  Mesfin  el  al.  4058  (K)  (6e);  Metbew,  I..  162  (K) 
(6b),  257  (K)  (27);  Meurillon,  A.  1363  (K)  (5),  CNAD577 

(ODU)  (16),  9/26/89  (ODU)  (5),  9/19/89  (ODU)  (I3g),  9/ 
21/80  (ODU)  (5).  0/23/89  (ODU)  (5);  Konging.  J.  ,le  &  1). 
Zungt./.e  8038  (K)  (6b);  Korans,  J.  1508  (K)  (10),  15% 
(K)  (13).  3<X.O  (K)  (6b),  3299  (K)  (6b),  3364  (K)  (13); 
Krauss,  J.  213  (MO)  (6b);  koritschoner,  H.  2059  (K)  (11); 
Kuchar,  V.  15312  (K)  (13);  Kuntze,  ().  7/iv94  (US)  (4),  94 
(K)(I3),  1913  (K)(4). 

La  Croiz,  I.  F.  2735  (MO)  (3);  Uaferrere,  M.  112  (K) 

(26);  I.amb.  I'.  II.  4  (K)  (16);  Lambrecht,  I).  479  (K)  (11); Uml.re.ht.  F.  I..  31  (k)  (13).  264  (K)  (6b).  440  (k)  (6I.V 

Lamprey,  H.  F.  515  (k)  ((ye);  Unbrester,  C.  H.  18  (K)  (6a);  (K)  (23);  Meurillon,  A.  et  al.  1976  (K)  (16);  Meyer,  F  G 
Lang.lale-Brown,  I.  2392  (K)  (16).  2421  (K)  (17):  Last,  J.  7594  (k,  US)  (16),  s.n.  (K)  (16);  Meyers,  J.  G.  7329  (GH. 
T.  1887  (k.  US)  (4),  1008  (K)  (17);  Utilo,  M.  G.  18214  K)  (5),  7867  (GH)  (19);  Mgaza,  C.  D.  434  (K)  (17);  Mi- 
(K)  (16);  Lat.lo,  M.  G.  &  R.  O.  Daramola  28792  (K)  (16);  chael  9531  (K)  (6.1),  9706  (K)  (6.1);  Michel,  R.  13  (K)  (1 1)- 
Lavranos.  J.  J.  4265  (MO)  (10),  7304  (K)  (20):  Uvranos,  Michel,  G.  5367  (K)  (4);  Migeod,  F.  W.  13  (RM)  (27),  35 
J.  J.  &  Cater  23192  (K)  (13);  lavranos,  J.  et  al.  24938  (RM)  (27),  50  (RM)  (27),  730  (RM)  (27);  Mildraed,  1-232 
(K)  (13);  Lawlor,  D.  W.  &  R.  J.  Hall  28  (K)  (11),  34  (K)  (K)  (17),  9501  (K)  (17):  Miller,  H.  3/18%  (K)  (23):  Miller, 
(24).  73  (K)  (24),  461  (K)  (24).  468  (K)  (13),  508  (K)  (7),  O.  R.  1590  (MO)  (6b),  1939  (K)  (13),  2630  (K)  (6b),  2671 
46508  (K)  (5);  Uwrence,  F.  15  (K)  (4),  28  (K)  (4),  163  (K)  (6b),  4827  (K)  (6b),  5737  (K)  (6b),  7260  (K)  (6b); 
(K)  (4);  Lea.  A.  LR20  (K)  (I  I);  Lea.  J.  D.  10  (K)  (27),  17  Miller  et  al.  615  (RM)  (13);  Milne-Redhead.  E.  3577  (K) 
(k)  (16),  58  (k.  ODU)  (24).  180  (K)  (24);  Uach,  L.  C.  (6b),  3756  (K)  (17),  4018  (K)  (10),  4155  (RM.  K)  (11) 
0180  (K)  (27),  1 1232  (K,  MO)  (27);  l,each,  L.  C.  &  R.  F.  4161   (K)  (2),  5043  (K)  (60;   Milne-Redhead,  F.  &   8 Smith  I  101 1  (K)  (27);  Lean,  ().  R.  37  (K)  (I  I);  Lel.n.n,  J. 
1750  (GH)  (16).  3374  (GH,  k)  (16),  3535  (MO)  (13).  3557 
(GH)  (II),  0631  (K)  (16);  Lecard,  F.  s.n.  (K)  (16);  l,eder-  10024  (K)  (3),  10577  (K)  (3);  Mitchell,  R.  L.  24/78  (K) 
man...  C.  4520  (RM)  ((..I);  Lee.  J.  |6  (K)  (II);  Leeuwen-  (11);  Mitchison,  N.  1075  (K)  (13).  1075  (K)  (4);  Mitte  314 
berg,  A.  J.  4357  (K,  MO)  (60,  10180  (K)  (16);  Leighton,  (US)  (16);  Mogg,  A.  ().  5935  (MO)  (6b),  30317  (K)  (17); J.  M.  2048  (MO)  (Ob);  Leistner,  0.  A.  1817  (K)  (13);  Le- 
lehase,  IM.  3673  (MO)  (10).  3764  (MO)  (10);  Lely.  H.V. 
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Moggridge,  F  Y.  548  (K)  (4),  1868  (US)  (16);  Mohamed. 
   K.I.  10/25/88  (ODU)  (13b),  10/26/88  (ODU)  (16),  10/26/ 

146  (K)  (6e),  255  (K)  (11).  489  (K)  (13),  535  (K)  (13),      88  (ODU)  (I3e),  10/27/88  (ODU)  (16);  Moiser,  R.  63  (K) 
590  (K)  (16),  080  (K)  (19),  l>83  (K,  MO)  (60,  P369  (K)       (13).  6  (K)  (16);  Moll,  E.  j.  4723  (K)  (6b);  Moo.naw.  j.  G 953  (K)  (27);  Mooney,  H.  F.  8427  (K)  (17);  Moriarty,  A. 

441  (K)  (17),  469  (K)  (27);  Morton.  J.  K.  94  (K)  (23),  1 104 
(K)  (23),  1677  (K)  (13),  2527  (K)  (19),  6123  (K)  (6e),  6214 

(11),  R567  (K)  (7),  R785  (K,  MO)  (23);  Lester,  J.  R.  34 
(K)  (23);  Lester,  R.  IN.  &  M.  Morrison,  2337  (K)  (6a); 
Letouzey.  R.  624  (K)  (60.  6299  (K)  (11).  6406  (K)  (16). 

7209  (K)  (16);  Levy.  R.  1 177  (K)  (13);  Lewalle,  H.  J.  335  (K)  (16),  6224  (K)  (16),  6292  (K)  (19),  7171  (K)  (6e),  8794 
(K)  (II),  1474  (K)  (13),  2402  (K)  (17),  10634  (RM)  (13);  (K)  (6e),  8795  (K)  (60,  9370  (K)  (23).  A663  (K)  (61). 
Libe...  L.  976  (K)  (13).  2038  (K)  (11).  2401  (K)  (4),  3705  A1394  (K)  (16),  A2045  (K)  (6e),  A3016  (K)  (60,  A3295 
(K)  (11);  Liebenberg,  L.  C.  C.   1029  (K)  (16),  1532  (K)  (K)  (7),  A3488  (K)  (6e),  A3926  (K)  (6e),  A4241  (K)  (26), 
(1 1).  4012  (K)  (13),  6004  (K)  (6b),  6986  (K)  (10),  8581  GC860I  (K)  (26),  s.n.  (K)  (5),  s.n.  (K)  (23);  Morton,  j.  K. 
(MO)  (10).  8748  (MO)  (10).  A516  (K)  (13);  Lind,  E.  340  &  J.  M.  Dal/.iel  145  (K)  (6e);  Morton.  J.  K.  &  I).  Gledhill 
(K)  (6a),  387  (K)  (16).  2027  (K)  (6a);  binder.  I).  H.  1927 1093  (K)  (1),  3035  (K)  (19),  18771  (K)  (1);  Mouclie,  A. 
(GH)  (22),  1966  (K)  (13);  Linoblom.  K.  G.  1911  (S)  (10);  574  (K)  (13);  Mouteiro  6143  (K)  (23);  Mugwedi,  E.  1371 
L.sowsk.  80551  (RR)  (6c),  80579  (RR)  (6c);  Lloyd,  H.  80  (K)  (4);  Midler,  P.  J.  2205  (K)  (6b);  Murray,  A.  L.  426  (K) 
(K)  (10);  [...bin,  W.  6687  (K)  (13):  Lock,  J.  M.  81/77  (K)  (10);  Musselman,  L.  J.  124  (K)  (1 1),  198  (K)  (24)   61 18 
(13),  81/132  (K)  (5),  81/247  (K)  (17).  81/248  (K)  (24),  81/  (ODU)  (7),  6122  (ODU)  (5).  6123  (ODU)  (5),  6124  (ODU) 
2658  (K)  (13).  82/31  (K)  (11),  82/44  (K)  (13);  Ixmgnot  &  (5),  6131  (ODU)  (7),  6139  (K,  ODU)  (16).  (.140  (ODU) 
Verdcourt  32(H)  (K)  (6e);  Looe,  R  PI048  (K)  (17);  Lord,  J.  (16).  6143  (ODU)  (16),  6144  (K,  ODU)  (16).  6145  (K 
K.  8160  (K)  (13);  Lovetl.  J.  1612  (K)  (13),  1637  (K)  (4);  ODU)  (16),  6152  (ODU)  (16),  6154  (K)  (16),  6155  (K) 
l-ovett,  J.  &  C.  Congdon   1404  (K)  (13).   1031  (K)  (13);  (16),  6162  (K,  ODU)  (16),  6174  (ODU)  (13),  6180  (ODU) 
Lowe,  J.  1370  (K)  (16),  1484  (K)  (23),  1671  (K)  (16),  2760  (13a),  6212  (K)  (16),  6231  (K)  (24),  6256  (K)  (24).  6260 (K)  (16),  3378  (K)  (60,  4463  (K)  (23).  4828  (K)  (16),  A12 1 64 (K)  (17),  6269  (ODU)  (13.1),  6270  (K,  ODU)  (16),  7003 

(ODU)  (4),  701 1  (ODU)  (6b),  7015  (ODU)  (4),  7022  (ODU) 
(4),  7030  (ODU)  (10),  7032  (ODU)  (6b).  7038  (ODU)  (10). 
7030  (ODU)  (10),  7040  (ODU)  (6b),  7060  (K,  ODU)  (5), 
7061  (ODU)  (24),  7064  (ODU)  (13c),  7085  (K,  ODU)  (5), 
086  (ODU)  (1 1),  4/10/86  (ODU)  (11),  4/0/80  (ODU)  (11), i 

W.  R.  2459  (K)  (11),  3054  (K)  (13),  3390  (K)  (13),  3489 
(K)  (20);  Lye,  K.  A.  4747  (K)  (11),  5379  (K)  (13),  9078 
(K)  (13),  s.n.  (K)  (17);  Lvncs.  H.  18  (K)  (10),  53  (RM) 
(13),  577  (RM)  (11),  578  (BM)  (24).  %   ,— _/v~,   v— ;v^; 

Mabbcrley  &  McCall  86  (K)  (17);  Maeaulary  867  (K)  8/23/86  (ODU)  (17),  8/23/86  (ODU)  (13te),  '  H/£J/W~(OD  U  j (6b),  027  (K)  (6b);  MacGintosh.  D.  G.  103  (K)  (16);  Mac-  (24),  8/23/86  (K)   (24),    10/13/8}]  (ODU)   (5).    10/13/8}} 
Donald.  W.  21  (K)  (13);  MacOwan.  L.  426  ((ill)  (10);  Ma-  (ODU)  (11),  10/16/88  (ODU)  (19),  s.n.  (K)  (24),  s  n    (K) 
gaj.,  S.O.  M6660  (K)  (16);  Magog...  F.  C.  373  (K)  (27);  (17);  Musselman,  L.  J.  &  R.  A.  Mansfield  5522  (ODU) 
Magog...  F.  C.  &  R.  Estes,  1 152  (K)  (17),  1 152  (K)  (22),  (23),  5524  (ODU)  (5),  5527  (ODU)  (16),  5533  (ODU)  (19), 
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lame (19/ 
5535  (ODU)  (16);  Mussel  man,  L  J.  &  K.  I.  Mol 

30/88  (ODU)  (6e),  9/30/88  (ODU)  (7),  10/1/88  (ODU)  (5), 

10/1/88  (ODU)  (7),  10/1/88  (ODU)  (13h),  10/1/88  (ODU) 

(16),   10/1/88  (ODU)  (17),   10/2/88  (ODU)  (5),   10/2/88 

8  (K)  (13);  Peterson,  C.  823  (k)  (17),  833  (K)  (10);  Peth- 
erick  1862  (K)  (17),  1863  (K)  (16),  Pelterson,  B.  16819 

(K)  (16);  Pfund,  J.  86  (K)  (24),  679  (K)  (16):  Philcox,  D. &  R     R    nmmmnnrl  070  (k)  (IS\.  9050  (10  0  7).  9054  (k) 

(ODU)  (7),  10/2/88  (ODU)  (17),  10/2/88  (ODU)  (22),  10/      (3),  9094  (K)  (13);  Philcox,  I).  &  M.  J.  Ueppard  8574  (K) 

4/88  (ODU)  (5),  10/4/88  (ODU)  (7),  10/4/88  (ODU)  (17),      (13),  8575  (K)  (13),  8677  (K)  (T"    ' 
88 

10/4/88  (ODU)  (22).  10/4/88 
9080 

(5)     10/5/88   (ODU)   (22),    10/6/88  (ODU)   (5),    10/6/88  (13);  Philcox,  D.  et  al.  8563  (K)  (17),  86 10  (K)  (17),  8748 

(ODU)  (7),  10/6/88  (ODU)  (13c),  10/8/88  (ODU)  (5),  10/  (K)  (13),  8796  (K)  (11),  8799  (K)  (13),  8933  (K)  (10),  901 7 

8/88  (ODU)  (17);  Musselman,  L.  J.  &  J.  H.  Visser  4/2/86  (K)  (6b),  9019  (K)  (10),  9093  (K)  (3),  9127  (K)  (3),  9873 

(ODU)  (13);  Musselman,  L.J.  et  al.  7  (k)  (19),  064  (ODU)  (K)  (4
),    '  '*'   9908 

7063  (ODU)  (24).  7066 661 

(11)    4/17/86  (ODU)   (4),  9/4/86  (ODU)   (4),    10/13/88       MO)  (6e),  1215A  (MO)  (6e);  Phillipson,  P.  B.  138  (MO) 

(ODU)  (17),  10/13/88  (ODU)  (5),  10/16/88  (K,  ODU)  (6<l),       (6b);  Phipps,  J.  B.  342  (K)  (6b),  2594  (K)  (4);  Plnri,  R. 

ODU)  (13g),  s.n.  (K)  (19),       79  (K)  (4);  Pichi-Sermolli,  R.  1295  (K)  (16),  1296  (K)  (13); 6/88  (ODU)  (23).  10/16/88 

706 s.n.  (K)  (23);  Mutch,  M.  I.  27952  (K)  (16);  Mutimushi,  J.  Pie 

M    537  (K)  (10),  932  (K)  (6b);  Mwasumbi,  I..  B.  10487  (6a);  Plowes,  D.  C.  32013  (K)  (13);  Pobegum,  M.  364  (k) 

(K)  (1 1);  Mvers,  J.  G.  6656  (K)  (17),  6997  (K)  (11),  7000  (60,  1020  (K)  (5);  Polhill,  C.  496  (K)  (17);  Polhill.  R.  & 

(K)  (17)    7329  (K)  (5),  7336  (K)  (17);  Mvres,  R.  F.  294  S.  Paulo  579  (K)  (13),  950  (K)  (13);  Poulo,  S.  105  (K,  MO) 

(K)  (17),  303  (K)(6b). (27):   Powell,  J.   H.  876  (K)  (4);   Powys,   197  (K)  (10); 

N.D.H  7361  (K)  (13);  Nafuer,  E.  R.  5343  (K)  (16);  Na-  Prince,  S.  D.  1 16  (K)  (4),  2(M)  (K)  (24),  215  (K)  (1 1),  401 

pier  E  B  51  (K)  (4),  957  (K)  (20);  Napper,  D.  &  R.  Faden  (K)  (24);  Probegum,  M.  364  (K)  (6e);  Prosser,  D.  U.  1643 

1839  (K)  (20);  Nation,  0.  29  (K)  (10),  143  (K)  (13),  313  (K)  (6b),  1784  (BRE,  K)  (18);  Puff,  C.  &  E.  kclbessa 

(K)  (6b);  Ncube,  M.  75  (K)  (1 1);  Nelson,  W.  394  (K)  (10);  921220  (K)  (20);  Puff,  C.  et  al.  8209  (K)  (20),  820922  (K) 

Nesboulcl,  J.  G.  1958  (K)  (4);  Newberreu,  B.  J.  6  (K)  (23);  (16);  Purseglove,  J.  W.  487  (K)  (16),  560  (K)  (16),  1609 

Newbould,  J.  G.  B.  1958  (K)  (13);  Ngoni,  J.  F.  160  (K)       (K)  (6e),  2053  (K)  (11),  2711  (K)  (6a),  P2424  (K)  (17); 

(13),  295  (K)  (13),  1249  (K)  (6b);  Niamir,  M.  17  (K)  (13);  "   
 

Nicholas,  A.  &  V.  D.  Berg  1736  (K)  (6b);  Nicholas,  A.  & 

I).  Neave  2109  (K)  (6b):  Nichols,  E.  H.  11  (K)  (23);  Niger 

495  (UPS)  (16);  Nilson,  J.  332  (K)  (6e);  Noak,  S.  L.  31 1 

(K)  (10);  Noble,  H.  L.  30  (K)  (16),  31  (K)  (16);  Norlindh. 

Pusch,  2689  (K)  (4). 
Ouarre,  1451  (K)  (11). 

Radjil  594  (GH)  (16);  Ragslane  1251  (US)  (6e);  Ra- 
maiah,  K.V.  2973  (K)  (24);  Ranger,  G.  A.  304  (K)  (10); 

Rax,  R.  D.  292  (K)  (24);  Raymond,  B.  J.  319  (K)  (17); 
rt-i 

(4);  Nuvunga,  A.  471  (K)  (3). 
46885 

f  &  H   Weimarck  4878  (K)  (3),  4956  (K)  (17),  44347  (K)       Ravnal,  A.  R.  2282  (K)  (7),  22057  (K)  (7),  22063  (K)  (13), 

(6b);  Nonnan,  E.  M.  294  (K)  (16);  Norrgrann,  G.  459  (K)       22127  (K)  (5),  22139  (K)  (7),  22149  (K)  (5),  22181  (K) 

(7),  22194  (K)  (16),  221%  (K)  (7),  222(H)  (K)  (16),  22210 

(K)  (16),  22211  (K)  (13),  22220  (K)  (16),  22221  (K)  (16), 

(6e)foforarfenu,  j.  55046  (K)  (16);  Olufsen,  0.  479  (K)  22244  (K)  (13),  22263  (K)  (16),  22277  (K)  (24),  22290 

(13)  705  (K)  (23),  1927  (K)  (23);  Onochie,  C.  F.  A.  18697  (K)  (5),  22309  (K)  (5),  22394  (K)  (5),  22395  (K)  (5),  22435 

(K)  (6e);  Onsow,  M.  P.  709  (K)  (60;  Onwudinjo,  D.  C.       (K)  (7),  22526  (K)  (16),  22565  (K)  (13),  22573  (K)  (16), 

24005  (K)  (1 1);  Ortendahl,  V.  487  (UPS)  (13a);  Ossent,  J.       22581  (K)  (5),  22602  (K)  (16),  22603  (K)  (13),  22613  (K) 

(13),  22636  (K)  (13),  22640  (K)  (7),  22641  (K)  (24);  Read. 

J.  G.  10  (BM,  K)  (10),  27  (BM,  K)  (10);  Beading  Univer- 
sity/BM  292  (BM)  (13);  Bed,  E.  1424  (K)  (17);  Beed,  S. 

478  (K)  (13). 

Padva,  J.  H.  326  (K)  (17);  Paget- Wilkes,  G.  F.  700  (MO) 

(27):  Panayotis,  U.  J.  98  (K)  (17);  Parker,  C.  985  (GH) 

(23)]  1066  (ODU)  (11),  1316  (ODU)  (130,  1976  (K,  ODU)       W.   16290  (K)  (11);  Reed   14  (K)  (16),  3/1888  (K)  (4); 1 994 6786 

(ODU)  (16),  2023  (K)  (13),  2031  (k,  ODU)  (13d),  2031 7125  (K)  (6a),  7166  (K)  (6a).  9834  (K)  (13),  10314  (K) 

(K)  (13),  2044  (K)  (13),  2046  (K)  (5),  2210  (ODU)  (1 1),  (17).  23/2/75  (K)  (11);  Behmann,  A.  4671  (K)  (13);  Rens- 

2264  (ODU)  (13h),  2265  (ODU)  (130,  23%  (ODU)  (16),  burg,  H.  J.  1516  (K)  (13),  2772  (K)  (11),  23107  (K)  (13): 

2312  (ODU)  (13d),  2314  (ODU)  (5),  2316  (ODU)  (16).  Revell,  B.  J.  321  (K)  (17);  Bichards,  H.  M.  657  (K)  (13), 

2317  (ODU)  (16),  2318  (ODU)  (5),  2321  (ODU)  (16).  2332 

(ODU)  (16),  2443  (ODU)  (4),  2682  (K)  (7).  2984  (ODU) 

(20),  3215  (ODU)  (5),  4001  (ODU)  (22),  4034  (K,  ODU)  (11),  4813  (K)  (13),  5230  (K)  (4),  5423  (K)  (13),  7425  (K) 

75  (6b),  9026  (K)  (13),  9103  (K)  (11),  10542  (K)  (6e),  10763 

668  (k)  (11).  676  Ik)  (6b).  1 169  (k)  (6b),  1771  (k)  (27), 

4205  (k)  (6b),  4512  (k)  (13).  4699  (k)  (6b).  4780  (k) 

4065 

(ODU)  (16),  (k)  (16),  E22  (k)  (16).  GM/522/H  (k)  (20):   (K)  (6b),  10921  (k)  (13).  10953  (k)  (6b),  12222  (k)  (11). 
Parkinson,  V.  1985  (ODU)  (24),  9/18/85  (ODU)  (22).  9/ 12486  (k)  (13),  12570  (k)  (6b).  12813  (k)  (13),  14824 

17/86  (ODU)  (7),  Al  (k)  (24),  A3  (k)  (16),  A4  (K)  (16);   (k)  (11),  14858  (k)  (13),  15025  (k)  (6b),  16275  (k)  (6b), 
Parsons,  I).  A.  L79  (k)  (16);  Pasch  7846  (k)  (16),  7916 17147  (k)  (6b).  17965  (k)  (13).  17980  (k)  (4),  19831  (k) 

(k)  (16);  Patel,  I.  H.  &  W.  Nachamba  1775  (k)  (11);  Pal-   (13).  24360  (k)  (4),  24897  (k)  (20),  25019  (k)  (10)^25389 

erson,  A.  59  (k)  (11);  Paulo,  S.  105  (k)  (27);  Pawek.  J.   
"" 

26863    .... 

1649(k) 07X3349  (k)  (4),  4112  (k)  (27),  5135  (k)  (13),  Bichie,  A.  H.  1924  (k)  (4);  Riches,  C.  B.  226  (k)  (16
), 

5266  (k)  (13),  7799  (k)  (6e),  8301   (k)  (17),  9499  (k)  228  (k)  (16),  230  (k)  (5),  233  (k)  (5),  234  (k)  (16),  242 

(17)  9575  (k)  (17),  9601  (k)  (13),  10942  (k)  (17),  a!20l5  (k)  (16),  243  (k)  (7),  249  (k)  (16),  s.n.  (k)  (5);  Rober
t, 

(MO)  (27)    1)12015  (k)  (3),  12317  (k,  MO)  (6e),  12566  G.  16608  (k)  (6a):  Robertson,  S.  A.  108  (k)  (4),  676  (
k) 

(k)  (4),  13856  (k)  (17),  13913  (k)  (11),  13954  (k,  MO)  (11),  4121  (k)  (20);  Robertson,  V.  C.  5  (k)  (11).  31  (
k) 

(11)    14332A  (K)  (14),  14332B  (k)  (11);  Pearson,  H.  H.  (16);  Boberty  16608  (k)  (21),  16621  (k)  (23);  Robin,  
B. 

2038  (k)  (13),  2421  (k)  (13),  8122  (k)  (13);  Perceval,  A.  J.  3839  (k)  (13),  4339  (k)  (13),  4513  (k)  (13
):  Bohms.  S. 

B    1901  (MO)  (10):  Pereira,  J.  A.  2328  (k)  (19),  2368  (k)  902  (k)  (13);  Bobinson,  E.  A.  637  (k)  (23),  1214  (k)  (3), 

(19),  2984  (k)  (21),  2984  (k)  (6a),  3580  (k)  (16);  Peters, 1847  (k)  (6b),  1961  (k)  (10),  2176  (k)  (13),  3330  (k) 
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(6b),  4024  (K)  (6b),  6174  (K)  (10),  6403  (K)  (11),  6753       Soyaux,  H.  189  (K)  (4);  Speke  &  Grant  572  (K)  (16);  Spin- 
(K)  (61,),  6897  (K)  (13);  Robson,  N.  k.  B.  1083  (K)  (17),       agi,  C.  A.  361  (K)  (17);  Stee,  J.  V.  3163  (K)  (4);  Stewart, 

1).  R.  M.  327  (K)  (11);  Stewart,  M.  M.  1  / 1  «>  1 1  (K)  (6b); 
Steyagi,  M.  F.  s.n.  (US)  (16);  Stirton,  C.  H.  401  (K,  MO) 
(6b),  559  (K)  (6b),  1458  (K)  (10),  1725  (K)  (13);  Slocks, 

1094  (BM,  k)  (3),  1 169  (KM)  (10),  1487  (k)  (13);  Robson 
&  Jackson  I  179  (k)  (10),  1 199  (BM.  k)  (11);  Robyn,  L. 
1971  (k)  (17),  1980  (k)  (13),  2216  (k)  (16);  Rodin,  R.  J. 

(4),  355  (k)  (11),  358  (k)  (13),  405  (k)  (13);  Rowland 
1893  (k)  (23);  Rodatis,  F  543  (US)  (6b),  1829  (S)  (6b); 
Rushwortb,  J.  F.  1480  (k)  (17):  Russell,  J.  41  (k)  (6b); 
Russell,  T.  4  (k)  (17):  Rutherford-Smith,  R.  0.  542  (k) 
(4),  565  (MO)  (6b);  Ruxton.  J.  P.  53  (k)  (13),  67  (k)  (11), 
I4<>  (k)  (I  I),  152  (k)  (5);  Rwaburindore,  P.  k.  580  (MO) 

(fie).  817    '"'"    
' 

9379  (k)  (16);  Roger  758  (k)  (19);  Rogers  1821  (GH)  (16),  J.  55  (k)  (27):  Slolz.  A.  213  (OH,  US)  (11).  540  (k)  (17), 
20943  (US)  (10);  Rogers,  C.  G.  560  (k)  (10),  709  (k)  (1 1),  753  (k)  (13),  1304  (BM,  k,  GH,  MO)  (14),  2494  (GH 
740  (k)  (II):  Rogers.  I).  96  (US)  (4),  1493  (US)  (6b);  MO)  (10),  2500  (GH)  (19);  Strey,  R.G.  6187  (k)  (6b),  9297 
Rogers.  F  A.  7023  (k)  (13),  8215  (k)  (13),  18297  (k)  (k)  (6b),  9087  (k)  (6b);  Suabad.  M.  M.  6994  (MO)  (23); 
(6b);  Rose,  F.  101  17  (k)  (17),  10253  (k)  (17);  Ross,  J.  H.  Sutherland,  D.  1856  (k)  (10);  Sutherland,  J.  381  (MO) 
1743  (k,  MO)  (10).  2240  (k)  (6b);  Rounce.  N.  V.  288  (k)       (13a);  Swynnerton,  C.  F  1413  (k)  (13),  1451   (k)  (27) 1951  (k)  (27);  Symes,  Y.F.  112  (k)  (11). 

T.G.D.  Biol.  Fxped.  210  (BM)  (13);  Tadesse,  F  M.  & 
k.  Vollesen  3073  (k)  (20);  Tadesse,  M.  T.  &  G.  Y.  Yagnew 
1594  (k)  (16),  16<X)  (k)  (16);  Talbot,  P.  A.  308  (BM)  (11), 
310  (k)  (16),  312  (k)  (7),  313  (BM)  (6d).  324  (BM,  k) 

,„,„  ,     k  (23),  1920  (BM)  (24);  Tanner,  R.  89  (k)  (27),  129  (k)  (4), 
(MO)  (6e),  1813  (US)  (11);  Ryan,  J.  B.  H40/33       747  (k)  (16),  810  (k)  (4),  1690  (k)  (10),  1079  (k)  (4) 

(k)  (1  I);  Ryan,  J.  I).  28  (k)  (16).  58  (k)  (16);  Ryder,  F.       2197  (k)  (27),  2658  (k)  (27),  2850  (k)  (27),  2879  (kj 
F  l()2(k)(IO);Ryding,0.  120  (UPS)  (16);  Ryding,  O.  et        "  "    ~  W 
al.  1548  (k)  (16).  1567  (k)  (16). 

Saadou,  M.  1839  (k)  (5);  Safa,  S.  B.  &  L.  J.  Musselman 
10/3/87  (ODU)  (6e),  10/9/87  (ODU)  (13g).  10/9/87  (OI)U) 
(16).  10/9/87  (ODU)  (24),  10/0/87  (ODU)  (7),  10/10/87 
(ODU)  (13h),  10/10/87  (ODU)  (5),  10/10/87  (ODU)  (7). 
10/12/87  (ODU)  (5).  10/12/87  (ODU)  (7),  10/13/87  (ODU) 
(22).  10/13/87  (ODU)  (5),  10/13/87  (ODU)  (7),  10/19/87 
(ODU)  (24),  10/21/87  (ODU)  (6e),  10/21/87  (ODU)  (7).  10/ 
25/87  (ODU)  (17),  10/25/87  (ODU)  (22);  Sallinho  Botan- 

ical Fxped.  3824  (k)  (23):  Salubeni,  A.  J.  278  (k)  (13). 
416  (k)  (17).  424  (k)  (II),  1330  (GH.  k.  MO)  (14),  1341 
(k)  (14),  1453  (k)  (17),  1539  (k)  (14);  Sanane,  M.  980 

(11).  2904  (k)  (II).  2947  (k)  (4),  2954  (k)  (22),  3018  (k) 
(4),  3996  (k)  (13),  4142  (k)  (16),  4290  (k)  (16),  4401  (k) 
(10),  5108  (k)  (6a),  5274  (k)  (16),  5655  (K)  (6a),  SI  10 
(k)  (6a);  Tapscott,  S.  2548  (k)  (10);  Taylor,  W.  W.  1885 

(BM)  (II);  Taylor,  T.  W.  1  (k)  (17);  'league,  A.  J.  33  (k) (13);  Teixerira,  B.  303  (BM)  (6e);  Terry,  P.  J.  1870  (k)  (5), 
1942  (k)  (5),  3104  (k)  (5),  3135  (k)  (5),  3173  (k)  (5), 
3384  (k,  ODU)  (20),  s.n.  (k)  (16);  Thomas  4429  (k)  ((>,); 
Thomas,  A.  S.  183  (k)  (17),  1031  (k)  (16),  1532  (k)  (16). 
2015  (k)  (11),  2015  (k)  (11),  2893  (k)  (11),  3458  (k) 
(13).  3554  (k)  (13).  1)138  (k)  (60:  Thomas,  D.  2452  (MO) 
(6d);  Thomas.  N.  W.  155  (k)  (6f),  603  (k)  (Of).  3161  (k) 
(23),  3208  (k)  (23).  5820  (k)  (23),  6665  (k)  (23);  Thomp- 

k)  (6b),  1571  (k)  (13);  Sanders,  J.  R.  54  (k)  (10).  62  (k)  son  10  (k)  (23):  Thomson.  B.  s.n.  (k)  (13);  Thorneiop.  G. 
4);  Sanderson,  J.  428  (k)  (6b);  Saunders,   I).   H.  7  (k)  2206  (k)  (11);  Thorold.  C.  A.  209  (k)  (6e),  251  (BM)  (24)- (16).  60  (k)  (16),  62  (k)  (16);  Sawer,  F.  R.  13698  (k)  (16),  Thulin,  M.  &  B.  A.  Mahamed  7088  (k)  (13):  Timlin    M 
13699  (k)  (16);  Saxer,  A.  254  (k)  (6d),  294  (K)  (17),  308 488 

(k)  (16),  309  (K)  (11).  308A  (k)  (16),  588  (k)  (16);  Schen-       459  (k)  (13);  Tolken,  H.  &  D.  S.  Hardy  919  (kj  (13); pera,  J.  G.  1048  (k.  MO)  (6b);  Schimper,  M.  W.  319  (k) 
(13);  Schinz,  H.  35  (k)  (13),  42  (k)  (16);  Sohlechter,  R. 
3814  (GH,  k.  MO)  (6b),  3979  ((ill,  MO)  (10),  4342  (k) 
(13),  4541  (GH)  (4);  Schlieben.  H.  J.  2108  (US)  (14),  2281 
(k,  S)  (27),  3874  (k)  (11),  5701  (k)  (13),  6021  (S)  (27), 
7662  (US)  (10),  7(>68  (US)  (6b);  Scholes,  J.  S9  (k)  (6e); 

loms,  K.  b.  5  (K)  (4);  Toul  Botanical  Fxped.  1464  (k) 
(23),  1699  (k)  (23);  Towa,  F.  8166  (k)  (19);  Townsend,  C. 
C.  170  (k)  (17),  2162  (k)  (13);  Troprell,  G.  G.  2050  (k) 
(4);  Troupin,  G.  621  (k)  (11);  Tutin,  G.  F.  162  (k)  (6a); 
Tweedie  638  (k)  (4),  2448  (k)  (13),  3314  (k)  (13),  3360 
(k)  (13),  s.n.  (k)  (4);  Twuner,  A.  6730  (k)  (13);  Tyson.  W. 

Schuter,  1.  A.  &  A.  Nuvunga  6644  (k)  (6b);  Schweinfurth,       894  (GH)  (6b),  1222  (GH)  (4),  1368  (MO)  (10),  1504  (GH) G.  179  (k)  (II),  595  (k)  (16),  1880  (US)  (16).  1992  (S)      (4). 
(5).  2285  (k)  (4);  Schyff.  H.  1807  (k)  (11);  Scott,  H.  217 
(k)  (16);  Semsei,  S.  R.  1720  (k)  (27),  A9/48  (k)  (4);  Sey- 
del,  R.  4491  (k,  US)  (13);  Shannon,  R.  k.  88-39  (US) 
(5).  88-44  (US)  (13);  Shanlz.  H.  I..  930  (k)  (16);  Shantz 
&  Tanner  4196  (k)  (13);  Sherif.  M.  1.  3952  (k)  (17);  Sl.il- 
lito,  F.  M.   119  (k)  (11):  Shorland   176  (k)  (16);  Shuell 

Vallance.  G.  B.  699  (k)  (4),  700  (k)  (4):  Vallah  65  (k) 
(1);  Vaughan.  J.  H.  402  (k)  (11),  1613  (k)  (11).  1614  (k) 
(17),  1664  (k)  (II),  2328  (BM)  (27):  Verboom.  W.  C.  103<> 
(k)  (13);  Verdcourt,  B.  581  (k)  (13),  3330  (k)  (6e),  3390 
(k)  (17),  3690  (k)  (20);  Vigne.  G.  4359  (US)  <6e);  Visser. 

,™c  ™  „™  cv  J-  H    248  (K)  <10)-  315  <K>  <6,>>-  31(>  <K>  «>»»>.  2528  (k) 
6785  (k)  (10);  S.amc,  W  95  (k)  (4).  I  12  (k)  (1 1),  144  (k)       (13);  Vollesen,  k.  331 1   (k,  UPS)  (24);  Vrgi.w    G    3355 
(24).  I44A  (BM)  (7).  164  (k)  (13).  525  (MO)  (6b);  Sidey,       'v\  <^\.  v      r*    a    *.  ™  „:_.     , ,  ™  ,?„  „'« 
J.  I-.  1287  (UPS)  (6b),  1589  (MO)  (6b);  Sieber  2401  (GH, 
k)  (4);  Sighton,  F  G.  1208  (BM)  (22).  2042  (BM)  (22): 
Sillitoe,  F.  457  (k)  (17);  Simfsuz,  IN.  I).  2166  (k)  (16); 

(k)  (6e);  Vuuren.  1).  A.  &  W.  Giess  1132  (k)  (13). 
Wailland  838  (k)  (6e);  Walioh,  Z.  1278  (k)  (10);  Wal- 

lace. G.  B.  713  (k)  (27);  Walter.  F.  G.  10  (k)  (13);  Wann- 

d    „    *   ̂     «,-„•     lop.  H.  F .515(k)(13),  760  (k)  (13),  814  (k)  (13);  Welch. 
Simon,  B.  k.  &  G.  Williamson   1403  (k)  (6b);  Simpson,  J.  R.  174  (k)  (16);  Wellby,  M.  S.  1901  (k)  (16)-  Wellman 
N.  D.7302(k)(17),74O6(k)(l6),76<)6(k)<l6);Simson,  j.  G.   1760  (k)  (4):  Welwi.sch.  A.  P.  770  (k)  (13)    5851 
H.  F.  348  (k)  (16);  Skarpe.  G.  52  (k)  (13);  Smith,  L.  G.  (k)    (10);    Wcrdermann    &    Oberdieck    2236a    (US)    (4)- 
10/02  (k)  (20);  Smith,  P.  A.  26  (k)  (13),  390  (k,  MO)  (6b),       Wham,  j.  R.  1).  26/2/24  (k)  (1 1 );  Whellar,  j.  A    1 188   k) 
830  (k)  (13),  845  (k)  (4).  887  (k)  (13).  1369  (MO)  (10),       (24),   1214  (k)  (II):  White,  F  204«  (k)  (13),  6213  (k 
•  ? ](l  ̂)/,,;!)-    ly7,,)  !*'  M0)  (61,)'  2259  <K-   M0)  (10)'       (10)"  7574  <K>  (J  »:  *■**  M     142  (K)  (13):  Whiteside, 31  14  (k)  (13);  Smith.  P.  A.  et  al.  5872  (k)  (13):  Smith.  S.       J.  0.  107793  (k)  (II).  130476  (k)  (11):  Whvte   A    1898 
1   22673  (k)  (11);  Smuts,  j.  G.  &  M.  G.  Gille.l  3399  (k)  (k)  (16).    1808  (k)  (17),   1902  (k)  (13).   1912  (k)  (13)- 

(6b),  4127  (k)  (6b);  Snowden,  J.   I).    I  160  (k)  (16):  So-  Wickens,  G.  F.  309  (k)  (16),  536  (k)  (13),  568  (k)  (16) 
meren,  V.  250  (k)  (17),  7651  (k)  (13);  Sommerville,  S.  S.  587  (k)  (13),  628  (k)  (16),  1562  (k)  (23),  2003  (k)  (24)' 726A  (BM)  (II);  Sousa.  A.  F  445  (k)  (6b),  555  (k)  (4);  2099  (k)  (17),  2241   (k)  (17).  2306  (k)  (24).  2332  (K 
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(24),  2345  (K)  (24),  2492  (K)  (16),  2807  (K)  (23),  3159  (11);  Wittle,  D.  314  (K)  (16);  Wood,  G.  H.  S.  726  (K)  (6e), 

(K)  (13),  Wiehe,  P.  0.  28294  (K)  (4),  N/118  (K)  (11),  N/  805  (K)  (13);  Wood,  J.  M.  4/1908  (US)  (4),  16  (K)  (4),  20 

426  (K)  (4);  Wild,  H.  599  (K)  (11),  1631  (K)  (13),  4315  (US)  (4),  113  (K)  (6b),  394  (K)  (10),  440  (K)  (11),  91 1 

(K)  (10),  5718  (K)  (17);  William,  M.  5975  (K)  (13);  Wil-  (US)  (6b),  4276  (K)  (13),  4934  (MO)  (6b),  7252  (US)  (6b), 

lemse,  R.  H.  30  (K)  (16);  Williams,  G.  R.  220  (K)  (1 1);  7500  (US)  (11),  9212  (GH)  (6b),  10495  (MO)  (6b),  10873 

Williams,  J.  G.  5115  (K)  (13),  12546  (K)  (13),  B5113  (K)  (US)  (4),  10887  (US)  (6b),  92715  (MO)  (10);  Woolhouse, 

(4);  Williams,  R.  545  (K)  (16);  Williams,  R.  H.  32  (K)  (4);  H.  W  51/61/22  (K)  (17);  Worsdell,  W.  O.  12/1909  (K) 

Williams,  T.  L.  534  (K)  (6e);  Williamson,  D.  J.  90  (K)  (4);  (6b);  Wright,  J.  M.  302  (K)  (13);  Wyld,  J.  W.  225  (K)  (4), 

Wilson  349  (K)  (16);  Wilson,  J.  373  (K)  (13),  880  (K)  (11);  725  (BM)  (6a);  Wylie,  F.  1895  (K)  (6b). 

Winter,  B.  D.  2540  (K)  (6b),  3372  (K)  (13),  3995  (K)  (6b),  Yeafes,  M.  88  (K)  (16);  Yong,  J.  D.  184  (K)  ( 1 1);  Young. 

4428  (K)  (6b);  Winter,  B.  D.  &  O.  A.  Leistner  5368  (K)  J.  185  (K)  (60;  Young,  R.  G.  1261 

(13);  Winter,  B.  D.  &  W  Marais  4478  (K)  (6b),  4479  (K)  (1),  1347  (BM)  (2),  1365  (MO)  (2). 

300 

(13),  4567  (K)  (10),  4731  (K)  (13),  4913  (K)  (6b);  Winter, Zimmer,  F.  102  (K)  (27);  Zunguze,  D.  &  X.  Boan  49 

B.  D.  &  H.  J.  Wise  4452  (K)  (13);  Wit  et  al.  166671  (K)       (K)  (1 1). 
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AND  HISTORICAL 
BIOGEOGRAPHY  OF 
LAURACEAE:  EVIDENCE 
FROM  THE  CHLOROPLAST 
AND  NUCLEAR  GENOMES1 

Andr4  S.  Chanderbali,2  *  Henk  van  der 

Werff,*  and  Susanne  S.  Renner2-3 

Abstract 

Phylogenetic  relationships  among  122  species  of  lauraceae  representing  44  of  the  55  currently  recognized  genera 
are  inferred  from  sequence  variation  in  the  chloroplasl  and  nuclear  genomes.  The  trnL-tmV,  tmY-trnU  psbA-trnH  and 
rplUt  regions  ol  cpDNA.  and  the  5'  end  of  26S  rDNA  resolved  major  lineages,  while  the  ITS/5.8S  region  of  rl)NA resolved  a  large  terminal  clade.  The  phylogenelic  estimate  is  used  to  assess  morphology-based  views  of  relationships 
and,  with  a  temporal  dimension  added,  to  reconstruct  the  biogeographic  history  of  the  family.  Results  suggest  lauraceae 
radiated  when  trans-Tethyean  migration  was  relatively  easy,  and  basal  lineages  are  established  on  either  Gondw 
or  Laurasian  terrains  by  the  Late  Cretaceous.  Most  genera  with  Gondwanan  histories  place  in  Cryptocaryeae  but  a 
small  group  ol  South  American  genera,  the  Cldoroeardium-MezUauras  clade.  represent  a  separate  Gondwanan  lineage. Laryodaphnopsis  and  Nnmnnamomum  may  be  the  only  extant  representatives  of  the  ancient  Lauraceae  flora  docu- 

mented in  Mid-  to  Late  Cretaceous  Laurasian  strata.  Remaining  genera  place  in  a  terminal  Perseeae-Uureae  clade 
that  radiated  in  Larly  kocene  Laurasia.  Therein,  non-cupulate  genera  associate  as  the  Persea  group,  and  cupuliferoi.s genera  sort  to  Uureae  of  most  classifications  or  Cinnamomeae  sensu  Kostermans.  Uureae  are  Laurasian  relicts  in  Asia 
Die  Persea  group  and  Cintuimomum  group  (of  Cinnamomeae)  show  tropical  amphi-Pacific  disjunctions  here  credit™ 
to  disruption  of  boreotrop.cal  ranges  by  Eocene-Oligoeene  climatic  cooling.  The  Oeotea  complex  accommodates  re- 

maining Cinnamomeae  ami  shows  a  trans-Atlantic  disjunction  possibly  derived  from  a  Madrean-Tethvan  ancestral 
distribution.  Ihese  findings  support  Laurasian  ancestry  for  most  extant  Lauraceae.  with  their  considerable  neotropical 
representation  primarily  derived  from  Early  Miocene  radiation  of  the  Oeotea  complex  upon  reaching  South  America 

Key  words:     biogeography.  boreotropical,  chloroplast  DNA,  Gondwana,  lauraceae.  Laurasia.  Madrean-Tethvan,  mo- lecular clock,  phytogeny,  ribosomal  DNA. 

I 

Lauraceae  form  a  large  family  of  woody  plants      prominent  components  of  lowland  forests  and  are 
(except   the   herbaceous   parasite   Cassytha),   with      frequently  dominant  elements  in  montane  vegcta- about  50  genera  and  2500  to  3000  species  distrib- 

uted throughout  tropical  to  subtropical  latitudes. 

tion  (Gentry,  1988). 

Given  their  antiquity,  widespread  distribution, 

They  are  among  the  more  speciose  basal  angio-  and  ecological  prominence,  Lauraceae  provide  a 
sperm  families  and  have  a  fossil  record  that  reaches  model  system  for  investigating  angiosperm  bioge- 
back  to  the  Mid-Cretaceous  (Drinnan  et  al.,  1990;      ography.  Moreover,  the  three  tribes  recognized  by 
Eklund  &  Kvacek,  1998).  Current  taxonomic  di-  van  der  Werff  and  Richter  (1996)  suggest  that  major 
versity  is  centered  in  tropical  America  and  Aus-  divisions  in  the  family  draw  along  geographic  li 
tralasia,  and  although  poorly  represented  in  conti-  Laureae  include  three  genera  with  North  Ameri- 
nental  Africa.  Lauraceae  flourish  in  Madagascar.  In  can-Asian  disjunctions  (Utsea,  Lindera,  Scissafras), 

tropics   they   list   among  the  most  Mediterranean  Laurus,  and  Asian  endemics  (e.g.,' 

the   Americ; 

iTi 
authors  thank  anonymous  reviewers  for  insightful  comments;  K.  Ueda  for  eight  unpublished  Irnl.-IrnV  seen 

lenc- 

•  <™>r  f»r  six  unpublished  ITS  sequences;  M.  Zanis  for  five  at  the  time  unpublished  1TS/5.8S/26S  sequences; 
Y-L.  Qiu  for  providing  three  DNA  aliquots;  the  Harvard  Herbaria  for  providing  leaf  material  of  E usideroxyhn;  Andrea Schwarzbach  for  guidance  in  molecular  techniques;  and  innumerable  colleagues  who  helped  to  collect  material  of 
lauraceae  for  this  study.  This  study  was  undertaken  as  part  of  ASC's  doctoral  dissertation  research  at  the  Dniversitv 
of  M.ssouri-St.  Loins,  and  was  supported  by  grants  from  the  Mallinckrodt  Foundation  administered  by  the  International Center  lor  Irop.cal  Lcology.  University  of  Missouri-St.  Ix.uis,  and  from  the  Smithsonian  Institution's  biological  Diversity 
ol  the  Gu.anas  Program  to  ASC;  National  Geographic  Society  grants  4631-91.  5635-%,  and  6571-99  t«  HW;  and  grants from  the  University  of  Missouri  system  and  University  of  Missouri-St.  Louis  to  SSR.  This  article  is  Number  45  in  the 
Smithsonian  Institution's  Biological  Diversity  of  the  Guianas  Publication  series. 
A4Qo)TTrn'  °f  m°IOgy'  Universit>  <>f  Missouri-St.Louis,  800]   Natural  Bridge  Road.  St.  Louis,  Missouri  63121- 
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Actinodaphne    and    Neolitsea).    Cryptocaryeae    in-  lowed  that  Per  sea  was  an  "old  Laurasian  genus"  but 
elude  pantropical  Beilschmiedia  and  Cryptocarya,  suggested  that  subgenus  Eriodaphne,  like  all  other 

and    other    predominantly    Southern    Hemispheric  members  of  the  family,  arrived  in  South  America 

genera  with  narrower  ranges  (e.g.,  Endiandra  and  via  Africa.  Alternatively,  Taylor  (1988)  suggested 

Potameia).  Perseeae  are  centered  in  the  Neotropics  that   the  fossil   flower  Androglandula  tennessensis 

with  three  widespread  genera.  Cinnamomum  is  dis-  Taylor,  from  the  Eocene  of  North  America,  is  com- 

•an      and      Asian  parable  to  Cinnamomum,  Ocotea,  and  Nectandra, junct      between      the      A 

(sub)tropics;   Persea    (including  Machilus)   ranges  indicating  a  boreotropical  history  for  this  group  of 

throughout   the   Neotropics   (into  the  southeastern  genera,  with  subsequent  migration  to  South  Amer- 

U.S.),  the  Canary  Islands,  and  Asia;  and  Ocotea  has  ica.  Raven  and  Axelrod  (1974)  and  Taylor  (1988) 

about  300  neotropical  species,  one  in  Macaronesia,  allowed  that  although  differing  in  the  direction  of 

a  few  in  Africa,  and  about  30  more  in  Madagascar.  migration,  the  high  level  of  species  diversity  and - 

Apart  from  a  few  Asian  genera  (e.g.,  Dehaasia  and  generic  endemism  require  a  Late  Cretaceous-Early 
Phoebe) 

other  genera  of  Perseeae  are  endemic  to  the  Neo-  wer  and  Kubitzki  (1993)  preferred  a  more  recent 

tropics  (e.g.,  Aiouea,  Aniba,  Endlicheria,  Licaria,  arrival  of  this  group,  possibly  as  late  as  the  Plio- 

Nectandra,    Pleurothyrium,    and   Rhodostemonoda-  cene  closure  of  the  Panamanian  Isthmus,  followed 

phne).  The  distributions  of  Laureae  and  Cryptocar-  by  rapid  radiation  in  South  America. 

idered  closely  related  to  Persea,  all      Tertiary  arrival  in  South  America.  In  contrast,  Roh- 

yeae  are  consistent  with  Laurasian  and  Gondwanan These  alternative  views  are  here  assessed  by 

TAXON   AND  MOLECULAR  SAMPLING 

histories,  respectively,  but  that  of  Perseeae  is  am-  adding  a  temporal  dimension  to  a  phylogenetic  es- 

biguous  in  this  regard.  The  trans-Atlantic  distri-  timate  for  Lauraceae  reconstructed  with  molecular 

bution  of  Ocotea  suggests  West  Gondwanan  history,  characters  retrieved  from  both  chloroplast  and  nu- 

but  the  tropical  amphi-Pacific  distributions  of  Cin-  clear  genomes. 
namomum  and  Persea  suggest  Laurasian  affinities. 

Whether  or  not  these  ambiguities  are  artifacts  of  Materials  and  Methods 

tribal  and/or  generic  circumscription  is  unclear. 

The  systematics  of  Lauraceae  is  unsettled.  Lau- 

reae are  recognized  in  most  prior  classifications,  A  totaj  Qf  131  species,  122  representing  44  of 
but  other  tribal  concepts  are  not  widely  accepted.  the  55  currently  recognized  genera  of  Lauraceae, 
Van  der  Werff  and  Richter  s  (1996)  Cryptocaryeae  and  9  representing  3  outgroup  families  (Gomorte- 
and  Perseeae  are  revised  concepts  supported  by  gaceae,  Hernandiaceae,  and  Monimiaceae)  were  in- 

Richter's  (1981)  study  of  wood  and  bark  anatomy.  c\uded  in  this  study.  Seventy-seven  in-group  spe- 
Some  aspects  of  Cryptocaryeae  gain  support  from  cies  were  jnclU(ie(]  in  a  broad-scale  study  based  on 

bryology  (Heo  et  al.,  1998),  but  characters  for  sequence  variation  in  the  trnL-trnF  and  psbA-trnH 
further  subdivision  of  the  family  were  not  found.  A  intergenic  spacers  of  cpDNA.  Guided  by  the  find- 
cladistic  analysis  of  molecular  data  (Rohwer,  2000)  ings  of  this  moleCular  and  taxon  sampling  a  two- 
also  provided  support  for  Cryptocaryeae  and  united  tiered  approach  was  adopted  to  obtain  better  rep- 
Perseeae  and  Laureae  in  a  well-supported  but  un-  resentation  and  phylogenetic  resolution  at  the 
resolved  clade.  This  Perseeae-Laureae  clade  ac-  generic  level.  Thus  a  subset  of  the  species  repre- 
commodates  most  of  the  family,  and  its  distribution  senting  basal  lineages  in  Lauraceae  was  also  se- 
implies  a  disjunction  between  the  American  and  quencec|  for  the  trnT-trnL  spacer,  and  the  rpll6  in- 
Asian  tropics  with  a  minor  African  presence.  Such  tron  of  cpDNA,  as  well  as  the  5'  end  of  26S  rDNA, 
distributions  can  be  credited  to  extinction  of  Gond-  while  94  species  representing  Perseeae,  Laureae, 
wanan  lineages  in  Africa  (e.g.,  Raven  &  Axelrod,  and  their  sister  group  were  sampled  for  the  ITS/ 
1974),  but  Laurasian  ancestry  followed  by  radiation  5  gg  region  of  nrDNA.  Table  1  provides  GenBank 
in  tropical  Asia  and  America  was  favored  by  Roh-  information  for  all  accessions, 
wer  (2000).  Tropical  Asia  is  acknowledged  as  a  har- 

bor for  Laurasian  relicts  (e.g.,  Wolfe,  1975),  but 

Rohwer's  hypothesis  that  the  approximately  800 
neotropical  species  of  Perseeae  are  derived  from 

Laurasian  immigrants  contrasts  with  the  Gondwan- 

DNA  EXTRACTION,  PCK   AMPLIFICATION,  AND 

SEQUENCING 

Total   DNA  was  obtained  from  silica-gel-dried, 

an  origin  credited  to  most  major  neotropical  plant  herbarium,  or  fresh  leaves  using  Dneasy  (QIAGEN) 

groups  (e.g.,  Raven  &  Axelrod,  1974;  Gentry,  1982;  extraction   kits.   PCR   amplification   of  chloroplast 

references  in  Goldblatt,  1993;  Burnham  &  Graham,  loci  was  conducted  using  standard  protocols  (e.g., 

1999).  Further,  Raven  and  Axelrod  (1974:  563)  al-  White  et  al.,    1990).   For  nuclear  markers,    10% 
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DMSO  was  added  and  the  PCR  protocol  described 

by  Kuzoff  et  al.  (1998)  was  followed.  The  trnL-trnF 
and  trnT-trnL  regions  were  amplified  using  primers 

designed  by  Taberlet  et  al.  (1991).  The  trnL-trnF 

spacer  sequences  begin  near  the  5'  end  of  the  spac- 

er and  include  138  bp  of  the  5'  end  of  the  tRNA- 

Phe  (trnF)  gene.  The  spacer  between  tRNA-Leu 

(trnL)  and  tRNA-Thr  (trnT)  aligns  readily  with  oth- 

er lauralean  trnT-trnL  sequences  produced  by  Ren- 

tier (1999),  but  is  difficult  to  align  with  the  few 

available  trnT-trnL  sequences  in  GenBank,  the 

most  similar  of  which  are  trnT-trnL  sequences  from 

Dioscorea  (48%  similarity).  The  psbA-trnH  spacer 

and  rpll6  intron  were  amplified  using  primers  of 

Sang  et  al.  (1997)  and  Asmussen  (1999),  respec- 

tively. The  psbA-trnH  sequences  obtained  for  Laur- 
aceae include  the  entire  spacer  region  and  overlap 

by  about  40  base  pairs  with  the  3'  end  of  the  psbA 

gene  and  5'  end  of  the  trnH  gene  of  Helianthus 

annuus  L.  deposited  in  Genbank  (X60428).  The  5' 
region  that  includes  the  first  two  expansion  domains 

of  26S  rDNA  was  amplified  using  a  forward  primer 

(D.  Nickrent,  pers.  comm.)  that  anneals  at  ca.  70 

nucleotide  positions  downstream  from  the  5'  end  of 
the  gene  and  the  641  R  reverse  primer  of  Kuzoff 

et  al.  (1998).  To  increase  efficiency  of  PCR  ampli- 

fication of  ITS,  the  few  lauraceous  sequences  ob- 

perm 

d  ITS  B 

primers  (Blattner,  1999)  were  used  to  design  a  for- 

ward   primer   (5'-ACCACCACCGGCAACCA-3') 

that  anneals  at  about  10  bp  downstream  of  the  3' 
end  of  18S.  This  primer  (hereafter  LAUR  1)  ap- 

termi 
Lauraceae  that  includes  the  tribes  Perseeae  and 

Laureae  and  their  sister  group.  In  most  cases  it  was 

possible  to  amplify  the  entire  ITS  region  using 

LAUR  1  and  ITS  B,  but  for  some  poor-quality  tem- 

plates it  was  necessary  to  amplify  the  region  in  sec- 
tions (ITS1  &  ITS2)  by  combining  the  appropriate 

universal  primers  of  White  et  al.  (1990)  with  LAUR 

1  and  ITS  B.  The  ITS/5.8S  sequences  produced 

include  all  but  the  first  ca.  10  bp  of  ITS  1  and  the 

entire  ITS  2  and  5.8S  regions.  Rarely,  only  ITS  1 
or  ITS  2  was  obtained. 

PCR  products  were  purified  following  the  pro- 

tocol provided  by  QIAquick  gel  extraction  kits 

(QIAGEN)  and  sequenced  using  the  dye  terminator 

cycle  sequencing  protocol  (Applied  Biosystems). 

Sequence  reactions  were  analyzed  on  ABI  373  or 

ABI  377  automated  sequencers  (University  of  Mis- 
souri-Columbia DNA  Core  Sequencing  Facility  and 

University  of  Missouri-St.  Louis  D.  E.  Lee  and 

Family  Sequencing  Facility).  Except  for  the  psbA- 
trnH  region,  which  could  only  be  sequenced  from 

the  5'   end,  both  strands  of  DNA  were  read  and 
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consensus  sequences  generated  using  Sequencher  were  calculated  for  the  ITS  data  set  using  log  de- 
vers.   3.1    (Gene   Codes   Corp.,    1998).   Sequences  terminant  (LogDet)  and  maximum  likelihood  esti- 
were  manually  aligned  using  the  sequence  editing  mates   of  genetic   distances.   Maximum   likelihood 

facilities  of  Seqpup  VERSION  0.6  (D.  Gilbert,  In-  distances   were   calculated    using   the    Hasegawa- 
diana    University,   Bloomington,    1996).   Sequence  Kishino-Yano  (1985)  model  with  rate  heterogeneity 
alignment  was  relatively  straightforward  in  Laura-  among  sites  (HKY-T). 
ceae.  However,  the  first  290  bp  of  the  trnT-trnL 
spacer   were   removed    from   analysis    because   of  molecular  clock  ANALYSES 

alignment  difficulties  among  basal  Lauraceae  and In  order  to  add  a  temporal  dimension  to  the  phy- 
outgroup  families.  Alignment  difficulties  with  the  uM„^*:          *•      *        j-                                 r 

t          °  logenetic    estimate,    divergence    times    tor    maior outgroup  were  also  encountered  in  the  3    half  of  i          i                             .    i    r*      .    A,                 A  4.       , 
,          ,  a        If                  „                     .  ,  branches  were  estimated.  Due  to  the  computational 
the  psbA-trnn  spacer.   However,  unlike  trnT-trnL  j_      j       r                      ri    iu     j       i     i  .•              i 

r               iatt            ii             i      r  demands  of  maximum  likelihood  calculations  and sequences,  psbA-trnn  provided  several  informative  i    _         •.                .                      .       i  .   .      i. 
,                     .  i  .     t                         i              i     r  because  it  was  not  necessary  to  obtain  divergence -a    mr*.    #~m   mm  rm    ̂ -*  w   ̂ *   — mm          m  *  ■  ■  m>   mm*   m    m**m             I          +m*  *    *   *a  — *.     m±     m*     m*     ^            ,_   — 1                1                                                          I  *                                                                                                                                                                ^^ 

times  for  all  nodes,  likelihood  scores  were  obtained 
characters  within  Lauraceae  and  instead  of  remov- 

ing it  entirely,  outgroup  sequences  were  truncated  r.  _                      u        i  *       i     •      .u  .                j        j 
r°        ..         J       i                      ,.              ,  Irom  parsimony-based  topologies  that  were  reduced alter   alignment   became   ambiguous   (ca.    position  .           _i          r        •        i    i        irrc/c  oc 

.        D                                      &           v        F  to  exemplars  of  major  clades.  ITS/5.8S  sequences were 
termi 

PHYLOGKNKTIC  ANALYSES 
sequences  for  basal  lineages. 

Likelihood    scores    were    calculated    under   the 

Hasegawa-Kishino-Yano    (1985)    model    with    rate T        •      •        ,j  c        .  •  1-       •    1  1         1  *-c*o^&c*TT«     IUOU1UU-  1W1U        I-l^U^I        IIIUUC1         Willi        I  <UC 
Initial  analyses  ol  the  individual  data  sets  were       i    .  ..  .  j        i  i      •      i 
i^j..,  ,  .  heterogeneity    among   sites,    and    values    obtained 

conducted  as  heuristic  searches  for  most  parsimo- 
nious trees  with  10  random  taxon  additions  and 

TBR  branch  swapping  using  PAUP*  version  4.01)4 

with  and  without  a  clock  constraint  compared  for 

significance  using  a  x2  test  [x2  =  2(log  Lrlo(k 

(Swofford,  1998) 

LAPSE  options 

L 
non clock 

);  d.f. 

number  of  taxa 

2].  For 

h  in- 

ill  effect,  but  the  STEEPEST 
ternal  node,  HKY  —  Y  distances  (branch  lengths)  to 
the  tip  were  computed  by  PAUP*  with  the  clock 

DESCENT  option  was  not  employed.  Characters  f         .     rp,  ,  ' j        ,  ■       i  /.        «.    i  constraint   enforced.    Ihese   values   represent   the 
were  assumed  to  be  unordered  (i.e.,  ritch  parsi-  M1   i         f      u  ...    ..  .  ,  x    ,    , 

,  iiiii  ,  number  ol  substitutions  per  site  accumulated  along 
mony),  equally  weighted,  and  gaps  were  treated  as  _  i     i       ■  .      ,-  ,  .  .        ,.   .,    ,  , 
.'in-  .  *  .         .  each  daughter  lineage,  and  were  either  divided  by missing  data.  Parsimony  uniniormative  characters  ,•        .     j  .  ,    ...  4.  .  ,.   .  ,    ,  , 

,    ,    ,     ~  ,  ,-  .  .  time  to  determine  substitution  rates,  or  divided  by 
were    excluded.    Bootstrap    analyses    (Felsenstein,  ,    •      .      4      .  .   .      ..  .  ^    _, 
lnon       .1    c™         i •       •  r  .  estimated  rates  to  obtain  divergence  times.  Overlap 
1985)  with  500  replications  were  performed  with  .  ,     •    .  ,        ,  ,        ,  , 
,        ,  ,        .    .  .  f         .,«**„,  in  taxon  sample  between  terminal  and  basal  topol- 
the  above  heuristic  search  settings  but  with  MAX-  •        n        j  c  j-  .•  i  • 
TDrrc       4   a      1-%.     0.  .....  .  ogies  allowed  use  ol  divergence  times  estimated  in 
IKhLS  set  to   100.   Since  these  initial  searches  .        iu    *        u  *-.  .•  .  j      i     i        i- i  ,  ,  .         n.  one  to  calibrate  substitution  rates  and  calculate  di- 
showed  no  strongly  supported  conflict,  i.e.,  alter-  4-  .     A,        A,        Ct      ,      ,    ,     .     .  r 

,    ,  **J      ,  ,     v  ̂ ^^  .  *     _  vergence  times  in  the  other.  Standard  deviations  of native  clades  supported  by  >  70%  bootstrap  values  i-  ..  ..      x    i        £  n  ^. 
/uir     p   d   n    innox         j  n      i         c  •  -  divergence  times  were  estimated  as  follows.  First, 
(Hillis  &  Bull,  1993),  and  P-values  from  partition-        ♦     j     j  j     •  *•  r  tii^v  t-  j-  i 
,  .  i  r         ,  ̂       ̂   ,  >  ,  standard  deviations  of  HKY-I   distances  were  cal- homogeneity  tests  ranged  from  1.0  to  0.6  (strongly  wj-  r  i     j     •     j  *  i         i     . 
.     ,.       .  x     .  v  &/  culated  using  a  formula  derived  from  the  relat ion- congruence 

ship  S  =  Np,  where  S  is  the  number  of  nucleotide 
bstitutions,  N  is  the  total  number  of  nucleotide 

positions  in  a  sequence,  and  p  is  the  proportion  of 
nucleotides  substituted  (HKY-r  distance  from  node 

piled  for  further  analyses.  Matrix  I  combined  86 

species  that  were  sequenced  for  the  trnL-trnF  and 

psbA-trnli  regions.   Matrix  II  combined  trnL-trnF, 

psbA-trnn,  trnl -trnL,  rpl  16,  and  26S  sequences  for      .     u         u  *•     \    c-         .u       .      j      i    i     •     •         ro .0  a  •      t  .  ,       .r    i  .  to  branch  tips).  Since  the  standard  deviation  of  S 
4z  taxa  representing  major  lineages  identified  by 
analyses  of  matrix  I  to  further  investigate  basal  re- 

lationships. Matrix  III  included  94  ITS  sequences 
from  representatives  of  a  laree  terminal  clade  that 

is    the   square    root   of   Np(l p),    or   SD(S) 

sqrt(Np[l    —    p]),   the   standard   deviation   of  p   is 

p]/N). 

This  value  is  calculated  for  each  divergence  of  in- 

SD(S)  divided  by  N,  or  SD(p)  -  sqrt(p[l 

was  poorly  resolved  by  sequence  variation  in  matrix      ,  i  j.   ..    i  ,  ,    4.      .  ,      .      , 
!    rp,  ,  .  .•       •  •     t    i  ii  terest  and  divided  by  substitution  rate  to  obtain  the 
1.   Ihe  only  mutation  in  matrix  I  that  provided  ge- 

ne n ic-1 Tmation  in  this  termi 
standard  deviation  of  divergence  times. 

bp  repeat  in  trnL-trnF,  was  included  in  matrix  III. 
Analyses  of  all  three  matrices  were  conducted  as 

Rksults 

rHYLOGKNKTIC  ANALYSES 
above  with  length  mutations  (insertions  and  dele- 

tions)   introduced   as    binary   characters   of  equal  Sequence  variation  in  chloroplast  mark 
weight.  In  addition,  minimum  evolution  topologies      partial  26S  sequences  was  almost  limited  to  basal 

and 
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Table  2.  Characteristics  and  comparisons  of  phylogenetic  information  provided  by  matrices  analyzed  in  this  study. 

Matrix  I  combines  trnL-trnF  and  psbA-trnH  cpDNA  sequences,  Matrix  II  combines  trnL-trnF,  trn'Y-trnU  psbA-trnH, 
and  rp/16  of  cpDNA  with  26S  rDNA  sequences;  Matrix  III  is  based  on  ITS  rDNA  sequences. 

Matrices 

trnL-trnF 

psb\-trn\\ 
trnT-trnL 

rp/16 
26S 

Matrix  I 

Matrix  II 

Matrix  III 

Aligned  length 

510 
616 

530 
1049 
592 

1126 

3297 

780 

Number  of  representatives  of: 

I .auraceae 

76 

75 

33 

24 

22 77 

42 

94 

Perseeae  & 
Laureae 

48 

48 

19 10 

8 

48 

4 

90 

Parsimony- informative 
substitutions  among: 

Lauraceae 

103 

135 

105 103 

77 

238 

470 
n/a 

Perseeae  & 

Laureae 

7 

35 

12 

9 

11 

42 n/a 

199 

branches  in  Lauraceae  with  very  little  and  often  no  clade  is  essentially  unresolved  but  there  is  some 

variation  among  members  of  tribes  Perseeae  and  support   for   a   clade   including   representatives  of 

Laureae  (sensu  van  der  Werff  &  Richter,   1996).  Persea  and  Alseodaphne,  a  large  generic  complex 

The  trnL-trnF  matrix  included  510  aligned  posi-  centered  around  Ocotea,  and  strong  support  for  a 

tions    and    yielded    103    inform clade  including  all  Asian   members  of  Cinnamo- 

within  Lauraceae,  but  only  seven  of  these  were  in-      mum.  Furthermore,  a  clade  uniting  most  neotropi- 

5  among  Perseeae  and  Laureae.  Similarly,      cal  genera  (Aniba,  Endlicheria,  Kubitzkia,  Licaria, brmativ 

of  616  aligned  positions  in  the  psbA-trnH  matrix,      Nectandra,    Pleurothyrium,    and   Rhodostemonoda- 

with-      phne)  with  neotropical  (but  not  paleotropical)  spe- rmative 

in  Lauraceae  and  35  among  Perseeae  and  Laureae.  cies  of  Ocotea  and  Californian  Umbellularia  is  re- 

This  trend  was  also  found  in  other  chloroplast  loci  covered  in  all  trees  but  does  not  receive  strong 

and  partial  26S  sequences.  Only  ITS  showed  sub-       support.  All  members  of  this  clade,  except  0.  leu- 
stantial    variation   within    Perseeae    and    Laureae. La 

Characteristics  of  individual  genetic  markers  and      tioned  above.  Caryodaphnopsis,  Cassytha,  and  Neo- 
combined  data  sets  are  summarized  in  Table  2.  cinnamomum  constitute  a  clade  in  all  trees  but  this 

Combined  trnL-trnF  and  psbA-trnH  matrix  (ma-  association  does  not  receive  more  than  50%  boot- 

trix  I)  included   1126  aligned  positions  of  which  strap  support,  and  neither  does  its  position  as  the 

277  were  informative.  Four  indels  from  trnL-trnF  sister  group  of  the  second  major  infrafamilial  group, 

were  added  as  binary  characters.  Three  of  these  Matrix  II  included  3304  characters,  of  which  684 

supported    a    clade    comprised    of   Beilschmiedia,  were    parsimony-informative    substitutions    and    7 

Cryptocarya,   Endiandra,    and   Potameia,    and   the  were    binary-coded    length    mutations.    Parsimony 

fourth  is  a   16-base  pair  repeat  found  in  several  analysis  converged  on  a  single  island  of  2646  equal 

neotropical  genera  of  Perseeae  and  Umbellularia  of  length  trees  (L  =  2171,  CI  =  0.71,  RI  =  0.72), 

Laureae.  Parsimony  analyses  of  matrix  I  surpassed  the  majority  rule  consensus  of  which  is  shown  in 

memory  limitations  in  the  first  addition  replicate,  Figure  2.  The  topology  is  mostly  congruent  with 

and  29,000  equally  parsimonious  topologies  were  that  provided  by  matrix  I,  differing  mainly  in  that 

retained  after  24  hours  of  branch  swapping  (L Hypodaphnis  occupies  a  fairly  well  supported  po- 
796,  CI  =  0.74,  RI  =  0.89).  The  strict  consensus  sition  (found  in  81%  of  the  bootstrap  replicates) 

topology  (Fig.  1)  shows  two  well-supported  clades  sister  to  the  rest  of  the  family.  The  placement  of 

in  Lauraceae.  One  of  these  includes  members  of  Caryodaphnopsis,   Cassytha,   and  N eocinnamomum 

Cryptocaryeae    (sensu   van   der   Werff  &    Richter,  in   the    second    main   clade   receives    very   strong 

1996),  with  Hypodaphnis  tenuously  placed  as  its  (98%)  bootstrap  support,  and  relationships  within 

sister  group.  The  second  major  clade  is  unequally  the    Chlorocardium-Mezilaurus   clade   are   altered 

divided  into  a  small  clade  of  South  American  gen-  slightly. 

(hereafter  Chlorocardium-Mezilaurus  clade) Matrix  III,  based  mainly  on  ITS  sequences,  in- 

and  a  large  terminal  clade  comprised  of  represen-  eluded  259  parsimony-informative  substitutions 

tatives  of  Laureae  and  Perseeae  (sensu  van  der  and  19  length  mutations  that  could  be  unambigu- 

Werff  &    Richter,    1996).   This   Perseeae-Laureae      ously  coded.  Parsimony  analysis  found  a  single  is- 
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Matrix  I 

trnL-tmF 

psbA-trnH  cpDNA 

Endlicheria  chalisea 
Rhodostemonodaphne  crenaticupula 
Rhodostemonodaphne  praeclara Endlicheria  citriodora 
Endlicheria  reflectens 

Ocotea  guianensis Ocotea  Teucoxylon 
Ocotea  pulchella 
Ocotea  tristis 
Ocotea  odorifera 

Ocotea  percoriacea 
Ocotea  tomentella 
Aniba  cinnamomiflora 
Aniba  hypoglauca 
Kubitzkia  mezii 
Licaria  cannella 
Licaria  thandra 
Ocotea  quixos 
Paraia  bracteata 
Nectandra  membranacea 
Nectandra  turbacensis 

Pleurothyrium  cinereum Ocotea  ootrantha 
Umbellularia  califomica 
Ocotea  bullata Ocotea  grayi 

Aiouea  guianensis 
Cinnamomum  quadrangulum 
Cinnamomum  camphora 
Cinnamomum  japonicum 
Cinnamomum  sp. 
Cinnamomum  verum 
Laurus  nobilis 
Iteadaphne  sp. 
Actinodaphne  sequipedalis 
Litsea  coreana 
Lindera  benzoin 
Lindera  umbellata 
Lindera  erythrocarpa 
Litsea  glaucescens 
Neolitsea  sericea 
Sassafras  albidum 
Persea  thunbergii 
Persea  americana 
Persea  lingue 
Persea  meridensis 
Persea  caerulea 
Alseodaphne  semecarpifolia 
Anaueria  brasiliensis 
Chlorocardium  venenosum 
Chlorocardium  rodiei 
Gen.  &  sp.  nov.,  aft.  Mezilaurus Mezilaurus  triunca 
Sextonia  pubescens 
Sextonia  rubra 
Neocinnamomum  mekongense 
Cassytha  filiformis 
Cassytha  pubescens 
Caryodaphnopsis  bifocellata 
Caryodaphnopsis  tomentosa Beilschmiedia  brenesii 
Beilschmiedia  ovalis 
Beilschmiedia  tilaranensis 
Beilschmiedia  sary 
Endiandra  microneura 
Potameia  micrantha 
Potameia  microphylla 
Beilschmiedia  madagascariensis 
Beilschmiedia  velutina 

Cryptocarya  chinensis 
Cryptocarya  sclerophylla 
Cryptocarya  thouvenotii 
Cryptocarya  rhodosperma 
Aspidostemon  sp. 
Eusideroxylon  zwageri 
Potoxylon  melagangai 

Hypodaphnis  zenkeri Gyrocarpus  americanus Hernandia  moerenhoutiana 

Sparattanthelium  wonotoboense 
llligera  luzonensis 
Hortonia  floribunda 
Monimia  ovalis 
Palmeha  scandens 
Peumus  boldus 

Gomortega  nitida 

Ocotea  complex 

Perseeae 

Laureae 
clade 

Asian 

Cinnamomum 

Laureae 

Persea  group 

Chlorocardium 
Mezilaurus 
clade 

Neocinnamomum 
Cassytha 

Caryodaphnopsis 

Cryptocaryeae sensu 

vander  Werff 
and  Richter 

Outgroups 

Figure  1.  Strict  consensus  of  29,(K)()  trees  retained  from  parsimony  analysis  of  matrix  I  (tmlrtmY  and  />.s/>A-/r//H 
cpDNA  sequences).  Numbers  above  branches  indicate  bootstrap  support.  The  vertical  bar  through  the  branch  supporting 
the  terminal  clade  indicates  a   16-bp  repeat  in  the  trn\Mrn¥  intergenic  spacer  that  unites  taxa  therein. 
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Matrix  II 

trnL-trnF 

psbA-trnH 
trriT-trnL 

r/?/16cpDNA 
26S  rDNA 

76 

100 

94 

100 

100 

100 

100 

100  I 

I  88  1 

100  | 

|  100  | 100  1 

96| 

100  | 

|  100  | 

™   1 

100  1 

100  | 

95 

Ocotea  grayi  MA 

Laurus  nobilis  ME 

Persea  thunbergii  AS 

Persea  americana  CA 

Anaueria  brasiliensis  SA 

Chlorocardium  rodiei  SA 

Chlorocardium  venenosum  SA 

Gen  .  &  sp.  nov.,  aff.  Mezilaurus  SA 

Mezi laurus  triunca  SA 

Sextonia  pubescens  SA 

Sextonia  rubra  SA 

I  Ocotea  complex 

|        Laureae 
Persea  group 

Leaves 

opposite 
Leaves 

terminally 

clustered 

Evergreen 
Caryodaphnopsis  bilocellata  AS 

Caryodaphnopsis  tomentosa  SA 

Cassytha  filiformis  SA 

Cassytha  pubescens  AU 

Neocinnamomum  mekongense  AS    I       Evergreen 

Parasitic 

Aspidostemon  sp.  MA 

Beilschmiedia  brenesii  CA 

Beilschmiedia  sary  MA 

Beilschmiedia  velutina  MA 

Beilschmiedia  madagascariensis  MA 

Endiandra  microneura  AU 

Beilschmiedia  ovalis  CA 

Beilschmiedia  tilaranensis  CA 

Potameia  micrantha  MA 

Potameia  microphylla  MA 

Cryptocarya  chinensis  AS 

Cryptocarya  thouvenotii  MA 

Cryptocarya  sclerophylla  AU 

Cryptocarya  rhodosperma  AU 

Eusideroxylon  zwageri  BO 

Potoxylon  melagangai  BO 

Hypodaphnis  zenkeri  AF 

Gyrocarpus  americanus 

Sparattanthelium  wonotoboense 

Hernandia  moerenhoutiana 

llligera  luzonensis 

Hortonia  floribunda 

Monimia  ovalis 

Palmeria  scandens 

Peumus  boldus 

Gomortega  nitida 

I    Deep  cupules 

Non-cupulate 

Deep  cupules 

03 
CD 

CD 
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CD 

CD 

03  <D 

CD-D 

CO  O 
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CD 
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CD 
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CD 
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CD 
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|    Ovary  inferior    I  Hypodaphnis 

Hernandiaceae 

C/) 

Q. 

Monimiaceae 

o 

eg 

o 

I  Gomortegaceae 

Figure  2.  Annotated  50%  majority  rule  tree  resulting  from  parsimony  analysis  of  matrix  II  (trnL-trn¥9  psbA-trnH, 

trriT-trnU  rp/16,  and  26S  sequences).  Majority  rule  percentages  are  indicated  above,  and  bootstrap  values  >  50% 

below,  branches.  Main  clades  and  significant  morphological  characters  are  indicated.  Geographic  regions  represented 

by  each  species  of  Lauraceae  are  given:  AF  =  Africa,  AS  =  Asia,  AU  =  Australia,  BO  =  Borneo,  CA  =  Central 

America,  MA  =  Madagascar,  ME  =  Mediterranean,  and  SA  =  South  America. 
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Matrix  III 

Endlicheria  chalisea 
Endlicheria  reflectens 
Rhodostem.  crenaticupula 
Endlicheria  citriodora 
Rhodostem.  recurva 
Rhodostem.  praeciara 
Rhodostem.  scandens 
Ocotea  guianensis Ocotea  nigra 
Ocotea  spixiana 
Ocotea  percohacea 
Ocotea  tristis 
Ocotea  pulchella 
Ocotea  ceanothifolia 
Ocotea  schomburgkiana 
Ocotea  tomentella 
Endlicheria  punctulata 
Ocotea  pauciflora 
Nectandra  cuspidata 
Nectandra  psammophila 
Nectandra  amazonum 
Nectandra  turbacensis 
Pleurothyrium  cinereum 
Pleurothyhum  insigne 
Ocotea  helicterifolia 
Ocotea  heydeana 
Ocotea  botrantha 
Umbellularia  califomica 
Nectandra  coriacea 
Nectandra  purpurea 
Nectandra  salicifolia 
Ocotea  odorifera 
Ocotea  rtiynchophylla 
Aniba  cinnamomiflora 
Aniba  excelsa 
Aniba  panurensis 
Aiouea  costaricensis 
Ocotea  insularis 
Dicypellium  caryophyllaceum 
Kubitzkia  mezii 
Dicypellium  manausense 
Ocotea  veraguensis 
Ocotea  quixos 
Paraia  bracteata 
Urbanodendron  bahiense 
Urbanodendron  verrucosum 
Licaria  martiniana 
Licaria  guianensis 
Licaha  cannella 
Licaria  triandra 
Ocotea  foetens 
Ocotea  bull  at  a Ocotea  grayi 

Ocotea  malcomberi 
Aiouea  dubia 

Aiouea  guianensis 
Cinnamomum  oleifolium 
Cinnamomum  quadrangulum 
Cinnamomum  chavarrinum 
Mocinnodaph.  cinnamomoidea 
Cinnamom.  cinnamomifolium 
Ocotea  ikonyokpe 
Cinnamomum  japonicum Cinnamomum  sp. 
Cinnamomum  verum 
Cinnamomum  camphora 
Sassafras  tzumu 
Sassafras  albidum 
Laurus  nobilis 
Lindera  erythrocarpa 
Lindera  benzoin 
Lindera  umbellata 
Neolitsea  sehcea 
Actinodaphne  sesquipedalis 
Parasassafras  con  ferti folia 
Adenodaphne  uniflora 
cf.  Litsea  elongata 
Litsea  coreana 
Iteadaphne  sp. 
Phoebe  formosana 
Alseodaphne  semecarpifolia 
Dehaasia  incrassata Persea  sp. 

Persea  tnunbergii 

Apollonias  barbujana Persea  americana 
Persea  caerulea 
Persea  lingue 
Persea  meridensis 
Mezilaurus  triunca 
Sextonia  pubescens 
Chlorocardium  venenosum 
Chlorocardium  rodiei 
Anaueria  brasiliensis 

Ocotea  s.str., 

Endlicheria,  and 
Rhodostemonodaphne 

Nectandra  s.str. 
X 

Pleurothyrium 

Ocotea 
helicterifolia  species  gp. 

Umbellularia 

Nectandra 
coriacea  species  gp. 

E 
o 
O 
0) 

8 
o 

Licaria  group 

and  allies 

CO 

E 
o 
E 

03 

Old  World 

Ocotea 

o 

Cinnamomum  group 

Sassafras 

Core Laureae 

CD 

0) 

CO 

Phoebe,  Alseodaphne 
Dehaasia 

Persea  subg.  Machilus 

Apollonias 
Persea  subg.  Persea 

Persea  subg.  Eriodaphne 

Chlorocardium 
Mezilaurus 
clade 

Persea 

group 

Figure  3.  Adams  consensus  of  567  equally  parsimonious  trees  obtained  from  unconstrained  analysis  of  matrix  III 
(ITS  sequences).  Numbers  above  branches  indicate  bootstrap  support,  and  vertical  bars  to  the  right  circumscribe  main 
clades.  Cinnamom.  =  Cinnamomum,  Mocinnodaph.  =  Mocinnodaphne,  and  Rhodostem.  =  Rhodostemonodaphne. 

land  of  567  equal  length  trees  (L  =   1050,  CI of  the  topological  instability  exists  among  members 

0.44,  RI  =  0.75).  The  Adams  consensus  topology  of  Cinnamomum.  Sassafras  was  placed  between 
(Fig.  3)  indicates  that  Perseeae  sensu  van  der  Werff  Laureae  and  a  paraphyletic  Cinnamomum  in  all 
and  Richter  (1996)  are  paraphyletic,  and  that  most      trees.  This  reconstruction  does  not  receive  strong 
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Matrix 
ITS 

Endlicheria  chalisea 
Endlicheria  reflectens 

Rhodostemonodaphne  crenaticupula 
-  Rhodostemonodaphne  praeclara 
Endlichena  citriodora 

Rhodostemonodaphne  recurva 
Rhodostemonodaphne  scandens 

Ocotea  guianensis 
Ocotea  nigra 

Ocotea  spixiana 
Ocotea  percohacea 

Ocotea  tnstis 
Ocotea  pulchella 

Ocotea  ceanothifolia 
Ocotea  schomburgkiana 

Ocotea  tomentella 
Endlicheria  punctuiata 

Ocotea  pauciflora 
Nectandra  cuspidata 
Nectandra  amazonum 
Nectandra  psammophila 
Nectandra  turbacensis 

1 00       i  Pleurothvrium  cinereum 

Lrieurotnyn 

Pleurotny, 

?a  helicterifo 

92 100 

98 

Ocotea 
Ocotea  heydeana 

Ocotea  botrantha 
Umbellularia  califomica 

Nectandra  coriacea 
Nectandra  purpurea 
Nectandra  salicifolia 
Ocotea  odorifera 

Ocotea  rhynchophylla 
Aniba  cinnamomiflora 
Aniba  excel sa 
Aniba  pan u re n sis 

Aiouea  costaricensis 
Ocotea  insularis 

Dicypellium  caryophyllaceum 
Kubitzkia  mezii 
^^__  Dicypellium  manausense 

Ocotea  veraguensis 
—  Ocotea  quixos 

Paraia  bracteata 
Urbanodendron  bahiense 

Urbanodendron  verrucosum 
Licaria  martiniana 

53  **1  Licaria  guianensis 
Licaria  cannella 

Licaria  triandra 

78 

100 

93 

81 

Ocotea  foetens 
Ocotea  bullata Ocotea  grayi 

Ocotea  malcomberi 
Aiouea  dubia 

Aiouea  guianensis 
Cinnamomum  oleifolium 
i  Cinnamomum  quadrangulum 

Cinnamomum  chavarrinum 
Mocinnodaphne  cinnamomoidea 

Cinnamomum  cinnamomifolium 
Ocotea  ikonyokpe 

Cinnamomum  japonicum 
Cinnamomum  sp. 

Cinnamomum  verum 
^— ^_  Cinnamomum  camphora 

Sassafras  tzumu 
Sassafras  albidum 
_—  Laurus  nobilis 

57 

77 Litsea  coreana 
cf.  Litsea  elongata 

Adenodaphne  uniflora 
Iteadaphne  sp. 

100 

100 

Under  a  benzoin 

erythrocarpa Parasassafras  confertiolia 
76      ■  Neolitsea  sericea 

__^^—  Actinodaphne  sesquipedalis 
Lindera  umbellata 

Phoebe  formosana 
—  Alseodaphne  semecarpifolia 

Dehaasia  incrassata 

Apollonias  barbujana Persea  sp. 
Persea  thunbergii 

Persea  americana 
83  i—  Persea  caerulea 

92  ■      ■    Persea  lingue 
Persea  meridensis 

Mezilaurus  triunca 

100 
100 Sextonia  pubescens 

_____  Chlorocardium  venenosum 
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Central  America 
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■  South  Africa 
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Figure  4.  One  of  126  equally  parsimonious  trees  obtained  with  monophyly  of  the  Cinnamomum  group  (Cinnamo- 

mum, Aiouea  p.p.,  Mocinnodaphne,  and  Ocotea  p.p.)  and  Laureae  enforced  (thick  vertical  bars)  as  topological  con- 

straints. Bootstrap  support  values  are  indicated  above  unconstrained  branches.  Annotated  bars  to  the  right  indicate  the 
distribution  and  inferred  ancestry  of  clades. 
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bootstrap  support,  and  constraining  monophyly  of  a  ported  generic-level  phylogeny  for  Lauraceae.  Data 
clade  comprised  of  Cinnamomum  and  its  allies  from  chloroplast  markers  and  partial  26S  sequenc- 
(Aiouea  p.p.,  Mocinnodaphne,  Ocotea  p.p.)  required  es  resolve  main  clades,  while  ITS  provides  novel 
only  one  extra  step  while  constraining  monophyly  resolution  among  members  of  Perseeae  and  Lau- 
of  Laureae  to  include  Sassafras  added  three  extra  reae  (sensu  van  der  Werff  &  Richter,  1996).  To  pro- 
steps  to  parsimony-based  trees.  One  of  126  equally  vide  a  basis  for  subsequent  biogeographic  consid- 
parsimonious  trees  (L  =  1054,  CI  =  0.44,  RI  = 
0.75)  calculated  with  both  topological  constraints  Lauraceae 
enforced  is  shown  in  Figure  4.  Both  minimum-evo- 

lution analyses  recovered  topologies  that  showed  PHYLOGKNFTIC  RELATIONSHIPS 

erations,      phylogenetic      relationships      among 

the  same  main  clades  found  by  parsimony  analyses. 

Although  Cinnamomum  was  again  not  monophylet-  Several  previously  recognized  taxonomic  groups, 

ic,  minimum  evolution  placed  Sassafras  sister  to  albeit  in  (^ifferent  schemes,  compare  favorably  with 

remaining  Laureae,  albeit  together  with  Cinnamo-  clades  supported  by  our  molecular  data.  Among 

mum  camphora  (L.)  Presl.  Differences  between  par-  these>  Cryptocaryeae  as  circumscribed  by  van  der simony and minimum 
evolution    reconstructions      Werff  and  Richter  (1996),  Laureae  of  most  classi- 

ggest  that  some  instability  in  parsimony-based  to-      fixations  (e.g.,  Kostermans,  1957;  van  der  Werff  & 

pologies  can  be  attributed  to  characters  shared  be-      Ri<'hter,  1996;  Rohwer,  1993a),  and  Cinnamomeae 0 d  C.  camphora.   With  C.  cam- 
Kostermans 

phora  removed  the  number  of  trees  resulting  from  In  addition>  a  generic  grouping  centered  around 

unconstrained  parsimony  analyses  is  greatly  re-  Per*e<*>  informally  recognized  by  Rohwer  (1993a), 

duced  (to  36,  L  =  1022  CI  =  0.44,  RI  =  0.76),      herein  receives  considerable  support.  A  fifth  major 
but  Sassafras  is  still  place( 

paraphyletic  Cinnamomum. 

MOLKCt  LAR  CLOCK  ANALYSES 

A  likelihood  ratio  test  on  the  ITS  data  set  re- 

generic  grouping,  the  Chlorocardium-Mezilaurus 
clade,  is  comprised  of  taxa  whose  taxonomic  posi- 

tions have  previously  been  uncertain.  Outside  of 
these  main  clades  the  position  of  a  few  small  genera 
is  unsettled. 

Monotypic  Hy- 

1 1 lOOU  sc 

duced  to  25  representatives  of  main  lineages  in  Hypodaphnis  and  Cryptocary 
higher  Lauraceae  (Fig.  5a)  indicated  that  substi-  podaphnis,   consisting  of  H.  zenkeri  (Engl!)  Stapf 
tution  was  approximately  clock-like.   Log  likeli-  from  Central  Africa,  is  the  only  member  of  Laura- 

I  with  (-2844.00)  and  without  a  clock  ceae  with  an  inferior  ovary,  and  the  two  analyses 
constraint  ̂ -2827.85)  were  not  significantly  dif-  that  investigated  basal  relationships  in  Lauraceae 
ferent  (X2  =  32.30,  d.f.  =  23,  P  >  0.05).  Of  mo-  suggested  different  positions  (compare  Figs.  1  and 
lecular  markers  used  to  resolve  basal  relation-  2).  The  trnL-trnF  and  psbA-trnH  data  sets  analysed 
ships,  only  rp/16  did  not  reject  the  molecular  in  matrix  I  weakly  support  a  sister  group  relation- 
clock  [X2  -  2(2590.76  -  2582.73)  -  16.06;  d.f.  ship  between  Hypodaphnis  and  Cryptocaryeae  (Fig. 10,  P 0.05],  provided  Neocinnamomum  and 1).  Association  with  Cryptocaryeae  is  supported  by 
Cassytha  were  removed  from  analysis  (Fig.  5b).  irregular  thyrsoid  inflorescences  (van  der  Werff  & 
Results  of  two  calibrations  simulating  alternative  Richter,   1996)  and  morphological  similarity  with 
biogeographic  scenarios  are  summarized  in  Table  Eusideroxylon  and  Potoxylon,   two  monotypic   In- 
3,  and  those  of  our  preferred  calibration  are  de-  donesian  genera  that  consistently  place  basally  in 

Cryptocaryeae  (Figs.  1,  2).  Like  Hypodaphnis,  they 
have  stamens  with  four  collaterally  arranged  locelli, 
but  their  ovaries  are  only  semi-inferior.  However, 

The   two-tiered   taxon   and   molecular  sampling      the  larger  molecular  sample  (matrix  II)  places  Hy- 
adopted  in  this  study  provides  a  generally  well  sup-      podaphnis  sister  to  remaining  Lauraceae  with  mod- 

picted  in  Figure  5. 

Discussion 

Figure  5.  Phylograms  showing  clock  enforced  HKY-F  distances  on  reduced  parsimony-based  topologies  depicting 
terminal  (5a)  and  basal  (5b)  clades  in  Lauraceae.  Divergence  times  in  Figure  5a  are  based  on  ITS  and  those  in  Figure 
5b  on  rp/16  sequences.  The  time  scale  below  each  phylogram  reflects  a  calibration  in  which  equivalent  nodes  (indicated 
by  *)  in  Figure  5a  and  Figure  51)  are  fixed  at  90  million  years.  Node  labels  (a-f,  x,  z,  and  A-G)  correspond  to  those listed  in  Table  3.  The  geographic  distributions  of  terminal  taxa  are  given:  AF  =  Africa,  AS  =  Asia,  BO  =  Borneo, 
CA  =  Central  America,  CI  -  Canary  Islands,  MA  =  Madagascar,  MC  =  Macaronesia,  NA  =  North  America,  and  SA =  South  America. 
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Table  3.  Clock  enforced  HKY-I\  distances  accumn-  carya,  Endiandra,  Eusideroxylon,  Potameia,  and 
lated  after  divergence  events  among  terminal  (Table  3a)  Potoxylon  is  considerable  in  both  analyses  inves- 
and  basal  (Tabic  3b)  lineages  in  Lauraceae,  and  estimates      tigating  basal  relationships  in  Lauraceae  (Figs.  1, 
of  divergence  times  simulating  two  biogeographic  scenar-       2)    AnatomicaI  features  stress  isolation  of  Aspido- 

stemon,   Eusideroxylon,   and  Potoxylon  more   than 

their  affinities  (Richter,  1981),  but  close  relation- 

lanticTisjuiution  in  the"  Orated  complex;  calibration  2  shiP  with  Cryptocarya  has  been  suggested  in  recent simulates  Gondwanan  origin  for  the  Chlorocardium-Me-  morphology-based    systems   (e.g.,    Rohwer,    1993a; 
zilaurus  clade.  Node  labels  are  equivalent  to  those  in  Fig-  van  der  Werff  &  Richter,  1996).  With  Cryptocarya 

ure  5,  and  ages  fixed  for  calibration  purposes  are  under-  they   share   a  deeply  urceolate  floral   hypanthium 

ios.  HKY-I\  distances  in  Table  3a  are  obtained  from  ITS 
and  those  in  Table  3b  from  rp/16  sequences.  Calibration 
1  simulates  West  Gondwanan  vicariance  for  the  trans- At- 

lined.  *  =  Equivalent  nodes. 

HKY-r 
distance  from 

No«le      node  to  tip  ±  SI) 

Calibration  1 
time  (Mya) 

±  SD 

Calib 
time 

ration  2 
)  (Mva) 

SI) 
a.  Terminal  lineages  in  lauraceae. 

a*      0,09740  ±  0.0106       354  ±  30 90 

I. 0.05715  ±  ().(K»« 171 21 

0.04.109  ±  0.0073 156  ±  20 

44 

40 

7 

7 

<] 0.03793 0.0068 138 

19 

35  ±  6 

0.02476  ±  0.(K)55 

<X) 

f 0.02175  ±  0.(K)52 
0.01437  ±  0.(K)42 
0.03499  ±  0.(KX>6 

79 52 
127 

14 
12 
18 

23 

20 

5 

13  ±  4 

that  develops  into  deep  cupules  enclosing  the 

drupe  except  for  a  small  terminal  orifice.  Unlike 

the  previous  genera,  in  Beilschmiedia  and  Endian- 
dra the  hypanthium  is  shallow  and  a  cupule  never 

develops,  while  the  fruits  of  Potameia  are  either 

free  or  seated  in  a  small  discoid  structure.  Koster- 

mans  (1957),  stressing  the  degree  of  cupule  devel- 
opment in  his  scheme  for  Lauraceae,  placed 

Beilschmiedia,  Endiandra,  and  Potameia  with  Per- 

sea  (also  non-cupulate,  but  of  the  distal  Perseeae— 
Laureae  clade).  Close  relationship  with  Cryptocarya 

has  since  gained  support  from  wood  and  hark  anat- 
32 0 

I).  Hasal  lineages  in  I-auraceae. 

B 

C 

D 

E 

F 

0.03»»6  ±  0.0059 

0.03513 

0.02683 

0.0056 

0.0050 

0.02038  ±  0.0044 

682 
620 

473 

360 

105 

I(K) 
88 

77 

174  ±  32 
158  ±  31 
120  ±  27 

0.03 1 62 

0.(X)977 

0.0054 

0.0058 

<;*  0.02<X>6  ±  0.0043 

558  ±  95 
172  ±  54 

354 

91 

142 

44 20 
24 

14 

90 

omy  (Richter,  1981),  inflorescence  morphology  (van 
der  Werff  &  Richter,  1996),  embryology  (Heo  et  al., 

1998),  and  molecular  data  (Rohwer,  2000;  herein). 

The  topology  in  Cryptocaryeae  reveals  a  trend 
toward  increased  ovary  exsertion,  in  both  flower 

and  fruit.  Eusideroxylon  and  Potoxylon,  with  semi- 
inferior  ovaries,  lie  sister  to  genera  with  superior 

ovaries.  Aspidostemon  branches  next  (Fig.  2),  and 

Cryptocarya  lies  sister  to  the  non-cupulate  clade  of 
Beilschmiedia,  Endiandra,  and  Potameia  (Figs.  1, 

1 
a  reduced  num- 

I 

erately  high  support  (Fig.  2).  This  peripheral  po- 
sition for  Hypodaphnis  is  also  indicated  by  matK 

sequences,  albeit  with  <  50%  bootstrap  support 

(Rohwer,  2000),  but  difficult  to  support  with  mor- 
phology. Any  outgroup  comparison  is  stymied  by 

the  unsettled  sister  family  relationship  of  Laura- 
ceae. Hernandiaceae,  with  inferior  ovaries,  are  fa- 

with  100%  bootstrap  sup- 

2).  Endiandra  and  Potameia  h 

ber  of  floral  parts  relative  to  Beilschmiedia,  but 

whether  they  nest  within  the  latter  (Figs.  1,  2)  is 
not  well  resolved. 

Other  genera  that  have  been  allied  to  members 

of  Cryptocaryeae  but  not  herein  are eith 
er  mono- 

vorea  ov d Moni 

typic  or  oligotypic.  Their  generic  status  is  also  con- 
troversial (e.g.,  Rohwer,  1993a).  Dahlgrenodendron, 

with  only  D.  natalensis  (J.  H.  Ross)  J.  J.  M.  van  der 

port  by  morphology  (Doyle  &  Endress,  2000),  but 

molecular  data  have  been  ambiguous  (Renner, 

1999;  Renner  &  Chanderbali,  2000;  Qiu  et  al., 

1999).  A  Hernandiaceae— Lauraceae  clade  receives 

modest  support  here  (Figs.  1,  2),  and  when  Hypo- 
daphnis lies  sister  to  remaining  Lauraceae  (Fig.  2), 

inferior  ovaries  are  a  potential  synapomorphy  for 

Merwe  &  A.  E.  van  Wyk,  has  distinctive  pollen 

ornamentation  (van  der  Merwe  et  al.,  1988)  but  is 

otherwise  not  different  from  Cryptocarya  (Rohwer, 

1993a).  Triadodaphne,  with  three  species,  is  ten- 

tatively distinguished  from  Endiandra  by  its  un- 
equal perianth  whorls  and  deeper  hypanthium 

(Kostermans,  1993).  In  Hexapora,  comprised  of  H. 
curtisii  Hook,  f.,  the  outer  six  stamens  are  extrorse, 

and  the  third  and  fourth  whorls  staminodial,  but 

otherwise  the  genus   is  similar  to  Beilschmiedia. 

Brassiodendron,  with  only  B.  fragrans  C.  K.  Allen, 
parsimonious.  .  .  i  ■• 

also  has  only  six  fertile  stamens,  and  according  to 

Cryptocaryeae  sensu  stricto.      Support  for  the  clade       Kostermans  (1957)  and  Hyland  (1989)  should  be 

comprised  of  Aspidostemon,  Beilschmiedia,  Crypto-       included  in  Endiandra. 

the  two  families.  However,  given  the  non-inferior 

state  of  all  other  Lauraceae,  independent  gain,  re- 
quired also  by  the  topology  in  Figure  1,  is  equally 
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Cassytha,    Caryodaphnopsis,    and    Neocinnamo-       that  can  mislead  phylogenetic  estimates  (Felsen- 

mum.      These   three   genera   are   among   the   most       stein,  1978;  Lyons-Weiler  &  Hoelzer,  1997). 
enigmatic  of  the  family.  In  our  analyses  of  matrix Caryodaphnopsis  and  Neocinnamomum  are  mor- 
I,    they    constitute    a    statistically    uncorroborated  phologically  similar,  sharing  triplinerved  venation 

clade  (with  <  50%  bootstrap  support)  that  lies  sis-  and  four-locular  anthers  with  the  locelli  arranged 

ter  to  the  rest  of  the  family,  also  without  support  in  a  shallow  arc  (sometimes  two-locular  in  Cary- 

(Fig.   1).  This  alliance  is  disbanded  by  additional  odaphnopsis,   in  a  horizontal  row  in  Neocinnamo- 

molecular  characters  provided  by  matrix  II,   but  ™ura  delavayi  (Lecomte)  H.  Liu).  In  contrast,  Car- 

their  position  in  this  part  of  the  tree  receives  strong  yodaphnopsis   has  opposite  leaves,   a  perianth  of 

support  (Fig.  2).  Some  elements  of  Cassythas  po-  strongly  unequal  tepals,  and  lacks  a  cupule,  while 

sition  may  be  due  to  long  branch  effects  in  our  Neocinnamomum  has  alternate  (spiral)  leaves,  sub- 
an alyses. equal  tepals,  and  a  shallow  cupule  with  persistent 

The  herbaceous  parasitic  twiner,  Cassytha,  is  the  tepals.    Close    relationship   between   Neocinnamo- 

sole  exception  to  the  arborescence  typical  of  Laur-  mum  and  Cinnamomum  (Kostermans,  1974a),  and 

aceae,  and  it  has  usually  been  placed  in  a  separate  between  Caryodaphnopsis  and  Persea  (Kostermans, 

subfamily  (e.g.,  Kostermans,  1957;  van  der  Werff  1974b^  R°hwer,  1993a),  can  be  ruled  out,  but  the 

&  Richter,  1996).  Subfamilial  position  is  supported  relationships  of  these  two  genera  are  not  clearly 

by  ab   initio  cellular  endosperm   Cassytha  shar indicated   by   our  data.   They   either  constitute   a 

with  Hernandiaceae,  Monimiaceae,  and  other  Laur-      clade'  albeit  with  Cassytha  (Fig.  1),  or  Ca
ryoda- 

ales  (Heo  &  Tobe,  1995;  Heo  et  al.,  1998).  Such      Phn»Psls  hes  between  a  Ne
ocinnamomum-Cassytha 

endosperm  formation  is  also  reported  from  Umbel-      clade  and  the  rest  of  the  family  ̂ ' 
 2>"  With  Cas' 

lularia  (Bambacioni-Mezzetti,   1941),  but  nuclear      5^a  excluded'  eithe
r  Caryodaphnopsis  or  Neocin- 

i  r        l    •        li      xi        t  *i    *       namomum  lies  sister  to  the  rest  of  the  family  (clad- 
endosperm   is   tound   in   all   other   Lauraceae   that  .  J  v 
i  i  i    -     1    i.       ij        /!•/¥¥  ograms    not    shown).    Neocinnamomum   was    not 
nave  been  examined,  including  tiypoaapnnis  (Heo       .      ,     ,    ,    .      ™   1        \  ts  i  \   s>  i 

et  al.,  1998).  In  Rohwer's  matK  study  Cassytha  was 
placed  between  Hypodaphnis  and  the  rest  of  the 

family,  but  without  strong  statistical  support.  Here, 

close  relationship  with  Neocinnamomum  receives 

very  high  statistical  support  from  matrix  II  (Fig.  2), 

but   morphological   synapomorphies  for  these   two 

included  in  Rohwer's  matK  study,  and  Caryoda- 
phnopsis was  placed  as  it  is  in  Figure  2.  Anatomical 

affinities  of  Neocinnamomum  and  Caryodaphnopsis 

with  Chlorocardium  and  Cryptocaryeae,  respective- 

ly (Richter,  1981),  are  consistent  with  their  rela- 
tively basal  position  in  the  family. 

genera  are  not  known.  Instead,  Cassytha  and  Neo-  Chlorocardium-Mezilaurus  clade.  The  clade  com- 
cinnamomum  have  the  longest  branches  in  the  to-  prised  of  Anaueria,  Chlorocardium,  Mezilaurus, 
pology,  differing  from  each  other  by  over  279  mu-  Sextonia,  and  a  novel  taxon  (Gen.  &  sp.  nov.)  re- 

lations (uncorrected  "p"  distances,  uninformative  ceives  99%  ancj  96%  bootstrap  support  from  matrix characters  included),  while  the  branch  uniting  them  j  an(]  n,  respectively  (Fig.  1).  It  is  one  of  the  more 
is  supported  by  comparatively  few  (66)  mutations.  intriguing  clades  in  the  family.  Close  relationship 
With  Neocinnamomum  removed  from  the  analysis,  between  Anaueria  and  Mezilaurus  has  been  sug- 
Cassytha  and  Caryodaphnopsis  constitute  a  clade  geste(j  (Richter,  1981;  Rohwer,  1993a),  but  the  pos- 
(cladogram  not  shown).  In  both  genera  the  outer  sibility  that  all  these  taxa  constitute  a  clade  of  their 
whorl  of  tepals  is  strongly  reduced,  but  this  con-  own  has  never  been  considered  on  morphological 
dition  appears  elsewhere  in  Lauraceae  (e.g.,  Per-  grounds.  So  far,  characters  uniting  them  have  only 
sea),  and  other  characters  to  support  a  Cassytha-  been  provided  by  molecular  data.  A  clade  com- 
Caryodaphnopsis  clade  are  unknown.  However,  prised  of  Chlorocardium  and  Mezilaurus  (plus  Wil- 
with  both  Neocinnamomum  and  Caryodaphnopsis  liamodendron,  a  small  genus  of  3  species  differing 
removed,  Cassytha  still  lies  sister  to  the  rest  of  the  from  Mezilaurus  primarily  in  the  number  of  locelli; 

family.  If  long  branches  cannot  attract  in  their  mu-  not  herein)  received  moderate  support  from  matK 
tual  absence  (Sidall  &  Whiting,  1999),  this  finding  sequences,  but  Rohwer  (2000)  questioned  a  close 

would  imply  that  Cassytha  is  correctly  placed  in  relationship  citing  anatomical  and  floral  diffcrenc- 
this  general  part  of  the  phylogeny.  Alternatively,  es.  Here,  Chlorocardium  and  Mezilaurus  place  in 

long  branched  taxa,  such  as  Cassytha,  experience  separate  subelades  that  can  be  characterized  by 

multiple  substitutions  that  erode  genealogical  sig-  phyllotaxy. 
nal,  randomize  character  states  with  respect  to  true The  subclade  of  Gen.  &  sp.  nov.,  Mezilaurus,  and 

relatives,  and  lead  to  chance  convergence  on  the      Sextonia  accommodates  taxa  with  obovate,  coria- 
molecular  states  of  distant  lineages,  all  qualities      ceous   leaves   borne  in  terminal  clusters  (Fig.  2). 
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Unlike  most  other  Lauraceae  with  terminally  clus-  relationship  has  never  been  formally  recognized. 

tared  leaves,  in  these  taxa  the  clusters  are  not  sep-  Only  Kostermans  (1957)  placed  these  two  tribes  in 

arated  by  seasonal  growth  spurts.  Instead,  growth  close  proximity  in  his  graphical  scheme  for  Laur- 
is  continuous,  and  apparently  quite  slow,  resulting  aceae,  conceivably  to  express  his  observation  that 

in  a  continuous  spiral  of  leaf  scars.  This  growth  fleshy  hemispherical  cupules  are  typical  of,  and  re- 
pattern  is  rare  but  not  unique  to  this  clade;  such  stricted  to,  genera  therein.  Elsewhere  in  Lauraceae 

leaf  clusters  are  at  least  also  known  in  Alseodaphne,       hemispherical,  but  rather  woody,  cupules  also  occur 

of  the  Persea  group  (below).  In  the  other  subclade,      in  Chlorocardium  and  Sextonia,  both  included  in 

Anaueria  and  Chlorocardium  share  opposite  leaves      Cinnamomeae  by  Kostermans  (as  Ocotea),  but  of 

tomically    more    similar    to    Mezilaurus    (Richter, 

1981),  with  which  it  also  shares  glandless  flowers. 

(Fig.  2).  This  subclade  receives  considerable  mo-       the  Chlorocardium— Mezilaurus  clade  herein. 
lecular  support,  but  both  genera  find  morphological      ~  „,  .       ,    ,     ,„.      0.    .     ,    ..        ., 
„.  .  .  .       ,         .  i    i    i       i  .     .  rersea  group.      I  his  clade  (fig.  o),  including  Al- 

alhes  within  the  other  subclade.  Anaueria  is  ana-  .     .         .      7I      .       „  i  r>  i  m 
seoaaphne,  Apollonias,  Dehaasia,  rersea,  and  r hoe- 

be,  accommodates  all  non-cupulate  genera  of  van 

der  Werff  and  Richter's  (1996)  Perseeae.  It  is  Roh- 
wer s  (1993a)  Persea  group,  without  Caryodaphnop- 

515.  Nothaphoebe  was  not  investigated  herein  but  is 

morphologically  close  to  Alseodaphne. 
Generic  delimitation  in  the  Persea  group  has 

been  controversial,  and  all  genera  with  four-locular 

anthers  have  at  some  point  been  placed  in  synon- 

ymy under  Persea  (e.g.,  Bentham,  1880;  Koster- 
mans, 1957).  Apollonias  and  Dehaasia  have  always 

been  segregated  on  the  basis  of  their  two-locular 

anthers,  but  the  generic  importance  of  this  char- 
acter and  its  use  to  delimit  Apollonias  from  Phoebe 

and   Dehaasia   from   Alseodaphne   is   questionable 

Chlorocardium  is  unique  with  its  xylem  of  coronat- 
ed vessel  elements  (Kostermans  et  al.,  1969),  and 

its  large  rotate  flowers  with  an  increased  number  of 

stamens  (to  20)  are  unmatched  in  the  clade.  How- 

ever, its  papillose,  tongue-shaped  stamens,  all  with 
a  pair  of  small  basal  glands,  are  much  like  those 
found  in  the  second  and  third  staminal  whorls  of 

Sextonia. 

All  South  American  genera  that  do  not  clearly 

assign  to  generic  groups  based  on  wood  and  bark 

anatomy  or  inflorescence  structure  (van  der  Werff 

&  Richter,  1996)  place  in  a  Chlorocardium-Mezi- 

laurus  clade.  Monotypic  Costa  Rican  Povedada- 
phne  (not  examined  here)  was  considered  close  to 

Mezilaurus  by  Rohwer  (1993a),  but  his  matK  data 

(Rohwer,  2000)  suggested  a  place  with  genera  here 

placed  in  Cinnamomeae  (below)  where  it  is  mor- 
phologically (dose  to  the  Ocotea  complex.  No  other 

(Rohwer  et   al.,    1991;    Rohwer,    1993a;   van d er 

Werff,  in  press).  Other  generic  characters,  includ- 
ing relative  tepal  sizes,  whether  tepals  persist  in 

mem be »t*u of  the  Chlorocardium— Mezilaurus  clade 

fruit,  and  if  so,  manner  of  persistence,  have  also 

been  questioned  (van  der  Werff,  1989;  Rohwer  et 

al.,    1991).   Our  present  sampling  does  not   ade- 

ii-i  ■  quately  address  these  issues.  Only  Persea  is  rep- are  suspected  on  morphological  grounds.  .    •  ■  ■  •        »   •       n 
r  i-        o        o  resented  by  more  than  one  species.  Asian  rersea 

Monophyletic    Groups    in    the    Perseeae-Laureae  (suh&  MachOus)  places  with  paleotro
pical  Alseo- 

clade.     The  large  terminal  clade  that  accounts  for  daPhn€>  Apollonias,  Dehaasia,  and  P
hoebe,  while 

mosl  of  the  modern  generic  and  species  diversity  Amenca"  Perxea  (sul>g-  Eriodaphne  an
d  suhg.  Per- 

of  Lauraceae  includes  Laureae  of  most  classifica-  sea>  const,tutes  *  separate  clade  (Fig.  3),  but
  the 

tion  systems  and  van  der  Werff  and  Richter's  (1996)  ̂ plication  that  Persea  is  not  monophyletic  has  ht- 

Perseeae.  The  present  resolution  does  not  support  t,e  suPPort-  DetaiIed  morpholog
ical  and  molecular 

the   dichotomy   implied   by   these  tribal   concepts  studies  are  needed  t0  resolve 
 relationships  within 

(Fig.  3).  Instead,  five  genera  of  Perseeae  (Persea  this  lar*e  ̂ ouP  of  ca'  400  sPe
cies'  most  of  which 

vi-       •..  li  jrT  are  found  in  tropical  Asia, 
group)  he  sister  to  a  clade  comprised  ot  Laureae  r 
and  remaining  Perseeae.  The  generic  composition  Laureae.     Close  relationship  among  Actinodaphne, 
of  the  latter  group  compares  favorably  with  Koster-  Adenodaphne,   Laurus,   Lindera,   Litsea,   Neolitsea, 

mans'  (1957)  Cinnamomeae  (Fig.  3).  Possible  res-  Parasassafras,  and  Sassafras  has  been  recognized 
olution  of  a  Perseeae-Laureae  clade  into  a  small  in  almost  all  classifications  of  Lauraceae.  All  are 

Persea  group  and  a  large  Laureae-Cinnamomeae  dioecious  and  most  have  umbellate  inflorescences 
clade  was  indicated  by  matK  sequences  (Rohwer,  subtended  by  involueral  bracts.  In  this  study,  par- 
2000),  but  topology  was  unstable  and  lacked  sta-  simony  analyses  place  Sassafras  between  well-sup- 
tistical  support.  Support  is  stronger  here  with  the  ported  core  Laureae  and  remaining  genera  (Fig.  3). 

Persea  group  and  Laureae-Cinnamomeae  clade  re-  However,  membership  in  Laureae  was  found  by 
ceiving  89%  and  93%  bootstrap  support,  respec-  minimum  evolution  analyses,  and  parsimony-based 

tively  (Figs.  3,  4).  A  close  Laureae-Cinnamomeae      trees  in  which  Sassafras  lies  sister  to  core  Laureae 
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(Fig.  4)  are  just  three  steps  longer.  Introrsely  po-  tropical  genera  in  Cinnamomum.  Monotypic  Mocin- 
sitioned  locelli  in  all  staminal  whorls  support  a  nodaphne  was  described  to  recognize  a  reduction 

place  for  Sassafras  in  Laureae.  Elsewhere  in  Laur-  in  number  of  staminal  whorls  (Lorea-Hernandez, 
aceae  introrsely  positioned  locelli  are  restricted  to  1995),  and  Aiouea  p.p.  [A  dubia  (HBK)  Mez  and 

the  outer  two  staminal  whorls.  Another  potential  A.  guianensis  Aubl.  herein]  differs  mainly  in  locelli 

synapomorphy   is   the   dioecious   breeding  system  number,  both  characters  of  traditional  generic  val- 

shown  by  Sassafras  and  core  Laureae.  In  Laura-  ue.    The   finding   that    Ocotea    ikonyokpe   van    der 

ceae,  dioecy  is  otherwise  only  found  in  basally  po-  Werff,  a  recently  described  species  from  Cameroon, 

sitioned  Hypodaphnis  (Fig.  1)  and  a  distal  clade  of  is  placed  with  Cinnamomum  is  surprising.  How- 

Ocotea  s.  str.,  Endlicheria,  and  Rhodostemonoda-  ever,    a    leaf  fragment    from    the    holotype    sheet 
phne  (Fig.  3).  Dodecadenia  and  Cinnadenia,  not  (Thomas  10456,  MO)  was  extracted,  amplified,  and 

herein,  should  also  place  in  Laureae  on  the  basis  sequenced  only  with  other  species  of  Ocotea.  Fur- 
of  dioecy  and  introrse  locelli. thermore,  ITS1  and  ITS2  regions  of  0.  ikonyokpe 

Umbellularia  is  usually  placed  in  Laureae  be-  were  amplified  and  sequenced  separately.  Neither 
cause  of  its  umbellate  involucrate  inflorescences  section  is  identical  with  accessions  of  Cinnamo- 

(e.g.,  van  der  Werff  &  Richter,  1996),  but  its  flowers  mum,  and  both  support  a  place  with  Cinnamomum. 

are  bisexual  and  locelli  of  the  innermost  staminal  In  Africa,  0.  ikonyokpe  shares  (sub)opposite  leaves 

whorl  are  extrorse,  not  introrse.  A  16-bp  repeat  in  with  East  African  0.  michelsonii  Robyns  &  Wilczek 

trnL-trnF  (Fig.  1)  and  ITS  sequences  (Figs.  3,  4)  and  0.  usambarensis  Engl,  (not  herein).  All  other 
distance  Umbellularia  from  Laureae  and  place  it  in  African  Ocotea  have  spirally  arranged  leaves  (van 

the  Ocotea  complex  (below). der  Werff,  1996).  Interestingly,  0.  ikonyokpe  asso- 

Generic  delimitation  in  Laureae  is  unsettled.  Lit-  ciates  with  Asian  Cinnamomum  (mostly  opposite- 

sea  alone  accommodates  ca.  400  of  the  approxi-  leaved)  instead  of  mostly  alternate-leaved  neotrop- 
mately  700  species,  and  most  generic  limits  are  ical   Cinnamomum   (Figs.   3,   4).   The   staminodes, 

probably  artificial  (Rohwer,  1993a;  Li  &  Christo-  relatively  smaller  than  seen  in  Cinnamomum,  and 

phel,  2000).  As  with  the  Persea  group,  detailed  sys-  without  sagittate  apices  (although  glandular  as  in 

tematic  studies  are  needed  to  resolve  natural  line-  Cinnamomum),  refer  this  Cameroon  species  to  Oco- 
ages  in  Laureae. 

Cinnamomeae . All 
remaining  genera  were  pre- 

viously placed  in  Cinnamomeae  (sensu  Koster- 

mans,  1957),  albeit  together  with  Sassafras,  Acti- 
nodaphne,  and  Neocinnamomum.  With  these  three 

genera  excluded,  Cinnamomeae  is  van  der  Werff 

and  Richter's  (1996)  Perseeae  without  the  Persea 
group.  Cinnamomeae  are  thus  a  sizeable  subset  of 

the  Perseeae— Laureae  clade  (Fig.  3),  accommodat- 
ing all  of  its  major  neotropical  genera  (e.g.,  Aiouea, 

tea,  but  leaf  arrangement  is  perhaps  an  overlooked 
character  here. 

Neither  molecular  nor  morphological  synapomor- 
phies  readily  appear  for  the  Cinnamomum  group 

(Cinnamomum,  Aiouea  p.p.,  Mocinnodaphne,  and 

Ocotea  p.p.),  but  enforcing  monophyly  adds  only 

one  step  to  parsimony-based  trees  (Fig.  4).  Still, 

New  and  Old  World  species  remain  separate  sub- 
clades  in  the  constrained  clade.  This  New  World- 

Old  World  dichotomy  is  also  evident  in  wood  and 

a     l       r    jr  l  r-       •       i\r    *      j        m         *l  bark  anatomy  (Richter,  1981),  and  can  be  deduced 
Aniba,  tnalicneria,  Licaria,  isectandra,  rieurotn-  t  J  x  ' 

a  t?u   j    *  j     u     \  n  a  from  traditional   placement  of  neotropical  Cinna- 
yrium,  and  Knodostemonodapnne)  as  well  as  wide-  r  * 

spread  Cinnamomum  and  Ocotea. 
momum  in  Phoebe  (of  the  Persea  group  above)  until 

n>                             i            i        •      i      •      l              i  transferred  by  Kostermans  (1961).  With  over  350 Cinnamomeae    share    hemispherical    cupules  ...                                      . 
/        i              i     j        i         i\      -.1    t                      i       .    •  species  distributed  from  (sub)tropical  Asia  to  the 
(rarely  poorly  developed)  with  Laureae  and  retain  r                                 . 
.i      .i            i                   i         .     •   a                         r  .1  Neotropics,  one  African  member,  and  a  few  repre- 
the  thyrsoid  non-involucrate  inflorescences  ol  the  r      *                                        »                          r 

Persea  group.  Thus,  uniquely  derived  features  are  sentatives  in  Australia 
 and  the  Pacific  Islands  (pri- 

not  obvious.   Bootstrap  support  for  Cinnamomeae  manly   FlJ^  the   Cinnamomum  gro
up  is  speciose 

reaches    only    52%    in    unconstrained    parsimony  and  widespread. 

analyses  (Fig.  3),  but  raised  to  86%  by  enforcing 

monophyly  of  a  generic  alliance  centered  around 

Cinnamomum  (Fig.  4). 

Ocotea  complex.  The  remaining  genera  of  Cinna- 
momeae form  a  strongly  supported  clade  within 

which   members    of  Ocotea   are   widely   dispersed 

Cinnamomum  group.     The  delimitation  of  Cinna-  (Figs.  3,  4).  Finding  that  Umbellularia  places  here, 

momum  is  based  on   its  nine  stamens  with  four-  and  not  in  the  Laureae,  clarifies  conflicting  indi- 

locular  anthers  and  a  fourth  androecial  whorl  of  cations   from  floral   morphology  and   inflorescence 

well-developed  staminodes  provided  with  sagittate  structure  (discussed  under  Laureae,  above).  Apart 

glandular  apices.  The  present  data  nest  two  neo-  from  a  few  Old  World  species  of  Ocotea,  the  com- 
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plex  is  restricted  to  the  New  World  and  accounts      bitzki,  1993).  A  relatively  basal  position  in  the  Oco- 
for  most  of  the  generic   and   species  diversity  of      tea  complex  is  suggested  by  ITS  sequences  (Figs. 
Lauraceae  in  the  Neotropics. 

Clades  resolved  within  the  Ocotea  complex  can 

be  circumscribed  in  geographic,  and  sometimes 

morphological,  terms.  Basal  branches  in  the  com- 
plex are  occupied  by  Old  World  species  of  Ocotea, 

North  American  Umbellularia,  and  primarily  Cen- 
tral American  species  groups  in  Nectandra  and 

Ocotea.  Two  derived  clades  are  centered  in  South 

America.  In  the  more  speciose,  Nectandra  s.  str. 

and  Pleurothyrium  lie  sister  to  a  dioecious  clade 

comprised  of  Endlicheria,  Ocotea  s.  str.,  and  Rho- 
do  st  e  mo  no  daphne.  In  the  second  and  less  speciose 

South  America-centered  clade,  Aniba,  an 

ment  of  Ocotea  species,  and  mostly  mono-  to  oli- 
gotypic  genera  associate  with  Licaria. 

assort- 

3,  4). 

Ocotea  helicterifolia  species  group.  The  clade 

(Figs.  3,  4)  comprised  of  Ocotea  botrantha  Rohwer, 

0.  helicterifolia  (Meisn.)  Hemsl.,  and  0.  heydeana 

(Mez  &  Donn.  Sm.)  Bernardi  represents  a  diverse 

but  cohesive  assemblage  of  species  in  Ocotea.  Core 

members  are  characterized  by  hirsute  leaves  and 

twigs,  bisexual  flowers  with  partially  papillose  te- 

pals,  glabrous  or  weakly  papillose  anthers  with  four 
pollen  sacs  arranged  in  two  superimposed  pairs, 

and  well-developed  staminodes  (van  der  We  iff, 

1999).  Close  relationship  with  non-hirsute  species 
with  this  general  floral  structure,  i.e.,  the  Ocotea 

heydeana  species  group,  and  with  the  Ocotea  sin- 
uata  species  group,  which  differs  by  more  heavily 

Old    World    Ocotea.      Outside    of   the    Neotropics,  papillose  tepals  and  anthers  (here  represented  by 
Ocotea  is  represented  by  0.  foetens  (Aiton)  Baill.  in  0.  botrantha  Rohwer)  was  anticipated  by  Rohwer 
Macaronesia,   7   species   in   mainland   Africa,  and  (1991).  With  the  Nectandra  coriacea  species  group, 

about   30   species    in    Madagascar.    In   this   study,  and  Umbellularia,  the  Ocotea  helicterifolia  species 

South  African  0.  bullata  (Burch.)  E.  Mcy.  and  2  group  shares  well-developed  staminodes  with  glan- 
species  from  Madagascar,  0.  grayi  van  der  We  iff  dular  apices,  while  their  papillose  anthers  and  te- 
and    O.    malcomberi   van   der   Werff,   constitute   a  pals  suggest  an  affinity  with  Nectandra  s.  str.  and 

strongly  supported  clade.  Ocotea  foetens  is  almost  Pleurothyrium.  Their  place  in  the  present  phylog- 
indistinguishable  from  0.  bullata,  but  surprisingly  eny  is  consistent  with  this  intermediate  morphology, 

its  place  with  Old  World  Ocotea  receives  <  50%  The  group  is  distributed  throughout  Central  Amer- 

bootstrap  support  (Figs.  3,  4).  Morphological  char-       ica  and  numbers  around  30  species. 
acters  distancing  Old  World  Ocotea  from  New 

World  relatives  do  not  readily  appear.  In  the  pre- 
sent reconstruction  Old  World  Ocotea  lie  sister  to 

the  New  World  component  of  the  Ocotea  complex. 

Ocotea  s.  str.,  Endlicheria,  and  Rhodostemonoda- 

phne.  A  clade  comprised  of  all  dioecious  Ocotea 

sampled  for  this  study  and  the  only  neotropical 

genera  with  this  breeding  system,  Endlicheria  and 

Nectandra  coriacea  species  group,  Nectandra  s.  str.,  Rhodostemonodaphne,  is  found  in  all  ITS-based 

and  Pleurothyrium.  Representatives  of  the  Nee-  trees.  It  receives  low  bootstrap  support  as  a  whole 
tandra  coriacea  species  group,  N.  coriacea  (Sw.)  (55%),  but  much  better  (93%)  support  within  the 
Griseb.,  N.  salicifolia  (HBK)  Nees,  and  N.  purpurea      group    above    the    branch    separating   Endlicheria 
(Ruiz  &  Pav.)  Mez,  place  distant  from  a  clade  in  punctulata  (Mez)  C.  K.  Allen  and  Ocotea  paucifloro 

which  a  broad  morphological  representation  of  Nee-  (Nees)  Mez  from  the  rest  (Fig.  3).  As  seen  in  Figure 
tandra  s.  str.  pairs  with  Pleurothyrium  (Figs.  3,  4).  4,  E.  punctulata  and  0.  pauciflora  appear  to  diverge 
Close  relationship  between  Nectandra  s.  str.  and  early,  shortening  the  branch  supporting  the  entire 

Pleurothyrium    was    also    indicated    by   matK    se-  clade,  but  this  effect  could  also  be  obtained  by  re- 
quences  (Rohwer,  2000).  The  two  share  relatively  versals    to    ancestral    molecular   states    along   the 
large  rotate  flowers  with   heavily   papillose  tepals  branch  uniting  these  two  species. 

Taxa  placed   here   include  the  type  species  of and  stamens,  and  relatively  poorly  developed  stam- 
inodes. Nectandra  s.  str.  and  Pleurothyrium  are  Ocotea,  0.  guianensis  Aubl.,  and  represent  several 

centered  in  South  America  with  ca.  100  and  40  species  groups  recognizable  among  dioecious  Oco- 

species,  respectively.  The  Central  America-cen-  tea  (e.g.,  Rohwer,  1986).  Since  representatives  of 
tered  Nectandra  coriacea  species  group  (ca.  20  Endlicheria  and  Rhodostemonodaphne  also  sample 
spp.)  was  perceived  as  accommodating  the  most  a  wide  range  of  morphological  variation  within 

primitive  elements  of  Nectandra,  retaining  Ocotea-  these  moderately  sized  but  heterogeneous  genera, 
like  non-scalariform  venation,  tepal  and  stamen  all  approximately  300  dioecious  species  of  the  Oco- 
non-papillosity,  distinct  filaments,  and  a  well-de-  tea  complex  should  place  here.  In  this  clade  ge- 
veloped  fourth  androecial  whorl  of  staminodes  with       neric  limits  based  on  locelli  arrangement  and  num- 

glandular  apices  (Rohwer,   1993b;  Rohwer  &  Ku-       ber  are  not  supported.  The  Ocotea  species  form  a 



Volume  88,  Number  1 
2001 

Chanderbali  et  al. 

Phylogeny  and  Biogeography  of  Lauraceae 

127 

paraphyletic   assemblage   within   which   Rhodoste-  Ocotea  insularis  (Meisn.)  Mez  and  Aiouea  costari- 

monodaphne  and  Endlicheria  are  nested  (Figs.  3,  censis  (Mez)  Kosterm.  are  united  with  100%  boot- 

4).  Rhodostemonodaphne  has  four-locular  anthers  strap  support  (Figs.  3,  4).  The  two  differ  only  in  the 
like  Ocotea,  but  the  locelli  are  arranged  in  a  shal-  number  of  locules  per  anther,  again  illustrating  the 
low  arc  or  horizontal  row  rather  than  superimposed  weakness  of  this  character  in  generic  delimitation 

pairs,  at  least  in  the  outer  stamens.  Endlicheria  is  (van  der  Werff,  1984).  Curiously,  as  noted  by  van 

two-locular,  but  with  E.  punctulata  paired  with  0.  der  Werff  (1988)  and  Rohwer  et  al.  (1991),  like  A. 

pauciflora,  and  other  species  placed  with  Rhodos-  costaricensis,  other  Aiouea  species  with  closer  ties 

temonodaphne  (Figs.  3,  4),  it  is  at  least  di-phyletic.  to  Ocotea  are  Central  American  (e.g.,  A.  lundelliana 
C.    K.   Allen,   not  herein),   while   South   American 

Licaiia  group.     The  branch  uniting  Dicypellium,  Aiouea  associate  with  Cinnamomum  (e.g.,  A.  dubia 
Kubitzkia,  Licaria,  Paraia,  Urbanodendron,  and  two  ancj  ̂     guianensis    Fie   3) 
species  of  Ocotea  receives  93%  bootstrap  support 

(Fie.  3)  and  seems  to  be  a  natural  alliance.  Ga-  ̂  
i  i  nJ    ii  ii       /     •  i      i  Biogeography 

mantnera  and  rnyuostemonoaapnne  (neither  nere- 
Genera  and  clades  in  Lauraceae  sort  into  two 

ical  grounds.  All  these  genera  have  cupules  with  main  geographic  groups  (Figs.  2,  4).  HypodaphnLs, 
double-rimmed  (or  more)  margins.  Given  these  un-  the  Cryptocaryeae,  Cassytha,  and  the  Chlorocar- 
usual  cupules,  a  generic  alliance  centered  around  dium-M  ezilaurus  clade  as  seen  in  Figure  1  are  pre- 
Licaria  has  been  informally  recognized  in  recent  dominantly  or  entirely  southern  hemispheric,  while 
morphological  systems  (Kostermans,  1957;  Rohwer,  Caryodaphnopsis,  Neocinnamomum,  the  Persea 
1993a).  Ocotea  quixos  (Lam.)  Kosterm.  and  0.  ver-  groupi  the  Cinnamomum  group,  and  Laureae  are 
aguensis  (Meisn.)  Mez  represent  the  Ocotea  den-  either  Asian  or  have  amphi-Pacific  distributions 
drodaphne  species  group,  a  group  of  8  species  re-  (Figs  2,  4).  The  distributions  of  these  two  main 
markable  in  Ocotea  for  their  ligulate  stamens  and  groups  are  consistent  with  Gondwanan  and  Laura- 
double-rimmed  cupules.  A  place  in  the  Licaria  sian  histories,  respectively,  but  the  geographic  dis- 
group  is  thus  not  surprising.  Their  distance  from  tribution  of  the  Ocotea  complex  is  not  as  easily  cat- 
the  rest  of  Ocotea  has  been  acknowledged  by  sub-  egorized.  This  diverse  clade  is  mostly  neotropical 

in)  associate  with  the  Licaria  group  on  morpholog- 

generic  (e.g.,  Mez,  1889;  Rohwer,  1986)  and  even       with  a  Macaronesia-Afro-Malagasy  element  added 
generic  status;  e.g.,  Sassafridium  (Meissner,  1864) by  approximately  40  Old  World  species  of  Ocotea. 
Hutchinson  (1964)  even  placed  0.  veraguensis  (as  Whether  ancestors  of  the  Ocotea  complex  migrated 
Sassafridium)  in  a  monotypic  tribe  because  he  in-  int0  South  America  via  Africa  (Raven  &  Axelrod, 
terpreted  the  locelli  in  the  third  staminal  whorl  to 

be  introrse,  a  condition  only  known  in  Laureae.  In 
1974)  or  via  North  America  (Rohwer,  1986;  Taylor, 

1988;  Rohwer  &  Kubitzki,  1993;  Rohwer,  2000)  is 

fact  the  locelli  are  latrorse-introrse,  as  also  found       not  evident  from  the  topology  alone. 
in  Dicypellium  and  Urbanodendron,  both  of  the  Li- Paleogeographic  reconstructions  of  West  Gond- 
caria  group.  Elsewhere  in  Ocotea,  double-rimmed  wana  breakup  estimate  that  direct  land  connections 
cupules  are  found  in  a  few  dioecious  species,  e.g.,  between  Africa  and  South  America  were  lost  by  the 
0.  cujumary  Mart,  and  0.  floribunda  (Sw.)  Mez.  It  Upper  Mid-Cretaceous,  ca.  90  Mya  (Sclater  et  al., 

is  unlikely  that  these  species  will  assign  to  the  Li-  1977;  Scotese  et  al.,  1988;  Parrish,  1993).  There- 
caria  group  since  their  morphologically  close  rela-  fore,  if  the  trans-Atlantic  disjunction  in  the  Ocotea 
tives,    O.    guianensis    Aubl.    and    0.    percoriacea  complex    can    be   attributed    to   West   Gondwanan 
(Meisn.)  Kosterm.,  respectively,  are  firmly  seated  in  breakup,  it  would  have  to  be  at  least  90  Mya  old. 
the  dioecious  clade  discussed  above.  This  biogeographic  scenario  was  simulated  on  the 

Remaining   taxa   place   near   the  Licaria   group  parsimony-based  ITS  topology  by  fixing  the  New 

without   strong  support   (Fig.   3).   Ocotea  rhyncho-  World-Old  World  divergence  (node  e  in  Fig.  5a  and 
phylla  (Meisn.)  Mez  and  0.  odorifera  (Veil.)  Rohwer  Table  3a)  at  90  My  and  using  the  resulting  rate  of 

represent  species  groups  that  Rohwer  (1986)  con-  molecular  evolution  to  estimate  divergence  times 
sidered  intermediate  between  the  0.  dendrodaphne  for  other  nodes.  This  calibration  yields  a  rate  of 

species  group  (including  0.   quixos  and   O.   vera-  0.000275  substitutions  per  site  per  million  years,  a 

guensis  herein)  and  the  rest  of  Ocotea.  Their  posi-  rate  that  halves  the  lowest  ever  reported  for  ITS 

tion  near  the  Licaria  group  is  consistent  with  Roh-  (Suh  et  al.,  1993),  and  which  places  the  divergence 

wer's  interpretation.  Aniba,  too,  has  been  associated  of  the  Chlorocardium-Mezilaurus  clade  (Fig.  3;  and 
with  Licaria  (e.g.,  Kubitzki,  1982),  but  has  simple-  represented  by  Sextonia  pubescens  van  der  Werff  in 

rimmed  or  rarely  weakly  double-rimmed  cupules.  Fig.  5a)  from  the  Perseeae— Laureae  clade  (includes 
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the  Ocotea  complex)  at  354  Mya  (node  a  in  Fig.  5a  basal  linkages 

and  Table  3a).  This  Devonian  age  precedes  earliest 

undisputed  angiosperm  fossils.  Furthermore,  if  the  Raven  and  Axelrod  (1974)  situated  the  cradle  of 

equivalent  node  in  the  basal  topology  (node  G  in  the  angiosperms  in  West  Gondwana,  and  its  p
rox- 

Fig.  5b  and  Table  3b)  is  fixed  at  354  Mya  and  imity  to  Laun»"»  was  pivotal  to  the  Mid
-Cretaceous 

divergence  times  for  earlier  lineages  calculated,  the  Prese™e  of  angiosperm  pollen  in  the 
 South  Laur- 

radiation  of  the  family  is  placed  in  the  Pre-Cam-  asia  PrOTI"ce  (sensu  Brenner,  1976).
  Any  expla- 

brian,  ca.  682  Mya.  Therefore,  the  neotropical-Af-      nation  of  the  biogeographic  hi
story  of  Lauraceae 

rican  disjunction  shown  by  the  Ocotea  complex  is      als°  r^Uires  early  migratory  
routes  betw 

Laur- 

likely  to  be  much  younger  than  West  Gondwanan      asia  and,  West  Gondwana
-  Southern  hemispheric 

ii  i  .     r  j.  i  .  i  Hypodaphnis,    Cryptocaryeae,    Cassytha,    and    the 
breakup,  and  some  amount  of  dispersal  must  have         y  #•  f    •■  .      . 
been  involved. 

How  did  the  Ocotea  complex,  and  other  members 

of  the  family,  reach  the  New  World?  In  both  mor- 

phological and  molecular  attributes  the  Chlorocar- 

dium—Mezilauriis  clade  occupies  a  basal  and  iso- 
lated position  in  Lauraceae.  It  is  also  the  only 

lineage  of  basal  Lauraceae  restricted  to  South 

America  (reaching  its  northern  limit  in  Costa  Rica). 

These  qualities  argue  for  early  isolation  of  the  Chlo- 

rocardium—Mezilaurus  clade  in  South  America,  pre- 

Chlorocardium—Mezilaurus  clade  indicate  Gond- 

wanan history,  but  Caryodaphnopsis  and  Neocin- 
namomum  appear  to  be  Laurasian. 

Caryodaphnopsis  is  disjunct  between  tropical 
America  and  tropical  Asia,  while  Neocinnamomum 

is  known  only  from  tropical  Asia.  They  represent 

the  only  early  lineages  in  Lauraceae  that  are  pre- 
sent in  Asia  bill  are  not  also  known  to  occur  in 

Africa,  Madagascar,  and  Australia,  in  contrast  to 

widespread  genera  in  Cryptocaryeae  and  Cassytha, 

The  fossil  record  suggests  that  both  Caryodaphnop- 
sumably  initiated  by  West  Gondwana  breakup.  To  i  kT  u  •     A  ? 

,  .     ,  .  i  .  •  i  •  sls  anc*  Neocinnamomum  nave  an  ancient  Laurasian 
assess  this  biogeographic  scenario  on  other  diver-  1     .        tu    r       1         j  *  r»         j     l  i G     D    r  history.  I  he  tossil  wood  taxon  Caryoaapnnopsoxylon 
gence  times,  substitution  rates  in  the  ITS  and  rpllG  ̂ ^  Gottwald  (1992)  places  the  unique  xylem data  sets 

•  re-cal.brated  using  an  Upper  Mid-  anatf)my  of  Caryodaphnopsis  in  Late  Eocene  Ger- Cretaceous  (90  Mya)  separation  of  South  America  many   The  fossil  flower  Neusenia  tetrasporanguUa 
from  Africa  to  date  the  divergence  of  the  Chloro-  Eklund  from  ̂   Cretaceous  North  America  com- 
cardium-Mezdaurus   clade   from    its    sister   group  pares  favorably  with  Neocinnamomum,  and  flowers 

•ompare( 

1 (node  a  in  Fig.  5a  and  Table  3a,  node  G  in  Fig.  5b      and  fruits  from  the  same  locality  can  ,M 
and  Table  3b).  With  this  second  calibration,  radi-      to  Caryodaphnopsis  (e.g.,  Eklund,  2000).  Although ation  of  lauraceae  was  estimated  at  174 Mya      j^g  Unities  of  the  latter  fossils  cannot  be 

(node  A  in  Fig.  5b  and  Table  3b),  and  radiation  of      biguously  assigned,  the  implied  antiquity  of  Cary- 
the  terminal  Perseeae-Laureae  clade  was  placed  in      Odaphnopsis    and    Neocinnamomum 

is    consistent 

the  Eocene,  44  ±  7  Mya  (node  b  in  Fig.  5a  and      with"  their  relatively  basal  positions  in  Lauraceae. Table  3a).  This  estimate  for  Eocene  radiation  of  the      Most  likeiy,  these  modern  genera  are  descendants 

•  f_*  •  j  a  k 

(1 

OC- 

latter  group  is  supported  by  the  fossil  record.  The  0f  the  Cretaceous  Laurasian  flora  of  Laurac 
hemispherical  cupules  of  the  London  Clay  Flora  umented  by  the  fossil  genera  Mauldinia  (Drinnan 
(Reid  &  Chandler,  1933)  are  restricted  to  Laureae  et  £.,  1990;  Herendeen  et  al.,  1994,  1999;  Eklund 
and  Cinnamomeae  of  the  Perseeae-Laureae  clade.  &  Kvatfek,   1998)  and  Perseanthus  (Herendeen  et 
Well-preserved  flowers  with  the  general  floral  struc-  al#9  1994). 
ture  of  genera  in  the  Persca  group  and  Cinnamo- The  timing  of  events  that  resulted  in  the  modern 

meae,  but  not  other  members  of  Lauraceae,  have      distribution  of  Caryodaphnopsis  can  further  eluci- b een d escnbec 
ibed   from    Eocene    deposits    in    North  date  its  biogeographic  history.  A  relictual  presence 

America  (Taylor,  1988)  and  Late  Eocene  Baltic  am-  Jn  South  America  would  imply  a  continuous  paleo- 
ber  (Conwentz,  1886).  Thus,  our  second  calibration,  distribution  from  South  America  to  Eurasia.  How- 
that  which  credits  South  American  isolation  of  the  ever,  such  continental  configuration  also  provides 
Chlorocardium-Mezilaurus  clade  to  West  Gondwan-  direct  connections  between  South  America  and  oth- 

kup,  estimates  a  realistic  age  for  radiation  er  Gondwanan  terrains  (reviewed  in  Hallam,  1994), 
I 

of  the  family  and  complements  fossil  evidence  of      and  preferential  extinction  in  these  Soutl 
ouinern  mn 

land- 

liation  of  the  Perseeae— Laur group  in  Early       masses  would  be  necessary  to  explain  the  modern 

Tertiary  Laurasia.  This  congruence  provides  confi-       disjunction.  Alternatively,  the  rpl\6  data  set  esti- 
dence  that  age  estimates  based  on  our  second  cal-  mates  a  relatively  recent  separation  (44  ±  14  Mya) 
ibration  are  good  approximations  of  actual  diver-  of  South  American  C.  tomentosa  van  der  Werff  from 
gence  times.  Asian  C.  bilocellata  van  der  Werff  (node  F  in  Fig. 
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5b  and  Table  3b).  This  would  rule  out  a  relictual      cannot  be  discounted.  All  other  Southern  Hemi- 

presence  in  South  America  and  is  consistent  with      spheric  genera  have  narrower  ranges. 

the  view  that  disjunct  distributions  between  tropical Hypodaphnis  may  be  relictual  in  Central  Africa 

Asia  and  tropical  America  are  derived  from  ances-  since  its  ancestors  apparently  diverged  from  the 

tral  boreotropical  ranges  disrupted  by  Late  Eocene  rest  of  the  family  when  direct  migration  between 

climatic  cooling  (e.g.,  Wolfe,  1975;  Tiffney,  1985a,  Gondwana  and  Laurasia  was  possible  (node  A  in 

b;  Zhengyi,  1983).  Moreover,  this  calibration  im-  Fig.  5b  and  Table  3a).  Eusideroxylon  ranges  from 

plies  that  isolation  of  Caryodaphrwpsis  from  the  rest  Borneo  to  Sumatra,  and  Potoxylon  is  endemic  to 

of  the  family  can  be  staged  in  the  Early  Cretaceous  Borneo.    With   their  placement   in   predominantly 

about  140  Mya  (node  E  in  Fig.  5b  and  Table  3b).  Southern  Hemispheric  Cryptocaryeae,  it  is  poss
ible 

Increasing  separation  of  Laurasia  from  Gondwana,  to  regard  them  as  Gondwanan  
relicts  as  well.  How- 

a  salient  feature  of  Early  Cretaceous  paleogeogra-  ever,  their  separation  from  the  rest  o
f  the  tribe  is 

phy  (reviewed  in  Hallam,  1994),  would  have  dis-  dated  at  about  12°  Mya  (node  C'  Flg
-  5b)'  an  a§e 

rupted  trans-Tethyan  ancestral  ranges  and  precip-  that  Permits  early  
miration  into  Laura* 

itated  the  next  biogeographic  phase  in  Lauraceae,  visioned    for    Caryo
daphnopsis    above, 

i.e.,  radiation  on  increasingly  distant  Laurasian  and  Trianthera  
eusideroxylon  Conwentz   an  amber-em- 

Furth 

er, 

Gondwanan  landmasses. 

Accordingly,   in  the   Northern   Hemisphere,  the 

bedded  flower  from  the  Eocene-Oligocene  bound- 
1886)  compares 

...  !  „    t  r      •!  .  i  4i       i.  .  remarkably  well  with  Eusideroxylon  and  adds  to  the 
Mid-Cretaceous  fossil  taxa,  and  the  direct  ancestors  J  J 
r  S*         i     i  •         j    *r      -  u  possibility  of  a  Gondwanan-Laurasian  dichotomy  in 

of   Caryodaphnopsis   and   neocinnamomum,   would  r  J  J 
.  ,,  .       .         .i         T  .         ,.ii  Cryptocaryeae.    Upper   Cretaceous    appearance   ot 
have  spread  throughout  southern  Laurasia  until  de-  JV  •     i  f     «i       /;     •       •     u  /w  in- 

creasing temperatures  and  the  opening  of  the  north 

Atlantic  constricted  their  descendants  to  tropical 

the  boreotropical  Aquilapollenites  in  Borneo  (Wolfe, 

1975;  and  references  therein),  and  the  composite 

geological  nature  of  the  Indo- Malayan  region  (Bur- Asia  and  America.  To  the  south,  truly  pantropical       *        h  ,       - 
.     ,    .  ,  ,  ,  •      1    1    •         1  rett  et  al.,   1991;  Michaux,   1991;  and  references 

genera  and  clades  would  have  attained  their  wide- 

spread distribution,  with  seafloor  spreading  in  the 

South  Atlantic  and  Indian  Oceans  leading  to  in- 

therein),  are  also  consistent  with  Laurasian  history 

for  Eusideroxylon  and  Potoxylon. 

All  other  members  of  Cryptocaryeae  and  their 

creased  regional  endemicity.  These  continental  re-      ̂   ̂   ̂ ^  ^  or  ̂   represented  -^  aus. 
configurations  appear  to  be  reflected  in  the  distn-      ̂   partg  q{  ̂   QU  ̂ ^  ̂      Eagt  Gondwanan bution  of  Southern  Hemispheric  genera. 

and  derived  terrains.  At  the  other  end  of  the  former 

Of  pantropical  genera,  Bedschmiedia  and  Cryp-  ̂ ^  continenti  the  Chlorocardium-Mezilaurus 
tocarya  are  the  most  widespread.  The  genetic  dis-  ̂ ^  .g  restricted  to  South  America.  Thus,  among 
tance-based    age   estimations    indicate   that   these  thege   Southem   Hemispheric   genera  and   clades, 
genera  diverged  from  their  most  recent  common  an-  more  ba§al  groupg  are  ehher  widespread  or  relic- 
cestor  about  90  ±  20  Mya  (node  D  in  Fig.  5b  and  ̂   and   more  derived   &oups   are   restricted  to 
Table  3b).  Variance  around  these  age  estimations  Eastem  or  Western  Gondwanan  fragments,  consis- 
argues  for  direct  migration  throughout  Gondwana,  tent  whh  the  progressive  dismantling  of  Gondwana. 
and   a   widespread   pre-drift   distribution  for  both 

Beilschmiedia   and   Cryptocarya.   The   presence   of  THE  PerSEEAE-Laurkae  CLADE 
both  genera  in  continental  Asia  may  be  due  to  the 

rafting  of  the  Indian  subcontinent  and  other  Gond-  ROUTES  TO  LAU
RASIA 

wanan  fragments  to  the  Asian  plate.  Later  accre- 
tions of  Gondwanan  fragments  with  the  Asian  plate 

The  Per: Laureae  clade  diverged  from  its 
:nts  with  the  Asian  plate  sjster  groUp,  the  Chlorocardium-Mezilaurus  clade, 

and  Miocene  island  hopping  across  the  Indo-Ma-  s;nce  the  Upper  Mid-Cretaceous,  but  until  fossil 
layan  region  may  also  have  been  involved.  The  pan-  members  appeared  in  Eocene  Laurasia  its  biogeo- 
tropical  distribution  of  Cassytha  is  mostly  due  to  graphic  history  is  a  mystery.  Three  alternative  sce- 

filift 

narios  are  conceivable.  In  a  vicariant  vein,  consider 

approximately  20  species  are  restricted  to  the  Old  a  West  Gondwanan  common  ancestor  for  the  Per- 

World  and  show  high  regional  endemism  in  Aus-  seeae-Laureae  clade  and  its  sister  group,  with  tec- 

tralia  (Weber,  1981).  Although  the  Southern  Hemi-  tonic  activity  isolating  direct  ancestors  of  the  Chlo- 

spheric  distribution  centered  in  the  Old  World  fa-  rocardium-Mezilaurus    clade    on    South    America 

vors  a  predominantly  East  Gondwanan  history  for  while    stranding    those    of   the    Perseeae-Laureae 

Cassytha,  the  possibility  of  a  Laurasian  history  fol-  clade  on  Africa.  Ancestors  of  the  Perseeae-Laureae 

lowed  by  radiation  into  its  associated  xeric  habitat  clade  then  migrate  to  Laurasia  via  North  Africa. 
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Alternatively,  the  northern  route  of  the  Perseeae-      gest  that  its  Asian  and  American  members  diverged 
Laureae  clade  could  have  included  a  South  Amer-      around   the   Eocene-Oligocene   boundary,   ca.   32 

phase   with   subsequent   migration   to   North       Mya  (node  z  in  Fig.  5a  and  Table  3a). 
America  and  Eurasia.  Precursors  of  the  Greater  The  distribution  and  representation  of  the  Cm- 
Antilles  spanned  the  Panamanian  Isthmus  as  an  namomum  group  in  the  Neotropics  and  Asia  is  al- 
island  chain  in  the  Mid-Cretaceous  (Pindell  et  al.,  most  identical  to  that  of  the  Persea  group.  Whether 
1988)  providing  a  stepping-stone  migratory  route  New  and  Old  World  clades  in  the  Cinnamomum 
out  of  South  America.  Yet  a  third  possibility  is  that       group  constitute  a  monophyletic  group  is  not  yet 
the  common  ancestor  of  the  Perseeae-Laureae  and      clear.  From  age  estimates  obtained  by  enforcing 

monophyly  (Fig.  5a),  the  assumed  common  ances- 

tral gene  pool  divided  around  the  Eocene-Oligo- 
cene boundary,  a  divergence  time  coincident  with 

Chlorocardium-Mezilaurus    clades    was    Laura 
and  shared  the  former  northern  continent  with  Car- 

yodaphnomis  and  N eocinnamomum   ~~ 

would  require  that  the  Chlorocardium-Mezilaurus  that  calculated  for  the  Persea  group.  These  simi- 
clade  migrated  into  South  America  via  the  Mid-  larities  in  the  tropical  amphi-Pacific  disjunctions  in 
Cretaceous  stepping-stone  route  provided  by  proto-  the  Cinnamomum  and  Persea  groups  suggest  corn- 
Greater  Antilles.  Evidence  of  an  early  faunal  and  monality.  Disruption  of  boreotropical  ranges  by  cli- 
floristic  exchange  across  this  region  has  accumu-  matic  cooling  around  the  Eocene-Oligocene 
lated  (e.g.,  Cadle,  1985;  Estes  &  Baez,  1985;  Gra-  boundary  (Wolfe,  1975;  Tiffney,  1985a,  b;  Zhengyi, 
ham,  1995;  Burnham  &  Graham,   1999),  but  the 1983)  would  be  consistent  with  the  present  age  es- 
taxa  involved  are  usually  distributed  throughout  timates.  Already  tenuous  biotic  links  across  the 
northern  Central  America  and  South  America,  North  Atlantic  and/or  Pacific  were  severed  at  this 

while    the    Chlorocardium-Mezilaurus    clade    only      time,  and  divided  Cinnamomum  and  Persea  groups 
receded  to  warmer  paleolatitudes  in  Asia  and  the 

reac t Costa  Rica  to  the  north. 

guou 

-Laur A mencas 

Like  the  Cinnamomum  and  Persea  groups,  Lau- 

first  or  African  scenario.  North  Africa  is  today  part      reae  are  most  diverse  in  Asia  with  a  smaller  range 
of  the  largest  desert  system  in  the  world,  but  was       and  representation  in  the  New  World.  Lindera,  Lit- ed II  into  the  Miocene }fr 

(Axelrod  &  Raven,  1978).  During  the  Tertiary,  Af-      only  Litsea  ranges  south  of  temperate  North  Amer- 
rica  moved  progressively  northward,  and  migration      ica,  to  Costa  Rica.  The  unsettled  generic  delimi- 
to  Eurasia  across  the  narrowing  Tethys  would  have      tation  of  Litsea  and  Lindera  cautions  against  as- 
become  increasingly  feasible.  The  South  American      sessment  of  their  disjunctions  from  morphology,  but 
scenario  invokes  a  circuitous  route  to  Eurasia  and 

tf 

supported    here 
fails  to  explain  why  no  members  of  the  Perseeae-      (Figs.  3,  4),  providing  an  opportunity  to  assess  the 
Laureae  clade  remain  relictual  in  South  America.      classic    North    America-Eastern   Asia  disjunction 
An  early  Laurasian  history  would  have  to  account      first    brought    into    scientific    focus    by   Asa   Gray 
for  the  absence  of  the  Chlorocardium-Mezilaurus 
clade  in  Asia. 

(Boufford  &  Spongberg,  1983).  In  Sassafras,  diver- 
gence  of  Asian  S.   tzumu   (Hemsl.)   Hemsl.   from 

esti- 

North  American  S.  albidum  (Nutt.)  Nees 

mated  at  about  12  Mya  (node  x  in  Fig.  5a  and  Table 
3a).  This  northern  temperate  disjunction  is  much 

Routes  to  the  New  World  I:  Persea  Group, 
Cinnamomim  Group,  and  Laureae 

younger  than  the   ±   30  Mya  old  tropical  amphi- 
The  Persea  group  is  most  diverse  in  Asia,  with  Pacific  disjunctions  shown  by  Cinnamomum  and 

only  ca.  80  of  its  approximately  400  species  found  Persea  groups.  While  climatic  cooling  in  the  Eo- 
in  the  New  World.  These  occur  mainly  in  montane  cene  and  Oligocene  (Wolfe,  1975;  Hallam,  1994) 
forests  in  Central  and  South  America  and  range  restricted  tropical  taxa  to  lower  paleolatitudes,  for 
from  Mexico  to  Chile,  reaching  the  Atlantic  coastal  temperate  taxa  intercontinental  connections  < 
forests  in  southeastern  Brazil.  In  the  Old  World,  two  northern  latitudes  would  have  been  possible  until 
taxa  are  present  in  the  Canary  Islands.  Apollonias  much  later  in  the  Tertiary.  The  estimated  diver- 
barhujana  (Cav.)  Bornm.  is  placed  in  an  unresolved      gence  time  separating  Asian  from  North  American 
Asian   clade  with  Alseodaphne,   Dehaasia,   Persea      Sassaft 
subg.  Machilus,  and  Phoebe  (Figs.  3,  4).  The  other      Strait,   and 

Leop 

Canary  Island  endemic,  Persea  indica  (L.)  Spreng.,  view  that  Mid-Miocene  loss  of  the  Bering  land 
was  not  sampled  here.  Pending  better  resolution  bridge  is  the  most  likely  cause  of  north -temperate 
within  the  Persea  group,  current  age  estimates  sug-      disjunctions  between  North  America  and  Asia. 
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ROUTES  TO  THE  new  WORLD  H:  the  QCOTEA  proximately  20  Mya  (node  f  in  Fig.5a  and  Table  3a) 

COMPLEX  argues  for  arrival  of  the  Ocotea  complex  in  South 

America  prior  to  Pliocene  closure  of  the  Panaman- 
The  Ocotea  complex  accommodates  most  of  the  ian  isthmus.  As  the  timing  of  the  separation  coin- 

taxonomic  diversity  of  neotropical  Lauraceae.  In  cides  with  increased  uplift  of  the  northern  Andes 
the  Old  World  the  complex  is  weakly  represented  in  the  eariy  Miocene,  it  is  conceivable  that  Andean 
in    Macaronesia,    Africa,    and    Madagascar.    Any  or0geny  divided  the  ancestral  range.  Further,  since 
trans-Atlantic  disjunction  produced  by  West  Gond-  lowland  genera  of  the  Ocotea  complex  place  in  ei- 
wanan  vicariance  was  discounted  (above)  and  in-  tber   South-   or  Central   A 

stead  the  disjunction  dates  to  around  the  Oligo-  (Fig   4^  Andean  orogeny  appears  to  maintain  ge- 
cene-Miocene  boundary,  ca.  23  ±  5  Mya  (node  e  neric  endemism  while  allowing  lower  montane  Cin- 

-centered  clades 

in  Fig.  5a  and  Table  3a).  The  estimated  Eocene namomum  and  Persea  groups  to  range  widely.  Ex- 
Oligocene  age  (node  d  in  Fig.  5a  and  Table  3a)  of  ceptionally,  South  America-centered  clades  range 
the  Ocotea  complex  implies  an  origin  concurrent  throughout  Central  America  with  widespread  spe- 
with  the  southward  movement  of  megathermal  for-  cies?  e  g  ̂  yy.  cuspidata  Nees  of  Nectandra  s.  str. 
ests  (Wolfe,  1975;  Hallam,  1994),  and  its  derived  (Fig    4^  arKj  vice  versa?  e  g^  yy.  purpurea  of  the 
position  relative  to  the  previous  clades  indicates  Nectandra  coriacea  species  group  (Fig.  4).  Although 
boreotropical  ancestry.  Unlike  previous  Laurasian  these  may  be  secondary  range  expansions  of  indig- 
taxa,  the  Ocotea  complex  is  absent  in  Asia.  While  enous  gouth  ancj  Central  American  taxa  (e.g.,  Roh- 
Persea  and  Cinnamomum  groups  appear  as  lower  wer  &  Kubitzki,  1993),  they  indicate  the  underlying 
montane  taxa  in  the  Neotropics,  the  Ocotea  complex  complexity  of  biogeographic  patterns, 
is  especially  diverse  in  the  lowlands  of  South  Amer-  The  biogeographic  history  of  Lauraceae  outlined 
ica.  Given  these  differences  in  distribution  and  a  here  shares  much  with  that  proposed  by  Doyle  and 
relatively   recent   trans-Atlantic   disjunction,  their  Le  Thomas  (1997)  for  Annonaceae.  As  in  that  di- 
biogeographic  history  may  be  quite  different  from  verse  magnoliid  family,  three  main  phases  are  rec- 
that  of  the  other  boreotropical  lineages.  In  this  re-  ognizable.  Early  radiation  of  both  families  appar- 
gard   xeric   tolerances   shown   by   African   Ocotea, ently  occurred  when  migration  between  Gondwana 

Californian  Umbellularia,  and  the  Central  America-  ancj  LaUrasia  was  possible.  Next,  diversification 
centered  Nectandra  coriacea  group  may  be  signifi-  throughout  the  Cretaceous  produced  lauraceous 
cant.  These  taxa  place  basally  in  the  complex,  and  Cryptocaryeae,  perhaps  Cassytha,  and  the  Chloro- 
their  sclerophyllous  habit,  unusual  for  Lauraceae,  cardium-Mezilaurus  clade  on  Gondwana,  with  Car- 

adds  to  taxa  that  link  the  Madrean-Tethyan  scler-  yodaphnopsis  and  its  allies  on  Laurasia.  In  Annon- 
ophyllous  flora  discussed  by  Axelrod  (1975).  This  aceae,  Anaxagorea  appears  to  be  the  counterpart  of 
broad-leaved  flora  ranged  along  the  Tethyan  coast  CaryodaphnopsLs.  In  both  families,  renewed  contact 
from  North  America  to  southeastern  Eurasia  and  between  Gondwanan  and  Laurasian  fragments  in 
North  Africa,  and  existed  relatively  continuously  the  Early  Tertiary  resulted  in  a  second  radiation  on 
since  the  Late  Eocene,  only  disrupted  by  increased  Laurasian  terrains.  In  Lauraceae,  this  boreotropical 

climatic  cooling  and  drying  at  the  end  of  the  Oli-  phase  produced  the  Perseeae-Laureae  clade,  but 
gocene  (Axelrod,  1975).  The  23  ±  5  Mya  estimate  unlike  Annonaceae,  its  descendants  did  not  only 

of  the  trans-Atlantic  disjunction  in  the  Ocotea  com-  recede  to  the  Asian  tropics  with  climatic  cooling, 
plex  is  consistent  with  that  expected  for  taxa  with  Three  of  the  four  major  lineages  of  Lauraceae 

ancestral  Madrean-Tethyan  ranges  (e.g.,  Fritsch,  evolved  during  this  period,  migrated  to  the  Neo- 

1996).  Great  disparity  in  species  diversity  on  the  tropics,  and  one  of  these,  the  Ocotea  complex,  un- 

two  sides  of  the  Atlantic  may  be  attributed  to  dis-  derwent  a  major  radiation  in  the  New  World.  This 

proportionate  opportunities  for  speciation  and  dif-  latter  radiation  has  few  parallels  in  neotropical  phy- 

ferentiation.  In  the  Neogene,  continental  Africa  togeography.  There  are  indications  that  some  line- 
moves   progressively   northward   into   a   drier   and  ages  in  the  Leguminosae  (Lavin  &  Luckow,  1993) 

d  Melastomataceae  (Renner  &  Meyer,  in  press) cooler  climate  (Hallam,  1994),  while  tectonic  uplift 

in  the  Panamanian  isthmus  (Pindell  et  al.,  1988)  are    derived    from    boreotropical    ancestors,    and 

provides  the  Madrean  flora  of  southeastern  North  Krutzsch    (1989)    listed    possible    examples    from 

America  with  opportunities  for  stepping-stone  dis-  Bombacaceae,  Olacaceae,  and  Symplocaceae.  The 

persal  into  South  America. emerging  prospect  of  a  larger  contingent  of  Laura- 

Separation  of  the  Central  America-centered  Oco-  sian  elements  in  the  lowland  Neotropics  than  pre- 

tea  helicterifolia  species  group  from  its  speciose  viously  recognized  can  be  assessed  when  phyloge- 

South  America-centered  sister  group  (Fig.  4)  ap-       nies  of  more  tropical  taxa  become  available. 
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Outlook:  Toward  a  PhyL0GENET1C  cumscribed  to  accommodate  just  the  Persea  group, 
Arkangkment  of  Lai  rackaf.  and  Umbellularia  removed  from  Laureae  to  Cin- 

namomeae.  The  latter  also  includes  all  remaining 
The  utility  of  morphological  classification  that  genera  of  van  der  Werff  an(J  Rk.hter's  perseeae. 

expresses    evolutionary   history    and   relationships  Several  8mallei.   although  morphologically  distinc- 
with  support  from  molecular  data  is  obvious.  For  tive  taxa  are  not  clear]y  placed   particuiarly  in  the 
Lauraceae,  appropriate  characters  to  be  employed  case  of  Qassytha,  to  a  lesser  extent  for  Caryoda- 

Among  traditional  phnopsis  and  Neocinnamomum,  and  perhaps  Hy- 
morphological  characters,  the  number  of  locules  podaphnis.  At  a  lower  taxonomic  level,  increased 
per  anther  attains  generic  and  even  supra-generic  sampHng  is  necessary  for  a  thorough  reconsidera- 
importance  in  early  schemes  (Nees,  1836;  Meis-  tion  of  current          rfc  concept8  am        Lauraceae. 
sner,  1864;  Bentham,  1880;  Pax,  1889;  Mez,  1889;  In  this  study^  only  the  0co(m  complex  hag  been Kostermans,  1957).  Several  examples  of  the  weak- 

ness of  this  character  have  been  identified  and 

in  s h h a  scneme  are  elusive 1 

con fi 

presentatively  sampled;  seemingly  natural  groups 

of  genera  and  parts  of  larger  genera  have  1 
1   by   the  present  molecular  data.   Other      identified  within  this  complex.  Similarly,  increased characters  do  not  fare  much  better.  The  use  of  um- 

bellate involucrate  inflorescences  to  circumscribe 

Laureae  is  a  salient  feature  of  most  classification      Lauraceae 
schemes  (e.g.,  Rohwer,   1993a;  van  der  Werff  & 

Richter,  1996),  but  this  syndrome  clearly  evolved 
independently   in   Umbellularia.    Similarly,  dioecy 
appears  three  times  on  the  phylogeny  herein,  in 

sampling  in  other  main  clades  identified  here  will 

improve  our  understanding  of  relationships  among 

Hypodaphnis,  in  Laureae,  and  again  in  the  Ocotea 

complex.  Further,  Kostermans'  (1957)  system 
stresses  degree  of  cupule  development,  but  both 

extremes  are  found  in  Cryptocaryeae,  and  the  non- 
cupulate  condition  of  Beilschmiedia  and  Endiandra 

therein  reappears  in  the  distantly  related  Persea 

group.  Equally  problematical,  morphological  syna- 
pomorphies  are  not  readily  noted  for  several  clades 

that  receive  strong  molecular  support.  In  the  case 

of  Cassytha  and  Neocinnamomum  long  branch  at- 

traction can  be  held  responsible,  but  on  closer  ex- 

amination genera  of  the  Chlorocardium—Mezilaurus 
clade  can  be  allied  by  a  mosaic  of  characters. 
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Abstract Goy 

sequences.  Both  genera  are  currently  classified  in  the  tribe  Gloxinieae,  but  both  are  poorly  known.  Based  on  its  floral 

morphology,  the  classification  of  Goyazia  in  Gloxinieae  is  not  controversial.  Lembocarpus  may  be  placed  in  Gloxinieae, 

Kpiscieae,  or  Sinningieae.  The  acaulescent,  tuberous  nature  of  lembocarpus  limits  the  number  of  characters  available 

for  a  morphological  analysis  and  has  made  its  classification  and  phylogenetic  relationships  difficult  to  resolve.  Phylo- 

genetic  analyses  of  ndhF  sequences  place  both  genera  in  Gloxinieae.  Although  the  affinities  within  the  tribe  are 

ambiguous  for  Goyazia,  Lembocarpus  is  sister  to  Capanea.  The  addition  of  Goyazia,  Lembocarpus,  and  an  additional 

species  of  Capanea  provide  better  resolution  of  relationships  within  Gloxinieae  and  Gesnerieae  than  had  been  obtained 

previously  from  parsimony  analysis.  A  maximum  likelihood  analysis  is  largely  congruent  with  the  parsimony  tree. 

Key  words:     cladistics,  Gesneriaceae,  Gloxinieae,  (royazia,  Lembocarpus,  ndhF. 

Classification  and  phylogenetic  analyses  within 
Goy> 

Gesneriaceae,  particularly  the  neotropical  subfam-      inieae  on  the  basis  of  its  scaly  rhizome,  annular 

ily  Gesnerioideae,  have  received  much  attention,      nectary,  and  corolla  shape. 

revealing    numerous    relationships    within    genera Goyazia,  the  placement  of  Le 

(Smith  &  Sytsma,  1994a,  b,  c;  Smith,  1994;  Kvist  within  Gloxinieae  (Wiehler,  1983)  has  drawn  criti- 

&  Skog,   1988,   1989,   1993,   1996;  Kvist,   1990),  cism.  Lembocarpus  is  a  poorly  known,  monotypic 

within  tribes  (Smith  &  Carroll,  1997;  Smith  &  At-  genus  that  was  once  in  cultivation  in  North  Amer- 

kinson,  1998;  Smith,  2000a,  b),  and  among  tribes  ica,  and  apparently  is  no  longer.  The  plant  is  an 

(Burtt  &  Wiehler,  1995;  Smith,  1996,  2000c;  Smith  acaulescent  tuberous  perennial  that  produces  a  sin- 

et  al.,  1997a,  b).  However,  the  classification  and  gle  leaf  and  inflorescence  each  season  (Wiehler, 

phylogenetic  relationships  of  numerous  genera  have  1983).  The  ovary  is  superior  and  the  nectary  is  an- 
remained   unexamined.    Among   these   genera   are 

(W 

1983).   In   his 
U 

Goyaz 

Goyazia 

treatment  of  the  Gesneriaceae  of  the  Guianas, 

Leeuwenberg  (1958)  considered  Lembocarpus  to  be 

similar  to   both   the   Guianan  endemic  Rhoogeton 

or  well  known  and  the  plant  is  not  in  cultivation  in       Le 

North  American  or  European  gardens,  the  place-       Gloxinieae). 

ment  of  this  genus  in  Gloxinieae  (Wiehler,   1983) 

Goyazia 
Wiehler  (1983)  was  the  first  to  place  Lembocar- 

pus in  Gloxinieae  on  the  basis  of  the  annular  nec- 
Planalto  of  Brazil  in  Goias  and  Mato  Grosso  prov-       tary    and    tuberous    habit.    Additionally,    Wiehler 

inces.  The  plant  is  a  creeping  saxicolous  perennial 
Le 

with  slender  stems,  scaly  rhizomes,  and  small  or-  ningia  Nees  (Gloxinieae  sensu  Wiehler,  1983)  as 

bicular-ovate  leaves.  Flowers  are  borne  singly  in  additional  support  for  Lembocarpus  in  Gloxinieae. 

the  leaf  axils  and  are  structurally  the  same  as  those  Several  Sinningia  species  have  tubers  and  nearly 

of  Achimenes  Pers.  and  other  members  of  Gloxi-  superior  ovaries,  which  added  further  support  for 
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Table  1.      Species  sequenced  in  this  study  with  GenBank  submission  numbers  and  voucher  specimens.  Letters  i 
parentheses  indicate  herbaria  where  vouchers  are  deposited. 

Species 
Collection  and  voucher 

Achimenes  skinneri  Lindl. 

Anodiscus  xanthophyllus  (Poepp.)  Mansf. 
Bell 

Cultivated  (US) 

Peru.  Dunn  s.n.  (SRP) 
onia  sp. 

Capanea  affinis  Fritsd 1 

C.  grandiflora  (Kunth)  Decne.  ex  Planch 

Diastema  racemiferum  Benth. 
Eucodonia  andrieiixii  (DC.)  Wiehler 
Gloxinia  sylvatica  (HBK)  Kunth 
Goyazia  rupicola  Taubert 

Heppiella  ulmifolia  (Kunth)  Hans! 

Koellikeria  erinoides  (DC.)  Mansf. 
Kohleria  spicata  (Kunth)  Oerst. 
Ijembocarpus  amoemis  Leeuw. 

Monopyle  maerocarpa  Benth. 
Moussonia  strigosa  (C.  V.  Morton) 
Niphaea  oblonga  Lindl. 
Pea  r< cea  sp 

P.  hypocyrtiflora  Regel 
Phinaea  albiflora  Kusby 

Sanango  racemosum  (Ruiz  &  Pav.)  Barringer 
Smithiantha  cinnabarina  (Linden)  Kuntze 

Solenophora  obliqua  D.  L.  Denham  &  D.  N.  Gib-         Mexico.  Breedlove  71542  (CAS) sou 

Gesnerieae 

Gesneria  pedicel  laris  Alain 
Gesneria  christii  Urban 

Rytidophyilum  tomentosum  (L.)  Mart 
Rytidophyllum  auriculatum  Hook. 

Episcieae 

Alloplectus  pan  a  mens  is  C.  V.  Morton 
Allopleetus  sp. 

Cultivated.  Skog  7722  (US) 
Cultivated  (US) 

Cultivated.  Skog  5364  (US) 
Cultivated  (US) 

Panama.  28  Oct.  1993,  Skog  et  al.  7641  (US) 
Kcuador.  Napo:  San  Rafael  Falls,  4  Apr.  1996, 

Smith  3418  (SRP) 

GenBank 
number 

U62177 

AF040143 

AF040144 

AF206201 

AF040145 

Dominican  Republic.  Evans  s.n.  (SRP) 
Colombia.  Risaralda:  Mpio.  Santuario,  Apr. 

1998,  Amaya  M.  &  Smith  393  (COL) 
Venezuela.  Merida:  Sierra  Nevada,  Mucuy  re- 

gion, 26  Jan.  1989,  Smith  1199  (WIS) 
Cultivated.  Skog  7574  (US) 
Cultivated.  Dunn  s.  n.  (SRP) 
Cultivated.  Dunn  9012051  (SRP) 
Brazil.  Goi^s:  17  Jan.  1998,  Smith  et  al.  3722 

(SRP) 

Kcuador.  Napo:  near  Baeza,  4  Apr.  1996.  Smith        AF040147 3427  (SRP) 

Brazil.  Dunn  s.n.  (SRP) 
Cultivated.  Skog  7701  (US) 

U621S6 
AF040146 

U62157 
AF257485 

A FO 13709 

U6218I 

French  Guiana.  Haut  Oyapock,  Mt.  St.  Marcel,  AF257486 
21   Mar.  1976,  Sastre  4478  (US) 

U62197 
AF040148 

U62160 

Cultivated  (US) 

Cultivated.  Dunn  s.n.  (SRP) 
Mexico.  Skog  7564  (US) 

Kcuador.  Napo:  near  Baeza,  4  Apr.  1996,  Smith  AF040149 3425  (SRP) 

South  America.  Cultivated.  Smith  3943  (SRP)  AF040150 
Cultivated  (US)  AF040151 
Kcuador.  Wiehler  (GRF)  U62144 
Cultivated  (US)  AF040152 

U 62202 

U62192 
U62191 

U62200 
U62199 

A  F0 1 3685 
A F0 13686 

Alsobia  dianthiflora  (H.  K.  Moore  &  \\.  G.  Wil-       Cultivated.  Skog  7969  (US) 
son)  Wiehler 

A.  punctata  (Lindl.)  Wiehler 

A FO 13687 

Alsobia  sp. 
Alsobia  sp. 

Ghrysothemis  friedrichsthaliana  (Hanst.)  H.  K. 
M 

Mexico.  Chiapas:  Ocozocautla,  winter  1991- 
1992,  Smith  3600  (SRP) 

Cultivated  (US) 

Cultivated.  Smith  3599  (SRP) 
Cultivated.  Skog  7992  (US) 

A  FO 1 3688 

A FO 13689 
A FO 13690 

A FO 13691 

oore 

Cobananthus  calochlamys  (J.  D.  Sm.)  Wiehl 
Codonanthe  elegans  Wiehler 
Codonanthopsis  peruviana  Wiehler 
Columnea  ambigua  (Urban)  Morley 
C.  mira  Morley 

C.  oblongifolia  Rushy 

er 

Cultivated  (US) 

Belize.  San  Jose:  Skog  5699  (US) 
Cultivated.  Turley  s.n.  (SRP) 
Puerto  Rico.  Smith  3701  (SRP) 
Panama.  Smith  2450  (WIS) 

A FO 13692 

U62178 

A FO 13693 
A FO 13694 
A FO 13695 

Peru.  Cuzco:  Prov.  Urubamba,  Machu  Picchu,  3        A  FO  13696 
Apr.  1989,  Smith  1721  (WIS) 
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Table  1 .     Continued. 

Speeies 

C.  sanguined  (Pers.)  Hanst. 
C.  schiedeana  Sehlecht. 

Corytoplectus  speciosus  (Poepp.)  Wiehler 
D.  urceolata  Wiehler 

Episc ia  fimbria t a  Fritsch 

E.  sphalera  I^euw. 

NautUocalyx  adenosiphon  (Leeuw.)  Wiehler 

Nematanthus  allms  Chautems,  ined. 

N.  fritschii  Hoehne 

Neomortonia  num miliaria  (Hanst.)  Wiehler 

N.  rosea  Wiehler 

Oerstedina  cerricola  Wiehler 

Paradrymonia  aurea  Wiehler 

R  densa  (C.  H.  Wright)  Wiehler 

P.  fuquaiana  Wiehler 

Rhoogeton  viviparus  Lwbg. 

Rufodorsia  major  Wiehler 

Outgroups:  Sinningieae 

Paliavana  prasinata  (Ker-Gawl.)  Fritsch 

Collection  and  voucher 

18  Oct.  1987,  Kvist  et  al,  370  (US) 

Cultivated.  Skog  7761  (US) 

Brazil.  Skog  5399  (US) 

Sinningia  brasiliensis  (Regel  &  Schmidt)  Wieh-        Brazil.  Dunn  9104014  (SBP) 
1 er 

Sinningia  cooperi  (Paxt.)  Wiehler 

Sinningia  richii  Clayb. 
Vanhouttea  lanata  Fritsch 

Cultivated.  Skog  7808  (US) 
Cultivated  (US) 

Cultivated.  Skog  7690  (US) 

Gen  Bank 
number 

A FO 13697 

U62164 

Cultivated.  Smith  3369  (SKP) 

Mexico.  Vera  Cruz:  road  from  Xalapa  to  Mis- 
santla,  Smith  288  (WIS) 

Ecuador.  Near  Limon,  15  May  1994  no  voucher        A  FO  13698 

Ecuador.  Napo:  San  Rafael  Falls,  4  Apr.  1996,         AF013699 
Smith  3416  (SKP) 

Cultivated.  Smith  3947  (SEP) 

French  Guiana.  Mte.  des  Nouragues,  16  June 

1994,  Feuillet  et  al  94-079  (US) 
Cultivated.  Skog  7847  (US) 

Brazil.  17  Jan.  1998,  Smith  et  al  3726  (SRP) 

Brazil.  Sao  Paulo:  Mpo.  Espiritu,  17  Jan.  1998, 
Smith  et  al.  3720  (SRP) 

Cultivated.  Smith  3944  (SRP) 
Cultivated  (US) 

AFO 13700 

AF013701 

AF013702 

AF206197 

AF206198 

AF013703 

AFO  13704 

Panama.  Bocas  del  Toro:  Cerro  Pate  Macho,  20         AF206199 

Nov.  1978,  Hammel  5754  (US) 

Cultivated.  Skog  7979  (US) 

Cultivated.  Stewart  s.n.  (SRP) 

Ecuador.  6  Jan.  1990,  Skog  7889  (US) 

AFO  13705 

AF013706 

AF013707 

Guyana.  Potaro-Siparuni  region,  Kaieteur  Falls,         AF2O620O 

AFO  13  708 

U62174 

U62 1 75 

U62201 

U62186 

U62203 

the  placement  of  Lembocarpus  in  Gloxinieae.  Re-  in  Episcieae  is  largely  based  on  the  many  charac- 

ports  of  hybrids  were  apparently  premature;  no  hy-  ters  it  shares  with  Rhoogeton:  superior  ovary,  tuber, 

brids  between  these  genera  have  been  documented       calyx  venation,  inflorescence  structure,  acaulescent 

(Boggan,  1991). 
Lemb 

habit,  and  ovules  only  on  outer  placental  surfaces 

(Leeuwenberg,  1958).  The  superior  ovary  and  tu- 

Gloxinieae   sensu    Fritsch   (1894)   based   on   seed  berous  habit  are  unknown  in  Gloxinieae,  but  are 

characteristics,  noting  that  the  seed  shape  was  sim-  common  in  Episcieae.  In  contrast,  the  annular  nec- 

ilar  to  some  species  of  Episcia  Mart,  (tribe  Epis-  tary  is  known  outside  of  Gloxinieae  and  Gesneneae 

cieae)  but  not  like  any  species  of  Gloxinia.  Thus  only  in  Beslerieae,  a  tribe  with  several  other  defin- 

seed  shape  implies  an  affinity  to  Episcieae.  Beau-  ing  characters  that  would  exclude  the  placement  of 

fort-Murphy  (1983)  also  noted  that  the  shape  of  the  Lembocarpus.  Tubers  are  more  widespread  among 

cells  of  the  seed  coat  was  similar  to  Smithiantha  members  of  Sinningieae  (sensu  Smith  et  al.,  1997b) 

Kuntze,  a  member  of  Gloxinieae.  Beaufort-Murphy  than    elsewhere    in    Gesnerioideae,    implying   that 

Lembocarpus 
Lembocarpus  may  best  be  placed  among  these  gen- 

isolated  position  within  Gesnerioideae  due  to  its  era.  Tubers  also  are  known  from  members  of  Ep- 

anomalous  combination  of  seed  characteristics.  iscieae  (Wiehler,   1983)  but  not  other  Gloxinieae 

In    summary,    morphological    data    support    the  (sensu  Smith  et  al.,  1997b). 

tramus  either  in  Gloxinieae  or  The  tribe  Gloxinieae  has  received  recent  atten- Lemb 

Episcieae.  The  similarity  to  Gloxinieae  is  based  on       tion  with  regard  to  the  phylogenetic  relationships 

nular    nectary,    campanulate    corolla,    and       of  its  genera  (Smith  &  Atkinson,  1998).  However, 
th e    an 

shape  of  the  cells  of  the  seed  coat.  Its  placement Goyazia  nor  Lemb 
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previous  cladistic  analyses  of  molecular  data  due  carpus  may  have  affinities  (Gloxinieae,  Episcieae, 

to  the  lack  of  leaf  material.  This  study  presents  and  Sinningieae).  Taxonomic  choice  derived  from 

results  regarding  the  phylogenetic  position  of  these       previous   tribal  analyses   with   Episcieae   sister  to 

genera  within  the  neotropical  Gesneriaceae. 

Materials  and  Mkthods 

Voucher  information  and  Genbank  numbers  for 

all  sequences  used  in  this  analysis  are  presented 

in  Table  1.  DNA  for  Goyazia  was  isolated  from  sil- 

ica gel  dried  material  (Smith  et  al.,  1992),  and  the 

Gloxinieae/Gesnerieae  but  Sinningieae  sister  to 

these  three  tribes  (Smith  et  al.,  1997b).  The  data 

matrix  for  all  taxa  contains  1.54%  missing  cells 

based  on  total  sequence  alignments. 

PHYLOGENETIC  ANALYSIS 

Phylogenetic  divergence  was  reconstructed  using 

ndhF  gene  was  amplified  in  two  overlapping  sec-  PAUP  version  4.0d64  to  implement  maximum  par- 

dons (positions  1-1350,  and  972-2044).  DNA  for  simony  (MP)  (Farris,  1970;  Farris  et  al.,  1970; 

Lembocarpus  was  obtained  from  herbarium  speci-      Swofford  &  Maddison,  1987)  and  maximum  likeli- 

mens  (Savolainen  et  al.,  1995)  using  the  DNEasy  hood  (MLE).  In  this  study,  trees  were  generated  us- 

Plant  miniprep  kits  (Qiagen)  following  the  manu-  ing  the  general  heuristic  option.  To  search  for  is- 

facturer's  instructions.  The  ndhF  gene  for  Lembo-  lands    of   equally    parsimonious    trees    (Maddison, 

carpus  was  amplified  in  two  overlapping  fragments  1991),  the  search  strategy  of  Olmstead  and  Palmer 

using  primers   172-1350R  and  972-2044R.  The  (1994)  was  implemented  searching  for  1000  trees 

first  fragment  is  smaller  than  those  reported  pre-  each  in  five  subsequent  analyses  with  the  nearest 

viously  (Smith  et  al.,  1997b)  since  amplifying  the  neighbor  interchange  (NNI)  search  option  in  effect 

DNA  from  herbarium  specimens  required  succes-  and  mulpars  "off."  Each  of  the  results  from  the  five 
sive  amplifications  using  internal  primers.  Initial  NNI  searches  was  used  as  the  starting  tree(s)  for  a 

amplifications  followed  DNA  procedures  described  search  with  tree  bisection  reconnection  (TBR)  and 

elsewhere  (Smith  et  al.,  1997b)  using  primers  1  and  mulpars  "on."  This  search  strategy  was  used  for  all 
1350R  for  the  first  part  and  803  and  2044R  for  the  MP  analyses. 

second   part.    Subsequent   amplifications   required Because  of  the  greater  time  involved  in  MLE 

the  use  of  172  and  972  as  forward  primers,  al-  analysis,  a  smaller  sampling  was  utilized.  In  this 

though  the  same  reverse  primers  resulted  in  sue-  analysis,  a  full  sampling  of  Gloxinieae  was  used 

cessful  amplifications.  and  one  species  each  of  Gesneria  L.  and  Rytido- 

The  focus  of  this  analysis  was  on  Gloxinieae  phyllum  Mart.  (Gesnerieae).  Representatives  of  Ep- 

since  both  Goyazia  and  Lembocarpus  are  currently  iscieae  were  used  as  the  outgroup  with  taxa  select- 

classified  in  this  tribe  (Burtt  &  Wiehler,  1995).  ed  to  include  possible  relatives  of  Lembocarpus 

However,  since  there  is  considerable  question  re-  (most  notably  Rhoogeton).  MLE  trees  were  gener- 

garding  the  tribal  position  of  Lembocarpus,  initial  ated  using  the  heuristic  search  option  with  TBR 

analyses  were  conducted  using  representatives  of  and  mulpars  "on."  Under  the  MLE  option,  the  Has- 
all  tribes  of  the  neotropical  subfamily  Gesnerioi-  egawa  et  al.  (1985)  model  was  used,  which  allows 

deae.  Members  of  the  Old  World  tribe  Epithematae  for  unequal  nucleotide  frequencies  and  differential 

were  used  as  the  outgroup  because  some  prelimi-  rates  for  transitions  and  transversions.  The  assumed 

nary  results  implied  a  potential  relationship  to  this  nucleotide    frequencies   were   estimated    from    the 

tribe.  Results  from  this  preliminary  analysis  (not  data:  A  =  0.27809,  C  =  0.15598,  G  =  0.17529, 

included)  allowed  for  a  more  restricted  taxon  sam-  and  T  =  0.39063.  MLE  trees  were  compared  to  MP 

pling  that  would  permit  greater  analytical  flexibility  trees  using  the  Kishino-Hasegawa  test  (Kishino  & 

as  well  as  minimizing  homoplasy  in  the  data  set.  Hasegawa,  1989).  Additional  MP  trees  were  gen- 

Subsequent  analyses  used  only  Gloxinieae,  Ges-  erated  using  the  same  search  criteria  described 

nerieae,  and  Episcieae  as  well  as  Sinningieae  as  above  with  the  same  taxa  utilized  in  the  MLE  anal- 

outgroup.  The  choice  of  taxa  for  the  reduced  anal-  ysis. 

ysis  considered  all  possible  tribes  where  Lembo-  Branch   support  analysis  was  performed  to  ex- 

Figure  1.  One  of  48  maximum  parsimony  trees  of  3998  steps  each,  CI  =  0.38,  RI  =  0.33.  These  trees  were  rooted 

using  Sinningieae.  Numbers  above  clades  are  deeay  values;  numbers  in  parentheses  are  branch  lengths  using  the 

aeetran  option  of  PAUP.  Numbers  below  clades  indicate  bootstrap  values.  Terminal  branch  lengths  are  not  shown. 

Branches  shown  with  dashed  lines  indicate  nodes  that  are  not  supported  in  a  strict  consensus  of  all  48  trees.  Abbre- 

viations for  tribes  are:  Ep  =  Episcieae,  Ge  =  Gesnerieae,  Gl  =  Gloxinieae,  Si  =  Sinningieae. 
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amine  trees  that  were  one  or  two  steps  longer  than  to  Capanea   as   indicated   by  parsimony.   Further, 
the  most-parsimonious  trees  (Bremer,  1988,  1994;  Goyazia  is  sister  to  a  clade  containing  Moussonia 
Donoghue  et  al.,  1992).  Clades  that  persisted  in  Kegel,    Anodiscus    Benth.,    and   Koellikeria    Regel 
strict  consensus  trees  two  steps  beyond  the  most-  (Fig.  2).  An  MP  analysis  of  the  same  taxa  used  in 
parsimonious  trees  were  examined  using  the  con-  the  MLE  analysis  resulted  in  two  islands  for  a  total 
straints  option  to  search  for  the  shortest  tree  that  of  four  trees  of  2076  steps  each  (trees  not  shown). 
did  not  contain  that  clade.  Bootstrap  analysis  (Fel-  The  Kishino-Hasegawa  test  (Kishino  &  Hasegawa, 
senstein,  1985)  was  performed  using  100  replicates  1989)  did  not  indicate  a  significant  difference  be- 
with  TBR  and  mulpars  "off  and  "on."  Because  tween  the  MP  and  MLE  trees. 
there  is  substantial  morphological  and  biogeograph- 
ic  data  that  imply  a  relationship  between  Lembo-  DISCUSSION 
carpus  and  Rhoogeton,  the  constraints  option  was 

1    to   ass 
GOYAZIA 

the   most-parsimonious   tree   with 
these  genera  as  a  monophyletic  group.  The  trees 

generated  from  the  constraints  analysis  were  com-  „r   r»         ;      •      r\     •    •      '   /r^^      i     o\^  wz-'W" ,        ,  .  .■«..,  °*    Goyazia    in    Gloxinieae   (Figs.    1,   2).    Wiehler 
pared  to  the  unconstrained  trees  using  the  Kishino-  nQQQ\  ^««  *l^  £™»  ♦       l         r         •     •     u •    n\     • 
'  .  &  (19*5.5)  was  the  hrst  to  place  Goyazia  in  his  Gloxi- 

The  results  of  this  study  support  the  placement 

Hasegawa  test  (Kishino  &  Hasegawa,  1989). nieae,  where  it  has  remained  in  a  mod 
revised 

Results 
version  of  the  classification  system  (Burtt  &  Wieh- 

ler, 1995).  Although  Goyazia  is  always  in  a  clade 
with  Moussonia,  Anodiscus,  and  Koellikeria,  it 

s  ex- 

Ihe  initial  analysis  utilized  all  members  of  the  i  4-       ■  ■     *    .l  *i  •  i      i 
^  ...  .  ,      ,       /-m  ,   ™r    i  i      .,       ̂       ,  act  relationship  to  these  other  genera  is  unresolved 
Gesnenoideae  with   the   Old   World   tribe   Epithe-  n?-      n   n         rfU    .  f        4.      wn        .     .    iJ?. 
.  ,         .   _  F      .  (rig.  1).  One  of  the  trees  from  the  MP  analysis  (Fig. matae  as  the  outgroup  (not  shown).  The  MP  analysis 

Grr> 

ed  in  14  trees  of  5128  steps  each  (trees  not      *„  #u         *u  /i?-      o\         j  V     h-i     •     • 
,         x    t       n     r   i  i     i    r       i  to  these  three  genera  (rig.  2),  and  Koellikeria  is shown).  In  all  of  these  trees  both  Lembocarnus  and  .     .,  ,    . Goy 

Goy 

azia    and    Koellikeria    are    both    found    in    Brazil, 

reduced  data  set  resulted  in  48  trees  of  3998  steps         i  M  •    •         ,      .    '     n     .    ,  A ,    r  ,  ,.rr  .  .      .  r  whereas  Moussonia  is  endemic  to  Central  America, each  from  three  different  islands  of  most-parsimo-  n   aa       r         ■  *    *u     a    j        m         c-   r     „  and  Anodiscus  is  native  to  the  Andes  of  Peru.  Since 
nious  trees,  with  consistency  index  (CI)   =   0.38, 

and  retention  index  (RI)  =  0.33.  One  of  these  trees 
the  majority  of  Gloxinieae  are  found  west  of  the 

Andes,  the  most-parsimonious  explanation  for  this 
is  presented  in  figure  1  with  dashed  lines  to  in-       j;  ,    u  f-  i  i   i       .  .  . 
j.  .    ,        u  11  •  distribution  would  be  two  separate  migrations  to dicate  clades  that  collapse  in  the  strict  consensus 

Goyazia ot  all  trees.   I  his  tree  is  more  resolved  than  prior  i  *•       i  •                     Ai 
■       ,             .,  „         ,           ,oio*,.  relationships  among  these  genera  are  accurate  as 

results   from   ndhY    analyses   (Smith   &   Atkinson,  0_  •     F-          0   u                      i   i      *  *             i  j 
i  ooq\    tu                      l         u    i_  r*                   \   i  igure  2.  However,  weak  bootstrap  and  de- 1998) 

bocarpus  within  Gloxini 

Goyazia  and  Le 
cay  index  support  herein  for  these  relationships  im- 

although  the  position  of        i-       .1    *  j  *  l  r  i 
.      °  /     .  plies  that  more  data  are  necessary  before  conclu- 

sions  regarding  the  biogeography  of  these  taxa  can 
Goyazia  is  not  resolved;  Lemb 

Capanea    Decne.   ex   Planch.   As   demonstrated   in       l  i 

simulation  studies  (DeBry  &  Olmstead,  2000),  the 

bootstrap  values  with  mulpars  "off"  or  "on"  differed 
only  by  a  few  points  (data  not  shown).  The  val 

on   Figure   1   are  from  the   analysis  with  mulpars 
"off." 

LEMBOCARPUS 

Goy 

s  of  this  analysis  con- Lembocarpus 

Lemb 

and    Rhoogeton    into   a    monophyletic   group    (not 

An  additional  14  steps  beyond  the  most-parsi-      (Figs.  1,  2).  This  placement  is  more  controversial 
since  early  descriptions  of  Lembocarpus  noted  its 
disparate  calyx  venation,  inflorescence,  acaulescent 
habit,  outer  ovule  placentation,  superior  ovary,  and 

Rhoogeton    together   are    sister   to   Nematanthus      tubers  (Leeuwenberg,  1958)  as  shared  with  Rhoog- 
Schrader  (Episcieae).  The  Kishino-Hasegawa  test      eton  (Episcieae). 
(Kishino  &  Hasegawa,  1989)  did  not  indicate  a  sig-  Placement  of  Rhoogeton  in  Episcieae  is  in  itself 

Is 

nificant  difference  between  the  constrained  and  un-       controversial.    Although    morphological    data    and constrained  trees. 

2000b) 

MLE  analysis  resulted  in  a  -In  likelihood  of  for  its  placement  there,  ITS  sequences  imply  its 
118.64716  (Fig.  2).  Goyazia  and  Lembocarpus  position  outside  of  Episcieae  and  possibly  within 
5  both  in  Gloxinieae,  and  Lembocarpus  is  sister      Gloxinieae  (Smith,  2000b).  Unfortunately,  ITS  se- 
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Figure  2.  Maximum  likelihood  estimate  tree,  -In  likelihood  =  16118.M716.  To  minimize  computer  lime  this 

analysis  used  only  representative  taxa  of  Episcieae  as  outgroups.  Abbreviations  for  tribes  are:  Ep  =  Episcieae,  Ge  = 
Gesnerieae,  Gl  =  Gloxinieae. 
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quences  could  not  be  obtained  using  the  DNA  from  unite  these  genera  with  the  exception  that  they  are 
herbarium  material  used  for  Lembocarpus  in  this  among  the  few  genera  within  Gloxinieae  that  lack 
study.  Despite  the  several  morphological  character  scaly  rhizomes.  The  placement  of  Capanea  in  Glox- 
states  shared  between  lembocarpus  and  Rhoogeton,  inieae  contradicts  earlier  cladistic  analyses  of  ndhF 
14  additional  steps  beyond  the  most-parsimonious  sequences  of  Gloxinieae  where  it  was  placed  in  Ep- 
trees  are  necessary  to  place  Lembocarpus  and  iscieae  (Smith  &  Atkinson,  1998).  The  earlier  anal- 

Rhoogeton  in  a  monophyletic  group  using  ndhF  se-  ysis  based  on  ndhF  sequences  only  used  Capanea 
quence  data.  Thus,  regardless  of  the  tribal  affinity  grandiflora  (Kunth)  Decne.  ex  Planch.,  and  Capa- 
of  Rhoogeton,  it  does  not  appear  to  be  closely  re-       nea  ajfinis  is  added  to  the  present  analysis.  The 

source  of  discrepancy  is  as  yet  unknown,  but  based 
on    results   of  ITS    and   ndhF   sequences    (Smith, 

bocarpus  in  Gloxinieae  comes  from  the  corolla  and      2000b),  it  is  clear  that  Capanea  ajfinis  belongs  in 

lem  b 
Lem 

seed.   Although   Beaufort-Murphy  (1983)  hypothe-  Gloxinieae. 
sized  that  Lembocarpus  may  have  an  isolated  po- 

sition  within   the  Gesnerioideae  due  to  a  unique  SUMMARY 
combination  of  characters,  this  combination  of  seed 

surface  characters  and  superior  ovary  is  best  The  ndhF  data  presented  here  confirm  the  place- 

viewed  as  autapomorphic.  The  shape  of  the  cells  of  ment  of  both  Goyazia  and  Lembocarpus  within  Glox- 

the  seed  coat  and  campanulate  corolla  may  be  syn-  inieae.  Lembocarpus  is  strongly  supported  by  decay 
.ae  index,  moderate  (relatively)  bootstrap  values,  and 

nnus  MLE    analysis 

Le 
Lem  boc as   sister  to   Capanea.    Goyazia   is 

and  Gloxinieae  is  nectary-  shape.  Whereas  the  an-  placed  in  a  clade  with  Moussonia,  Anodiscus,  and 

nular  nectary  is  widespread  in  Gloxinieae,  it  also  Koellikeria  in  both  MP  and  MLE  analyses,  although 

is  known  from  tribes  Gesnerieae  and  Beslerieae.  In  ̂ e  relationships  among  these  four  genera  are  not 

cladistic   analyses   of  Gloxinieae   and   Gesnerieae  falty  resolved  in  MP  trees.  Because  ndhF  seems  to 

based  on  ndhF  sequences,  the  position  of  Gesner-  '3e  at  ̂ e  limits  of  its  resolving  power  within  Glox- 

ieae  always  creates  a  paraphyletic  Gloxinieae  (Figs.  inieae  (also  observed  in  tribe  Episcieae;  Smith  & 

1,  2;  Smith  &  Atkinson,  1998).  This  implies  that  if  Carroll,  1997;  Smith,  2000b),  it  will  be  essential  in 

not  derived  from  within  Gloxinieae,  the  Gesnerieae  future   investigations   to   add   additional   sequence 

are  closely  related,  and  the  annular  nectary  is  like-  data  to  resolve  more  fully  the  intergeneric  rclation- 

ly  a  synapomorphy  for  both  tribes  Gloxinieae  and  ships  of  this  tribe. 

Gesnerieae.  The  Beslerieae  are  more  distantly  re- 
lated to  Gloxinieae  based  on  previous  phylogenetic  Literature  Cited 
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MORFOLOGlA  DEL  POLEN 
DE  LAS  ESPECIES 
ARGENTINAS  DE  BAUHINIA 
(CERCIDEAE, 
CAESALPINIOIDEAE, 

FABACEAE)1 

Juan  C.  Gamerro2  y  Rente  H.  Fortunato* 

KKSl  MKN 

Las  espeeies  del  genero  Bauhinia  L  son  variables  en  el  habito  y  en  la  morfologfa  de  la  (lor.  del  polen  y  del  Iruto, 

lo  que  llevd  a  diferentes  autores  a  adoptar  dislinios  eriterios  en  su  delimitation  taxonomiea.  Cor.  el  ernp'leo  del  mi- eroseopio  fotonieo,  incluyendo  eontraste  de  interfereneia  y  el  electronic^  de  barrido  se  ha  estudiado  los  granos  de  polen 
de  las  7  espeeies  que  ereeen  en  la  Argentina.  Kste  analisis  ha  permitido  agruparlos  en  tipos  y  suhtipos  morfologicos 
distinlos:  Tipo  I:  3-zonocolporados,  teetados.  teetum  microgranuloso  con  procesos  suprateetales  esfericos  rugosos  =  B. 
microstarhya  (Raddi)  Benth.  var.  mirrostarhya.  Tipo  2:  3-zonoeolporados  a  porados,  microrreticulados,  semiteetnm  eon 
proeesos  suprateetales  espiniformes  =  B.  uruguayensLs  Benth.  Tipo  3:  4-6-zonoeolpados,  reticulados,  serniteetum  eon 
procesos  suprateetales  gemados;  Subtipo  a:  Colpos  largos  y  angostos  =  B.  argentinensLs  Burkart  var.  argentine/is  is,  B. 
argent tnensis  Burkart  var.  megasiphon  (Burkart)  Fortunato  y  B.  hauhinioides  (Mart.)  Macbr.;  Subtipo  b:  Colpos  relati- 
vamente  cortos  y  anchos   =    B.   mollis   (Bong.)   I).   Dietr.   var.   notophila   (Criseb.)   Fortunato,  B.  forfirata   Link   subsp. 

pruinosa   (Vogel)   Fortunato  &   Wunderlin   y   B.    affinis   Vogel.    Al   mismo   tiempo  se  comprueba   la'existencia  de  una correlac.on  aceptable  entre  los  caracteres  del  polen  y  las  categories  infragenerieas  establecidas  por  Wunderlin  et  al en  1987. 

Abstract 

The  species  of  Bauhinia  L.  are  variable  in  their  habit,  flower,  pollen,  and  fruit  morphology.  This  led  several  authors 
to  adopt  different  criteria  for  the  taxonomic  delimitation  of  the  genus.  With  the  aid  of  brightfield,  interference  contrast, 
and  scanning  electron  microscopy,  the  pollen  of  the  7  Argentinean  species  has  been  studied.  This  analysis  has  allowed 
the  pollen  to  be  grouped  into  different  types  and  subtypes:  Type  1:  3-zonocolporate,  tectate.  tectum  microgranulate  with 
suprateetal  spherical  rugulate  processes  =  B.  microstarhya  (Raddi)  Benth.  var.  microstarhya.  Type  2:  3-zonocolporate 
to  porate,  microreticulate,  serniteetum  with  spinose  suprateetal  processes  =  B.  uruguayensLs  Benth.  Type  3:  4-6- 
zonocolpate,  reticulate,  serniteetum  with  geminate  suprateetal  processes;  Subtype  a:  Colpi  long  and  narrow  =  B.  argen- 

tinensis Burkart  var.  argentinensis,  B.  argentinensis  Burkart  var.  megasiphon  (Burkart)  Fortunato,  and  B.  bauhinioides 
(Mart.)   Macbr.;  Subtype  b:  Colpi  wide  and  shorl B.   mollis  (Bong.)  I).   Dietr.   var.  notophila  (Griseb.)  Fortunato,  B. t  4  A  &  H             

jorfirata  Link  subsp.  pruinosa  (Vogel)  Fortunato  &  Wunderlin,  and  B.  affinis  Vogel.  At  the  same  time,  a  correlation  was 
confirmed  between  pollen  morphology  and  the  infrageneric  divisions  established  by  Wunderlin  et  al.  in   l(W7. 

Key  words:      Argentina,  Bauhinia,  Caesalpinioideae,  Cercideae,  Fabaceae,  pollen  morphology,  taxonomy. 

El   g£nero   Bauhinia    L.   estd   representado   por      tar  distintos  eriterios  en  la  delimitaei6n  taxonomiea 
aproximadamente    300    espeeies    de    distribucion      a  nivel  generieo  e  infragenerico.  A  pesar  de  ello, 
pantropical  y  subpantropical;  de  ellas de  150      en  la  mayorfa  de  los  trabajos  mds  recientes 

aeep- en  las  regiones  neotropicales  y  subneotro-  ta  al  g£nero  Bauhinia  en  sentido  amplio,  siendo  la 
picales.  Las  espeeies  de  este  genero  poseen  gran  clasificaci6n  mds  moderna  la  propuesta  por  Wun- 
variaeirtn  en  el  hdbito  y  en  la  morfologfa  de  la  flor  derlin  et  al.  (1987). 
y  del  fruto,  lo  que  llevo  a  diferentes  autores  a  adop-  La  morfologfa  del  polen  presenta  una  notoria  va- 

1  Se  agradece  a  N^lida  M.  Bacigalupo  por  la  leetura  crftica  del  manuscrito  y  a  Alejandra  Gardini  por  las  copias  de las  ihistrac.ones  realizadas  en  scanner.  Asimismo,  este  agradecimi(Mito  se  haee  extensivo  al  Institute)  de  Neurobiologfa, 
CONICFT,  a  la  Facultad  de  Ciencias  Fxactas,  Qufmicas  y  Naturales.  Universidad  de  Moron  y  al  Institulo  d<^  Botanica 
Darw.n.on  por  las  observaeiones  y  fotografiadas  realizadas  al  MFB.  y  a  los  curadores  de  los  herbarios  citados  por  el pr^stamo  del  material  estudiado. 

2  Instituto  de  Botanica  Darwinion,  Casilla  de  Correo  22,   1642  San  Isidro,  Buenos  Aires,  Argentina. 
{  Investigadora  del  CON1CET  en  el  Instituto  de  Recursos  Biologieos,  INTA,  1712  Castelar,  Buenos  Aires,  Argentina. 

Ann.  Missouri  Bot.  Gard.  88:  144-158.  2001. 
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riaci6n  en  la  forma  y  tamano  de  los  granos,  en  la  delgada  de  adhesive  En  las  restantes  especies:  B. 

ornamentacion  de  la  exina  y  en  el  tipo  y  niimero  uruguayensis  y  B.  microstachya  los  granos  fueron 

de  aperturas.  Estos  caracteres  fueron  utilizados  por  acetolizados,  lavados  con  agua  destilada  y  suspen- 

varios  autores  para  relacionarlos  con  las  clasifica-  didos  en  alcohol  etflico  70°;  una  o  dos  gotas  de  la 

ciones  taxonomicas  establecidas  (Melhem  &  Sal-  suspensi6n  se  dejaron  evaporar  sobre  un  trozo  de 

gado-Labouriau,  1963;  Smith,  1964;  Palacios  Cha-  pelicula  fotografica  no  expuesta  y  fijada  para  eli- 
vez,  1970;  Schmitz,  1973;  Larsen,  1975;  Larsen  &  mjnar  ias  sales  de  plata.  Los  trozos  de  pelfcula  con 
Larsen,  1983;  Ferguson  &  Pearse,  1986;  Ferguson,  ios  granos  fueron  pegados  con  pintura  conductiva 

1990).  Si  bien  los  estudios  senalan  cierto  parale-  a  jos  portaespecfmenes.  En  ambos  casos  los  mate- 
lismo  entre  los  caracteres  del  polen  y  de  la  macro-  riales  fueron  metalizados  con  oro-paladio.  Las  ob- 
morfologia,  se  han  citado  casos  de  formas  polfnicas  servacioneg    se    realizaron    en    los    microscopies: 
similares  en  especies  poco  relacionadas  y  formas      JEQL  JgM   35CF  del  Instituto  de   Neurobiologfa, 
con  diferencias  marcadas  entre  otros  taxones  afines      C0NICE1;   Leitz   AMR    1200  de   la  Facultad   de 

Qufmieas  y  Naturales,  Universi- 
lad  de  Moron  y  Zeiss  DSM  940  A  del  Instituto  de 

(Fergu 

Bauhinia  en  Argentina  posee  una  distribucion 

geogrdfiea  marginal,  con  siete  especies  y  una  va- 
riedad  (Fortunato,  1984,  1986,  1996;  Fortunato  & 

Wunderlin,  1985),  las  que  representan  tres  de  los 

Botanica  Darwinion,  CONICET. 

Los  cortes  fueron  realizados  incluyendo  los  gra- 

.     ,  A  ,      i     .£       ..      ,         nos  sin  acetohzar  en  goma  ar&biga-glicenna  segun cuatro  subgeneros  propuestos  en  la  clasihcaeion  de  ,  w*     j  u-j  \i\ 
el  metodo  de  Leins  modifieado  por  Hideux  y  Mar- 

ceau  (1972)  y  cortados  con  micr6tomo  de  desliza- 
miento  Reichert.  Para  las  observaciones  al  micros- 

Wunderlin  et  al.  (1987)  (Cuadro  1). 

La  morfologia  polfnica  de  algunos  de  los  taxa 

aqui  considerados  fue  analizada  parcialmente  por 

varios  autores  (Schmitz,  1973;  Barth  &  Bouzada,  ('°Pio  fot6nico  <MF)  se  efectuaron  
cortes  de  1-2  ̂ m 

1964;  Ferguson  &  Pearse,  1986;  Ferguson,  1990).  de  espesor,  se  tineron  con  fucsina  
bdsica  y  se  mon- 

En  esta  contribution  se  presenta  un  detallado  es-  taron  en  Euparal;  ocasionalmente,  cortes  de  
algu- 

tudio  del  polen  de  las  especies  que  crecen  en  Ar-  nas  especies  fueron  analizados  en  microscopio  de 

gentina  y  se  lo  relaciona  con  las  divisiones  infra-  contraste  de  interferencia  (CI);  los  estudiados  al  mi- 

genericas  propuestas  por  Wunderlin  et  al.  (1987).  croscopio  electr6nico  de  barrido  (MEB)  se  realiza- 
ron con  un  espesor  de  aproximadamente  10  |xm. 

La  terminologfa  utilizada  es  la  desarrollada  por 

Erdtman  (1972)  y  Punt  et  al.  (1994). 

El  estudio  de  la  estratificacion  de  la  exina  de  B. 

MATKRIALES  Y   MfiTODOS 

Las  muestras  de  polen  fueron  obtenidas  de  ejem- 

plares  de  distintos  herbarios,  los  cuales  son  citados  affinis  se  efectu6  sobre  granos  acetolizados/clori- 

para  cada  especie  siguiendo  las  abreviaturas  adop-  nados  montados  en  glicerina-hidrato  de  cloral  1:4. 

tadas  en  Holmgren  et  al.  (1990).  Cuando  no  se  dis-  para  expresar  la  densidad  de  distribucion  de  los 
puso  de  suficiente  material  de  origen  argentino  se  procesos  supratectales  de  las  especies  del  subge- 
hizo  uso  de  ejemplares  coleccionados  en  paises  li- 
mitrofes. 

La  mayoria  del  material  fue  acetolizado  segun  el 

metodo  de  Erdtman  (1960);  posteriormente,  una 

porcion  de  los  granos  acetolizados  fue  separada  y 

nero  Bauhinia:  B.  argentinensis,  B.  affinis,  B.  for- 

ficata  subsp.  pruinosa,  B.  mollis  var.  notophila  y  B. 

bauhinioides,  se  ha  calculado  un  indice  que  expre- 

sa  la  relacion  entre  el  niimero  de  procesos  proyec- 

tados  en  el  amb  en  corte  optico  ecuatorial  y  el  did- 
sometida   al    proceso   de   clorinacidn   (Erdtman,      metrQ   ecuatorial  del  cuanto  mayor  es  el 
1960).  En  el  caso  de  B.  argentinensis,  B.  bauhi- 

forfi 

# 

niimero  de  procesos  supratectales  en  el  grano  mds 

alto  sera  dicho  indice.  La  medicion  de  los  granos 

fue  efectuada  sobre  material  acetolizado  en  B.  mi- 
resistencia  a  la  acetolisis  y  sufrir  fuertes  deforma-  . 

f                              .     ,.     i                 i       ,.    i      i         crostachya  v  B.   uruguayensis  y  en  las  demas  es- ciones  tue  necesano  estudiarlas  con  el  metodo  de  J      J   _  „.   ,  ,       _ 
Wodehouse  (1935). pecies  montado  segun  Wodehouse  (1935).  En  el  ta- 

En  la  observaci6n  al  microscopio  electronic  de      mafi(>  d<>  los  granos  X 
 de  los  Procesos  supratectales 

se  citan  medidas  minimas,  medias  y  maximas,  sien- 

les,  las  muestras  de  las  5  especies  del  subgenera      do  la  media  el  promedio  de  25  granos
  por  muestra 

am 

Bauhinia  fueron  tratadas  con  la  mezcla  acetolitica      estudiada. 

en  frfo  y  lavadas  con  agua  destilada;  posteriormen- Los  preparados  de  las  muestras  de  polen  estdn 

te,  se  sometieron  al  secado  por  punto  critico  y  se       depositados  en  la  coleccion  palinologica  del  Insti- 

montaron   sobre   portaespecfmenes   con   una   capa       tuto  de  Botanica  Darwinion. 
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Resultados 

bauhinia  microstachya  var.  m1crostachya  (fi(; 

1 A-G) 

61  fxm,  E  =  47  (56)  64  p,m;  relaci6n  P/E:  0.88- 
1.02.   Amb   circular.   Colpos  generalmente  cortos, 

mal  definidos,  con  lfmites  difusos,  a  veces  desarro- 
lldndose  de  un  solo  lado  de  la  endoapertura  (Fig. 

2C),   membrana   colpar  granulada.   Endoaperturas 

Granos  de   polen   tricolporados,  raramente  sin-       circulares  de  7-10   fxm  de  didmetro,  con  bordes 

colporados,  suboblatos  a  oblato-esferoidales;  did-      ligeramente  salientes  (Fig.  2A,  C). 

metros:  P  =  29  (37)  47  |xm,  E  =  35  (44)  53  fjim; Exina  (Fig.  2B)  de  2.7-3  |xm  de  espesor,  semi- 

relacitfn   P/E:   0.77-0.92.   Amb   circular  a  ligera-  tectada,  microrreticulada  con  procesos  supratecta- 

mente  subtriangular  (Fig.   1A).  Colpos  de  lfmites  les  espiniformes  de  1.2  (2.4)  5.8  p,m  long.  X  1.2 

difusos,  casi  tan  largos  como  el  didmetro  polar,  a  (2)  3.5  jxm  de  didmetro  (Fig.  2A,  C,  D-F);  lumenes 

veces  fusionados  en  el  polo,  formados  por  anchas  de  forma  y  tamano  irregular  (Fig.  2B).  Ectexina  mds 

depresiones  con  ornamentacion  similar  a  los  me-  o  menos  igual  a  la  endexina,  no  se  diferencia  capa 

socolpios,  pero  menos  compacta  (Fig.  IB).  Endoa-  basal  (Fig.  2D-F).  Semitectum  e  infratectum  for- 

perturas  de  4  X  3.5  Jim  a  8  X  6  \xm  de  didmetro,  mados  por  columelas  dispuestas  densamente  que 
subcircun 

1C). 
lares  con  un  delgado  anillo  externo  (Fig.       originan  un  microrreticulo  superficial  (Fig.  2B).  En- 

dexina de  superficie  interna  rugulada,  ligeramente 

Exina  de  2.3-2.7  (xrn  de  espesor,  tectada  (Fig.       adelgazada  hacia  la  endoapertura  (Fig.  2D,  E,  G). 

ID— G).  Ectexina  mas  o  menos  igual  a  la  endexina,  , 
,  !  ,     ■      •      ,  i  .  /t?'       it:   r\  Observacidn.      Los  colpos  son  poco  visibles  y  di- 

adelgazada   hacia   las  endoaperturas   (rig.    1E-G).  r  r  J 
rp     .  i      .    A  r-  i  •  .i„j^        fiViles  de  medir  observdndose  en  muchos  granos  de 
tectum  de  ±  0.6  |xm  de  espesor,  microgranulado,  D 

r      j  o  *     *  i  fA„        un  mismo  eiemplar  colpos  medianamente  desarro- 
microperlorador  con  procesos  supratectales  esten-  j      r  r 

cos  de  2  (3.5)  6  ̂ m  de  didmetro  y  superficie  ru-      llados  °  ̂ usen
tes  (Fig.  2A,  C). 

gulada  (Fig.  IB,  D);  capa  basal  de  menor  espesor 
La  morfologia  descripta  de  esta  especie  coincide 

que  el  tectum,  dejando  entre  ambas  un  estrecho  con  la  ilu^tr
ac.dn  y  caractenzac.6n  parcal  reali- 

infratectum  con  finas  columelas,  escasamente  vi-  zada  Por  Ferguson  (19
90).  Este  autor  estudid  un 

sibles  al  MF  (Fig.  IF,  G).  Endexina  engrosada  hacia  duphcado  de  uno  de  l
os  ejemplares  anal.zados  en 

las  endoaperturas  de  superficie  interna  microfoveo-  esta  contribut
or.  (Schinim  19942). 

lada  (Fig.  ID,  E,  G). 
Material  estudiado.      BRASH,.  Santa  Calarina:  l)ou- 

Observacion.      Con  excepcion  de  Barth  y   Bou-       rado,  Ilapiranpa.  "5  Mar.  1964.  Klein  5232  (SI).  AKGKN- 
zada  (1964)  que  dan  tamanos  ligeramente  mayores, 

las  earaetensticas  del  polen  de  B.  microstachya  var. 

TINA.  Misiones:  Depto.  San  Javier,  Ayo.  Pindaitf,  s.f.. 
Schwarz  4117  (L1L).  Corrieiites:  Depto.  Santo  Tome, 

Ayo.   Chi  mi  ray   y   rfo   Uruguay,    12   Nov.    1974,   Schinim 
microstachya  descriptas  en  este  estudio,  coinciden  19942  (SI). 

con  lo  citado  por  Schmitz  (1973)  y  Ferguson  y  Pear- 

ce  (1986).  En  una  especie  afin  de  Brasil:  B.  smi-  a4rwvM^^vr/VAA;S/s  VAH.  ARGENTINENSIS  (FIG. lacina  (Schott)  Steud.,  se  observo  la  presencia  de  q        v 

un  tectum  densamente  microperforado  (Ferguson  & 

Pearce,   1986:  291,  fig.  47;  Ferguson,   1990:  80,  Granos  de  polen  (4)  5-6-zonocolpados,  oblatos  a 

figs.  42,  43).  Este  cardcter  no  se  ha  podido  cons-  oblato-esferoidales;  didmetro:   P   =   82   (109)   125 
tatar  fehacientemente  en  B.  microstachya  var.  mi- 

p-m,  E 
108  (122)  134  fjim;  relaci6n  P/E:  0.70- 

crostachya  por  no  haberse  realizado  estudios  con  \  Amb:  tetra-  penta-  hexagonal  a  subcircular.  Col- 

microscopio  electronico  de  transmision  (MET),  no  pos  largos  y  delgados  de  71-88  |xm  long.  X  6-15 
obstante  el  corte  observado  al  MEB  (Fig.   ID,  E)       ̂ m  jat ̂   membrana  cubierta  por  restos  irregularis 
sugerirfa  su  existencia. 

Material  estudiado.      BRASIL.    Rio   de  Janeiro:   sin 

loc.  1879,  Glaziou  10691  (LE);  sin  loc,  s.f.,  Martins  Herb. 

de  ectexina  (Fig.  3A— C). 

Exina  de  2.7-3  |xm  de  espesor,  semitectada,  re- 
ticulada,    heterobrocada   con    lumenes    iiTegulares 

15  Feb.  1952.  Capurro  1011  (BA). 

FL  Bras.   132  (LE).  PARAGUAY.  Alto  Parana:  "in  re-       (Fig.  3B,  C),  muros  simplibaculados,  con  procesos 

gione  flumims",  1909/10,  Fiebrig  6201  (LIL).  ARGEN-       supratectales  gemados  de  5  (5.5)  8  |xm  long.  X  5 
Ti^AVM^  }»1}™'  Santa  ROSa'  T°bUna'      (5-4)  8  ̂ m  lat-  (Fi8-  3D)«  Ectexina  de  2-2.3  jim  de 

espesor.    Semitectum    generalmente    mds    delgado 

.  que  la  capa  basal;  capa  basal  de  0.5-0.7  ixm  de 
BAUHINIA  URUGUAYENSIS  (FK;.  2A-G)  ^  J,.        or    Pv    V,     ,      .  .         , 

espesor  (Fig.  3F,  G).   Endexina  aproximadamente 

Granos  de  polen  tricolporados  a  porados,  oblato-       igual  a  la  capa  basal,  de  ±  0.6  |xm  de  espesor  con 

esferoidales  a  esferoidales;  didmetro:  P  =  41  (54)       superficie  interna  escabrosa  (Fig.  3E-G). 
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Figure  1.     A-C,  F,  G,  Bauhinia  rnicrostachya  var.  microstachya  (Capurro  1011,  BA);  D,  E  (Martins  132,  LE).  — A. 
Crano  en  vista  polar.  — B.  Detail e  de  apocolpio  con  los  eolpos  casi  fusionados  en  los  polos.  — C.  Grano  sin  acetolizar 
en  vista  ecuatorial.  — I),  Corte  de  la  exina.  — E.  Corte  a  travel  de  la  endoapertura:  endexina  engrosada  en  los  hordes. 
— F  y  G.  Estratificaeion  de  la  exina  en  corte  delgado.  en  G  eorte  a  traves  de  la  endoa|)ertura:  endexina  engrosada  en 
los  hordes,  e  =  eolpo;  eo  =  eoliunelas;  ec  =  ectexina  (tectum,  infrateetum  y  capa  hasal);  ep  =  endoapertura;  n  = 
nexina  gruesa  eon  superfieie  interna  microloveolada;  s  =  sexina.  Fotomicrografias:  A-E:  MEN;  F,  G;  MF.  Esealas:  A, 
C  =  10  inn;  B,  I),  E  -   1  |un;  F,  G  =  2  am. 
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Figura  2.  A-G,  Bauhinia  uruguayensis  (Schinini  19942,  CTES).  — A.  Grano  en  vista  ecuatorial.  — B.  Detalle  de 

la  superficie  microrreticulada.  — C.  Grano  en  vista  ecuatorial  oblfcua.  — D.  Corte  de  la  exina.  — E.  Corte  a  travel  de 

la  endoapertura:  hordes  algo  salientes  presentando  endexina  ligeramente  adelgazada.  — F  y  G.  Estratificacion  de  la 

exina  en  corte  delgado,  en  G  a  traves  de  la  endoapertura.  c  =  colpo;  ec  =  ectexina,  en  =  endexina  con  superficie 

interna  escabrosa.  Fotomicrograffas:  A-E:  MEB;  F,  G:  MF.  Escalas:  A,  C  =  10  |xm;  B,  D,  E  =   1  |xm;  K  (;  =  2  fxm. 
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Figura  3.  A-G,  Bauhinia  argentinensis  var.  argent inensis  (Kojas  2111,  SI).  — A.  Granos  en  vista  ecuatorial.  — B. 
Detalle  de  la  ornamentation  de  la  exina  y  parte  de  un  eolpo.  — C.  Detalle  del  extremo  de  un  eolpo.  — I).  Fstratiiicaeion 
y  ornamentaeion  de  exina  fraeturada.  — K.  Corte  de  la  exina.  — F  y  G.  Estratifieacion  de  la  exina  en  eorte  delgado.  e 
—  eolpo;  ec  =  eetexina;  en  =  endexina  eon  superfieie  interna  escahrosa:  n 
F:  MF;  G:  CI.  Ksealas:  A,  C  =   10  jxm;  B,  I).  F  =  1  jjum;  F,  G  =  2  |xm. 

nexina.  Fotomierograffas:  A-F:  MFB; 

Relacirin  NQ  de  procesos  supratectales  del  amb      BAI'HIWA  ARGE\Tl\f<;\sis  var.  MEGAS1PHON 
en  vista  polar/didmetro  ecuatorial:  0.11  (0.18)  0.24. 

Material  estudiado.      PARAGUAY.  Chaeo:  Puerto  Ca-  Los  granos  presentan  la  misma  morfologfa  que  la 

^^^^^^^^  l916'  *^  2U1  p>l);  Ova-      descripta  para  la  var.  argentinensis;  presentando  el 
material  observado  didmetro:  P  =  82  (97)  109  (im, 

E  =  106  (118)  126  jim;  relaci6n  P/E:  0.75-0.91; 

eo,  eult.  en  Jardfn   Botanieo  a  traves  de  semillas  proee- 
dentes  del  chaeo,  Feb.  1943,  Pavetti  &  Rajas  10414  (SI). 

Boqueron:     Colonia    Fernheim,    eolonia    22,    22°14'S, 
6()°12'W,  Feh.  1981,  Arenas  /«/7  (SI). colpos  de  62-85  [xm  long.  X  6-10  jxm  lat.;  pro- 
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Figura  4.     A-C,  E,  Bauhinia  bauhinioides  (Jorgensen  2699,  SI);  D,  F  (Kermes  33,   BAF).  — 
ecua tonal.  — B.  Detalle  del  extremo  de  un  eolpo.  — C.  Detalle  de  la  ornamentaeion  de  la  exina. 

A.   Grano  en   vista 
— D.  Corte  de  la 

exina:  estratifieaeion  y  ornamentaeion.  — E.  Grano  en  vista  eeuatorial:  eolpo  interrumpido  por  un  puente  de  ectexina. 
— F.  Estratifieaeion  de  la  exina  en  corte  delgado;  grano  sin  aeetolizar.  e  =  exina;  i  = 
MEB;  E,  F:  MF  (E  montado  segun  Wodehouse,  1935).  Escalas:  A,  B  =  10  |xm;  C,  D 
ixm. 

intina.  Fotomicrograffas:  A-D: 
=  1  u-m;  E  =  20  jjun;  F  =  2 

cesos  supratectales  gemados  de  3.4  (6)  10  |xrn  long.       BALHIMA  HAL  HIMOIDES  (FIG.  4a-f) 
X  2  (6)  9  \xm  lat. 

Relacion  NQ  de  procesos  supratectales  del  amb 
en  vista  polar/di&metro  eeuatorial:  0.14  (0.16)  0.23. 

Granos  de  polen  (4— )5— 6-zonoeolpados,  subobla- 

tos  a  oblato-esferoidales;  diametro:  P  =  88  (103) 

118  pirn,  E  =  106  (118)  129  ̂ m;  relaci6n  P/E: 

0.77—0.97.    Amb:    circular   a   ligeramente   penta-, 

Calvo,  El  Salvador  Cimbol,  3  Feb.  1992,  Sararia  Toledo       hexagonal.  Colpos  largos  y  delgados  de  ±  62-68 

&  Joaquin  10556  (CTES).  \xm  long.   X  5-9  \xm  lat.,  oblongos,  obtusos  a  re- 

M  ate  rial  estudiado.      BOLIVIA.   Chuquisaca:    Luis 
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dondeados  en  los  extremos,  membrana  granulada  BAUHINIA  FORF1CATA  SUBSP.  PRVINOSA  (fig.  6a-g) 

Cranos  de  polen  (4— )5-6-zonocolpados,  oblatos 

..     i  j     i    .      i  j  i"  .  ,  a  oblato-esferoidales;  didmetro:  P  =  85  (108)  118 reticulada,  heterobrocada  con  lumenes  irregulares,  _       ,„  „A^  .:  ___>  .     .      _>_   £  _ 
.1.11  f    4  ,  p,m,  E  =  103  (120.5)  138  am;  relaci6n  P/E:  0.72- muros  simplibaculados,  con  procesos  supratectales  JT  no     .     ,  .       :  i  ^ 

i      j    n  ̂   /o  m  n  i  w  i  ™  /*\  o  0.92.  Amb  subcircular  a  penta-hexagonal.  Colpos gemados  de  0.6  (3.9)  7  p,m  long.  X  1.20  (4)  8  p,m  ,       _.     00  _/         .  ^  ™ 

con  restos  irregulares  de  ectexina  (Fig.  4A,  B,  E) 

Exina  de  2.3—2.7  |xm  de  espesor,  semitectada, 

lat.  (Fig.  4B-D).  Ectexina  de  1.7-2  jim  de  espesor. 

Semi  tectum  y  capa  basal  menor  o  igual  a  la  en- 

dexina  (Fig.  4F).  Endexina  de  0.6-0.7  |xm  de  es- 
pesor (Fig.  4D,  F). 

Relacitfn  NQ  de  procesos  supratectales  del  amb 
en  vista  polar/didmetro  ecuatorial:  0.17  (0.25)  0.33. 

Observation.      La  caracterizaci6n  polfnica  coin- 

cortos  y  anchos  de  32-56  |xm  long.  X  9-23  |xm 

lat.,  subelfpticos  a  suboblongos,  membrana  con  res- 
tos irregulares  de  ectexina  (Fig.  6A,  B). 

Exina  de  3  a  3.4  |xm  de  espesor,  semitectada, 

reticulada,  heterobrocada  con  lumenes  irregulares, 

muros  simplibaculados,  con  procesos  supratectales 

gemados  de  4.6  (9)  13.8  (xm  long.  X  3.5  (8)  13  fim 

lat.  (Fig.  6C,  D).  Ectexina  de  2.3-2.5  (Am.  Ende- 

.,  i    .  ,        ...  ,j  ci.-.        x'na   de   0.7-0.9   ixm   de   espesor  con   superficie 
ciue  con  la  breve  descnpcion  realizada  por  bchmitz  !_,.  1,  r    . 

interna  escabrosa  (Fig.  6E).  Capa  basal  y  semitec- 
tum  m&s  o  menos  igual  a  la  endexina  (Fig.  6F,  G). 

Relaei6n  NQ  de  procesos  supratectales  del  amb 

(1973,    sub    nom.    Pauletia    bauhinioides    (Mart.) 

Schmitz)  y  la  estratificacitfn  de  la  exina  con  el  corte 

al  MET,  publicado  por  Ferguson  y  Pearce  (1986:  ,     ,,.,  -      .  ,    ̂   .-    /A  „. 
r      9n  en    vista   polar/didmctro   ecuatorial:   0.15-(0.15) 

g'       '"      .  .  0.16. En  oeasiones  los  colpos  estdn  interrumpidos  por 

cortos  puentes  de  ectexina  (Fig.  4E).  Observation.      La  morfologfa  polfnica  observada 
en  esta  contribuci6n  ratifica  la  breve  descripcidn 

Material  estudiado.     BRASIL  Mato  Grosso  do  Sul:       efectuada  por  Schmitz   (1973   sub   nom.   Pauletia 
Campo  Grande,  CorumU,  pantanal,   si.,  Mautone  633       candicans  (Benth.)  A.  Schmitz). (KB).  ARGENTINA.  Formosa:  sin  lor..  5  Nov.  19(H), 

Kermes  33  (SI);  Yuquerf  Negro,  Dec.  1917.  Jorgensen 
2699  (SI). 

HAUIIINIA  MOLLIS  VAK.  NOTOPIIIIA  (FIG,  5A-G) 

Cranos  de  polen  (4?-)  5-6-zonocolpados,  subo- 

blatos;  didmetro:  P  =  94  (110)  147  p,m,  E  =  109 

(131)  159  jxm;  relacidn  P/E:  0.79-0.86.  Amb  sub-       Eldorado,  YA  Dorado,  Salto  Elena,  6  ene.  1972,  A.  Fer- 

Segiin  Barth  y  Bouzada  (1964)  el  polen  de  B. 

forficata  subsp.  forficata  (NE  al  SE  de  Brasil)  es 

oblato-esferoidal  y  porado,  sin  embargo  al  estudiar 
material  de  esta  subespecie  (Guedes  477  y  Reitz 

C2152,  SI),  no  se  observ6  diferencias  con  la  subsp. 

pruinosa. 
Material  estudiado.      ARGENTINA.    Misione*:    Dplo. 

nandez  et  al.  40  (SI):   Dplo.  Guaranf,   Frarrdn,   15  Eel). 
1978,  Cabrera  &  Saenz  29221   (SI).  Turuman:  aired  e- circular  a  penta-hexagonal.   Colpos  relativamente 

cortos  y  anchos  de  32-59  [im  long.  X   12-20  p,m       dores  de  la  Capital,  31^.^ 
lat.,  subelfpticos  a  suboblongos,  membrana  con  po- 
cos  restos  irregulares  de  ectexina  (Fig.  5A,  D,  E). 

Exina  de  2.9-3.4  |xm  de  espesor,  semitectada, 
reticulada,  heterobrocada  con  lumenes  irregulares, 

BAUHINIA  AFF1NIS  (FIG.  7a,  B,  D-F) 

Granos  de  polen  5— 6-zonocolpados,  oblato-esfe- 

muros  simplibaculados  con  procesos  supratectales      ™^  *$**}%}  A{&m*f°\  P  ZJ^J^VJF*  E 

gemados  de  3.5  (7.5)  13.8  pirn  long.  X  3  (7)  11.5  ~      ̂      ̂   '  
~  ~  ~ 

91  (105)  120  p,m;  relaci6n  P/E:  0.75-0.93.  Ami > 

*xm  lat.  (Fig.  5B,  D,  G).  Ectexina  2-2.5  ̂ m  de      Pentag°nal  °  hexagonal  a  subcircular.  Colpos  cortos 

espesor.  Endexina  de  0.9  u.m  de  espesor;  capa  bas-      y  anchos  de  23"38  ̂ m  Xon&  X  ̂21  ̂ m  ,at"  su" 

al  igual  o  un  poco  mayor  que  la  endexina;  semi-      belfPtlcosJ»  suboblongos,  mem
brana  con  restos  de 

tectum  de  espesor  ligeramente 

basal  (Fig.  5B,  F,  G). 

que  la  capa 
ectexina  (Fig.  7A,  D,  E). 

Exina  de  2.9-3.5  p,m  de  espesor,  semitectada, 

d   1       x     mo    i  A     *  i        i  i        i        reticulada,  homobrocada  con  lumenes  de  forma  ir- 
Kelacion  IN-  de  procesos  supratectales  del  amb  . 

•  .         i     /i -.      .  .     •iAi4//\ie\/iii        regular,  muros  simplibaculados,  con  procesos  su- 
en  vista  polar/didmetro  ecuatorial:  0.14  (0.15)  0.17.  D  .  .V       ,     « «  /fl -v  , pratectales  geminados  de  2.3  (5.5)  8  |tm  long.   X 

Material  estudiado.      ARGENTINA.  Jujuy:  Dplo.  Le- 
desma,  Calilegua,  eamino  eamino  a  los  eafetales,  11  Feh. 

2.3  (5)  8  (im  lat.  (Fig.  7B).  Ectexina  de  ±  2.5  [Am 
de  espesor.  Endexina  de  ±  0.9  |xm  de  espesor  (Fig. 

\mi  Cabrera  et  al.  31492  (SI).  Salla:  Dpto.  San  Martin.       7F)- 
de  Goronel  Cornejo  hacia  Altos  de  San  Antonio,  bordean- Relacion  NQ  de  procesos  supratectal 

lei 
amn 1 

lo  el  gasodueto,  8  km  de  Cornejo,  12  Feb.  1986,  Zuloaga       en  vista  polar/didmetro  ecuatorial:  0.08  (0.12)  0.14. 2742  (SI);  Dpto.  Oran.  Oran.  Kfo  Piedras,  26  Nov.  191  K 
M.  Rodriguez  116  (SI). Observacidn.     En  esta  especie  no  se  efectuaron 
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Figura  5.  A-G,  Bauhinia  mollis  var.  notophila  (Cabrera  et  al.  31492,  SI).  — A.  Grano  en  vista  ecua tonal.  — B. 
Corte  de  la  exina  a  traves  de  un  proceso  supratectal.  — C  Detalle  de  la  ornamentacion  de  la  exina.  — I).  Detalle  del 
eolpo  en  A.  — K.  Grano  en  vista  ecuatorial;  se  ohservan  de  2  colpos.  — F  y  G.  Fstratificacion  de  la  exina  en  eorte 

delgado:  F  a  traves  de  un  eolpo.  G  proceso  supratectal  gemado.  c   =   eolpo:  i    =    intina;  n   =    nexiua:  s   =   sexina. 
Fo torn icrograf fas:  A— D:  MFB;  E— G:  MF  (E  montado  segiln  Wodehouse,  1935).  Ksealas:  A.  D  =  10  jim;  B,  C  =  1  jim; 
E  =  20  (xm;  F,  G  =  2  jim. 
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Fignra  (h  A-G,  Bauhinia  forficata  snbsp.  pruinosa  (Schreiter  409,  SI).  — A.  Grano  en  vista  ecuatorial.  — B.  Detalle 
del  colpo.  — C.  Detalle  tic  la  ornamentacion  de  la  exina  (las  part  feu  las  blaneas  sob  re  los  muros  son  impurezas  del 
preparado).  — I).  Fstratificacion  y  ornamentacion  de  la  exina  fraeturada.  — K.  Corte  de  la  exina.  — F  y  G.  (Granos  sin 
acetolizar)  Fstratificacion  de  la  exina  en  corte  delgado.  co  =  columelas;  e  =  exina;  i  =  intina,  n  =  nexina  eon 
superficie  interna  escabrosa;  st  =  semitectnrn,  Fotomicrograffas:  A-K:  MFB;  F:  MF;  G:  CI.  Escalas:  A,  B  =  10  |im; 
C— E  =    I   |xm;  F,  G  =  2  jxin. 

cortes  de  los  granos,  y  las  medidas  de  la  pared      none  et  al-  295:j  (BAB,  SI).  BRASIL.  Parana:  Guaria- 

fueron  realizadas  sobre  cortes  6pticos  observados  al       na5u"Guaranf.  7  N«v-  1%^  Hatchback  103
74  (SI). 

microscopic)  de  contraste  de  interferencia:  CI  (Fig. 
7F). 

Material  estudiado.      ARGENTINA.   Misiones:    Dpto. 

Grab  M.  Belgrano,  Bernardo  de  Irigoyen,  naciente  del  no       tdn  comprendidas  dentro  de  3  tipos  morfologicos 

Pepin  Guazu,  26°15'S,  53°38'W,  19  Nov.  1995,  Gualia-       diferentes: 

DiscusiOn 

Las  especies  argentinas  del  genero  Bauhinia  es- 
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E 

Figura  7.     A,  B,  I),  Bauhinia  affinis  (Guaglianone  et  ai  2953,  BAB,  SI);  F,  F  (Hatschbach  10374,  SI);  C,  Bauhinia 

hagenbeckii  (Krapovickas  et  al.   13920,  SI).  — A.  Grano  en  vista  ecuatorial.  — B.  Detalle  de  la  ornamentacion  de  la 
— C.  Grano  en  vista  ecuatorial.  — ex  ma. —  I).  Detalle  <le  un  colpo.  — F.  Grano  en  vista  ecuatorial.  — F.  Estratificacion 

de  la  exina  en  corte  optico.  ec  =  ectexina;  en  =  endexina.  Fotomicrograffas:  A-D:  MEB;  F:  MF  (montado  segun 
Wodehouse,  1935);  F:  CI,  montado  en  glieerina,  hidrato  de  cloral  1:4.  Escalas:  A,  C,  D  =   10  umi;  B  =    1   (xm;  F  = 
20  am;  Y  =  2  am. 

Tipo  1:  3-zonocolporados,  tectados,  tectum  mi- 

crogranuloso  con  procesos  supratectales  esfericos, 

rugosos. 

B.  u ruguayensis 
Tipo  3:  4— 6-zonocolpados,  reticulados,  semitee- 

turn  con  procesos  supratectales  gemados. 

Subtipo  a:  Colpos  largos  y  angostos  (largo  4  o 

Tipo  2:  3-zonocolporados  a  porados,  microrreti-       mas  veces  el  ancho),  NQ  de  procesos  supratectales 
culados,  semitectum  con  procesos  supratectales  es-       del  amb  en  vista  polar/diametro  ecuatorial  general - 

B.  microstachya  van  microstachya 

piniformes. mente  mayor  de  0.17. 
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ft  argentinensis  var.  argentinensis 

B.  argentinensis  var.  megasiphon 
B.  bauhinioides 

que  base  Schmitz  (1973)  la  considerd  en  el  g£nero 

Pauletia  Cav.  sub.  nom.  P.  glaziovii  (Taub.)  Schmitz 

(=  sect.  Pauletia  (Cav.)  DC.  subg.  Bauhinia),  grupo 

Subtipo  b:  Colpos  relativamente  cortos  y  anchos       taxontfmico  que  no  posee  caracteres  macromorfo- 
(larg l6gieos  ni  polfnicos  relacionados  con  el  subg.  Ela- 
supratectales  del  amb  en  vista  polar/didmetro  ecua-      yuna    sect.    Benthamia    (Fortunato   &    Wunderlin, 
torial  generalmente  menor  de  0.17. 

noto 
1985;  Fortunato,  1986;  Ferguson  &  Pearce,  1986; 

Wunderlin  et  al.,  1987;  Ferguson,  1990;  Cuadro  1). 

Asimismo,  la  morfologfa  del  polen  de  B.  urugua- 

yensis  (subg.  Elayuna),  presenta  similitud  con  lo 

TIPO  1 
descripto  por  Wunderlin  et  al.  (1987)  en  especies 

del  subg.  Phanera  sect.  Phanera  (B.  involucellata 

Al  relacionar  los  tipos  morfol6gicos  con  las  di-      Kurz<    R    similis    Crail)<    R    ̂acteata    (Grah.    ex 

visiones  infragen^ricas  establecidas  por  Wunderlin       Benth)  Baker),  lianas  de  Indochina  y  Malasia,  y 

et  al.  (1987)  se  observ6  que  B.  microstachya  var.      sect-  Lasiobema  (Korthals)  Benth.  (B.   I 
uirmsiana 

microstachya   posee  polen  de  forma  y  estructura  Hoss.),  liana  de  Tailandia.  Los  subg.  Elayuna  y 

similar  a  otras  especies  del  subg.  Phanera  sect.  Phanera  agrupan  especies  filogen^ticamente  poco 

Schnella,  por  ej.:  B.  smilacina  (Schott)  Steud.  y  B.  relacionadas,  especialmente  en  el  hdbito  de  creci- 

flexuosa  Moric;  asimismo  se  senala  que  en  dicha  miento  y  en  la  morfologfa  floral;  esta  falta  de  pa- 

secci6n  predominan  plantas  de  hdbito  trepador  (li-  rentesco  entre  las  formas  polfnicas  y  la  macromor- 

anas  o  arbustos  escandentes  con  zarcillos)  y  frutos  fologia,   tambien   ha   sido   sefialada   por   Ferguson 
indehiscentes. (1990);  la  similitud estos  tipos  polfnicos  pro- 

bablemente  est£  relacionada  con  una  convergencia 

de  factores  adaptativos  al  tipo  de  polinizadores  pre- 
sentes  en  los  distintos  ecosistemas  (Kalin  Arroyo, 1981). 

TIPO  3 

TIPO  2 
- 

Bauhinia  uruguayensis  fue  ubicada  erroneamen- 
te  por  Schmitz  (1973:  406)  en  el  genero  Binaria 

Raf.  (=  subsect.  Binaria  (Raf.)  Wunderlin,  Larsen 
&  Larsen  sect.  Caulotretus  DC.  del  subg.  Phanera 

en  Wunderlin  et  al.,  1987);  las  especies  de  este 

grupo  son  lianas  con  zarcillos,  frutos  lefiosos,  de- 

hiscentes  y  polen  tricolporado,  prolato,  exina  de  or- 

namentaci6n  finamente  perforada  o  rugulada  a  ve- 
rrucosa    y     sin     procesos     supratectales;    estos 

r  \A  •  i.     i*   •  lr  l  B.  forficata  subsp.  pruinosa,  B.  mollis  var.  no- 
caracteres  mortologicos  y  palinologicos  aineren  de  J    J  \    * 

los  presentes  en  B.  uruguayensis.  Segiin  la  morfo-  tophila  y  ft  affinis). 

logfa   polfnica  aquf  descripta  y  lo  observado  por      b'   P^lebia  (Mart.)  Wunderlin,  
Larsen  &  Larsen  (  = 

Las  especies  del  subg.  Bauhinia  que  crecen  en 

la  Argentina  fueron  consideradas  por  Wunderlin  et 

al.  (1987)  en  la  sect.  Pauletia  (Cav.)  DC.  Series: 

a.   Cansenia  (Raf.)  Wunderlin,  Larsen  &  I>arsen  (  = 

Ferguson   (1990),  esta  especie  fue  correctamente 
ft  bauhinioides). 

ubicada  en  la  sect.  Benthamia  Fortunato  &  Wun-  c-  P™tandra  Wunderlin,  Larsen  &  Larsen  (=
  B. 

derlin  (Fortunato  &  Wunderlin,  1985)  del  subg£-  argentinensis). 

nero  Elayuna  (Wunderlin  et  al.,  1987),  grupo  en  el  La  morfologfa  polfnica  de  todas  las  especies
  es- 

que  predominan  las  formas  bioldgicas  de  drboles  y  tudiadas  de  este  tipo  posee  colpos  de  forma  y  ta- 

arbustos  con  espinas,  legumbres  lenosas,  dehiscen-  mafio  variable.  Esta  variaci6n  presente  en  los  col- 

tes  y  diferente  morfologfa  floral  que  la  existente  en  Pos   ha   sido   Poco   considerada   por  los  distintos 

la  subsect.  Binaria  (Fortunato  &  Wunderlin,  1985;  autores  que  describieron  el  polen  del  genero.  Los 

Vaz,  1979).  La  equfvoca  ubicaci6n  taxonomica  se-       tres  taxa  estudiados  de  la  ser.  Cansenia  prescntan 

nalada  por  Schmitz  (1973)  probablemente 

ex- 

colpos  relativamente  cortos  y  anchos  (Figs.  5A,  D, 

plica  porque  este  autor  incluy6  en  el  genero  Bi-  E;  6A,  B;  7A,  D,  E),  en  cambio  en  las  otras  dos 

naria   a  todas   las   especies  citadas   por  Bentham  especies  de  las  series  Perlebia  y  Pentandra  los  col- 

(1870)  en  la  sect.  Tylotaea  Vogel  (=  subsect.  Bi-  pos  son  largos  y  angostos  (Figs.  3A,  C;  4A,  B,  E). 

naria),  sin  estudiar  el  polen,  ni  relacionarlo  con  los  Sin  hacer  mencion  de  la  forma  y  tamano  de  los 

caracteres  macromorfol6gicos  (Cuadro  1).  La  forma  colpos,  Wunderlin  et  al.  (1987)  senalan  que  existe 

polfnica  observada  en  B.  glaziovii  Taub.  (especie  afinidad  entre  la  ser.  Perlebia  y  la  ser.  Pentandra 

tipo  de  la  sect.  Benthamia)  es  similar  a  la  presente  y  concluyen  que  la  primera  serie  derivarfa  de  la 

en  B.  uruguayensis,  por  eso  no  se  entiende  sobre  segunda;  esta  relaci6n  filogen£tica  serfa  corrobo- 



Volume  88,  Number  1 
2001 

Gamerro  &  Fortunato 
Polen  de  Bauhinia 

157 

rada  por  la  similitud  observada  entre  la  macromor-       Bentham,  G.    1870.   Leguminosae  II,  Swartzieae  et  Cae- 

fologia  y  el  polen  de  los  representantes  estudiados. 

Las  especies  que  crecen  en  Argentina  de  la  ser. 

Cansenia  presentan  granos  4-6-zonocolpados.  Se- 
gun  lo  citado  por  Ferguson  y  Pearee  (1986)  en  este 

grupo  taxon6mico  existen  subgrupos  morfologicos 

salpinioideae.  En:  C.  F.  Martius,  Fl.  bras.  15(2):  1-254. 
Ed.  F.  Fleischer,  Lipsiae. 

Erdtman,  G.    1960.  The  acelolysis  method,  a  revised  de- 
scription. Sventk  Bot.  Tidskr.  54:  561-564. 

  .    1972.    Pollen  Morphology  and  Plant  Taxonomy. 
Angiosperms.  Hafner,  New  York. 

ornamentation  and  stratification  of  some  palaeotropical 
and  neotropical  Bauhinia  L.  species  (Leguminosae: 

Caesalpinioideae).  J.  Palynol.  26:  73-82. 

algunos  de  lo  cuales  han  sido  analizados  y  se  en-      '^""lli  ̂ 'J^^^T^f.^^J^ 
cuentran  actualmente  en  estudio  para  futuras  con- 
tribuciones. 

En  otra  especie  de  la  ser.  Pentandra:  B.  ha- 
genbeckii  Harms,  de  Paraguay  y  Brasil  (Fig.  7C) 

tambien  se  ha  observado  la  presencia  de  colpos 

largos  y  angostos,  siendo  probable  que  este  tipo 

de  apertura  tenga  validez  taxonomica  para  la  ca- 
racterizaci6n  de  esta  serie;  por  otro  lado,  en  el 

material  estudiado  de  esta  seccion  de  Argentina, 

Paraguay  y  Brasil,  se  comprueba  siempre  la  pre- 
sencia de  granos  colpados,  siendo  probable  que 

por  un  error  tipogrdfico  en  Wunderlin  et  al. 

(1987),  hayan  descripto  a  la  ser.  Pentandra  como 

3— 7-colporado. 

Zhang  (1995)  al  realizar  un  andlisis  cladistico  de 

70  caracteres  morfologicos,  entre  los  que  evalua  18 

  &  K.  J.  Pearee.    1986.   Observations  on  the  pollen 
morphology  of  the  genus  Bauhinia  L.  (Leguminosae: 
Caesalpinioideae)  in  the  Neotropics.  Pp.  283-296  en  S. 
Blackmore  &  1.  K.  Ferguson  (editores),  Series  12.  Pol- 

len and  Spores:  Form  and  Function.  Linnean  Society 
Symposium.  The  Linnean  Society  of  London,  London. 

Fortunato,  R.  H.   1984.  Nota  crftica  sobre  Bauhinia  mollis 

(Bong.)  D.  Dietr.  (Caesalpinioideae,  Leguminosae).  Pa- 
rod  i  ana  3:  43-52. 
  .    1986.   Revision  del  genero  Bauhinia  (Cercideae, 

Caesalpinioideae,  Fabaceae)  para  la  Argentina.  Darwi- 
niana  27(1-4):  527-557. 
  .    1996.    Bauhinia  affinis  (Fabaceae)  una   nueva 

cita  para  la  Flora  Argentina.  Darwinians  34:  404-409. 
  &  R.  Wunderlin.    1985.    Benthamia:  Una  nueva 

seccion  del  genero  Bauhinia  L.  (Cercideae.  Caesalpi- 
nioideae, Fabaceae).  Parodiana  3:  317-327. 

de  venaci6n  foliar  y  ninguno  de  los  distintos  tipos       Hideux,  M.  &  L.  Marceau.   1972.  Techniques  d'&ude  du 
de  polen,  considera  en  parte  al  subg.  Bauhinia 

como  un  grupo  monofiletico,  pero  al  referirse  al 

subg.  Elayuna,  incluye  en  £l  entre  otras  secciones 

a  la  sect.  Schnella  del  subg.  Phanera,  grupo  taxo- 

nomico  que  posee  caracteres  polinicos  y  morfolo- 
gicos de  diferente  afinidad  (Cuadro  1). 

CONCLUSIONES 

La  evaluacion  cladistica  de  los  caracteres  mor- 

fologicos efectuada  por  Zhang  (1995)  del  genero 

Bauhinia  considera  no  naturales  algunos  de  los 

subg^neros  establecidos  por  Wunderlin  et  al. 

(1987),  no  obstante  el  presente  estudio  del  polen 

y  su  relacitfn  con  la  morfologia  externa  de  las  es- 

pollen  au  MKB:  Methode  simple  de  coupes.  Adansonia. 

Ser.  2,  12:  609-618. 
Holmgren,  P.  K.,  N.  Holmgren  &  L.  C.  Barnett.  1990. 

Index  Herbariorum,  Part  I.  The  Herbaria  of  the  World. 
8  ed.  International  Association  for  Plant  Taxonomy,  New 
York  Botanical  Garden,  Bronx,  New  York. 

Kalin  Arroyo,  M.  T.  1981.  Breeding  systems  and  polli- 
nation biology  in  Leguminosae.  Pp.  723-770  en  R.  M. 

Polhill  &  P.  H.  Raven  (editores),  Advances  in  Legume 
Systematica,  Vol.  2.  Royal  Botanic  Gardens,  Kew. 

Lai,  M.,  J.  Sceppa,  J.  A.  Ballenger,  J.  J.  Doyle  &  R.  Wun- 
derlin. 1997.  Polymorphism  for  the  presence  of  the 

rpL2  intron  in  chloroplast  genomes  of  Bauhinia  (Legu- 
minosae). Syst.  Bot.  22:  519-528. 

Larsen,  K.  &  S.  S.  Larsen.  1983.  The  genus  Bauhinia  in 
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2001 Statistical  Summary 

Statistical  Summary  of  Some  of  the  Activities  in  thk  Missouri  Botanical  Garden  Herbarium,  2000 

Purchase 

Gift 

Visitors 

Vascular  Bryophyte  Total 

Acquisition  of  Specimens 

Staff  Collections  24,185  3,346  27,531 
0  0  0 

Exchange  32,211  3,802  36,013 
8,182  259  8,441 

Total  acquisitions  64,578  7,407  71,985 

Mountings 

Newly  mounted  57,246  33,830  91,076 

Repairs 

Specimens  repaired  21,196  n/a  21,196 
Specimens  stamped  17.172  n/a  17,172 

Total  repairs  38,368  0  38,368 

Specimens  sent 

On  exchange  21,867  4,558  26,425 

As  gifts  1 5,282  1,278  16,560 

Total  37,149  5,836  42,985 

Loans  sent 

Total  transactions  314  42  356 

Total  specimens  29,385  1,905  31,290 

To  U.S.  institutions 

Transactions  161  31  192 

Specimens  16,631  1,028  17,659 

To  foreign  institutions 

Transactions  153  11  164 

Specimens  12,754  877  13,631 

To  student  investigators 

Transactions  42  8  50 

Specimens  7,423  1,129  8,552 

To  professional  investigators 

Transactions  272  34  306 

Specimens  21,962  776  22,738 

Loans  Received 

Transactions  171  59  230 

Specimens  14,968  7,950  22,918 

From  U.S.A.  From  abroad  Total 

273  105  378 

_.       —   1   vv — ,.^. 

vascular  plants  and  363,948  hryophytes). 

2001 
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The  Gardens  herbarium  is  closely  associated  with  ils  database  management  system,  TROPICOS.  The  charts  below 

summarize  some  of  the  statistics  from  TROPICUS  both  for  the  calendar  year  2(XX)  and  as  year-end  totals.  Note  that 

the  specimen  records  in  TROPICUS  are  primarily  based  on  MO  specimens,  meaning  that  about  thirty-one  percent  ol 

the  bryophytes  (an  increase  of  about  seven  percent  over  1999)  and  thirty-one  percent  of  the  vascular  plants  (an  increase 

of  about  two  percent)  in  the  herbarium  are  now  computerized,  with  an  overall  total  of  about  thirty-one  percent  (an 
increase  of  about  three  percent). 

Specimens 
N ames 

Synonyms 
Distributions 

Types 
Bibliography 

Speci 
mens 

ames 

TROPICOS  records— Calendar  Year  2000  Additions 

Bryophytes 

33,100 

2,316 

1,459 
1,668 605 

1 ,498 

Vascular  Plants 

114,124 

22,334 

10,027 

27,004 
14.420 

3,024 

TROPICOS  records— Year-Knd  20(H)  Totals 

Bryophytes 

1 1 2,589 
99,500 

62,543 

38,659 

7,43 1 
22,104 

303.948 

Vascular  Plants 

1 ,453,832 
769,948 

380,145 

767,389 
259,577 

61,049 
4,746,428 

31 31 

Total 

147,224 

24,65( ) 
1 1 ,486 
28,672 

1 5,025 

4,522 

Total 

1 ,566,42 1 
869,448 
442  ,(>88 
8(  )6,<  >48 

267,008 

83, 1 53 

5,110.376 

N 

Synonyms 
Distributions 

Types 
Bibliography 

Specimens  in  herbarium 

Percent  of  specimens 

computerized 

In  TROPICOS,  literature-based  Synonymy  is  always  linked  to  a  reference  in  Bibliography  and  directly  with  at  least 

two  records  in  Names,  the  synonym,  often  a  basionym,  and  the  correct  name  according  to  the  reference.  Additional 

synonymy  may  be  derived  from  these  direct  links,  e.g.,  all  other  combinations  of  a  basionym  treated  as  a  synonym  ol 

a  given  name  are  also  synonyms  of  it. 

31 

Marshall  R.  Crosby 



NOTICE 

The  Rupert  Barneby  Award  The  Rupert  Barneby  Fund  for  Research  in  Legume 

Systematics  was  established  at  The  New  York  Bo- 

The  New  York  Botanical  Garden  is  pleased  to       tanical  Garden  in  1991  to  honor  Rupert  by  insti- 

announce  that   Dr.   Colin   E.   Hughes,  currently  a       tutionalizing  his  legacy.  The  Fund  had  three  pur- 
Royal  Society  University  Research  Fellow  at  the  poses  specifically  chosen  to  reflect  Rupert  s  wishes: 

Department  of  Plant  Sciences,  University  of  Oxford,  first,  to  support  legume  research  at  The  New  York 

UK,  is  the  recipient  of  the  Rupert  Barneby  Award  Botanical  Garden;   second,  to  provide  monies  to 

for  the  year  2001.  Dr.  Hughes  will  be  studying  the  bring  legume  researchers  from  around  the  world  to 

systematics  of  Andean  Lupinus  as  part  of  a  larger  the  Garden  for  extended  visits  to  study  the  collec- 

monographic  study  to  establish  a  new  infrageneric  tions  RuPert  so  painstakingly  worked  to  improve; 

classification  of  the  genus  and  investigate  a  number  and  third'  to  eventually  provide  an  endowed  chair 

of  more  fundamental  biogeographic,  domestication,  for  a  leSume  researcher  at  the  Garden.
 

and  evolutionary  questions. 
Annually  since   1991,  the  Fund  has  sponsored 

th 

The  New  York  Botanical  Garden  now  invites  ap-      the  competitive  "Rupe
rt  Barneby  Award"  in 

plications  for  the  Rupert  Barneby  Award  for  the      am°Unt  °f  *  1'0001to  bnng  °ne  0
r  more  V1Sltln6  SC1" 

year  2002.  The  award  of  U.S.  $1,000  is  to  assist 
researchers  to  visit  The  New  York  Botanical  Garden 

to  study  the  rich  collection  of  Leguminosae.  Anyone 

interested  in  applying  for  the  award  should  submit 

their  curriculum  vitae,  a  detailed  letter  describing 

entists  to  the  Garden  for  the  study  of  our  collection 
of  legumes. 

The  money  for  the  Fund  comes  from  a  variety  of 

sources,  but  primarily  through  private  gifts.  Anyone 
interested  in  making  a  contribution,  large  or  small, 

to  The  Rupert  Barneby  Fund  for  Research  in  Le- 
the project  for  which  the  award  is  sought,  and  the  c    *        *•  u-  u  _*    *u-  j 
r    J  &    '  gume  Systematics,  which  supports  this  award,  may names  of  two  or  three  referees.  Travel  to  the  NYBG 

should  be  planned  for  sometime  in  the  year  2002. 
send  their  check,  payable  to  The  New  York  Botan- 

ical Garden,  to  Dr.  James  L.  Luteyn,  The  New  York 
The  application  should  be  addressed  to  Dr.  James  Botanical  Garden,  200th  Street  &  Kazimiroff  Blvd., 
L.  Luteyn,  Institute  of  Systematic  Botany,  The  New  Bronx,  NY  10458-5126,  U.S.A. 
York  Botanical  Garden,  200th  Street  and  Kazimiroff  The  New  York  Botanical  Garden  is  a  not-for-prof- 
Blvd.,  Bronx,  New  York  10458-5126  U.S.A.,  and  it,  tax-exempt  organization.  Each  gift  to  The  Rupert 
received   no  later  than   December   1,   2001.   An-  Barneby  Fund  for  Research  in  Legume  Systematics 
nouncement  of  the  recipient  will  be  made  by  De-  will  be  duly  acknowledged  by  the  Garden  for  its 
cember  15th. intent  and  for  tax  purposes. 
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88,  Number  1,  pp.  1-162  of  the  Annals  of  the  Missouri  Botanical  Gardkn  was  published 
on  April  27,  2001. 
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V 

Abstract 

Asterids.  comprising  about  one-third  of  all  angiosperm  species,  include  almost  all  sj>ecies  that  produce  iridoids  and  that 

have  sympetalous  corollas,  and  most  species  that  have  unitegmic-tenuinucellate  ovules.  To  elucidate  their  phylogeny,  we  used 

separate  and  combined  data  sets  of  sequences  from  IBS  rl)NA.  r/;cL.  tulhV.  and  dtpli.  with  a  maximum  of  7168  base  pairs 

for  158  genera,  for  phylogenetic  analysis.  The  analyses  resolved  the  major  lineages  of  asterids  si,  confirming  the  feasibility 

of  analyses  of  large  data  sets  in  phylogenetic  syslemalics.  Most  of  the  taxa  fall  within  one  of  four  major  clades.  Cornales. 

comprising  Cornaoeae,  Nyssaceae.  Hydrangeaceae,  Loasaceae.  and  llydrostachyaceae,  are  sister  to  the  remaining  genera. 

Ericales  consist  of  taxa  traditionally  included  in  Kricales.  Primulales,  Kbenales,  and  Theales.  as  well  as  Polemoniaceae  and 

Balsaminaceae.  They  are  sister  to  euasterids  I  and  euasterids  II.  The  euasterids  I  include  l^amiales.  Boraginaceae.  Solanales. 

and  Gentianales.  The  relationship  of  Boraginaceae  as  sister  to  Luniales,  even  though  weakly  supported,  is  reported  lor  the 

first  time.  The  euasterids  II  comprise  Asterales,  Apiales,  Dipsacales,  Escallonia,  Eremosyne,  and  Berzeliu.  and  Aquiloliales. 

Dipsacales,  including  Sambucu.s  and  Viburnum,  are  monophyletic  and  sister  to  Apiales.  The  data  set  of  15B  taxa  sequenced 

for  four  genes  gives  us  insight  into  both  the  evolution  of  the  asterids  and  the  molecular  evolution  of  the  four  genes.  Some 

striking  differences  in  rales  and  patterns  of  molecular  evolution  appear  both  within  and  among  the  genes;  for  example,  ndhF 

consists  of  two  very  different  regions  with  the  second  region  apparently  evolving  under  reduced  selection  pressure.  The  lour 

genes  differ  in  their  base  composition,  Iransition-transversion  bias,  and  in  their  most  common  substitutions. 

Key  words:      IBS  rl)NA,  asterids.  atpBn  Cornales.  Kricales.  ndhF,  rbcl.. 

For  over  a  hundred  years,  biologists  have  tried       history.  Inferring  evolutionary  history  among  higher 

to  classify  organisms  to  reflect   their  evolutionary       categories  of  angiosperms,  however,  has  been  par- 

1  This  research  was  supported  in  part  by  NSF  grants  DEB-970786B  to  PSS  and  DES,  and  DBI-9512890  to  PSS  and 

DKS.  We  thank  L  Hufford.  K.  Bremer,  P.  M.  Richardson,  and  two  anonymous  re\ievvers  lor  helpful  comments  on  the 

manuscript,  and  I).  Swoflord  for  access  to  test  versions  of  PAUP  *4.0.  We  also  thank  M.  \\tell  and  S.  Swensen  (Ithaca 

College),  G.   Plunkett  (Virginia  Commonwealth   University).  O.-Y.   Xiang  (Idaho  Slate  University).   L  Johnson  (North 

Carolina  State  University),  B.  and  K.  Bremer  (Uppsala  University).  J.  Smith  (Boise  State  University).  M.  W.  Chase 

(Royal   Botanical  Gardens,  Kew).  C.  Morton  (Auburn   University),   R.  Jansen  (University  of  Texas).  T.  Motley  and   L 
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ticularly  difficult  where  distinctive  characters  may  tends,  a  circumscription  of  a  monophyletie  Aster- 

have  been  obscured  by  subsequent  evolution.  One  idae  has  nevertheless  been  difficult  using  morpho- 

of  the  early  higher  categories  of  angiosperms  to  be  logical  data  alone  because  of  parallelisms  (Huflord, 

recognized  was  the  Monopetalae  (de  Jussieu,  1789),  1992)  and  losses  of  characters  (Olmstead  et  al., 

which  included  plants  with  fused  petals.  The  con-  1992).  However,  phylogenetic  analyses  of  DIN  A  se- 

cept  of  Monopetalae,  later  called  Sympetalae  (Kei-  quences  from  the  chloroplast  genes  r/>cL,  r///>B,  and 
chenbach.  1828),  has  changed  considerably  over  ndhV  have  shown  the  monophyly  of  the  aslerids 
time  (sec  review  by  Wagenitz,  1992).  Warming  (Chase  et  a!.,  1993;  Olmstead  et  al.,  1992,  1993; 

(1879)  split  the  Sympetalae  into  Pentacyclicae,  Chase  &  Cox,  pers.  comm.).  Analyses  of  18S  rDIN  A 
with  two  series  of  stamens,  andTetracyclicae,  with  sequence  data  were  ambiguous,  with  one  set  of 

only  one  series  of  stamens.  The  latter  have  more  trees  showing  asterids  to  be  monophyletie  (I).  Soltis 

recently  been  referred  to  as  subclass  Asteridae  &  P.  Soltis.  1 997)  and  another  set  nesting  the  Car- 
(Takhtajan,  1964).  The  rise  of  cladistic  theory  and  yophyllidae  (Caryophyllales  sensu  AP(i,  1998) 
use  of  molecular  data  have  led  to  a  reevaluation  of  within  them  (Soltis  et  al.,  1997a).  Furthermore,  the 

the  limits  and  component  families  of  Takhtajan  s  interfamilial  relationships  remain  partly  unresolved 

(1961,  1980,  1997)  and  Cronquisfs  (1981)  Asteri-  due  to  the  lack  of  sufficient  characters  provided  by 

dae.  Phylogenetic  analyses  using  morphological  rbel,  (e.g.,  Olmstead  et  al..  199.'?).  Additionally,  sev- 
data  (Huiford,  1992).  rhcL  sequence  data  (01m-  eral  critical  taxa  have  been  left  out  of  previous 
stead  et  al.,  1992,  1993;  Chase  et  al.,  1993),  and  analyses.  The  circumscription  and  interrelation- 
cpDNA  restriction  site  analysis  (Downie  &  Palmer,  ships  among  components  of  asterids.  therefore,  re- 
1992)  showed  that  the  Asteridae  are  not  monophy-  main  unclear. 

letic  as  traditionally  circumscribed.  A  monophylet-  A  further  problem  in  reconstructing  the  phylog- 

ic  Asteridae  contains  Cronquist's  (1981)  Asteridae,  eny  of  the  asterids  is  the  sheer  scope  of  the  anal- 
plus  parts  of  his  Hamamelidae  (Eucommiales),  Dil-  ysis.  Until  recently,  phylogenetic  analyses  of  groups 
leniidae  (most  Theales,  Lecythidales,  Ericales,  Dia-  as  large  as  asterids  were  plagued  by  several  limi- 
pensiales,  Kbenales,  Primulales,  Sarraceniaceae,  tations,  including  slow  computation  times  (and  thus 
Fouquieriaceac,  Loasaceae),  and  Rosidae  (Pittos-  inadequate  searching  of  tree  space),  an  insufficient 
poraceae,  Hydrangeaceae,  Byblidaceae,  Columel-  number  of  characters  to  resolve  the  number  of  taxa, 

liaceae,  Alseuosmiaceae,  Escallonia  and  Montinia  and  insufficient  sampling  of  taxa.  However,  large- 
from  (irossulariaeeae,  Eremosyne  and  Vuhlia  from  scale  phylogenetic  analyses  are  now  considered 
Saxifragaceae,    Comales,    Aquifoliaceae,    Icacina-  much   more  tractable,  due  to  the  development  of 
ceae,  IJalsaminaeeae,  and  Apiales). new  approaches  to  phylogeny  reconstruction  (e.g.. 

These  expanded  Asteridae  (the  asterids  sensu  Mishler  et  al.,  1994;  P.  Soltis  &  1).  Soltis,  1996; 

the  Angiosperm  Phylogeny  Group  (APG),  1998)  Rice  et  al.,  1997),  new  and  faster  computer  pro- 

comprise  approximately  one-third  of  all  angiosperm  grams  (e.g..  "parsimony-jackknifing"  Karris  et  al.. 
species,  with  almost  80.000  species  in  about  4700  1996;  PAUPH.0.  Swofford,  1998;  the  RATCHET. 

genera  and  100  families  (Thome,  1992).  Many  spe-  K.  Nixon,  1999),  simulation  reports  (Hillis,  1996; 
cies  of  the  asterids  contain  classes  of  chemical  Craybeal,  1998;  Poe  &  Swofford,  1999),  and  em- 
compounds   that   are   not   found  outside  the  clade.  pineal  studies  (e.g.,  Soltis  et  al.,  1998;  Wolf  et  al.. 
for  example,  almost  all   species  that  contain   iri- 

doids  (Jensen,    1992)  and  tropane  alkaloids  (Rom- 

1998). 

Increasing  taxa  number  increases  accuracy  of  a 

eike,   1978)  and  most  of  those  that  produce  caffeic  phylogenetic    analysis    (Hillis,    1996;    Cravbeal. 
acid  (M0lgaard,   1985)  belong  to  the  asterids.  Such  1998;  Yang,  1998;  but  see  Poe  &  Swofford,  1999), 
chemical  compounds  have  frequently  been  used  as  but    it    also    makes    the    analysis    computationally 
important   characters  in  classification  (e.g.,   Dahl-  much   more  difficult.   Even  more   important   in  in- 
gren  et  al.,   1981).  Dahlgren  ( 1 975)  noted  that  the  creasing  accuracy  and  resolution  of  a  phylogenetic 
occurrence  of  iridoids  highly  correlates  with  sym-  analysis  seems  to  be  adding  more  characters  (Hil- 
pctalous  (lowers  and  embryologieal  characters  such  lis,  1996;  Poe  &  Swofford,  1999;  but  sec  Nay  lor  & 

as  unitegmic-tenuinucellate  ovules  and  cellular  on-  Brown,   1998).  reducing  the  time  for  dala  analysis, 
dosperm  development.   However,  no  one  has  been  and  increasing  support  for  clades  retrieved  (Soltis 
able  to  infer  the  exact  pattern  of  diversification  for  et  al.,    1997b,   1998).  Therefore,  the  strategy  has 
these  characters  because  a  broadly  reconstructed  been  to  combine  a  large  number  of  molecular  char- 
phylogenetic  tree  has  been  lacking.  acters  from  four  genes  for  a  variety  of  taxa  assuring 

Despite  these  correlated  characters  in  many  as-  a  balanced  representation  of  all  major  lineages  of 
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parable  to  rbcL  (Hoot  et  al.,  1995)  with  its  range  of asterids.  The  existence  of   large  data  sets  for  18S 

rDNA  (e.g.,  Soltis  et  al.,   1997a).  rbe\,  (e.g.,  Olm-       application  assumed  similar. 

stead   et   al.,    1993),   ndhF  (e.g.,   Olmstead   et   al.. This  study  reports  more  than  200  new  sequences 

2000),  and  atpB  (e.g.,  Savolainen  et  al.,  2000),  as  of  18S  rDNA,  rbcU  ndhF,  and  atpB  for  the  asterids 

well  as  rapid  sequence  generation  by  automated  and  presents  the  results  of  analyses  of  these  four 

means,  enable  a  combined  analysis  of  the  asterids  genes  singly  and  in  combination.  We  use  ihese  data 

s.l.  with  7168  characters,  2692  of  them  parsimony-  and  analyses  to  discuss  relationships  within  aster- 

informative,  ids.  This  study  also  compares  patterns  of  molecular 

18S  rDNA  and  rRNA  sequences  have  been  used  evolution  with  matching  data  sets  for  these  four  dif- 

fer a  wide  range  of  phylogenetic  studies  in  animals,  ferent  genes, 

fungi,    protozoa,    bacteria,   algae,   bryophvtes.   and 

tracheophytes  (e.g.,  Hamby  &  Zimmer,  1992;  Soltis       MATERIALS  AM)  METHODS 

et  al..  1997a).  18S  rDNA  is  20  percent  longer  than 

chloroplast  genes  rbcL  (1807  bp  versus  1431    bp, 

Nickrent  &  Soltis,   1995),  but  evolves  more  slowly 

than  rbcL,  ndhF,  or  atpB  (Nickrent  &  Soltis,  1995: 

SPKCIES  SAMPLKD    \NI)  SOIRCKS  OK  IMAM 

MATERIAL 

The  species  included  in  the  analyses  are  given 

Olmstead  &   Reeves,   1995;   1).  Soltis  &    P.  Soltis,  in    Appendix    1,    along    with    GenHank    accession 

1997),  and  its  pattern  of  evolution  is  constrained  numbers.  Sequences  that  have  not  been  previously 

somewhat  by  its  secondary  structure  (P.  Soltis  &  D.  published  are  given  in  Appendix  2.  along  with  eol- 

Soltis,  1998).  Phylogenies  inferred  from  I8S  rDNA,  lection  and  voucher  information. 

r/>rL,  or  atp\\  sequences  appear  reasonably  concor- The  emphasis  in  acquiring  new  sequences  was 

dant  across  angiosperms  (Soltis  et  al.,   1997a;  Sa-       on  families  and  clades  that  were  not  as  well  rep- 

volainen  et  al.,  2000).  Hybridization  and  introgres- 
sion  are  not  an  issue  on  this  taxonomic  level  (Chase 

resented  and  on  taxa  that  were  thought  to  subdivide 

long  branches  (Hillis,  1998;  Graybeal,   1998).  We 

et  al.,   1993),  and  therefore  data  from  these  three  attempted  to  use  the  same  source  DNA  as  previ- 

genes  have  been  combined  to  analyze  major  line-  ously  used  (Olmstead  et  al.,  1993;  Olmstead  et  al., 

ages  of  angiosperms  (Soltis  et  al.,  1997b.  1998;  Sol-  2000).  Where  not  possible,  the  same  species  or  ge- 

tis  et  al.,  2000).  nus  was  used,  except  in  the  following  cases.  Cor- 

The    most    widely    used    gene    for   phylogenetic  iandrum  (rbcL,  ndhF),  Lomatium  (18S  rDNA),  and 

analyses  among  angiosperms  is  rbel,  (e.g..  Chase  et  Apium  (atpB)  were  combined  for  Apiaceae-Apioi- 

al.,  1993;  Morgan  &  Soltis,  1993;  Olmstead  et  al., 

1993;  Xiang  et  al.,  1993).  More  than  2500  rbcL 
deae,  and  Streptocarpus  and  Saint paulia  {<ttj)\\)  for 

Gesneriaceae-Didymocarpcae.  Lamium  and  Ajuga 

sequences  have  been  generated  for  angiosperms  (ndhF)  were  paired  as  representatives  of  gynobasic- 

alone  (Kallersjo  et  al.,  1998).  This  chloroplast  gene  styled  Lamiaceae,  hmsa  and  Caiophora  (rbcL)  in 

has  been  applied  at  the  ordinal  level  (Chase  et  al.,  Loasaceae,  as  were  Ardisia  and  Maesa  (atpB)  for 

1993)  to  studies  resolving  species  relationships  (Xi-  Myrsinaceae.  Combining  Ardisia  and  Maesa  may 

ang  et  al.,  1993). 

Of  the  four  «;enes  considered  herein,  the  ndhF 

gene  evolves  fastest  with  a  substitution  rate  twice 

obscure  relationships  of  Myrsinaceae  based  on  re- 
sults from  Anderberg  et  al.  (1998),  but  these  results 

became  known  to  us  too  late  for  this  study.  Ana- 

that  of  rbcL  (Olmstead  &  Sweere,  1994).  ndhF  is  a  gallis  and  Primula  (18S  rDNA)  were  combined  for 

long  chloroplast  gene  of  2223  bp  in  tobacco,  but  Primulaceae,  and  Ixora  and  Coffea  (atpB)  lor  Ru- 

its  length  varies  among  taxa.  Comparative  ndhF  se-  biaceae-Ixoroideae.  Thevetia  (rbcL,  ndhF),  Taber- 

(|iiencing  has  been  used  for  intrafamilial  studies  naemontana  (18S),  and  Plumeria  (atpB)  were  com- 

(e.g.,  Olmstead  &  Sweere,  1994;  Kim  &  Jansen,  bined  lor  Apocynaceae-Plumerioideae.  Alstonia 

1995),  but  rarely  above  the  family  level  as  herein.  was  included  in  the  18S  rDNA/r6cL  analysis  to  rep- 

Comparative  sequencing  of  the  chloroplast  atpU  resent  Apocynaceae-Plumerioideae,  but  seems  sis- 

gene  has  seen  less  phylogenetic  application  than  ter  to  the  remaining  Apocvnaceae  based  on  molec- 

ular   and     morphological     data     (cf.     Sennblad     & 

Bremer,  19901.  In  the  outgroup,  Tetracera  and  />/'/- 
1995)  to  an  analysis  of  the  angiosperms  as  a  whole       tenia  (rbcL)  were  combined  for  Dilleniaceae 

the  other  three  genes.  It  has  been  used  in  studies 

investigating    generic    relationships    (Moot    et    al.. 

(Savolainen  et  al..  2000).   A   broad  analysis  using The  sister  group  of  the  asterids  is  unclear,  making 

over  500  atpK  rbcL,  and  18S  rDNA  sequences  for  the  selection  of  an  appropriate  outgroup  difficult, 

angiosperms  (Soltis  et  al.,  2000)  has  further  dem-  Both  the  rbcL  analysis  of  angiosperms  (Chase  et  al, 

onstrated    the    usefulness   of  atpB    sequences.    At  1993)  and  the   18S  rDNA  analysis  of  angiosperms 

1497  bp  long,  atpB  has  a  rate  of  evolution  com-  (Soltis  et  al.,    1997a)  revealed  a  large  rosid  clade 

' 



166 Annals  of  the 
Missouri  Botanical  Garden 

as  sister  to  asterids,  so  most  outgroups  were  se-       using  primers   1   and  2I10R  (Olmstead  &  Sweere, 
leeted  I  mm  this  clade.  The  asterids  and  rosids  are 1994).  Reaction  conditions  differed  by  premelt  at 

the  two  largest  clades  of  core  eudicots  in  an  anal-  94°C  for  3  nun.:  30  cycles  with  each  cycle  as  for 
ysis  of  rbchn  atp\\.  and  18S  rl)NA  sequences  (Soltis  18S  rl)NA;  but  annealing  step  at  48°  of  only  1  min. 
et  al.,  2000).  The  outgmup  herein  consisted  of  25  atpB  was  amplified  using  primers  S2  and  S1491R 

taxa  for  18S  rDNA  and  rArL,  and  17  taxa  forw//?F,  (Hoot  et  al.,  1995).  Reaction  conditions  were:  pre- 

atp\\.  and  the  combined  analysis  of  all  four  genes.  melt  at  94°C  for  3  min.;  30  cycles  of  denaturing  at 
Those  outgmup  taxa  used  only  in  the   I8S  rDNA  94°C  for  1  min.,  annealing  at  51°C  for  1  min.,  and 
and  rbel*  data  sets  are  marked  with  an  asterisk  in  extension  at  72°C  for  3  min.;  plus  a  final  extension 
the  following  list.  The  outgroups  cover  all   major  step  at  72°  for  16  min.. 
clades  of  rosids:   nitrogen-fixing  clade  (Rhamnus, Double-stranded  PCR  products  were  sequenced. 

Quercus)  and  Oxalis  of  eurosids  I  (APG,  1998),  using  the  PRISM  system  (Applied  Biosystems,  Inc.) 

Brassicales  (TYopaeolurn,  Limnanthes* ,  Akania*)  following  the  manufacturers  protocol  but  using  Va 
and  Sapindales  {Acer.  Staphylea)  of  eurosids  II.  and reactions  rather  than  full,  and  using  both  internal 

ene- 

Dilleniaceae.     Dilleniaceae    and    Caryophyllales  primers  and  those  used  for  amplification,  sequ 

(Plumbago,    Phytolacca,    Spinocia*)    were    nested  ing  both  strands  at  almost  all  positions.  Sequencing 
within  asterids  in  the  analysis  of  18S  rDNA  (Soltis  primers  used  for  18S  rDNA  were  combinations  of 
et   al.,    1997a).    Rased   on   analyses  of  rbcU    18S  NSI,  C18K,  626r,  854r,  CI 81 1,  N18J,   I525r,  and 

rDNA,  and  atp\\  (Soltis  et  al.,  2000),  the  Saxifra-  C18L;  for  rbcL  1,  674,  1204,  3',  1351  r,  674r;  for 
gales   (Heuchera,    CercidiphyUum,   Paeonia,   //ea*,  ndhf  1,  536,  972,  1318,  21  lOr,  1318r,  972r,  536r; 

Saxifraga*,  Liquidambar*)  occur  as  sister  to  all  for  atpli  S2,  S335,  S611,  S1022,  SI494r,  S1186r, 
other  rosids.  Representing  the  early-diverging  cu-  S766r,  S385r.  Sequencing  reactions  were  clcclro- 
dicots  are  Sabia,   Trochodendron*  and  a  clade  of  phoresed  and  recorded  using  an  ARI  377  DNA  se- 

Ranunculales   (Dicentra,    Ranunculus*).  The   most  quencer  following  the  manufacturer's  protocol, 
distantly  related  outgmup  taxa  used  in  these  anal- 

yses are  Liriodendron  and  Ceratophylluni,  from  the 
grade  at  the  base  of  the  angiosperm  tree. 

ai.k;n\ii:nt 

Plant    material    was   obtained   from   field   collee- DNA  sequences  were  assembled  and  edited  us- 

tions,  botanical  gardens,  or  herbarium  specimens  ing  Sequencher  3.0  (Gene  Codes  Corp..  Inc.).  r/wL 
(Appendix  2).  Genomic    DNA  was  extracted  from      and  atp\i  did  not  show  length  mutation,  except  for 
fresh  leaf  tissue  using  the  CTAI?  method  of  Doyle  a  two-codon  deletion  beginning  at  position  163  in 
and  Doyle  (1087)  or  as  modified  by  Cullings  (1992)  the  atp\\  sequences  of  Ipomoea  and  Convolvulus. 
for  herbarium  specimens  and  material  dried  in  sil-       Only   the  first    1428  bp  of  rbel,  were  used,  as  in 

previous  studies  (Chase  el  al..    1993;  Olmstead  et 

al.,  1003).  The  aligned  18S  rDNA  sequences  from 

ica  gel. 

■Uin.lHCVilON   AND  SEQUENCING 

asterids  were  1855  bp  long.  Bases  1-41  and  1799- 
1855  were  excluded  from  the  phylogenetie  analysis, 

PCR  amplifications  used  50  pmol  of  each  primer,       because  the  extreme  5'  and  3'  ends  were  too  dif- 
10  pi  Taq  DNA  polymerase  buffer  (20  mM   Iris  pll       ficult  to  read  in  many  taxa.  Most  length  mutations 
8.3,  50  mM  KCI,  1.5  mM  MgCL  10%  Tween-20),  in   18S  rDNA  are  due  to  indels  of  a  single  base 
I    mM  dNTPs,  2.5  units  of  Taq  DNA  polymerase  pair,  confined  to  a  few  small  regions  (Soltis  et  al., 
(Promega   and   Sigma),   and    a    varying   amount   of  1 997a;  P.  Soltis  &  I).  Soltis,  1998).  Only  one  small 
DNA  in    100  fxl  total  volume.  For  amplification  of  region  (of  four  noted  by  Soltis  et  al.,   1997a)  could 
I8S  rDNA,   5   pi   dimethylsulfoxide  (DMSO)  was      not  be  aligned  in  asterids.  This  single  region  of  18S 

rDNA   that  could   not   be  aligned  contained  seven 
base  pairs  correspond  ing  to  positions  066— 672  on 

added  to  facilitate  denaturalion  (Varadaraj  &  Skin- 
ner,  1994). 

I8S  rDNA  was  amplified  using  the  primers  NSI  the  sequence  of  Glycine  max.  This  one  highly  var- 

and   CI8L*,  as  given   in   Bull   el   al.  (1992).  rbcL  iable  region  corresponds  to  the  terminus  of  helix 
genes  were  amplified  using  primers  Zl   (Zurawski,  K23-1  and  was  subsequently  eliminated  from  phy- 

DNAX    Research    Institute)    and    3'    rbc L-primer  logenetic  analysis  (Swofford  &  Olsen,  1990). 
(Olmstead  et  al.,   1992).  Reaction  conditions  were:  Alignment  of  ndliY  sequences  was  also  done  by 

premelt  at  97°C  for  2  min.;  30  cycles  of  denaturing  eye,  but  09  indels  made  alignment  more  difficult 
at  91°C  for   1    min..  annealing  at    18°C  for  2  min.,  than  for  the  other  genes.  Six  indels  were  insertions 
and  extension  at  72°C  for  2  min.;  plus  a  final  ex-  of  direct  repeats  of  the  preceding  codon  or  codons. 
tension  step  at  72°  lor  10  min.  ndhY  was  amplified  Ten  of  the  69  indels  occur  in  members  of  the  out- 
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Table  1.      Changes  among  stem  bases  of  18S  rDNA  al group.  Furthermore,  26  indels  are  restricted  to  sin- 

gle taxa  in  this  data  set  (Appendix  3).  Sequence       parsimony-informative  sites  (total  number  768  changes  al 

length  varied  between  2151   bp  for  the  Convolvu-  sites). 

laceae  and  2256  bp  for  Eremosyne  with  gapped  po-      = 
sitions  treated  as  missing  data. 
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Data  sets  as  large  as  those  analyzed  in  this  study 

pose  some  special  problems.  When  parsimony  is 

employed,  only  heuristic  searches  are  feasible  at 

all,  and  even  these  are  computationally  so  expen- 

sive that  the  globally  shortest  tree  may  not  be  found 
/u.         .     i     inrv7\    m  »u       r   .    i  ,u>.»       mative  within  asterids.  Analysis  did  not  run  to  com- 
(Kice  et  al.,  1997).  Measures  were  therefore  taken  J 
i  i    .  ■II     mc  n:         pletion    and    was    ambiguously    interrupted    when 

to  explore  as  much  tret1  space  as  possible  (1.  Soil  is       *  "  *  * 
&  I).  Soltis,  1996;  Soltis  et  al.,  1997b). 
c  11  *•  l  i     »    j  had  2321    steps  (CI 
Seven  phylogenetic  analyses  were  conducted  us-  ^     v 

ing  a  test  version  (d60)  of  the  program  PA  UP*  vers. 
4.0  (I).  L.  Swofford,  with  permission):  one  for  each 

5000  trees  of  one  length  were  found.  Shortest  trees 

0.275;  RI   -  0.593).  The 
strict  consensus  tree  is  shown  in  Figure  4. 

gene  separately,  one  with  a  combinec 

18S   rRNA    has   a   highly   conserved    secondary 

II   IKS     l)\  \l      structure  across  angiosperms,  and  this  is  reflected 

*"\   T     .   .         l/170,       x  a  ii   i„4  ,       by   the   low  number  of  informative  sites  per  total rbcL  data  set  (178  taxa),  one  with  a  combined  data         J  ^  ; 

set  of  all   four  genes  (137  taxa).  and  one  with  a number  of  nucleotides.  The  secondary  rKiN  A  struc- 

,  .       ii,  .       i    ,  ,1,1  i  lure  consists   of  "stems,"   areas  ol    paired    nueleo- combmed    data    set    ol    taxa    that    have    been    se-  '  » 

iC        n  r  i       oi       i  rr        if,..  tides,  and  "loops"  (including  bulges  of  one  or  more quenced  for  all  lour  genes  plus  21  additional  taxa  »  f      v  . 
.,    L  i  i  i  r     »i  i    ncio  nucleotides),  where  nucleotides  do  not  pair.  Stem 
that  have  been  sequenced  lor  three  genes  only  (158  ...  •         ,      , 

taxa).  For  the  final  four-gene  analysis,  the  missing 

gene  was  replaced  by  question  marks  in  this  anal- 

ysis. Those  21  taxa  incomplete  for  one  sequence 

include  Roridula  (18S);  Phyla  (rbcL);  Byblis,  Au- 

bases  were   identified   using  the  known  secondary 

structure  of  18S  rDNA  in  Glycine  max  (Nickrent  in 

Soltis  et  al.,  1997)  as  a  model.  In  total,  1108  bp 

(60%)  of  all  18S  rDNA  base  pairs  are  found  in  stem 

c ,       ,.  »  r  i  m';)l   -  .    r„        regions.  Of  the  242  parsimony-informative  charac- uba,  Eucommia,  Roussea,  Cobaea,  Mcmukara,  ty-         h  l  J 

rill  a,  Sarracenia,   and  Symplocos  (ndhV);  Davidia, ters  within  asterids,  133  (55%)  are  stem  bases.  This 

d  y     •       /      •  c  /       m        /.v.     A»*u  ,  number  resembles   closely  the  numbers   found   in 
Barnadesia,   Lonicera,   Scaevola,   rhacelia,  Antno-  ■  , 
i  .  A       A       i  ,i         nI      .  r  //■    .„        ,,   i  other  studies  (58%  across  all  angiosperms,  Soltis  et 

cleista,  Aeschynantnus,   rlantago,   Lallicarpa,  and  _v  , 
La  at  <in  a  (atpB). 

The  search  strategy  followed  I).  Soltis  and  P.  Sol- 
tis   (1997).     Five    hundred    consecutive 
1 searencs    wi ith    random    taxon    addition    and    NNI 

al.,  1997a;  57.7%  in  Polemoniaceae,  Johnson  et  al., 

1999:  54%  in  a  comparison  of  Glycine  and  I'bor- 

lioiiriatiV       adendron    (Viscaceae),    Nickrent    &    Franchina, 

1990).  In  animal  ribosomal   DNA,  stem  bases  and 

,  ,  .  i      .     ,        -.1     r        .  loop  bases  have  about  the  same  probability  of  being 
branch-swapping   were  conducted,  with   five   trees  ■  '  . 

,                i.     .      .     •                   i                r  r     i-   „  parsimonv-informative  (12%  and   14%,  respective- 
saved  per  replicate,  to  increase  chances  ol  linding  l  ,  . 

i  .    i     •  i       i       r  .  •  •         .  /mi  W).  as  found  by  Vawter  and  Hrown  (1993). 
multiple  islands  of  most-parsimonious  trees  (Mad-  *'*  J  i  •  / 
dison,  1991).  The  trees  from  the  four  best  replicates As  stem  bases  pair,  a  base  change  might  prevent 

,  .      •  r      i        •  ..  i  pairing,  therefore  favoring  a  compensatory  change 
were  used  as  starting  trees  lor  heuristic  searches  *  ^  7       i        i  •  r 

1,1       •       U|,t  i)U)C        i  tdd  i  i  on   the  opposite  strand.   Another  kind   of  compen- 
conducted  using  MULPARS  and  [  BR  branch  swap-  »  '  •         i 

i       i       .  ,         /li„  »   ■  ,  satory  change  involves  uracil,  which  can  pair  with lar  bootstrap  (r  clsenstein,  .  . 
r  .i  .       .         r-  either  jmanine  or  adenine  (U-(i  <=>  U-A).  Most  lian- 

ping.  Inif )lementing  regu 

either  guanine1  or  adenine  (U-G  <=>  U-A).  Most  tran- 

sitions among  stern  bases,  therefore,  retain  base- 
1985)  is  impractical  with  data  sets  of  this  size.  Sup- 

port was  estimated,  therefore,  using  500  replicates  ...  .. 
r  *l      "f    *"   i      *  *              *•        •      i>\iu>*   a  (\\c,(\  pairing  in  stems.   Mutations  in  stem  bases  at  par- 

ol  the     fast      bootstrap  option   in    PA  UP*  4.0d()0.  *  »  i       ■         i r,     .  ,       .  .  i  i         i  •      i      ,  simony-informative  sites  were  estimated  using  the 
last  bootstrap  analyses  provide  values  similar  to  oi  J  .,*«,,.  0 
.....         '  .  ,     •      u         ii*  TRACE   option    in    MacClade   3.04     Maddison   & slightly  lower  than  those  derived  from  bootstrapping  *  v 

with  branch  swapping  (Mort  et  al..  2000). 

Results 

18s  rDNA 

Maddison,  1992)  and  the  consensus  tree  of  the 

combined  analysis  of  18S  rDNA  and  rbc\,  (Fig.  3). 

Within  asterids,  768  unambiguous  base  changes 

were  found,  77%  of  which  are  transitions  (Fable  1 ). 

Transitions   involving  cytosine  and   thymine  occur 

Of  all   1749  sites  included  in  the  analysis,  284       twice  as  often  as  transitions  between  guanine  and 

sites  were  parsimony-informative,  with  242  infor-       adenine,  although  the  bias  in  base  composition  is 



168 Annals  of  the 
Missouri  Botanical  Garden 

Table  2.  Relative  rates  nl  change  among  sleni  bases 

<>l  1HS  rl)N  A  at  pat  si  nun  iv -informative  sites  in  comparison 

with  relative  rales  ol  change  among  all  informative  sites. 

\»C  A<=><;  A<=>T  C«G  C<=>T  (;<=>T 

Stem  bases      0.10      0.19      0.07       0.10       LOO       0.22 

All 0.28      0.07      0.23      0.10      1.00      0.30 

not  strong  enough  to  explain  this  (A-19%,  C-25%,      found  at  14.217  steps  (CI  =  0.239;  HI 

C-32%,  1-24%).  The  fact  that  thymine  and  eytosiiu 

replication  (Ohtani  et  al.,  1981)  and  lacked  indels 

in  the  sequences  sampled  for  this  study  (hut  see 

Olmstead  &  Reeves.  1995).  In  contrast,  the  3'  por- 
tion of  ndhY  is  characterized  by  frequent  insertions 

and  deletions.  Consequently,  the  5'  region  has  few- 
er parsimony-informative  sites  (608  versus  662), 

despite  its  greater  length  (1340  bp  versus  1030  bp. 
respectively). 

In    the   ndhY   analysis,   21    shortest    trees    wen4 

=  0.480). 

The   strict    consensus   tree    is   shown    in    K inure   6. 

( 

•an  be  excluded  based  on  a  more  in-depth  analysis 

of  the  relationships  of  Hydrostachys  including  this 

are  in  more  equal  proportion  than  adenine  and  gua-  '  hrec  taxa,  Hydrostachys,  Galax,  and  hxarum,  lake 

nine  may,  however,  partly  explain  the  bias  toward  surprising  positions  in   the  analysis.  Hydrostach
ys 

TbC    transitions,    which    seems    to    be    consistent  is-  according  to  this  analysis,  together  with  Galax 

among  all  angiospcrms  (P.  Soltis  &  D.  Soltis.  1998),  (Diapensiaceae)  sister  to  Eremosyne  in  the  euaster- 

but  not  in  animal  rDNA,  where  both  types  of  Iran-  i(ls  Unlade.  This  position  is  likely  due  to  problems 

sitions  occur  at  approximately  the  same  rate  (Vaw-  in  aligning  the  3'  portion  of  ndhY.  Contamination Icr  &    Brown,    1993).  This  1V»C  transition  bias  is 

even  visible  among  all  sites  (Table  2),  although  it 

is  not  as  pronounced  as  in  stem  bases  alone,  again      !ulllV  sequence   (Albach  el   al..   in   press  a).  The 
ndhY  se(|uence  of  Galax   is  missing  the  first  614 

bp.  Therefore,  Galax  has  not  been  included  in  an 

analysis  of  only  the  first  region  of  ndhY.  In  trees  of 

just    one   step    longer   than    the   most-parsimonious 

trees,  Galax  is  sister  to  Styracaceae  (inch   llalesi- 

aceae),  the  position  found  in  all  of  our  other  anal- 

Ther/wL  data  set  had  567  parsimony-informative       yses.  The  position  of  Exacum  as  sister  to  the  So- 
lanaceae    is    harder    to    explain.    Taxon    sampling 
seems  to  be  the  decisive  factor,  because  the  same 

in  contrast  to  results  from  animal  rDNA  (Vawterel 

Brown,  1993).  where  the  bias  seems  to  be  even 

stronger. 

t hc\. 

sites,    531    of   which    were    parsimony-informative 
within  asterids.   As  in  the   18S  rDNA  data  set,  the 

again    interrupted    when    5000    trees    of   oik 

analysis  did  not  run  to  completion  and  the  analysis       sequence    showed    gentianalean    affinities    with 
broader  taxon  sampling  (Olmstead  et  al.,  2000).  In- 

lenglh  were  found.  The  shortest  trees  found  had  sertions  and  deletions  in  ndhY  may  be  useful  phy- 
5909  steps  (CI  =  0.227;  Rl   =  0.521).  The  strict       bgenetie  markers  (e.g.,  Scotland  et  al.,   1995).  In 

the  present  study.  60  indels  were  encountered  (Ap- 

pendix 3)  with   twenty-six  of   them   in  only  single 

consensus  tree  is  shown  in  Figure  5. 

COMBINED  l8S/rhcL 

This  analysis  included   1  78  taxa,  25  of  them  in 

the  out  group,  with  3283  characters  per  taxon.  The       atPn 

same  positions  that  were  excluded  in  the  I8S  rl)l\  A 

analysis  were  omitted  here.  Of  the  3177  characters 

taxa,  but  several  other  parsimony-informative. 

used  in  the  phylogenetic  analysis,  851   were  parsi- 

mony-informative, and  773  within  asterids.  In  con- 

The  analysis  of  atpB  sequence  data  included 

1505  characters,  545  of  which  were  parsimony-in- 

formative, with  514  of  them  informative  within  as- 

trast*  to   the  analyses  of  the   single  data   sets,   the       ,eri(l8'  T,le  anal>'sis  was  sto»
)l)ed  vvhrn  5000  ,rees 

combined    data    set    swapped    to    completion    and       ofone  lm#h  
wrre  "*^'hecl.  The  shortest  trees  found 

yielded  80  shortest  trees  of  8374  steps  (CI  =  0.230; 

HI   =  0.531).  The  strict  consensus  tree  is  shown  in 

were  4106  steps   long  (CI    =   0.289;   HI 

0.544). 

The  strict  consensus  tree  is  shown  in  Figure  7. 

Figure  3. 
COMIilNKI)  ANALYSIS  OF  KOI  U  GENES 

ndhY 

The  ndhY  data  set  contained  2370  aligned  ehar- 

The  combined  analysis  of  all  taxa  sequenced  for 
all    lour genes   included   7108  aligned   characters. 

actors,  of  which    1377  were  parsimony-informative  3621    of  them   variable,  and   2692  of  them  parsi- 

and     1270    informative    within    the    asterids.    ndhY  moiiy-informative   with   2481    of  them    informative 

consists  of  two  distinct  regions.  The  5'  portion  ex-  within    the   asterids.    Analysis    yielded    eight    most 
tends  to  position   1340,  just  including  the  origin  of  parsimonious  trees  of  25,199  steps  (CI  =  0.252;  HI 
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Table  3.      Mutations,  transitions  and  transversions,  and  nucleotide  frequency  according  to  codon  position  in  r/>rL. 

rt/pB,  and  ndh¥9  measured  on  strict  consensus  tree  of  combined  analysis  of  18S  rDNA,  rfccL,  ndhF,  and  utpW  (see 

Fig.  2). 

atp\\ 
rbcL 

ndhF  5' 
ndh  F  3 ' 

ndhF  total 
Unambiguous  changes 

at  first  position 

at  second  position 

at  third  position 
TT 

at  first  position 

at  second  position 

at  third  position 
GC-contenl 

at  first  position 

at  second  position 

at  third  position 
Adenine 

at  first  position 

at  second  position 

at  third  position 
Cvtosine J 

at  first  position 

at  second  position 

at  third  position 
Guanine 

at  first  position 

at  second  position 

at  third  position 
Tlivmi 

511  (14%) 
280  (8%) 

2738  (76%) 

699  (19%) 
412  (11%) 

2566  (70%) 

1 1 72  (24%) 
651  (13%) 

3068  (63%) 

1684  (29%) 
1455  (25%) 
2582  (45%) 

2856  (27%) 
2106  (20%) 
5650  (53%) 

0.98 1.48 

2.10 

0.75 

0.52 
2.35 

0.94 

1.06 
1.51 

0.84 
0.95 

1.10 

0.89 
0.98 

1 .3 1 

57.0% 
41.8% 

24.6% 

58.4% 

43.3% 
30.5% 

40.0% 
38.6% 

21,6% 

33.3% 

33.0% 

22.9% 

37.5% 

36.4% 

23.9% 

27.0%- 

26.9%) 
34.3% 

23.5% 
29.8% 

27.9% 

29.3% 
19.1% 

28.5% 

33.9% 

30.8% 
3 1 .3% 

31.1  % 

23.5%c 
29.6% 

1 8.2% 

24.9%> 

1 4.0%) 

1 9.6% 

22.5% 

1 6.0% 

1 5.6% 

23.4%) 9.2% 

12.1% 
18.3% 

1 0.4% 

14.3% 

21.4%) 
9.6%) 

38.3% 

17.0% 

14.6% 

38.8%) 
20.8% 

14.5%) 

24.4% 

1 5.2%) 

1 5.4% 

2 1 .2% 
1 4.7% 

12.5% 

23.2% 
1 5.0% 

1 4.3% 

me 

at  first  position 

at  second  position 

at  third  position 

1 6.0% 

3 1 .3% 

37.1% 

18.1% 

26.8% 

41.5% 

30.7% 

42.3%) 
46.9% 

32.7% 
36.2% 

45.8% 

5% 31. 
40.0% 

16.5% 

0.492).  The  strict  consensus  tree  is  shown  in       taxon  data  set.  Discussion  is  therefore  centered  on 

Figure  2. the  larger  158-taxon  data  set. 

MOLECULAR  EVOLUTION 

Transition-transversion  biases  varied  among  the 

Although  the  trees  derived  from  separate  and 

combined  analyses  are  very  similar,  differences  do  DISCUSSION 

exist.  These  differences  may  derive  from  different 

gene  histories  or  from  homoplasy  in  the  separate 

data  sets.  Because  differences  due  to  different  gene 

histories  are  less  obvious  on  a  level  above  the  ge-  four  genes.  Transitions  were  equal  to  or  more  fre- 

nus,  the  differences  between  the  results  of  the  sep-  quent  than  transversions,  with  T,:TV  ratios  ranging 

arate  and  combined  analyses  are  most  probably  due  from  1.06  for  ndhF  to  1.98  for  18S  rDNA  (Table 

to  homoplasy.  The  higher  ratio  for  atpB  compared  4).  A  lower  transition-lransversion  bias  could  in- 

with  rbcL  may  be  linked  to  the  higher  percentage      dicate  relaxed  selection  in  a  gene.  In  that  context, 

of  third  position  changes  in  atpli  (Table  3). it  is  noteworthy  that  the  5'  portion  of  rulhV  has  a 

The  combined  analysis  of  all  four  genes  with  21  considerably   higher  transition-transversion  bias 

additional  taxa  that  have  been  sequenced  for  only  than   the   more   variable   3'    region   (1.36:1    versus 

three   genes  found   2778   parsimony-informative  1.07:1;  estimated  for  a  most-parsimonious  tree  from 

characters  and  resulted   in  24  most  parsimonious  the   four-gene   analysis   reducing   unidentified   ho- 

trees  at  27,568  steps  (CI  =  0.243;  RI 
0.503). 

moplasy  in  the  analysis).  GC  content  in  the  5'  re- 

The   strict   consensus   trees   of  the   two   four-gene  gion  is   higher  (34.2%   versus  29.7%   in   3'),  ap- 

analyses  differ  only  in  some  relationships  in  Eri-  proaching  the  mean  of  38%  for  cpDNA  (Zurawski 

cales  (Figs.   1,  2 A)  and  by  showing  greater  resolu-  &  Clegg,  1993).  Kim  and  Jansen  (1995)  also  noted 

tion  for  Hvdrangeaceae  and  Lamiales  from  the  137-  differences  in  variability,  GC  content.  T,:TV  ratios. 
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and  Ks/Ka  values  in  the  two  regions  of  ndhF  (di-  tions  per  site,  redueed  transition  bias,  and  espe- 

vided  at  position  1380)  in  Asteraeeae.  They  found  cially  the  decreased  differences  of  these  characters 

the  same  pattern  as  herein,  although  the  T.  :Tv  ratio  among  codon  positions  give  further  evidence  for  de- 

is  somewhat  lower  in  their  analysis  (0.99  versus  creased  selection  pressure  on  ndhF.  Because  the  3' 
1.06;  Kim  &  Jansen,  1996:  10380  versus  Table  3).  portion  shows  this  pattern  even  more  strongly  than 

The  variability  between  the  5'   and  3'   regions  is  the  5'  portion,  selection  may  even  be  different  be- 

greater  among  the  Asteraeeae  than  among  the  as- 
terids as  a  whole. 

tween  the  two  portions  of  ndhF  analyzed.  ndhV  dif- 

fers strikingly  from  both  <itp\\  and  rbch  in  amino 

Base  composition  in  the  chloroplast  genes  is  con-  acid  composition  (Table  5)  with  guanine-rich  leu- 

siderably  biased  toward  adenine  and  thymine  (Zu-  cine,  glycine,  alanine,  and  valine  the  most  common 

rawski  &  Clegg,  1993;  Tables  3,  4).  Hftwever,  atpB  amino  acids  in  atpB  and  rbch  and  adenin
e-  and ^-^^-  _                                                                     _«                                                                                                 .         l                                              i                                                 III* 

and  rbch  are  strikingly  similar  in  base  compositioi 
i 

thymine-rich    amino   acids   serine,   phenylalanine, 

amino  acids  in  ndh\\ 
even  among  codon  positions.  In  ndhF,  the  GC-con-       and  isoleucine  being  among  the  four  most  c

ommon 

tent  also  decreases  from  first  to  third  positions,  but 

this  decrease  is  less  pronounced  in  the  5'  region 
of  the  gene  than  in  rbch  and  atpB9  and  is  nearly 

undetectable  in  the  3'   region.  The  increased  AT-  The    monophyly    of   asterids    (Olmstead    et    al.. 

content,  increased  number  of  unambiguous  muta-       1992,  1993)  has  been  confirmed  by  analyses  of  all 

SYSTKMATIC   IMPLICATIONS 
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Figure  2.  Continued. 

four  genes  in  both  separate  and  combined  analyses.  angiosperms  (Soltis  et  al..  2000).  Analyses  of  rbcL 

In  the  combined  analysis,  the  asterids  are  well  sup-  (Olmstead  et  al.,  1993)  and  a  combined  rbcL  plus 

ported  (83%  bootstrap,  Fig.  1A).  The  Caryophyl-  18S  rDNA  data  set  (Fig.  3A)  show  die  Caryophyl- 

lales  (sensu  A  PC.  1998).  plus  Dilleniaceae,  are  sis-  laics  nested  within  the  rosids  and  this  clade  sister 

Icr  to  asterids  based  on  the  combined  analysis  of  to  ihe  asterids.  In  the  analysis  of  18S  rDNA  p re- 

al! four  genes,  as  well  as  in  the  separate  analyses  settled  here,  however,  Caryophyl  la  les  are  sister  lo 

of  rbcL  (Fig.  5A)  and  atpB  (Fig.  7 A).  This  is  in  the  t  osid-asterid  clade  (Fig.  4 A). 

agreement  with  an  analysis  of  18S  rDNA.  roeL  and When  choosing  155  of  almost  80.000  species  to 

UtpB  sc([ucnce  data  for  more  than  500  species  of      represent  asterids,  most  genera  and  even  some  fam- 

Tahle  4.  Characteristic  values  of  the  phylogenetic  analyses.  CI  =  Consistency  index:  10  =  Retention  index:  un- 

derlined numbers — analyzed  for  the  most  parsimonious  trees  of  combined  lour  gene  analysis  (137  laxa):  numbers  in 

j|U|i(.s — 137-taxa  data  set  analyzed  for  most  parsimonious  Iree  of  I  78  laxa  separate  analysis;  *  only  analyzed  for  I  78 
taxa  data  set. 

laxa 

#  of  characters 

variable  sites 

informative  sites 

length  of  shortest  Iree 
#  of  shortest  trees 
CI 

HI 

GC-content 
17  r. 

IBS  rDNA bcL 

1 78/ 1 37 

1749 
449/ 1 1 6 

284/255 

178/137 

1 428 

815/761 
567/5 1 4 

2321//865  2012    5906/4662  4770 

>5000* 0.275/0.236 

0.593/0.580 
49.75% 

1.98//.  98 

>5000* 0.227/0.259 

0.524/0.508 

44.2% 
1.56/1.52 

IKS/rfo-l. 
IK //«K 

atpB 

Combined 

178 

3 1 87 1264 

851 
83  74 

80 

137 

2370 

1709 1377 

137 

1 5(  )5 

735 545 

137/158 

7168 

362 1 2692/2778 

14217/14459     4166/4312     25.199/27.568 

0.236 

0.53 1 

21 
0.239 

0.480 
32.6% 

1.06/1.17 

>5000 
8/24 

0.289     0.252/0.243 

0.544     0,492/0.503 
42.8% 

1 .85/ 1 .88 
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Kigure  3.  Continued. 
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dies  must  be  excluded.  Some  groups  previously  ac-  remainder)  and  euasterid   II  (Aquifoliales  and  re- 
cepted  as  families  have  recently  been  shown  to  he  mainder),  have  bootstrap  values  greater  than  50%. 
derived  from  other  families  and  have  not  been  in-  01  instead    et    al.    (1993)    recognized     II     different 
eluded  here.  Among  these  are  Empetraceae,  Kpa-  elades  in  the  asterids.  All  clades  have  been  found 

cridaceae,  Monotropaceae  (from  Ericaceae;  Ander-  again    and    are   supported    by    bootstrap   values   of 
berg,    1003;    Kron,    1996),    Scytopetalaceae   (from  more  than  50%.  Esvallonia  and  Rerzelia  could  not 

Lecythidaceae;  Morton  et  al.,  1997),  and  Aselepia-  be  positioned  into  one  of  these  clades  by  Olmstead 
daeeae   (from    Apoeynaeeae;   Sennblad   cK    Bremer,  et  al.  (1993)  or  by  the  present  analysis.  The  same 
1990).  Sampling  of  some  orders  was  not  extensive 

enough   to   resolve   relationships  within   the  order.       analysis. 

This  is  especially  true  of  the  Lamiales  where  sev- 

eral critical  families  e.g.,  Avicenniaceae,  Phryma- 
taceae,  Hippuridaceae,  have  not  been  included. 

Hie    asterids    can    be    divided    into    four    larger 

true   for  Ercmosyne   and    Vahlia   in   the  present 

COKNALKS 

The  Cornales  (asterid  IV  sensu  Chase  et  al.. 

clades  corresponding  to  asterid  I— 1 V  in  Chase  et  1993;  Cornales  sensu  Olmstead  et  al.,  1993)  con- 
al.  (1993).  The  same  clades,  with  no  movement  of  sist  of  six  families  studied  here:  Cornaceae,  Alan- 

taxa  among  them,   were  recovered   in  all   analyses       giaceae,     Nyssaceae.    Coasaceae,    Hydrangeaceae, 
except    for  the   separate    18S   rl)!NA   analysis.  The  and  Hydrostachyaceae  (Kig.   1  A).  This  conforms  to 

Angiosperm   Phylogeny  (iroup  (1998)  called  these  the  Cornales  of  Cronquist  (1981),  plus  the  inclusion 

clades    euasterids    I,    euasterids    II.    Kricales.    and  of  Hydrangeaceae  (Rosidae-Rosales),  Hydrostach- 
Cornales.    Cornales   and    Kricales,   as   well   as   two  yaceae    (Asteridae-Callitrichalcs).    and    Loasaecac 

clades  within  both  euasterid   I  (Garryales  and  the  (Dilleniidae-Violales).    Excluded    are    Oarryaceae, 
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Tahl 
e   ,^>. Amino  acid  frequency  in  r/VL,  atpB,  and       semble  each  other  in  floral  morphology  and  embry- 

ndhV  as  a  percentage  of  all  amino  acids;  N  -  A,  C,  G,       ology,  but  differ  in  biochemistry  and  some  ttlOipho- 

\ mi  no  ac id Codon 
rbcL    atpB   ndhF  5'  ndhF  3' 

I  .eucine 

vcine gi 
Alanine 

Valine 

Arginine 

ITR/CTN 

ggn 
gcn 
gtn 
CGN 

9.7      9.6      14.7 

Glulamie  arid    GAR 
Threonine 

Lysine 
Serine 

Isoleucine 

Aspartic  aeid     GAY 

ACN 
AAR 

TCR/AGY 
ATR 

T;  Y  -  CorT;R  -  G  or  A.  logical     features     (Eyde,      1988).     They     share 

germination  valves  in  their  seeds,  a  base  chromo- 

some number  of  11,  and  transseptal  vascular  bun- 

dles to  the  ovules  with  Nyssaceae  (Nyssa,  Camp- 

totheca,  Davidia).  the  next  branch  of  the  tree  (Figs. 

I  A,  3A).  Cornaceae  and  Nyssaceae  (and  Maatixui) 

also  share  the  presence  of  ellagitannins  (Bate-Smith 

et  al.,  1975),  which  separates  them  from  genera 

such  as  Aucuba,  Corokla,  Griselinia,  and  Helwingia 

that  have  been  included  in  Cornales  by  Cronquisl 

(1981).  In  analyses  based  on  rbcL  alone,  Xiang  et 

al.  (1993)  and  Soltis  et  al.  (1995)  found  the  reverse 

order  of  branching,  with  Nyssaceae  the  sister  to  the 

remaining  Cornales.  Hydrangeaceae-Loasaceae  are 
sister  to  all  other  Cornales  in  a  combined  analysis 

of  rbcL  and  matK.  (Xiang  et  al.,  1998). 

Loasaceae  and  Hydrangeaeeae  appear  as  sister 

groups  in  all  analyses  (Figs.  1-7 A),  as  they  did  with 

morphological  and  chemical  data  (Hufford,  1992) 

and  rbcL  alone  (Hempel  et  al.,  1995;  Soltis  et  al., 

1995).  Although  Loasaceae  were  assumed  to  be  a 

member  of  the  Astcridae,  supported  by  the  occur- 

rence of  iridoids  and  unitegmie-tenuinucellate 

Aucubaceae,  and  llelwingiaceae,  with  the  latter  ovules  (Jensen  et  al.,  1975),  a  relationship  with  I ly- 

two  related   to  Garryaceae  and   Aquifoliaceae,  re-       drangeaceae  had  not  been  proposed  before  Hufford*: 

Proline CCN 

Phenylalanine    1TY 

Tyrosine 
Asparagine 
Hislirline 

Glut* mime 

Cysteine 

Methionine 

Tryptophane       TGG 

TAY 
A  AY 

CAY 
CAR 
TGY 
v  rc 

8.6  9.9 
7.9  8.4 
6.7  8.8 

6.6  5.7 

6.0  6.7 
5.9  7.0 

5.0  3.7 
4.9  5.3 

4.9  6.6 

4.7  4.8 

4.5  5.2 
4.3  3.6 

3.9  2.5 

3.1  3.9 
2.8  0.9 
2.4  4.0 
2.4  0.3 
2.1  2.8 

1.9  0.2 

6.8 

7.6 
5.5 
2.3 
1.9 
5.6 
2.5 

8.5 
9.9 
2.5 

4.1 
7.6 
4.3 
3.6 
1.8 

2.6 

1.3 

4.3 

2.4 

10.7 

6.7 

3.1 4.8 

4.1 2.7 

5.2 

6.1 
9.4 

9.1 
4.2 
3.2 
9.5 

6.1 
7.5 

2.0 1.7 

0.7 

1 .4 

1.6 

spectively.    Aralidiaceae,   Griseliniaeeae,    Melano-  (1992)   analysis.    Both   families   have   rare   iridoids 

phyllaceae,  and  Torieelliaeeae  were  not  included  in  (deutzioside  and  derivates,  ClO-decarboxylated  iri- 

this  analysis,  but  belong  to  an  expanded  Apiales  doids;  Kl-Naggar  &  Beal,  1980)  and  share  tubercu- 

(Plunkett,  1994;  Plunkett  et  al.,  1997).  Our  Cor-  late  trichomes  with  basal  cell  pedestals  (Hufford. 

nales  resemble  more  closely  the  Cornales  of  Takh-  1092).  Some  Hydrangeaeeae  (Fendlcra)  and  Loasa- 

tajan  (1997).  although  he  did  not  include  Hydros-  ceae  show 

(Q 

i 
tachyaceae  or  Loasaceae  in  Cornales,  but  placed  L972).  The  relationship  between  Hydrangeaeeae  anc 

them  in  Lamiidae.  Thome's  (1992)  Cornineae  re-  Loasaceae  is  also  supported  by  floral  morphology 

semble  Cronquist's  Cornales,  but  include  Fucom-  (Boels  et  al.,  1997),  but  these  characters  might  be 

miaceae  and  Icacinaceae.  both  of  which  show  other  symplesiomorphies  (L.  Hufford,  pers.  comm.).  The 

relationships  in  this  study.  Members  of  Cronquist's       relationships  within  Hydrangeaeeae  are  the  same  as 
i  found  previously  using  r/wL  and  broader  taxon lost Cornales  and  Thome's  Cornineae  occupy  early-di-  ll 

verging  branches  in  three  of  the  four  major  clades  sampling  (Soltis  el  al.,  1995). 

of  asterids,  sharing  several  plesiomorphic  charac-  The  position  of  llydrostachyaceae.  aquatic  plants 

ters  and  forming  a  paraphylelic  backbone  of  this  from  Madagascar  and  eastern  Africa,  is  a  bit  more 

clade  (Fig.    1).   Previous  cladistic  analyses  using  complex.  The  sequences  of  Hydrostachys  are  highly 

rftcL  (Olmstead  et  al.,   1992.    1993;  Chase  et  al.,  divergent  from  those  of  Hydrangeaeeae  and  Loasa- 

1993;  Xiang  et  al..  1993),  restriction  sites  (Downie  ceae.  and  sequences  of  Hydrostachys  for  18S  rDNA 

&  Palmer,  1992),  and  morphological  and  chemical  and  ndliY  show  several  unique  insertions  and  dele- 

data  (including  Garryaceae.  Sarraceniaceae;  Huf-  lions.  All  of  the  analyses  show  a  relationship  of  Hy- 

ford,    1992)    have    revealed    this   same   cornalean  drostachys ;  with  Hydrangeaeeae  and  Loasaceae  (58% 

lade.  In  the  circumscription  used  herein  (includ-  bootstrap  support   in   the  combined   analysis  of   all 

ing  Curtisia  and  Mastixia  not  sampled  here),  the  four  genes),  but  at  varying  positions  (for  ndh\\  see 

Cornales  include  40  genera,  and  approximately  060  Results).  In  the   18S  rDNAMeL  analysis,  Hydros- 

tachys  appears  with   Decumaria   within   Hydrange- species 

The  Cornaceae  and  Alangiaceae  form  a  clad< 
199 

with  99%  bootstrap  support,  and  this  clade  is  sister       in  the  combined  analysis  of  all  lour  genes  it  is  sister 

to  ihe  remaining  Cornales.  These  two  families  re-       to  Philadelphia  and  Carpenteria  (Fig.  1A).  However. 
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Figure   1.  Continued. 

an  analysis  of  Hydrangeaceae  with  better  taxon  sam-       occurrence  of  ellagic  acid,  a  compound  frequently 
pling  is  necessary  to  identify  the  closest  relatives  of      found  outside  the  asterids  hut   not   within   it.  The 
Hydrostachys. 

KRICALKS 

The   Kricales  (asterid   II  sensu  Chase  et  al.,    1993; 

Eriealcan  clade  sensu  Olmstead  et  al.,   1993)  con- 

relationships  within  this  clade  are  still  unclear. 

Ebenales  sensu  Cronquist  (1981),  for  example,  in- 

cluding Ebenaceae,  Lissocarpaceae,  Sapotaeeae, 

Styracaceae,  and  Symplocaceae,  share  only  such 

characters  as  woodiness,  simple  leaves,  radially 

symmetrical    flowers,   axile    placental  ion,   teuuinu- 

sist   mainly  of  taxa  traditionally  placed  in  Dilleni-       cellate  "vules,  and  a  few  large  seeds  (Morton  et  al., 

idae    (sensu    Cronquist,    1981),    including    many 1996),  characters  they  also  share  with  many  fami- 

Thcales,  the  Lecythidales,  Ericales,  Diapensiales,       lies  included  here  in   Ericales,  especially  the  Cy- 

Ebenales,   Primulalcs,   Fouquieriaceae,  and  Sarra-       rillaceae,   Clethraceae,   "Primulalcs,"   Polemoni- 

niaceae,   as   well    as    Polemoniaeeae  (Asteridae)      aceae,  and  Theaceae.  Only  a  few  well-supported 

and  lialsaminaceae  (Rosidae)  (Fig.  1A).  Support  is  blades  appear  within  this  large  group.  Of  the  seven 

relatively    high   (78%    bootstrap  support.   Fig.    1A)  groups    of    families    identified    by    Morton    et    al. 

corroborating  results  by  Kallersjo  et  al.  (1998;  85%  (1996),  only  three  were  recovered  by  our  analyses: 

jaekknile  support).   Altogether  at  least  22  families  Ericaceae  and  allies,  Primulalcs  (sensu  Cronquist, 

with  almost   I ().()()()  species  in  about  350  genera  are  1981),   and    Balsaminaceae/Marcgraviaccac.  These 

included.   No  study  before  Olmstead  et   al.  (1992)  taxa  and  the  clade  of  Diapensiaceae  and  Styraca- 

had  ever  recognized  such  a  clade.  The  Ericales  dif-  ceae  (inch  I  lalesiaceae)  are  the  only  clades  of  more 

fer  from  most  o(  the  other  asterids  by  the  common  than  one  family  within  the  Ericales  that  have  boot- 
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strap  support  of  more  than  509£  (also  Sollis  et  al.,  characters,  such  as  cucurbitacins,  and  plants  in 

2000).  Even  with  the  combination  of  four  genes,  the  both  families  excrete  methylated  6-  or  8-oxvgenat- 

branches  among  these  taxa  are  relatively  short  with       ed  flavonols  from  glandular  hairs  among  many  other 

further  resolution  to  be  sought. compounds  common  to  many  Erieales  (Hegnauer. 

Balsaminaceae  and  Marcgraviaceae  form  a  clade  1990).  Anderberg  &  Stahl  (1995)  chose  Sapotaceae 

that  is  sister  to  the  rest  of  the  Erieales.  The  anal-  and   not   Polemoniaceae  as  the  outgroup  (or  their 

yses  of  Morton  et  al.  (1996,  1997)  reveal  the  same  morphological  analysis  of  the  Primulales  for  rea- 

clade,  plus  Tetramerista  (not  sequenced  here).   In  sons  not  stated. 

the  analysis  by   Kallersjo  et  al.  (1998),  Helliciera Hegnauer   (1990)    noted    a   biochemical   resem- 

was  also  added  to  this  clade.  This  clade  is  a  sur-  blance    between    Sapotaceae    and    Myrsinaceae. 

prising  combination,  because  a  close  relationship  based  on   the  presence  of  saponins,  polyphenols 

had  never  been  proposed  between  these  families.  compounds,  triterpenes,  and  leucodelphinidin  (the 

This  seems  improbable  based  on  different  habits  last  also  occurring  in  Ebenaceae).  In  none  of  our 

with  herbs  in   Balsaminaceae  but  climbing  shrubs  analyses,  however,  are  the  Sapotaceae  close  to  the 

in    Marcgraviaceae.   They    are,    however,   a    highly  Primulales.  The  association  of  Fouquieriaeeae  with 

supported  clade  with  100%  bootstrap  support.  They Polemoniaceae   and    Primulales    in   the   combined 

share  the  presence  of  raphides  and  specialized  nee-  18S  rl)NA/rAcL  analysis  (Fig.  3B)  is  interesting,  be- 

taries  or  glands  on  leaves,  petioles,  sepals,  or  petals  cause  a  relationship  between  Fouquieria  and  Acan- 

(Morton  et  al.,   1996).  Additionally,  they  share  bi-       thogilia,  a  putatively   little-derived  lineage  within 

tegmic-tenuinucellat 
e    ovuies 

ul 
wit! i   ce llular 

en< 
lo-       Polemoniaceae   (Johnson   et   al.,    1996).   has   been 

sperm  and  endothelium,  mostly  simple  perioral  ion       suggested  based  on  morphology  (Nash,  1903;  Hen- 

plates  in  vessels,  and  hypogynous  flowers. rickson,    1967,   reviewed   by   Hufford,    1992),   bio- 

The  "Primulales"  (sensu  Cronquist,  1981),  con-      chemistry  (Scogin,  1977,  1978).  and  18S  rDNA  se- 

sisting   of   Primulaceae,    Myrsinaceae,   and    Theo-       quence  data  (Johnson  et  al.,  1999). 

phrastaceae,  are  a  highly  supported  clade  (100% Diapensiaceae    and    Styracaceae    (inel.     Ilalesi- 

bootstrap  support).  The  sister-group  relationship  of      aceae)  form  a  clade  in  both  the  rbcL  (Fig.  SB)  and 

Theophrastaceae  to  Primulaceae  and  Myrsinaceae       the  four-gene  combined  analyses  (Figs.   1A,  2A).  In 

contrast  to  previous  analyses  based  on  rbcL  (Morion 

et  al.,  1996.   1997)  that  showed  Hcdesia  and  other 

h ;enera  of  Styracaceae  to  be  only  distantly  related  to 

is  supported  not  only  by  molecular  data,  but  also 

by  morphological  data  (Anderberg  &  Stahl.  1995). 

The  sister  group  to  "Primulales"  appears  to  be  Po- 

lemoniaceae (rbcL,  nclhV.  and  combined  analysis:  Styrax,  the  Styracaceae  here  always  form  a  mono- 

Figs.  5B,  6A,  1A,  respectively),  as  found  in  Chase  phyletic  group  with  100%  bootstrap  support  in  the 

et  al.  (1993).  In  other  analyses  based  on  rbcL  (Mor-  combined  analysis  (Figs.  1A,  2A),  as  found  by  Kron 

ton  et  al.,  1996)  and  18S  rDNA  (Johnson  et  al.,  (1996)  in  a  combined  analysis  of  rbcL  and  18S 

1999)  that  included  "Primulales,"  Ebenaceae  (Mor-  rDNA.  However,  several  characters  argue  for  a  split 

ton  et  al.,  1996)  or  Balsaminaceae  (Johnson  et  al.,  within  Styracaceae  and  a  closer  relationship  of  some 

1999)  alternately  appear  as  sister  to  "Primulales."  Styracaceae  with  Diapensiaceae.  St 

Polemoniaceae  are  sister  to  Halesia  and  Diapensi- 
yracaceae    are 

aceae    (Morton    et    al.,    1996)    or    Fouquieriace; 
heterogeneous  cytologically,  with  Styrax  having  x 

8  and  Halesia  x  =12;  Diapensiaceae  have  x  = 

6. 

(Johnson  et  al.,  1999).  Two  characters  that  unite  9,  12  (Raven,  1975;  Goldblatt,  1985).  Kmbryologi- 

"Primulales"  and  Polemoniaceae  are  nuclear  en-  rally.  Halesia  (and  all  other  genera  except  for  Pam- 

dosperm  and  simple  vessel  perforation  plates.  Nei-  philia)  differs  from  Styrax  in  having  unitegmic 

ther  character  is  restricted  to  these  two  taxa  within  ovules,  as  do  Diapensiaceae  (Dickison.  1993).  Hal- 

Ericales,  but  they  occur  in  combination  elsewhere  esia  and  Styrax  also  differ  in  fruit  type  (capsule  fru it 

only  in  Sapotaceae.  Another  character  that  is  versus  stone  fruit,  respectively)  and  fatty  acid  corn- 

shared  by  at  least  some  "Primulales"  and  Pole-  position  (Breuer  et  al.,  1987).  Characters  that  unite 

moniaceae  is  the  occurrence  of  separate  sepals  in  Halesia  and  Diapensiaceae  are  given  by  Morton  et 

Cobaea,  Polemoniuin,  and  some  genera  of  Theo-  al.  (1996).  but  contain  many  plesiomorphies.  Not 

phrastaceae  and  Myrsinaceae,  generally  a  rare  con-  mentioned  l>\  Morton  et  al.  ( 1996)  is  the  shared  de- 

dition  among  sympetalous  plants  (Stebbins,  1974).  velopment  oft! 

Additionally,  Primulaceae  and  Polemoniaceae  (but  variation  of  the  Polygonad  type  (Yamazaki,  1974). 

not  Cyclamen  and  Myrsinaceae)  both  initiate  sta-  Several  of  these  characters  are  also  present  in  Sym- 

men  primordia  earlier  than  petal  primordia  (Nish-  plocaceae,  such  as  crystals  of  calcium  oxalate,  uni- 

ino,  1978,  1983).  Biochemically,  Polemoniaceae  tegmic  ovules,  unilacunar  nodes,  ce 

and    Primulaceae    resemble    each    other    in    many  sperm,  and  binuclcatr  pollen. 

le  embryo  following  the  Chenopodium 

llular 

en 

do- 
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native1  isolated  positions  as  sister  to  different  larger 

elades.  Better  taxon  sampling  and  a  (aster-evolving 

gene  are  needed  to  evaluate  the  positions  of  Thea- 
ceae  and  Ternstroemeriaceae. 

A  elade  consisting  of  Ericaceae,  Actinidiaceae. 

Sarraceniaceae,  Koridulaceae,  Cyrillaeeae,  and 

Clethraceae  occurs  in  the  combined  analyses,  but 

this  elade  is  not  well  supported  (bootstrap  value 

lower  than  50%;  Fig.  1  A).  Pyrolaceae  (together  with 

Monotropaceae,  Epacridaceae,  and  Empetraceae) 

have  been  shown  to  be  derived  from  within  Erica- 

ceae by  morphological  data  (Anderberg,  1993), 

rbcL  sequence  data  (Kron  &  Chase,  J  993),  and  IBS 

rDN  A  sequence  data  (Kron.  19%).  This  elade  of 

core   Ericales  plus  Diapensiaceae  has  been  found 

in  analyses  of  morphological  characters  (Ander- 

berg, 1993;  Keller  et  al.,  1996).  rbel,  analyses  ex- 

cluded either  Clethraceae  (Chase  et  al..  1993;  Mor- 

ton et  al.,  1996),  Cyrillaceae  (Chase  et  al.,  1993). 

Sarraceniaceae  (Morton  et  al.,    1996),  or  Actinidi- 

(Kron  ev  Chase,  1993)  from  this  core  Ericales 

elade.  Core  Ericales  recovered  in  our  analysis  are 

characterized  by  inverted  anthers  (Anderberg, 

1993),  but  other  characters  that  are  more  hetero- 

geneous are  reviewed  by  Anderberg  (1993).  The 

group  contains  all  of  the  iridoid-containing  Ericales 

except  lor  Fouquieria  and  Symplocos. 

•  1 1  i£i  * 

Euasteridsl  (Fig. 500) 

Lower  asterids  (Rg.5A/B) 

Kl  I  ASTER  IDS  I 

Figure  5.  Continued 

Aucuba,   are  sister  to  the   remaining  euasterids   I. 

The  euasterids  l-clade  (Asterid  I  sensu  Chase  et 

al..  1993)  inferred  from  the  analysis  of  all  four 

genes    (with    86%    bootstrap    support)    consists    of 

The  two  former  subfamilies  of  Theaceae  (Theo-  three  larger  elades  and  three  smaller   chides.  The 

ideae,  Ternstroemerioideae)  do  not  form  a  elade  in  Carryales,   consisting  of  Eucommia,    Garrya,    and 

any  of  our  analyses,  confirming  results  by  Morton 

et  al.  (1996)  and  supporting  the  recognition  of  two  The  larger  elades  are  Gentianales,  Solanales,  and 

separate    families,    Theaceae    and    Ternstroemeri-  Lamiales  (sensu   APC,   1998).   Vahlia  and   Boragi- 

aeeae   (APC,    1998).   These    two   families   differ   in  naceae   constitute  smaller  elades,   possibly  at    the 

many    respects,   such   as   embryologieal   characters  base  of  Lamiales  (Fig.  IB). 

(Tsou,  1995),  with  characters  used  to  unite  the  two  The  Carryales  were  also  retrieved  in  earlier  anal- 

subfamilies  occurring  among  many  Ericales.  The  yses  using  rbcL  (Olmstead  et  al.,  1993;  Xiang  et 

positions  of  the  two  families  are  not  clear.  Thea-  al.,  1993).  A  relationship  between  Garrya  and  .4//- 

ceae,  represented  by  Camellia,  take  a  position  at  cuba  is  supported  by  quite  a  number  of  characters 

the  base  of  Styracaceae  and  Diapensiaceae,  as  well  (e.g..  paly  no  logical  data;  Ferguson,  1977)  and  was 

as  Sapotaceae  in  the  18S  rI)NA/r/;cL  analysis  (Fig.  first  proposed  by  Baillon  (1879).  Both  Garrya  and 

38).  In  previous  r/>cL  analyses  (Morton  et  al.,  1996.  Aucuba  are  dioecious,  evergreen  shrubs  or  small 

1997),  Theaceae  were  sister  to  Symplocaceae  and  trees  with  tetramerous  flowers  and  opposite  leaves. 

Ericales  (sensu  Cronquist  (1981)  plus  Actinidi-  They  both  have  petroselinic  acid  present  in  seed 

aceae,  Roriduhu  and  Sarraceniaceae),  respectively.  oils  (Breuer  et  al.,  1987),  two-seeded  fruits  lacking 

Ternstroemeriaceae,  represented  by  Eurya,  are  sis-  a  septum,  and  a  similar  gynoecial  vasculature 

ter  to  Sapotaceae   in   the    18S  rDNA/r/xE  analysis  (Eyde,  1964)  and  several  other  characters.  Eucom- 

(Eig.  3B)  and  to  Leeythidaceae,  when  all  four  genes  mia  shares,  for  example,  a  dioecious,  woody  habit 

are  combined  (Fig.  1A).  In  the  studies  by  Morton  with  Aucuba  and  Garrya.  All  three  taxa  contain 

et  al.  (1996,    1997),  Ternstroemeriaceae  took  alter-       similar  iridoid  compounds:  Aucubin  has  been  de- 
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tected  in  all  three  genera  (Jensen  et  al.,  1975),  render  the  Scrophulariales,  as  commonly  described, 

while  eucommioside  has  been  found  in  Eucommia  paraphyletic  with  respect  to  Lamiales.  The  Lami- 

and  Aucuba  (Boros  &  Stermitz,  1991).  Eucommia  ales,  as  herein,  share  several  characters  found  in 

and  Aucuba  further  share  a  pseudomonomerous  almost  all  taxa  studied  that  are  extremely  rare  out- 

side of  this  clade:  verbascoside;  anthraquinones  de- ovary. 

The  position  of  Vahlia  and  Boraginaeeae-Hydro-  rived  from  the  shikimic  acid  pathway;  Cll-decar- 

phyllaceae    among    Gentianales,    Solanales,    and  boxylated  iridoids  (Jensen,  1992);  hairs  with  a  stalk 

Lamiales  is  not  completely  resolved.  The  Boragi-  of  one  or  more  uniseriate  cells  and  a  head  of  two 

naceae  have  usually  been  placed  in  or  close  to  the  or  more  vertical  cells;  young  anthers  with  "placen- 

Solanales   (Dahlgren  et  al.,   1981;  Thorne,    1992;  toid"   tissue;  and  fewer  than  five  fertile  stamens 
Chase  et  al.,   1993;  Takhtajan,   1997).  A  position  (Bahn,  1996). 

close  to  the  Lamiales  (four-gene  analysis.  Fig.  1  B: The  Oleaceae  are  well  supported  as  a  member 

ndh\\  Fig.  6C)  has  been  suggested  by  Cronquist  of  the  Lamiales  in  all  analyses  (91%  bootstrap  sup- 

(1981),  who  split  Boraginaceae  and  Hydrophylla-  port  for  the  Lamiales  with  Oleaceae,  80%  for  Lam- 

ceae  and  put  Boraginaceae  in  Lamiales  based  on  iales  when  deleting  Oleaceae  from  the  data  set  in 

similarities  between  tropical,  woody  Boraginaceae  the  combined  analysis  of  all  four  genes),  although 

and    tropical,   woody    Verbenaceae.    A    position   of  they  were  often  put  in  the  vicinity  of  Gentianales 

Boraginaceae  close  to  Verbenaceae  is  not  supported  (e.g..    Dahlgren   et   al.,    1981).    Oleaceae   separate 

herein.  The  only  other  studies  to  suggest  a  rela-  from  the  remaining  Lamiales  by  their  embryogeny, 

tionship   between   Boraginaceae  and  Lamiales  are  which  is  of  the  Polygonad  type,  in  contrast  to  the 

that  of  Olmstead  et  al.  (1992),  who  found  such  a  Onagrad  type  in  the  remainder  of  the  order,  (ies- 

relationship  in  preliminary  analyses,  and  the  three-  neriaceae  are  the  next  clade  in  all  analyses,  distinct 

gene  analysis  of  Soltis  et  al.  (2000).  Development  from  most  other  Lamiales  in  their  lack  of  iridoid 

of  the  embryo  may  provide  a  reason  to  group  Bor-  compounds.   The   iridoids  of  higher   Lamiales  are 

aginaceae  with  Oleaceae,  where  the  Polygonad  em-  characteristic   in   being  decarboxylated   at   Cll,  a 

bryo  type  predominates,  in  contrast  to  Gentianales  feature  otherwise  only  present  in  Garryales  and  Er- 

and  Solanales,  where  the  Solanad  type  occurs  (Ya-  icaceae  (Jensen,  1991). 

mazaki,    1974).   Boraginaceae   also  share  terminal Within    the    remaining    Lamiales.    only    a    few 

endosperm   haustoria   with   Lamiales   (except   Ole-  clades  can  be  identified,  because  short   branches 

aceae).  A  position  of  Boraginaceae  as  sister  to  the  cause  major  differences  in  topology  when  adding  or 

Gentianales,  as  suggested  by  the  analysis  of  18S  deleting  taxa.  Scrophulariaceae  s.  str.  plus  Hiiddleja 

rDNA  (Fig.  3C)  and  rbcV,  (Fig.  5C),  is  supported  by lad constitute    one    clade    characterized    ny bar, 
I    I 

acvlated 

nuclear  endosperm   formation   in   both   groups,   in  rhamnosyl  iridoids  (Jensen  et  al.,  1998).  This  clade, 

contrast  to  the  cellular  endosperm  seen  in  Solana-  with  the  addition  of  Selago,  corresponds  to  "scroph 

les  and  Lamiales.  I"  of  Olmstead  and  Beeves  (1995).  As  in  their  anal- 

Vahlia,  a  genus  of  five  species  from  Africa  and  ysis  and  Oxelman  et  al.  (1999),  the  combined  anal- 

the  Middle  Fast,  has  usually  been  considered  close  ysis  of  all  four  genes  reveals  Myoporaceae  as  sister 

to  Saxifragaceae,  alternately  included  there  (Cron-  to  this  clade.  Another  clade  ("scroph  II"  of  Olm- 

quist,  1981),  or  as  a  separate  family  (Dahlgren  et  stead  &  Beeves,  1995)  consists  of  some  Scrophu- 

al..  1981;  Thorne,  1992;  Takhtajan,  1997).  Based  lariaceae  (Veronica,  Digitalis,  Antirrhinum),  Plan- 

on  rbcL  sequence  data,  Morgan  and  Soltis  (1993)  taginaceae,  and  Callitrichaceae.  Olmstead  and 

were  the  first  to  suggest  that  Vahlia  occupies  a  po-  Beeves  (1995)  and  Oxelman  et  al.  (1999)  demon- 

sition  at  the  base  of  Lamiales,  the  position  it  takes  strated  with  increased  taxon  sampling  thai  Hippur- 

in  the  analyses  of  rbcV  (Fig.  3D),  ndhV  (Fig.  6B),  idaceae  are  also  included  in  this  clade.  This  scroph 

as  well  as  the  four-gene  analysis  (Fig.  IB).  Vahlia  II  clade  is  the  only  clade  of  more  than  three  taxa 

differs  markedly  from  Saxifragaceae  in  having  iri-  in  Lamiales  with  a  bootstrap  value  greater  than 

doids  (Al-Shammary,  1991)  and  tenuinucellate,  90%  (Fig.  IB).  A  third  clade  recognizable  in  all 

pendulous  ovules.  Vahlia  also  differs  from  all  other  analyses  is  the  combination  of  Acanthaceae  and  S<>- 

taxa  in  the  euasterids  I  by  having  bitegmic  ovules.  samum  (Pedaliaceae),  also  shown  by  Oxelman  el  al. 

The   Lamiales,   with   almost    18,000  species  in  (1999).  Both  taxa  contain  amyloid,  an  oligosaccha- 

about   1100  genera,  are  taxonomically  one  of  the  ride  not  found  in  other  Lamiales  (Hegnauer  &  Heg- 

most  difficult  clades  in  the  asterids.  They  include  nauer,   1992),   as  well   as   a  common   pollen   mor- 

the  formerly  separated  Scrophulariales  (e.g.,  Cron-       phology  (Erdtman,  1952). 

quist,    1981;  Takhtajan.    1997).   A   distinction  be- Lamiaceae  and   Verbenaceae  appear  as  a  com- 

tween  Lamiales  and  Scrophulariales  would  at  best       mon  clade  in  the  18S  rDN  A/r/;cL  analysis  (Fig.  3D). 
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In  contrast,  the  combined  analysis  of  all  four  genes  eluded  in  Pedaliaeeae  (Cronquist,  L981).  The  rel- 

(Fig.  IB)  is  congruent  with  the  results  of  other  stud-  alively  close  relationship  of  Byblis,  Proboscidea, 

ies    using  rbcL   and   ndh¥   (Olmstead   &    Reeves,      and  Lentibulariaeeae  suggests  a  common  ancestry 

1995;  Wagstaff  &  Olmstead,  1997;  Wagstalf  et  al.,  of  the  carnivorous  syndrome  with  considerable  sub- 

1998)  in   showing   Verbenaceae   s.   str.   and   Lami-       sequent   structural   divergence   in   this   part   of   the 

aceae  s.l.  (Cantino,   1992)  in  two  distantly  related       Lamiales. 

The   Gentianales   constitute   ;i    well-supported 

clade,    including    Kubiaccae,    Apoeynaceae,    (in- 

cludes. This  placement  further  supports  the  rec- 

ommendation of  Cantino  (1992)  to  restrict  Verben- 

aceae to  subfamily  Verbenoideae,  a  clade  that  may  tianaceae,  and  Loganiaceac  The  clade  comprises 

not  even  be  closely  related  to  an  expanded  Lami-  approximately  1000  genera  and  I  1.000  species, 

aceae.  Verbenoideae  differ  from  La  mi  aceae  and  the  The  Kubiaccae  are  sister  to  the  remainder  of  the 

other  subfamilies  of  Verbenaceae  in  accumulation  clade  in  all  analyses  except  atpB  (Pigs.  1,  2,  6K. 

of  4-carboxy  iridoids  in  the  first  versus  C4-decar-  3-5C).  A  common  wood  anatomy  further  supports 

boxylated   iridoids  in   the  latter  (von   Poser  et  ah,  this  sister-group  position  of  Kubiaccae.   All   (ien- 
1997). 

The   18S  H)NA/r/;rL  analysis  groups  Byblis  and 
tianales  except  Kubiaccae  are  characterized  by  in- 

traxylary  phloem  (Carlquist,   1992).  Previous  r/>cL 

Proboscidea   (IVlartyniceae).  two  carnivorous  flypa-  stuciies  (Chase  et  al..   1993;  Olmstead  et  al.,  1993: 

per  trap  taxa  (Albert  et  al.,  1992).  Byblis  was  gen-  Bremer  et  al.,   1994)  and  those  for  cpDNA  restric- 

erallv  believed  to  be  related  to  Pittosporaceae  (e.g.,  tion  sites  (l)ownie  cK  Palmer.  1992)  suggest  this  sis- 

Cronquist,   1981;  Dahlgren  et  al.,  1981),  while  the  ler-group  position  for  Kubiaccae  as  well.   A   mor- 

Martvniaceae   were   put    in    the   vicinity  of  Pedali-  phological  analysis  of  Struwe  et  al.  (1994)  differs, 

aceae  and   Kignoniaceae,  and  sometimes  even  in- with   Kubiaccae  being  sister  to  Gelscmiaceae  and 
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the  Loganiaceae  s.  str.  at  the  base  of  the  (Gentian-  L875).  Characters  separating  Hydrolcn  from  other 

ales.    Taxon    sampling   in    Gentianales,   especially  Hydrophyllaceae   are   hiloeular  ea[)sule  and   axile 

among  Loganiaceae,  is  too  limited  in  our  study  to  placentation. 

resolve  Gentianales.  Polyphvly  or  paraphyly  of  Lo- 
ganiaceae has  been  shown  repeatedly  (Figs.  1,  2, 

6.  71?.  3-5C;  Olmstead  et  al.,  1993;  Chase  et  al., 

1993;  Struwe  et  al.,  1994;  Bremer  et  al.,  1994). 

I.l  ASTKKIDS  II 

The  euasterids  II  (aslerid  II  sensu  Chase  et  al.. 

within  Solanaceae  are  congruent  with  results  from 

The  Solanales,  as  circumscribed  here  (Fig.   IB,  1993)  comprise  five  subclades  (Fig.  IC).  Three  sub- 

66%  bootstrap  support),  include  Solanaceae,  Con-  clades  correspond  quite  well  to  taxa  recognized  by 

volvulaceae,    Montinia    (Grossulariaceae    sensu  Croncpiist  (1981)  and  Thome  (1992):  Dipsacales, 

Cronquist,  1981),  and  Hydrolea  (Hydrophyllaceae  Asterales  (Asteranae  sensu  Thome),  and  Apiales. 

sensu  Cronquist,   1981).  The  Solanales  comprise  The  fourth  clade  consists  of  Escallonia  (Grossular- 

about   140  genera  and  4800  species.  Relationships  iaceae  sensu  Cronquist:  llydrangeales  sensu  Thor- 
ne)  and  Eremosyne  (Saxifragaceae  sensu  Cronquist; 

previous  analyses  using  rbc\,,  ndhF,  and  restriction  Saxifragales  sensu  Thome).  Berzelia  is  sister  to  &- 

sites  (Olmstead  &  Sweere,  1994).  Solanaceae  and  callonia  and  Eremosyne  (Fig.    IC).  Sister  to  all  of 

Convolvulaceae  are  chemically  distinct  from  other  these  euasterids  II  is  Aquifoliales  (bootstrap  value 

euasterids  I  through  the  replacement  of  iridoids  by  of  68%),  consisting  of  four  taxa  placed  in  Rosidae 

tropane  alkaloids  (Jensen  et  al.,   1975;  Romeike,  by    Cronquist    (1981):    Aquifoliaceae,   Icacinaceae 

1978).  The  split  of  Hydrophyllaceae,  with  Hydrolea  (both    Celastrales   sensu    Cronquist;   Theales   and 

assigned  to  Convolvulaceae  and  Hydrophyllum  and  Cornales  sensu  Thome,  not  a  member  of  Aquifoli- 

Phacelia  to  Boraginaceae,  was  first  proposed  by  (\e  ales  sensu  APG.  1998),  Helwingiaeeae  (Cornaceae 

Jussieu    (1789),    but    was    later   dismissed    (Gray,  sensu    Cronquist;    Araliales    sensu    Thome),    and 
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Phyllonomaceae  (Crossulariaceae  sensu  Cronquist;  case  (Savolainen  et  al.,  2000;  Soltis  el  al.,  2000; 

Escalloniaceae  sensu  Thorne)  (Fig.  1C).  The  re-  Albach  et  aL,  in  press  a).  The  Icacinaceae  slill 

mainder  of  the  euasterids  II  form  a  elade  thai  is       await  more  in-depth  study  with  hetter  taxon  sam- 
supported  by  a  57%  bootstrap  value. 

The  euasterids  II  correspond  to  a  combination  of 
pling. 

The  Asterales  elade  includes  Asteraceae,  Caly- 

Vsteridae  and  ( lorn idae- A ralianae  sensu  Takhtajan  ceraeeac,  Goodeniaeeae.  Menvanthaceae,  Alseuos- 
(1007)  plus  Escallonia,  Eremosyne,  and  Icacinales  miaceac,    Argophyllaceae   (Corokia),    Donatiaceae, 
(sensu    Takhtajan,     1007).    Icacinaceae    may    only  Campanulaceae,    Kousseaceae,  and   Stylidiaceae 

partly  belong  to  euasterids  II  as  suggested  by  Sa-  (Fig.    1C).  Additional  families  of  Asterales  include 

volainen  et  al.  (2000),  Soltis  et  al.  (2000).  and  Al-  Carpodetaeeae,   Phellinaceae,   and    Pentaphragma- 
bach  et  al.  (in  press  a).  The  taxa  of  euasterids  II  taceae  (Backhand  &   Bremer.    1097;  Gustafsson  & 

are  placed  in  Dahlgren  et  al.'s  (1981)  Araliiflorae  Bremer,   1997;  Karehed  et  al..   1999)  not  sampled 
(excluding  Byblidaeeae),  Asteriflorae,  Corniflorae-  in  our  analysis.  This  circumscription  differs  from 
Dipsacales.  and  parts  of  his  Corniflorae-Cornales.  that  of  Lammers  (1992)  in  the  addition  of  Stvlidi- 
The    Kscalloniaceae    are    polyphyletic,    with    their  aceae  and   Donatiaceae.   Lammers  (1992)  did   not 

members    having    different    relationships    within  include   Stylidiaceae   because   of  the   presence   of 
carbocyclic  iridoids  in   this  family   but   not   in  the 

this  elade  are  Columellia,   Desfontainia,   Phelline  other  families  of  this  order.  The  production  of  car- 
(Baeklund  &  Hremer,  1997),  and  Sphenostemon  (V.  bocyclic  iridoids  may  be  the  ancestral  state  based 
Savolainen,    A.     Baeklund    &     M.    Chase,    pers.  on  the  occurrence  of  these  compounds  in  Cornales 

euasterids  II.  Other  genera  that  seem  to  belong  in 

eomm.). and  early-diverging  members  of  euasterids  II.  Al- 
The  euasterids  II  have  also  been  supported  in  seuosmia  and  Corokia  were  not  considered  by  Fam- 

rbc\<  analyses  (Chase  et  al.,  1993;  Olmstead  et  al..  mers  (1992).  Besides  differences  in  taxon  sampling, 
1993;  Cosncr  et  al.,  1991;  Baeklund  &  Bremer,  the  relationships  within  this  elade  are  with  a  single 
1997)  and  are  supported  by  floral  ontogeny  (Roels  exception  (see  below)  exactly  the  same  as  those 
&  Smets,  1996)  and  mostly  alternate  leaves  (with  found  by  Cosner  et  al.  (1991)  and  arc  well  sup- 
exceptions  mainly  in  Dipsacales).  This  elade  com-  ported  (Fig.  1C).  They  are  also  congruent  with  the 
prises  many  taxa  characterized  by  secoiridoids  or  results  of  Gustafsson  et  al.  (1996),  although  the  lat- 
the  apparent  loss  of  iridoid  production  (the  latter  ter  study  had  slightly  different  taxon  sampling, 
in  Campanulaceae,  Aquifoliaceae,  and  all  Apiales  Baeklund  and  Bremer  (1997),  Gustafsson  and  Bre- 
except  Griselinia  and  Melanophylla).  Carbocyclic  mer  (1997),  and  karehed  et  al.  (1999)  used  broader 
iridoids  have  been  found  only  in  live  genera  of  taxon  sampling  (but  not  Roiissea)  and  only  rbc\,  se- 
euasterids  II,  three  related  genera  of  Icacinaceae  quences.  Their  result  is,  nevertheless,  similar  ex- 
thal  arc  also  close  to  Irringbaileya  (Kaplan  el  al.,  cept  for  the  position  of  Donatio,  (plus  Abrophylla- 
1991),    Stylidium    (Stylidiaceae),    and    Escallonia  ceae),  Alseuosmia  (Alseuosmiaccae),  and  Coroki 
(Plouvier  ev  Fabre-Bonvin,  1971).  Iridoids  and  po-  (Argophyllaceae    plus    Phellinaceae)    relative    to   a 
lyacetylenes  seem  to  be  complementary  in  distri-  elade  of  Asteraceae,  Calyccraceae,  Goodeniaeeae, 
bution  among  euasterids  II;  they  compete  for  ace-  and  Menyanthaceae.  Roussea  was  first  found  to  be- 

tyl-CoA     and     mevalonic    acid     as    biosynthetic  long  to  Asterah^s  by  Soltis  et  al.  (1997a)  and  more 
precursors  (Stuhlfauth  et  al.,  1985). recently   confirmed    by    Koontz   and    Soltis   (1999). 

The   first-branching  elade  of  euasterids    II,   the  The  Asterales  in  our  circumscription   include  ap- 
Aquifolialcs    (Ilex    elade    sensu    Olmstead    et    al.,  proximately  1250  genera  and  2;i,()()()  species,  dom- 

1993),  is  represented  by  Ilex,  Irringbaileya,  llel-  inated  by  Asteraceae.  A  common  feature  of  Aster- 
wingia,  and  Phyllonoma.  In  the  analysis  by  Back-  ales    is    the    presence    of   inulin    (in    Asteraceae, 
lund  and  Bremer  (1997),  the  Aquifoliales  are  sister  Calyeeraeeae,  Campanulaceae,  Goodeniaeeae,  Styl- 
to  the  Asterales  rather  than  sister  to  all  other  euas-  idiaceae).  The  basal  split  within  this  elade  seems 
terids  II,  as  found  here.  The  association  of  llel u  in-  to  be  characterized  by  a  difference  in  base  ehro- 
gia   and   Phyllonoma   is   interesting,  because  they  mosome  number,  with  x  =  9  in  Asteraceae,  many 
share  the  rare  character  of  flowers  borne  on  the  leaf  Goodeniaeeae,  Menyanthaceae,  and  Corokia,  x  =  7 
blades  (Dickinson  ov  Sadler,   1974).  In  the  narrow  in  Campanulaceae,  and  x  =    15  in  Stylidiaceae.  A 
circumscription    of    Aquifoliaceae,    Icacinaceae  possible    synapomorphy    for    Campanulaceae    and 
(p.p.),    Helwingiaceae,    and    Phyllonomaceae,    this  Stylidiaceae   is   the   filamentous   suspensor  of  the 
elade  includes  approximately  60  genera  and   700  proembryo  (Tobe  cv  Morin,  1996). 
species.  This  circumscription  assumes  that   Icaci- IVtal  venation  (Gustafsson,  1995)  and  loss  of  mi- 

naceae  are   monophyletic,   which   may   not   be   the       cropylar  endosperm  hausloria  (Cosner  et  al.,  1991) 
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are  synapomorphies  for  the  clatle  consisting  of  As-  families  (e.g.,  Takhtajan.  1 997).  The  latter  two  were 

teraceae,  Calyceraceae,  Goodeniaceae,  and  Men-  not  included  in  our  analyses  but  were  shown  to  be 

yanthaceae,  with  Corokia  and  Alseuosmia  (not  in-  members  of  Dipsacales  by  Backlund  and  Bremer 

vestigated  for  haustorium)  as  sister  to  these  four  (1997).  Our  sampling  is  insufficient  to  address  fa- 

families.  Other  characters  shared  by  these  four  fam-  milial  status  of  Sambucus  and  Viburnum.  Dipsa- 

ilies  are  multinucleate  tapetal  cells  and  the  pro-  cales  in  the  circumscription  herein  an*  character- 

duct  ion  of  secoiridoids  (Lammers,  1992).  The  pro-  ized  by  opposite  leaves  without  stipules,  an  inferior 
duction  of  secoiridoids,  however,  is  plesiomorphie  ovary,  a  strong  tendency  toward  zygomorphy  and 

(Albach  et  al.,  in  press  b).  In  Asteraceae,  the*  pro-  reduction  in  the  number  of  stamens  and  carpels 
duction  of  secoiridoids  is  mostly  replaced  by  the  (Wagenitz,  1992),  and  trinucleate  pollen.  Rarely 

production  of  sesquiterpene  lactones  (but  see  seen  outside  the  Dipsacales  (in  Goodeniaceae,  Ca- 

Changzeng  &  Dequan,  1997).  The  evaluation  of  lyceraceae,  Oleaceae,  and  Icacinaceae)  is  the  eom- 

synapomorphies  within  this  order  is,  however,  re-  mon  presence  of  bis-iridoids  (Jensen  et  al.,  1979). 
stricted  by  the  lack  of  information  on  some  of  the  Synapomorphies  of  Dipsacales  sensu  APG  (1998; 

lesser  known  families  in  this  order.  without  Adoxaceae)  are  the  presence  of  an  amoe- 
One  of  the  most  debated  issues  in  the  evolution  boid  tapetum  (but  also  present  in  Adoxo;  Weberling 

of  Asterales  is  the  sister  group  of  the  Asteraccae.  &    I  lillebrand,   1986)  and  a  nectary  consisting  ol 

Calyceraceae  appear  as  the  immediate  sister  with  unicellular  trichomes  associated   with   the  corolla 

a  62%  bootstrap  value  in  the  combined  analysis  of  (Wagenitz  &  Faing.  1984). 

all  four  genes  (Fig.  1C),  as  they  were  in  an  rbc\.  All  analyses,  separate  and  combined,  agree  with 

analysis  by  Gustafsson  and  Bremer  (1997).  while  results  by  Downie  and  Palmer  (1992)  and  Backlund 

Calyceraceae  and  Goodeniaceae  together  are  sister  and  Bremer  (1997),  with  Abelia  being  more  closely 

to  Asteraccae  in  the  18S  rDNA/rAcL  analysis  (Fig.  related  to  Valerianaceae  and  Dipsacaceae  (boot- 

3F),  as  they  were  in  previous  rbc\.  analyses  (Cosner  strap  support  of  98%,  four-gene  analysis.  Fig.  1C) 

et  al.,  1994;  Gustafsson  et  al.,  1996).  Characters  than  to  Caprifoliaceae,  to  which  it  formerly  be- 

that  support  the  sister-group  relationship  of  Caly-  longed.  The  removal  of  Abelia  and  the  tribe  Lin- 

ceraceae  and  Asteraceae  are  pollen  morphology  naeeae  from  the  remaining  Caprifoliaceae  was  pro- 

(Skvarla  et  al.,  1977).  petal  venation,  and  nior-  posed  by  Donoghue  (1983)  based  on  a  reduced 

phology  of  the  receptacles  and  receptacle  bracts  number  of  seeds,  stamens,  and  fertile  locules  in  the 

(Hansen,  1992).  Biochemically,  a  relationship  of  ovary  and  resulted  in  the  description  ol  the  family 

Goodeniaceae  and  Calyceraceae  is  supported:  both  Linnaeaceae  (Backlund  &  Pyck,  1998).  This  re- 

contain  bis-secoiridoids  of  the  sylvestroside  type  duction  has  progressed  further  in  Dipsacaceae  and 

(Jensen  et  al.,   1979;  Capasso  et  al.,  1996). 

Escallonia  and  Eremosyne  form  a  clade  near  the  naeaceae  with  these  two  families  in  the  analysis  by 

base  of  Apiales  and    Dipsacales   in  the   four-gene  Judd  et  al.  (1994)  were  the  reduced  nectaries  and 

analysis  (Fig.  1C),  but  were  mon4  closely  related  to  ovary   shape1.   Achenes  unite  Abelia   with   Dipsaca- 

Dipsacales    in    analyses    based    on    rbcL    alone  ceae  and  Valerianaceae  as  opposed  to  berries  and 

(Hibsch-Jetter  et  al..  1997;  Fig.  5E)  and  to  Apiales  drupes  in  Caprifoliaceae  including  Symphoricarpos. 

in  the  18S  rDNA  analysis  of  Soltis  and  Soltis  (1997;  Biochemistry   links  Abelia   especially   with   Dipsa- 

but  see  Fig.  4K).  Trichomes  with  radially  arranged  caceae:  both  contain  rare  bis-secoiridoids,  like  syl- 

apical  cells  in  the  glandular  head  may  provide  a  vestroside  and  related  compounds  (Plouvier,  1992), 

synapomorphy  for  Escallonia  and   Eremosyne  (Al-  found  outside  these  taxa  only  in  Goodeniaceae,  Ca- 

Valerianaceae.  Decisive  characters  for  uniting  Lin- 

Shammary  &  Gonial  I,  1994). lyceraceae,  Oleaceae,  and    Icacinaceae  (Jensen  et 

Dipsacales  as  circumscribed  here  (Fig.  1C:  74%       al..  1979;  Capasso  el  al.,   1996). 

bootstrap  support)  correspond  to  Dipsacales  sensu j \piales  included  in  this  analysis  are  Griselillia, 

Cronquist  (1981)  and  Thorne  (1992)  and  Dipsacan-  Melanophylla,    and   members  of  Apiaeeae,  Arali- 

ae  sensu  Takhtajan  (1997).  They  consist  of  Dipsa-  aceae,  and  Pittosporaceae  (Fig.  1C;  100%  bootstrap 

caceae,  Valerianaceae,  Caprifoliaceae,  and  Adoxa-  support).  Based  on  both  rbcL  and  matK  sequence 

ceae    (including    Sambucus    and    Viburnum),    with  data.  Toricellia  and    Xralidium  also  belong  in  this 

approximately  400  genera  and  1400  species.  This  clade  (Plunkett  el  al.,   1997).  Relationships  within 

circumscription  differs  from  APG  (1998)  in  the  in-  the    Apiales    are    congruent    with    those    found    by 

elusion  of  Adoxaceae.  Differences  with  other  clas-  Plunkett  et   al.  (1996,    1997)  based  on  matK  and 

sifications  are  the  inclusion  of  Calyceraceae  (Dahl-  rbcV.  with  broader  sampling.  In  this  circumscrip- 

gren  et  al.,  1981)  and  the  placement  of  Sambucus,  lion,  the  Apiales  include  approximately  425  genera 

Viburnum,    Triplostegia,  and  Marina  in   monotypic  and  3250  species. 
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Apiales   share   several    features   with    Asterales,  multiple  molecular  data  sets  for  phytogeny  recon- 
sueh  as  essential  oils  and  resins  often   in  sehizo-  struction.  The  increased  number  of  characters  leads 

genons  oil  canals,  polyacetylencs,  sapogenins,  and  to  increased  resolution  and  support  for  the  revealed 

the  lack  of  true  tannins  (Hegnaner,  1971).  Cytolog-  clades  (hut  sec  Mason-Gamer  &  Kellogg,  1996)  and 

ically,    Pittosporaceae,    Araliaceae,    and    Torirellia  laster  computer  run  times,  allowing  more  thorough 

=   12  with  searches.  The  continued   combination  of  multiple 
slu a  luu h se  enromosome numl >er  o!  x f: 

Escallonia.  Griselinia  dillers  in  this  respect  with  x       genes  in  phylogenetic  analyses  will  help  us  learn 

tion. 
=  9,  a  value  found  commonly  in  the  euasterids  II 

(many  Asterales  and  Adoxaeeae). 

The   present   study   provides   the  opportunity  to 

evaluate  ancestral  character  states  within  Apiales.       Literature  Cited 

more  about  hoth  organismal  and  molecular  evolu- 

Plunkett  el  al.  ( 1996)  suggested  hicarpellate  flowers 

and  simple  leaves  as  ancestral  within  Apiales.  Hoth 

characters  occur  in  Stylidiaeeae  and  Donatiaceae, 

which  occupy  Basal  branches  in  the  Asterales.  Es- 
calloniaceae  and  Adoxaeeae  have  two  to  five  car- 

pels and  mostly  simple  leaves,  especially  Vibur- 

num, or  a  tendency  to  compound  leaves.  Our 

analysis  is  therefore  consistent  with  earlier  hypoth- 
eses (Plunkctt  et  al.,  1996). 

The  position  of  Rerzelia  is  extremely  uncertain, 

with  IBS  rDNA  placing  it  even  outside  the  euas- 
terids II  on  a  basal  branch  of  euasterids  I.  With 

both  dtpW  and  ndhY%  it  is  sister  to  Escallonia,  while 

in  the  rbr\.  analysis,  it  is  sister  to  Samburus/Vibur- 

num.  Olmstead  et  al.  (1993)  found  Herzelia  to  be 

sister  to  Dipsacales  based  on  rbr\,  data.  Improved 

taxon  sampling  within  the  Escalloniaceae  seems  es- 

pecially warranted. 
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CoiNCI.t  SIONS 

This  study  is  another  step  in  elucidating  the  phy- 
logeny  of  asterids.  Phylogenetic  trees  arc  large  I  \ 

congruent  with  [)revious  results  (Olmstead  et  al., 
1992,     1993;    Chase    et    al.,     1993;    Soltis    et    al., 

1997a).  The  same  four  major  clades  (Asterid  I— IV 
sensu  Chase  et  al.,  1993;  Cornales,  Krieales,  euas- 

terids I  and  II  sensu  APG,  1998)  have  been  recov- 

ered; however,  this  analysis  finds  increased  support 

for  the  major  (lades  of  asterids.  Bootstrap  values 

greater  than  50%  authenticate  Cornales,  Krieales, 

and  two  subclades  of  Loth  euasterids  I  and  euas- 

terids II.  In  addition,  the  relationships  of  a  few 

poorly  known  genera  within  the  asterids  were  clar- 
ified  in  these  analyses.   Alliance  of  Hydrostachys 

with  llvdrangeaceae  (Hempel  et  al.,  1995)  was  con- 

firmed, as  was  the  sister-group  relationship  of  Er- 

emosyne  and  Escallonia  (Ilibsch-Jetter  et  al.. 

1997).  Montinia  and  Hydrolea  ( llydrophyllaccae) 

constitute  an  early  diverging  (lade  of  Solanales 

(Fig.    IB).   At   least  parts  of  Icacinaccae  are  related        Bult-  (:-  N1-  Kaller*»(^  }'  Su}}\  l?92'   Amplification  and 

to  Aquifoliaeeae,  Helwingia,  and  Phyllonoma  (Fig, 
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Appendix  2.     Vouchers  of  sequences  previously  unpublished,  family  names  follow  the  Angiosperm  Phvlogeny  Groii| 

(I99B).  Sequences  marked  with  an  asterisk  are  incomplete. 

i 

Species 
Voucher/Source 

Sequenced  for 
ACANTHACKAK 

Barleria  prionitis  L. 

Justicia  americana  (L.)  Vahl 

Thunbergia  alata  Sims 
ACTINIDIACEAE 

Actinidia  argula  (Siebold  &  Zucc.)  Miq. 
ADOXACEAE 

Sambucus  ebulus  L 

Viburnum  acerifoliu  L. 
A1.SEUOSM1ACKAE 

Alseuosmia  macrophyllu  Cunn. 
\POCYNACEAE 

Alstonia  scholaris  (E.)  R.  Br. 

Apocynum  cannabinum  L. 
Nerium  oleander  L 

AgUIFOLIACEAE 

Hex  opaca  Soland. 
ARALIACEAE 

Delarbrea  micheana  (F.  v.  Muell.)  F.  v.  Muell. 

Panax  quinquefolius  L. 
ASTERACEAE 

Barnadesia  caryophyUa  (Veil.)  S.  F.  Blake 

Gerbera  jamesonii  Bolus 
Helianlhus  annuus  L. 

Tagetes  sp. 

Tragopogon  dubius  Scop. 
BIGNONIACEAE 

Campsi.s  rad icons  (L.)  Bureau 

Catalpa  bignonioides  Walter 
BORAGINACEAE 

Horogo  officinalis  I,. 

Hydrophyllum  fendleri  (Cray)  Heller 
BIDDLEJACEAE 

Buddleja  davidii  Kranch. 
BRUNIACEAE 

Berzelia  lanuginosa  (L.)  Brongn. 
B  YBL1DA  CEA  E 

Byblis  gigantea  I, hull. 

CALYCERACEAE 

Boopis  graminea  Phil. 
CAMPANUEACEAE 

Codonopsis  pilosula  (Franch.)  Nannl. 
CAPR1FOL1ACEAK 

Symphoricarpus  albus  (I..)  Blake 
CEETHRACEAE 

Clelhra  alnijolia  E. 
CONVOFVUEACEAE 

Convolvulus  arvensis  L. 

CORNACEAF 

Alangium  chinense  (Lour.)  Harms 

Coram  officinalis  Siebold  &  Zucc. 
Davidia  involucrata  Baill. 

Nyssa  ogeche  Marshall 
D1APENSIACEAE 

Galax  urceolala  (Poir.)  Brummitl 

Scotland  18  (OXF) 

Olmstead  90-01 1  (WTU) 

Olmstead  93-045  (WTU) 

Morgan  s.n.  (WS) 

,4/o«c/i  //  (WS) 
.W/w  2.567  (WS) 

/Worg«/j  2/4/  (WS) 

Fanning  212  (FTC) 
Olmstead  256  (MICH) 
/l/W/(  3  (WS) 

.S»//is  &  .So///.v  2527-2  (WS) 

/'//m/rr//  1366  (WS) 
WW  /WM6  (WIEEI) 

Jansen  911  (MICH) 
4//w/j  22  (WS) 

Albach  4  (W  S) 
A/cArc///  3067  (S1U) 

.So//  is  &  Soli  is  24  72  ( WS) 

Cowrer  O29.5o  (OSU) 

Olmstead  92-099  (WTU) 

Olmstead  96-062  (WTU) 
Olmstead  957  (WTU) 

Olmstead  88-007  (WTU) 

Price  s.n.  (INI)) 

as  for  IBS  (Soil is  et  al..  IW7a) 

/More  1442  (OS) 

1/o«cA  /0  (WS) 

Olmstead  89-006  (WTU) 

Kron  Z8«/.s  (NCU) 

>W//.s-  2.58i  (WS) 

f/.S.   No/.   IrA.  4900.V  (NA) 
Arnold  Arb.  8156  (A) 

Seattle  Arb.  265-72  (WTU) 

Xiang  s.n.  (WS) 

yo/mio/i  97-0/0  (NCSU) 

IBS.  atpB 

I BS,  «//>B 

IBS 

ndh  V 

IBS 

IBS 

IBS,  ndhV,  atpB 

IBS 

IBS 

IBS,  rbcL,  atpB* 

IBS 

IBS,  ndhV.  atpB 

IBS,  «toB 

IBS 
IBS.  alpU 

IBS,  o//>B 

«f/>B 

atpB* 

IBS*,  r/>cL.  r///>B 
I8S 

IBS 

IBS 

IBS 

ndhV,  atpB* 

Palmengarten,  Frankfurt,  same  DIN  A       o//>B 

IBS.  atpB 

IBS.  atoB 

a 

tpH ndh  F 

IBS,  «f//iF,  atpB 

I  BS.  mtt  F 

ndhV 

ndhV*.  atpB* 
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Appendix  2.     Continued. 

Species 
Voucher/Source 

Sequenced  for 

DIPSACACEAE 

Seabiosa  sp. 
DONATIACKAK 
Donatio  sp. 
EREMOSYNACEAE 

Eremosyne  pectiiiala  Kmll. 
ERICACEAE 

Arbutus  unedo  E. 

Arctostaphvlos  ura-ursi  (I,.)  Spreng 
ESACAEEONIACEAE 

Fseallonia  rubra  Ruiz  &  Pav. 

EOUQUIERIACEAE 
Fompiieria  splendent  Engelm. 
ceesemiaceae 

Ci'lsemium  semperrirens  (I,.)  J.  St.-llil 
GENII  AN  ACEAE 

Anthoclcista  grandiflora  Oilg 

E.xacum  ajjine  Kegel 

CESNERIACEAE 

Cyrtandra  hawaien.sis  Clarke 

Ihymonia  urceolala  Wiehler 

\emalanlhus  liirsulus  (Mart.)  Wiehler 

Rhynchoglosstim  nolonianum  (Wall.)  Burtt 

Slreptocarpus  holslii  Engl. 

Tilanolrichum  oldhamii  (Henisl.)  Soler. 
OOODENIACEAE 

Scaevola  aernula  R.  Br. 

GRISELINIACEAE 

Griselinia  liltoralis  (Itanul)  Raoid 
IIAI.ESIACEAE 

Halesia  dipt*' r a  J.  Ellis 
IIYDHANGEACEAE 

Carpenleria  California!  Torn 
Deeumaria  barbara  L. 

Fendlera  rupicola  Engelm.  &  Gray 

I'hiladelphus  lewisii  I'ursli. 
HVDROEEACEAE 

Hydrolea  ovala  Clioisv 
HYDROSTACIIYACEAE 

Hydrostaehys  imbricala  A.  Juss. 
ICAC1NACEAE 

Irvingbaileya  sp. 
LAM  1  ACE  A  E 

Clerodendrum  chinense  (Osl>.)  Malik 

Callicarpa  dichotoma  (Lour.)  Koch 

himiuni  amplexicaule  E. 
I.ECVIUIDACEAE 

('ouropila  guianensis  Auhlel 
Cttslaria  super  Ik  i  (Kunlli)  0.  Berg 
Napoleonaea  rogclii  Nook.  &  Planch. 

Albach  39  (WS) 
IBS,  /•/«■!„  «//>B* 

Morgan  2142  (WS) IBS.  ndhY,  utp\\ 

Annels  &  Hearn  4795  (UWA) 
ndhV,  alpU 

Seattle  Arb.  652-60  (WTU) 
Kron  164  (WEU) 

IBS,  ndhF,  atpB 
ndhY*,  atpW 

t ilbach  s.n.  (WS) 

ndli  E* 

Missouri  Rot.  Card.  860162  (MO) ndhV 

hmgioood  Rot.  Card.  860395  (KEN)        IBS,  atpW 

same  DNA  as  lor  rbc\.  (Olmslead  el 
a!.,  1993) 

Matlhaei  Rot.  Card.,  same  DNA  as 
for  rbcl,  and  ndhE  (Olmslead  el  al„ 1W2,  2000) 

IBS,  ndhY 

IBS.  alpW 

Wagner  6753  (BISH) 
Smith  3416  (SRP) 

Marie  Selby  Rot.  Card.  (SEE),  same 
DNA  as  for  rbcL  and  ndhF 

(Olmslead  &  Reeves,  1995) 
Smith  94-378  (SI) 

Matlhaei  Rot.  Card.  85003  (MICH) 
Smith  86-106  (SI) 

IBS.  atpB IBS 

IBS 

I BS,  atpB 

IBS IBS.  atpB 

Albach  18  (WS) 
IBS 

Cameron  s.n.  (AKU) IBS,  atp\i 

Ellis  149284  (NA) ' itp\\ 

Soltis  &  So/lis  2478  (WS) 

Royal  Rot.  Card.  Keu 1969.50409  (K) 
Abott  216  (UC) 

Soltis  &  Soltis  241 1  (WS) 

IBS 
IBS,  ndhF,  atpW 

IBS.  ndhV.atpW 
IBS.  ndhF,  atpW 

Olmslead  89-009  (WTU) 
IBS,  atp\\ 

Sr hat z  3414  (MO) 

IBS,  atpW* 
Plunkett  1510  (VCU) IBS,  rbel.,  ndhF*,atptt 

Steane  88  (OXF) 

Olmslead  88-012  (WTU) 
Mori  s.n.  (WS) 

IBS 

IBS 

atpR* 

FairchOd  Trap.  Card,  x-l-489  (El'G)        I8S,  ndhY,  alp\\ 
FairchUd  Trop.  Card.  83189  (KTG) 
Chase  329  (K) 

IBS,  m//iE  atpW 

IBS,  //a7»K 
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Appendix  2.     Continued. 

Species 

LENTIBUEARIACEAE 

Pinguicula  lulea  Walter 

Vlricularia  sp. 
EINNAEACEAE 

Abelia  triflora  R.  Br. 
LOASACEAK 

Loasa  acuminata  Wedd. 

Eucnide  bartonioides  Zucc. 

Mentzelia  lindleyi  Torrey  &  A.  Gray 

Petalonyx  nitidus  Wats. 
LOGANIACEAE 

Spigelia  marilandica  L. 
MARCGRAVIACEAE 

Marcgravia  rectiflora  Triana  &  Planehon 
MEEANOPHYLEACEAE 

Melanophylla  aim i folia  Baker 
MENYANTHACEAE 

Menyanthes  tri/oliata  L. 

Nymphoides  geminata  (R.  Br.)  Kunlze 
MONTINIACEAE 

Montinia  caryophyflacea  Thunb. 
MYOPORACEAE 

Myoporum  mauritanum  A.  DC. 
MYRSINACEAE 

Ardisia  crenala  Sims. 

OLEACKAK 

Jasminum  suavissimum  l.indl. 

Olea  europaea  L. 
PAUEOWNIACEAE 

Paulounia  lomentosa  (Thunb.)  Steudel 
PKDAI.IACKAE 

Proboscidea  lovisianica  Thell. 

Sesamum  indicum  L. 
PHYEEONOMACEAE 

Phyllonoma  laticuspus  (Turcz.)  Engl. 
PITT()SPORj\CEAE 

Sollya  heterophylla  l.indl. 
PEANTAGINACEAE 

Callitriche  heterophylla  Pursh 

Plantago  laneeolata  L. 
POEEMONIACEAE 

Cilia  capitata  Sims 

Phlox  longifolia  Null. 
ROR1DULACEAE 

Roridula  gorgonias  Planehon 
RUBIACEAE 

Cephalanthus  occidental  is  E. 

Erithalis  fruticosa  I ,. 

Criiettarda  uruguensis  Cham.  &  Schlecht 
Ixora  coccinea  E. 

Pentas  laneeolata  (Eorssk.)  Deflers 

Rogiera  suffrutescem  (Brand.)  A  Borhidi 
SARRACENIACEAE 

Sarracenia  purpurea  E. 
SCROPHUEARIACEAE 

Antirhinum  inajus  E. 

Voucher/Source 
Se<|iieneed  for 

Albach  1  (WS) 
Albach  6  (WS) 

Seattle  Arb.  2009-45  (WTU) 

Albach  56  (WS) 
Albach  55  (WS) 
Albach  s.n.  (WS) 

Hufford  554  ( I )  U  L) 

Heal  Rot.  Card.  XXH387  (MSC) 

Chase  331  (K) 

S,  hat:  3552  (MO) 

Peterson  &  Amiable  3810  (WS) 
Albach  61  (WS) 

Williams  2833  (MO) 

/!//>«£■/)  5  (WS) 

Matthaei  Hot.  Card.  850259  (MICH) 
Albach  s.n.  (WS) 

Olmstead  88-008  (WTU) 

A/or  Jen  85  7  ( I N  D) 

Wagstaff  92-239  (WTU) 

Morgan  2124  (WS) 

P/m/i/»?M  7367  (WS) 

Philbrick  2152  (CONN) 
/U/>ac/i  13  (WS) 

7o//^oa  92-7,5  (WS) 
Albach  20  (WS) 

Goldblalt  5393  (MO) 

Forbes  s.n.  (S) 

Meagher  990  (VTG) 
Gillis  9575  (ETG) 

flremer  27/9  (CONN) 
Bremer  2702  (CONN) 

Bremer  2712  (CONN) 

Morgan  s.n.  (WS) 

/4/6ocft  57  (WS) 

IBS.  a//d{ 

18S 

IBS,  a//di* IBS.  w///F,  atpB 

IBS.  nrf/iF,  a//>B 

IBS,  ndhY.  atp\\ 
IBS.  ra&F,  «//d{ 

IBS.  atptt 

n< 

II,  F 

IBS.  nrf/iK  <///>B 

IBS IBS,  atpW 

atp\\ 

Royal  Bot.  Card.  Kew  1984-4220  (K)      IBS,  atp\\ 

IBS.  ndhY 

IBS 

af/>B 
IBS,  atp\i 

IBS.  n«7;F 
IBS,  n//>B 

alp\\ 
IBS,  nrf/jF,  «//>H 

IBS.  atpB 

IBS 

ndhF*,  atpB 
18S,  r/xE,  «//>B 

ndhV\  atptt 

IBS.  «//>B 
IBS,  «//>B 
IBS.  atpB 

IBS 
IBS.  «//>B 

IBS,  atoB 

ndh  F 

IBS 
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Species 
Voucher/Source 

Sequenced  for 

Digitalis  grandifiora  Mill. 
Scrophularia  calijornica  Cham.  <!4  Schlechl 

Verbascum  thapsus  L. 

Veronica  anagallis-aquatica  I.. 
SOI  .AN  ACE AE 

Lycopersicon  esculent um  Mill. 
Nicotiana  tabacum  I.. 

Nolana  humifu.su  (Couan)  1.  M.  Johnst. 
Petunia  axillaris  (Jussieu)  Brillon.  Stern  & 

Poggenb. 
Schizanllius  pinnutus  Ruiz  &  Ravon 
STII.BACKAK 

Euthystachys  abbreria/a  (K.  Mey.)  A.  DC. 

sn  1.11)1  \CKAK 

Stylidium  graminifolium  Sw. 
TERNSTROKMIACKAK 

Eurya  etnarginala  ( Tluinb.)  Makino 
THKACEAE 

Camellia  japonica  L 
THKOITIRASTACKAK 

Clavija  intergrifolia  Mart.  &  Miq. 
VAIII.IACKAK 

Vahlia  capensis  Tliunl). 
VAI.KRIANACKAK 

Valeriana  officinalis  L 
VERBKNACKAK 
hintana  cainara  I,. 

I>h\la  lanceolala  (Michx.)  Greene 
\erbena  bracteata  Lag.  &  Rodr. 

Olmstead  92-015  (WTU) 

Olmstead  91-89  (WTU) 
Olmstead  92-113  (WTU) 
Albach  57  (WS) 

Albach  55  (WS) 
Albach  54  (WS) 

.4/6»«-A  /y  (WS) 
Olmstead  S-60  (WTU) 

l//W/i  s.n.  (WS) 

rfrcL  (Bremer  et  al„  I (W  I-)  and 
ndhF  (Wagstaff  el  al..  IWB) 

M.ED.  386  (IPS) 

.ViVAwn/  1^9  (siu) 

Van  Wyk  10-579  (PRU) 

Albach  2  (WS) 

t//W/i  J2  (WS) 

McCormac  4090  (OSU) 

Olmstead  92-131  (WTU) 

IBS,  r/f/di 
IBS.  r///)B 
IBS.  at/iB 

IBS,  «//>B 

IBS.  «//d5 

IBS IBS.  r;//di 
IBS.  atptt 

IBS.  atoB 

McDonald  92-288,  same  UNA  as  for       IBS,  atp\\ 

IBS.  ,///d* 

Schmidt,  Merello  <£•  .S'/Aes  /562  (MO)        IBS.  ndhV 

atptt 

Fairchild  Trap.  Card.  65/7*64  (FTC)        IBS.  ™//ir" 

rutftF,  «//>B 

IBS 

I BS,  r/w  I . 
IBS,  ricL,  atpH 

IBS 

oit<;koi:i* 
buxaceae 
Buxus  semperi'irens  I,. 
DIU.ENIACEAK 

Tetracera  asiaticu  (Lour.)  Hnngland 
MACNOUIACEAE 

Uriodendron  chinense  (llemsl.)  Sarj 
OXAI.IDACKAE 

Oxalis  regnelli  Miq, 
IMA  MBAG1NACEAE 

Plumbago  auriculata  Lam. 
RIIAMNACEAE 
Hhamnus  carthaticus  L 
SABIACEAE 
Sabia  sicinhoei  llemsl. 

STAPIIYUEACEAE 

Staphylea  Irifolia  I.. 
TROPAEOI.ACEAE 

I'ropueolum  mujus  I,. 

r o 

//oo/  92/  (II WM) 

flajf  /2V  (K) 

(>///  ;?«  ( N  C I J ) 

Soli  is  &  Soltis  2548  (WS) 

Nickrcnt  s.n.  (SIU) 

C/uwe  /00  (NCU) 

Wagner  6518  (HAST) 

6%«.w  /6  (NCU) 

C/wwe  //.V  (NCU) 

ndhV 

I  BS.  /ir//i  I 

IBS 

\tiS,ndh¥*,atp\i* 

ndl,  V 

IBS 

ndh  V 

IBS 

™//ir 
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Appendix  3.      Insertions  and  deletions  within  the  ndhF-dala  set;  d.r. — direct  repeat  (determined  by  outgroup  com- 
parison using  tree  of  combined  analysis). 

Char.  # Insertion/ Deletion 

bP 

Taxa 

1371 

1 393 

1 396 

1417 

1447 

1 453 

1 456 

1 456 

1459 
I  174 

1477 

1 483 

1 495 

1 498 

1 498 

1501 

1 5(  )4 

1510 

1510 

1513 

1515 

1 524 

1 524 

1 530 

1 534 

1 534 

1537 

1537 

1537 

1 543 

1 543 

1 546 

1547 

1560 

1 56 1 

1 563 

1 569 

1579 
1 589 

1 59 1 

1591 

1 59 1 

1627 

1 630 

1 630 

1637 

1646 

1 655 

1 666 

1 669 

1 678 

1 699 

1 783 

< 

< 

( 

leletion 

leletion 

leleti ion 

deletion 

insertion 

deletion 

( 

( 

leleti 

leleti 

ion 

ion 

insertion 

deletion 

leleti < ion 

insertion 

deletion 

insertion 

deletion 

leleti < 

( 

ion 

leletion 

leletion 

leletion 

deletion 

( 

( 

insertion 

deletion 

deletion 

deletion 

deletion 

deletion 

deletion 

deletion 

deletion 

deletion 

deletion 

deletion 

insertion 

deleti ion 

deletion 

insertion 

deletion 

deletion 

leleti ( ion 

insertion 

deletion 

deletion 

insertion 

insertion 

deletion 

deletion 

deletion 

deletion 

insertion 

deletion 

deletion 

deletion 

deletion 

24 

6 

9 

6 

6 

9 

9 

3 

12 

9 

6 

3 

6 

9 

12 

9 
24 

3 

9 

9 

9 

6 

48 

3 

3 

6 

6 

18 3 

6 

21 6 

3  d.  r 
9 

3 

6  d.  r 

3 

9 

9 

21   d.r. 

9 

3 

9 

6 

6 

6 

3 

6 

3  d. 

6 

r 

30 6 

3 

Hydrolea Dicentra 

lie dera,  Panax 

Ana  gal  I  is,  Ardisia 
Marcgravia,  Donatio 

Titanotrichum,  Aeschynanthus,  Rhynchoglossum, 

Streptocarpus 
Solanaceae 

Impatiens Ere  mo  syne 

Impatiens Callitriehe 
Clavija 

CaUitriche 

all  hut  Liriodendron,  Ceratophyllum,  Buxus, 

Staphylea,  Phytolacca,  Dicentra 
Ardisia 

Helwingia,  Phyllonoma,  Vahlia,  Griselinia.  Asterid  I 
Sabia 

1 1 )  (Iros  t  a  c  hys,  Am  iga  His Bora  go 

Callitriehe 

Pinguicula,  Utricularia,  Tetracera 
Anthocleista,  Exacum,  Pentas 

Ipomoea,  Convolvulus 
Anthocleista,  Exacum,  Pentas,  Gelsemium 

Veronica,  Plant  ago.  Digitalis,  Callitriehe 
Lobelia 

Veronica 

Callitriehe 

Ilex,  Helwingia,  Phyllonoma 

Justicia,  Barleria Plumbago 

Impatiens 
Hydrostachys 

Samhucas,  Viburnum 
Clerodendrum,  Ajuga 

Eremosyne.  Gust  a  via,  Hydrostachys 

Hydrostachys 
Paeon  i  a 
Verbena 

Sch  iza nth  us 

S caevo la 

Arctostaph ylos,  Arbutus 
Sabia 

Lamiales  s.l  without  Oleaceae,  (iesneriaceae 
Plumbago 

Pinguicula 

Cyrtandra 
Galax,  Caiophora,  Decumaria,  Liriodendroru 

Tropaeolum.  Cercidiphyllum 
Hydrostachys 

Ajuga 

Ipomoea,  Convolvulus 
Tetracera 

Ipomoea,  Convolvulus 
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Appendix  3.      Continued. 

Char.  # 

I  786 

I  780 

1 7% 
I  798 

1 801 

1801 

1807 

1810 

1813 

1 86 1 

1870 

1 882 

2053 

2074 
2074 

Insertion/Deletion 

insertion 

insertion 

deletion 

leletion 

leleti 

( 

( 

deleti 

leleti 

on 

on 

( ion 

deletion 

deletion 

insertion 

deletion 

insertion 

insertion 

insertion 

insertion 

insertion 

hp 

0 

0 

0 

0 

0 

3 

3 

0 

0 

6 
18 
0  d. 

6  d. 

6 
3  d. 

Fax  a 

I }l (into go.  Drvmonia,  Berzelia 
Anthocleista 

Mont  in  in,  Hydrolea 

Campanula.  Codonopsis.  hybelia 

Jasminum.  Oka 

Helianthus,  Tragopogon.  Tagetes 
Roridula 

Juslicia.  Harleria.  Ilelianthus.  Horago.  Phacelia. 

Hydrophyllum Oxalis 

Tetracera.  Plumbago 

I  pom  oca .  Con  J  oh  ulus 
Donatio 

Roridula 

Casta  i  ia .  Del  a  rbrea 

Rhamnus,  Quercus,  Acer 
Aetinidia.  Roridula 



THE  PHYLOGENETIC  STATUS       Gregory  M.  Plunkett,*  Porter  P.  Lowry 
OF  POLYSCIAS 

(ARALIACEAE)  BASED 
ON  NUCLEAR  ITS 

SEQUENCE  DATA1 

/A3  and  Michele  K.  Burke2 

Abstract 

The  circumscription  of  Polyscias,  the  second  largest  genus  in  Araliaceae  (—130  species),  has  been  broadened  ex- 
tensively in  recent  decades,  but  this  circumscription  has  often  been  applied  inconsistently,  and  no  global  treatment  ol 

the  genus  exists.  To  examine  evolutionary  relationships  among  the  species  of  Polyscias,  as  well  as  the  placement  of 
this  genus  within  Araliaceae,  phylogenetic  analyses  were  performed  on  a  data  set  of  84  ITS  sequences  (from  nuclear 
ribosomal  DNA),  including  sequences  from  five  of  the  formal  sections  of  Polyscias  and  a  representative  sample  of  taxa 
from  throughout  Araliaceae  and  allied  families.  Results  suggest  that  Polyscias  is  highly  paraphylelic:  members  of  nine 
other  genera  (Gastonia,  Cuphocarpas,  Arthrophyllum,  Reynoldsia,  Tetraplasandra,  Munroidendron,  Meryta,  Pseudopanax, 

and  Schefflera  p.p.)  are  found  nested  within  a  broad  "Polyscias  sensu  lato"  clade.  Despite  a  lack  of  support  for  the 
current  definition  of  the  genus,  the  phylogenetic  relationships  suggested  by  ITS  data  are  remarkably  consistent  with 
geographic  distributions.  Three  clades  are  clearly  centered  in  the  western  Indian  Ocean  basin,  and  five  others  in  the 
Pacific.  These  data  further  suggest  that  Polyscias  sensu  lato  may  have  arisen  in  tropical  Australasia,  whence  they  may 

have  migrated  both  east  to  the  Pacific  and  west  to  the  Indian  Ocean,  probably  via  long-distance  dispersal  after  the 
breakup  of  Gondwanaland.  Expanded  studies,  however,  are  required  to  address  these  biogeographic  issues  and  to 

develop  a  revised  generic-level  taxonomy  for  Polyscias  and  its  allies. 
Key  words:     Araliaceae,  biogeography,  internal  transcribed  spacers,  molecular  phylogenetics,  Polyscias. 

Araliaceae   are   a  family  of  mostly   shrubs  and       aliaceae,  and  even  these  proposals  have  never  been 

small  trees  typically  with  solid  stems,  pinnately  or       rigorously  tested  or  applied. 

palmately  compound  leaves,  5-  to  8-merous  flowers, As  much  as  two  thirds  of  the  species  diversity  in 

and  umbellate  inflorescences  often  arranged  in  Araliaceae  may  be  found  in  just  two  genera,  as  cur- 

panicles  or  racemes.  Although  north  temperate  rep-  rently  circumscribed:  Schefflera  (—650— 950  spp.) 

resentatives  such  as  Aralia,  Panax  (ginseng),  and  and  Polyscias  (—130  spp.).  The  sizes  of  both  taxa 

Hedera  (English  ivy)  are  widely  recognized  in  many  have  been  increased  substantially  over  the  past 

parts  of  the  world,  the  majority  of  the  ~50  genera  several  decades  as  they  have  been  expanded  to  in- 

and  1200-1400  species  of  Araliaceae  are  native  to  elude  many  segregate  groups  (e.g.,  Frodin,  1975; 

the  tropics  and  temperate  areas  in  the  Southern  Philipson,  1978,  1979).  However,  these  and  other 

Hemisphere.  Relationships  among  araliad  genera 

are  poorly  understood,  and  no  recent  studies  have  made  largely  without  a  phylogenetic  perspective.  To 

tested  the  late  19th-  and  early  20th-century  clas-  evaluate  these  changes  and  ultimately  to  develop  a 

sifications  of  the  family  (Bentham,  1867;  Harms,  refined  circumscription  of  both  Schefflera  and  Po- 

1894—97;  Viguier,  1906,  1925).  In  fact,  only  two  lyscias,  we  have  begun  to  collect  data  (molecular 

studies  (Eyde  &  Tseng,  1971;  Tseng  &  Hoo,  1982)  and  non-molecular)  from  a  broad  sample  of  species 

in  the  last  three  decades  have  proposed  any  re-  representing  the  morphological  and  geographical 

alignments  of  relationships  among  the  genera  of  A  r-  spectrum   of  both   genera,    including   members   of 

taxonomic  re-alignments  in  Araliaceae  have  been 

1  The  authors  gratefully  acknowledge  J.  Florence,  D.  Harder,  1).  Lorence,  J. -IN.  Labat,  and  the  herbaria  and  botanical 
gardens  listed  in  Table  1  for  supplying  leaf  tissue  samples;  J.  Fibl  for  assistance  in  the  laboratory;  the  staffs  of  IKI) 
Noumea  and  CSIRO  (Atherton  and  Canberra)  for  assistance  in  New  Caledonia  and  Australia,  respectively;  and  two 
anonymous  reviewers  for  valuable  comments  on  the  manuscript.  Support  for  fieldwork  was  provided  by  grants  from  the 

National  Geographic  Society  (5793-96  to  GMP)  and  the  National  Science  Foundation  (DEB  9981641  to  GMP  and  PPL, 
and  DEB-9627072  to  PPL  as  Co- PI);  laboratory  work  was  supported  by  a  grant  from  the  Thomas  F.  Jeffress  and  Kate 
Miller  Jeffress  Memorial  Trust  (J-506  to  GMP). 

2  Department  of  Biology,  Virginia  Commonwealth  University,  Richmond,  Virginia  23294-2012,  U.S.A. 
gmplunke@vcu.edu. 

5  Missouri  Botanical  Garden,  St.  Louis,  Missouri  63166-0299,  U.S.A.;  and  Laboratoire  de  Phanerogamic  Museum 

National  d'Histoire  Naturelle,  16  rue  Buffon,  75005  Paris,  France,  lowry@mobot.org. 
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most  segregate  genera  and  infrageneric  groups.  Pre-  (rDNA).  Several  earlier  studies  have  demonstrated 
liminary  results  from  these  investigations,  along  the  phylogenetie  utility  of  molecular  data  in  helping 

with  a  concurrent  molecular  survey  of  the  entire  to  define  relationships  involving  Araliaceae.  For  ex- 

family  (Wen  el  al.,  2001),  suggest  that  l>olh  Schcf-  ample,  both  rbcL  and  nuitK  sequences  have  been 

Jlera  and  Polyscias  may  he  paraphvletic  or  poly-  used   to  explore  the  troublesome  relationship  be- 

phyletic  with  regard  to  several  other  araliad  genera.  tween  Araliaceae  and  the  closely  related  Apiaceae 

Thus,  any  attempt  to  re-evaluate  evolutionary  re-  (=    Umbelliferae)    (Plunkett    et    al.,    1996,    1097). 

lationships  within  the  family  will  require  a  simul-  These  sequences  have  also  provided  some  measure 

taneous  assessment  of  the  taxonomic  and  phyloge-  (>f  resolution  within  each  family,  but  application  of 

netic  status  of  Schcfflcra  and  Polyscias.  (iiven  the  protein -coding  regions  has  not  been  as  useful  wilh- 

large  number  of  species  in  each,  we  have  chosen  *n  Araliaceae  as  it  has  been  in  Apiaceae.  This  lim- 

to  assess  their  phylogenetie  status  separately,  with  itation  is  correlated  with  slower  substitution  rales 

the  ultimate  goal  of  developing  a  robust  phylogcny  of  l)NA  sequences  in  Araliaceae,  presumably  due 

and  a  new  infrafamilial  classification  for  the  entire  to  differences  in  generation  times  among  the  mostly 

family  (in  conjunction  with  other  workers).  In  the       woody  araliads  compared  to  the  primarily  herba- 

present  study,  we  focus  on  relationships  involvin ceous  umbellifers  (see  Plunkett  &  Lowry,  2001).  At 

Polyscias  and  a  number  of  closely  related  genera  lower  taxonomic   levels,    ITS   sequence  data   have 

primarily  from  the  Pacific  and  Indian  Ocean  basins.  I)een   successfully  employed   to  examine   relation- 

Early  definitions  of  Polyscias  J.  R.  Forst.  &  G.  shiPs  within  an(l  amon«  several  aralii,(l  f^nera.  in- 

Korst.  'included    all    araliads    with    imparipinnate  eluding /irafia  and  Panax  (Wen  &  Zimmer,  1006) 1 s,    panicles   of  umbels,    articulated    pedicels. 
and    Pseudopanax    (Mitchell    &    Wagstaff,    1007). 

and  5-  to  8-merous  flowers  (Bentham,   1867;  See-  These  sllK,ies  indicate  ,hat  ITS  sequences 
 sampled 

mann,   1868).  This  definition  was  maintained  by  from  *™Kh<>"«  th<*  ̂ mily  *™  easily  al'
K"™«  "»<• 

Hutchinson  (1067),  but  Stone  (1065a,  b)  and  later  lhal  the  ™>,utlonary  rat^  «'  ITS  l
«  appropriate  for 

Hernardi  (1071).  Philipson  (1078.  1079),  and  Low-  both  ,n,ra"  and  mt^e
n™<"  ^^les  in  Araliaceae. 

ry  (1080)  broadened  Polyscias  to  include  all  Aral- 
iaceae with  imparipinnate  leaves  and  articulated 

pedicels,  without  regard  to  the  number  of  flower- 

parts.  Following  this  redefinition,  a  number  of  gen- 

era were  placed  in  synonymy  under  Polyscias,  in- 
cluding Honnierella  K.  Vig.,  Botryopanax  Hutch.. 

Eupteron  Miq.,  Gelibia  Hutch.,  Kissodendron  Seem., 

Nothopanax  Miq.,  Palmcrvandenbroekia  Gibbs, 

Sciadopanax  Seem.,  and  Heghemopanax  \{.  Vig. 

(Hernardi,  1071;  Lowry,  1080),  four  of  which  (Eup- 
teron ,  Gelib ia,  Kissoden dron ,  and  Pa hn ervan den- 

hroekia)  were  formally  recognized  as  sections  within 

Polyscias  (Philipson.  1078).  However,  other  taxa 

(e.g.,  Cuphocarpus)  have  been  maintained  to  date. 

ITS  sequence  data  have  also  been  used  success- 

fully for  phylogenetie  studies  in  the  closely  related 

Apiaceae  (Soltis  &  Kuzoff,  1993;  Downie  et  al., 

1998;  Katz-Downie  et  al.,  1999)  as  well  as  many 

other  angiosperm  groups  (reviewed  in  Baldwin  et 

al.,  1995;  Soltis  &  Soltis,  1998).  Given  the  utility 

of  ITS  sequences,  we  have  sampled  taxa  repre- 

senting nearly  all  of  the  sections  and  segregate  gen- 
era of  Polyscias  and  from  across  the  geographic 

range  of  the  genus  to  assess  its  evolutionary  rela- 
tionships. 

M ATKKI ALS  AND   MkTHODS 

Total  DNA  was  extracted  from  fresh  or  silica-gel 

lespite  th<-ir  dear  affinities  to  a   broadl)    defined       drie(j  |eaflissm.  „f  71  species  of  Araliaceae  (Tal)le Polyscias  (Hernardi,    1971.    1980).   No  comprehen- I)    using   the   CTA8    method    of  Doyle   and    Doyle 

region  (including  1TS1,  1TS2,  and  the  intervening 

1  cas- 

sive  treatment  of  the  genus  currently  exists,  hut  (i987)  as  mo(|jfje(|  |)y  Soltis  et  al.  (1991),  or  using 
based  on  published  and  unpublished  information,  llle  DNeasy  Plant  Mini  kit  ((^IAGEN  Inc.).  For  each 

we  estimate  that  there  are  -130  species  of  Polys-  taxon,  the' nucleotide  sequence  of  the  entire  ITS cias  (of  which  more  than  20  remain  to  be  de- 

scribed). The  genus  ranges  from  Africa,  across  the  5.8S  coding  region)  was  derived  by  standard  man- 
Indian  Ocean  basin  (including  Madagascar,  and  the  ual  or  automated  sequencing  protocols.  In  botl 
Comoro  and  Mascarene  archipelagos),  through  Ma-  es,  the  ITS  region  was  PCR-amplified  using  the  for- 
lesia  and  Australia,  to  the  south  Pacific  islands  as  ward  primer  ITS-5  and  the  reverse  primer  C2(>A 

|see  White  et  al.  (1990),  Downie  &   Katz-Downie 

As  the  first  step  in  examining  relationships  in-  (1996),  and  Wen  &  Zimmer  (1996)  for  all  primer 
volving  Polyscias  and  its  putative  relatives,  we  de-  sequences].   Each   100  |±L  PCR  reaction  included 
rived  DNA  sequence  data  from  internal  transcribed  0,1-4  |jlL  of  unqualified  template  DNA.  2.5  units 
spacers  (ITS)  of  the  nuclear  ribosomal  RNA  genes  Taq  DNA   polymerase  (Promega),   10  jjlL   I0X   Taq 

far  east  as   Tahiti. 
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buffer  (supplied  with  the  enzyme),  2.5  mIYl  mag- The   71    ITS   sequences   produced   herein   were 

nesium  chloride,  0.8  mM  total  dNTPs,  5%  DM  SO,  combined  with  13  previously  published  sequences 

and  a  total  of  0.5  |xM  primers.  For  PCK  products  (obtained  from  GenBank  or  directly  from  the  au- 

used  in  automated  sequencing,  both  primers  were  thors)  to  yield  a  data  matrix  representing  84  species 

used  in  equimolar  ratios  to  produce  double-strand-  from  three  families  (Table  1).  Of  these,  four  were 

ed  amplicons.  However,  early  trials  indicated  that  included  for  outgroup  comparisons  based  on  the  re- 

asymmetric  PCR  products  were  superior  templates  suits  of  previous  studies  (e.g.,  Plunkett  et  al.,  1996, 

for  manual  sequencing  in  Polyscias.  In  this  ap-  1997),  including  three  species  of  Apiaceae  and  one 

proach,  two  PCR  reactions  were  carried  out  on  each  Pittosporaceae.  Of  the  80  araliad  sequences  rep- 

sample,  using  the  forward  and  reverse  primers  in  resented  in  the  data  set,  39  are  from  the  genus 

ratios  of  19:1  (producing  mostly  forward  single-  Polyscias  (as  currently  circumscribed),  representing 

stranded  amplicons),  and  1:19  (producing  mostly  sections  Polyscias  (6  sequences),  Kissodendron  (1 

reverse  single-stranded  amplicons),  respectively.  In  sequence),  Gelibia  (1  sequence),  and  the  Tiegh- 

all  cases,  the  PCR  program  included  a  pre-heating  emopanax  group  (17  sequences);  the  remaining 

step  at  94°C  for  4  min.,  followed  by  40  cycles  of  a  species  of  Polyscias  (14  sequences)  are  not  pres- 

3-step  program  (94°  for  30  sec.  for  DNA  denatur-  ently  assigned  to  any  section  or  informal  group  (Ta- 

ation,  48°  for  60  sec.  for  primer  annealing,  and  68°  ble  2).  Of  the  formally  recognized  infrageneric 
lor  60  sec.  for  DNA  extension),  and  completed  with  groups,  only  Polyscias  sect.  Palmervandenbroekia 

a  final  extension  period  (72°)  for  15  min.  Amplifi-  was  not  sampled  because  of  difficulties  obtaining 

cation  products  were  cleaned  using  the  procedure  material  from  members  of  this  group,  which  is  re- 

described  by  Morgan  and  Soltis  (1993)  or  with  the  stricted   to   New  Guinea.   Forty-one  additional  se- 

QIAquick  PCR  cleanup  kit  (QIAGEN  Inc.).  Manual  quences  from  Araliaceae  (representing  25  genera) 

sequences  were  obtained  by  Sequenase-mediated  were  included  to  test  the  monophyly  and  placement 

dideoxynucleotide    reactions    (U.S.    Biochemical       of  Polyscias. 

Corp.)  using  dGTP  labeling  mixes  (or  dITP  mixes Initial  alignments  were  performed  using  CLUS- 

in  regions  prone  to  compressions)  and  v,S-dATP.  To  TAL  X  (Thompson  et  al.,   1997)  on  a  subset  of  in- 

obtain  sequences  of  both  (complementary)  strands  group  and  outgroup  sequences,  followed  by  visual 

of  the  ITS  region,  four  manual  sequencing  reactions  refinements.   After  adding  the  remaining  taxa,  all 

had  to  be  carried  out  for  each  taxon.  On  the  forward  sequences  were  then  aligned  manually,  (zaps  were 

amplicons,   sequencing   reactions   were   performed  treated  as  missing  data.  The  data  set  was  analyzed 

using  reverse  primers  C26A  and  ITS-2;  on  the  re-  with  PAUP*  (vers.  4.01)2;  I).  Swofford,  Smithsonian 

verse  amplicons,  forward  primers  ITS-5  and  N5.8S  Inst.)  using  maximum  parsimony  (MP),  maximum 

were  used.  Sequencing  products  were  separated  in  likelihood   (ML),  and  distance  (D1ST)  methods  to 

4%  polyacrylamide  gels,  and  autoradiograms  were  infer  phylogenetic  relationships.   Early  parsimony 

read  manually.  For  sequences  derived  using  auto-  searches   yielded   many   thousands   of  most   parsi- 

mated  procedures,  only  two  reactions  were  required  monious  trees,  exhausting  computer  memory.  Sev- 

to  obtain  the  sequence  of  both  strands  using  ITS-5  eral  large  polytomies  were  identified  as  the  source 

and  C26A  as  sequencing  primers  with  the  BigDye  of  this  problem.  To  increase  searching  efficiency  in 

Terminator  cycle  sequencing  reaction  kit  (PK  Ap-  the  parsimony  analyses,  an  initial  search  based  on 

plied  Biosystems)  according  to  the  manufacturer's  100  replicates  (with  random  addition,  ACCTRAN 

instructions.  Following  the  purification  protocol  optimization,  and  MULPARS  in  effect)  was  execut- 

recommended  by  the  manufacturer,  the  sequencing       ed,  saving  no  more  than   100  trees  per  replicate. 

products    were    separated    by    polyacrylamide    gel  The  strict  consensus  of  this  analysis  was  loaded  as 

electrophoresis   on   an    ABI    Prism   377    DNA   Se-  a  topological  constraint  for  an  additional  series  ol 

quencer  (PE  Applied  Biosystems).  The  resulting  se-  searches  (1000  replicates,  aborting  each  replicate 

quences  were  assembled  and  edited  using  the  Se-  after  finding    1000  trees),  saving  only  those  trees 

quencher      (version      3.1)      computer      program  not  agreeing  with  the  constraint.  Because  no  addi- 

(GeneCodes  Corp.).  Three  taxa  [Polyscias  murrayi,  tional    topologies   were   found,   the   trees   resulting 

Gastonia  cutispongia,    and   Arthrophyllum   "mack-  from  the  initial  search  were  loaded  as  starting  trees 
with  a  MAXTREE  limit  of  10.000,  and  swapped  to 

ual  and  automated  protocols  and  thus  serve  as  con-  completion.   To  estimate  confidence  of  individual 

trols.  With  the  exception  ol  several  bp  (or  regions)  clades   within   the   MP  trees,  a  bootstrap  analysis 

that  could  not  be  interpreted  unambiguously,  both  (IVlsenstein.    1085)  was  completed   using  PAUP*. 

approaches  yielded  identical  sequences  for  each  of  and  a  decay  analysis  (Bremer,  1988;  Donoghue  et 

these  three  taxa.  al.,  1992)  was  performed  using  PAUP*  in  eonjunc- 

eei"  (Lowry,  ined.)|  were  sampled  using  both  man- 
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lion  with  the  AutoDecay  program  (Eriksson,  1997). 

PA  UP*  and/or  MacClade  (Maddison  &  Maddison, 
1992)  were  used  to  assess  the  levels  of  phylogenetic 

signal  (skewness  and  PTP  tests),  hornoplasy,  tran- 

sition to  transversion  ratio,  and  nucleotide*  compo- 
sition. For  the  ML  analysis,  a  heuristic  search  (with 

TIJR  branch  swapping)  was  employed  using  empir- 

ical values  for  base-frequency  rates  and  transition- 

to-transversion  ratios;  equal  rates  were  assumed  (or 

variable  sites,  and  a  molecular  clock  was  not  en- 

forced. In  the  distance  analysis,  heuristic  searches 

were  performed  using  both  Tajima  and  NeTs  (1981) 

model    and    the    LogDet    model    of    Lockhart   et    al. 

(1994;  see  also  Gu  &  Li,  1996). 

Results 

The   length  of  the   ITS  region  (including  ITS  1 , 

5.8S,  and  ITS2)  for  the  85  taxa  included  in  the 

present  study  ranged  from  613  bp  to  628  bp. 

Alignment  of  the  sequences  required  the  addition 

of  48  gaps,  mostly  1  to  3  bp  long  (although  several 

gaps  ranged  from  4  to  1  1  bp).  The  total  length  of 

the  ITS  region  following  alignment  was  705  bp.  01 

these.  309  bp  (43.8%)  were  potentially  parsimony- 
informative  and  278  bp  (39.4%)  were  invariable: 

the  remaining  118  bp  (16.7%)  were  variable  in 

only  a  single  taxon.  The  aligned  length  of  the  ITS  I 

region  was  263  bp.  that  of  ITS2  was  275  bp,  and 

that  of  the  5.8S  coding  region  was  165  bp.  The 
transition  to  transversion  ratio  was   1.6:  1.  with  a 

nucleotide    composition    of    A 19.3%:    C 

36.9%;  G  =  25.5%;  and  T  =  18.3%.  The  Tajima- 
\ci  estimate  of  sequence  divergence  ranged  from 

0.16%  [between  Polyscias  balansae  and  P.  "jaffre- 

yP  (Lowry,  ined.)]  to  45.2%  (between  Daiicus  <<ir- 
otd  and  Mackinlaya  macrosciadia)  among  all  taxa 

in  the  sample  (with  the  exception  of  the  taxon  des- 

ignated "Polyscias  c.f.  guilfoylei"  which  was 
identical  to  the  ITS  sequence  of  Polyscias  cum- 

ingiana).  If  the  outgroup  taxa  are  excluded,  the 

maximum  rate  drops  to  27.5%  (between  Mackin- 
laya macrosciadia  and  Tupidanthus  calyptratus). 

The  maximum  rate  among  taxa  sampled  from  with- 
in core  Araliaceae  is  18.1%  (between  Osmoxylon 

geelvinkianum  and  Polyscias  tahitiensis)m  and 

14.9%  among  taxa  sampled  from  Polyscias  (be- 
tween P.  sambucifolius  and  P.  tahitiensis). 

Cladistic  analysis  yielded  greater  than  10.000 

most  parsimonious  (MP)  trees  of  1447  steps  long. 

Excluding  uninformative  characters,  the  consisten- 

cy index  (CI)  was  0.438  and  the  retention  index 

(HI)  was  0.683.  The  skewness  test  yielded  a  g}  val- 
ue of  -0.451  and  the  PTP  test  a  value  of  0.004, 

both   significant  above  the  95%   confidence   level. 
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Table  2.  Placement  of  species  examined  from  ""Polyscias  sensu  lain"  within  the  provisional  groups  recognized  in 

the  present  study.  No  comprehensive  taxonomic  system  currently  exists  for  l*olyscias,  but  placement  in  sections  or 
segregate  genera  is  provided  for  those  species  where  available. 

Informal  group  (based 
on  molecular  data) 

Species 

Traditional  section  or 

segregate  genus 

/ \rthroph\lInm  group 

Gastonia  group 

Meryl  a  group 

Polyscias  fulva  groui 

Polyscias  tennantii  group 

Sect.  Polyscias  groui ) 

Tetruplusundru  group 

Tieghemopu nux  group 

/ 

Xrthrophyllum  "mackee^  Lowry,  ined. 
Arthrophyllum  otopyrenum  (Baill.)  Philipson 

Polyscias  uustruliana  (F.  Muell.)  Philipson 

Polyscias  bellendenkerensis  (F.  M.  Bailey) 

Philipson 

Polyscias  mollis  (Benth.)  Harms 

Cuphocurpus  aculeatus  Decne.  &  Planch. 
Gastonia  cutispongia  Lam. 

Gastonia  rodriguensis  Marais 

Pol)  scias  sess  Hi  flora  M  a  i  a  i  s 
Meryta  denhumii  Seem. 

Meryta  "lecardii"  (R.  Vig.)  Lowry,  ined. 
Polyscias  murrayi  (F.  Muell.)  Harms 

Pseudopanax  arboreus  (Murr.)  Philipson 

Pseudopanax  chathamicus  Kirk 

Scheffleru  crassipes  Baill. 

Schcfflera  eleguntissimu  (Veitch  c\  Maslrrs) 

Lowry  &  F  rod  in 

Schcfflera  gubriellue  Baill. 
Polyscias  albersiana  Harms 

Polyscias  fulva  (Hieron.)  Harms 
Polyscias  muyottensis  Lowrv.  0.  Pascal  &   La  bat 

Polyscias  "abrahamiana"  Lowry,  ined. 
Polyscias  buret ianu  Bernard i 

Polyscias  "modestei"  Lowry,  ined. 

Polyscias  "orientalis"  Lowry,  ined. 
Polyscias  tennantii  Bernardi 

Polyscias  cumingiana  (C.  Presl)  Fern.-Vill. 
Polyscias  fruticosu  (L.)  Harms 

Polyscias  guilfoylei  (\Y.  Bull)  L.  H.  Bailey 

Polyscias  macguillirrayi  (Seem.)  Harms 

Polyscias  purpurea  C.  T.  White 

Polyscias  Scutellaria  (Burin,  f.)  Fosberg 

Polyscias  tahitiensis  (INadaud)  Harms 

Munroidendron  racemosum  (Forbes)  Sherff 

Reynolds i a  sundnicensis  A.  Gray 

Telraplusandra  huwuiiensis  A.  Grav 

Polyscias  balansae  (Baill.)  Harms 

Polyscias  ""bracteata"  (B.  Vig.)  Lowry,  ined. 
Polyscias  cissodendron  (C.  Moore  &  F.  Mud  I.) 

Harms 

Pol\ scias  "crenata"  (Pancher  &  Sebert)  Lowry. ine( I. 

Pol\scius  dioica  (Vieill.  ex  Pancher  &  Sebert) 
Harms 

Polyscias  "dzumaneensis"  Lowry,  ined. 
Polyscias  elegans  (C  Moore  &  F.  Muell.)  Harms 

Polyscias  "jaffreyi"  Lowry,  ined. 

Polyscias  "lecardii"  Lowrv,  ined. 
Polyscias  microbotrys  (Baill.)  Harms 

Polyscias  "nothisii"  Lowry,  ined. 
Polyscias  punched  (Baill.)  Harms 

Polyscias  "regalis"  Bernardi  ex  Lowry.  ined. 
Polyscias  sumbucijolius  (Sieb.  ex  DC.)  Harms 

n/a n/a 

Sect.  Kissodendron 

Incertae  sedis 

Sect.  Kupteron n/a 

n/a 

n/a 

Incertae  sedis n/a 

n/a 

Sect.  Eupteron 

n/a n/a 

n/a 

n/a 

n/a 

Incertae  sedis 

Incertae  sedis 

Incertae  sedis 

Incertae  sedis 

Incertae  sedis 

Incertae  sedis 

Incertae  sedis 

Incertae  sedis 

Sect.  Polyscias 

Sect.  Polyscias 

Sect.  Polyscias 

Sect.  Polyscias 

Sect.  Eupteron 

Sect.  Polyscias 

Incertae-  sedis n/a 

n/a 

n/a 

Tieghemopunux 

Tieghemopunux 

Tieghemopunux 

Tieghemopunux 

Tieghemopunux 

Tieghemopunux 

Sect.  Gelibia  or  Tieghemopunux 

Tieghemopunux 

Tieghemopunux 
Tieghemopunux 

Tieghemopunux 

Tieghemopunux 

Tieghemopunux 

Tieghemopunux 
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Table  2.     Continued 

Informal  group  (based 
on  molecular  data) 

Species 

Traditional  section  or 

segregate  genus 

Polyscias  "scopoliae"  (Hail I.)  Lowry,  ined. 

Polyscias  "subincisa"  (R.  Vig.)  Lowry,  ined 

Polyscias  "vcillonii"  Lowry,  ined. 

Tieghemopanax 
Tieghemopanax 

Tieghemopanax 

Results  from  the  ML  and  NJ  analyses  (Figs.  2,  3)  (3)  the  "Polyscias  fulva  group"  (BS  =  79%;  I)I  = 
produced  trees  very  similar  to  the  MP  trees.  Visual  3;  P.  fulva,  P.  albersiana,  and  P.  mayottensis);  (4) 

comparison  of  the  strict  consensus  of  the  Ml*  trees  the  "Polyscias  (ennantii  group"  [  l?S  =    13%;  l)l   = 

to  the  ML  and  NJ  trees  confirms  the  monophyly  of  1;  P.  tennantii,  P  "abrahamiana"  (Lowry,  ined.),  P. 

a  group  corresponding  to  "core  Araliaceae,"  as  de- 

fined by  earlier  studies  (Plunkett,  1994;  Plunkett  ientalis"  (Lowry,  ined.)];  (5)  the  "Tetraplasandra 

et  al.,  1996,  1997).  In  each  of  the  trees,  Ast rot richa  group"  (BS  =  99%;  DI  =  8;  Tetraplasandra,  Rey- 

and  Osmoxylon  form  early  diverging  lineages  at  the  noldsia,  and  Munroidendron):  (6)  the  "Sect.  Polys- 

"modestei"  (Lowry,  ined.),  P.  baretiana,  and  P.  "or- 

base  of  the  core  Araliaceae  clade.  Relationships  cias  group"  (BS  =  30%;  DI  =  1:  an  species  sam 
within  core  Araliaceae  are  not  sensitive  to  outgroup  pled  from  Polyscias  sect.  Polyscias,  plus  P. 

selection;  after  exclusion  of  the  divergent  sequene-  tahitiensis);  (7)  the  "Arthrophyllum  group"  (BS  == 
es  from  Apiaceae  and  Pittosporaceae,  analyses  31%;  1)1  =  1;  both  species  sampled  from  Arthro- 
yielded  trees  with  few  (I)IST  tree)  or  no  (MP  and  phyllum,  the  single  species  sampled  from  Polyscias 

ML  trees)  topological  changes  among  core  araliads.  sect.  Kissodendron,  plus  P.  bellendenkerensis  and  P. 

Inclusion  of  the  outgroup  did  serve  to  confirm  the  mollis);  and  (8)  the  "Meryta  group"  (BS  =  42%;  1)1 
distinctiveness  of  two  small  clades  of  araliads  that  =  1;  including  two  species  from  Meryta,  three  from 

fall  outside  of  the  core  group.  Recent  studies  have  Schefflera,  two  from  Pseudopanax,  and  possibly  Po- 

suggested  that  these  two  groups,  comprising  Delar-  lyscias  murrayi).  As  with  the  broader  Polyscias  sen- 

Area,  Pseudosciadium,  and  Myodoearpus,  and  Api-  su  lato  clade,  support  for  five  of  these  eight  smaller 

opetalum  and  Mackinlaya,  respectively,  should  clades  was  weak  (defined  as  less  than  66%).  In 

probably    be   removed    from   core   Araliaceae   (see  three  of  these  cases,  however,  exclusion  of  a  single 

subsequent  discussion). basally  branching  taxon  (Polyscias  mollis  from  the 

All  species  of  Polyscias  are  confined  to  a  single  Arthrophyllum  clade,  P.  purpurea  from  the  Sect.  Pa- 

large  clade  (see  Figs.  1—3),  although  support  for  lyscias  clade,  and  Cuphocarpus  aculeatus  from  the 

this  clade  is  low  [bootstrap  (BS)  =  38%;  decay  in-  Gastonia  clade)  renders  highly  supported  clades 

dex  (1)1)  =  2|.  Within  this  "Polyscias  sensu  lato"  (with  bootstrap  values  above  90%).  The  weak  sup- 
clade,  Polyscias  (as  currently  defined)  does  not  ap-  port  and  unstable  placement  of  Polyscias  mollis  and 

pear  to  be  monophyletic.  Rather,  all  three  analyses  P.  purpurea  (and  to  a  lesser  degree  P.  murrayi  and 

concur  in  suggesting  that  the  genus  is  paraphyletic  P.  elegans)  are  also  reflected  in  a  sensitivity  to  al- 
with  regard  to  nine  other  genera  (viz.,  Gastonia  ternative  alignments  (data  not  shown)  and  to  the 

Comm.  ex  Lam.,  Cuphocarpus  Decne.  &  Planch.,  method  of  analysis  (cf.  Figs.  1—3).  In  addition,  re- 
Munroidendron  She  iff,  Tetraplasandra  A.  Gray,  lationships  among  the  Tetraplasandra  group  and  the 

Reynoldsia  A.  Gray,  Arthrophyllum  Blume,  Meryta  three  Indian  Ocean  clades  (the  Gastonia,  P.  ten- 
J.  K.  Korst.  &  G.  Forst.,  Pseudopanax  C.  Koch,  and  nantii,  P.  fulva  groups),  while  identical  in  the  MP 

Schejflera  J.  R.  Forst.  &  G.  Forst.,  p.p.).  The  three  and  ML  trees,  differed  somewhat  in  the  DIST  tree, 

analyses  also  provide  a  very  similar  picture  of  re- 

lationships among  the  taxa  within  the  Polyscias  Discission 

sensu  lato  clade,  resolving  eight  identical  (or  nearly 

identical)  species  groupings,  which  we  here  provide 

with  informal  names  for  convenience  (Table  2):  (1) 

RKLATIONSHII'S  IN   ARALIACEAE 

the  "Tieghemopanax  group"  (BS  =  67%;  1)1 

2: 

including  all  species  sampled  from  the  Tieghemo- 

panax group  of  Polyscias,  plus  P.  elegans,  the  sole 

The  sampling  strategy  employed  in  the  present 
analvsis  differs  from  that  of  other  recent  molecular 

studies  of  the  family,  but  to  the  degree  that  there 

member  of  the   segregate   genus   Gelibia);   (2)   the       is  sampling  overlap,  all  recent  molecular  analyses 

yield  a  congruent  picture  of   relationships  at  the Gast 
on ia  group" 

(BS  =  43%;  DI   =    1;  including 

Gastonia,   Cuphocarpus,  and  Polyscias  sessiliflora);      family  level.  Two  earlier  studies,  based  on  the  chlo- 
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Figure  1.  Strict  consensus  of  10.000  shortest  trees  resulting  from  the  maximum  parsimony  (MP)  anal)  sis  of  81  ITS 

sequences  (representing  81  species  of  Araliaceae  and  four  out  group  taxa);  tree  length  =  1447  steps;  consistency  index 

=  0.438;  retention  index  =  0.683.  Species  currently  included  within  Polyscias  are  in  boldface;  names  of  major  groups 
discussed  in  I lit*  text  are  provided  next  to  brackets.  Numbers  above  the  branches  are  bootstrap  percentages;  those  below 
the  branches  represent  decay  index  values. 

roplast  genes  rbcl.  and  matK  (Plunkett  el  ah,  1996,  sensu  Cronquist,  1988).  These  studies,  which  sam- 

1997),  were  designed  to  clarify  the  problematic  re-  pled  broadly  from  throughout  the  order  and  several 

lationship  between   Araliaceae  and  the  closely  re-  other  closely  related  lineages  (e.g.,  Pittosporaceae*), 

lalecl   Apiaceae  (which   together  comprise   Apiales  helped  to  define  two  monophyletic  "core"  groups. 
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Figure  2.  The  phylogram  resulting  from  maximum  likelihood  (ML)  analysis  of  84  ITS  sequences  from  Araliaceae 

and  outgroup  taxa.  Species  currently  included  within  Polyscias  are  in  boldface.  Branch  lengths  correspond  to  substi- 
tution rates;  the  scale  of  the  two  double-hatched  branches  is  reduced  to  25%  (actual  rate  is  provided  below  the  branch). 

which  correspond  largely  to  traditional  taxonomic       we  included  only  four  species  from  outside  the  fain- 
circumscriptions  of  the  two  families.  Excluded  from ily.  Nevertheless,  the  trees  resulting  from  our  atial- 

both  core  groups,  however,  were  the  araliads  De-  ysis  (Figs.  1—3)  clearly  resolve  a  core  Araliaceae 
larbrea  and  Mackinlaya,  as  well  as  several  genera  (lade  similar  to  that  found  in  the  cpDNA  trees  in 

from  Apiaceae  subfamily  Hydrocotyloideae.  Be-  excluding  both  Delarbrea  and  Mackinlaya.  More- 

cause  the  present  study  aims  to  examine  the  status  over,  in  agreement  with  studies  based  on  morphol- 

and  placement  of  Polyscias  within  core  Araliaceae,  ogy,  mating  systems,  and  wood  anatomy  (e.g.,  Low- 
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Kigure  3.  The  phenogram  resulting  from  distance  (I)IST)  analysis  of  HI  ITS  sequences  from  Araliaceae  and  outgroup 
taxa  based  on  Taj  i  ma  and  INeis  (1984)  model;  the  phenogram  resulting  from  the  analysis  using  die  LogDcl  model 
(Lockharl  et  al..  1904)  produced  an  identical  topology  (tree  not  shown).  Species  currently  included  within  Polyscias 
are  in  boldface.  Hranch  lengths  correspond  to  substitution  rates;  the  scale  of  the  three  double-hatched  branches  is 
reduced  to  2.TO   (actual  rate  is  provided  above  the  branch). 

ry,   1986;  Schlessman  et  al.,   1990;  Oskolski  et  al.,  ML  tree,  these  (lades  are  sister  to  the  taxa  from 

1997;  Oskolski  &  Lowry,  2000),  ITS  data  confirm  Apiaceae.  This  result  mirrors  the  instability  found 
the  alliance  of  Delarbrea  with  Pseudosciadium  and  in  other  studies  regarding  the  placement  of  these 

Myodocarpus,  and  of  Mackinlaya  with  Apiopetcdum.  "ancient   araliads"   (Plunketl   et  al.,    1990,    1997; 
The  MP  tree  (Fig.  1)  suggests  that  Delarbrea,  Mack-  Plunkett  &  Lowry.  2001).  In  assessing  relationships 
inlaya,  and  their  relatives  form  an  unresolved  po-  within   core   Araliaceae,   results   from   the   present 
lytomy  with  the  core  Araliaceae  elade,  hut  support  study  can  also  he  compared  to  analyses  using  ITS 

lor  this  is  rather  low  (BS  =  44%,  1)1  =   1).  In  the  sequences  front  a  nearly  comprehensive  set  of  at- 
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aliad  genera  (Wen  et  al.,  2001).  Again,  where  sam-  nardi,  1971,  1980;  Marais,  1990).  Conversely,  all 

pling  overlap  is  sufficient,  these  studies  provide  a  five  species  of  Cuphocarpus  have  articulated  pedi- 

highly  congruent  picture  of  intergeneric  relation-  eels  as  well  as  imparipinnate  leaves,  and  yet  the 

ships.  For  example,  trees  based  on  rhcL,  matK,  and  genus  has  been  upheld  as  distinct  on  the  basis  of 

ITS  data  all  suggest  an  alliance  among  Tetrnplas-  its    unicarpellate    gynoecium    (Bernardi,     1971, 
andra,  Munroidendron,  Reynoldsia,  Gastonia,  and  1980).   Moreover,   pedicel  articulation  is  variable 

Arthrophyllum,   and  a  close  relationship  among  a  across  the  entire  family.   The  pedicels  of  Aralia 

group   of  mostly    Asian   genera   (e.g.,   Kalopanax,  Panax,  Hedera,  Pseudopanax,  and  Cheirodendron 

Trevesia,  and  Hedera).  Apart  from  such  broad  gen-  (inter  alia)   are   all   articulated,   whereas   those   of 

eralizations,  however,  a  rigorous  assessment  of  con-  many  other  genera  are  not  (e.g.,  Schefflera,  Eleuth- 
gruence  among  the  various  data  sets  will  require  erococcus,    Tetrapanax,    Trevesia,    and    Kalopanax) 

additional   sampling  in  order  to  build   a  comple-  (see  Hutchinson,   1967).   At  the  base  of  the  core 

mentary  set  of  taxa  for  each  marker.  Araliaceae  clade,  Astrotricha  possesses  articulated 

pedicels  but  Osmoxylon  lacks  them,  making  it  dif- 
ficult to  polarize  this  character.  However,  among 

those  taxa  now  excluded  from  the  core  Araliaceae, 

The  trees  based  on  ITS  data  suggest  that  the  cur-  Delarbrea,  Pseudosciadium,  Myodocarpus,  and 
rent  circumscription  of  Polyscias  is  problematic.  Mackinlaya  all  possess  articulated  pedicels  and 

All  species  of  Polyscias  belong  to  a  single  clade  only  Apiopetalum  lacks  them,  suggesting  that  this 

within  core  Araliaceae,  but  this  clade  also  includes  feature  may  represent  the  ancestral  character  state 

all  species  sampled  from  eight  additional  araliad  (see  Lowry  et  al.,  2001;  Plunkett,  2001).  If  this 

genera  (Cuphocarpus,  Gastonia,  Tetraplasandra,  assumption  is  correct,  articulations  on  the  pedicels 

Munroidendron,  Reynoldsia,  Arthrophyllum,  Mery-  have  been  lost  several  times  independently,  both 
ta,  and  Pseudopanax)  and  some  (but  not  all)  species  across  Araliaceae  and  within  the  Polyscias  sensu 

of  a  ninth  genus  (Schefflera).  Within  this  broad  "Po-  lato  clade.  In  the  attempt  to  identify  other  features 

lyscias  sensu  lato"  clade  (see  Figs.  1-3),  there  are  that  might  be  useful  in  circumscribing  Polyscias, 
eight  major  subclades,  of  which  four  include  spe-  we  examined  inflorescence  structure,  stylar  fusion, 

cies  from  two  or  more  genera.  Applying  the  cur-  number  of  floral  parts,  degree  of  leaf  division,  fea- 
rently  accepted  taxonomy  to  the  ITS  trees,  it  is  not  tures  of  the  petiole  base,  breeding  system,  as  well 

possible  to  render  a  monophyletic  Polyscias.  The  as  habit.  However,  none  of  these  consistently  sep- 

paraphyly  of  this  genus  is  perhaps  not  surprising  arate  any  of  the  seven  genera  from  the  species  cur- 

given  its  current,  very  broad  circumscription.  Nei-  rently  assigned  to  Polyscias.  Thus,  the  paraphyly  of 
ther  of  the  two  generally  recognized  diagnostic  Polyscias  (as  indicated  by  molecular  data)  does  not 

characters,    imparipinnate   leaves   and   articulated  contradict  available  morphological  data. 

pedicels,  can  be  applied  unequivocally  to  separate The  placement  of  three  New  Caledonian  species 

Polyscias  species  from  the  other  groups  in  the  Po-  of  Schefflera  (5.  gabriellae,  S.  elegantissima,  and  S. 

lyscias  sensu  lato  clade.  For  example,  imparipin-  crassipes)  within  the  Polyscias  sensu  lato  clade  is 

nate  leaves  are  found  in  all  members  of  the  Polys-  difficult  to  explain  on  the  basis  of  morphology.  As 

cias  sensu  lato  clade  examined  except  the  species  discussed  above,  Schefflera  (like  Polyscias)  cur- 

of  Schefflera  and  Meryta,  although  several  Polyscias  rently  has  a  very  broad  circumscription,  including 

species  have  unifoliolate  leaves  [e.g.,  P.  "scopoliae"  all  araliads  with  palmately  compound  leaves  but 
(Lowry,  ined.)  from  New  Caledonia  and  an  undes-  lacking  pedicel  articulations  and  prickles  (Frodin, 

cribed  species  from  Madagascar].  Even  in  the  sim-  1975,  1995).  On  the  basis  of  floral  vasculature  pat- 

ple-leaved  Meryta,  however,  at  least  one  species  terns,  Eyde  and  Tseng  (1971)  proposed  that  pal- 

has  strongly  pinnatifid  leaves,  and  several  others  mately  leaved  genera  (such  as  Schefflera)  and  pin- 

have  evident  articulations  along  the  midrib,  sug-  nately  leaved  groups  (such  as  Polyscias  and  Aralia) 
gesting  that  simple  leaves  may  have  been  derived  represent  Jundamentally  distinct  lineages  within 

from  pinnate  leaves  (by  fusion  of  the  leaflets  into  a  Araliaceae.  Their  interpretation  is  supported  in  part 

single  lamina).  Pedicel  articulation  is  less  labile,  by  the  present  IPS  analysis,  although  Schefflera  it- 

but  even  with  this  character  there  are  notable  ex-  self  appears  to  be  polyphyletic  (see  also  Wen  et  al., 

ceptions.  For  example,  Polyscias  sessiliftora  from  2001).  Moreover,  support  in  the  present  study  for 

Reunion,  P.  felicis  from  the  Comoro  Islands,  and  P.  the  inclusion  of  the  entire  Meryta  group  (which  in- 
carolorum  (plus  several  undescribed  species)  from  eludes  these  three  Schefflera  species)  within  the 

Madagascar  all  lack  articulated  pedicels,  but  have  Polyscias  sensu  lato  clade  is  rather  low  (BS  =  38%, 

nevertheless  been  maintained  in  the  genus  (Ber-  1)1   =  2).  The  ultimate  placement  of  the  Schefflera 
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species  examined  here  can  be  assessed  only  after  lyscias  tahiticnsis  has  never  been  formally  assigned 

a  more  comprehensive  sample  from  this  genus  has  to  a  section,  but  its  placement  in  the  Sect.  Polyscias 

been  assembled.  group  is  consistent  with  both  geographic  distribu- 
tion and  morphological  characters  for  the  group. 

BIO<;ko<;u\nii<:  hki.ationships  Lastly,  the  Tetmplasandra  group  is  centered  in 

Hawaii  (where  Tetraplasandra  and  Munroidcndron 

In  contrast  to  the  discordance  between  the  cur-  are  endemic),   but   Reynoldsia   also  occurs  as   far 
rently  accepted  taxonomy  and  the  trees  based  on  south   and   west   as   French   Polynesia   and   Samoa 

ITS  data,  the  topologies  depicted   in   Figures  1-3  (Philipson,    1970;   Lowry,    1990).   Unlike  the  three 

correspond   remarkably   well   to  geographic-  distri-  Indian   Ocean   groups  (which   form   a   single   large 
buttons.  For  example,  the  Gastonia  group  is  clearly  elade),  the  Pacific  clades  are  not  moiiophyletic.  In 

centered  in  the  Indian  Ocean:  Cuphocarpus  is  en-  fact,  ITS  sequence  data  suggest  that  the  Tctraplas- 
demic   to   Madagascar  (Bernardi.    1971),  Polyscias  andra  group  (from  the  eastern  extreme  of  the  range) 

sessili  flora    occurs    on    Reunion    Island    (Marais,  is  more  closely  related  to  the  Indian  Ocean  groups 
1990),  and  Gastonia  is  distributed  from  the  Comoro  (from  the  western  extreme)  than  to  any  of  the  other 
Islands,  Madagascar,  the  Seychelles  and  Mascarene  Pacific  groups. 
Islands  across  to  Malesia  and  the  Solomon  Islands All  hough    our    current    sample    of   Polyscias    is 

in  the  western  Pacific  (Philipson,  1970).  Two  other  broad,  it  is  not  comprehensive.  We  have  been  able 

clades  are  also  restricted  to  the  western  Indian  to  include  only  three  species  native  to  Malesia  (in- 

Ocean  basin.  The  P.  full  a  group  comprises  P.  fulva  eluding  P.  cumingiana,  P.  australiana.  and  P.  clc- 
(from  tropical  Africa),  P.  albersiana  (endemic  to 

Tanzania),  and  P.  mayottensis  (from  Mayotte  in  the 

Comoro  Islands).  Three  species  from  Madagascar — 

gans,  the  latter  two  also  present  in  Australia)  and 
none  from  Sect.  Palme rmndenbroekia.  Given  this 

limitation,  it  would  currently  be  imprudent  to  sub- 
P.    baehniana    (Bernardi)    Bernardi,    P.    boivinii      ject  tl icse   ( lata   to  formal   biogeographic  analysis. 

(Seem.)  Bernardi,  and  P  floccosa  (Drake)  Bernar-  However,  a  preliminary  assessment  of  biogeograph- 

di — may  also  belong  to  the  R  fulva  group  (cf.  Lowry  ic    relationships   within   Polyscias   sensu    lato   was 
et  al.,  1999),  but  could  not  be  sampled  for  the  pre-  made   by   mapping  geographic   distributions  along 
sent  study.  The  P.  tennantii  group  (P.  tennantii,  P  the   ITS   cladogram   (Fig.   2)   using   the   character* 

"abrahamiana,"  P.  "modestei,"  P  baretiana,  and  P.  transformation  capabilities  of  MaeClade.  In  this  ex- 

"orientalis")    is   entirely   endemic    to    Madagascar.  ercise,  the  ML  topology  was  used  because  it  is  fully 
These  groups  together  form  a  single  elade  with  the  resolved;   it  should  be  remembered,  however,  that 

Gastonia  group.  bootstrap  and  decay  index  support  for  several  of  the 

Among  the  other  clades,  several  are  clearly  ecu-  Polyscias  clades   is   rather  weak   in   the   MP  trees 
tered  in  the  western  Pacific  Ocean.  The  Tieghem-  (Fi^.   1),  and  thus  data  from  other  markers  will  be 

opanax  group  is  concentrated   in  New   Caledonia,  required  to  confirm  the  following  biogeographic  hy- 
with  live  species  occurring  elsewhere  in  the  south-  potheses.  The  area  cladogram  (Fig.  4)  that  resulted 
west   Pacific,  two  in  Fiji  (Smith,   1985),  two  in  Va-  from  this  exercise  suggests  that  the  ancestral  range 
nuatu  (Lowry,    1989),  and  one  in  Queensland  (P.  for  Polyscias  and  its  allied  genera  was  tropical  Aus- 

sambucifolius,   sampled   herein).   Unfortunately,  we  tralia.  Although  Polyscias  is  rather  species-poor  in 
were  unable  to  obtain  DNA  from  any  of  the  species  Australia  (with   11   native  species  present;  Lowry, 
native  to  Fiji  or  Vanuatu. unpublished  data),  it  is  quite  diverse  in  nearby 

The  Arthrophyllum  group  reveals  a  similar  bio-  eastern  Malesia,  where  20  native  species  occur  (cf. 
geographic  relationship  between  taxa  studied  from  Philipson.  1979).  Tropical  Australia  and  Malesia 
New  Caledonia  (two  species  of  Arthrophyllum)  and  have  strong  Holistic  affinities  in  many  groups  (Webb 

Queensland  (Polyscias  australiana,  P.  bel/endenk-  &  Tracey,  1981;  Hartley,  1986;  but  sec  Adam. 
erensis,  and  P.  mollis),  but  this  elade  probably  ex-  1992),  and  among  Araliaceae  more  than  half  of  the 
tends  west  into  Malesia,  where  a  number  of  unsam-  species  in  Australia  either  extend  into  Malesia  or 
pled  species  of  Arthrophyllum  occur  {c\\  Philipson,  have  close  relatives  there  (Lowry,  unpublished  data; 
1979).  The  native  distribution  of  species  in  the  see  also  Philipson,  1979;  Hartley,  1986).  It  is  thus 
Sect.  Polyscias  group  extends  from  eastern  Malesia      quite  possible  that  tropical  Australasia  as  a  whole, 

and  in  particular  Malesia.  may  represent  the  center and  northeastern  Australia  through  Melanesia  and 

Micronesia  to  Polynesia.  Several  widely  cultivated       of  origin  for  the  Polyscias  sensu  lato  elade. 

taxa,  including  P.  cumingiana,  P.  fruticosa,  P.  guil- 

Joylei.  and  P.  Scutellaria,  are  presumed  to  have  aris- 

lu  our  sample,  Australian  (i.e..  tropical  Austra- 

lasian) taxa  represent  basal  ly  branching  lineages  in 

en  in  Malesia  (Philipson,   1979;  Lowry,   1989).  Po-       four  of  the   major  clades   of  Polyscias   sensu    lato 
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Figure  4.  Simplified  portion  o(  the  ML  topology  representing  the  "Polyscias  sensu  lato"  elade  and  showing  broad 
patterns  of  biogeographic  relationships.  Presented  as  an  area  cladogram,  the  tree  was  constructed  by  coding  broad- 
scale  geographic  distributions  (either  Australasia,  New  Caledonia,  other  Pacific  islands,  or  western  Indian  Ocean  basin) 

of  each  taxon  as  character  states,  and  then  tracing  the  character-state  transformations  along  the  ML  topology  using 
MacClade. 

(viz.,  the  Tieghemopanox  group,  the  Arthrophyllum  distribution,  and  given  the  likely  Cretaceous  origins 

group,  the  Meryta  group,  and  the  Sect.  Polyscias  of  Araliaceae  (Haven  &  Axelrod,  1972,  1974;  cf. 

group;  Figs.   1—3).  The  phylogenetic  alliance  of  the  also   Lowry.   1986:   Plunkett  &  Lowry,  2001).  this 
Tetraplasandra   group   to   the   three    Indian   Ocean  distribution  pattern  could   be  explained  either  by 

c  lades  (the  Gastonia  group,  the  P.  Julva  group,  and  ancient  vicariance  (viz.,  the  Gondwanan  breakup) 

the  P.  tennantii  group)  at  first  appears  surprising,  or  by  more  recent  (post-tectonic)  dispersals.  If  vi- 

given   that   they   are   centered   in   the  eastern   and  cariance  were  responsible  for  the  overall  distribu- 

western  extremes  of  the  distributional   range,  re-  tion  of  Polyscias  throughout  the  Gondwanan  land- 

speetively.  The  origin  of  the  combined   Tetraplas-  masses,  an  early  ancestor  of  Polyscias  must  have 

andra— Indian  Ocean  elade  is  equivocal  (Fig.  4),  but  been  widespread,  and  diversification  therefore  fol- 

a  single  Australasian  origin  might  explain  the  al-  lowed  the  tectonic  events.  In  this  case,  each  major 

liance  of  such  geographically  distant  lineages.  Such  elade  would  correspond  to  (or  at  least  be  concen- 
an   interpretation   is   reinforced   by  comparing  the  trated  in)  a  single  geographic  region.  Alternatively, 

distributions  of  successive  sister  groups  of  the  Te-  if  Polyscias   were   narrowly  distributed   before  the 

traplasandra— Indian  Ocean  elade  (viz.,  the  Tiegh-  Gondwanan  breakup,  then  long-distance  dispersal 

emopanax    group    and    the   Arthrophyllum    group).  must  be  invoked  to  explain  the  current  distribution, 

both  of  which  appear  to  be  Australasian  in  origin  Under  this  scenario,  the  ancestral  geographic  re- 

(Fig.  4). gion   would   have  served   as  the  source   for  subse- 

Polyscias  and   its  allies  exhibit  a  paleotropical       quent  dispersal  events,  and  taxa  from  the  ancestral 
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area  would  be  represented  within  all  or  many  of  the  scribed)  given  its  evident  paraphyly.  Ultimately, 

major  elades  of  the  phylogenetic  tree.  Mindful  of  Polyscias  needs  to  be  either  partitioned  into  a  series 

the  sampling  limitations  in  the  present  study,  our      of  smaller  segregate  genera  or  greatly  enlarged  (by 

results  favor  the  latter  scenario,  with  taxa  from  Aus-       submerging   within    it    many   currently    recognized 

tralasia    (the    hypothesized    area   of  origin)   found       taxa).    We    herein    advocate    strongly    die    former 

among  the  basally  branching  lineages  of  nearly  all       course,  for  two  reasons.  First,  the  enlargement  of 

the  major  elades. 
Polyscias  would  result,  essentially,  in  a  "supergen- 

New  Caledonia  presents  an  interesting  example.  us"  equivalent  to  many  tribes  (or  even  subfamilies) 

This  island  separated  from  Australia  about  74  mya  in  earlier  taxonomic  treatments.  While  this  aceom- 

(Kroenke,  1096)  during  one  of  the  greatest  periods  plishes  monophyly  at  the1  generic  level,  it  relegates 

of  angiosperm  diversification,  and  this  vicariance  is  the    phylogenetic    difficulties    inherent    in    these 

responsible  for  the  presence  of  many  well  known  groups  to  a  lower  taxonomic  level.  Such  a  solution 

relicts  from  a  number  of  ancient  vascular  plant  lin-  would  obscure  rather  than  enlighten  phylogenetic 

cages  (Lowry,  1998).  At  the  same  time,  the  island  relationships   in   Araliaceae.  Second,   results  from 

lies  just  1200  km  off  the  coast  of  Queensland,  well  the  current  study  suggest  that  a  judiciously  applied 

within  the  conceivable  range  for  long-distance  dis-  "splitting"  approach  need  not  lead  to  the  reeogni- 

persal,  especially  for  groups  with  fleshy  fruits  ap-  lion  of  numerous  small  genera.  To  use  an  example 

parent ly  well  adapted  for  endozoochory  (such  as  based  solely  on  the  results  of  the  current  study, 

Polyscias).  Again,  the  patterns  illustrated  in  our  ITS  each  of  six  major  elades  (viz.,  Tieghemopanax,  Sect, 

cladograms  appear  to  support  a  dispersalist  expla-  Polyscias,  the  Arthrophyllum  group,  the  Meryta 
nation  for  the  presence  of  Polyscias  sensu  lato  in  group,  the  Tetraplasandra  group,  and  a  combined 

New  Caledonia,  with  at  least  three  independent  or-  Indian  Ocean  group)  could  be  recognized  as  a  dis- 
igins  of  New  Caledonian  lineages  from  Australasian  tinct  genus.  This  approach  would  circumscribe 

ancestors  (i.e.,  in  the  Tieghemopatiax  group,  the/lr-  monophyletic  groups  while  avoiding  the  problem  of 

throphyUum  group,  and  the  Meryta  group).  This  in-  a  single  massive  genus,  and  it  would  reduce  the 
terpretation  assumes,  however,  that  diversification  total  number  of  recognized  genera  from  nine  to  six. 

in  these  three  elades  occurred  after  the  separation  Some  difficulties  may,  however,  be  encountered  in 

of  New  Caledonia  from  Australia,  which  cannot  be  identifying  synapomorphies  that  can  be  used  to  de- 

verified  without  fossil  evidence  or  additional  mo-  fine  and  recognize  each  group.  Nevertheless,  al- 
lecular  data  (to  test  molecular  clock  assumptions).  though  we  consider  formal  taxonomic  changes  in 

By  contrast,  for  relationships  between  Australa-  Polyscias  premature  at  this  time,  we  advocate  using 

sian  and  Pacific  island  taxa  (in  the  Sect.  Polyscias  the  names  applied  to  the  groups  in  Figures  1-3 
group,  the  Meryta  group,  and  the  Tetraplasandra  (and  listed  in  Table  2)  to  denote  informal  taxa  until 

group;  fable  2),  we  can  reasonably  assume  that  cur-  relationships  within  Polyscias  can  be  more  fully  re- 

rent  distributions  represent  the  results  of  indepen-  solved  and  tested.  This  approach  allows  easy  ref- 

dent  long-distance  dispersal  events  given  the  com-  erence  to  phylogenetically  and  hiogeographically 
paratively  recent  origin  of  Hawaii  and  the  other  meaningful  groups  (i.e.,  elades  or  lineages)  without 

volcanic  Polynesian  islands.  Such  dispersalist  see-  adding  yet  another  layer  of  confusion  to  an  already 

narios  differ  markedly  from  largely  vicariance  ex-  complicated  taxonomic  history.  As  a  stable  picture 

planations  previously  invoked  for  explaining  the  of  relationships  emerges,  well-supported  groups 
distribution  of  many  of  the  ancestral  lineages  of  can  then  be  defined  and  formally  assigned  generic 

Apiales  (e.g.,  Delarbrea,  Myodocarpus,  Apiopetalum names. 
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AND  SYSTEMATICS  OF  THE 

JUGLANDACEAE1 

Abstract 

A  comprehensive  systematic  investigation  was  conducted  on  the  extant  Juglandaceae  based  on  25  species  repre- 
senting a  broad  sample  of  generic  and  infrageneric  diversity.  A  total  of  206  phylogenetically  informative  characters 

derived  from  morphological,  chemical,  chromosomal,  and  sequence-based  studies  formed  the  basis  for  comparative 
studies.  Phylogenetie  analysis  was  used  to  infer  relationships  and  examine  patterns  of  convergence  in  key  biochemical 
and  morphological  traits  associated  with  dispersal  biology.  Separate  and  combined  parsimony  analyses  of  three  previ- 

ously unpublished  data  sets  (ITS,  chloroplast  DNA,  morphology/chemistry)  supported  two  major  clades,  Juglandoideae 
and  Engelhardioideae,  in  agreement  with  a  recent  subfamilial  classification.  Within  Engelhardioideae,  the  genus  En~ 
gelhardia  was  found  to  be  paraphyletic,  as  K.  roxburghiana  of  the  monotypie  section  Psilocarpeae  was  resolved  as  sister 
taxon  to  a  New  World  subclade  composed  of  Oreomunnea  +  Alfaroa.  Within  Juglandoideae,  two  tribes  are  recognized: 
Platycaryeae  and  Juglandeae.  The  monotypie  genus  Platycarya  formed  the  sister  group  to  Juglandeae,  which  was 
resolved  fully  (Carya-(Juglans-(Cyclocarya  +  Pterocarya))).  Two  new  subtnbes,  Juglandinae  and  Caryinae,  are  de- 

scribed based  on  the  cladistic  pattern.  Unique  morphological  apomorphies  were  detected  for  all  genera,  including  the 
previously  little-studied  Cyclocarya,  which  was  also  determined  to  possess  a  novel  base  chromosome  number  for  the 
family  (N  =  28).  The  nested  position  of  Annamocarya  sinensis  within  Old  World  Carya,  combined  with  its  lack  of 
unique  apomorphies  suggested  sectional  recognition  within  Carya  might  be  more  appropriate  for  this  taxon.  Phylogenetic 
context  was  used  to  interpret  patterns  of  morphological  and  chemical  variation  associated  with  the  evolution  of  seed 
dispersal  and  the  tropical  versus  temperate  habitat.  Although  the  syndrome  of  wind  dispersal  appears  to  be  ancestral 
within  the  family,  four  novel  origins  of  wing  tissue  are  represented  by  Kngelhardia/Oreomunnea,  Platycarya,  Pterocarya, 
and  Cyclocarya.  The  convergence  on  animal  dispersal  has  been  achieved  through  three  different  developmental  path- 

ways in  the  production  of  a  husk  in  Alfaroa,  Carya,  and  Juglans.  In  general,  wind-dispersed  seeds  have  epigeal 
germination  and  those  that  are  animal-dispersed  are  hypogeous,  but  Oreomunnea  and  Cyclocarya  are  exceptions  in 
their  respective  clades  by  having  wind-dispersed  seeds  with  hypogeal  germination.  The  seed-energy  reserves  are  also 
revealing.  With  the  exception  of  Oreommunea,  wind-dispersed  seeds  have  relatively  high  concentrations  of  the  unsat- 

urated linolenic  (C)  and  linoleic  (B)  fatty  acids  (CH  pattern),  whereas  all  animal -dispersed  fruits  (viz.,  Alfaroa,  Carya, 
and  Juglans),  and  Oreomunnea,  have  relatively  high  concentrations  of  the  unsaturated  oleic  (A)  and  linoleic  (B)  fatty 
acids  (BA  or  AB  pattern).  Tropical  genera,  whether  wind-  or  animal-dispersed  (viz.,  Oreomunnea,  Alfaroa,  Annamo- 

carya), have  relatively  high  concentrations  of  the  saturated  palmitic  fatty  acid.  Conversely,  wind-  and  animal-dispersed 
fruits  of  temperate  genera  (viz.,  Carya,  Juglans,  Cyclocarya,  Pterocarya,  and  Platycarya)  have  relatively  low  percentages 
of  palmitic  acid.  The  explanation  here  is  based  on  the  fact  that  seed  fats  must  be  fluid  at  the  temperature  of  the  living 
plant,  thus  selecting  for  saturated  fats  in  warm  tropical  climates  and  unsaturated  lipids  in  cool  temperate  climates. 

Key  words:     Cyclocarya,  ecological  adaptations,  Fagales.  germination  syndrome,  juglandaceae,  phylogeny,  taxonomy. 

The  Juglandaceae  are  generally  considered  to  be       pound  leaves  bearing  glandular  peltate  scales,  uni- 

a   close-knit  family   of  trees  with   pinnately  com-       sexual   flowers,  and  wind-borne  pollen.   While  no 

1  Support  for  this  work  was  provided  by  NSF  grants  DEB  9707945  (PSM)  and  CB  5233X  (I)ES).  We  thank  a  host 
of  people  who  have  contributed  information  to  this  project,  which,  in  the  case  of  DES,  has  stretched  out  over  40  years. 
Foremost  on  the  list  is  Wayne  K.  Manning,  who  has  been  an  inspiration,  colleague,  and  friend  over  these  many  years; 
to  him  we  dedicate  this  paper.  Some  of  the  collections  for  analysis  have  been  graciously  provided  by  L  J.  Grauke  of 
the  USDA  Pecan  Research  Station.  Somerville,  Texas;  W.  A.  Haber  of  Monteverde,  Costa  Rica;  K.  Wurdaek  of  the 
University  of  North  Carolina,  Chapel  Hill;  the  Arnold  Arboretum  of  Harvard  University;  and  the  J.  C.  Ralston  Arboretum 
of  North  Carolina  State  University.  Gas  chromatographic  analyses  of  the  seed  oils  were  performed  by  long-term  colleague 
and  dear  friend  George  A.  Adrouny,  formerly  of  Tulane  University,  but  now  deceased,  and  M.  E.  Holm,  formerly  of 
Indiana  University.  The  SEM  photomicrographs  were  made  with  the  professional  assistance  of  L.  Eibest,  Duke  Univer- 

sity. The  drawing  of  Annamocarya  in  Figure  9  is  the  artistry  of  C.  Zartman,  Duke  University.  Translations  of  the  Russian 
articles  were  contributed  by  B.  M.  Johnson,  Duke  University,  while  the  Chinese  translations  were  handled  by  Y.  Tao, 
Duke  University.  Thanks  are  due  to  C.  Geilselman,  K.  Hancock,  M.  E.  Jones,  and  E.  Kuhn  for  providing  technical 
support  in  obtaining  sequence  data.  Information  on  nutshell  sclerenchyma  was  made  available  by  S.  R.  Manchester, 
Florida  Museum  of  Natural  History,  along  with  his  technical  expertise  in  review  of  the  morphological  matrix.  Help  in 
deciphering  the  suprageneric  nomenclature  received  the  serious  attention  of  R.  L.  Wilbur,  Duke  University,  and  W.  L. 
Culberson,  Duke  University,  graciously  provided  the  Latin  descriptions.  And  finally,  reviewers  P.  S.  Herendeen,  S.  R. 
Manchester,  and  J.  F.  Smith  deserve  special  thanks  for  their  critical  insight  and  extremely  helpful  comments. 

2  Department  of  Biology,  Duke  University,  Durham,  North  Carolina  27708,  U.S.A. 

Ann.  Missouri  Bot.  Gard.  88:  231-269.  2001. 
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Figure  I.  Evolutionary  hypothesis  of  the  phylogenv  of  extant  and  fossil  Juglandaeeae  (adapted  from  Manchester, 

l()87,  and  pers.  eomm.,  and  adjusted  to  show  the  higher-order  taxonomy  and  relationships  proposed  in  this  paper).  The 
fruits  of  extant  taxa  depicted  across  the  top  are,  from  left  to  right:  Engelhardia,  Oreomunnea,  Alfaroa,  Platyearya, 

Carya,  Cycloearya,  Pteroearya,  and  Juglans.  Extinct  juglandaceous  fruits  based  on  their  appearance  in  the  fossil  record 

are,  from  left  to  right  and  bottom  to  top:  Casholdia  microptera,  Palaeocarya  puryearensis,  Paleooreomunnea  stoneana, 

Paraengelhardia  eoceniea  (Kngelhardoideae);  Plat  yea  rya  americana;  Paleoplatycarya  wingii;  Hooleya  lata;  Hooleya 

hermis  (Juglandoideae:  Platycaryeae);  Polyptera  manningi,  Cycloearya  hrownii.  Crueiptera  simsonii,  and  Pteroearya 

maeginitii  (Juglandoideae:  Juglandeae:  Juglandinae).  OW   =  Old  World;  NW  =  New  World. 

new  evidence  has  challenged  this  view,  two  things The  family  consists  of  seven  to  ten  extant  genera 

have  become  abundantly  clear:  The  Juglandaeeae  (Table  1)  and  60+  extant  species  located  mainly  in 

are  sister  to  the  Khoipteleaceae  (Manos  &  Steele,  the  Northern  Hemisphere  of  both  the  Old  and  New 

1997)  and  within  the  Juglandaeeae  there  is  a  re-       World,  though  their  present-day  distribution  belies 

markably    consistent    evolutionary    picture    of   the  the    true    range    based    on    historical    information 

genera  based  on  detailed  phylogenetic  studies  in-  (Manchester.  1987,  1999;  see  Fig.  I).  Xnnamocarya 

eorporating  data  from  morphology,  anatomy,  eytol-  (=  Carya  sinensis  Dode),  Cycloearya  \  =  Pterocar- 

ogy,  chemistry,  and  nucleotide  sequences  from  both  ya  paliurus  (Batalin)  lljinskaya|,  Engelhardia  | in- 
lei I 

nuclear  ami  cnloroplast   DNA  (cpl)NA).   Phyloge-  eluding  E,  roxlmrghiana  Wallich  =  Alfaropsis  rox- 

netie  analyses  provide  a  much  clearer  picture  of  burghiana    (Wallich)    Iljinskaya],  Platycarya,   and 

intrafamilial  relationships  than  those  presented  by  Pteroearya  are  strictly  Old  World,  Alfaroa  and  ()r- 

Manchester  (1987)  based  on  fossil  history  and  by  eomunnea  are  New  World,  whereas  Carya  and  Jng- 

Manning  (1978),  Schaarschmidt  (1985),  and  lljin-  lans  occur  in  both  regions  (Lu,  1982).  Engelhardia 

skaya  (1990)  using  morphology,  and  validate  Smith  in  the  Old   World  and  Juglans  in  the  New  World 

and  Doyle  s  (1995)  recognition  of  two  major  (lades  both  extend  into  the  Southern  Hemisphere,  with  the 

within  the  family  (viz.,  Engelhardioideae  and  Jug-  former  ranging  into  Sumatra,  Java,  and  New  Guinea 

landoideae;  see  Fig.  1  and  Results).  and  the  latter  extending  from  southern  Canada  to 
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northern  Argentina.  When  the  very  extensive  fossil  that  included  the  Trochodendrales,  Haniamelidales, 

record  is  included,  however,  the  majority  of  these  Eucommiales,  Urtieales,  Leitneriales,  Juglandales, 

genera  have  Tertiary  distributions  recorded  in  Asia,  Myricales,  Fagales,  and  Casuarinales.  To  include 

Kurope,  and  North  America,  with  only  Alfaroa  and  the  Juglandales  in  the  Hamamelididae  requires  a 
Annamocarya  lacking  a  fossil  record  (Manchester,  leap  of  faith,  however,  because  the  leaves  of  both 

1987).  North  America  is  the  epicenter  of  fossil  di-  the  Juglandaceae  and  Rhoipteleaceac  arc  pinnately 
versity  of  the  family,  and  Asia  appears  to  be  a  re-  compound,  unique  features  in   this  subclass.   For 
fugium  for  many  of  the  modern  members  (Stone,  this  reason  Wolfe  (1973)  associated  these  two  f< 
1989;  Manchester,  1999).  j|jes  more  cl()se]y  wi,h  the  Rosidae.   And  Thome 

(1973),  as  well,  saw  relationships  of  the  Juglandales 

tative  features,  taxonomy  of  the  genera  is  based  elsewhere,  citing  the  Anacardiaceae  and  Bursera- 
largely  on  (lower  and  fruit  characters,  though  pol-  (.eae  as  fe|low  members  of  the  superorder  Rutiflo- 
len.  pith,  and  tracheary  elements  play  a  role  in  rec-  rae    or(|er  Rutales 

un- 

ln  light  of  the  conservative  nature  of  the  vege- 

ognizing  related  groups  of  genera  (Manning,  1978; 

Manchester,  1987).  The  basic  ground  plan  of  the 

pistillate  (lowers  consists  of  a  bract,  two  bracteoles,       "| 
(our  sepals,  and  a  bicarpellate  inferior  ovary  with 

a    bifurcate  style/stigma  (Fig.  4).   Variations  on  a         •  i       .•  r  ,i  •   •         c  ̂      \?  /m- /  ...  sideration  of   the  origins  of   the  ragaceae  (Nixon, 

Resolution  of  the  best  placement  of  the  Juglan- 
dales  started   with   both   cladistic   analysis   of  the 

ower"  Hamamelididae  (i.e.,  Trochodendrales  and 
Haniamelidales:  Hufford  &  Crane,  1989)  and  con- 

theme    involving    differential    growth,    orientation, 

connat ion.  adnaf  ion.  and  deletion  of  floral  parts  are       .   i  *,     •  m  ,l  r   °  i>  /  i \  teleaceae,   Vlyncaceae,  JMothofagaceae.  netulaceae. 

1989).  In  the  latter  study,  the  Juglandaceae,  Rhoip- 

reflected  in  the  mature  fruits  (Fig.  1).  They  vary 

from  the  tiny  (6  mg)  wind-borne  seeds  of  Platycar- 

ya,  to  the  large  (14+  g)  animal-dispersed  fruits  of 

Alfaroa,  Carya,  and  Juglans,  from  2-winged  (Pla- 

tycarya,  Pterocarya)  to  3-winged  {Engelhardia,  Or- 

eomunnea)  to  circular-winged  (Cyclocarya),  and 
from  mils  where  the  husk  is  derived  from  the  bract, 

bracteoles,  and  sepals  (Juglans),  to  those  derived 
from  the  bract/bracteoles  {Annamocarya,  Carya),  to 

those  where  only  the1  sepals  play  a  role  (Alfaroa) 

and  Casuarinaceae  were  recognized  as  part  of  the 

"Higher"  Hamamelididae  based  in  part  on  the  pos- 
session of  pororate  pollen  with  granular  walls,  a 

derived  state  of  the  tricolporate  grains  found  in  Fa- 

gaceae  and  more  typical  Rosidae  (Walker  &  Doyle, 
1975;  Zavada  &  Dilcher.  1986).  This  distinction 

within  Hamamelididae  was  later  followed  up  by 

Hufford  (1992:  221)  in  a  cladistic  study  of  the  Ros- 

idae in  which  he  concluded  that  the  "Lower"  Ha- 

(M  ».*.,;  ~„    io7q"c»  inon\    a  i*i        i        ...    j       mamelididae  "are  a  paraphvletic  assemblage  at  the (Manning.  19*8;  htone,  1989).  Although  not  tested  ,  . 

by  cladistic  analysis,  the  evidence  from  compara- base  of  the  Rosidae.  and  the  "Higher"  Hamamcli- 

live  morphology  led  to  the  suggestion  that  winged  (,,dae  ̂   Fa*ales'  Whale
s,  and  Casuar.na- 

fruits  had  four  separate  origins  and  that  the  animal-  Ceae)  are  nes,ed  amonS  Rosidae"  T
hl*  plarenu-nt 

dispersed    nut    has    evolved    independently    three  WaS  subsequently  supplied  by  comparative  
molee- 

limes  (Stone.  1973).  In  spite  of  these  apparent  eon-  ular  slu<ll,'s  of  V^M  A  from  J"#l<"hs  (Manos  el  ;l1- vergences.  the  floral  diagrams  in  combination  with 

liagnostic  characters  have  provided  the af ew  o tl 

1993)  and  rbcL  data  from  Carya  (Chase  et  al.. 

1993;  Qiu  et  al.,  1993.  1998).  With  the  developing 

basis  for  recognition  of  two  or  three' subfamilies  notion  of  a  Rosid  placement  for  Juglandaceae,  (iun- 
(though  not  necessarily  with  the  same  genera)  and  ler  et  al-  (1994)  examined  the  rftcL  gene  in  Carya, 

two  to  four  tribes  (Table  1).  Juglans,    and    Pterocarya,    in    combination    with 
chemical  and  morphological  information,  and  con- 

cluded that  there  is  a  closer  relationship  to  the  Re- 
in laceae,    Casuarinaceae,    Fagaceae,   and    Mvriea- 

Traditional  and  Current  Concepts  of  Inter- 
\!NI)  InTKAKAMIUAL  RELATIONSHIPS 

ceae,  than  to  Anacardiaceae  (sensu  Thome,  1983). 

The  Juglandaceae  were  traditionally  part  of  the  The  most  recent  and  comprehensive  evaluation  of 

amentiferous  concept  (Stern,  1973)  characterized  the  relationships  of  the  Juglandaceae  has  come 

by  apetalous,  unisexual  (lowers  and  wind  pollina-  froni  the  phylogenetic  analysis  of  the  "Higher"  Na- 
tion, and  included  such  orders  as  the  Casuarinales,  mamelididae  by  Manos  and  Steele  (1997)  using  the 

Fagales,  Carrvales,  Juglandales,  Leitneriales,  Myr-  cpDNA  gene,  matK.  In  this  paper  the  authors  ex- 

iciales,  Salicales,  and  Urtieales.  While  the  artifi-  amined  Alfaroa.  Carya,  and  Juglans  and  provided 

ciality  o(  this  group  has  long  been  recognized,  the  the  first  se(]uence-based  analysis  for  Rhoiptvlea 
debate  shifted  some  30  years  ago  to  the  llamame-  (also  see  Chen  et  al.,  1998).  These  three  members 

lididae  with  the  circumscription  of  the  subclass  by  of  the  Juglandaceae  were  resolved  as  a  sister  group 
Cronquist  (1968,  1981)  and  Takhtajan  (1968.  1980)  to  Rhoiptelea,  and  they  in  turn  formed  a  sister  chide 
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Figure  2.      Cladogram  of  the  "higher"  Hamamelididae  based  on  plastid  sequence  data  (from  Manos  &  Steele,  1997) 

with   the   Betulaceae,  Ticodendraceae,  Casuarina-      classification  was  an  attempt  to  deal  with  the  au- 

ceae,  and  Myricaceae  (Pig.  2). tapomorphic  characteristics  of  Platycarya  such  as 

The  intrafamilial  classification  of  the  Juglanda-  the  cone-like  infructescence,  pollen  with  pseudo- 

ceae  has  had  an  interesting  history  as  well  (Man-  colpi,  and  vascular  tracheitis.  In  a  published  ab- 

ning,  1978).  For  the  purposes  of  this  paper  Man-  stract  Bolick  (1983)  reported  that  her  cladistic 

ning's  framework  (Table  1),  based  largely  on  analysis  based  on  morphological  characters  was 

seminal  morphological  studies  on  the  inflorescence  congruenl  with  Manning's  subfamily  classification. 

(1938),  pistillate  flowers  (1940),  and  staminatc  Schaarschmidt  (1985).  on  the  other  hand,  using  the 

flowers  (1948),  will  be  used  as  a  baseline  for  eval-  full  range  of  morphological  characters  from  extant 

uating  other  proposals.  The  principal  subdivisions  and  fossil  material,  concluded  that  Platycarya  is 

(subfamilies)  of  the  Juglandaceae,  according  to  closely  related  to  Carya,  and  that  Platycaryoideae 

Manning,  are  the  Platycaryoideae,  with  the  mono-  contained  two  sister  groups,  the  Platycaryeae  with 

typic  Platycarya,  and  the  Juglandoideae,  which  in-  Platycarya  and  Carya  and  Engelhardieae  with  in- 

cludes everything  else.  As  much  as  anything,  this  gelhardia,  Oreomunnea,  and  Alfaroa.  The  Juglan- 
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doidcae  in  his  scheme  are  comprised  of  Juglans,  family  and  all  infrageneric  sections  of  10  genera. 

Pterocarya,  and  Cyclocarya  (Table  1).  In  1990  II-  On  the  basis  of  various  lines  of  supporting  evidence 
jinskaya  used  the  same  basic  information  to  ree-  ranging   from    classical    morphology    to   molecular 
ognize  three  subfamilies:   Platycaryoideae,  Kngel-  phylogenetics,    Rhoiptelea    chiliantha    (Rhoiptele- 
hardoideae,  and  the  Juglandoideae. aceae)  was   employed   as   the  outgroup  (Manning, 

The  time  was  clearly  ripe  in   1995  when  Smith  1938,  1940;  Withner,  1941;  Stone  &  Broome,  1971; 

and  Doyle  conducted  the  first  comprehensive  cla-  Oginuma  et  ah,  1995;  Manos  &  Steele,  1997;  Chen 
distic  analysis  of  the  family  based  on  molecular  and  et  ah,  1998). 

morphological  data.  Although  the  sampling  of  Jug- 
landaceae  was  limited  to  seven  of  the  60+  taxa,  CHAR ACTKKS 

they  had  representation  from  the  majority  of  the 

genera,  including  Alfaroa,  Carya,  Engelhardia, 

Juglans,  Oreomunnea,  Platycarya,  and  Ptcrocarya. 

Morphological  character  state  variation  was  stud- 
ied intensively  and  extensively  using  a  combination 

\y/l  *  iU       c        i  i     »l        l    j  l  c        -        of  fresh,  liquid-preserved,  and  dried  herbarium  ma- VV  hat   they   found  as  several  others  had   before  is  -  i    o  i     i 
that  the  Juglandaceae  comprise  two  major  clades. 

terial.  Several  characters recorded  for  the  first 

V\  .   i  I      Vrr  .■  j    ,  time,  and  character  state  variation  and  codinij;  is- 
I  lie  notable  (Inference  they  proposed,  however,  is  n 
that    Engelhardia,    Oreomunnea,    and  Alfaroa   are 

united  in  one  elade  and  Platycarya  is  positioned  as 

sues  are  discussed  (see  Results).  The  morphology 
of  the  lower  leaflet  surface  was  determined   from 

m    •  4   .  „„         ,     /      /  n.  i  ,.  -  herbarium  samples  soaked  in  Hovers  solution  for 
a  sister  grou|>  to  Juglans,  Ptcrocarya,  and  Carya  in  *  y 
tL  ,    .       „iii      (\c  ,i  •   .,    c       r   i      i  ̂ 4  hours  (see  Hardin,  1981),  dehydrated  in  an  a  - the  second  elade.  Of  the  many  intrafamilial  rela-  .  •  •     i        •        i  •    , 
!«     aL«       #i    .  i  i  i  ,.  cohol  series,  critical  point  dried,  coated,  and  ex- tionslups  that  have  been  proposed  over  the  years,  •       i         i  ,    , 
tr      <•     r.        i      c      a        j  n     i  i  *i        i        /•  ammed   with   a   Philips  501    SKM.  The   (atty  acid the  findings  by  Smith  and  Doyle  and  the  classifi-  .  F  7 
,. ,»;   „  i      rir     i  a  i  i  content    of  the   fruits    was   assayed    following   the 
cation  by   1 1  jinskaya  are  the  only  ones  giving  sub-  .     ,  .  J  h 

J  J  j  h       B  methods  of  Stone  et  al.   (1965,    1969).  The  cl 
•  enro- 

familial  recognition  to  Engelhardia,  Oreomunnea, 
,1M j  \u\r       n        i    ii  i       i  *i  mosome  counts  were  made  on  pollen  mother  cells 
and  Alfaroa.  Our  challenge  lias  been  to  assess  these       „      ..      .  F 
various   proposals   by   examining  a  far  larger  and 
more*  diverse  data  set. 

fixed  in  three  parts  ethanol  to  one  part  glacial  ace- 
tic acid,  squashed  and  stained  in  acetocarmine,  and 

TL-       .  ,  i  ,     r  or   •     i       i  .  ,,*       then  photographed  with  phase  contrast  microscopy. I  his  study  of  25  juglandaceous  taxa  across   10  \  ,    .  ;  . 
Ml Annamocarya,    and 

Molecular  techni(|iies  for  the  direct  sequencing  of 

/V../.W. ...  -a  .  ..     •  i                ■    r          .•                      u   i  l'ie  nuclear  ribosomal  ITS  region  followed  Manos  et Cyclocarya)  provides  new  information  on  morphol-  /,,v™                               i .                .i             l           .             j    rMM  a  al.  (1999),  whereas  chloropast  I)N  A  intergenic  spacer 
ogy,   anatomy,   cytology,   chemistry,   and    DNA    se-  v          '    ,,   T/                "                 ̂       B           l 
(juences  and  combines  these  data  with  previously 

published  results  for  an  in-depth  cladistic  analysis.  L      ,,    ,             1*11/                  .            1 

The  opportunity  presents  itself  therefore  to  evaluate  ?   ""^  ̂    Amold  (1"4)  "*  Tal>erlet  *  aL 

sequences  (rbclJatphK  and  trnYJtrnV)  were  obtained 
using  standard  techniques  and  the  primers  designed 

the  relative  contribution  of  the  molecular  and  non- 
(1991).    Alignments   were   performed   manually.  The 

chemical,  cpDNA,  and  ITS)  are  available  by  request 
from  the  authors  and  are  deposited  in  TRKKBASE 

m/il/mi   ,.  ,.u_,  «   ..      ♦  a  i-  i-.        r      three  data  sets  generated  in  this  study  (morphology- 
molecular  characters,   to  examine  the  validity  of        ,       .     ,        T^1J>k         ,  lrriox  ,f  ,  ,    ,  J 
more   problematic   genera   such   Alfaropsis,   Anna- 

mocarya, and  Cyclocarya,  and  to  explore  morpho-       -  . 
Lwr;^..l  .,n/l  ,.Lw»»»;    .ill-  1  •  »•      1  (nttp://www.lieibaria. Iianard.edu/treebase/index. html) logical  and  chemical  evolution,  and  in  particular, 
apparent  convergence  in  seed  fat  composition,  fruit 
dispersal,  and  seedling  germination. 

DATA   ANALYSIS 

Materials  and  Mkthods 

iaxa 

Equally  weighted  parsimony  analyses  were  con- 
ducted on  the  separate  and  combined  data  sets  with 

PA  UP*  version  4.0b3a  (Swofford,  20(H))  using 
BRANCH  AND  BOUND  and  1000  random  entry 

Plants  were  collected  from  a  combination  of  sequences.  Trees  were  evaluated  for  standard  mea- 
sources,  notably  natural  populations  and  accessions  sures  of  fit  and  resolving  power,  as  measured  by  I  he 
of  the  USDA  Pecan  Research  Station,  Somerville,  total  number  of  nodes  supported  in  the  strict  con- 
Texas,  the  Arnold  Arboretum,  Boston,  Massachu-  sensus.  Incongruence  between  data  sets  was  quan- 
setts,  and   the  J.   C.   Ralston   Arboretum,   Raleigh, 

North  Carolina  (Table  2).  Total  genomic  DNA  was  index  (IMF;  Mickevich  &  Karris,  1981),  which  mea- 
isolated  from  fresh  and  silica  gel-dried  plant  ma-  sures  the  relative  degree  of  disparity  between  data 
terial   using  the   DNeasy   Plant   Mini    Kit  (Qiagen;  sets  using  tree  length  difference.  Incongruence  also 
Valencia,  California).  Sampling  included  25  of  the  was  evaluated  using  the  incongruence  length  dif- 
approximately    60    species    recognized    within    the  ference  test  of  Karris  et  al.  (1LD;  1994),  as  imple- 

t if ied  using  the  Mickevich  and  Karris  incongruence 
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merited  in  PA  UP*.  The  hypothesis  of  congruence  and  northern  Vietnam,  is  probably  more  represen- 

was    tested    bv    calculating   the    length    difference  tative  of  the  tropical  evergreen  condition.  While  the 

among  resampled  partitions  from  the  pool  of  char-  tree  has  persistent  leaves  (Chevalier,    1941),  new 

acters  in  the  combined  original  matrices.  Incongru-  growth  flushes  at  the  same  time  that  old  leaves  are 

ence  between  data  sets  is  identified  if  the  additive  still  present  (Grauke  et  ah.  1991).  This  timing  is 

tree    lengths    taken    from    resampled    matrices   are  true  as  well  for  the  New  World  Alfaroa  and  Oreo- 

greater  than  the  sum  of  the  tree  lengths  from  the  munnea  (Stone,  pers.  obs.). 

original    data.    Bootstrap    analysis    (Felsenstein, 2.  Terminal  buds:   strictly  naked  (0);  with  bud 

1985)  using  1000  replicates  was  used  to  measure  scales  (1).  Genera  characterized  by  bud  scales  may 

relative  support.  The  distribution  of  morphological  also  have  some  taxa  with  naked  buds.  Both  types, 

apomorphies  was  explored  under  aectran  and  del-  for  example,  are  found  in  Pterocarya:  section  Pter- 

tran  optimization  using  the  reconstructions  provid-  ocarya  has  naked  terminal  buds  (e.g.,  P.  stenoptera). 

ed  by   PAUP*.  Internal  nodes  were  evaluated  lor  whereas  section   Platyptera   has  2   to  4  caducous 

the  relative  contribution  of  morphological  and/or  scales  (e.g.,  P  macroptera  and  P.  rhoifolia).  Simi- 

molecular  support  using  the  proportion  of  support  larly,    Carya    sect.    Apocarya    has    pseudo-valvate 

contributed  from  each  data  set  in  combined  anal-  scales,  those  of  section  Carya  are  imbricate,  and 

ysis    as   a    percentage    value   of  the   total    branch  section  Sinocarya  has  naked  terminal  buds  (Lu  et 

al,  1999). 

3.  Branchlet  pith:  solid  (0);  chambered  (1). 

Chambered  pith  characterizes  Juglans,  Pterocarya, 

and  Cyclocarya  of  the  tribe  Juglandeae  (Manning, 

1978;  see  also  Manchester,  1987).  Solid  pith  is  the 

This  study  revealed  a  significant  number  of  new      ™le  in  the  other
  members  of  Wandaceae,  as  well 

characters,  as  well  as  an  improved  interpretation  of      as  the  
Rhoipteleaceae  (Tang,  19,i2). 1  W_       ft      _     I                    _   .   .  _      _  _     -*.,-*_    A  /Ilk-  «     I  ^  %.   ̂ -^    w 

length. 

Res  UTS 

MOKPHOIXKilCAL-CIIKMICAI.  CHARACTER  ANALYSIS 

character  state  variation  based  on  more  complete 4.   Stipules:   present   (0);  absent   (1).   A   pair  of 

c    i  ..  a        t  •  j    r  cn  „u  ,^  thick,   papery,   caducous   stipules   flank   a   swollen 
sets  of  observations.  A  matrix  composed  ol  50  char-  ;   r  r    J>  r 

11    1  rr\u«  *n    .it.,1  i«  <J  Ik***  petiole  base  in  Rlwiptelea  (Wu  &  Kubitzki,  JCAM). acters  was  assembled  (table  o),  and  oo  ol  these  r  r  \ 
i      i      •      r      i  *    u  i  4-  i  but  are  absent  in  the  Juglandaceae. 

were  the  basis  of  subsequent  phylogenetic  analysis.  "Ul  «  *   b 

Missing  data  are  indicated   by  "?";  the  character 
5.  Leaf  phyllotaxy:  alternate  (0);  opposite  (1).  Al- 

a    r  11         ]  i     rj\  r  u-   n  i    1 1     i  ,.f       ternate  phyllotaxv  generally  characterizes  the  fam- 
state  followed  by  (!)  signifies  a  highly  probable  but  F  ■/  J  ©  / 
!  ....  ,  ma   •     .1  r.i   .         ilv.   However,  the  compound  leaves  of  Alfaroa  and 

unknown  condition;  and  NA  in  the  case  of  the  out- 
ni       .  j  4       4i    ,   ,i  i  ,  ..  „»«*^      Oreomunnea  are  principally  opposite  (decussate), 

group  Rhoiptelea   notes   that   these  character-state  j     i 
variations  relating  to  the  inflorescence  and  unisex- 

though  whorled  and  alternate  arrangements  occur 

1977). ,  a               r  >u     i      i       i,      .^  1MIIA*  anni-   Qua  occasionally,  but  mainly  on  sucker  shoots  (Stone, ual  flowers  of  the  Juglandaceae  are  not  applicable.  irw,N 

In  the  analysis  below,  the  discussion  of  the  prin- 
cipal characters  encompasses  most  of  the  variation  t   . 

r        ,     .  .    4.    4i                        i                  ii    gv^..  pinnate  (1).  Odd-pinnate  (imparipinnate)  compound 
found  at  both  the  genus  and  species  level.  Lxcep-  r              v   ;             i               v      r                   ,   ■  , 

leaves  are  cliaractenstic  ol  the  Juinandoideac  con- 

6.   Leaflet  arrangement:   odd-pinnate   (0);  even- 

tions  to  the  general  generic  mode  of  variation  have 
,4    ,   .      a  4-  r         i.i  r  frtvrt  taining  mainly  taxa  of  the  temperate  zone.  Even- 

resulted   in  the  recognition  ol  a  plethora  ol  taxo-  &  /  ,         .  ,       i 
,  i        ..  Tl       „i  rn  -i-  i  .  pinnate  is  a  feature  shared  by  the  extant  represen- 

nomic  subgenera  and  sections.   I  he  subfamibal  ter-  *"  J  r 

minology  summarized  in  Table  2  generally  follows 

that  of  Manning  (1978). 

/.  Vegetative  characters 

tatives  of  the  Engelhardioideae.  Note,  however,  that 

"the  few  Eocene  complete  leaves  seen  so  far  are 

odd-pinnate"  (Manchester,  pers.  comm.;  Dilcher  & 
Manchester,  1986;  Manchester,  1987). 

7.  Leaflet  margin:  serrate  (0);  strictly  entire  (I). 

1.    Free  phenology:  strictly  deciduous  (0);  ever-  Genera  in  which  the  majority  of  species  have  ser- 

green  (1).  The  temperate  genera  are  deciduous,  and  rate  leaflets  may  also  have  a  few  with  entire  leaflets, 

tropical  members  are  generally  evergreen,  but  in-  In  the  case  of  Engelhardia  sect.  Engelhardia,  E. 

terspecific  variability  occurs.  In  Engelhardia  spi-  rigida  has  entire  leaflets  whereas  those  of  E.  serrata 

cata,  for  example,  from  the  montane  Himalayas,  are  more  or  less  distinctly  serrate  or  crenate  (Ja- 

southern  China,  Cambodia,  Malaysia,  and  Borneo,  cobs,  1960).  Similarly  in  Juglans,  J.  regia  of  see- 

the tree  is  "often  deciduous  for  a  short  time  and  tion  Juglans  has  entire  leaflets,  whereas  species  in 

then  flowering,  not  in  definite  periods"  (Jacobs,  the  other  three  sections  have  serrate  ones.  Entire 

1960:  153).  On  the  other  hand,  Annamocarya  si-  margins  are  characteristic  of  the  leaflets  from  adult 

nensis  (=  Carya  sinensis  Dode)  from  southern  China  trees  of  all  tropical  members,  including  Engelhar- 
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Table  2.  Voucher  information  for  samples  of  Rhoipteleaceae  and  Juglandaceae  sequenced  in  this  study.  CenBank 
accession  numbers  are  provided  in  the  following  order — chloroplast  DNA  spacer  regions:  rhclJatbK*  trnh  and  nuclear 
rDNA  internal  transcribed  spacers  (ITS). 

Tc 
ixa 

Rhoiptelea  chiliantha  Diels  & 
Handel-Mazzelti 

Alfaroa  eostarieensis  Standley 

A.  guanacasterisis  Stone 

-4.  manningii  L£on 

A.  williamsii  A.  Molina 

Annamocarya  sinensis  (Dode)  Lerov 

Carya  hpcI.  Sinocarya 
C.  cathayensis  Sargent 

C.  tonkinensis  Lecomte 

C.  seet.  Apocarya 

C  eordiformis  (Wangenheim)  K.  Kocl i 

C.  illinoinensis  (Wangenheim)  K.  Koch 

C  stM't.  Carya 
C.  mvristieiformis  (K.  Michaux)  Nuttall 

C.  ovata  (Miller)  K.  Koch 

C.  glabra  (Miller)  Sweet 

C.  tomentosa  (Poiret)  Nuttall 

Cyclorarya  paliurus  (Batalin)  Iljinskayi i 

Engelhardia  seet.  PsiUwarpeae 
E.  ro.xburuhiana  Wallieh 

E.  sect.  Engelhardia 

E.  spieata  L-schenault  ex  Rlume 

Juglans  sect.  Trachycaryon 
J.  einerea  L 

Vouel 
lers CenRank  accession  nos. 

AF303749,  AF303776,  AF3O3803 

AF30375I,  AF303778,  AF303805 

CHINA.  Yunnan:  Kelly  1017       AF303746,  AF303773,  AF30380Q 
(BH) 

COSTA  RICA.  San  W: 
Stone  4087  (DUKK) 

COSTA  U1CA.  Alajuela:  Stone    AF303750,  AK303777,  AF303804 4085  (DUKK) 

COSTA  RICA.  Cartago:  Stone 
4083.  4084  (DUKK) 

COSTA  RICA.  Cartago:  Stone     AF303752,  AF303779,  AF303806 3971  (DUKE) 

VIET  NAM.  Nho  yuan:  Stone     AF303764,  AF30379I,  AF303818 
4066  (DUKK).  Seed  grown 
at  USDA  IVcan  Research 

Station  (Grauke  et  ai  90- 
SIN-VN-2\  Somerville,  TX 

CHINA.  Anhwei:  Stone  4093      AF303765,  AF303792,  AF303819 
(DUKK).  Seedling  graft  on 

pecan  rootstock  grown  at 
USDA  Pecan  Research  Sta- 

tion (CSL-Bay  9),  Somer- 
ville, TX 

VI KT  NAM.  Son  La:  Stone 

4098  (DUKK).  Seed  grown 
at  USDA  Pecan  Research 

Station  (Grauke  et  al.  GO- 
TON-VN  4. i),  Somerville, TX 

AF303772,  AF303799,  AF303826 

U.S.A.  North  Carolina,  Pen-         AF303766,  AF303793.  AF303820 
der:  Stone  4056  (DUKK) 

U.S.A.  North  Carolina,  Dur- 
ham: Stone  4048  (DUKK) 

AF303771,  AF303798,  AF30382I 5 

AF303769,  AF303796,  AF303823 

U.S.A.  North  Carolina.  Pen-         AF303767,  AF303794,  A F3 03821 
der:  Stone  4050  (DUKK) 

U.S.A.  North  Carolina,  Pen-         AF303768,  AF303795,  AF303822 
der:  Stone  4053  (DUKK) 

U.S.A.  North  Carolina.  Dur- 
ham: Stone  4097  (DUKK) 

U.S.A.  North  Carolina.  Dur- 
ham: Stone  4096  (DUKK) 

U.S.A.  North  Carolina,  Wake:      AF303763,  AF303790,  AF3038I7 
Wurdack  E43  AA  MA  VI  = 
Stone  4075  (DUKK) 

AF303770,  AF303797,  AF303824 

TAIWAN,  lung:  Stone  GH 

111  (DUKK).  Seed  grown  at 
Duke  Univ.,  Durham.  NC 

AF303747,  AF303774.  AF303801 

CHINA.  Yunnan:  Manos  1383     AF303748,  AF303775,  AF303802 
(DUKK). 

U.S.A.  New  York,  Westches-       AF303759,  AF303786,  AF303813 
ten  Manos  1341  (DUKK) 
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Table  2.     Continued. 

Taxa 

J,  sect.  Cardiocaryon 

j.  mandshurica  Maximowicz 

J.  sect.  Rhysocaryon 

J.  microcarpa  Berlandier 

J.  nigra  L. 

/.
 

^ t.  Julians 

J.  re  gin  L. 

Vouchers GenBank  a  cession  nos. 

Oreomunnea  mexicana  (Stand.)  Leroy 

Platycarya  strobilacea  Siebold  &  Zuccarini 

Pterocarya  sect.  Platyptera 

P.  maeroptera  var. 

insignis  (Rehder  &  E.  H.  Wilson) 
Manning 

P.  sect.  Pterocarya 

P.  st  en  opt  era  C.  DC. 

CHINA.  Stone  4062  (I)UKK).      AF303758,  AF3  >3785,  AF303812 

Seed  secured  from  UC- Da- 

vis grown  at  USD  A  Pecan 
Research  Station  (CSHQ 

7.5—14),  Somerville,  TX 

U.S.A.  Texas,  Uvalde:  Stone        AF303757,  AF3  >3784,  AF30381  I 

4001  (DUKE).  Seed  grown 
at  USDA  Pecan  Research 

Station  (CSHQ  14-8),  Som- 
erville, TX 

U.S.A.  New  York,  Tompkins:       AF303756,  AF3J  >3783,  AF303810 
Smith  263  (BH).  Seed 

grown  at  Cornell  University, 
Ithaca,  NY 

CHINA:  Stone  4092  (DUKE).      AF303755,  AF303782,  AF3038O9 

Graft  secured  from  UC-Da- 

vis  grown  at  USDA  Pecan 
Research  Station  (CSHQ 

14-12).  Somerville,  TX 

COSTA  RICA.  Cartago:  Stone      AF303753,  AF3O3780,  AF303807 
3974  (DUKE) 

U.S.A.  North  Carolina,  Dur- 
ham: Stone  4071  (DUKE) 

AF303754,  AF3I 13781,  AF303808 

CHINA.  Qinling:  Stone  4064       AF303760,  AF303787,  AF303814 

(DUKE).  Seed  grown  at 

USDA  Pecan  Research  Sta- 
tion, Somerville,  TX 

CHINA:  Stone  4063  (DUKE).      AF303761,  AF3<  3788,  AF303815 

Seed  from  UC- Davis  grown 
at  USDA  Pecan  Research 

Station  (CSHQ  14-2),  Som- 
erville. TX 

CHINA.  Shennongjia  Forest 
District:  Stone  4069 

(DUKE).  Seed  grown  at  Ar- 
nold Arboretum  (#1652-80- 

B),  Jamaica  Plain.  MA 

AF303762,  AF3(3789,  AF303816 

dia   sect.   Psilaearpeae,    Oreomunnea   and  Alfaroa  Engelhardia  (Fig.  3A)  of  the  Old  W  >rld  tropics.  The 

(see  Dilcher  &   Manchester,    1986),  and  Annamo-  New   World   tropical  genera  of  Alfaroa  and  Oreo- 

carya.  Some  species  of  both  Oreomunnea  and  Al-  munnea,  however,  are  papillose  (se-'  Fig.  3B;  Dilch- 

faroa,  however,  display  serrate  leaflets  in  the  seed-  er,  1974;  Dilcher  &  Manchester,  1586). 

ling  and  sapling  stage  as  well  as  on  sucker  shoots 

of  adult  trees  (Stone,  1977). 

9.   Druse  crystals  in  leaf  paliszde:  present  (0); 

absent  (1).  Metcalfe  and  Chalk  (1950)  reported  the 

8.  Texture  of  lower  leaflet  surface:  smooth  to  ver-  occurrence  of  large  crystal  clusters   in  the  leaf  pal- 

rucose  (0);  papillose  (1).  Examples  of  the  former  isade.  Specifically,  druse  crystals  are  found  prin- 

are  found  in  the  temperate  members  such  as  Carya  cipally  in  temperate  genera,  altho  lgh  the  tropical 

(Hardin  &  Stone,   1984),  Juglans,  Pterocarya,  and  Annamocarya  is  similar  in  this  respect  to  Carya: 
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Figure  3.  SKM  photomicrographs  of  the  lower  leaflet  surface  of  Old  World  Engelhardia  and  New  World  Alfaroa. 

— A.  Engelhardia  spicata  var.  colebrookeana  (Lindl.  ex  Wall.)  Koord.  &  Valet.  (Tsang  24,  UC  1346717)  with  smooth, 

undulating  epidermal  cells  and  slighdy  raised  stomata.  — B.  Alfaroa  hondurensis  L.  0.  Williams  ex  Manning  (Stone 

2185,  DUKE)  wilh  ca.  8  waxy-coated  epidermal  papillae  surrounding  the  stomata.  Scale  bar:  A  =   10  |xm;  B  = 
same 

magnification. 

they  are  lacking  in  Englehardia,  Oreomurmea,  and      with  simple  perforation  plates  and  transverse  end 

Alfaroa.    Druse  crystals 

first  time  in  Rhoiptelea. 
walls    (e.g.,    Platycarya)    (Heimsch    &    Wet  more, 

L939).    Engelhardia,    Oreomunnea,    and    Alfaroa, 

10.   Rhomboid  crystals  in  leaf  palisade:  absent       have  an  average  vessel  element  length  exceeding 

(0);  present  (1).  Rhomboid  crystals  are  found  only       650  |xm  (673-849  \xm:  measurements  of  Miller  & Alft 
Stone:  Stone,  1989),  whereas  Cyclocarya,  Pterocar- 

boid  crystals  are  wanting  in  Engelhardia  (Stone,      ya,  and  Juglans  are  intermediate  in  the  611-524 
1993;  Iljinskaya,  1993). |xm   range.  Annamocarya,   Carya,   and  Platycarya 

11.  Wood  porosity:  ring  and  semi-ring  (0);  diffuse  have  elements,  on  average,  that  range  from  500+ 

(1).  Genera  that  are  predominantly  ring  and  semi-  to  432  |xm  (Leroy,  1953;  Stone,  1989).  It  should  be 

ring  porous  may  have  some  species  that  are  diffuse  noted  here  as  well  that  Platycarya  is  the  only  genus 

porous.  Growth  rings  are  distinct  in  the  temperate  with    vascular    tracheitis    (Heimsch    &    Wetmore, 

species  of  Juglans,  but  the  tropical  black  walnuts  1939).  Rhoiptelea  has  some  of  the  longest  vessel 

are  diffuse  porous  (Miller,  1976).  This  is  true  also  elements   with   an    average   of  855    (im   (Withner, 

of  other  tropical  taxa  such  as  Engelhardia,  Oreo- 

1941). Alf 
Pterocarya, 

14.    Vessel   pore   shape:    angular   to   round    (0); 

however,  which  is  primarily  temperate  (Manchester,  strictly  round  (1).  Variation  from  angular  to  round 

1987),  is  also  distinctly  diffuse  porous  (Heimsch  &  is  known  to  occur  within  four  of  the  five  species  of 

Wetmore,  1939).  Pterocarya    analyzed    by    Heimsch    and    Wetmore 

12.  Vessel  perforation  plates:  exclusively  scalar-  (1939);  P.  stenoptera,  however,  exhibits  only  angular 

iform  (0);  scalariform  in  part  (1);  strictly  simple  (2).  pores.  Exclusively  round  pores  were  found  in  An- 

Rhoiptelea  has  scalariform  perforation  plates  (With-  namocarya,  Carya,  and  Platycarya.  Rhoiptelea  has 

ner,  1941).  Engelhardia,  Oreomunnea,  and  Alfaroa  mostly  angular  pores  according  to  Withner  (1941). 

have    both    scalariform    and    simple    perforation 

plates.   All   other  genera  have  only  simple  plates  //   Flowering  characters 
(i.e.,  the  porous  vessel  perforations  of  Heimsch  & 

Wetmore,  1939).  15.  Inflorescences:  androgynous  (0);  strictly  uni- 

13.  Mean  vessel  element  length:  >  650  pm  (0);  sexual,  with  pistillate  terminal  and  staminate  lat- 

650  |xm  (1).  While  there  is  a  great  deal  of  var-  eral  (1).  Individuals  with  androgynous  panicles  may 

iation  in  vessel  element  length  within  and  between  also  have   male  and/or  female  catkins  positioned 

samples  of  a  species,  a  clear  trend  exists  from  long  terminally  or  laterally.  Manning  (1938)  postulated 

elements   with   scalariform   perforation   plates  and  that    the    inflorescence    of   the    pre-Juglandaceous Alfc 
stock  was  a  highly  branched  panicle  of  perfect  flow- 
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ers,  and  that  evolution  of  the  inflorescence  within  flowers  of  Rhoiptelea  are  arranged  in  dichasial  trip- 

the  Juglandaceae  proceeded  from  a  terminal  an-  lets,  with  the  central  flower  perfect  and  fertile  and 

drogynous  panicle  (e.g.,  Engelhardia  sect.  Psilo-  the  lateral  flowers  pistillate,  but  reduced,  sterile,  or 
carpeae),  combining  central  pistillate  catkins  with  abortive  (Wu  &  Kubitzki,  1993).  Pistillate  (lowers 

several  subtending  staminate  catkins,  to  separate  of  the  Juglandaceae  occasionally  have  anther-bear- 
pistillate  and  staminate  catkins.  Further  evolution  ing  stamens  (Manning,  1940),  and  staminate  (low- 

of  the  pistillate  catkin  has  proceeded  with  reduc-  ers  with  an  abortive  pistil  are  well  documented 

tion  to  a  few-flowered  spike  (e.g.,  Carya),  whereas  (Manning,  1948),  but  these  are  exceptions  and 
the  staminate  catkin  has  shifted  from  a  terminal  to  without  functional  consequence.  Su  and  He  (1984: 

an  axillary  position  and  from  a  several-catkined  22),  however,  suggested  that  the  discovery  of  bi- 

panicle  to  a  single  catkin  (e.g.,  Juglans).  Since  sexual  flowers  in  Pterocarya  stenoptera  "may  prove 
Rhoiptelea  has  perfect  flowers,  this  character  state  that  the  unisexual  flowers  of  the  present-day  Jug- 
is  not  applicable  (see  #19).  landaceae  are  derived  from  ancestors  with  bisexual 

16.  Staminate  catkins:  in  clusters  or  single  (0);       flowers. 

•>•> 

strictly  single  (1).  As  noted  above  (#15),  the  single 20.  Staminate  bract:  3-lobed  distally  (0);  l-lobed 

solitary  catkin  is  viewed  as  the  most  specialized  distally  (1).  The  nature  of  the  floral  envelope  in  the 
condition.   It   is  found  in  Juglans  and  Pterocarya,  Juglandaceae  has  long  been  a  point  of  discussion, 
but  not  in  Cyclocarya.  Cyclocarya,  with  a  3-  to  5-  The  correlation  between  the  pistillate  and  staminate 
catkined  panicle,  is  more  similar  in  this  respect  to  flowers  of  each  genus  was  recognized  by  de  Can- 
Annamoearya  (5  to  8)  and  Carya  (3).  The  staminate  dolle  (1862),  Engler  (1889),  and  Nicoloff  (1904- 
eatkin  clusters  in  Engelhardia,  Oreomunnea,  Alfa-  1905),  leading  Manning  (1948)  to  identify  the  scv- 
roa,  and  Platycarya  tend  to  be  much  more  variable  en    parts    of   the    generalized    floral    envelope    as 
(1   to  10  +  )  (Manning,  1938,  1978;  Stone,  1977).  consisting  of  a  bract,  two  bracteoles,  and  four  se- 

17.  Pistillate  catkins:  pendent  (0);  strictly  erect  pals  (Fig.  4).  In  those  cases  where  the  floral  enve- 

at  anthesis  (1).  Genera  with  species  that  are  pre-  lope  is  well  developed,  there  is  no  difficulty  distin- 
dominantly  pendent  may  also  have  some  with  erect  guishing    between    a    3-lobed    (viz.,    Engelhardia, 
catkins,  (iood  material  is  scarce,  so  these  data  are m a     l-lobed    bract 

structure  subtending  the  stamens  is  a  3-lobed  bract 

incomplete.  The  pendent  pistillate  inflorescences  (viz.,  Pterocarya,  Cyclocarya,  and  Juglans).  With 
are  mainly  those  associated  with  wind  dispersal  of  the  reduction  in  sepals  and  bracteoles  in  some  gen- 
seeds.  This  is  certainly  true  of  Engelhardia,  Cyclo-  era,  the  question  arises  as  to  whether  a  3-lobed 
carya,  and  Pterocarya.  The  exact  condition  in  ()r- 

eomunnea  is  less  certain.  Manning  (1938,  fig.  9)  or  a  l-lobed  bract  fused  with  two  lateral  bracteoles. 
depicted  flowering  material  of  0.  pterocarpa  that  is  This  problem  resolves  itself  in  the  case  of  Carya 
certainly  pendent,  though  Stone  (1977),  based  on  because  the  l-lobed  bract  is  clearly  external  (an- 
limited  material,  noted  that  the  female  catkin  is  terior)  to  the  two  lateral  bracteoles  (posterior)  (Man- 
erect.  Sufficient  material  has  been  seen  of  O.  mex-  ning,  1948).  Initial  papers  dealing  with  Annamo- 

icana,  however,  to  state  with  certainty  that  the  pis-  carya  were  less  clear  because  Kuang's  drawing  of 

ho- 

tillate  catkin  in  an  androgynous  panicle  is  erect  at  the  staminate  flower  (Kuang,  1941:  =  Rharn/ 
anthesis  (see  Stone,  1972,  (ig.  11).  In  this  connec-  carya  integrifoliolata)  appears  to  show  the  three 
tion  it  is  interesting  to  note  that  Alfaroa  with  ani-  lobes  in  one  whorl  (Manning,  1948).  Later  studies 
mal-dispersed  seeds  also  has  erect  pistillate  catkins  have  concluded,  however,  that  the  bract  and  two 
(see  Stone,  1977,  fig.  6).  Platycarya  has  tiny  seeds  bracteoles  are  in  different  whorls  (Manning  & 
that  are  wind-dispersed,  but  the  pistillate  infruc-  Hjelmqvist,  1951;  Stone,  pers.  obs.).  The  staminate 
tescences  are  erect,  not  pendent.  This  monotypic  flower  of  Platycarya  is  the  most  difficult  to  inter- 
genus  is  also  unique  in  the  family  by  exhibiting  an  pret.  According  to  Manning  (1978)  flowers  of  this 
entomophily  syndrome  in  which  the  erect  spikes  genus  lack  both  bracteoles  and  sepals,  leaving  the 
are  scented  and  have  stiff  showy  bracts  and  very  enlarged  bract  as  the  sole  component  of  the  floral 
small  sticky  pollen  (Kndress,  1986).  envelope  subtending  the  exposed  stamens  (see  Kn- 

18.  Pistillate  spike:  lax  (0);  condensed  (1).  Most  dress,  1986).  What  makes  the  bract  of  Platycarya 
members  have  flowers  loosely  arranged  along  the  potentially  difficult  to  score  is  the  variation  in  lob- 
inflorescence.  The  pistillate  spike  of  Platycarya,  ing.  Samples  on  the  same  tree  growing  in  Brooklyn 
however,  looks  like  a  small  cone  at  maturity  with  (Manning,  1948:  613)  range  from  clearly  l-lobed 

long  prickly  bracts  bearing  flattened  fruits  lodged  to  what  he  referred  to  as  "aurieled  or  angled  mid- 
between  them  (see  Kndress,  1986) way  between  the  base  and  tip,"  or,  as  in  the  case 

19.    Flowers:    bisexual    (0);    unisexual    (1).   The      of  a  tree  growing  in  Durham,  North  Carolina  (Stone 
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IS; 

B 

Figure  4.  Floral  diagrams  of  pistillate  flowers  of  the  Juglandaceae,  with  the  black  dots  at  the  top  representing  the 

axis  of  the  inflorescence.  — A.  Engelhardia  sect.  Engelhardia.  Bract  is  3-winged  and  united  at  the  base  to  the  two 

fused  bracteoles;  sepals  free;  anterior/posterior  carpels  fuse  to  form  a  median  oriented  primary  septum;  stigma  arms 

elongate,  oriented  commissural  along  plane  of  primary  septum.  — B.  Engelhardia  sect.  Psilocarpeae.  Differs  from  section 

Engelhardia  in  the  carinal  orientation  of  the  stigma  (split)  that  is  orthogonal  to  the  primary  septum.  — C.  Oreomnnnea. 

Same  diagram  as  E.  sect.  Psilocarpeae,  hut  the  bracteoles  form  a  flap  covering  the  nutlet.  — I).  Alfaroa.  The  minute  3- 

lobed  bract  and  imperceptible  bracteoles  are  fused  in  a  small  disc  at  the  base  of  the  fruit;  the  husk  of  the  nut  is  formed 

from  sepal  tissue.  — E.  Juglam  and  Pterocarya.  The-  floral  diagrams  are  similar  in  most  details,  including  the  carinal 

stigma;  however,  the  bract,  bracteoles,  and  sepals  form  the  husk  in  Juglans,  whereas  the  bracts  form  the  two  wings  in 

Pterocarya.  The  primary  septum  is  median  and  the  stigma  is  carinal.  — F.  Cyclocarya,  though  having  much  in  common 

with  Pterocarya,  displays  a  disc-shaped  fruit  in  which  the  circular  wing  develops  from  adnation  of  the  bract  and 

bracteoles.  The  primary  septum  is  principally  median  (see  text),  and  the  stigma  aligns  along  the  plane  of  the  primary 

septum  in  commissural  orientation.  — G.  Carya  and  Annamocarya.  The  husk  is  formed  from  the  bract  and  bracteoles 

and  the  sepal  tissue  is  modified  into  a  stigmatic  disk  (uncertain  in  Annamocarya).  The  primary  septum  is  transverse 

and  the  stigma  is  commissural.  — H.  Platycarya.  The  bract  becomes  a  stiff  pinecone-like  scale  that  subtends  a  tiny 

fruit  with  lateral  wings  formed  from  the  fusion  of  the  bracteoles  and  sepals.  The  primary  septum  is  transverse  and  the 

stigma  is  carinal.  Symbols:  B  =  bract;  b  =  bracteole;  s  =  sepal;  bs  =  bracteoles  and  sepals  adnate;  STD  =  stigmatic 
disk.  Figure  F  is  from  Manchester  (1987),  and  the  others  are  from  Manning  (1978). 

4077,  DUKE),  the  region  is  truly  flared.  The  de-  era  except  Platycarya  (Manning,  1978),  though  oc- 

scriptor  above  is  designed  to  treat  Platycarya  as  1-  casionally  some  species  of  Engelhardia  may  he 

lobed  on  the  basis  that  the  "flares"  are  proximal  missing  one  or  both  (Manning,  1948).  The  stami- 

rather  than  distal  as  in  the  truly  3-lohed  staminate  nate  flower  of  Platycarya  is  virtually  naked  in  lack- 

flowers.  At  the  same  time,  however,  we  recognize  ing  both  bracteoles  and  sepals  (Manning,  1948;  En- 

that  the  vasculature  may  suggest  the  bract  of  Pla-  dress,  1986). 

23.  Male  flower  sepals:  4  present  (0);  2  present tycarya  had  a  complex  origin  (see  #21). 

21.  Staminate  bract  vasculature:  3  or  more  vas-  (1);  absent  (2).  Sepals  are  present  in  the  majority 

cular  strands  (0);  single  strand  (1).  In  general,  the  of  genera.  Sepals  are  always  absent  in  Platycarya 

3-lobed    bracts   have   3   or  more   vascular  strands  and    Annamocarya,    and    generally    so    in    Carya, Alft 

though    1    or  2   are   occasionally  found   (Manning, 

the  1-lobed  bracts  have  a  single  strand  (viz.,  Pter-       1948,  1978). 

ocarya,   Cyclocarya,  Juglam,   and  Carya).  The  1- 24.  Pollen  pore  distribution:  equatorial  (0);  sub- 

lobed  bracts  of  Annamocarya  (Fig.  5A)  and  Platy-  equatorial  (1);  heteropolar  (2).  Equatorial  apertures 

carya  (Rerquam,  1975;  Wing  &  Hickey,  1984)  are  are  the  norm  in  Platycarya,  Engelhardia,  Oreo- 

exceptions  in  having  3  or  more  vascular  strands,  munnea,  Alfaroa,  Cyclocarya,  and  Pterocarya.  The 

possibly  suggesting  a  more  complex  origin  of  the  grains  of  Carya  and  Annamocarya  have  subequa- 

bract.  torial  pores  that  are  drawn  toward  the  distal  pole 

22.  Male  flower  bracteoles:  present  (0);  absent  (outer  face  of  the  tetrad),  leaving  the  proximal 

(1).  The  bracteoles  are  generally  present  in  all  gen-  hemisphere  free  of  apertures  (Whitehead,  1965).  In 
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Kigure  5.     Staminate  flower  (minus  stamens)  of  Annamocarya  and  the  perfect  flower  (minus  stamens)  of  Rhoiptelea. 
A.  Staminate  flower  of  Annamocarya  (Petelot  6376,  A),  eleared  in  sodium  hydroxide/chloral  hydrate,  showing  vascular 

traces  in  reflected  light  extending  to  the  terminal  bract  and  two  lateral  hracteoles.  — B.  SEM  micrograph  of  perfect 
flower  of  Rhoiptelea  (Chen  16945,  MO  04193972)  with  2  of  4  tepals  and  the  anthers  removed  to  expose  4  of  6  filaments. 
a  scaly  ovary  topped  by  two  lamelliform  stigmas,  and  2  tepals  in  the  background.  Scale  bars:  A  =  0.5  mm:  R  =  0.25 mm. 

Juglans,   however,  the  grains  are  heteropolar  and 

multi-aperturate  (see  #25). 
25.  Pollen  aperture  number:  predominantly  tri- 

porate  (0);  4  or  more  (1).  The  3-pored  grain  is  char- 
acteristic   of   Engelhardia, 

Alfi 28.  Pollen  wall:  exine  not  thinning  in  the  prox- 

imal pole  area  (0);  exine  thinning  in  the  area  sur- 

rounding the  proximal  pole  (1).  According  to  ob- 
servations first  made  by  Whitehead  (1965), 

thinning  of  the  exine  occurs  on  the  pore-free  prox- 

Carya,  and  Annamocarya.  Very  rarely  1-  to  6-pored  imal  pole  of  Carya  and  Juglans.  The  thinning  most 
grains  are  found  in  these  genera.  Cyclocarya,  Pier-  likely   involves   reduction   of  the  columella  layer 
ocarya,  and  Juglans  display  (2)4  to  17(37)  pores;  (Stone  et  aL,  1964).  Manchester  and  Dilcher  (1997) 
Cyclocarya  has  grains  with  3  and  4  pores,  though  also  found  this  trait  in  the  fossil  grains  of  Pol ypt era. 
4-pored  are  the  most  common  in  extant  material;  29.  Pollen  size:  very  small,  ca.  15  |xm  (0);  17- 
Pterocarya   commonly   has   5-   to   7-pored   grains,  26(30)  |im,  rarely  larger  (1);  >  26  jim  (2).  The  size 
whereas  3   pores  are  rare;  and  Juglans   averages  of  individual  pollen  grains  ranges  from  11  to  nearly 
from  6  to  17,  though  individual  grains  of  the  black  100   |«n,   with   Platycarya  and   Engelhardia  sect, 
walnut,  J.  nigra,  have  been  reported  to  have  up  to  Psilocarpeae  having  the  smallest  grains  (15  |xm); 
37    pores    (Whitehead,     1963,     1965;    Stone    &  Engelhardia  sect.  Engelhardia,   Oreomunnea,  and 
Broome,  1975). Alfaroa  in  the  intermediate  range  (17-26  |xm);  and 

26.  Pollen  aperture  shape:  meridionally  elongate  then  a  continuum  of  larger  grains,  starting  with  Cy- 
(0);  oblong  to  circular  (1).  The  meridionally  elon-  clocarya  and  Pterocarya  (27-39  jun),  Juglans  (30- 
gate  apertures  (lolongate  of  Krdtman,   1966)  char-       49   jxm),   Annamocarya   (36-38    |im),   and    Carya 
acterize  Rhoiptelea  (Stone  &  Broome,   1971),  En-  (33-66  |im).  Rhoiptelea  grains  are  triangular  in  po- 
gelhardia    sect.     Psilocarpeae,     and    Platycarya  lar  view  like  Engelhardia  roxburghiana  (sect.  Psil- 
(Whitehead,   1965;  Stone  &  Broome,  1975;  Bos  &  ocarpeae)  and  Platycarya,  but  considerably  larger. 
Punt,  1991).  Engelhardia  sect.  Engelhardia  and  all  23  X  27  |xm  (Stone  &  Broome,  1971). 
of  the  other  genera  have  oblong  to  circular  pores.  30.    Pollen    wall    structure:    nexine    moderately 

27.   Pollen  sculpturing:  pseudocolpi  absent  (0);  thick,  equal  to  ca.  one-third  thickness  of  ektosexine 
bipolar    psuedocolpi    present    (1).    Platycarya    is  (0);    nexine    extremely    thin,    less    than    one-third 
unique  among  angiosperms  in  having  a  pair  of  ar-  thickness  of  ektosexine  (1).  The  nexine  of  Krdtman 
cuate    pseudocolpi    on    each    polar    hemisphere  (1966),  which  constitutes  the  inner  footlayer  and 
(Whitehead,  1965;  Stone  &  Broome,  1975).  endexine  of  Faegri  and  Iversen  (1964),  is  uniquely 
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thin  in  Engelhardia  sect.  Engelhardia.   All  other  (split-carinal)    (Manning,    1978).    Cyclocarya    was 

taxa,  including  Rhoiptelea,  Engelhardia  sect.  Psil-  lumped  by  Manning  with  Pterocarya  in  his  earlier 

ocarpeae,  and  Platycarya,  have  a  relatively  thick  studies  (1940)  [though  in  1975  he  recognized  it  at 

nexine    and    ektosexine    (=    tectum)    (Stone    &  the  subgeneric  level]  and,  along  with  Juglans,  was 
Broome,  1975). characterized  as  having  carinal  stigmas.  Manches- 

31.    Ovary    position:    superior   (0);    inferior   (1).      ter's  (1987)  examination  of  both  extant  and  fossil 
Rhoiptelea  has  a  superior  ovary  (Fig.  5B),  whereas       fruits,  however,  indicated  that  the  style  arms  of  Cy- 
the  Juglandaceae  have  an  inferior  ovary. clocarya  are  commissural,  rather  than  carinal.  Our 

32.  Ovary:  2-loculed  (0);  1-loculed  (1).  The  ovary  studies  of  young  flowers  confirm  Manchester's  ob- 
of  Rhoiptelea  is  bilocular  below  and  unilocular  servations.  The  commissural  orientation  holds,  in 

above,  with  the  single  anatropous  ovule  attached  to  fact,  whether  the  carpels  are  median  or  transverse, 

the  septum  in  one  of  the  locules  (Wu  &  Kutbitzki,  In  addition,  the  stigmas  of  Engelhardia  sect.  En- 

1993;  Zhang  et  al.,  1994).  In  the  Juglandaceae,  the  gelhardia,  Carya,  and  Annamocarya  are  also  corn- 

incomplete  septum  (primary  partition)  bears  the  or-  missural  (Manning,  1978).  Rhoiptelea  is  reported  to 

thotropous  ovule  at  its  apex  (Manning,  1926),  thus       have  carinal  stigmas  (Handcl-Mazzetti,  1932;  Wu 
bridging  both  chambers.  For  this  reason  the  ovary       &  Kubitzki,  1993). 

is   considered    1-loculed,   even   though   all   genera 36.  Stigma  type:  two  elongated  stylar  arms,  stig- 
have  at  least  two  chambers  at  the  base  and  the  matic  on  inner  surface  (0);  two  short  stylar  arms, 

mature  fruits  may  display  as  many  as  8  (see  #44).  stigmatic  on  outer  surface  (1);  obsolete  stylar  arms, 

33.  Carpel  fusion:  median  (0);  transverse  (1).  The  stigma  4-lobed,  stigmatic  on  outer  surface  (2);  two 

reference  points  here  are  the  bract  (anterior)  and  elongated  stylar  arms,  stigmatic  on  outer  surface 

the  axis  of  the  catkin  (posterior),  which  are  opposite  (3);  and  obsolete  stylar  arms,  stigmatic  papillae  on 

one  another  (Fig.  4).  The  two  carpels  are  either  all  exposed  areas  (4).  Manning  (1940)  initially  rec- 

anterior-posterior,  in  which  case  the  primary  par-  ognized  five  distinct  types  of  stigmas:  papillae  on 

tition  formed  from  their  fusion  is  median,  or  lateral  the  inner  surface  of  the  stigma  are  found  in  Puer- 

to an  imaginary  line  between  the  bract  and  the  axis,  ocarya,  Cyclocarya  (Fig.  6B),  Juglans,  and  Platy- 
in  which  case  the  primary  partition  is  transverse  carya:  papillae  on  the  outer  surface  characterize 

(see  Manning.  1940).  Manning  (1978)  recognized  Engelhardia  sect.  Engelhardia,  Oreomunnea,  Al- 

Cyclocarya  as  a  subgenus  of  Pterocarya,  and  in  do-  faroa,  and  E.  sect.  Psilocarpeae,  where  the  first  one 

ing  so  did  not  specifically  comment  on  differences  has  long  styles,  the  second  and  third  short  styles, 

with  respect  to  carpel  orientation.  He  did,  however,  and  in  the  fourth  they  are  obsolete;  and  finally  in 

note  that  individual  flowers  are  normally  median,  Carya  and  Annamocarya  the  styles  are  obsolete  and 

though  they  may  be  oblique  or  even  transverse.  the  papillae  cover  all  exposed  surfaces.  The  stigmas 

Likewise,  Manchester  (1987)  was  unable  to  deter-  of  Rhoiptelea  had  not  previously  been  examined 

mine  from  mature  fruits  whether  the  carpels  were  from  this  perspective,  but  our  finding  indicates  thai 

median  or  transverse,  though  he  assumed  they  were  the  style  is  obsolete,  and  the  two  free  lamelliform 

median.  Our  studies  of  young  and  maturing  flowers  stigmas  are  stigmatic  on  all  of  the  exposed  surfaces 

of  Cyclocarya  have  found  that  median  carpel  ori-  (Fig.  58).  While  the  stigmas  of  Rhoiptelea  are  cer- 

entation  is  the  norm  (Table  3;  Fig.  6A),  but  oblique  tainly  not  identical  to  Carya,  they  both  fall  in  cat- 

and  transverse  carpels  occur  15-20%  of  the  time.  egory  4. 
34.  Stigmatic  disk:  absent  (0);  present  (1).  While 37.  Ovule  type:  anatropous  (0);  orthotropous  (1). 

most  pistillate  flowers  have  four  recognizable  sepals  The  embryological  study  of  Rhoiptelea  by  Zhang  et 

(petals  are  not  found  in  any  member  of  the  family),  al.  (1994)  confirmed  that  the  ovule  is  anatropous, 

those  of  Carya  are  modified  into  a  stigmatic  disk  crassinucellate,  and  bitegmic.  The  derived  condi- 

that  is  situated  at  the  base  of  the  true  stigmas  (Man-  tion  of  orthotropous  ovules  is  found  in  the  Juglan- 

ning,  1940).  The  disk  is  apparently  absent  in  flow-  daceae,  as  well  as  in  such  dicots  as  the  Piperales, 

ers    of   Annamocarya    (Manning    &    Hjelmqvist,  Platanaceae  of  the  Hamamelidales,  Myricales,  Po- 
1951). lvgonales,  and  some  genera  of  Proteaceae  and  San- 

35.  Stigma  orientation:  carinal  (0);  split-carinal       talaceae  (Stebbins,  1974). 

(1);  or  commissural  (2).  There  are  normally  two  stig- 38.  Ovule  integument:  bitegmic  (0);  unitegmic 

matic  branches  that  are  oriented  orthogonal  to  the  (1).  Reduction  or  fusion  of  the  inner  and  outer  in- 

primary  septum  (carinal)  or  along  the  plane  of  the  teguments  characteristic  of  the  Juglandaceae  is  also 

primary  septum  (commissural)  (Fig.  4).  In  Engel-  found  in  other  "Higher"  Hamamelididae  (see  Huf- 
hardia  sect.  Psilocarpeae,  where  the  short  stigma  is  ford,  1992;  Manos  &  Steele,  1997).  Rhoiptelea,  on 

4-parted,  it  is  also  orthogonal  to  the  primary  septum  the  other  hand,  is  bitegmic. 
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Figure  6.  Young  (lowers  and  mature  fruits  of  Cyclocarya.  — A.  Tooth-shaped  bract  subtending  bracteole  disk  bearing 
4  sepals,  an  inferior  ovary,  and  2  elongate  stigmatie  lobes  that  are  aligned  with  the  primary  septum,  which  in  this  case 
is  median  with  respect  to  the  axis  of  the  inflorescence  and  bract  (Stone  4075,  DUKE).  — B,  Close-up  view  of  the  split 
stigmas  to  show  receptive  papillae  located  on  inner  stigmatie  surface  (Stone  4075,  DUKK).  — C.  Mature  fruit  with 
ragged  bracteole  wing,  the  minute  tooth-shaped  bract  intact  (bottom  center:  see  arrow),  and  the  central  nutlet  sanded 
to  expose  the  transversely  oriented  primary  septum  at  the  equator  with  two  lateral  cells  of  a  single  loculc;  further 
sanding  to  expose  the  basal  portion  of  the  loculc  revealed  2,  not  4  lobes  (K.  Wurdack,  4/23/98,  DUKE).  —I).  Cleared 
and  stained  circular  wing  of  a  mature  fruit  (Wilson  452,  AA)  showing  a  loose  arrangement  of  terminating  veins  along 
the  bracteole  margins  and  two  parallel  vascular  strands  entering  the  tooth-like  bract.  Scale  bars:  A  =   1  mm;  li  =  0.5 
mm;  C ->  mm 

;  I) 

0.33  mm. 
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///.  Fruiting  characters  formed  by  bract,  2  bracteoles  and  4  sepals  (6);  husk 

formed  by  bract  and  bracteoles  (7).  While  the  de- 
39.  Pistillate  bract:  free  of  fruit  (0);  attached  to      velopmental  pathways  leading  to  the  production  of 

the  fruit  (1).   In  the  case  of  Platycarya  the  stiff      fruits  in  Rhoiptelea  and  the  Juglandaceae  are  varied 
pointed  bracts  remain  attached  to  the  axis  of  the      (see  Discussion),  the  modes  of  fruit  dispersal  are  of 
infructescence  while  the  small  fruits  are  shaken      two  types:  win(]  an(j  animaL  The  small  (5-7  mm), 

from  the  "cone"  by  wind. flattened,  elm-like  fruits  of  the  monotypic  Rhoip- 
40.   Pistillate  bract:  large  and  conspicuous  (0);  teiea  are  derived  solely  from  the  ovary,  and  hence 

small  or  inconspicuous  and  fused   to  other  floral  lack  accessory  floral  components  in  formation  of  the 

parts  (1).  The  large  bracts  of  Engelhardia  sect.  En-  wind-dispersal  unit.  The  nature  and  extent  of  wing 
gelhardia,   E.   sect.  Psilocarpae,   and  Oreomunnea  development  in  the  Juglandaceae,  however,  varies 
are  associated  with  wind  dispersal  of  the  fruits. greatly  between  genera,  and  is  in  (act  one  of  the 

41.  Pistillate  bract:  trilobed  (0);  unlobed  (1).  The  principal  features  used  to  recognize  extant  and  fos- 

large-bract  taxa  (#40)  are  also  trilobed,  as  is  Alfa-  sij  fm;ts  (Manchester,  1987).  Those  genera  with 
roa,  which  has  a  small,  inconspicuous  bract  that  pendent  inflorescences  and  fruits  with  well-devel- 
adheres  to  the  base  of  the  nutlet  (see  Stone,  1997).  ope(j    wjngs    such    as    Engelhardia,    Oreomunnea, 

42.  Pistillate  bracteoles:  bracteoles  rudimentary  Pterocarya,  and  Cyclocarya  are  clearly  associated 

or  absent,  the  ovary  and  stigmas  exposed  (0);  brae-  with  winc]  dispersal  (Stone,  1973).  Platycarya,  on 
teoles  2,  posterior,  forming  a  moderately  high  lobe  t^e  other  hand,  has  condensed  infructescences  that 

obscuring  the  ovary  but  leaving  the  stigmas  ex-  are  persistent  into  the  next  flowering  season  and 
posed,  loosely  to  tightly  adhering  to  the  ovary  (1);  remajn  upright  on  the  branches,  with  the  slow  re- 

bracteoles  2,  posterior,  forming  a  high  lobe  obscur-  jease  Qf  the  smaj[  winged-seeds  as  the  cones  are 
ing  the  ovary  and  stigmas,  fused  to  the  ovary  about  shaken  by  the  wind.  Animal-dispersed  fruits  lack 
halfway  up  (2);  bracteoles  2,  lateral,  fused  to  the  wingS>  are  relatively  large,  and  are  covered  with  a 
ovary  about  halfway  up  (3);  bracteoles  2,  lateral,  }lusk  (Stone,  1989).  In  the  case  of  Alfaroa  the  husk 
fused  to  top  of  ovary  (4);  and  bracteoles  3  to  5,  is  ̂ m  atKj  persistent;  in  most  species  of  Juglans  it 
lateral  and  posterior,  fused  to  the  top  of  the  ovary  is  indehiscent,  though  that  of  J.  regia  sect.  Juglans 
(5).  In  the  case  of  Engelhardia  sect.  Psilocarpeae  jg  irregularly  dehiscent  into  4  valves  (Manning, 

and  Alfaroa  the  bracteolar  lobe  (prophyllum)  is  ru-  1978);  and  in  Carya  and  Annamocarya  the  husk 
dimentary  or  absent  and  the  pistil  is  fully  exposed  Sp}jts  more  or  less  completely  into  4  to  6  valves 
to  the  elements.  In  Engelhardia  sect.  Engelhardia  and  the  nut  becomes  free  from  the  husk  at  maturity 

the  paired  bracteoles  are  fused  to  the  lower  half  of  (Manning  &  Hjelmqvist,  1951;  Manning,  1978). 
the  ovary  on  the  adaxial  side  to  form  a  moderately  44  ym\[  chambers  at  base:  2  (0);  2  to  4  (1);  8 

high  lobe  that  protects  the  ovary  but  leaves  the  stig-  (2).  The  chambers  are  the  product  of  primary,  sec- 
mas  exposed.  The  bracteolar  lobe  of  Oreomunnea  ondary,  and  occasionally  tertiary  partitions  that 
extends  far  above  the  stigmas  to  encase  the  entire  fonTi  at  the  base  of  the  fruit  and  extend  to  varying 

pistil  (Stone,  1972).  In  those  cases  where  the  brae-  degrees  toward  the  top.  There  are  consistent  ge- 
teoles  are  fused  on  the  lateral  flanks  from  the  mid-  neric  and  sectional  differences  within  the  2-  to  4- 

dle  of  the  ovary  or  above,  they  form  the  2-winged  chambered  fruit  types  (Manning,  1978).  The  fruits 

nutlet  in  Pterocarya,  the  circular  wing  of  Cyclocar-  of  Platycarya,  Juglans  sect.  Cardiocaryon,  and  J. 

ya,  the  thick  husk  of  Juglans,  or  the  elm-like  fruit  sect.  Trachycaryon  are  2-chambered  without  any 

of  Platycarya  with  minute  lateral  wings.  In  Carya  signs  of  a  secondary  partition.  Annamocarya  is  ba- 

and  Annamocarya  the  bracteoles  are  interpreted  by  sically  2-chambered  at  the  base  but  it  does  have  a 

Manning  (1940,  1978)  as  being  2,  in  which  case  weakly  developed  secondary  partition  represented 

they  split  into  3  in  Carya  and  5  in  Annamocarya.  by  a  pair  of  basal  buttresses  that  extend  out  from 

In  this  latter  case,  the  bracteole  numbers  are  the  primary 

unique  for  the  family,  positioned  in  both  a  posterior  1951:  Leroy,  1955).  Engelhardia,  Pterocarya,  Jug- 
and  lateral  fashion,  and  fused  to  the  top  of  the  ovary  lans  sects.  Juglans  and   Rhysocaryon,   and   Carya 

partition    (Manning    &    Hjelmqvist, 

to  participate  in  the  formation  of  a  thick  husk. are  distinctly  4-chambered.  Though  Cyclocarya  is 

43.   Fruit  type:  simple  fruit  (0);  accessory  fruit  noted  by  Manning  (1978:   1075)  to  have  "a  nutlet 

with   wings — wings  formed   by   3-lobed   bract   (1);  2-celled  at  the  base,"  as  we  found  in  a  limited  sam- 

wings  formed  by  bract  and  2  bracteoles  (2);  wings  pie  (see  Fig.  6C),  Manchester  has  determined  that 

formed  by  2  bracteoles  (3);  wings  formed  by  2  lat-  there  is  a  secondary  septum  in  at  least  some  extant 

eral   sepals   and   2   bracteoles   (4);   accessory   fruit  fruits   and   that   "well   preserved   fossil   Cyclocarya 

without  wings — husk  formed  by  4  sepals  (5);  husk  brownii  fruits   .  .  .   always   show   4   distinct    locule 
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lobes  (and |  a  well  developed  seeondary  partition"  petiole  of  the  cotyledons  displays  a  pair  of  lateral 
(Manchester;  pers.  comm.).  The  8-chambered  fruits  strands  and  a  central  one  that  splits  near  the  gap 
characteristic   of  Alfaroa   and    Oreomunnea   result  to  send  one  half  to  each  of  the  laterals,  thus  enter- 

from  the  addition  of  tertiary  septa  (Stone,  1977).  ing  the  node  as  a  bundle  of  2  strands  or  traces.  In 
45.  Nutshell  sclerenchyma:  principally  fibers  (0);  the  case  of  the  hypogeous  Alfaroa  and  Oreomunnea. 

principally   isodiamcteric   sclereids   (1).   This  is  a  the  central  strand  does  not  split  so  that  3  sets  of 
character  discovered  by  Manchester  and  first  made  traces  enter  the  node  through  a  single  gap.  The 
available  to  Smith  and  Doyle  (1995). 

IV.  Seed  and  seedling  characters 

hypogeous  condition  of  Car) a  and  Juglans  is  more 
complex  with  the  formation  of  additional  gaps  and 
die  vascularization  coming  from  the  separation  of 
the  lateral  strands,  splitting  of  the  central  strand. 

46.  Cotyledons:  epigeous  (0);  hypogeous  (1).  Epi-  or  even  the  formation  of  accessory  strands  in  the  5 
geal   germination   is  characteristic  of  most  of  the       or  more-gap  nodes. 

49.  Seed  oils:  linolenic  >  linoleic/palmitic  low 

dia,  and  Pterocarya.  Cyclocarya,  however,  is  re-  (0);  linolenic  >  linoleic/palmitic  high  (I);  palmitic 
ported    to   have   hypogeal   germination   (Iljinskaya,       high/linolcie  >  oleic  (2);  linoleic  >  oleic/palmitie 

wind-borne  fruits,  including  Platycarya,  Engelhar- 

1990).  Likewise,  Oreomunnea  is  a  wind-dispersed  low  (3);  oleic  >  linoleic/palmitic  low  (4).  The  lipids 
species,  but  it  has  hypogeal  germination  like  the  of  seeds  in  particular  are  generally  known  to  char- 
animal-dispersed  nuts  of  Alfaroa.  Hickories  (Carya  acterize  some  plant  families,  genera,  and  even  spe- 
and  Annamocarya)  and  walnuts  (Juglans)  also  have  cies  (Hilditch  &  Williams,  1964).  Five  fatty  acids 
hypogeal  germination  (Stone,  1973;  Grauke,  pers.  have  been  identified  in  the  Juglandales  (Stone  et 
comm.).  And  to  our  surprise,  the  wind-borne  seeds  al.,  1965,  1969;  Stone,  1989;  Jiang  &  Zhou,  1990; 
of  Rhoiptelea   have   hypogeal   germination  as  well  Zhou  &  Jiang,   1990),  two  of  which  are  saturated 
(Stone,  pers.  obs..  Stone  41  UK  DUKE). (viz.,  palmitic  and  stearic)  and  three  are  unsaturat- 

47.  Cotyledonary  node:  one  gap  (0);  2+  gaps  (1).       ed  (viz.,  oleic,  linoleic.  and  linolenic).  Only  stearic 
A    single   gap   is   associated   with    the   wind-borne       acid  is  essentially  uniform  throughout  with  concen- 
Iruits  with  epigeous  cotyledons  of  Pterocarya  (and (rations   in   individual   samples  varying  from  0  to 

probably   Cyclocarya),  Platycarya,    and   Engelhar-       16%,  but  the  species'  average  is  well  below  5%. 
dia,  the  wind-borne  fruits  of  Oreomunnea  with  hy-       Each    of   the   other   four   fatty 

id 

acius    c haracterize 

pogeous  cotyledons,  and  the  animal-dispersed  groups  of  taxa  (Table  4).  Rhoiptelea,  Platycarya. 
fruits  of  Alfaroa  with  hypogeous  cotyledons.  The  Pterocarya,  and  Cyclocarya,  for  example,  have  high 
large  nuts  of  Juglans,  with  hypogeous  cotyledons,       concentrations  of  linolenic,  somewhat   lower  lino- 
have  2  gaps,  whereas  those  of  Carya  (and  probably  leic,  and  low  concentrations  of  palmitic  acid  (CIV 
Annamocarya)    have    3    or   more    gaps    (Conde    &  low  pattern);  Engelhardia,  on  the  other  hand,  has 
Stone,    1970).    Cyclocarya,    like   Oreomunnea,    has  slightly  more  linolenic  than  linoleic  on  the  average, 
wind-dispersed  seeds  that  display  hypogeal  germi-  and  high  palmitic  (CB/high  pattern);  Oreomunnea. 
nation.  Since  the  cotyledonary  node  has  not  been  Alfaroa,    and   Annamocarya   are   characterized    by 
examined,  both  the  gaps  and  traces  (character  48)  more  linoleic   than  oleic,  and   high   palmitic  (HA/ 
are  treated  as  unknowns  (Table  3).  high  pattern);  Juglans   is  autapomorphic   for  high 

48.  Cotyledonary  node:  two  traces  (0);  3  +  traces  concentrations  of  linoleic,  considerably  less  oleic, 
(1).  The  2-trace  condition  is  found   in  those  taxa and  low  palmitic  (BA/low  pattern);  and  Carya  has 

uniquely  high  concentrations  of  oleic,  considerably 
less  linoleic,  and  low  palmitic  (AB/low  pattern). 

V  Chromosomes 

50.  Base  chromosome  number:  x 

16  (<));* 
;   

having  wind-borne  fruits  and  epigeous  cotyledons, 
including  Pterocarya,  Platycarya,  and  Engelhardia, 
as  well  as  in  the  animal-dispersed  fruits  of  Juglans 
with  hypogeous  cotyledons  (Conde  &  Slone,  1970; 

Stone,  1970).  The  3-trace  condition  is  character- 

istic of  the  animal-dispersed  hypogeal  cotyledons 
of  Alfaroa  and   its  sister  genus  Oreomunnea  with 

wind  dispersal.  The  higher  trace  numbers  occur  in  mosomes  for  the  family  is  x  =  16,  tetraploidy  oc- 
Carya,  and  probably  as  well  in  Annamocarya.  What  curs  in  Carya  and  aneuploidy  is  found  in  Platy- 
may  appear  to  be  a  bewildering  array  of  nodal  di-  carya  and  Cyclocarya  (see  Discussion).  Although 
versity  is  confined  to  those  groups  with  hypogeal  chromosome  number  is  not  phylogenetically  infor- 
germination.  All  taxa  with  epigeal  germination  have  mative  in  the  sense  of  phylogenetic  placemen!,  we 
the  conservative  1 -gap,  2-trace  node  (Karnes,  include  it  in  the  analysis  to  provide  autapomorphic 
1961).   In  those  taxa  with  epigeal  germination  the       support  to  aid  in  the  recognition  of  genera. 

15  (1);  x  =  28  (2).  While  the  base  number  of  chro- 
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MOLECULAR  CHARACTER  ANALYSIS  data  sets  indicating  relatively  low  levels  of  char- 

_     r  rt    .  .  n     •  r  •        i  acter  incongruence  (IMK  =  0.025).  In  pairwise  corn- A  total  of  206  potentially  informative  characters  .  ,        f       ■     ,  ,  . 
1  J  ,  .  pansons  values  tor  the  lowest  estimate  lMF  were  ob- 

was  obtained  from  sequencing  two  cpDNA   inter-  .       ,  .      .  ,  .       ,         ,  f  . .       ,  ,  ,  , 
1  °.         P         i  -i  tained  in  the  combined  analysis  of  Ivlorph/chem  + 

genie  spacers  and  the  IIS  region  of  nuclear  nbo-  ...   .       ,  .  ,  ,  .         ,         j  ,. 
i  iCnTA  /rr  ii  fV  t,  a  i  i«„  _  „r  *u  cpDINA,  which  was  one  step  longer  than  the  addi- 

tive lengths  of  the  data  sets  analyzed  separately 

(Table  5).  The  results  of  the  incongruence  lengtl 

somal  DNA  (Table  5).  The  final  alignments  of  the 

cpDNA  spacers  and  ITS  regio:i  suggested  the  pres- 
ence of  insertion  and/or  deletion  events  (indels  or  ,.rr                      ,                     ,                 ,                .     ,. 

.                           .            .  difference  test  between  and  among  data  sets  mdi- 
gaps)  of  limited  phylogenetic  value.  Gaps  in  partic-  x    ,                ,               c  .                            _  m      ,  . 
foK/                     t-  j     o                          i.i  cated    some   degree   of   incongruence   among   data 
ular  taxa  were  treated  as  missing  data  in  subse- 

quent phylogenetic  analyses. 

Pairwise  comparisons  based  on  the  cpDINA  se- 

quences showed  that  raw  sequence  divergence  was 

low  with  all  values  falling  below  5.0%.  Sequences 

of  the  nuclear  ITS  region  showed  appreciably  more 

sets,  especially  between  cpDNA  and  ITS  (Table  5). 

sequence  divergence,  with  the  highest  values  oh-  .  .    f. .  i  _  _  ■ 
M         ...  .  f  .  ysis,  most  of  the  recognized  genera  and 

CHARACTER  STATE  RECONSTRUCTIONS:  CLADE  AND 

GENUS  DIAGNOSES 

According  to  the  trees  based  on  combined  anal- 

clades  with- tained  in  pa.rw.se  comparisons  between  ingmup  jn  ̂   fami,y  were  supported  ,)y  a  combination  of 
and  outgroup  (15.7-18.4%)  and  somewhat  lower  mo|w.ular  and  .nosological  apomorphies  (Figs.  8, 
values  (10.0-15.0%)  between  mgroup  taxa  repre-  ^^  topologica,  differences  among  the  four 
senting  the  two  major  groups  within  the  family,  lor  ̂   parsim()tlious  trees  were  restricted  to  the  New 
Juglandaceae,  the  nuclear  ITS  reg.on  appears  to  be  W((r|()   ̂ ^   q(  Qary^    raorphological   characters 

with  alternative  most  parsimonious  reconstructions 

could  be  evaluated  using  a  single  tree.  Nine  of  the 

38  phvlogenetically  informative  morphological 

characters  showed  more  reasonable  optimizations 

Separate  analysis  of  each  data  set  yielded  min-  under  deltran,  and  parallel  changes  were  favored 

imum  length  trees  generally  identifying  two  basic       for  reasons  related  to  generic  delimitation  and  bi- 

evolving  about  3—5  times  faster  than  the  noncoding 

cpDNA  spacers  examined  here. 

imiylo<;enetk;  analyses 

clades  within  Juglandaceae,  the  Engelhardioideae       ologicalh  realistic  patterns  of  character  state  trans- 
Alfc 

formation  in  the  taxa  under  study.  Using  a  combi- 

remaining  genera  (Fig.  8).  Morphological/chemical  nation  of  reconstructions,  unique  character  state 

data  generally  showed  lower  resolution  because  of  changes  could  be  found  to  support  most  of  the 

character  conflict,  although  lack  of  infrageneric  res-  clades  and  genera  resolved  in  the  combined  anal- 

olution  is  due  primarily  to  invariant  character  states  ysis  (Fig.  9).  Exceptions  included  the  Pterocarya  + 

(Fig.  8A;  Tables  3,  5).  Chloroplast  DNA  sequences  Cyclocarya  clade  and  the  genus  Annamocarya,  both 

produced  trees  with  the  least  homoplasy,  whereas  of  which  were  defined  consistently  by  only  homo- 

trees  derived   from   ITS  sequences   had   more   ho-  plasious  character  states. 

moplasy  but  more  resolution  (Fig.  8B,  C;  Table  5). The  Engelhardioideae  clade  (Fig.  9)  is  charac- 

Cladistic  relationships  were  mostly  congruent  with  terized  by  even-pinnate  leaves  (character  6-state  1), 

moderate  to  high  bootstrap  support  for  most  of  the  the  absence  of  druse  crystals  (9-1),  and  the  pos- 

major  clades.  Although  topological  congruence  pre-  session  of  both  scalariform  and  simple  vessel  per- 

dominated  among  the  trees  generated  by  separate  foration  plates  (12-1).  The  presence  of  accessory 

analvsis  (Fig.  8),  interspecific  discordance  between  fruits  with  a  3-lobed  wing  (43-1)  also  defined  the 

Alfi 

A  If 

(Fig.  8B,  C).  The  lack  of  support  for  the  monophyly  transformed  uniquely  to  form  a  fruit  husk  (43-5). 

of  Juglans  based  on  ITS  data  also  was  notable.  The  two  species  of  Engelhardia  examined  lack  syn- 

Combining  data  sets  generally  resulted  in  more  res-  apomorphies.  Engelhardia  spicata  is  defined  by  a 

olution  and  fewer  trees  of  equal  length  (Table  5).  thin  nexine  (30-1),  stigmas  on  outer  surface  of  the 

The  four  most  parsimonious  trees  derived  from  2  elongated  stylar  arms  (36-3),  and  pistillate  brac- 

combined  analysis  of  the  three  data  sets  differed  teoles  adhering  to  the  ovary  (42-1).  Engelhardia 

only  in  the  resolution  within  the  genus  Carya.  In  roxhurghiana  is  defined  by  male  flowers  with  2  se- 

these  trees  morphological  data  contributed  approx-  pals  (23-1)  and  stigmas  on  the  outer  surface  of  the 

imately  15%  of  the  total  synapomorphy  relative  to  reduced  4-lobed  stylar  arms  (36-2).  Sister  taxa  ()r- 

cpDNA  (23%)  and  ITS  (62%).  eomunnea  and  Alfaroa  share  several  unique  char- 

Trees  based  on  the  combination  of  all  data  were  acter  states:  opposite  leaves  (5-1);  papillae  on  the 

13  steps  longer  than  additive  lengths  of  the  three  lower  surface  of  leaflets  (8-1);  rhomboid  crystals  in 
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Figure  7.  Meiotk  chromosomes  in  pollen  mother  cells  of  Cyclocarya  and  Platycarya  photographed  under  phase 
contrast.  —A.  Micrograph  erf Cyclocarya  (Stone  4075,  DUKE)  showing  28  chromosomes  moving  to  each  pole  in  antiphase 
I.  — B.  Micrograph  of  Platycarya  with  15  hivalents  (the  prevailing  number)  in  diakinesis.  — C.  Micrograph  of  Platycarya 
with  14  hivalents  in  diakinesis.  Questions  have  been  raised  about  the  possibility  that  the  large  chromosomal  unit 
attached  to  the  left  side  of  the  nucleolus  might  in  fact  represent  two  hivalents.  To  the  best  of  my  (DKS)  microscopic observation,  this  unit  is  a  single  bivalent.  Scale  bar:  A.  B,  and  C  =   10  am. 

Table  5.      Comparisons  of  the  data  sets  generated   in  this  study  and  results  of  parsimony  analysis  on  single  and combined  daks i  sets.  lA   —  consistency  lnd lex  (excluc linjl  autapomorphies); 81  -  retention  index:  L.  =  Index  of  Miok- 
cvich  &  Karris \  (1981);  ILD  =   Incongruence  length lest  (Karris 

et  al.  1994). 

No. Nodes 

inform- 
support- 1  -v 

Total  no ative 
No. ed  in Sum  of  tree 

Data 

charac- charac- 
trees/tree 

consen- 

lengths/IMK/ILD 
set  no. Data  set  title ters ters length 

CI/RI sus 
t     *                                         1*1  I P  value 

1. 
Morphology/Chemical 50 38 6/88 0.68/0.9] 6 

2. 
cpDNA 

1257 
56 2/70 0.87/0.97 

16 

3. ITS  region 678 
150 2/338 0.60/0.83 18 

1   +  2 Morph/Chem  +  cpDNA 1307 
94 

8/ 1 59 0.76/0.93 21 158/0.006/0.95 

1  +  3 Morph/Chem  +  ITS 727 188 1  /43< ) 0.62/0.85 22 426/0.009/0.  M 
2  +  3 cpDNA  +  ITS 1 934 2<)6 

8/4 1 9 
0.63/0.86 

18 

408/0.026/0.01 
1  +  2  +  3 All  data  combined 1984 244 1  /5<  )9 0.64/0.87 

20 

496/0.025/0.04 
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A.  Morph/chem 1  change B.  cpDNA 

Rhoiptelia  chiliantha 

Engelhardia  roxburghiana 
Alfaroa  costaricensis 

Alfaroa  guanacastensis 

Alfaroa  manningii 
Alfaroa  williamsii 

Oreomunnea  mexicana 

Engelhardia  spicata 

Platycarya  strobilacea 

Annamocarya  sinensis 

Carya  cathayensis 

Carya  cordiformis 

Carya  myristiciformis 

Carya  ovata 

Carya  glabra 

Carya  tomentosa 

Carya  illinoinensis 

Carya  tonkinensis 

Juglans  regia 

Juglans  nigra 

Juglans  microcarpa 

Juglans  mandschurica 

Juglans  cinerea 

Pterocarya  macroptera 

Pterocarya  stenopteraA 

Pterocarya  stenopteraB 

Rhoiptelia  chiliantha 

—  1  change 

Engelhardia  roxburghiana 
Alfaroa  costaricensis 

Alfaroa  guanacastensis 

100 

Alfaroa  manningii 

Alfaroa  williamsii 

Oreomunnea  mexicana 

Engelhardia  spicata 

Platycarya  strobilacea 
Juglans  regia 

Juglans  nigra 

Juglans  microcarpa 

Juglans  mandschurica 

Juglans  cinerea 

P""l  J  Pterocarya  macroptera 

[l  Pterocarya  stenopteraA 
1  Pterocarya  stenopteraB 

Cyclocarya  paliurus 
Annamocarya  sinensis 
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Figure  8.      Phylograms  of  the  Juglandaceae. 
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Carya  glabra 
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A.  One  of  8  shortest  trees  based  on  morphology /chemistry. 

— B.  One 

of  2  shortest  trees  based  on  cpDNA  sequences.  — C.  One  of  2  shortest  trees  based  on  ITS  sequences.  — I).  One  of  4 

shortest  trees  based  on  combined  analysis.  Percentage  of  1000  bootstrap  replications  is  given  for  nodes  with  values 

50%.  Nodes  not  supported  in  the  strict  consensus  are  indicated  with  a  solid  circle. 
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of  1 1 mre  (>.  Cladogram  of  the  Juglandaceae  based  on  the  strict  consensus  of  4  trees  produced  by  combined  analysis 

ee  data  sets:  Kngelhardioideae;  Juglandoideae.  Character  numbers  and  states  are  indicated  with  hash  marks  (see 
Table  3  and  Kesults).  Unique  and  homoplasious  character  states  are  indicated  with  solid  and  open  hash  marks,  re- 

spectively. The  percentage  of  apomorphy  contributed  by  individual  data  set  (M  =  morphology/chemistry;  C  epDNA; 
I  =  ITS)  relative  to  total  branch  length  is  provided  below  the  branches  uniting  genera.  Under  each  fruit  type  abbre- 

viations for  lipid  content  are  provided  (sec  text  and  Table  4):  CB  =  high  linolenic  and  linoleic  fatty  acids,  low  palmitic; 
high  linoleic  and  oleic,  high  palmitic;  AH high  oleic  and  linoleic,  low  palmitic. 



Volume  88,  Number  2 
2001 

Manos  &  Stone 

Juglandaceae 

257 

leaf  palisade  (10-1);  and  8-chambered  fruit  (44-2).  which  suggested  Platycarya  was  sister  to  the  En- 

Oreomunnea  is  further  defined  by  the  bracteolar  gelhardieae  on  the  basis  of  synapomorphic  foliar 

lobe  that  envelops  the  pistil  (42-2).  characters:  basilaminar  region  with  dense  hair 

The  Juglandoideae  clade  (Fig.  9)  is  defined  by  patches;  fewer  than  10%  of  the  areoles  with  free- 

simple  vessel  perforation  plates  (12-2),  vessel  ele-  ending  veinlets;  well  developed  intersecondary 

ments  less  than  650  jxm  in  length  (13-1),  1-lobed  veins;  and  distinction  between  fourth-  and  higher- 

staminate  bracts  (20-1),  unlobed  pistillate  bracts  order  venation  weak  or  absent  (none  of  these  char- 

(41-1),  and  nutshell  composed  of  sclereids  rather  acters  were  analyzed  in  this  study).  Although  Smitl 

than  fibers  (45-1).  The  lateral  position  and  fusion  of  and  Doyle  (1995)  limited  their  study  to  a  single 

the  2  pistillate  bracteoles  to  the  ovary  (42-3)  is  also  exemplar  from  seven  of  the  ten  recognized  genera 

unique  to  the  clade,  except  in  the  cases  of  Carya 

i 

(Q 

and  Annamocarya  (42-5),  where  2  bracteoles  split       and  Betula),  they  essentially  found  the  same  result 

into  3  or  more  segments  and  have  a  posterior  as  well presented  here  (Figs.  8D,  9).  The  major  empha- 

\ 

as  lateral  position.  Platycarya  is  highly  autapo-  sis  of  our  contribution  is  a  broad-based  systematic 

morphic  as  indicated  by  condensed  pistillate  spikes  characterization  of  the  family  using  three  indepen- 

(18-1),  absence  of  staminate  bracteoles  (22-1),  pol-  dent  data  sets  derived  from  a  diverse  taxonomic 

len  with  pseudocolpi  (27-1),  a  free  pistillate  bract  sample.  Our  study  is  distinctive  in  that  we  have 

(39-0),  fruit  wings  formed  by  2  lateral  sepals  and  2  obtained  sequence  data,  most  importantly  from  a 

bracteoles  (43-4),  and  a  unique  aneuploid  chromo-  rapidly  evolving  region  of  nuclear  ribosomal  date 

some  number  of  x  =  15  (50-1).  The  remaining  gen-  (ITS),  and  in  addition  employed  the  relevant  out- 

era  of  the  clade  are  united  by  strictly  unisexual  in-  group,  Rhoiptelea,  for  rooting  trees  and  assessing 

florescences  in  the  following  positional  arrangement:  character  polarity  as  accurately  as  possible. 

Combining  evidence  from  the  three  independent 

ya  (including  Annamocarya)  is  defined  by  subequa-  sources  of  character  data  was  essential  in  deriving 

torial  pollen  pores  (24-1),  2  lateral  pistillate  brae-  the  most  well  supported  phylogenetic  hypothesis  for 

teoles  fused  to  the  top  of  the  ovary  (42-5),  the  unique  the  taxa  under  study  (Figs.  8D,  9).  This  is  best 

derivation  of  a  fruit  husk  formed,  in  part,  by  asso-  exemplified  by  comparing  the  resolution  and  sup- 

ciated  pistillate  bracteoles  (43-7),  and  the  following  port  for  particular  nodes  in  separate  analyses  (Fig. 

unique  fatty  acid  proportions  in  the  seed:  palmitic  8;   Fable  5).  With  respect  to  data  decisiveness,  the 

term 

low/oleic  >  linoleic  (49-4).  The  genera  Cyclocarya,       combination   of  morphological  and   ITS  data  pro- 

Pterocarya,  and  Juglans  are  defined  by  a  chambered  duced  only  one  tree  and  resolved  the  greatest  num- 

pith  (3-1)  and  pollen  with  4  or  more  apertures  (25-  her  of  nodes.  However,  an  increase  in  bootstrap 

1).  Cyclocarya  is  defined  by  having  fruit  wings  support  resulted  upon  the  addition  of  the  cpDNA 

formed  by  the  fusion  of  the  bract  and  2  bracteoles  data,  in  spite  of  the  decrease  in  the  number  of 

(43-2)  and  the  unique  aneuploid  chromosome  num-  nodes  resolved  within  New  World  Carya.  The  most 

ber  of*  =  28  (50-2).  Pterocarya  is  defined  by  having  striking  aspect  of  the  effects  of  data  combination 

fruit  wings  formed  by  2  bracteoles  (43-3).  Juglans  is  within  the  family  involves  particular  infrageneric 

characterized  by  heteropolar  pollen  pores  (24-2),  2  cases.  The  relatively  strong  hypothesis  for  the  par- 

lateral  bracteoles  fused  to  the  top  of  the  ovary  (42-  aphyly  of  Engelhardia  (Fig.  81))  provides  an  in- 

4),  a  fruit  husk  formed  by  the  combination  of  bract,  structive  example  of  the  increased  explanatory 

2  bracteoles,  and  4  sepals  (43-6),  and  unique  fatty  power  of  combined  analysis  (e.g.,  Kluge,  1989: 

acid  proportions  in  the  seed,  namely:  linoleic  >  ole-  Kluge  &  Wolfe,  1993;  Olmstead  &  Sweere,  1994: 

ic/palmitic  low  (49-3). 

Discussion 

A I  lard  &  Carpenter,  1996;  Nixon  &  Carpenter, 

1996;  DeSalle  &  Brower,  1997;  Soltis  et  al.,  1998). 

According  to  the  trees  derived  from  combining  mor- 

phological and  cpDNA  data  (not  shown),  a  para- 

phyletic  Engelhardia  is  supported  in  the  consensus 

Cladistic  analyses  of  DNA  sequence  and  mor-       tree,  but  only  with  a  bootstrap  value  of  69%,  where- 

PHYLOGENY  AND   MUITIPI.K  LINKS  OF  KVIDKNCK 

phological  data  of  the  taxa  surveyed  in  this  stud\ as  the  addition  of  ITS  date a  is  c 
ritical  to  bolstering 

support  two  major  clades  within  Juglandaceae,  re-  the  case  for  paraphyly  (81%).  Similarly,  the  branch 

suits  that  are  consistent  with  the  most  recent  cla-  supporting  the  monophyly  of  taxa  traditionally 

distic  analysis  based  on  cpDNA  restriction  sites  placed  in  the  tribes  Juglandeae  (Juglans,  Pterocar- 

and  morphology  (Smith  &  Doyle,  1995).  Both  stud-  ya,  and  Cyclocarya)  and  Caryinae  (Carya  and  Art- 

ies contradict  an  earlier  morphological  cladistic  namocarya)  is  found  only  in  the  cpDNA  consensus 

study  of  the  family  by  Wing  and   Hickey  (1984),  tree,  but  without  much  relative  support  (Fig.  8B). 
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In  contrast,  the  combined  tree  shows  the  emergence       the  contribution  of  cpDNA.  Interestingly,  the  value 
of  relatively  strong  phylogenetic  signal  to  resolve       of  morphological  data  is  especially  visible  within 
this  node  with  additional  confidence  (Fig.  8D). 

Another  important  aspect  of  obtaining  multiple 

the  clade  containing  Cyclocarya,  Pterocarya,  and 
that I 

i 

Juglans,  three  genera  that  arose  during  or  prior  to 

lata  sets  is  illustrated  by  the  resolution  of  the  spe-  the  Eocene  (Manchester,  1987).  Although  the  role 
cies  of  Juglans  (Fig.  8).  According  to  the  ITS  data  of  morphological   data   is  clearly  evident,  conver- 
(Fig.    8C),    classically    recognized    sections   within  gence    in   characters   related    to   dispersal    biology 
Juglans  form  two  monophvletic  groups,  witli  spe-  (i.e.,  animal  dispersal  in  Juglans  and  Carya)  ap- 
cies  of  section  Rhysocaryon  (J.  nigra  and  J.  micro-  pears  to  be  one  source  of  character  conflict  in  die 
carpa)  and  J.  regia  (sect.  Juglans)  resolved  as  more  analysis  of  morphology  (see  Figs.  8A,  9).  This  i 
closely  related  to  the  clade  containing  Pterocarya  especially  borne  out  in  the  lack  of  morphological/ 
and  Cyclocarya  than  to  other  species  of  Juglans.  chemical  support  for  Mannings  hypothesis  (1978) 
While  the  support  for  this  arrangement  is  modest,  that  Cyclocarya  +  Pterocarya  are  closely  related  to 
combined  analysis  of  ITS   +   cpDNA  data  sets  is  Juglans,  a  robust  result  of  the  phylogenetic  analysis 
also    influenced    strongly    by    ITS,    such    that    the  of  two  independent  molecular  data  sets  (Fig.  8).  The 
monophyly  of  Juglans  is  not  supported  in  the  con-  placement  of  Cyclocarya  is  noteworthy  given  that 
sensus  Irees  (not  shown).  Clearly,  unequal  rates  of  fossil  representatives  are  among  the  oldest  records 
sequence  divergence  or  perhaps  phylogenetic  sort-  for  Juglandaceae  (see  Manchester.    1987:   Fig.    1). 
ing  of   ITS  alleles  lias  produced  conflicting  signal  Extinct  juglandaceous  fruits  such  as  Polyptera  and 
at  odds  with  the  support  for  the  monophyly  of  Jug-  Cruciptera  appear  to  share  with  Cyclocarya  the  con- 
lans  based  on  morphology,  cpDNA,  and  combined  dition  of  a  disk-like  wing  oriented  perpendicular  to 
analysis  (Fig.  8).  the  nut  axis  (Manchester  &  Dilcher,  1997).  The  an- 

Prcvious  phylogenetic  studies  of  Juglans  gener-  tiquity  of  the  Cyclocarya  lineage,  coupled  with  its 
ally  supported  two  groups  of  species:  section  Rhy-  relationship   to   more   recent   genera   with    derived 
socaryon  (black  walnuts)  and  section  Cardiocaryon  fruit  types,  suggests  that  this  character  may  be  ple- 
(butternuts,  including  sect.  Trachycaryon);  however,  siomorphic  within  the  Juglandoideae  subclade.  The 
the  placement  of  /.  regia  (sect.  Juglans)  is  prob-  well-nested  cladistic  position  of  Cyclocarya  is  best 
lematic  (Fjellstrom  &  Parfitt,  1994,  1995;  Stanford  explained  by  numerous  extinctions  of  Cyclocarya- 
et  al.,  2000).  The  most  recent  study  based  on  broad  like  sister  lineages  (e.g.,  Cruciptera,  Polyptera)  that 
sampling  and  sequence  data  from  the  ITS  region  arose  after  the  divergence  of  the  Platycarya  line- 
and    cpDNA    gene   matK    (Stanford    et    al.,   2000)  age. 
placed  J.  regia  with   the  butternuts.  Our  analysis 

instead  supports  a  sister  group  relationship  with  the  CLASSIFICA TI()N  xm  taXONOMIC  CIRCUMScmn -ion black  walnuts,  thus  challenging  the  notion  that  the 

black  walnuts  in  the  broad  sense  are  strictly  New  In  comparing  our  results  to  previous  non-cladis- 
World  in  distribution  (Stanford  etal.,  2000).  There-  tic   classifications   of  the   family    (Table    I).    Iljin- 
fore,  in  addition  to  the  well-supported  disjunction 

( 1 990 
within  the  butternuts,  where  all  but  ./.  cinerea  occur      tent  in   the  identification  of  major  chides,  though 

some  of  the  earlier  systems  contributed  significantly 
Ash in  Asia,  our  results  suggest  a  second  biogeographie 

disjunction  within  Juglans.  Clarifyi ing  me  position 

Leroy 

of  J.  regia  with  additional  material  is  essential  to       ideae  and  Juglandoideae  were  based  principally  on 
interpreting  the  biogeographical  history  of  the  ge-       the  mode  of  fruit  dispersal,  with  the  former  subl  mi- 
nus. m 

In  considering  the  weight  of  independent   lines       ter  on  animals.  Mannings  synopsis  (1978)  empha- 
ol  evidence,  we  have  attempted  to  quantify  the  rel-       sized  the  uniqueness  of  Platycarya  by  recognizing 
ative  contribution  of  each  data  set  to  the  branches       tl e  monotypic  subfamily  Platycaryo  ideae. 

uniting  two  or  more  genera  in  the  combined  anal-  Schaarschmidt  (1985),  on  the  other  hand,  placed 
ysis  (Fig.  9).  Although  this  measure  is  roughly  a  Platycarya  and  Carya  in  the  Platycaryeae,  and  this 
function  of  the  number  of  phylogenetically  infor-  tribe  plus  the  Fngelhardieae  in  the  subfamily  Pla- 
mative  characters  in  each  data  set  (see  Table  5), tycaryoideae    (Table    1).    Following    the    results    of 

several   observations   point   to   the  contribution   of  Wing  and   Hickey  (1984),  Manchester  (1987)  also 
morphological  data  in  providing  the  best  supported  classified    Platycarya    and    Engelhardieae    in    the 
hypothesis  of  the  evolutionary  history  of  Juglanda-  same  subfamily.  With  the  exception  of  Iljinskayas 
ceae.  For  every  internal  branch  resolved,  morpho-  treatment,  the  other  classifications  depict  variable 
logical  support  is  often  higher  or  roughly  equal  to  circumscriptions  and  arrangements   within   a  two- 
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of  these  taxa  have  trilobed-wing  fruits  that  look  su- 

Our  results  are  congruent  with  those  schemes  im- 

subfamily   concept    while   consistently    recognizing  this  taxon  has  carried  over  as  well  to  the  genera, 

two  groupings:  (1)  Engelhardia,  Alfaroa,  and   Or-  Engelhardia,  for  example,  was  first  described  from 
eomunnea;  (2)  Juglans,  Pterocarya,  and  Cyclocarya.  Java  in    1825,  and  Oreomunnea  was  proposed   in 

Our  results  corroborate  these  groupings,  and  in  ad-  1856  based  on  a  Costa  Rican  collection.  Since  both 
dition  support  Cyclocarya  as  sister  to  Pterocarya, 

both  genera  in  turn  forming  the  sister  group  to  Jug-  perficially    similar,    many    researchers    considered 

lans  (Figs.  8D  and  9).  The  position  of  Carya  has  Oreomunnea  as  a  New  World  section  of  Engelhar- 
been  somewhat  variable  in  previous  classifications.  dia  (e.g..  Manning,  1959;  Molina,  1968;  Kzedowski 

&    Palacios-Chavez,    1977).    However,   a   reassess- 

plying  a  close  relationship  between  Carya  and  the  ment  of  the  vegetative  and  reproductive  features  led 

group  composed  of  Juglans,  Pterocarya,  and  Cyelo-  Stone  (1972)  to  resurrect  Oreomunnea.  and  subse- 
carya  (Manchester,  1987;  Iljinskaya,  1990,   1993). 

On  the  basis  of  the  cladistic  analysis  presented  has  a  fossil  lineage  distinct  from  Engelhardia  that 

here,  our  revised  classification  (Table  1)  recognizes  extends  back  into  the  Oligocene.  The  generic  rank 

two  subfamilies  within  Juglandaceae,  Engelhardioi-  of  Alfaroa  has  also  been  questioned  and  discussed 
deae  and  Juglandoideae,  and  two  tribes  within  the  by  Manning  (1949),  but  in  the  final  analysis  he 

latter.  Platycaryeae  and  Juglandeae.  This  classifi- 

cation is  most  similar  to  that  of  Iljinskaya  (1990,  (Manning,  1978).  Certainly  the  accumulated  evi- 

1993),  but  differs  in  treating  Platycarya  as  a  mono-  deuce  from  the  fossil  record,  morphology,  anatomy, 
tvpic  tribe  within  an  expanded  Juglandoideae  on  chemistry,  and  the  DNA  sequence  data  presented 

the  basis  of  the  numerous  synapomorphies  shared  here  is  in  accord  on  this  point.  The  hypothesis  that 

with  the  Juglandeae.  Under  this  interpretation,  the  Alfaroa  is  an  animal-dispersed  offshoot  of  the  wind- 

uniqueness  of  Platycarya  as  measured  in  autapo-  dispersed  Oreomunnea  lineage  is  fully  supported 

morphies  is  de-emphasized  relative  to  the  robust  (Stone,  1973;  see  Figs.  1,  8,  9). 

quently  Manchester  (1987)  showed  that  this  genus 

concluded    that    both    taxa   deserve   generic    status 

support   for  two  major  lineages  within  the  family. The  status  of  the  Old  World  Engelhardia  has  also 

Another  notable  difference  is  our  decision  to  ree-  been  called  into  question  recently  by  lljinskava 

ognize  only  two  tribes  within  subfamily  Juglandoi-  (1990).  In  this  paper  she  noted  that  E.  roxburghi- 

deae  by  expanding  Juglandeae  to  include  Carya  as       ana  sect.  Psiloearpeae  "combines  features  of  En- 
well.  This  arrangement  is  novel  and  consistent  with  gelhardia  [sect.  Engelhardia]  with  those  of  Alfaroa 

the  morphological  distinction  between  Platycarya  and  partly  of  Oreomunnea,  with  the  predominantly 

and  its  sister  clade.  common    features   being  those  of  Alfaroa"  (1990: 
795).  Common  characteristics  of  E.  roxburghiana 

and  Alfaroa  include  the  evergreen  habit,  presence 

ol  androgynous  panicles,  staminate  llowers  with 

rounded  receptacles,  pollen  grains  with  thick  ex- 
ines,  pistillate  flowers  with  absent  or  rudimentary 

Engelliardioideae   Iljinskaya.   Rot.  /hum.   (M 

os- 

cow  &  Leningrad)  75:  793.  1990.  TYPK:  En- 

gelhardia Lesch.  ex  Blurne. 

As  noted  previously,  this  clade  has  had  a   long  bracts,  and   rounded  carinal   stigma   lacking  stylar 

and   varied    history   at    the   tribal    level.    Iljinskaya  arms.  Based  on  these  differences  she  proposed  the 

(1990:   793)  elevated   it  to  the  rank   ol   subfamily  taxonomic    combination    of  Alfaroa    roxburghiana 

based  on  "the  makeup  of  I  he  xylem,  inflorescence,  (Wallich)     Iljinskaya.     Subsequently     Iljinskaya 

bracteoles,  and  the  pollen  grains."  Autapomorphies  (1993)  revisited  this  new  combination  and  stressed 
identified  in  Table  3  and  Figure  9  lend  support  to  its  intermediate  characteristics  between  Engelhar- 
t his  new  subfamily: dia  and  Alfaroa,  in  particular  the  venation  pattern 

Wood   with   scalariform   and   simple   perforation       of  the  trilobed  wing  and  the  pollen  grains,  and  con- 

plates;   terminal    buds   naked:   staminate  bracts  3-       eluded  that  a  new   monotypic  genus  was  in  order. 

lobed;    pistillate    bracts    3-lobed;    bracteoles   0 
? 

Alfaropsis   roxburghiana    (Wallich)    Iljinskaya.   The 

posterior,  (used  only  on  lower  hall  ol  ovary:  nutshell       intermediacy  of  this  taxon  had  been  previously  rec- 
ognized (Manning,  1966;  Stone,  1972;  and  see  also >ers. of  fil 

The    Kngelhardioideae   (with   a   "C    Engelhard-  the  bract  clearings  in  Dilcher  et  al.,  1976),  but  in- 
tioideae),  along  with  the  Platycaryoideae  and  Jug-  dependent  evidence  to  evaluate  its  status  was  not 

landoideae,  were  subsequently  accepted  by  Takh-  available  until  a  sample  of  Engelhardia  sect.  En- 

tajan  (1997).   Recently,  however,  the  Engelhardia  gelhardia  (E.  spicata)  was  made  available  for  mo- 

clade  was  elevated   to  family  status  (Kngelhardti-  lecular  analyses  in  this  study.  While  the  data  are 
aceae)  by  Reveal  and  Doweld  (1999),  but  without  still  loo  limited  to  draw  sweeping  conclusions,  E. 

discussion.  The  uncertainty  about  relationships  of  roxburghiana  shares  more  in  common   with  Oreo- 
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munnea  and  Alfaroa  than  with  E.  spicata  (Figs.  81). Two   new    subtribes  of  the  Juglandeae  are  de- 

9),  as  lljinskayas  work  would  suggest,  ('dearly,  how-       scribed  here  for  the  first  time. 
ever,  a  broader  sampling  of  Engelhardia  is  in  order 

before  a   formal   decision  can   be  made  about   the      Ju^luiidinae  Stone  &    Manos,  subtr.   nov.  TYPK: 

merits  of  Alfa ropsis  (Fable  1). 

Jiigtlandoideac  Manning,  Ann.  Missouri  Hot.  Gard. 

65:  1070.  1978.  TYPK:  Juglans  1, 

This  clade  was  first  recognized  as  the  Drupo- 

ideae  by  Koidzumi  (1937)  based  on  the  fruits  ol 

Alfaroa,  Juglans,  and  Carya.  The  name  has  been 

Juglans  L,  Sp.  PI.  2:  997.  L753. 

Medulla  locellata:  pollenis  grana  4(vel  +  )-pora;  bractco- 

lae  pistillatae  2,  ad  medium  ovarii  connatae;  positio  car- 
pellorum  media  (sensu  Manningii);  stigmata  earinalia;  pa- 

pillae stigmaticae  in  pagina  interiori  styli  elongati 
bifurcati. 

Pith  chambered;  pollen  grains  4  (or  more)-pored; 
rejected   as   invalid,   however,   because  it   was   not  pistillate  bracteoles  2,  fused  at  the  middle  of  the 

based   on   the   type   genus  Juglans.    Leroy   (1955)  ovary;  position  of  the  carpels  median  (sensu  Man- 

coined  the  Juglandoideae  epithet,  but  failed  to  pro-  ning);  stigmas  carinal;  stigmatic  papillae  on  the  in- 
vide  a  Latin  description.  Melchior  (1964)  also  used  ner  surface  of  the  elongate,  bifurcate  style, 
this  subfamily  name  and  acknowledged  Koidzumi. 

but  he  omitted  the  full  citation  of  Koidzumi  s  pub- 
lication as  required  at  the  time  by  the  International 

(lode  of  Botanical  Nomenclature  (R.  L.  Wilbur, 

pers.  comm.).  Manning's  use  of  the  subfamily  Jug- 
landoideae (1978)  constitutes  the  first  valid  use  of 

Caryinae  Stone  &  Manos,  subtr.  nov.  TYPK:  Carya 

Nutt.,  Gen.   N.   Am.   PI.  2:  220.    1818,  num. 
cons. 

Medulla  solicla;  pollenis  grana  3-pora;  brae  teniae  pis- 
,i  /i>     I      vv/ii  \     i,  ,        t„  tillatae  2   (vel   3—5),   ad  apicem   ovarii   connatae;   pnsitm 
the  name  (K.  L.  Wilbur,  pers.  comm.).  It  contrasts  v  /  w       •     --\      • 

.  .  earpellurum  transversa  (sensu   Vianiiiiigii);  stigmata  com- 
with  the  hngelhard.oideae  in  the  following  ways:  mi.ssura|ia;  papillae  stigmaticae  paginam  stigmatis  brevis. 

Wood  with  strictly  sim|)le  perforation  plates;  ter-  rotundati  tegentes,  stylo  obsoleto. 
minal  bud  generally  with  scales;  staminate  bracts 
iiii      •  .11   4     i        »         ii      ii        ,      l      o    l   .  Pith  solid;  pollen  grains  3-pored;  pistillate  brac- 
l-lobed;  pistillate  bracts  unlobed;  bracteoles  z,  lat-  '  fo  '  *  * 

\    c        i     ,  ,i  •  i  ii       r  i  .   i     n  teoles  2   (or  3—5),   fused   to  the  top  of   the  ovary; eral,  fused  at  the  middle  of  ovary  or  above;  nutshell  .  . 
of  set sciereu  s position  of  the  carpels  transverse  (sensu  Manning); 

This  clade  has  two  components  that  we  are  treat- 
stigmas  commissural;  stigmati c   papillae  covering 

.  4i      .    i     i  i        I    Tl      Ui   .  tM  ,.„  _    _   ,,  the  surface  of  the  short,  rounded  stigma,  the  style 
nig  at  the  tribal  level.   I  he  rlatycaryeae  are  mono-  '  o      »  / 

typic   with   the  genus  Platycarya;  the  Juglandea* 

have  two  subtribes,  the  Juglandinae  subtr.  nov.  and 

obsolete. 

The  genus  Platycarya  has  a  number  of  distinc- 
.i      r                    I  .               .if   ,  ..      ii   »i_       „  tive  features  that  clearly  set  it  apart  from  all  other 
the  Larvinae  subtr.  nov.,  the  tormer  with  three  gen-  . 

/  •       /      #          #>.                        \  r     i             \         i  genera  in  the  family  and  a  number  of  "advanced" era  (viz.,  Juglans,  rterocarya,  and  Lyclocarya),  and  &                    .        .       . 
the  latter  with  one  or  two  (viz..  Carya  and  possibly 

traits  that   link   it  with   the  walnuts  and   hickories. 

a  \/tu     i\  rpt      oi   »  ii  The   pollen,   for  example,  is  unique  in   the  angio- 
Annamocarya)  (I  able  1).  I  he  rlatycaryeae  and  Jug-  '  f  .      ,.  ,       ,    ., 
landeae    were    both    validly    published    by    Nakai 

(1933).  They  can  be  distinguished  as  follows: 

Rlatycaryeae  Nakai,  Fl.  Sylvatiea  Koreana  20:  76. 

sperms  with  a  pair  of  arcuate  pseudoeolpi  (crease- 

like thinnings  of  the  exine:  Manchester,  1987)  on 

each  polar  hemisphere  (Whitehead.  1965;  Stone  & 

Broome,    1975).    The  wood,  fruit,  and  chromosome 

\9^.TyVVAtHatycaryaSuAxAd&ZuccmMn.      number  provide  additional  features  as  well.  
The 

wood  has  spiral  thickenings  in  the  secondary  walls 
Staminate  bracteoles  absent;  pollen  small  (15 of  both  the  small  vessel  elements  and  the  vascular 

16  p,m),  triangular  in  polar  view,  a  pair  of  pseu-       tracheids  (Heimsch  &  Wetmore,  1939;  Manchester, 
docolpi  on  each  polar  hemisphere;  pistillate  spike        ,98?)    The  infriK.teS(.en(.e  lGOks  like  a  small  cone 

with  persistent  sharp-pointed  bracts  subtending 

small  wind-borne  seeds  (Wing  &  Hickey,  1984;  Kn- 
dress,   1986;  Manchester,   1987).  The  chromosome 

condensed,  cone-like;  bracts  persistent  on  infruc- 
tescenees,  free  of  fruit. 

Juglandeae  Nakai,  Fl.  Sylvatiea  Koreana  20:  83. 

1933.  TYPK:  Juglans  L. 
number  of  N 15  (Fig.   7)   is  also  unique   in   a 

family  with  a  base  number  of  .r  =    16  (see  Karyol- 

Staminate  bracteoles  generally  present;  pollen  ogy).  Traits  shared  with  most  of  the  Juglandeae  in- 

medium  to  large  (28— 66  |xm),  triangular,  to  circular,  elude  short,  large-diameter  vessel  elements  with 

to  polygonal  in  polar  view,  pseudoeolpi  absent;  pis-  simple  perforation  plates  (Heimsch  &  Wetmore, 

dilate  spike  elongate;  bracts  attached  to  and  dis-  1939),  the  deciduous  habit,  terminal   bud  scales. 

persed  with  the  fruit. odd-pinnate  leaves,  leaflets  with  serrate  margins. 
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druse  crystals  in  the  leaf  palisade,  and  transverse       parts  of  bract  and  bracteoles;  this  border  is  wider 

orientation  of  the  carpel. in  the  place  where  the  bract  should  have  been,  and 

The  five  Juglandeae  taxa  have  two  of  the  best  its  edge  has  the  shape  of  a  flat  tooth  [see  Fig.  6I)|. 

known  genera  in  the  family  (viz.,  Juglans  and  Car-  As  the  fruit  develops,  the  border  of  the  ovary  in- 

ya)  and  two  of  the  least  known.  New  information  on       creases  very  considerably  and  forms  a  coriaceous 

disk   around   the   fruit   .  .  ."   (see   Manning,    1975: 
the  least  known  lends  credence  to  the  recognition 

of  Cyclocarya  and  casts  doubt  on  the  distinctness  158).  She  then  goes  on  to  say  that  the  edges  of  the 

of  Annamocarya.  Cyclocarya  was  proposed  by  Iljin-  disk  become  uneven  as  the  fruit  matures  and  the* 

skaya  (1953)  as  a  segregate  from  Pterocarya  (P.  pal-  tooth  becomes  indistinguishable.  Faking  exception, 
iurus  Ratalin)  based  on  a  different  mode  of  fruit  Manning  (1975)  noted  that  it  is  not  uncommon  to 

wing  formation  (bract  fuses  with  the  2  bracteoles  to  find  herbarium  specimens  with  mature  fruits  that 

produce  the  circular  wing  versus  bract  free  and  not  retain  the  tooth  (i.e.,  scale-like  apex  of  the  bract), 

incorporated  into  the  2-winged  fruit),  plus  a  num-  While  this  observation  seems  perfectly  reasonable, 

ber  of  other  distinguishing  features  such  as  stami-  Iljinskaya  (1990:  792)  was  adamant  that  "the  tooth 
nate  catkins  (cluster  of  3  or  more  versus  solitary),  on  the  mature  fruits  discovered  by  Manning  can 

leaflet  venation  (some  lateral  veins  pass  directly  never  be  considered  a  constant  element  of  the  fruit 

into  the  teeth  versus  all  veins  connected  with  each  of  Cyclocarya."  Our  observations  in  this  case  sup- 
other  by  loops),  and  pollen  (3-  to  4-porate  versus  port  Manning.  Mature  fruits  displaying  a  tiny  (ca. 

5-  to  7-porate).  This  original  treatise  was  in  Rus-  1  mm)  tooth  on  the  abaxial  perimeter  of  the  disk 

sian  and  essentially  inaccessible  to  many  western  opposite  the  point  of  fruit  attachment  (Kig.  6C), 

botanists  until  the  National  Science  Foundation  fa-  though  not  common,  were  routinely  observed  in  our 

cilitated  an  English  version  through  the  Israeli  Pro-  sampling.  The  absence  of  the  bract  in  many  mature 

gram  for  Scientific  Translation.  Manning  (1975)  was  fruits  could  be  due,  as  Manning  suggested,  to 

the  first  to  take  advantage  of  the  translation  and  to  breakage  during  growth  or  processing  of  the  spec- 

provide  an  analysis  of  Iljinskayas  newly  proposed  imen,  but  our  observations  suggest  that  variability 

genus.  After  a  detailed  examination  of  the  character  in  the  fusion  of  the  bract  and  the  bracteoles  is  also 

differences  Manning  concluded  that  most  are  var-  responsible.  What  one  sees  when  the  flower  is 

iable  or  of  minor  importance.  He  did  nevertheless  viewed  from  the  side  is  that  the  bract  is  clearly 

elevate  the  taxon  to  subgeneric  rank  as  Cyclocarya  inferior  (below)  to  the  rim  of  the  bracteole  disk  in 

(Iljinskaya)  Manning.  Iljinskaya  addressed  the  is-  some  (Fig.  6A),  and  approximately  on  the  same  lev- 

sue  again  in  1990  and  reiterated  that  the  basic  dif-  el  in  others,  thus  forming  a  small  beak  or  tooth.  We 

ferences  between  Cyclocarya  and  Pterocarya  are  presume  that  the  latter  type  is  more  likely  to  retain 

found  in  the  mode  of  fruit  wing  development.  At  the  tooth  as  a  visible  entity  in  the  mature  fruit  (Fig. 

the  same  time,  however,  she  determined  that  KOH  6C).  This  brings  us  back  to  a  point  noted  previously 

clearings  of  fresh  young  (circular)  wings  of  Cyclo-  in  which  Iljinskaya  (1990)  stated  that  the  veins  of 

carya  fruits  revealed  that  all  of  the  veins  are  uni-  the  circular  wing  of  Cyclocarya  are  radially  distrib- 

form  and  radially  distributed,  and  hence  provide  no  uted  and  uniform,  thus  ruling  out  the  possibility  of 

evidence  as  to  the  role  the  bract  and  two  bracteoles  the   bract    participating  will)   the   bracteoles   in   the 

play  in  wing  development  (but  see  below). formation  of  the  wing.  Not  only  do  we  find  the  bract 

The  open  question  about  the  exact  nature  of  the  present  in  many  well-preserved  mature  fruits,  but 

relationship  of  the  bract  and  bracteoles  in  Cyclo-  the  bracteole  margins  have  been  shown  to  have  a 

carya  has  been  due  principally  to  the  unavailability  loose  arrangement  of  terminating  veins,  whereas  the 

of  flowering  material.  Now  for  the  first  time  we  are  tooth-like  bract  is  clearly  supplied  with  two  parallel 

able  to  provide  additional   insight  into  floral  mor-  vascular  strands  (Fig.  61)). 

phology  of  this  taxon  based  on  developmental  se- Fresh    flowers  of  Cyclocarya   also  permitted  as- 

quences  secured  from  a  tree  growing  in  the  J.  C.  sessment  of  the  orientation  of  the  carpel  and  stig- 
Ralston  Arboretum  (Table  2).  While  the  material  is  ma.    In   a   sample   of   12   flowers   the   majority  had 

revealing   and   clearly   shows   the    relationship  be-  carpels  with  a  median  orientation  (see  discussion 

tween  the  "tooth-shaped"  inferior  bract  and  the  su-  of  character  33),  transverse  carpels  were  found  in 
pcrior  bracteoles  united  in  a  circular  disk  (Fig.  6A),  two  of  them,  and  orientations  between  median  and 

Iljinskaya's  description  of  the  Cyclocarya  flower  is  transverse  were  also  observed  occasionally.  The  bi- 

basically  correct:   "the   lower  part  of  the  ovary  is  furcate  stigma  is  oriented  opposite  the  carpel  su- 

concrescent  with  the  fused  bases  of  the  bract  and  lures  of  the  primary  partition,  so  that  stigma  is  al- 

bracteoles,  and  from  the  middle  of  the  ovary  a  nar-  ways    commissural    irrespective    of  whether   the 

row  border  diverges  consisting  of  the  fused  upper  carpels  are  median  or  transverse.  Technical  mor- 



262 Annals  of  the 

Missouri  Botanical  Garden 

phological  details  aside,  there  is  still  the  question  rarely  4  to  7);  staminate  bract  with  3  or  more  vas- 

ol  the  validity  ol  Cyrlocarya  as  a  genus.  There  is  cular  strands  (versus  1);  and  stamens  5  to   15  (ver- 

strong  independent  evidence   from   ITS  and   weak  sus  4,  or  occasionally  3  to  8).  Features  that  serve 

evidence  from  cpDINA  (Fig.  8)  that  Cyrlocarya  is  a  to  separate  Annamocarya  from  Carya  are  of  greater 

distinct  elade.  The  most  convincing  evidence,  how-  significance1  than  those  used  to  recognize  sections 

ever,  comes  from  our  chromosome  count  of  N  =  28  of  Carya.   where  the  most  distinctive  character  is 

(Fig.  7A),  which  is  unique  for  the  family  (set*  Kar-  the  terminal  hud.  which  is  pseudovalvate  in  section 

yology). Apocarya  with  4  to  6+  scales,  imbricate  in  section 

Annamocarya  is  perhaps  the  least  known  and  Carya  with  6  to  12  scales,  and  naked  in  section 

most  questionable  member  of  the  family.  It  was  de-  Sinocarya  (Kuang  &  Lu,  1979).  Recent  studies 

scribed  in  1941  by  Chevalier  (September-October),  have  revealed,  however,  that  the  bud  scales  of  all 

and  in  November  of  the  same  year  Kuang  described  Juglandaceae  are  organized  on  a  phyllotactie  spiral. 

Rhamphocarya  i ritegrifoliolata.  Roth  were  treated  and  those  buds  that  appear  valvate  (i.e.,  decussate) 

by  Manning  and  Hjelmqvisl  (1951)  as  synonyms  of  do  so  only  because  the  scales  are  relatively  narrow 

Carya  sinensis  Dode  (1912)  and  placed  in  the  new  and  few  in  number  (Stone,  unpublished).  Anna- 

seclion  Rhamphocarya.  The  uncertain  status  that  morarya  buds  are  most  similar  in  morphology  to 

has  continued  to  plague  this  taxon  was  reflected  those  of  section  Apocarya;  most  other  features  used 

initially  in  Chevalier's  decision  to  describe  a  fruit  to  recognize  the  sections  intergrade.  There  is  a  gen- 
collection   as  Annamocarya   indochinensis  and  an-  era]  tendency  for  more  leaflets,  sometimes  falcate, 

in  section  Apocarya  (7  to  17),  whereas  section  Car- 

scribed  should  be  referred  to  this  new  genus  or  to 

other  collection   with   leaves  and   nuts  that   lacked 

the   husk   as  Juglans   indochinensis.    According  to  ya   has  6  to   12  leaflets,  section  Sinocarya  7  to  9, 

Manning  and  lljelmqvist  (1951:  319),  "This  author  and  the  genus  Annamocarya  7  to  11.  Section  Apo- 
apparently   felt   dubious,   whether  the   species  de-  carya  also  has  a  propensity  for  developing  stami- 

nate  calkins   from    lateral    buds   on    the   preceding 

Juglans  .  .  .  ."  He  clearly  recognized  that  only  one  seasons  shoots,  and   lacunae  are  characteristic  of 
taxon  was  represented  here,  but  provided  no  reso-  the  shell  wall  (Manning,  1978;  Stone,  1997).  The 

lution  to  the  quandary.  Adding  to  the  confusion  is  other  sections,  however,  bear  staminate  catkins  in 

the  question  why  Chevalier  did  not  relate  the  spec-  a  narrow  band  at  the  base  of  leafy  shoots  (scattered 

imens  of  his  new  genus  to  those  of  Dodes  Carya  along  the  base  of  the  shoot  in  Annamocarya).  and 

sinensis,  since  the  fruit  illustrations  found  in  both  the  shell  wall  is  thick  and  solid.  With  a  relatively 

papers  are  remarkably  similar.  Chevalier  certainly  weak  set  of  features  to  differentiate  the  three  see- 

knew  ol  Dodes  new  species  (1941:  506),  but  he  tions  of  Carya  and  a  significant  number  of  devel- 

seemed  to  defer  to  Lecomte  (1921)  as  the  expert  in  opmentallv  complex  characters  distinguishing  Car- 

the  matter.  It  could  be  that  Chevalier  did  not  ac-  ya  from  Annamocarya,  Lu  et  al.  (1999)  concluded 

tually  see  Dodes  paper,  for  it  is  not  cited  in  the  that  both  taxa  merit  recognition  at  the  generic  level, 

bibliography.  Lecomte  (1921:  137),  on  the  other  This  decision,  however,  antedated  the  current  work 

hand,  examined  the  nut  studied  by  Dode  and  was  that  provides  an  independent  assessment  of  rcla- 

able  to  confirm  dial  it  is  a  member  of  the  Juglan-  tionships  based  on  molecular  dala  and  integrates 

daeeae,  "but  having  only  seen  the  nut.  we  cannot 

pass  judgment  on  the  genus." 
While   the  entire-margined   leaflets  of  Annamo- 

this  information  with  morphology  and  chemistry  in 

the  cladistic  analyses.  The  picture  now  is  far  less 

supportive.  There  are  certainly  plenty  of  differences 

carya  superficially  resemble  Juglans  regia,  the  between  Annamocarya  and  Carya,  as  noted  above, 

question  of  taxonomic  rank  really  depends  on  its  but  to  date  no  autapomorphies  have  been  identified, 

relationship  to  other  sections  of  Carya  (e.g..  Apo-  Then,  too,  the  scarcity  of  material  of  Annamocarya 

carya,  Carya.  and  Sinocarya;  Lu  et  al.,  1999).  An-  has  limited  the  depth  of  investigations.  As  of  now, 

namocarya  shares  the  Caryinae  features  noted  for  example,  no  chromosome  number  has  been  re- 

above  with  Carya,  but  differs  in  a  number  of  sig-  ported  for  this  monotypic  taxon  and  it  is  not  al  all 

nificanl  ways:  leaflets  entire  (versus  serrate  in  Car-  clear  if  Annamocarya  lacks  the  stigmatic  disk  pre- 

ya);  husk  4-  to  9-valved  (versus  4,  rarely  3  to  6:       sent  in  Carya.   The  molecular  dala  and  combined 

Crauke   et    al.,    1991);  dorsal    vascular  bundles   in  data  set  (Figs.  HI),  9)  suggest  that  Annamocarya  is 

shell   wall  (versus  primary  partition:   Leroy,   1955);  a  close  ally  of  the  sympatric  Southeast  Asian  spe- 

basal   plexus  of   nut   prominent   (versus  poorly  de-  cies  of  Carya  cafhayensis  and   C  tonkinensis  and 

veloped);   stigmatic   disk   absent    (versus   present);  distinct    from    North    American    Carya.    While    it 

calkins    from    axils    of  foliage    leaves   (versus    bud  seems  likely  now  that  Annamocarya  is  best  treated 

scales);  calkin  clusters  5   to  8  (versus  3,  or  very  as  a  section  of  Carya,  as  proposed  by  Manning  and 
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Hjelmqvist  (1951),  we  defer  action  on  this  matter      tion  Carya,  have  both  N  =  16  (C.  myristiciformis, 

until  a  wider  sampling  of  Southeast  Asian  species       C.  laciniosa,  and  C.  ovata)  and  tetraploid  N  =  32 
is  available  for  study. 

kahyol()(;y 

(C.  fioridana,  C.  glabra,  C.  pallida,  C.  texana,  and 

C,  tomentosa).  The  one  species  of  section  Sinocarya 
from  Southeast  Asia  for  which  a  count  has  been 

published,  C.  cathayensis  (Chen,  1993),  is  N  =  16. 

The  core  "Higher"  Hamamelididae  (Fig.  2)  have  An  unconfirmed  count  of  N  =  24  for  C.  hunanensis 
a  base  chromosome  number  ranging  from   i    =   8       (Grauke,  pers.  comm.)  gives  this  species  triploid 

—  status.  The  closely  related  Annamocarya  (  =  C.  si- 

—  nensis,  sect.  Rhamphocarya)  has  not  been  counted 

(Myricaeeae),  x  =  9  and  11  (Casuarinaceae),  x  = 

13  (Ticodendraceae),  x  —  14  (Betulaceae),  to  x  — 

16  (Oginuma,  1999).  The  Rhoipteleaceae  and  Jug-  to  our  knowledge. 

landaceae  sensu  Cronquist  (1981)  both  share  the  Our  biggest  surprise  of  all  came  when  we  ex- 

base  number  of  16  and  some  similarities  in  their  amined  the  Juglandinae  alliance  of  Juglans,  Pter- 

chromosome  morphology.  A  study  of  the  karyotype  oearya,  and  Cyclocarya.  The  many  species  of  Jug- 

of  Rhoiptelea  revealed  that  the  first  and  second  Ion-  I  arts  and  Pterocarya  that  have  been  counted  are 

gest  chromosomes  have  secondary  constrictions  at  diploid  with  N  =  16,  and  so  it  was  quite  unex- 
the  median  to  submedian  position  (Oginuma  et  al.,  peeled  when  the  monotypic  Cyclocarya  displayed 

1995),  as  do  the  Juglandaceae  represented  by  stud- N 
28  (Fig.  7A).  This  is  the  first  report  of  a  ehro- 

ies  of  Carya,  Juglans,  Platycarya,  and  Pterocarya       mosome  count  for  the  genus  and,  fortunately,  it  pro- 
(Oginuma  &  Tobe,  1992).  The  Myricaeeae.  with  x       vides  a  convincing  autapomorphy   confirming  the 

=  8,  are  the  only  other  member  of  the  core  group       distinctness   of  Cyclocarya   from   its   sister  genus 
that  has  obvious  similarities,  with  the  longest  chro-       Pterocarya  (Fig.  9). 
mosome  also  bearing  a  secondary  constriction. 

The  chromosome  picture  is  a  bit  more  compli- 
cated than  noted  above,  however,  due  to  the  fact 

most  families  have  undergone  polyploidy  followed 

i:<:<)Lo<;i<:\l  adaitations 

Several  distinctive  characteristics  or  syndromes 

by  chr omosome  loss I .  Tl ie  Juglandaceae  are  no  ex-       common  to  various  sets  of  genera  are  clearly  due 

ception.  The  haploid  number  of  16  holds  for  En-  to  convergences  of  morphological  or  chemical  fea- 
gelhardioideae  (Fig.  9),  but  the  Juglandoideac  have  tures  that  are  best  explained  in  terms  of  ecological 

diploids,  polyploids,  and  aneuploids  (Stone,  1993).  adaptations   associated   with   climate,   wind   versus 

Platycarya,    for  example,   is   as   distinctive   in   its  animal  dispersal,  or  open  versus  closed  habitats, 

chromosome  number  as  it  is  in  many  other  traits,  The  leaflet  margin  is  a  conspicuous  vegetative  trait 

f  thi though  the  exact  count  ot  this  monotypic  taxon  is that  has  been  subject  to  strong  environmental  pres- 

questionable.  Morawetz  and  Samuel  (1989)  first  re-  sures,  whereas  seed-energy  reserves,  dispersal,  and 

ported  2n  =  28.  More  recently  Oginuma  and  lobe  germination  are  reproductive  features  that  also  dis- 

(1992)  found  2n  =  30  and  illustrated  the  karvo-  play  ecological  adaptations  leading  to  multiple  evo- 

type,  whereas   Wu  (1995)  reported  2/j    =   22  and       lutionary  origins.  Leaflet  margins  follow  the  broad- 

Hsu  et  al.  (1994)  counted  2a?   =  24.  We  had  the scale    vegetational pattern    noted    by    Bailey    and 

opportunity  to  examine   meiosis  in   pollen   mother  Sinnott  (1916)  and  others,  namely  that  areas  of  high 

cells  of  a  local  ornamental  tree  over  a  period  of  mean  annual  temperatures  and  precipitation  (viz., 

several  weeks  during  the  months  of  May  and  June.  the  tropics)  have  a  preponderance  of   plants  with 

Acetocarmine    squashes    yielded    excellent    slides  entire  leaf  margins.  Conversely,  leaves  of  cool  cli- 
and  photographs  of  diakinesis  and  metaphase  I.  To  mates  have  a  higher  percentage  of  small  leaves  with 

our  consternation,  however,  the  counts  were  vari-  toothed   margins  (Wolfe,   1978,   1995).   An  exarni- 

able  with  both  N  =  15  (Fig.  7B)  and  N  =  14  (Fig.  nation  of  character  7,  for  example,  shows  that  the 

7C).    After   checking   some    18   clearly   countable  Engelhardioideae  (Fig.  9)  are  characterized  by  leaf- 
cells,  two-thirds  were  determined  to  have  N 15. 

The  basis  for  this  difference  is  not  known,  though 

it  is  possible  that  two  of  the  bivalents  may  occa- 

lets  with  entire  margins.  This  is  true  of  the  tropical 

American  species  ol \  Al/aroa  and  Oreomunnea  and 

mainly  true  of   the  Southeastern  Asian  species  ol 

sionally  clump  (see  legend  to  Fig.  7C).  The  logical       Engelhardia.  Qualifications  are  in  order,  however, 

follow-up  will  be  to  check  the  mitotic  chromosome       that  may  reflect  the  retention  of  ancestral  traits  or 

line-scale   ecological   adaptations.   The   leaflets  on 
mature  trees  of  Alfaroa  and  Oreomunnea  are  entire, 

rummer. I 
32 

The  genus  Carya  has  both  N  =   16  and  N  = 

(Stone,    1993).  The  pecan  hickories,  section  Apo-       though  sucker  shoots  may  be  serrate  in  some  spe- 

carya,  are  diploid,  whereas  the  true  hickories,  sec-       cies.  Similarly,  the  seedlings  and  young  saplings  of 
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it   is  pari   ol   the  mixed   broad-leaved  or  evergreen 

some  species  (e.g.,  A.  costaricensis,  A.  williamsii,  oleic,  and  linolenic.  Roth  palmitic  and  stearic  are 

and  ().  mexicana)  have  relatively  thin,  serrate  leaf-  saturated  fatty  acids,  whereas  oleic,  linoleic,  and  Un- 

lets while  others  (e.g.,  A.  guanacastensis,  A.  man-  olenic  are  unsaturated.  In  plants  in  general,  oleic 

ningii,  and  0.  pterocarpa)  are  thicker  and  entire,  and  linoleic  account  (or  80%  o(  the  latty  acids,  pal- 

as  would  probably  be  predicted  by  Givnish  (1979)  mitic  amounts  for  less  than  10%,  and  all  other  un- 

based  on  leal  thickness  alone.  The  monotypic  En-  saturated  and  saturated  acids  make  up  the  balance 

gelhardia    roxburghiana    (sect.    Psilocarpeae)    is   a  (Shorland,  196.S;  llilditch  &  Williams,  1964).  There 

tree  with  entire  leaflets  that  occupies  a  broad  range  is  a  functional  correlation  between  cold  climates  and 

of  habitats.  It  is  a  primary  forest  tree  in  the  hilly  unsaturated  fatty  acids  and  the  reciprocal  relation- 

country  of  Malaysia  (Jacobs.    1960),  and  in  China  ship  of  warm  climates  and  saturated  fatly  acids  that 

is  based  on  the  fact  that  "seed  (ats  must  be  fluid  at 

forests  on  loam,  or  situated  on  steep  dry  slopes  with  the  temperature4  of  the  living  plant"  (llilditch  &  Wil- 
sandy  soil  (Lu  et  al.,  1999).  Engelhardia  serrata  liams,  1 964:  206).  This  means  that  unsaturated  acids 

(sect.  Engdhardia)  with  crenate  or  serrate  leaflets,  such  as  oleic  and  linoleic  will  predominate  in  the 

Oil  the  other  hand,  occurs  in  Malaysia  in  primary  cool  temperate  zone  and  higher  percentages  of  pal- 

upland  forest  on  sandy  or  clayey  soil  (Jacobs.  mitic  would  be  expected  to  occur  in  tropical  or  sub- 

1960).  The  serrate  leaflet  is  invariant  in  the  tern-  tropical  climates  (McNair,  1929).  This  generalization 

perate-zone  taxa  of  Juglans,  Pterocarya,  Cyclocar-  corresponds  rather  well  to  the  composition  of  seed 

>y/,  Carya,  and  Platycarya,  but  Juglans  regia  fats  of  Rhoiptelea  and  the  Juglandaeeae  (Table  4) 

(monotypic  in  sect.  Juglans)  and  the  monotypic  In-  and  correlates  with  the  serrate  versus  entire  leaflet 

namocarya  both  have  entire  leaflets  (Fig.  9).  Cer-  margins.  The  saturated  palmitic  fatty  acid,  for  ex- 

tainly  Annamocarva  is  tropical,  but  the  origin  of  ample,  is  generally  high  in  Engelhardia  (information 

the  widespread  Persian  Walnut  is  debatable.  A  is  only  available  for  E.  roxburghiana),  Oreomunnea. 

comment  is  in  order  here  about  the  extension  of  the  Aljaroa,  and  Annamocarya,  and  these  are  the  same 

Rhysocaryon  section  of  Juglans  from  North  Anier-  tropical  taxa  that   possess  leaflets  with  entire  mar- 

ica    south    through    Mesoameriea    (skipping    Costa gins.  Low  palmitic  acid  percentages  characterize  the 

Rica  and  Panama),  and  down  into  South  America  temperate,  serrate-leaflet  genera  of  Platycarya,  Car- 

as  far  as  the  northern  reaches  of  Argentina  (sec  ya,  Cyclocarya,  Pterocarya.  and  Juglans,  all  mem- 

Manchester,  1987).  This  black  walnut  group  of  spe-  hers  of  the  Juglandoideae  (Table  4),  as  well  as 

cies  with  serrate  leaflets  ranges  across  the  tropical  Rhoiptelea.  The  only  exception  to  the  above  state- 

zone,  but  it  does  so  by  occupying  montane  regions       incuts  was  encountered  in  samples  of  Engelhardia 

roxburghiana.  one  based  on  a  collection  from  Taiwan that  have  distinctly  temperate  climates. 

Seed-energy  reserves  are  associated  with  the  en-       and  analyzed  by  C  A.  Adrouny  (high  palmitic),  and 

the  other  reported  in  Jiang  and  Zhou  (1990)  for  Chi- hancement  of  seed  germination  and  seedling  surviv- 

al. As  Levin  (1971:  193)  emphasized,  "the  larger  the  nese  material  (low  palmitic).  There  is  no  way  to  know 
seed  the  greater  the  energy  reserve  and  the  greater  if  the  difference  is  due  to  technique,  phenotypic  var- 

the  probability  of  seedling  establishment  during  low        iability,  or  genetic   differences.   However,  as  others 

illumination  or  high  competition  .  .  .  ,"  Independent 
of  large  seeds,  however,  natural  selection  has  favored 

found  (Stone  et  al..  1905;  Stone  et  al.,  1969:  Rogers, 

1972)  and  Holm  and  Meinschein  (1976:  193)  noted. 

the  storage  of  lipids  because  the  oxidative  metabo-  it  "does  not  appear  that  environmental  influences  .  .  . 

lism  of  reserves  yields  over  twice  as  much  energy  as  greatly  mask  the  characteristic,  genetically-con- 

that  of  an  equivalent  weight  of  carbohydrate  or  dry  trolled  fatty  acid  profile  of  a  given  species."  We  are 
protein  (Levin,  1974;  SI  abas  et  al.,  1993).  This  sug-       dealing  here  perhaps  with  results  expected  of  a  spe- 

gests,  therefore,  that  lipid  storage  would  be  advan- 

tageous in  both  small  seeds  where  weight  is  a  factor 

in  wind  dispersal  and  large  seeds  where  animals 

place  special  demands  on  the  seeds  and  seedlings 

cies  capable  of  ranging  from  cool  temperate  to  trop- 
ical climates. 

Modes  of  seed  dispersal  are  also  correlated  with 

the    seed-energy    reserves,    and    the    evolution    of 

(Stone,  1973.  1989).  In  this  regard  t he  nuts  of  Carya,       wind-dispersed  and  animal-dispersed  fruits  has  oc- 
Jug/ans.   and   (lory  I  us  of  the    Helulaceai '  are  "in  a 

curred  independently  several  times.  The  three  un- 

class  by  themselves  as  high  protein,  high  fat,  and  saturated  fatty  acids  labeled  here  A  (oleic),  B  (Un- 

law carbohydrate  foods  .  .  /'  (Wainio  &  Forbes,  1941:  oleic),  and  C  (linolenic)  (fable  4)  can  be  used  for 

634)  and  are  considered  to  be  the  quintessential  an-  the  most  part  to  characterize  each  of  the  genera 

imal-dispersed  fruits.  The  seeds  of  Rhoiptelea  and  based  on  the  percentage  of  the  two  most  abundant 

the  Juglandaeeae  have  stored  energy  reserves  con-  acids.  For  example,  with  the  exception  of  Oreo- 

sisting  of  five  latty  acids:  palmitic,  stearic,  oleic,  lin-  munnea,  all  wind-dispersed  fruits  have  the  CH  pat- 
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tern  of  fatty  acid  compostion.  This  includes  Rhoip-  bins,  1974;  Foster,  1986).  All  of  these  wingless 

telea,  Platycarya,  Cyclocarya,  and  Pterocarya.  nuts  have  hypogeal  germination,  but  two  genera  are 

Conversely,  all  animal-dispersed  fruits  have  the  BA  exceptions  to  these  general  patterns.  The  trilobed 

or  AB  pattern,  including  Alfaroa,  Carya,  and  Jug-  Oreomunnea  fruit  has  hypogeal  germination,  like  its 

lans.  Oreomunnea  is  an  interesting  exception.  Ft  has  animal-dispersed  sister  genus  Alfaroa,  in  contrast 

the  pleisomorphic  trait  of  fruit  wings  and  wind  dis-  to  the  trilobed  Engelhardia,  which  is  epigeal.  In 

persal  and  yet  is  sister  to  Alfaroa,  which  bears  an-  the  case  of  Alfaroa,  the  hypogeal  state  is  almost 

imal-dispersed  nuts.  It  would  appear  that  whatever  certainly  due  to  the  evolution  of  the  animal-dis- 

advantages or  constraints  the  BA  pattern  confers,  persed  fruit.  However,  the  preadaptive  nature  of  Or- 

ancestors  of  the  Oreomunnea  lineage  (see  Man-  eomunnea  seeds  with  respect  to  the  BA  pattern  of 

Chester,  1987)  were  preadapted  to  the  evolution  of  fatty  acids  further  supports  a  single  origin  of  hy- 

animal-dispersed  fruits.  Annamocarya,  a  taxon  that  pogeal   germination   in   the  ancestor  of  this   New 
some consider   to    be    a    section    of   Carya    [sect.       World  subclade  of  Engelhardioideae. 

Rhamphocarya  (Kuang)  Manning  &  Hjelmqvist],  is The  second  exception  occurs  within  Juglandoi- 

BA   (like  Juglans),  whereas  Carya  (including  the       deae;  the  circular-winged  fruit  of  Cyclocarya  is  re- 

Chinese  sect.  Sinocarya)  has  the  AB  fatty  acid  pat-       ported    to    have    hypogeal    germination    (Iljinskaya, 
tern. 

1990) 

Wind  dispersal  is  found  in  the  outgroup  Rhoip-      plays  epigeous  cotyledons  (Conde  &  Stone,  1970). 

telea  (Wu  &  Kubitzki,  1993),  whereas  in  the  Jug- gcrmmation 
landaceae  four  different  patterns  account  for  the       a  functional  adaptation  that  accommodates  the  large 

independent  origin  of  wings  in  five  genera,  and  an-       circular  wing.  In  the  phylogenetic  context  provided. 

parsimony  favors  a  gain  of  hypogeal  germination  on imal  dispersal  characterizes  four  genera  and  three 

developmental  pathways  that  lead  to  the  production  the  branch  above  Platycarya  and  a  reversal  to  cpi- 

and  convergence  on  wingless  nuts  (see  Fig.  9).  All  geal  germination  in  Pterocarya  (Fig.  9,  see  character 

of  these  fruit  tvpes  arise  from  a  floral  envelope  con-  46-1  >  46-0).  Although  three  independent  gains  ol 

sisting  of  an  adaxial  bract,  two  lateral  bracteoles,  hypogeal  germination  appears  to  make  greater  bio- 

and  four  sepals.  In  the  trilobed  fruit  dispersal  unit  logical  sense  in  the  evolution  of  Carya,  Cyclocarya, 

of  Engelhardia  and  Oreomunnea,  the  wings  are  and  Juglans,  the  more  parsimonious  solution  could 

formed  by  the  tripartite  bract  (see  character  43-1).  be  the  result  of  extinction  of  wind-dispersed  taxa 

In  Platycarya,  the  small  outgrowths  producing  the  along  the  branch  leading  to  Carya. 

2-winged  fruit  result  from  the  fusion  of  the  brac- 

teoles and  lateral  sepals  (see  43-4).  In  Pterocarya,  Literature  Cited 

the  two  wings  are  strictly  bracteole  in  origin  (see  Allard,  M.  W.  &  J.  M.  Carpenter.  1996.  On  weighting  and 

43-3),  whereas  the  circular  wing  of  Cyclocarya  aris-  ™n^™:  C'a("sl  £S  !*  ̂u^n       r      H     it r  .       r     .  r    i       i  ii  i       /  Bailey,  I.  W.  &  E.  W.  Sinnott.    1916.    I  he  climatic  distn- 
es  from  the  fusion  of  the  bract  and  bracteoles  (see  ,mti()n  rf  (.ertain  types  rf  angiosprrm  |eaves.  Amer.  J. 
43-2).  In  the  animal-dispersed  taxa  the  nut  husk  Hot.  3:  24-39. 

evolved    uniquely    from    different    accessory       Berquam,  D.  L.    1975.    Floral  Morphology  and  Anatomy 
of  Staminate  Juglandaceae.  Ph.D.  Thesis,  University  of 
Minnesota,  St.  Paul. 

Bolick,  M.  H.    1983.    A  cladistic  and  biogeographic  anal- 
ysis of  the  Juglandaceae.  Amer.  J.  Not.  70  (Snppl.):  106. 

Bos,  J.  A.  A.  &  W.  Punt.    1991.   Juglandaceae.  Rev.  Pa- 

li as 

structures:  fusion  of  four  sepals  in  Alfaroa  (43-5); 

fusion  of  the  bract,  bracteoles,  and  sepals  in  Jug- 

lans (43-6);  and  fusion  of  the  bract  and  bracteoles 

in  Carya  and  probably  Annamocarya  (43-7). 

The  syndromes  associated  with  the  modes  of  dis- laeohot.  Palynol.  69:  79-95. 
i         >M          .        ii                            .1  „   _  •     ,  Candolle,  C.  de.    1862.    Mernoire  stir  la  (ami lie  des  Jug- 

persal  quite  naturally  carry  over  to  seed  germina-  "                  .                                                .            b 
1              ,                            ill  Iand6es.  Ann.  Sci.  Nat.  Dot.  18:  .5-48,  -1-  6  plates, 
lion  and  seedling  establishment,  and  convergences  ^^  M    w^  D    £   g^  R   Q   ()|mst(.a(|,  n.  Morgan. 
are  the  rule  (Fig.  9).  The  relatively  light,  wind-dis-  ]).  h.  Les,  B.  I).  Mishler,  M.  R.  Duvall.  R.  A.  Price, 

persed  seeds  that  are  best  suited  to  open  habitats  H.  G.  Hills,  Y.-L.  Qiu,  K.  A.  Kron,  J.  H.  Rettig.  E. 

(viz.,  stream  banks,  plains,  open  hillsides,  canopy  Con*  J    IX  Palmer,  J.  R^  Manhart,  K  J.  Syt
sma   H   J. 

x   .            i       •       i  r       i                             i-i  Michaels,  W.  J.   Kress,  K.  G.   Karol.  W.  D.  Clark,  M. 
gaps)  have  limited  food  reserves  and  epigeal  ger-  ^^    R    s    ̂   R    R    Jfm8en    K_}    ̂   c    R 
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Abstract 

I  lie  utility  of  H  morphological  characters  for  phylogenelic  inference  was  evaluated  against  cladograms  inferred  from 
nuclear  riboso.nal  DNA  internal  transcribed  spacer  (ITS)  sequences  for  89  representatives  of  Apiaceae  including  58 
accessions  of  Scandieeae  subtrihe  Scandicinae.  Distance-based  analyses  of  morphological  data  confirmed  the  monophyly 
-.1  many  clades  delimited  previously  on  the  basis  of  ITS  sequences.  However,  morphology  failed  to  support  the  mono- 

phyly of  Scandicinae  and  the  close  affinity  between  the  basallv  brandling  Conopodium  and  Athamanta  groups  The mfragener.c  divisions  in  Anthriscus,  Chaewphyllum,  and  (hmorhiza,  traditionally  defined  on  the  basis  of  life  history, 
eaf  division,  indumentum,  and  inflorescence  architecture,  are  incongruenl  with  the  molecular  ..■suits  as  these  morpho- 

logical characters  are  quite  homoplastic.  Least  homoplastic,  and  therefore  useful  for  generic  delimitation  within  Scan- 
dicinae, are  ln.it  characters  such  as  epidermis  morphology  and  primary  ridge  shape.  Rhopa/osciadiun,  and  Chaem- 

phyllopsis,  traditionally  placed  in  Scandicinae  but  not  included  in  the  ITS  study,  do  not  occur  within  the  subtrihe  upon analysis  of  morphological  data.  The  former  has  affinity  to  Scandieeae  subtrihe  Torilidinae.  whereas  the  latter  allies  will, 
the  apio.d  superelade.  The  following  laxonomic  changes  are  suggested:  (I)  Kmsnovia  and  Neovormpodium  are  included 
in  Kodovm;  (2)  section  Cerejolium  is  restored  in  AnlhrisciLs  for  A.  ere  folium:  and  (3)  Myrrhoidvs  is  transferred  back  to Chaerophyilwn,  with  lour  sections  recognized  within  the  latter. 

Key  words:     Apiaceae.  morphology,  phytogeny,  Scandieeae,  Scandicinae,  taxonomy.  Umbelliferae. 

The  compound  umbel  is  a  trademark  of  subfam-  failed  (Constance,  1971:  Pimenov  &  Leonov,  1993). 
ily  Apioideae  anil  is  a  feature  by  which  the  whole  The  systems  of  Apiaceae  classification,  including 
family   Apiaceae   has  earned    its   traditional   name  ,|ie  most   influential   system  of  Dn.de  (1898)    are 
Umbelliferae     Together   with    other   morphological  usua||y  based  on   fmi,  t.|,aracters,  particularly  its ea.ures,  stub  as  two  one-seeded  mericarps  joined  shape  an(I  (,mipression,  (ll).  characteristics  of  ribs, by  a  l)ilurcate  carpophore  and  sty  es  emerginu  from  .  i  i  •     i  i 

.         o  i  a       .    ,  ,       h"  secretory  canals,  and  indumentum,  endocarp  scler- a  more  or  less  Mutinied  Moral  disc  or  sty  opodium.  :c.    ..:  u  r        i  i    i       .•      •.      ■ 
,.  iii  ...  i    t      r  i  ineation,  shape  ol  endosperm,  and  the  distribution 
the  com  pound  umbel  supports  the  monophvly  o   the         r       ,•  ,.  ,     ,w     .      innA      ,     „ 

if       i  i    i   ,.     .      .    ,  ,  ,  ,  °'  ealnum  oxalate  crystals  (Koch.     824:  de  (an- 
sublamily  and  delimits  it  from  the  other  two  sub-  ,„      ,«.,nT        ,     IO->„.,      .  ,  „  '     ,,      , 

hunilies.  Saniniloideae  and  Hydroeotvloideae.  Mo-  '  !!  f/    *  °:  ̂   ̂   "''"^  186?:  I)ruc,e' 

lecular  data  corroborate  these  morphological  data  '^  Cal«*«uni-  l9()5'  Koso-Poljansky.  1916).  The 

in  revealing  that   Apioideae  are  indeed  monophv-  ""ly  ,>x<el>»">"  «  the  classification  of  Cerceau-Lar- 

letic  and  a  sister  group  to  subfamily  Saniniloideae  nval  (,9r>2)-  wno  underlined  the  importance  of  pol 

(Plunkett  et  al.,  I9<)7;  Downie  et  al.,  1998).  I(>"  morphology  and  vegetative  features,  especially 
Although  morphology  delimits  subfamily  Apioi-  tne  internal  contour  of  the  endexine  and  shape  of 

deae,    it    has    proved    unrelial 
'Ic      III 

demarcating      l'"'  cotyledons.  However,  characters  of  the  fruit  and 
monophyletic  groups  within  the  subfamily,  and  all  those  used  more  recently  for  stomata,  pollen,  cot 
attempts  to  generate  a  useful  classification  system  yledons,  and  secondary  metabolites  (Cerceau-Lar- 

of  umbellifers    using   this   type   of  evidence   have       rival.  1962.  196.'i  1965.  1971:  Guyot,  1971;  Guv- 
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Table  1.     Genera  included  in  Scandiceae  subtribe  Scandieinae  based  on  phylogenctic  analysis  of  nuclear  rl)NA  ITS 

sequences  (Downie  et  al.,  2000a). 

Genu!* 

Ant h rise us  Pers. 

Athamanta  L. 

Balansaea  Boiss.  &  Keut. 

Chaerophyllum  I,. 

Conapodium  W.  I).  J.  Koch 

Geocaryum  Coss. 
Kozlovia  Lipsky 

Krasnovia  Popov  ex  Schischk. 

Myrrh  is  Mill. 

Myrrh  aides  Fabr. 

Ne oc ono podium  Pimenov  &  Kljuykov 
Osmorhiza  Raf. 

Scandix  L. 

Sph  a  lie  roc  a  rp  us  DC. 

Tingiiarra  Pari. 
To  da roa Pari. k 

No.  of 

species 

9».< 

5b 

1 

34' 

3-  - 1 5 

1 

I 

1 

1 

2" 

5-2( ) 

1 

2' 

I 

Distriltution  (center) 

Kurasia/Alrica  (NE  Mediterranean/Caucasus) 

Kurope/N  Africa  (Italy  and  Balkans) 
SW  Mediterranean 

Knrasia/N  Alrica/N  America  (Mediterranean/Caucasus) 

Kurope/N  Africa  (W  Mediterranean) 

NK  Mediterranean  (Balkans! 

I  ran o- Turanian 

Central  Asia 
(Central  Kurope 

SK  Europe/W  Asia 
I  ra  no-Tu  ran  i  a  n/H  i  ma  I  ay  a 
Asia/America  (N  America) 

Eurasia/ Africa  (E  Mediterranean) 

East  Asia 
Canaries 
C ,ananes 

a  Spalik  (1997).  b  Rased  on  Tutin  (1968),  but  excluding  A.  macedonica  and  A.  della-cellae.  c  Table  2. d  Silvestre  (1973) 

"  Ball  (1968).  *  Engstrand  (1977).  ■  Pimenov  &  Kljuykov  (1987).  ''  Lowry  &  Jones  (1984).  '  Pimenov  &  Leonov  (1993) 

J  T  cervariifalia  and  T  montana,  excluding  T  sicida  transferred  back  to  Athamanta.  k  Included  based  on  Downie  et  al 
(2000c). 

ot  et  al.,   1980;  Harborne,   1971;  Nielsen,   1971;  different  taxonomic  levels  is  therefore  of  great  im- 

Crowden  et  al.,   1969;  Harborne  et  al.,  1969;  Har-  portanee. 

borne  &  Williams,  1972)  are  homoplastic  vvben  op-  Subtribe    Scandicinae    encompasses    16   genera 

timized  onto  phytogenies  inferred  from  molecular  with   up   to    110  species,  with   7   of  these  genera 

data   (Plunkett   et   al.,    1996;    Katz-Downie   et   al..  monotypic  (Table  1).  Members  of  Scandicinae  are 

1999).  diversified  with  respect  to  habit,  reproductive  strat- 

Contrary  to  those  relationships  implicit  in  tradi-  egy,  and  life  history,  which  makes  them  a  model 

tional  classifications  based  on  morphology,  evolu-  group  to  study  evolutionary  tendencies.  Most  taxa 

tionary  relationships  among  umbellifers  estimated  are  perennial  polycarpic  hemicryptophytes;  Cono- 

on  the  basis  of  various  types  of  molecular  markers  podium,  Kozlovia,  Krasnovia,  Neoconopodium,  and 

are    generally    congruent.    Several    major    lineages 
li 

Geocaryum  are  geophytes;  and  Scandix,  Myrrhoi- 

have  been  identified,  seven  of  which  have  been  for-  des,  and  some  species  of  Anthriscus  and  Chaero- 

mally  recognized  as  tribes  (Downie  et  al.,  2000b).  phyllum  are  annual  therophytes  ("true"  annuals)  or 

One  tribe,  Scandiceae  Spreng.,  is  further  divided  hemicryptophytes  (winter  annuals).  The  most  eco- 

into  three  subtribes:  Scandicinae  Tausch,  Daucinae       logically    diversified    genera    are    Anthriscus    and 

Dumort.,  and  Torilidinae   Dumort.  (Downie  et  al.,  Chaerophyllum,  whose  members  occur  in  both  pri- 

2000a).  Although  most  of  these  lineages  bear  tra-  man   (montane  forests,  meadows,  and  screes)  and 

ditional  tribal  or  subtribal  names,  only  Kchinopho-  secondary  (ruderal)  communities.  Members  of  An- 

reae  and  Scandicinae  are  equivalent  to  those  taxa  thriscus,   Chaerophyllum.  and  Osmorhiza,  although 

that  have  been  long  recognized  under  these  names  each  united  by  a  similar  fruit  morphology  and  anat- 

(Downie  et  al.,  2000a,  c).  Moreover,  it  is  difficult  omy,  differ  in  habit  and,  as  such,  infrageneric  taxa 

to   find    morphological   synapomorphies   defining  for  each  have  been  recognized  (Table  2).  Molecular 
tl lese 

newly    identified    lineages    (Downie    et    al.,  analyses  have  confirmed  that  each  of  these  genera 

2000b).  It  seems  therefore  that  the  task  of  reclas-  is  monophyletic  but  do  not  support  their  infrage- 

sifying  umbellifers,  at  least  at  higher  taxonomic  lev-  neric  divisions  (Downie  et  al..  2000a).  This  sug- 

els,  may  be  accomplished  based  on  molecular  rath-  gests  that,  despite  criticism,  fruit  morphology  may 

er  than  on  traditional  taxonomic  data.  The  latter  be  a  source  of  taxonomically  valuable  characters 

are,  however,  crucial  for  the  circumscription  and  whereas  plant  habit  may  not. 

identification  of  taxa.  Evaluating  the  utility  of  mor- 

phological  markers   for  phylogenetic   inference  al 
In  this  study,  we  evaluate  the  utility  of  morpho- 

I ogi ical     characters     in     delimiting     monophyletic 
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Table  2.  Infrageneric  classification  of  Anthriscus, 

Chaerophyllum,  and  Osmorhiza  tested  in  this  study  using 

molecular  and  morphological  data.  For  brevity,  taxonomic 

authorities  are  omitted  if  they  are  provided  in  Table  3. 

The  source  of  taxonomic  treatment  is  given  in  parentheses 

alter  each  generic  name.  The  treatment  of  C heterophil  I  um 

is  taken  from  Schischkin  (1950b)  with  later  changes.  Se- 
ries names  enclosed   in  quotation   marks  are  not  validly 

Table  2.     Continued. 

&  A 
section  ISudae  Constance  <!(  Shan  ex  Lowrv 

C  Jones 
().  berleroL  O.  depauperata,  ().  purpurea 

Subgenus  Glycosma  (Nutt.)  I) rude 
0.  occidental  is 

'Original    spellings   angelicuefolium    and   horodini  are 
published.    Likewise,    infrageneric   assignments  of  Koso-        contrary  to  Art.  60.8  and  Art.  60. 1 1  of  the  Botanical  Code 

Poljansky    (1916)    are    problematic,    lacking   designated       (Greuter  et  al.,  2000),  respectively. 

types. 

—      groups  within  Scandieeae  subtribe  Scandicinae  in 
light  of  the  results  of  our  recent  molecular  system- 

atic study  of  the  group  using  nuclear  ribosomal 

DIN  A  ITS  sequences  (Downie  et  al.,  2000a).  We  are 

particularly  interested  in  identifying  those  morpho- 

logical characters  that  are  most  useful  in  delimiting 

genera  and  infrageneric  taxa.  Similarly,  we  seek  to 

provide  a  new  circumscription  of  the  subtribe  based 

on  morphology  which  would  permit  identification  of 

members  of  this  clade.  We  also  confirm  the  position 

of  two  monotypic  genera  previously  placed  in  Scan- 

dicinae,  Rhopalosciadium    Rech.   f.   and   Chaero- 

phyllopsis  II.  Boissieu,  that  were  not  available  f< 

Anthriscus  IVrs.  (Spalik,  IW7) 
section  Anthriscus 

A.  caucalis,  A.  cere  folium.  A  tenerrima  Boiss.  & 

Spruner 
section  C oroides  Boiss. 

A,  kotschyi,  A.  ruprechtii  Boiss. 
section  (ucosciudium  (Kchb.)  Neilr. 

A.  lamprocarpa,  A.  nitida,  A.  schmalhausenii,  A. 
sylrestris  |  subsp.  sylrestris,  subsp.  nemorosa. 
subsp.  fumarioides,  subsp.  alpina  (Vill.)  Gremli] 

(  ban  ophxllimi   L.  (Schischkin,   1950b;  Hedge  & 
Lamond,  1972a,  1987;  Czerepanov,  1995) 
Subgenus  Chaerophyllum 

scries  Aromatic  a  Koso-Pol. 
C.  aromaticum.  C.  aureum 

series  llirsuta  Koso-Pol. 
C.  hirsutum 

scries  Hum  ilia  Koso-Pol. 
C.  hum  He  Stev. 

"series  Roseit  Schischk." 
C.  roseum  M.  Bicb.,  C.  rubellum  Albov 

"series  Involucrata  Schischk. " 
C.  astrantiae,  C.  borodinii"  Albov.  C. 
khorassanicum 

"series  1  emu  la  Schischk." 
C.  temulum 

Subgenus  (wolenkinianthe  (Koso-Pol.)  Schischk. 
C  mac  rasper  mum 

Subgenus  iiuniomorpha  Koso-Pol. 
series  Angelic  if olia  Koso-Pol. 

C.  angelic ifoliuma  M.  Bieb.,  C.  confusum  Woron. 
e\  ( irossh.,  ( ..  meyeri 

series  Crinita  Koso-Pol. 
C.  crinitum 

scries  liulhosa  Koso-Pol. 
C,  bulbosum 

Species  not  considered  by  Schischkin  (1950b): 
C.  uflanticum,  C.  azoricum,  C.  byzantinum.  C. 
eoloratum  L.,  C.  creticum  Boiss.  &  Heldr.,  C. 
elegans,  (V.  hakkiaricum  Hedge  cK   Lamond,  C. 
heldreichii  Orph.  ex  Boiss.,  C.  leucolaenum 
Boiss.,  C.  lihunoticum.  C.  macropodum.  C. 
magellense,  C.  nivale  Hedge  &  Lamond,  C. 

procutnbens%  (',.  reflexum  Lindl.,  C.  tairUurieri, C.  rillarsii.  C.  rillosum  DC. 

Osmorhiza  Kaf.  (Lowry  &  Jones,  1 984) 
Subgenus  Osmorhiza 

section  Osmorhiza 

().  aristata,  0.  claytonii,  ().  longistylis 
section  Mexicanae  Constance  &  Shan  ex  Lowry 
&  A.  (,.  Jones 

0.  mexicanu  [subsp.  me.xicana,  subsp. 
bipatriata\.  ().  brachypoda,  0.  glabra  la  Phil. 

e  ior 
our  earlier  ITS  study  due  to  a   lack  of  sufficient 
material. 

Materials  and  Mkiiiods 

TAXON  SAMPLING 

The  taxa  examined  were  chosen  to  achieve  near- 

ly complete  overlap)  between  morphological  and  ITS 

data  matrices.  In  total,  91  taxa  were  analyzed,  with 

89  taxa  included  in  both  matrices.  The  ingroup,  or 

subtribe  Scandicinae,  was  represented  by  58  ac- 

cessions belonging  to  15  genera.  The  monotypic  7b- 

daroa  was  not  included  as  its  affinity  to  Scandici- 

nae has  only  recently  been  confirmed  (Downie  et 

al.,  2000c).  Anthriscus,  Chaerophyllum,  and  Os- 
morhiza were  broadly  sampled  in  order  to  verify 

their  infrageneric  divisions.  Sub  tribes  Daucinae 

and  Torilidinae,  forming  close  outgroups,  were  rep- 

resented by  six  and  three  species,  respectively.  Ad- 

ditional outgroups  represented  other  major  lineages 

of  umbellifers  or  encompassed  taxa  that  had  been 

previously  excluded  from  Scandicinae  based  on 

molecular  data,  i.e.,  Grammosciadium\  Rhahdoscia- 

dium,  and  Ruhon.  The  genus  Ruhon,  formerly  rec- 

ognized in  Athamanta,  was  recently  reinstated 

(Downie  et  al.,  2000a).  Two  species  included  in  the 

morphological  analysis,  Rhopalosciadium  stereoca- 

lyx  Rech.  f.  and  Chaerophyllopsis  huaui  H.  Bois- 

sieu, were  not  sampled  in  our  ITS  study  (Downie4 
et  al.,  2000a).  The  first  species  is  known  only  from 

the  type  gathering,  and  we  have  not  found  any  good 

quality  material  of  the  second  one. 
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MOLECULAR  DATA  ated,    saving   only    five    shortest    trees    from    each 

search.  These  trees  were  then  used  as  starting  Irees 

We  considered  89  of  the  134  accessions  from  our  for  -RR  bmnch  swapping  Tne  search  was  stopped 
prior  study  (Downie  et  al.,  2000a;  Table  3),  with  no  when  |he  number  of  trees  reached  the  memory  limit 
additional  sequencing  of  the  ITS  region  undertaken  of  ]6{m  The  strict  consensus  tree  was  used  as  a 

as  part  of  this  study.  Initially,  ITS1  and  1TS2  se-  topo[ogical  constraint  in  a  subsequent  search  using 
quences  were  aligned  using  the  program  CLUSTAL  (he   inverse  constrajnl   method   of  Catalan   et  al. 
V   (Higgins  et  al.,   1992)  and   manually  adjusted  ̂ 997).  Thjs  time,  1000  heuristic  searche 
where  necessary.  The  sequences  of  the  intervening  tiate(J  saying  ()nly  thoge  treeg  |hat  (|i()  not  (i,  the 
5.8S  subunit  were  not  included  as  they  were  in-  constraint  tree  (no  more  than  two  trees  per  replicate 
complete  for  several  taxa  and  those  that  were  avail-  wefe  sayed)    Because  al]  trees  foum]  were  longer 

s  were  un- 

able were  not  variable  enough  to  justify  their  in- 

clusion    or     additional     sequencing.     GenBank 
than  those  most  parsimonious,  this  then  suggested 

that  the  strict  consensus  tree  summarizes  all  pos- 

accession  numbers  of  separate  ITS1  and  ITS2  se-       gible  topoi()^es  0f  trees  at  that  length,  even  though 
quences  are  provided  in  Table  3.  The  aligned  ma-       their  exact  number  is  not  known. 
trix  is  available  upon  request  from  either  author.  Distance  trees  were  obtained  from  neighbor-join- 

MORPHOLOGICAL  DATA ing  analyses  using  PAUP*  4.0,  estimated  using  Ki- 

mura's    (1980)    two-    and    three-parameter,   Jukes- 
TT     ,      .              4     .   ,              i,   •       i  f         .i      r  i  Cantor,      and      maximum      likelihood      distance 
Herbarium  material  was  obtained  from  the  tol-  T,       .    .              ,                    i                        r 

,      .         .       .      .           u     ur     UM     tr     II  i      vu\  measures.  Heuristic  searches  using  the  criterion  ol 
lowing    institutions:    H,    HC,    BM,    E,    IM-,    KKA,  °   . 
KRAM,  L,  MO,  P,  W,  WA  (abbreviations  according 

minimum   evolution    were   also   carried    out   using 

IT   !  '     '  ,*    i9nnn\   c  a     »c     *•  neighbor-joining   trees   and   a    variety   of  distance 
to  Holmgren  et  al.,  1990).  Specimen  identifications  h  j  &  / 

r   j      •  ii  a  ,  ;™™~.  ,„.  measures.  Bootstrap  analyses  were  performed  using were  verified  using  several  keys,  the  most  important  ■    ,    ,  •  .     ™  i CJ  l/\/\  _   1    _*    .    1  ̂ J.^.*.-  *-,-"_*,-.  w.rilU  kl     1  lw__-l  tT-__i__i£_'  t    __  »  r 

>
/
 

100  resampled  data  sets,  with  50  best  trees  per 

rr*    i       <r\     •      i n7o\    lv         j       •       iw    i.-.  ~.  „i         replicate  saved. 
Turkey  (Davis,  1972),  Hora  Iranica  (Hedge  et  al.,  t- 

yfthe  USSR  (Schischkin,  1950a). Morphological   data   were   analyzed    using   botl 
l^O*/,     ClIlV-     1     M/#  I*    KJJ     KH,      _/*_*»__  1.     V-^^.__-Jv,_x.__._,     _.^  ,._-**,. 

--       _-                      n          i  •              i    A    .i    •           ti  _•  maximum  parsimony  and  distance  methods  avail- 
\oy  (reocarvum,    Osmorhiza,   and  Anthriscus,   their  \               J 

J      .  .                           wf       *     «  i     low.  able  in  PAUP*  4.0.  For  the  maximum  parsimony respective  revisions  were  used  (Engstrand,   1977;  i_iitipau<s 
Lowry  &  Jones,  1984;  Spalik,  1997). analysis,  TBR  branch  swapping,  with  MULPARS 

Z/  .    /    •     ,       ,  •     '  xaa   \\  __«_#_.      and   STEEPEST   DESCENT,   was  employed.    One The  morphological  matrix  comprised  44  discrete  '  .   .  .       j 
.  .      i     ,.        oa   i  •  o         u:  f.*„    ,„l       hundred  heuristic  searches  were  initiated,  saving 

characters,  including  24  binary,  9  multistate  and  --, 
,        ,  ,   ,-        i-      i  /a  r         i        jo\        on  y   five   shortest   trees  from  each   search.    Inese 

unordered,  and    II  ordinal  (Appendices  1  and  2).       u  v  . 
..      ,           ,     !        i       i     +i            u         *        »i    »  trees  were  used  as  starting  trees  tor   I  BK  branch As  ordinal  we  declared  only  those  characters  that  ,                       .          i      i         _i 

,                ,.            ,          ,        i  /•        .i          .i    .     •  swapping.    Ihe   search   was   terminated   when   the 
can  be  unambiguously  ordered  (i.e.,  those  that  ei-  ,  r        L_j    *u„      „    i;™;i    -I 
ther  coded  measurements  or,  for  three-state  char- 

acters, those  in  which  one  state  was  apparently  in- 

termediate between  the  other  two).  Chosen 

characters  represented  life  history  and  vegetative 

morphology  (1-6),  bract  and  braeteole  morphology 

number  of  trees  reached  the  memory  limit  of 

16,000.  Distance  trees  were  constructed  using 

neighbor-joining  and  minimum  evolution  methods 

using  mean  and  total  character  differences. 

In   the  analysis  of  the  combined   ITS  and   mor- 

,n    ion     -a  u-*     .  ha    on\     fl»r,1       phological  data  set,  vvc  included  morphological  data 
(7-13),    inflorescence    architecture    (14-zO).    floral       r       .  ,         7       •     ,.  7  i    ri  i    j 

(27-4-4) 
for  Rhopalosciadium  stereocalyx  and   Chaerophyl- 

^t                      i            i  •                i              ,   •    ,•       ,„_.-_.  /op.s/.s  ftuazu.    Because  these  species  were  not   m- 
Character   polymorphisms   and    uncertainties  were  /                                                        f     . 
,.    .           ii-       a      ̂ a"               **ii"        i;««  .n  cuded  in  our  prior  study  (Downie  et  al.,  ZOOOa), 
distinguished  using  the    ()    versus     {}     coding  op-        *            >\    

tions  available  in  PAUP*  4.0  (Swofford,  1998). 

i>hylo<;knktm:  analysks 

ITS  data  were  not  available  and  therefore  these 

characters  were  scored  as  missing.  For  parsimony 

analysis,  the  search  strategy  was  the  same  as  for 

the  separate  analysis  of  ITS  data.  Distance  methods 

For   maximum    parsimony    analysis   of   ITS    se-       comprised  neighbor-joining  and  minimum  evolution 

quences,  gaps   were   treated   as   missing  data  and       with  mean  and  total  character  differences  selected. 

character  states  were  assumed  unordered.  Heuristic 

searches,  implemented  using  PAUP*  4.0,  employed       EVOLUTION  OF  MORPHOLOGICAL  CHAHXCTKRS 
tree  bisection-reconnection  (TBR)  branch  swapping 

with  options  MULPARS  and  STEEPEST  DESCENT  To  evaluate  the  utility  of  morphological  charac- 

selected.  To  locate  possible  islands  of  most  parsi-       ters  in  delimiting  monophyletic  groups  and  to  as- 

monious  trees,   100  heuristic  searches  were  initi-       sess  the  degree  of  homoplasy  in  these  characters, 
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Table  4.     Sequence  characteristics  of  the  two  nuclear  rDNA  internal  transcribed  spacers,  separately  and  combined. 

for  89  representatives  of  Apiaceae  subfamily  Apioideae  including  58  accessions  of  Scandiceae  subtribe  Scandicinae. 

Sequence  characteristic 

Nucleotide  sites 

Spacer  length  variation  (bp) 

No.  of  total  aligned  positions 

No.  (and  %)  of  aligned  positions  ambiguous 

No.  (and  %)  of  aligned  positions  constant 

No.  (and  %)  of  aligned  positions  autapomorphic 

No.  (and  %)  of  aligned  positions  parsimony  informative 

Sequence  divergence  (mean  and  range  in  %) 
All  accessions 

Subtribe  Scandicinae  only 

ITS  l 

206-221 
249 

10(4) 

64  (26) 

30  (12) 
145  (58) 

18.4  (0-32.8) 

11.8(0-22.9) 

ITS2 

203-229 

243 

6(2) 

41  (17) 

33  (14) 
163  (67) 

19.4  (0-37.3) 

12.5  (0-23.1) 

ITS1  &  1TS2 

12 1  -444 

492 

16  (3) 

105  (21) 
63  (13) 

308  (63) 

19.0  (0-33.6) 

12.2  (0-22.0) 

we    optimized    them    onto    all    ITS-derived    trees  16,000  minimal  length  trees,  each  1746  steps  long, 

(whether  maximum   parsimony  or  distance)   using  with  consistency  indices  of  0.404  and  0.376  (with 

MacClade  3.07  (Maddison  &  Maddison,  1992).  The  and  without  uninformative  characters,  respectively), 

tree  that  best  explained  the  variation  in  morphology  and  a  retention  index  of  0.748.  Despite  the  high 

was  used  to  infer  the  number  of  evolutionary  steps  number  of  trees,  the  strict  consensus  tree  is  well 

and  consistency  (CI),  retention  (Rl),  and  rescaled  resolved  (Fig.   1).  At  the  suprageneric  level,  mosl 

consistency  (RC)   indices  of  these  characters.  To  branches  are  supported  by  high  bootstrap  values, 

identify  those  characters  that  are  most  useful  for  The  neighbor-joining  tree,  calculated  using  Jukes- 
the  definition  of  formally  recognized  taxa,  and  of  Cantor  distance  (Fig.  2),  is  similar  to  the  parsimony 

genera  in  particular,  we  considered  character  state  strict  consensus  tree  with  few  notable  differences 

changes  on  the  strict  consensus  tree  resulting  from  (discussed  below).  Trees  of  nearly  identical  topol- 

parsimony  analysis  of  the  combined  data  set. 

Results 

SEQUENCE  ANALYSIS 

ogy  were  obtained  using  other  distance  measures 

(not  shown). 

All  resultant  parsimony  and  distance  trees  were 

generally    congruent    to    those    obtained    using    a 

broader  sampling  of  Scandicinae  and  outgroup  taxa 

Due  to  the  exclusion  of  some  Scandicinae  and       (Downie  et  al.,  2000a);  the  few  differences  observed 

outgroup  taxa,   the  length  of  the  aligned   ITS  se-       comprise    minor   rearrangements   of  some   weakly 
quences  was  shorter  and  the  number  of  ambiguous       supported  clades.  All  major  groups  are  similar  to 

sites  lower  than  those  values  presented  in  our  ear-  those  obtained  previously  and  include  four  tribes 
Her  study  (Downie  et  al..  2000a).  In  this  analysis  (Scandiceae,  Smyrnieae  Spreng.,  Oenantheae  Du- 
of  89  taxa,  the  aligned  matrix  had  492  characters,  mort^  an(j  Heteromorpheae  M.  F.  Watson  &  S.  K. 

representing  249  positions  from  ITS1  and  243  po-  Downie)  and  the  "apioid  superclade"  (Downie  et 
sitions  from  ITS2.  The  alignment  of  10  positions  in  ai  ̂   2000b).  Scandiceae  are  supported  as  monophy- 
ITS1  and  6  positions  in  ITS2  were  ambiguous,  so  letic  (wit^  bootstrap  values  of  93%  and  95%,  in  the 
these  regions  were  excluded  from  the  analysis.  The  neighbor-joining  and  parsimony  analyses,  respec- 

numbers   of  constant,   autapomorphic,   and   parsi-  tfvely)   ancJ   include   three   lineages   equivalent    to 
mony-informative  positions  were  similar  for  both  subtribes  Scandicinae,  Daucinae,  and  Torilidinae 
spacers  (Table  4),  and  the  ratio  of  terminal  taxa  (89)  ̂ Figs    j    2).  Within  Scandicinae,  several  additional 
to  informative  characters  across  both  spacers  (308)  dades  are  distinguished,  corresponding  to  approx- 
was  1:3.5.  Mean  sequence  divergence  values  were  imate  generic  aml  jnfrageneric  categories  (these  in- 
also  similar  for  both  spacers  (18.4  and  19.4%  for  formaj  groupg  are  identified  by  double  quotes  in  all 
1TS1  and  ITS2,  respectively),  reaching  a  maximum  ^  figure§  presented  herein). 
of  33.6%  pairwise  sequence  divergence  for  com-  g^  tQ  ̂   Q^r  Scam]icinae  is  a  da(le  com. 
bined  ITS1  and  ITS2  data.  prising  f()ur  ̂ ^  Athamanta,  Tmguarra,  Cono- 

podium,  and  the  monotypic  Balansaea  (which  was 
PHYLOGENETIC  ANALYSIS  OF  ITS  DATA  synonymized    with    Conopodium    by    Engstrand, 

Maximum  parsimony  analysis  of  all  476  unam-  1973;  Figs.  1,  2).  Two  species  formerly  recognized 

biguously  aligned  positions  resulted  in  more  than  in  Athamanta — A.   macedonica   and  A.   della-cel- 
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lae — are  excluded  from  this  elade.  The  former  is       other  Osmorhiza  species.  The  two  remaining  mem- 
now  treated  as  Bubon  macedonicum,  whereas  the       hers  of  section  Osmorhiza  (0.  claytonii  and  0.  Ion- 
latter    shows    a    close    relationship    with    Daucus  gist yl is)  form  the  next  branch,  denoted  as  the  0. 

(I)ownie  et  al.,  2000a).  The  monophvlv  of  the  elade  claytonii  group.  The  0.   berteroi  group  comprises 
formed  by  these  four  genera  is  strongly  supported  most  of  the  species,  including  0.  occidentalism  the 

(with   100%  bootstrap  values);  however,  the  phylo-  sole  member  of  subgenus  Glycosma.  This  species, 
genetic  relationships  among  its  members  are  some-  clearly  distinct  from  other  members  of  the  genus 

with  respect  to  its  leaf  division,  flower  color,  and 

each   monophyletic  and   form  a  weakly  supported  fruit  morphology,  is  allied  with  0.  depauperata,  al- 
clade  (denoted  as  the  Athamanta  group)  according  though  with  moderate  bootstrap  support  (54%  and 

to  the  neighbor-joining  analysis  (Fig.  2),  but   this  68%,  in  distance  and  parsimony  analyses,  res  pec - 
relationship  is  not  supported  by  maximum  parsi-  tively). 

what    ambiguous.   Athamanta    and    Tinguarra    are 

mony  (Fig.  I).  The  Conopodium  group  (i.e.,  encom- The  monotypic  Myrrhis  from  Central  Europe  is 

passing  representatives  of  Conopodium  sensu  Engs-      sister  to  East  Mediterranean  Geocaryum,  although 
trand,  1073)  is  not  monophyletic. this   relationship   is   not   at  all   supported   by   high 

PHYLOGKNKTIC  ANALYSIS  OF  MORPHOLOGICAL 
DATA 

Parsimony  analysis  of  morphological  data  result- 

Within    Scandicinae    proper,    Sphalleroearpus  bootstrap  values.  The  Kozlovia  group  is  better  sup- 
forms  an  isolated  branch  and  is  variously  placed  in  ported  (54%  and  71%  bootstrap  values  for  distance 
Figures  1  and  2.   The  Chaerophyllum  group  is  well  and    parsimony    trees,    respectively)   and    includes 
supported   and  also   includes  the   monotypic  Myr-  four  Asiatic  taxa:  Irano-Turanian  Kozlovia,  Central 
rhoides,  although  in  some  distance  and  maximum  Asiatic  Krasnovia,  and  both  species  of  Himalayan 
parsimony  trees  (not  shown)  Myrrhoides  is  sister  to  Neoconopodium. 
Chaerophyllum.    Those    members    examined    from 
Chaerophyllum    form   three  suhclades,   denoted   as 

the    C.    oureunu    C.    hirsutum,    and    C.    temulum 

groups.  These  groups  do  not  match  the  subgenera 
traditionally   recognized   in   Chaerophyllum   (Table 

2),  since  the  C.  aureum  elade  includes  rcpresen-  ed   in  9516  trees,  each  of  length  427  steps,  and 
tatives  of  subgenera  Chaerophyllum.  Golenkinian-  consistency   and    retention    indices   of  0.183   and 
the,  and  Buniomorpha,  whereas  members  of  the  C.  0.699,  respectively.  Resolution  of  its  consensus  tree 
hirsutum  and  C.  temulum  clades  are  classified  in  (not    shown)    is    poor.   Anthriscus,    Chaerophyllum. 
subgenus  Chaerophyllum.  Of  the  nine  series  distin-  Geocaryum,  Osmorhiza,  Myrrhis,  Myrrhoides,  Scan- 

guished      within      Chaerophyllum      (Schisehkin,  dix,  and  the  Kozlovia  group  formed  a  single1  polv- 
1950b),  five  are  monotypic.  Of  the  remaining  four,  tomous  elade,  with  only  Scandix  retained  as  mono- 

two   series,   "Involucrata"   and   '"Aromatica"  were  phyletic.  Neighbor-joining  trees  (not  shown)  showed 
each    represented    in    our   study    by    two    species.  a  similar  pattern  in  which  the  same  genera  were 
These1  series  are4  not  supported  by  ITS  elata. 

Seven  genera  of  Scandicinae  be-long  te>  a  "crown"  not  maintained.  The  tree-  obtained  using  total  char- 
clade  highly  supported   in  both   lives  (Figs.    L,  2)  acter  differences  and   minimum  evolution  (Fig.  3) 
that  is  sister  to  Scandix.  The  relationships  among  was  most  congruent  with  those  trees  inferred  from 

the-  members  e>f  this  terminal  elade,  however,  are  ITS  sequences.  However,  in  this  minimum  evolu- 
ambiguous.    Anthriscus    and    Osmorhiza    are    each  tion  tree,  neither  Scandiceae  nor  any  of  its  three 
monophyletic,  although  bootstrap  values  supporting  subtribes  are  retained  as  monophyletic?.  The  major- 
the  Anthriscus  elade  are  le*ss  than  50%.  The  infra-  ity  of  Scandicinae  form  a  elade  that  is  sister  te>  a 
generic   classification   of  Anthriscus   is  only   partly  group  comprising  representatives  of  Daucinae  and 
supported,  as  section  Anthriscus,  represented  by  A.  Torilidinae  (the  latter  nested  within  the  former),  the 
caucalis  and  A.  cerefolium,  is  not  monophyletic.  All  Athamanta   group,   the   former  members  of  Atha- 
included  members  of  section  Cacosciadium  (Rchb.)  mania  (Bubon  macedonicum  and  A.  de/la-cellae). 
Neilr.  form  a  elade  (Figs.   1,  2).  Interestingly,  Lev-  and  Echinophora  tenuifolia.    In   the   ITS  analyses, 
antine /4.  lamprocarpa,  represented  by  an  accession  Bubon    macedonicum    and    Echinophora   tenuifolia 
from  Jordan,  is  grouped  with  European  A.  syivestris  are  placed  in  the  apioiel  superclaele  (Figs.   1,  2). 
subsp.  syivestris,  sampled  from  Russia,  and  not  with  Three  genera  of  Scandiceae  subtribe  Scandicinae 

the  parapatric  A.  syivestris  subsp.  nemorosa,   rep-  (Sphalleroearpus,  Conopodium,  and  Balansaea)*  as 
resented  in  this  study  by  an  accession  from  Turkey.  circumscribed  on  the  basis  e>f  molecular  data,  fall 

Osmorhiza  includes  three  lineages,  with  O.  aristata,  outsiele  of  the  tribe'  when  only  morphology  is  e  on- 
the  only  Asiatic  member  of  the  genus,  sister  te>  all  sielered.  Sphalleroearpus   is  placed  close  te>  Smyr- 

groupeel  together,  but  the'  monophyly  e>f  some  was 
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nium,  the  latter  a  representative  of  tribe  Smyrnieae  el  taxon  Chaerophyilopsis  is  placed  outside  of  Scan- 
that  in  the  distance  analyses  of  ITS  data  is  sister  diceae  and  is  sister  to  Apium. 

to  Scandiceae.  Conopodium  and  Balansaea  form  a 

separate  clade  with  no  near  relatives.  The  close  re- 
lationship between  the  Ath  a  mania  and  Conopodium 

groups,  as  indicated  by  the  molecular  analyses,  is 

not  at  all  apparent. 

KVOIJJTION  OF  MORPHOLOGICAL  CHARACTERS 

01  all  the  trees  inferred  from  ITS  data,  the  neigh- 

bor-joining trees  obtained  using  Jukes-Cantor  dis- 
Two  species  traditionally  placed  in  Scandicinae  tance  or  total  and  mean  character  differences  best 

that  were  not  included  in  our  earlier  molecular  explained  the  morphological  variation.  Their 

analyses  (Downie  et  al.,  2000a),  Rhopalosciadium  lengths,  as  estimated  using  only  morphological 

stereocalyx  and  Chaerophyilopsis  huairi,  are  also  data,  were  each  547  steps  (with  CI  of  0.143  and 

placed  outside  of  the  subtribe.  The  first  is  sister  to  RI  of  0.588).  When  morphological  characters  were 

the  clade  of  Torilis,  Chaetosciadium,  and  Pseudor-  mapped  onto  the  neighbor-joining  trees  obtained 

laya,  all  members  of  Scandiceae  subtribes  Torili-  using  Kimuras  two-  and  three-parameter  and  1a- 

dinae  and  Daucinae  (Fig.  3),  whereas  the  second  is  jima-Nei  distances,  548  steps  were  required:  map- 
sister  to  Petroselinum,  with  this  clade  placed  within       ping  these  characters  onto  the  maximum  parsimony 

the  apioid  superclade. trees  required  from  549  to  572  steps.  Not  surpris- 

Phylogenetic  analysis  of  morphological  data  (Fig.  ingly,  the  tree  inferred  from  analysis  of  combined 

3)  shows  that  all  genera  of  Scandicinae  are  mono-  ITS  and   morphological  data  better  explained  the 

phyletic.  However,  many  of  the  subclades  identified  variation  in  morphological  characters  than  any  of 

within  Anthriscus,   Chaerophyllum,  and  Osmorhiza  the  trees  inferred  from  ITS  data  alone.  Mere,  upon 

on  the  basis  of  ITS  data  (Figs.   I,  2)  are  not  sup-  the  removal  of  Chaerophyilopsis  and  Rhopaloscia- 

ported  upon  consideration  of  morphology.  The  only  dium,  with  no  molecular  data  available  for  either, 

exception  is  the  C.   hirsutum  group.   None  of  the  only  501  steps  were  required  (with  CI  of  0.156  and 

clades   occurring   within    Chaerophyllum    coincide  RI  of  0.629). 

with    the    subgenera    recognized    by    Schischkin The  number  of  steps  and  consistency,  retention. 

(1950b).  In  Anthriscus,  neither  section  Cacoscia-  and  rescaled  consistency  indices  of  morphological 

dium  nor  section  Anthriscus  (including  A.  caucalis  characters  estimated  on  the  Jukes-Cantor/neighbor- 
and  A.  cerefolium)  are  monophyletic.  In  Osmorhiza,  joining  tree  inferred  from  ITS  data  are  presented  in 

morphology  supports  the  isolated  position  of  0.  or-  Table  5.  Most  rescaled  consistency  index  values  are 

cidentalis  (subg.  Glycosma)  and  the  monophyly  of  lower  than  0.2,  with  only  six  characters  having  a 

(he  subgenus  and  section  Osmorhiza.  All  species  value  greater  than  0.3.  These  six  characters  all  rep- 
retained  in  Athamanta  by  Downie  el  al.  (2000a)  are  resent  fruit  morphology,  and  include  the  presence/ 

grouped  together  and  placed  close  to  Tinguarra;  absence  of  a  pedicel-like  appendage  (character  no. 
however,  this  clade  also  encompasses  the  former  32,  Appendix  1),  the  shape  of  the  primary  ridge 

members  of  Athamanta  (i.e.,  Bubon  macedonicum  (35),    the    presence/absence    of    secondary    ridges 

and  A.  della-cellae). 

phylo<;enktk:  analysis  ok  combimkd  data 

Maximum  parsimony  analysis  of  combined   ITS 

and  morphological  data  resulted  in  544  trees,  each 

(38).  the  appearance  (42)  and  texture  (43)  of  the 
cuticle,  and  the  color  of  the  epidermis  (44).  Among 

the  most  homoplastic  characters  are  reproductive 

strategy  (1)  and  leaf  division  (3).  We  point  out  here 

that  these  two  characters  are  often  diagnostic  at 

infrageneric  levels. 
Those  1  1  characters  that  are  most  useful  for  de- of  length  2272  steps,  consistency  indices  of  0.345 

and  0.321   (with  and   without   uninformative  char-  limiting  certain  lineages  were  mapped  onto  the  con- 
acters,  respectively),  and  retention  index  of  0.717.  sensus  tree  obtained  from  the  analysis  of  combined 

The  topology  of  their  strict  consensus  tree  (Fig.  4)  data  (Fig.  4).  To  facilitate  mapping,  the  coding  of 

is  similar  to  that  obtained  using  only  molecular  data  three  ordinal  characters  was  simplified:  states  "in- 

(Fig.   1);  notable  differences  include  the  positions  cised"  and  "pinnate"  in  character  10  for  bracteoles, 

of  Geoearyum  and  Myrrhis,  and  of  Balansaea  and  states  "reduced"  and  "absent"  in  character  21   for 

Conopodium  (the  Conopodium  clade).  In  Figures  1  sepal  presence,  and  states  "obsolete"  and  "short" 
and    2,    Geoearyum    and   Myrrhis    are   sister   taxa,  in  character  34  for  beak   length   were  each  com- 

whereas  in  Figure  4  Geoearyum  is  sister  to  the  Ko-  bined.  The  polymorphism  exhibited  in  character  36 
zlovia  group  while  Myrrhis  is  sister  to  Osmorhiza.  for  primary    ridge    indumentum   was  scored   as   an 

The    new    addition    Rhopalosciadium    is    sister   to  additional    state.    Based    on    morphology,    neither 

Chaetosciadium  (Torilidinae),  while  the  second  nov-  Scandiceae  nor  any  of  its  three  subtribes  can  be 
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Figure  1.  Strict  consensus  of  1(>,(KM)  minimal  length  1746-step  trees  derived  from  equally  weighted  maximum 

parsimony  analysis  of  89  nuclear  rl)NA  ITS  sequences  from  Scandiceae  suhtrihe  Scandicinae  and  outgroups  (CI  ex- 

cluding lin informative  characters  =  0.376;  Kl  =  0.748).  Bootstrap  values  are  indicated  along  respective  nodes.  Com- 
plete taxon  names  including  ranks  of  infraspecific  taxa  are  provided  in   Table  3.  Bolder  brackets  at  far  right  indicate 
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unambiguously  defined.  Most  genera  of  Scandici-  not  shown  on  the  tree)  with  a  predominantly  lateral 

nae  have  reduced  sepals,  and  several  genera  are  position  of  umbels  (16,  not  shown);  however,  these 

also  characterized  by  an  areolate  fruit  epidermis  character  states  are  highly  homoplastic  and  are  also 

with  a  shiny  aculeate  cuticle.  Secondary  ridges  ap-  characteristic  for  Myrrhoides  nodosa.  There  is  no 

pear  twice,  in  Daucinae  and  in  Torilidinae  (Fig.  4);  single  character  state  that  separates  the  C.  aureum 

alternatively,  they  were  gained  in  the  common  an-  group  from  the  other  members  of  Chaerophyllum. 

cestor    of   Scandiceae    and    subsequently    lost    in 

Scandicinae  (not  shown).  The  genera  of  Scandici-  DISCUSSION 

nae  are  usually  well  delimited  although  sometimes 

only  on  a  set  of  homoplastic  characters  that  may 

include   plesiomorphies.    For  instance,   the  Atha- 

manta    group,    which    includes    representatives   of  Our  study  confirms  that  morphology  is  of  limited 

Athamanta  and  Tinguarra,  is  well  separated  from  value  for  estimating  phylogenetic  relationships  in 

its   sister  Conopodium  group,   but  only   by   those  Apioideae,  at  least  at  higher  taxonomic  levels.  Such 

characters  that  have  evolved  in  the  latter  (e.g.,  re-  a  conclusion  is  not  surprising  given  the  common 

duced  sepals,  no  primary  ridge  indumentum,  and  dissatisfaction   among   botanists  with   diagnostic 

globose  tubers).  Chaerophyllum  may  be  defined  by  characters    used    in    the    taxonomy   of  umbellifers 

its  broad  rounded  primary  ribs;  this  character  state  (e.g.,   Heywood,   1971,   1982).   Katz-Downie  et  al. 

is,  however,  homoplastic  since  it  also  appears  in  (1999)  showed  that  cotyledon  shape,  pollen  mor- 

three  species  of  Scandix  and  in  Carum  and  Gram-  phology,  and  stomata  types  that  had  been  evoked 

mosciadium,  the  last  two  genera  now  placed  in  the  to  support  the  classification  system  of  Cerceau-Lar- 

apioid  superclade,  although  Grammosciadium  was  rival  (1962,  1963,  1965;  also  Guyot,  1971;  Guyot 

once  recognized   in   Scandiceae  and   regarded  as  et  al.,    1980)   do   not  separate  major  lineages   in 

Apioideae    identified    using    molecular    data.    Our 

top  of  fruit  but  obsolete  below  and  deprived  of  dis-  analyses  indicate  that  those  commonly  used  mor- 

tinct  indumentum  unambiguously  delimit  Anthris-  phological    markers   related   to   habit,   life  history 

cus.   A  unique  feature  of  Osmorhiza  is  a  pedicel-  strategy,  and  reproductive  traits  are  also  highly  ho- 

like  fruit  appendage  which  is,  however,  lost  in  0.  moplastic.  These  characters  are  all  subject  to  strong 

selective  pressures;  hence  different  lineages  may 

Scandix,  which  is  also  characterized  by  incised  or  have  reached  similar  adaptive  peaks.  Bell  (1971) 

pinnate  bracteoles.  Similar  bracteole  types  also  oc-  pointed  out  that  the  inflorescence  architecture  and 

cur  in  Daucus,  Pseudorlaya,  and  Grammosciadium.  floral  morphology  of  umbellifers,  generally  consid- 

Apart  from  the  Conopodium  group,  globose  tubers  ered  unspecialized,  may  in  fact  constitute  adapta- 

also  characterize  the  Kozlovia  group  and   Geocar-  tions  to  a  specific  set  of  pollinators,  while  Webb 

yum;  outside  Scandicinae,  they  are  found  in  Bun-  (1981)  discussed  the  adaptive  significance  of  an- 

ium  (and  several  other  taxa  not  considered  in  this  dromonoecy  and  protandry.  Jury  (1986)  underlined 

closely  related  to  Chaerophyllum.  Ribs  angular  al 

occidentalis.    A    long   beak   is   synapomorphic   for 

study). similarities  in  habit,  inflorescence,  and  floral  traits 

Generally,  we  have  not  found  any  unambiguous  of  annual  members  of  Caucalideae  (i.e.,  subtribes 

character  that  would  define  subclades  in  Anthriscus,  Torilidinae  and  Daucinae,  in  part).  Another  exam- 

Chaerophyllum,    and   Osmorhiza,    although   section  pic   of  the   close  connection   between   morphology 

Cacosciadium  and  the  C.  hirsutum  group  each  unite  and    ecology    is    the    diversification    of  Anthriscus 

species   that   are   so   morphologically   similar  that  (Spalik,  1996,  1997),  which  fits  to  Grime's  (1988) 
h  is  sometimes  treated  as  a  single  polymorphic  model    of   three    primary    ecological    factors,    i.e., eacn 

species.  Members  of  the  C.  hirsutum  group  are  stress,  competition,  and  disturbance,  with  the  re- 

characterized by  ciliate  petals  (character  no.  24);  spective  strategies  being  stress  resistant,  compcti- 

however,  single  hairs  at  petal  margins  also  occur  in  tive,  and  ruderal.  Different  fruit  outgrowths  such  as 

C.  crinitum  and  are  characteristic  for  Osmorhiza  wings,  spines,  hairs,  etc.,  are  usually  explained  by 

and  some  members  of  the  Athamanta  group.  The  different  strategies  of  fruit  dispersal.  For  example, 

C.  temulum  group  includes  monocarpic  species  (1,  it  has  been  suggested  that  in  heterocarpic  members 

tribal  and  subtribal  divisions  identified  by  Downie  et  al.  (2000a,  b).  Subclades  identified  in  Scandicinae  are  also 

bracketed  and  are  further  described  in  the  text.  Names  of  informal  groups  are  enclosed  with  double  quotes  to  distinguish 

them  from  formally  recognized  taxa. 
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Neighbor-joining  tree  inferred  from  8<)  nuclear  rl)NA  ITS  sequences  from  Scandiceae  suhtribe  Scandi- 
cinae  and  outgroups.  Branch  lengths  arc  proportional  to  distances  estimated  from  the  Jukes-Cantor  method  (note  scale 
bar).  Numbers  denote  bootstrap  values  lor  particular  nodes;  only  those  >  5()c/(  are  indicated.  Complete  taxon  names 
are  provided  in  Table  l\.  All  bracketed  groups  correspond  to  Figure  I. 
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of  subtribes  Torilidinae  and  Daucinae,  spiny  fruits  oxalate  crystals  in  the  aerenchymatic  tissue  sur- 

are  adapted  for  long-distance  dispersal  while  naked  rounding   the  carpophore.    He   placed   in   subtribe 

ones   are   to   maintain   the   local    population   (Jury,  Scandicinae  those  members  of  the  tribe  having  ob- 

1986).  Similar  heterocarpy  has  been  independently  long  fruits  with  no  secondary  ridges.  However,  sev- 

acquired   in   Scandix  australis   and   S.    turgida    in  eral  species  correctly  assigned  to  Scandicinae  by 

which   not  only  the  central   fruit  may  be  different  Drude,  such  as  some  members  o(  Chaerophyllwn, 

from  the  peripheral  ones  but  the  mericarps  are  het-  actually  lack  these  crystals  (Calestani.  1905:  Koso- 

eromorphie,  the  inner  being  smooth  while  the  outer  Poljansky,    1916).    Drude's   system,   therefore,   was 
is  bristled  (Hedge  &   Lamond,   1972c;  K.  Spalik,  probably  intuitive  and  based  on  multiple  characters 

pers.  obs.). rather    than    on    single    diagnostic    characters.    It 

The  traditional  emphasis  on  fruit  characteristics  seems  that  Calestani  (1905)  tried  to  follow  strictly 

for  delimiting  taxa   in   Apiaceae   has  found   some  the  rule  of  logical  division,  for  he  separated  those 

confirmation  bom  our  analyses.  Of  the    II  charac-  species  of  Chaerophyllum  that  did  nol  have  calcium 

ters  examined,  6  from  fruit   morphology  are  most  oxalate  crystals  in   the  commissure.   However,  his 

classification  was  not  much  better  than  that  of  Dru- 

include  such  long-used  characters  as  shape  of  the  de,  and  in  the  case  of  subtribe  Scandicinae  much 

primary  ribs  and  the  presence  of  secondary  ribs.  inferior. 

congruent  with  the  ITS-derived  phylogenies.  These 

This  result  was  anticipated  as  our  previous  molee- Character  coding  may  be  another  factor  leading 

ular  analyses  confirmed  that  most  genera  of  Scan-  to  poor  resolution.  Morphological  characters  can  be 

dicinae  are  monophyletic  (Downie  et  al.,  2000a),  quite  variable,  and  the  typology  developed  for  one 

thus  suggesting  that  they  were  correctly  identified  taxon  is  often  ineffective  for  another.  When  al- 

as natural  groups  on  the  basis  of  fruit  morphology.  tempting  a  broader  analysis  and  adding  outgroup 

Other  characters  have  generally  appeared  unreli-  taxa  one  has  to  either  mark  many  characters  as 

able  for  delimiting  taxa.  The  majority  of  infrage-  inapplicable  or  exclude  them  altogether,  thus  losing 

neric  divisions  traditionally  recognized  in  Chaero-  resolution  at  lower  taxonomic  levels.  It  is  often  dif- 

phyllum  and  Osmorluza,  erected  on  the  basis  of  life  ficult  to  establish  homologies,  hence  one  gets  either 

history,  inflorescence  architecture,  floral  morphol-  a  few  dubious  but  potentially  more  phylogenetically 

ogy,  and  vegetative  characters,  are  not  supported,  informative  states  or  many  unequivocal  but  often 

while  newly  identified  divisions  inferred  from  mo-  autapomorphic  and  phylogenetically  useless  states, 

lecular  data  find  little  confirmation  from  morphol-  For  instance,  Reduron  (1982)  developed  a  detailed 

typology  of  petals  of  umbellifers,  but  in  fact  these 

Its  of  the  combined  analysis,  however,  types  were  selected  from  a  continuous  spectrum  of 

ogy. 
The resuus 

show  that  morphology  may  be  useful  at  lower  tax-       shapes  and  sizes.  Moreover,  in  species  with  zygo- 

onomic  levels.  Adding  morphological  characters  to       morphic  flowers,  several  types  may  occur  on  a  sin- 
the  molecular  data  did  not  substantially  change  the gie  plant.  Similar  difficulties  arise  with  fruit  and 

topology  of  resulting  trees  but  increased  the  reso-  leaf  shapes.    When    adapting    such    typologies    for 

lution    and    bootstrap    support    for   those    terminal  phvlogenetic  analysis,  there  is  a  danger  of  "wishful 

nodes  where  molecular  data  alone  were  inconclu-  thinking,"   i.e..  unintentional  perceiving  and  con- 

sive  (such  as  within  the  Athamanta  and  Conopo-  secutive  coding  character  states  in  such  a  way  as 

dium  c lades). to  confirm  one's  ideas  on  phvlogenetic  affinities  be- 
Since  members  of  Scandicinae  do  not  share  any  tween  taxa.  Given  the  subtle  differences  seen  be- 

apomorphic  characters,  it  is  surprising  that  the  af-  tween  some  character  states  in  our  analysis  we  may 

finity  of  its  included  taxa  has  been  recognized,  giv-  have  succumbed  to  this  delusion  too.  For  the  mor- 

en  that  most  early  botanists  were  followers  of  Ar-  phological  analysis  of  Scandicinae.  our  departure 

istotie's  (and  Linnaeus's)  downward  classification  by  point  was  a  study  of  Anlhriscus  (Spalik.  I ()%. 

logical  division  using  a  limited  number  of  charac-  1997),  and  this  inevitably  influenced  the  choice 

ters  rather  than  Adanson's  multi-character  upward 
grouping  based  on  similarity  (Mayr.  1982).  Their 

attitude  is  exemplified  by  a  perfect  congruence  be- 
tween their  classifications  and  keys.  However,  a 

closer  examination  of  the  description  and  the  con- 
tent of  subtribe  Scandicinae  in  different  accounts 

and  coding  of  characters  thereafter. 

M-.l  IMIION  OK  SCAMMCINAK 

Delimitation  of  tribes  and  subtribes  on  the  basis 

of    morphological    synapomorphies    would    sign  if  i- 

reveals  that  the  rule  of  logical  division  was  not  con-  cantly  speed  up  the  reclassification  of  umbellifers 

sistently  applied.  For  instance,  Drude  (1898)  de-  by  allowing  preliminar)  sorting  of  taxa  prior  to  more 

fined  Scandiceae  based  on  the  presence  of  calcium       costly  molecular  investigations.  However,  our  anal- 



284 Annals  of  the 

Missouri  Botanical  Garden 

Morphology 

Total  character  difference 
Minimum  evolution 

Distance  10 

63  ,   rtrA 
Anthnscus  s.  sytvestris 

Anthhscus  nitida 
Anthnscus  lamprocarpa 

Anthhscus  schmalhausenii 
SI   I  Anthhscus  s.  nemorosa 

Anthhscus  s.  fumahoides 
Anthhscus  caucalis 

sect.  Caco- scfadium 

Anthhscus  cerefolium 

62 

Anthhscus  kotschyi 
68  r—  Osmorhiza  berteroi 

r-4     ̂ Osmorhiza  depauperata 
. — I     Osmorhiza  purpurea 

5eLr" Osmorhiza  m.  me x /can a Osmorhiza  m.  bipathata 

Osmorhiza  ahstata  ~ Osmorhiza  fongistylis 
Osmorhiza  claytonu 

sect. 
Anthriscus 

sect.  Caroides 

Anthriscus 

subg. 

Osmorhiza 

+-sect. 

Osmorhiza 

Neoconopodium  capnoides 
Neoconopodium  laseroides 
leocaryum  macrocarpum 

Krasnovia  bngifoba 
Kozlovia  pafeacca 

Myrrh  is  odorata 

Ba 

Osmorhiza 

92 

Chaerophylium  elegans 
Chaerophyiium  hirsutum 

  Chaerophyiium  viHarsii   Chaerophyiium  magellense 
Chaerophyiium  aromaticum 
Chaerophyiium  aureum 

byzantinum ,    .         ibanoticum Chaerophyiium  atlanticum 

Scandix  ibehca 
Scandix  balansae 
—  Scandix  pecten-venehs      Scandix  steUata 

"Kozlovia" Geocaryum 

Myrrh  is Scandix 

I 
"C.  hirsutum" 

72 

Chaerophyiium  azohcum 
  Chaerophyiium  macropodum 

Chaerophyiium  macrospermum 
Chaerophyiium  khorassanicum 

Chaerophyiium  astrantiae 
Chaerophyiium  chnitum 

c 
o 

•  ̂ awta» 

c 

CO 

a 

CO 

"C.  aureum" 

Chaerophyiium  bulbosum 

87 
{ 

Chaerophyiium  meyeh 
Chaerophyiium  temulum 

Chaerophyiium  procumbens 
Chaerophyiium  taintuheri   Myrrhoides  nodosa 

'Chaero- 

phyiium 

"C.  temulum" 

Myrrhoides 

Rhopalosciadlum  stereocalyx 

—4  — 

Pseudohaya  pumila   Daucinae Torilis  nodosa 
Torilidinae Chaetosciadium  thchospermum 

Caucalis  platycarpos 
55  r 

r 

57 
{ 

  Ohaya  orandifhra 
Laserpitium  hispidum 
Laserpkium  petrophilum 

uaucus  carota 
r  Athamanta  cretensis 
—  Athamanta  turbith 

Athamanta  sicula 
Tinguarra  montana 

Tmguarra  cervariifolia 
Bubon  macedonicum 

Athamanta  delia-cellae 
Echinophora  tenuifolia  sibthorpiana 

Daucinae 

Athamanta 

J 

"Athamanta 

Scandicinae-J 

Daucinae 

Heracleum  sphondylium 
-  Pastinaca  sath/a 

Pimpinella  pereghna 
Apium  graveolens 

Petroselinum  chspum 

93 

Carum  carvi 

Chaerophyliopsis  huaui 

  Smyrnium  olusatrum  -    .     n 
  Sohallerocarpus  gracilis         Spnallerocarpus 
  Conopodium  ramosum    1                                 ~ Balansaea  glaberhma          | Cicuta  virosa 

Scaligeha  moreana 

c Scandicinae 

Q2  i   i  Grammosciadium  platycarpum —  Grammosciadium  pterocarpum Grammosciadium  daucoides 
sciadium  macrodon 

Bunium  elegans 
Elaeosticta  allioides 

Falcaha  vulgaris 
Rhabdosciadium  aucheh 

Lecokia  cretica 
Sium  latifolium 
\orpha  arborescens 

Figure  3.  Minimum  evolution  tree  inferred  from  44  morphological  characters  for  (>l  representatives  of  Scandiceae 
subtribe  Scandicinae  and  outgroups.  Branch  lengths  are  proportional  to  distances  estimated  using  total  character  dif- 

ference (total  branch  length  =  355.92;  note  scale  bar).  Bootstrap  values  >  50%  are  indicated  along  the  nodes.  Boldface 
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yses  suggest  that  such  an  aid  for  the  umbellifer  1999).  Bristles  covering  the  ovary  of  Rhopaloscia- 

taxonomist  is  unlikely.  None  of  the  morphological  dium,  as  seen  under  high  magnification  of  a  dis- 

characters  that  we  have  examined  is  synapomorph-  secting  microscope,  are  indeed  similar  to  those  ol 

ic  for  Scandicinae,  although  the  taxa  included  are  Torilis,  a  member  of  Torilidinae  sensu  Downie  et  al. 

generally  similar  and  share  many  common  features.  (2000a),  but  different  from  those  in  Scandicinae. 

Scandicinae  may  be  defined  generally  by  possess-  Rhopalosciadium  should  therefore  be  recognized  in 

ing  ovate  to  lanceolate  and  ciliate  bracteoles,  and  subtribe  Torilidinae.  Given  that  the  only  collection 

narrowly    ovate    to    linear    oblong,    laterally    com-  of  this  taxon  was  found  growing  with  Torilis,  it  may 

pressed,   beaked   fruits   lacking  secondary   ridges.  just  be  an  aberrant  form  of  the  latter. 

Several  members  depart  from  this  definition:  for  in- ChaerophyUopsis    huaui    is    endemic    to    China. 

stance  Anthriscus  kotschyi  has  non-ciliate  bracte-  Herbarium  material  of  this  species  is  very  rare  in 

oles  while  many  species  of  Chaerophyllum  do  not  botanical  collections,  and  we  have  seen  only  one 

have  a  pronounced  beak.  Additional  characters  in-  specimen  (Yunnan,  26  July  1906,  Ducloux  4565, 

elude  reduced  sepals  and  the  absence  of  oil  ducts  P)  but  this  lacked  mature  fruits.  Based  on  the  anal- 

in   the  petals;  these  characters,   however,  are  not  ysis  of  this  incomplete  specimen,  this  taxon  should 

found  in  basal  Scandicinae,  i.e.,  the  Athamanta  and  be  excluded  from  Scandiceae  and  transferred  to  the 

Conopodium    groups.    An    aculeate,    areolate,   and  apioid   superclade.   Indeed,   Pimenov   and   Leonov 

shiny  fruit  epidermis  and  angular  primary  ribs  ad-  (1993)  following  Sheh  and  Su  (1987)  treated  it  in 

equately  demarcate  "crown"  Scandicinae  (Anthris-  subtribe  Apieae. 

cus,  Geocaryum,  Kozlovia,  Krasnovia,  Myrrhis,  Neo- 

conopodium,     and     Osmorhiza)     from     all     other  THE  TAXONOMIC  POSITION  OF  MONOTYPIC  GENERA 

umbellifers.  Scandix  may  be  identified  as  a  close J 

relative  to  this  clade  due  to  its  aculeate  and  areo- 
There   is  general   agreement   that  all   taxonomic 

categories,  with  the  exception  of  species,  are  arbi- ate  fruit  epidermis.  It  seems,  therefore,  that  among  .  f  ,    .      , 
1  .  .  .  .  .  *       trary  and  apart  from  monophyly  there  ar 

e  no  uni- 
notential  members  of  Scandicinae,  it  would  be  easy  ,        .      .      .          ,  .   ,     .,           i      ij    i        i:  ,- 
1                                 ,ii               .      «            „    i    i  versa!    criteria    by    which    they    should    be   distin- 
to  identify  those  that  belong  to  the    crown    clade. 

However,  those  related  to  Sphallerocarpus,  Cono- 

podium,  or  Athamanta  mav  not  readily  be  recog-  .             .                       ,      rp.      ,            .   ,               ,      , 
'  ;           '                                    v         liiv,  P'ay  an  important  role.  The  binomial  not  only  de- 

guished.    The    Linnaean    hierarchy    oi    names    lias 

been  a  tool  for  species  recognition  in  vv Inch  genera 

nized  as  the  members  of  the  subtribe  on  the  basis 

of  morphology  alone. 

PHYLOGENETIC  AFFINITIES  OF  RHOPALOSCIADIUM  AND 

CHAKROPHYLLOPSIS 

notes  a  particular  species  but  also  indicates  its 

closest  relatives  (i.e.,  congeners).  As  an  aid  to  spe- 

cies identification,  monotypic  genera  arc  therefore 

useless  and  taxonomists  should  avoid  creating  them 

unless  they  indeed  represent  isolated  lineages  sig- 5 

based  on  its  fruit  indumentum,  the  genus  was  trans- 

The  monotypic  genus  Rhopalosciadium  was  de-  nificantly  distinct  from  their  sister  taxa.  Of  the  45; 

scribed  from  Iran  based  on  a  single  gathering  and  genera  of  Umbelliferae  listed  by  Pimenov  and  Leo- 

originally   placed   in   Scandicinae,   presumably  on  nov  (1993),  41%  are  monotypic  and  26%  comprise 

account  of  its  linear  fruits  (Kechinger,  1952).  Later,  only  2  or  3  species  each.  Similarly,  of  the  16  genera 

constituting  Scandiceae  subtribe  Scandicinae,  7 

ferred  to  tribe  Caucalideae.  Its  closest  relative  was  (44%)  are  monotypic  (Table  1).  Based  on  our  coin- 

thought  to  be  Torilis,  with  which  the  plant  was  bined  study,  the  number  of  monotypic  genera  in 

growing  in  the  wild  (Hedge  &  Lamond,  1980;  Re-  Scandicinae  may  satisfactorily  be  reduced,  as  only 

chinger,  1987b).  In  our  combined  analysis  (Fig.  4),  Sphallerocarpus  and  Myrrhis  represent  isolated  evo- 

Rhopalosciadium  was  grouped  with  Chaetosciadium  lutionary  lineages. 

in  Torilidinae.  The  type   material   of  Rhopaloscia- Contrary  to  the  molecular  analyses,  which  allied 

dium  stereocalyx  at  VI',  the  data  source  for  this  anal-  Myrrhis  odorata  with  Ceocaryum  (Figs.  1,  2),  the 

ysis,  has  only  immature  fruits  with  obsolete  primary  combined  analysis  placed  M.  odorata  sister  to  Os- 

and  secondary  ridges.  These  ridges  are  also  incon-       morhiza  (Fig.  4)  in  accordance  with  the  relationship 

Lo 
spicuous  in  Chaetosciadium.  a  monotypic  genus  ap-       proposed  by 

parently    nested    within    Torilis    (Lee    &    Downie,      pus  gracilis  occurs  in  the  Far  Fast,  in  contrast  to 

arks  Chaerophyllopsis  and  Rhopalosciadium,  which  were  not  available  for  ITS  study.  Brack* 

ose  provided  in  Figures  1  and  2;  additional  detail  is  provided  within  the  Anthriscus  and  Os 
ma  i 
those  p 

keted  names  are  similar  to 

morhiza  clades. 
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ITS  and  Morphology 
Parsimony  Strict  Consensus 

Characters: 

Root  (2):  not  tuberous 
tuberous 

globose  tuber 

Bracteoles  (10):  entire 
incised  or  pinnate 

Sepals  (21):     present   V 
reduced  or  absent    ▼ 

Fruit  appendage  (32): 
absent 

present Beak  (34): 

obsolete  or  short  -^f 

long  ̂  

Primary  ridge  shape  (35): 
arched  or  obsolete 

filiform 

broad  rounded 

angular  at  top 
angular  throughout 

Primary  ridge 
indumentum  (36): 

absent 
hairs  or  bristles 

polymorphism 

Secondary  ridges  (38): 
absent 

present 
Fruit  cuticle  (42): 

dull shining 

Fruit  cuticle  texture  (43): 
smooth  or  striate   O 

aculeate    m 

Fruit  epidermis  (44): 
uniform  in  color 

areolate 

r2^*® 

100 

100 

99 
93 

Anthriscus  lamprocarpa 
Anthhscus  s.  sylvestris 
Anthriscus  nit  id  a 
Anthriscus  schmalhausenii 
Anthhscus  s.  nemorosa 
Anthriscus  s.  fumahoides 
Anthhscus  caucalis 
Anthhscus  cere  folium 
Anthnscus  kotschyi 
Osmorhiza  occidentalis 
Osmorhiza  depauperate 
Osmorhiza  purpurea 
Osmorhiza  berteroi 
Osmorhiza  m.  bipatriata 
Osmorhiza  m.  mexicana 
Osmomiza  brachypoda 
Osmorhiza  claytonn 
Osmorhiza  bngistylis 
Osmomiza  ahstata 

Myrrhis  odorata 
Geocaryum  macrocarpum 
Neoconopodium  capnoides 
Neoconopodium  laseroides Krasnovia  hngibba 

Kozlovia  pale  ace  a 
Scandix  ib erica 
Scandix  pecten-veneris 
Scandix  balansae 
Scandix  stellata 

Chaerophyllum  aromaticum 
Chaerophyllum  atlanticum 
Chaerophyllum  azohcum 
Chaerophyllum  bulbosum Chaerophyllum  meyeh 
Chaerophyllum  aureum 
Chaerophyllum  astrantiae 
Chaerophyllum  macrospermum 
Chaerophyllum  macropodum 
Chaerophyllum  chnitum 
W  "^  1           1  II  I  A* 

Anthhscus 

Osmorhiza 

Myrrhis 
Geocaryu 

"Kozlovia' 

Scandix 

0) 

03 
c 
o 

03 

O 

C/) 

hi 

sop^HZZ 

Chaerophyllum  khorassanicum 
Chaerophyllum  elegans 
Chaerophyllum  hirsutism 
Chaerophyllum  vHlarsii 
Chaerophyllum  magellense 
Chaerophyllum  procumbens 
Chaerophyllum  taintuheh 
Chaerophyllum  temulum 
Myrrhoides  nodosa 
Sphallerocarpus  gracilis 
Athamanta  cretensis 
Athamanta  turbith 
Athamanta  sicula 
Tinguarra  cen/ahifolia 
Tinguarra  montana 
Conopodium  ramosum 
Balansaea  glaberrima 
Pseudohaya  pumila 
Daucus  carota 
Athamanta  della-cellae 
Laserpitium  hispidum 
Laserpitium  petrophilum 
Ohaya  grand/flora Chaetosciadium  trichospermum 
Rhopalosciadium  stereocalyx Toribs  nodosa 
Caucalis  platycarpos 
Lecokia  cretica 
Smymium  olusatrum 
Cicuta  virosa 
Stum  latifolium 
Grammosciadium  macrodon 
Grammosciadium  platycarpum 
Grammosciadium  daucoides 
Grammosciadium  pterocarpum Carum  carvi 
Rhabdosciadium  aucheri 
Falcaha  vulgaris 
Elaeosticta  allioides 
Scaligeha  moreana Bunium  elegans 
Heracleum  sphondylium 
Pastinaca  sath/a 
Echinophora  tenuifolia 
Bubon  macedonicum 
Pimpinella  pereghna 

Apium  graveolens 
Chaerophyllopsls  huaul Petroselinum  chspum 
Heteromorpha  arborescens 

Chaero- 

phyllum 

Sphallero- 

carpus 
"Athamanta 

Conopodium 

Daucinae 

Torilidinae 

<D 

Q) 

U 

c 
0J 
u 

apioid superclade 

Heteromorpheae 

Figure  4.     Strict  consen sus  of  541-  minimal  length  2272-step  trees  inferred  from  equally  weighted  maximum  parei 
mony  analysis  of  combined  morphological  and  ITS  sequence  data  for  91  representatives  of  Scandiceae  sublribe  Scan 
dicinae  and  outgroups  (CI  =  0.321  excluding  uninformalive  characters,  HI  -  0.717).  Boldface  indicates  Choerophyi 
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Table  5.  Number  of  steps  (NS)  and  consistency  (CI),  retention  (RI),  and  resoaled  consistency  (RC)  indices  of  44 

morphological  characters  estimated  by  mapping  these  characters  on  a  Jukes-Cantor/neighhor-joining  tree  inferred  from 

ITS  sequences.  Characters  are  listed  according  to  descending  RC  values;  character  numbers  refer  to  those  presented 

in  Appendices  1  and  2. 

Character 

42.  Cuticle  appearance 

44.   Kpidermis  coloration 

32.  Fruit  appendage 

38.  Secondary  ridges 

35.  Primary  ridge  shape 
43.  Cuticle  texture 

15.  Umbel  width 

21.  Sepals 
41.  Fruit  indumentum 

10.  Rracteole  division 

36.  Primary  ridge  indumentum 
4.  Lobe  orientation 

24. Petal margin 

Rracteole  margin 

37.  Mericarp  compression 

8.  Bract  margin 
33.  Commissure 

19.  Central  (lower 

22.  Sepal  indumentum 
2.  Root 

26.  Oil  ducts  in  petals 
28.  Crown  of  hairs  at  fruit  base 

29.  Pedicel  indumentum 

31.    Fruit  shape 
34.  Beak 

23.  Petal  incision 

5.  Shape  of  basal  leaf  lobes 

6.  Shape  of  cauline  leaf  lobes 
II. 

13.  Rracteole  shape 

14.  No.  of  umbellets  in  primary  umbel 

16.    I'mbel  position 
3.  Leaf  division 

7.  Bracts 

20.  Outer  (lowers 

30.  Pedicels  of  fruit 

9.  No.  of  bracleoles 

12.    Bracteole  indumentum 

18.    Disc  male  flowers 

25.   Petal  indumentum 

27.  Slylopodium  shape 

1.  Reproductive  strategy 

1  7.  Peripheral  (lowers 

39.  Secondary  ridge  appendages 
40.  Tubercles  at  fruit  surface 

NS 

2 

2 

2 

2 

10 
3 

2 

7 

24 

7 

9 

8 

9 

7 

4 

9 

9 

6 

9 

9 

9 

14 

25 

17 

12 

10 16 

22 

10 12 

15 38 

25 15 

8 

35 17 

9 

II 

29 
II 

2 

3 

12 

CI 

0.50 

0.50 

0.50 
0.50 

0.40 
0.33 

0.50 
0.29 

0.38 

0.29 

0.22 
0.25 

0.22 

0.29 
0.25 
0.11 

0.11 
0.17 0.22 

0.1  I 

0.1  I 0.14 

0.12 
0.12 

0.08 
0.10 

0.13 
0.09 
0.10 

0.08 
0.13 

0.1  I 
0.08 
0.07 

0.13 

0.09 
0.06 
0.1  I 

0.00 
0.07 

0.05 

0.50 
0.67 

0.08 

i;i ( >.96 

0.96 

0.88 

0.86 

0.89 0.93 

0.50 
0.82 

( ).  58 0.64 

0.79 
0.63 

0.71 

0.50 

0.50 0.81 

0.72 

0.50 
0.30 

0.62 
0.62 

0.48 

0.60 

0.59 
0.68 0.47 

0.42 
0.57 

( ).  53 
0.66 

0.41 0.37 

0.44 
0.67 

0.30 
0.33 0.4 
0.27 

0.38 
0.44 
0.38 

0 

0 

0 

RC 
( 1.48 

0.48 

0.44 

0.43 

0.36 

0.31 
0.25 
0.23 

0.22 

0.18 

0.18 
0.16 
0.16 

0.14 
0.13 

0.09 
0.08 
( ).08 

0.07 

0.07 0.07 

0.07 

0.07 

0.07 

0.06 0.05 

( ).()5 

0.05 

0.05 ( ).05 

0.05 

0.04 

0.04 
0.04 

0.04 
0.03 0.03 

0.03 
0.03 0.03 

0.02 

0 

0 

0 

lapsus  and  Rhopalosc  indium  for  which  ITS  data  were  not  available.  Numbers  along  nodes  denote  bootstrap  values;  only 

those  >  5<K7r  are  indicated.  The  morphological  characters  that  are  most  useful  for  delimiting  genera  and  suprageneric 

lineages  are  indicated.  Character  numbers  refer  to  those  presented  in  Appendices  1  and  2. 
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other  Scandicinae,  which  have  their  center  of  distri-      Allwrtia  Kegel  &  Sehmalh.,  Trudy  Imp.  S.4Yterl>urgsk. 

hution  in  the  Mediterranean  region.  This  East  Asi-  Sv^!"5'  (m'  ™78'  ̂   ̂ Vl^™^  m7' ..  11      i  it  '  '  PK:  Albertui  paleaeea  Kegel  &  Sehmalh. 
atic   lineage  may  actually   he  represented  by  more       Krasnoria  Popov  ex  Schischk.,  Flora  SSSK  16:591.  1950. 
than  one  species,  with  one  possible  candidal!4  being  TYPE:  Krasnovia  longdobu  (Kar.  &  Kir.)  Popov  ex 

Sehischk.    (hasionym:   Sphallemcarpus  longilobu* Meatia,   which  was  included  in  Sphallerocarpus  by 

Koso-Poljansky  (1910).  In  contrast,  both  molecular 
Kar.  &  Kir.). 

,  i-      o\         j  ill  <i-       >\  l  •     i-  Neoeonopodium  Pimenov  &  Kliuvkov,  Fcddes  Kepert.  98: 
rig.  z)  and  morphological  (rig.  ,i)  analyses  indicate  '    lno_  rrv  nL,    .,      J  J      ..  .  /    /r. 
,        ./  r  11  i  ^77-   1987.    I  \  PK:  Neoeonopodium  eapnoides  (Dec- 
that  Myrrhoides  is  nested  within  Chaerophyllunu  al-  ne>)  pjmenov  *   Kljuykov  (hasionym:  Butima  eap- 
though  in  some  trees  (not  shown)  these  genera  con-  noides  Deene.). 
stitute  sister  taxa.  We  therefore  see  no  justification 

for  separating  these  two  genera.  Such  a  treatment  is        i      ̂       ■  ■  lU        i    e    c  l        h  \  i  • 
.    .?  ,.  !•    Kozlovia  paleaeea  (Kegel   c\   Sehmalh.)   Lip- 

not  novel.   Linnaean  Scandix  nodosa  L..  the  basio-  i       t     i     i  c    o  .     i  i     i>  *    c    i     oo 
t  sky.   Irmly  Imp.  S.-reterburgsk.  not.  Sada  ZM nvm  of  Mvrrhoidrs  nodosa  (I)andv  cv  (iannon.  1968),  i  \,        mm\\       ah     r  i  u        i      p 

,.  Iw-      1904.     Albert  la     paleaeea     Kegel     <\ 
was  earlier  transferred  to  Chaerophyllum  by  Grant/  c  i        u       tit  c    i>  .     i  in. 1  •  Sehmalh.,     Irudy    lni|).    S.-reterburgsk.    not. 

Sada  5:  606.  1878.  TYPF:  Uzbekistan.  Be- 

tween Karasu  and  Katty  Kurgan,  26  Apr. 

1869,  I).  Fedehenko  (lectotype,  designated  by 

Vinogradova  (1999),  LF  not  seen). 

Kven   though   we   have   not   seen   the   Fedehenko 

(1767)  and  recognized  there  by  de  Gandolle  (1829. 

1830).    The  correct  name  of  this  species  in  Chaero- 
phyllum is  therefore  C.  nodosum  (L.)  Grantz. 

The  relationships  among  basal  Scandicinae  are 

obscure.  Phylogenetic  analysis  of  combined  data 

supports  the  monophyly  of  each  of  the  Athamanta 

elusion  of  Tmguurra  into  Athamanta  should  also  be 
considered  but  this  transfer  needs  confirmation  from 

and  Conopodium  groups  (Fig.  4),  contrary  to  separate  type  specimen,  we  rely  on  the  expert  confirmation 

analysis  of  ITS  data  (Fig.  2),  where  the  latter  is  clear-  of  its  status  by  V.  M.  Vinogradova.  This  lectotype 
ly  not  monophylctie.   Based  on  morphology,  the  in-       for  Alhertia  paleaeea  was  chosen  by  her  among  her 

discussion  of  Apiaeeae  types  at  the  Komarov  Bo- 
tanical Institute  (Vinogradova,  1999)  and  later  also 

fruit  anatomy.  Halansaea  was  included  in  Conopo-  confirmed  to  us  (Vinogradova,  pers.  comrn.).  In  the 
diunt  by  Kngstrand  (1973),  and  although  this  finds  revision  of  K.  paleaeea  for  the  Flora  Iranica,  Ke- 

support  from  morphology  (Fig.  3),  the  monophyly  of  chinger  (1987a)  indicated  A.  Kegel  as  the  collector 

Conopodium  is  not  confirmed  by  our  ITS  analyses.        of  the  type  specimen;  he  did  not,  however,  examine 
The  Kozlovia  elade  encompasses  four  species  (A..       any  type  collections. 

Kozlovia  paleaeea  differs  from  the  other  members paleaeea,  Krasnoria  longiloba,  Neoeonopodium  eap- 

noides, and  /V.  laseroides)  that  are  similar  in  habit  of  this  genus  in  having  leaves  with  broad  and  deep- 
and  closely  related  based  on  molecular  data.  Their  ly  lobed  ultimate  segments,  ciliate  bracteoles,  and 

geographic  distribution  also  supports  their  close  re-  ovate  fruits  with  primary  ridges  covered  with  prom- 
lalionship.  Kozlovia  paleaeea  and  Krasnovia  longi-  inent  hyaline  bristles. 
loha  are  Central   Asiatic,  with  Krasnovia  extending 

northeast  to  China  and  Kozlovia  reaching  Afghan- 
istan (Korovin,  1950;  Schischkin,  1950c;  Rechin- 

ger,  1987a).  Neoeonopodium  has  a  Himalayan  dis- 
tribution; N.  laseroides  is  western  and  occurs  in 

Afghanistan  and  Pakistan,  while  N.  eapnoides  is 
eastern,  occurring  in  Pakistan,  Kashmir,  and  the 

Indian  Himalayas  (Hedge  &  Lamond,  1980,  1987; 

Pimenov  &  Kljuykov,  1987).  The  combined  analy- 
sis (Fig.  1)  indicates  that  the  Fast  Mediterranean 

Ceoearyum  (which  is  also  a  geophyte)  is  sister  to 
this  group.  The  morphological  variation  observed 

within  the  Kozlovia  clade  is  comparable  to  that  ex- 

hibited by  Anthriseus  or  Chaerophyllum  and,  con- 

sequently, a  single  genus  should  be  recognized. 

Kozlovia  Lipsky,  Trudy  Imp.  S.-Peterburgsk.  Bot. 
Sada  2:i:   146.   1904.  TYPE:  Kozlovia  paleaeea 

2.  Kozlovia  eapnoides  (I)ecne.)  Spalik  &  S.  K. 

Downic.  comb.  nov.  Basionym:  Rutinia  eap- 

noides Deene.,  in  Jacquem.,  Voy.  Bot.  70:  tab. 

80.    1844.   Chaerophyllum  eapnoides  (Deene.) 
Bcnth.,  in  Benth.  &  Hook,  f.,  (Jen.  PL  1:  898. 

1867.  Conopodium  eapnoides  (Deene.)  Koso- 
Pol.,  Bull.  Soc.  Imp.  Naluralistes  Moscou  29: 

206.  1916.  Neoeonopodium  eapnoides  (Deene.) 

Pimenov  &  Kljuykov,  Feddes  Kepert.  98:  377. 

1987.  SYNTYPES:  India.  (Punjab?):  between 

Cereti  and  (rougoulgaon,  2400  in;  Kashmir: 

Ouri  and  INouchaira,  banks  of  the  Djhelone, 

1980  m.  Jacquemont  30H  (K  not  seen;  P  not 

seen),  920  (P  not  seen). 

In  their  discussion  on  Asiatic  Scandiceae,  Hedge 

and  Lamond  (1980)  revised  this  species,  placing  it 

(Kegel  &  Sehmalh.)  Lipsky  (basionym:  Albertia       in  Chaerophyllum.   Both   in  thai   revision  and   in  a 
paleaeea  Kegel  &  Sehmalh.). later  treatment  for  the*  Flora  Iranica  (Hedge  et  La- 
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mond,  1987),  they  assigned  both  Jacquemont  syn-       umbel  lifers  (Spalik,  1997).  For  instance,  characters 

types  to  K.  capnoides. that  support  the  monophyly  of  section  Anthriscus, 

Kozlovia  capnoides  differs  from  the  other  species       such  as  weak  protandry,  short  and  straight  styles, 

in  having  leaves  with  entire,  oblong  ultimate  seg-       and  an  annual  life  history  strategy,  are  also  typical 

merits  and  oblong-cylindrical  glabrous  fruit; s  w 
itl for    other    annual    monocarpic    umbellifers    (Jury, 

occasional  delicate  bristles  along  primary  ridges.  1986),  and  may  be   interpreted  as  adaptations  to 

disturbed  habitats  (Spalik,   1996).  Therefore,  sec- 

3.     Kozlovia  laseroides  (Hedge  &  Lamond)  Spa-      tion  Anthriscus  is  likely  polyphyletic,  and  A.  cere- 

lik   &   S.    R.    Downie,  comb.   nov.   Basionym:      folium   should  be  placed  in  a  monotypic  section 

ChaerophyUum  laseroides  Hedge  &  Lamond. 

Notes  Roy.  Bot.  Card.  Edinburgh  38:  252. 

1980.  ChaerophyUum  aquilegi folium  Rech.  f. 

Cerefolium  (Fabr.)  Neilr.  (Neilreich,  1859).  Based 

on  analysis  of  partial  ITS  data,  a  third  member  of 

section  Anthriscus,  A.  tenerrima,  is  sister  to  A.  cau- 

lk Riedl,  Dan.  Biol.  Skr.  13,  4:  44.  1963,  nom.      calis  and  should  therefore  be  retained  in  this  sec- illeg., non 
Koso-Pol.    1916.    Neoconopodium      tion  (K.  Spalik  &  S.  Downie,  unpublished  data). 

laseroides    (Hedge    &    Lamond)    Pimenov    & Although  the  monophyly  of  section  Cacosciadium 

Kljuykov,    Feddes    Repert.    98:    378.     1987.  has  been  confirmed  (Figs.  1,  2),  the  affinities  among 

TYPE:    Afghanistan.    Nuristan:    Pech   (Parun)  its  members  are  not  unambiguously  resolved.  This 

Valley    between   Chetras   and    Wama,   Kerstan  section  comprises  four  species  (A.  sylvestris,  A.  ni- 

851  (holotype,  W  not  seen;  isotype,  HAL  not  tida,  A.  lamprocarpa,  and  A.  schmalhausemi)  and 

seen\  all  were  included  in  the  present  study.  Anthriscus 

sylvestris   is   further  divided    into   four   subspecies 
The  Kerstan  holotype  was  verified  by  Hedge  and  (Re(llir0n  &  Spalik,  1995;  Spalik.  1996.  1997)  but 

Lamond  (1980,   1987)  for  the  revision  of  this  spe-       tw()  ()j   t|iese    sul)Sp 

./
' 

cies  for  the  Flora  Iranica. 

mate  segments  and   oblong-cylindrical   fruits  cov-       questioned    (Th 
ered  with  antrorse  bristles. 

rioides,   have  been   previously   recognized  as  good 
Kozlovia  laseroides  differs  from  its  congeners  in       spec.ies  (Cannon,   1968).   In  contrast,  the  specific 

possessing  leaves  with  ovate  and  petiolulate  ulti-       gtatus  ()f  A    nitida  and  A    lamprocarpa  has  been 
'Hung,  1926;  Hedge  &  Lamond. 

1972b).  Spalik  (1996)  suggested  that  A.  sylvestris  is 

paraphyletic  with  respect  to  A.  nitida,  A.  lampro- 
4.  Kozlovia  longiloha  (Kar.  &  Kir.)  Spalik  &  S.  carpa,  and  A.  schmalhausenii,  the  latter  three  spe- 

R.  Downie,  comb.  nov.  Basionym:  Sphallero-  cjes  likely  evolving  through  speciation  of  isolated 
carpus  longilobus  Kar.  &  Kir.,  Bull.  Soc.  Imp.  peripheral  populations  of  the  former.  These  three 

Naturalistes  Moscou  14:  432.  1841.  TYPE:  species  seem  to  be  well  separated  from  the  A.  syl- 
Kazakhstan.  Tarbagatai  Mts.,  by  Dschanybek  vestris  complex  both  by  qualitative  and  quantitative 
river,  1840,  Karelin  &  Kirilov  s.n.  (LE  not  characters,  while  there  is  no  morphological  hiatus 
seen,   checked   by    V.    M.   Vinogradova,   pers.       between  other  taxa  from  this  group;  consequently, 
eornm.). 

The  identity  of  the  type  of  this  species  was  con- 
firmed to  us  by  V.  M.  Vinogradova. 

Kozlovia  longiloba  differs  from  the  other  species 

of  this  genus  in  having  leaves  with  linear  lobes  and 

ovate,  tuberculate  fruits. 

ANTHRISCVS 

the  latter  are  recognized  as  subspecies  or  varieties 

of  A.  sylvestris.  Our  previous  ITS  study  also  encom- 

passed Asiatic  and  Last  African  representatives  of 

A.  sylvestris:  these  were  so  similar  morphologically 

to  the  European  plants  that  they  all  were  included 

in  subspecies  sylvestris  (Downie  et  al.,  2(M)()a). 

However,  these  ITS  data  did  not  confirm  this  affin- 

ity. Instead,  a  close  relationship  was  suggested 

among  the  European  smooth-fruited  taxa  (i.e.,  A. 

Our  results  show  that  neither  morphology  nor  ITS  sylvestris  subsp.  sylvestris,  A.  sylvestris  subsp.  alpi- 

lata  fully  support  the  present  classification  of  An-  na,  and  4.  nitida),  A.  lamprocarpa,  and  a  represcn- 

thriscus,  as  section  Anthriscus  is  not  monophyletic.  tative  of  A.  sylvestris  from  northeastern  Asia.  An- 

Phylogenetic  analyses  of  a  data  set  comprising  An-  other  clade  comprised  the  East  African  and 

thriscus  only,  based  on  a  larger  set  of  morphological  remaining  Asiatic  members  of  the  A.  sylvestris  corn- 

characters  than  that  used  here,  confirmed  the  plex,  suggesting  a  primary  split  of  the  distribution 

monophyly  of  each  of  its  three  sections  (Spalik,  into  northwestern  and  southeastern  populations. 

1996).  However,  the  character  states  that  identify  The  close  affinity  between  Levantine  A.  lampro- 

these  sections,  although  unique  when  only  Anthris-       carpa,  represented  in  our  molecular  study  by  one 

CUS  is  considered,  are  quite  common  among  other       accession  from  Jordan,  and  the  European  popula- 

( 
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lions  of  ,1.  sylvestris  is  not  readily  explained,  as  one  count  containing  iiifrageiieric  divisions  is  thai  of 

would  expect  the  former  to  he  related  to  either  par-  Schischkin    (1950b),    being    mostly    based    on    the 

apatricA.  sylvestris  subsp.  nemorosa  from  Turkey  or  work  of  koso-Poljansky  (1916,   1920,   1923).  The 
Kast  African  representatives  of  subspecies  sylves-  names  in  these  treatments,  however,  are  problem- 
tris.  It  has  been  suggested  that  ,4.  lamprocarpa  orig-  atic.  Koso-Poljansky  (1910)  did  not  explicitly  in- 

itiated from  an  isolated  population  of  A  sylvestris  dicate  nomenclatural  types  for  his  subgenera  nor 

subsp.  sylvestris  that  may  have  reached  the  Middle  did   he  provide  species   lists,   while  the*  names  of 

ies  introduced  by  Schischkin  (1950b)  were  not East  from  montane  localities  in  North  Africa,  which 

themselves  may  have  originated  from  Iberian  Pen-  validly  published  as  he  did  not  provide  Latin  di- 
insula  stock  when  this  area  was  covered  with  forests  agnoses.  Additionally,  this  treatment  encompassed 
during  the  Pleistocene  (Spalik,   1990).  An  analysis  only   those   taxa  of  the   former  Soviet   Union,   and 

of  North  African.!,  sylvestris  could  address  this  hy-  hence    some     European.    Asiatic,    and    American 
pothesis.  One  may  also  postulate  a  more  recent  or- members  of  this  genus  were  not  considered  (Table 

igin  of  this  species  by  the  occasional  introduction       2). 

of  A.  sylvestris  into  the  Middle  Kast  in  antiquity  and  Schischkin  (1950b)  generally  based  his  classifi- 

es subsequent   adaptive  evolution.  Anthrisrus  syl-       catj()n  on  v\lU][  habit,  but  the  content  of  his  divi- 
vestris  is  a  competitivc-ruderal  species  (Grime  et       sj()ns  occasionally  did  not  coincide  with  the  indi- 

cated diagnostic  characters.  For  instance,  although 

his  subgenus  Buniomorpha  was  defined  as  encom- 

passing plants  with  tuberous  roots  it  also  included 
C.  temuloides,  a  taxon  now  included  in  C.  (tureitm. 

This  study  does  not  answer  the  question  as  to       which  does  not  have  such  a  root  (Hedge  &  Lamond. 

al.,  I9{{}{)  that  has  been  recently  introduced  into 

North  America;  given  the  extensive  trade  exchange 

in  the  Mediterranean  region,  such  a  scenario  is 

piite  possible. 
( 

how  many  species  there  are  within  the  A  sylvestris  \9T2n).   His  subgenus  Golenkinian ! I , e  was  defined 
complex.    Morphological    differences    suggest    that  |)V  meni|)ers  possessing  fruits  borne  only  l>v  central 
there  are  reproductive  harriers  among  A.  nUida,  A.  flowers,  a  feature  that  is  also  found  in  Crammos- 
lamprocarpa,  A.  schmallmusenu,  and  A.  sylvestris  cia<lium  »m\  Echinophom.  However,  central  perfect 
(Spalik.  1996,  1997).  However,  other  taxa  included  Howt.rs  ()(.(.u,.  pra(.li(.aHy  itl  a||  spedes  ()f  Quiem- 
in  the  latter,  particularly  montane  populations  Iron,  phyUunh  while  in  a  m(l<ros[>ermum,  the  only  spe- 
\lrua  and  Asia,  may  also  he  reproduc lively  isolal-  (.i(.s   p,ace(|    ,)y   Schischkin    in   suhgenus   Golenki- 

ly  <leserve  specd.c   status  despite  their  „„„„,„,    ,mj|s  ma>   a,S()  ,(e  ,)ome  ,)y  m||n.  p(.ri-.(l| 
flowers,  particularly  those4  of  the  primary  umbels 

slud\  of  (ieocurvum,  Kngstrand  ( 1977)  demonstrat-  <\c    c^„ia    .*«..,      \     \    tl       I       :r     r         re  i- 
'  ,  .       .  .  lA-  ̂ pmik,  pers.  ohs.).    the  classitication  of  Nlns- 

d I    nu eo   am 

ack  ol  good  diagnostic  features.  In  a  biosvstematic 

ed    by    means    of   hybridization    experiments    that  ̂ ul;«  nocnk\  u      .,   »  i  r         i  i     .i  •      .     i 
.  .  r  clikin  (lv.M)l>)  has  not  been  confirmed  by  tins  study. 

many   populations  hitherto  regarded  as  eonspecific  i„  .•«.„!    iwv»k  itc  j(1i(1    ,i   .,     tv-        i    o\        i 
.                         r  Instead,  both  ll>>  data  alone  (rigs.   I.  Z)  and  corn- 

are  partly  or  entirely  reproductivelv  isolated.  Con-  i  •       i     „   i        i  i  \     \      -      i   a  *     n?*       a\ 
1                                       '                      J  hined    molecular  and    morphological   data   (rig.  4) 

sequently,  instead  of  3  species  (Ball,  l%8).  he  rec-  • ,  r     ,     .i    .  a  c         v  .      .  r  w; 
'.  r  v  '  indicate  that   there  are  four  distinct   lineages.   We ognized   as  many   as    15.    However,   these  taxa  an 

practically   indistinguishable  based  on  morphology. 

Anthrisrus    sylvestris    may    well    represent    another       /a\    p 

refer  to  these  as  (  I  )  the  C.  temulum  group,  (2)  the 

C.  hirsutum  group,  (3)  the  C.  aureum  group,  and 

such  complex  of  cryptic  species  with  different  de- 

nies of    reproductive   isolation.   Contrary  to  main 

noi 
losu 

m 
< Mynhoides    nodosa).     These 

g 

groups  of  angiosperms,   interspecific   hybridization 

dingly    rare    in    umbcllifers is    thought    to    be   excee 

(Hell,   l()71).    The  example  ol  Geocaryum  suggests, 
however,   that    Apiaceae   may    not    be  exceptional. 
Due  to  their  obscure  morphology  many  such  cases 

may  simply  escape  the  attention  of  laxonomists. 

groups  are  not  morphologically  distinct  enough  to 

justify  their  generic  status,  so  we  recognize  them  as 

sections  of  Chaerophyllum.  Our  treatment  is  incom- 

plete, as  not  all  currently  recognized  species  were 
available  for  molecular  study.  Therefore,  we  do  not 

attempt  a  detailed  revisionary  study  of  this  genus 

but  rather  provide  a  framework  for  such  studies  in 
the  future. 

ciiWRormuAu 

Contrary  to  Anthrisrus  and   Osmorhiza,  Cluiero- 
h  vllu l>") 

h< 

t    I. 
is    noi    nee 1 1    revised    receniiv J I tlv.    It    is   the 

Chaerophyllum    L,   Sp.    PI.   258.    1753.   TYPK: 
Chaerophyllum  temulum  L,  Sp.  PI.  258.  1753, 
Herb.    Linn.    365.3    (lectotype,    designated    by 

most  diversified  genus  in  the  subtribe  and  includes  Reduron  &  Jarvis  (1992),  LINN  not  seen), 

over  30  species;  hence  an   infragenerie  classifica-       Section    1.    Chaerophyllum   sect.   Chaerophyl- 
lion  would  be  advantageous.    The  only  modern  ac-  lum 
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Annuals  or  biennials.  Umbels  mostly  lateral  or       has  priority  when  these  taxa  are  treated  as  conspe- 

both  lateral  and  terminal.   Male  (lowers  absent  or      cific,  and  therefore  it  seems  to  be  a  better  choice. 

rare.  Petals  glabrous,  non-ciliate.  Fruits  ovate,  gla- 
brous, rarely  pilose 

Chaerophyllum  hirsutum  has  not  yet  been  lec- 

totypified.  Of  the  extant  Linnaean  specimens  of  this 

Species  included:  C.  procumbent,  C.  tainturieri,       species,  those  at  LINN  and  S  do  not  seem  to  be 

connected  with  the  entry  in  the  first  edition  of  Lin- 
C.  temulum. 

This  section  encompasses  monocarpic  species  naeus's  (1  753)  Species  plantarum.  The  original  ma- 

distributed  in  Europe  (C.  temulum)  and  in  North  terial  available  for  lectotypification  includes,  there- 

America  (C.  procumbens,  C.  tainturieri).  Such  a  (lis-  fore,  two  BM  specimens  (Herb,  Clifford,  101: 

junction  is  generally  rare;  most  groups  of  vicarious  Chaerophyllum  2  and 

2Q) 

species  that  occur  both  in  Europe  and  North  Amer-  from  Morison  (1699)  cited  in  the  protologue  (C.  E. 
ica  are  also  found  in  the  Ear  East  (Meusel  et  al.,  Jarvis,  pers.  comm.).  Linnaeus  (1753)  cited  also  a 

1978),  supporting  the  hypothesis  that  these  species  plate  from  Hallers  (1745)  edition  of  Ruppius's  Flo- 
diverged  from  a  once  widespread  common  ancestor  ra  jenensis.  However,  in  the  second  edition  of  the 

with  circumboreal  distribution.  The  absence  of  rep-  Species  plantarum   (Linnaeus,   1762),  this  plate  is 
resentatives  of  this  clade  from  Asia  suggests  that  referred  to  C.  aureum.  Since  we  have  not  had  the 

the  North  American  species  originated  from  an  in-  possibility  to  examine  the  original  material,  we  in- 
cidental dispersion  of  seeds  from  European  stock,  frajn  from  lectotypification  of  C.  hirsutum. 

probably  by  vagrant  birds.  American  species  differ 

from  their  European  cousin  in  the  absence  of  male 

flowers  and  the  almost  completely  reduced  corollas,  Section   3.    Chaerophyllum   sect.    Physocaulis 

i.e.,  characters  that  are  typical  for  self-pollinating 

species 

Section  2.    Chaerophyllum  sect.   Dasypetalon 

Neilr.,  Fl.   Nied.-Oesterr.  645.    1859.  TYPE: 

Chaerophyllum  hirsutum  L.,  Sp.  PI.  258.  1753. 

DC.  Coll.  M£m.  5:  59.  1829.  TYPE:  Chaero- 

phyllum nodosum  (L.)  Crantz,  Class.  Umbel  I. 

Emend.  76.  1767.  Basionym:  Scandix  nodosa 

E.,  Sp.  PI.  257.  1753;  Herb.  Linn.  364.6  (lec- 

lotype,  designated  by  Hedge  &  Lamond 

(1987),  LINN  not  seen). 

Chaerophyllum  sect.  Rhynchostylis  (Tausch)  Calest.,  Web- 
bia   1:   188.    1905.  Rhynchostylis  Tausch,  Flora  17: 

Densely  setose  annuals.  Umbels  mostly  lateral. 

Male    flowers    scarce.     Petals    setose,    non-ciliate. 
343.   t834.  Non  Blume  1825.  TYPE:  Rhynchostylis       Fruits  ovate,  setose. 

hirsutus  Tausch  (Chaerophyllum  hirsutum). 

Perennials.  Umbels  mostly  terminal.  Male  flow- 

ers frequent.  Petals  glabrous,  ciliate.  Fruits  oblong- 
ovate  to  oblong. 

Species   included:   C.   hirsutum,    C.    elegans,    C. 

magellense,  C.  villarsii. 

Chaerophyllum  nodosum,  the  only  member  of 

this  section,  differs  from  other  species  of  Chaero- 

phyllum in  having  setose  fruits  with  very  broad  pri- 

mary ridges.  These  ridges  nearly  touch  each  other, 

and  hence  valleculae  are  inconspicuous  and  col- 

ored similarly  to  the  ridges:  in  contrast,  these  re- 
rfl  \  c  4i  •  4-  u  l      •    ju,  eions  are  often  of  different  color  in  other  species. 
I  he  members  of  this  section  are  morphologically  *  .    r 

.     .,  .  ,i  /    „      Ti     iiIlll(r  However,   fruit   indumentum  and   broad   ridges  are 
similar,    prompting   some   authors   (e.g.,    Ihellung,  D 
,™^s  i  .1  .  r      rV[       ,r  not  unique  to  C.  nodosum.    I  he  members  ol  section 
1926)  to  regard  these  taxa  as  conspecihc.   1  he  (lit-  t 

ferences  are  indeed  small  and  include  mostly  leaf  Chaeroph
yllum  may  have  pubescent  fruits  (al- 

characters.  All  taxa  are  perennials  and  are  char-  though  not  s
etose),  while  the  width  of  the  ridges  (as 

acterized  by  distinctly  ciliate  petals.  The  impor-  determined
  by  the  width  of  the  vascular  bundles) 

tance  of  this  character  was  stressed  by  Neilreich  is  quite  variable  in  t
he  genus  (K.  Spalik,  A.  Wo- 

rt 859)   who  divided   Austrian   species  of  Chaero-  jewodzka  &  S.  Down
ie,  unpublished  data). 

phyllum  into   two  sections,  Leiopetalon,   with  gla- 

brous petals,  and  Dasypetalon,   with  hairy  petals. 
( 

This  monotypic  section  was  first  recognized  by 

le  Candolle  (1829,  1830)  and  raised  to  generic  lev- 

The  first  section  comprised  the  type  of  the  genus,  el  by  Tausch  (1834).  Later,  the  gene
ric  name  Phy- 

and  therefore  it  is  synonymous  with  section  Chaer-  socaulis  (DC.)  Tausch  was  rejected  by  Dand
y  and 

ophyllum.  Neilreich  (1859)  included  two  species  in       Cannon  (1968)  in  favor  of  the  forgotten 
 but  earlier 

section  Dasypetalon,   C.  hirsutum  and  C.  villarsii. Myrrhoides.  The  ITS  and  combined  analyses  place 

but  he  did  not  specify  its  nomenclatural  type.  Both  Chaerophyllum  nodosum  either  as  a  sister  to  re- 

species  fully  conform  to  the  diagnosis  of  the  sec-  maining  members  of  the  genus  or  nested  within  it. 

tion.  Chaerophyllum  hirsutum  is  an  older  name  and       supporting  the  treatment  of  de  Candolle  (1829). 
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Section  I.  ( lliaeropln  Hum  sect.  Chrysocarpuni though  Hedge  and  Lamond  (1987)  indicated  LINN 

Spalik  &  S.  R.  Downie,  sect.  nov.  TYPK:  365.7  as  the  type,  it  is  probably  not  an  original 
Chaerophyllum  aureum  L,  Sp.  PL  ed.  2.  370.  element  for  the  name,  as  Linnaeus  did  not  annotate 
1762,    Herb.    Linn.    365.8    (original    material. it  as  belonging  to  this  species;  LINN  365.8  may  be 

LINN  not  seen),  plate  5  in  Mailer  (1745),  (C.       original  material  (G.  E.  Jarvis,  pers.  comm.);  how- 
E.  Jarvis.  pers.  comm.). 

A  sectionihus  Chaerophyllo  et  Physocaule  r  ad  ice  per- 
enni  vel  hienni,  a  sectione  h'iopetalone  petalis  non  ciliatis 
differt. 

Biennials  or  perennials.  Umbels  mosly  terminal 

ever,  this  specimen  probably  does  not  represent  C. 

aureum  as  this  species  is  currently  recognized  (J.- 

R  Reduron,  pers.  comm.).  In  the  protologue.  Lin- 
naeus (1762)  cited  also  plate  5  from  Mailer  (1745) 

that  is  identifiable  as  C.  aureum.  We  refrain  from 

„w  lwv*i,  •   ...         i         II*       i    \/t   i     a       '  ii         lectotvpification  of  this  name  until  we  examine  the or  both  terminal  and  lateral.  Male  (lowers  usual  I  v  . 

present.  Petals  non-ciliate,  usually  glabrous,  rarely 
extant  herbarium  material.  In  the  first  edition  of  the 

I,.-    ,    l  ,,,;,  .    jj   n„        ,    '  i-     i  •     l      ii         *        Species  plant  arum  (Linnaeus.    1 753),  some  earlier hany.  rruits  oblong-ovate  to  cylindrical,  glabrous,  f  ,  ' 
rarely  pilose. 

references  that  are  connected  with  C.  aureum  as 

this  species  is  now  recognized  were  included  either 

Etymology.      From  chryso-,  golden,  and  carpos,       in  C.  sylvestre,  the  basionym  of  Anthriscus  sylvestris 
fruit,  since  many  species  in  this  section  (including      (Reduron  &  Spalik.  1995),  or  in  C.  hirsutum  (e.g., 
the  type  species)  are  characterized  by  straw-yellow       plate  5  in  Mailer,  1745). 

■n,lls-  With  no  molecular  data  available,   12  currently 
Species  included:  C.  aromaticum,  C.  astrantiae,       recognized  species  remain  outside  this  new  classi- 

C.  utlanticum.  C.  aureum.  C.  azoricum.  C.  bulbos- 
um.  C.  byzantinum.  C.  crinitunu  C  hakkiaricum.  C. 

khorassanicum,  C.  libanoticum,  C.  macropodum.  C. 

>/> 

</< 

■//. 

macrospermum,  C.  meyeri,  C.  nivale.  Two  of  these,      sewn,  C.  rubellum,  and  C.  villosum.  These  are  ei- 
C.  hakkiaricum  and  C.  nivale,  were  not  considered      tlier  biennials  with  tuberous  roots  or  perennials: 

included  based  on  our  prior  study       hence  it  is  unlikely  thai  thev  belong  to  either  sec- 
I lerein but  i 

(l)ovvnie  et  al.,  2000a). 
Se Chrv. 

tion  Chaerophyllum  or  section  Physocaulis.  Neither 

ysocarpum  is  morphologically  and  are  they  likely  related  to  section  Dusypetalon.  since 
ecologically  diversified,  and  we  were  not  able  to  all  have  non-ciliate  petals.  The  most  likely  place- 
find  any  single  morphological  feature  separating  it  ment  may  well  be  in  section  Chrysoearpum.  How- 
from  any  other  section  of  Chaerophyllum.  Its  mem-  ever,  some  of  these  species  may  comprise  addition- 
bers  differ  from  representatives  of  sections  Chaer-  al  lineages.  For  instance,  on  the  basis  of  anatomical 
ophyllum  and  Physocaulis  in  their  predominantly  characters,  three  Last  Mediterranean  species  were 
perennial  habit.  Some  species  arc.  however,  bien-  transferred  by  Galestani  (1905)  to  Crammosciadium 
nials  and  these  may  have  tuberous  roots  (C.  but-  sect.  Chrysophae  (C.  creticum,  C.  coloratum)  and 
bosum,  C.  crinitum).  Several  species  have  pubes-  section  Heldreichia  (C.  heldreichii).  Rased  on  our 
cent  petals  with  hairs  occurring  also  at  the  margin.  preliminary  analyses  of  morphological  and  anatom- 
Such  petals  are  superficially  similar  to  those  ciliate  ical  characters  of  the  fruits,  such  a  placement  is 
petals  characteristic  of  members  of  section  Dasy-  unlikeb  «K.  Spalik  &    \.  Wojewodzka.  unpublished 

( 

lata). 

OSMOHIir/A 

Of  all  the  genera  included  in  Seandicinae,  ()s- 

pettdon. 

Maximum  parsimony  analysis  (Fig.  I)  did  not  to- 
tally resolve  relationships  within  this  clade;  how- 

ever, the  affinities  inferred  from  ITS  data  using  dis- 
tance methods  are  largely  congruent  with  the 

geographic  distribution  of  these  taxa.  Neighbor-  morhiza  is  exceptional  in  having  a  predominantly 
joining  analysis  (Fig.  2)  suggests  a  division  into  four  New  World  distribution.  It  includes  10  species 
major  lineages;  however,  only  one  of  these  is  sup-  (with  9  considered  herein),  of  which  only  0.  im- 

ported by  a  high  bootstrap  value  (88%).  This  lin-       lata  occurs  in  the  Old  World  (Table  2).  Osmorhiza 
glabrata  (not  considered  here)  is  restricted  to  the 
central  Andes,  while  the  remaining  8  species  are 
distributed  in  North  and  Central  America.  Western 

cage  encompasses  species  that  have  a  predomi- 
nantly European  distribution  (C.  aureum,  C. 

bulbosum,  C.  azoricum,  C.  atlanticum,  and  C.  aro- 

maticum).  whereas  all  other  species  in  the  section  North  America  is  considered  the  center  of  origin  of 
occur  in  the  Middle  Fast.  the  genus  (Lowry  &  Jones,   1984).  The  taxonomic 

The  type  species  of  this  section,  Chaerophyllum  division  developed  by  Constance  and  Shan  (1948) 
aureum,   has   not    been   properly   lectotypified.   Al-  and  later  modified  by  Lowry  and  Jones  (1984)  im- 
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plies  that   the  earliest   branch   is   0.   occidentalis,  section   Osmorhiza  are  a   sister  group  to  a  clade 

which  constitutes  the  monotypic  subgenus  Glycos-  formed  by   0.   occidentalis  and   representatives  of 

ma.  Its  distribution  includes  western  North  Amer-  sections   Mexicanae   and    Nudae.    For   this   clade, 

ica,  thus  supporting  the  American  origin  of  the  ge-  southwestern  North  America  seems  to  be  the  center 

nus.    Subgenus    Osmorhiza    is   divided    into    three  of  distribution  and  origin.  The  results  of  the  ITS 

sections:  Osmorhiza,  Mexicanae,  and  Nudae  (Lowry  (Figs.    1,   2)   and   combined   analysis   (Fig.   4),   al- 

&  Jones,  1984;  see  Table  2).  The  first  encompasses  though   contradictory   to   the   conclusions   inferred 

Asiatic  0.  aristata  and  two  closely  related  species  from  morphology  alone  (Fig.  3),  are  no  less  congru- 

from  eastern   North  America,  0.  claytonii  and  0.  ent  with  the  phytogeographic  data. 

longistylis.  These  three  species  are  so  morphologi-  The  present  subgeneric  classification  of  Osmor- 

cally   similar  that  they  are   sometimes  treated  as  hiza  seems  to  be  untenable.  An  alternative  division 

conspecific  (e.g.,  Gray,  1859;  Kuntze,  1891;  Boivin,  of  Osmorhiza  congruent  with  the  phylogenies  in- 

1968).  Lowry  and  Jones  (1979)  showed  that  the  two  ferred  from  molecular  and  combined  data  would  in- 

American  members  of  this  section  are  completely  elude  three  taxa  (subgenera  or  sections)  encom- 

separable  from  each  other  and  that  there  are  no  passing  one,  two,  and  six  species  respectively 

intermediate  specimens  which  would  have  suggest-  (omitting  0.  glabrata,  as  this  species  was  not  avail- 

ed hybridization.  able  for  our  molecular  studies).  Such  a  division  is 

Three  hypotheses  have  been  invoked  to  explain  practically  useless  as  an  aid  in  species  recognition, 

the  similarity  between  the  Asiatic  and  American  Furthermore,  as  compared  to  Anthriscus  and  Chaer- 

members  of  section  Osmorhiza.  Constance  and  ophyllum,  all  species  of  Osmorhiza  are  very  similar, 

Shan  (1948)  suggested  that  either  there  had  been  hence  there  is  no  real  justification  for  infrageneric 

a  relatively  recent  contact  between  the  Asian  and  division. 

North  American  populations  through  Beringia,  or 

these  species  have  differentiated  slowly  from  a  once  Literature  Cited 
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Appendix  1.  Characters  used  in  the  morphological  anal- 
ysis. Arrows  indicate  ordinal  characters,  the  remaining  are 

multistate  or  binary. 

Lifk  History  and  Vk<;f:tatiyk  Morphology 

I.  Reproductive  strategy:  0,  always  monocarpic  <->  1, 

monocarpic  or  polycarpic  ̂ ->  2,  always  polycarpic.  An 
ability  to  switch  between  monocarpy  and  polycarpy 
represents  a  distinct  life  history  strategy;  therefore  it 
was  coded  as  an  intermediate  state  rather  than  a  poly- 

morphism. This  feature  is  often  reflected  in  plant  habit. 
For  instance,  Anthriscus  syhestris  subsp.  sylvestris  has 
monocarpic  biennial  rosettes  but  may  perennate  by 
buds   in   the   axils  of  the   basal    leaves  (Grime  et   al., 
1988). 

2.  Boot:  0,  not  tuberous;  1,  tuberous;  2,  globose  tuber. 
Geophytes  (i.e.,  plants  with  globose  tubers)  can  easily 
be  distinguished  in  herbarium  material  even  if  the  tu- 

ber is  not  preserved  due  to  the  presence  of  thin,  flex- 
uose  bases  of  the  leaf  stalks  and  stems.  Species  with 
tuberous  roots  are  usually  hemicryptophytes  and  nei- 

ther their  stems  nor  leaf  stalks  have  (lexuose  bases. 

3.  Leaf  division:  0,  leaf  not  divided  <->  I,  1 -pinnate  <->  2, 
2-pinnate  <-+  3,  3-pinnate  <-*  I,  4-pinnate.  There  is 
variation  in  leaf  division  within  each  species  and  even 
on  a  single  plant;  therefore,  the  most  common  state  for 

each  taxon  was  taken.  This  character  is  diagnostic  al 
the  infrageneric  level;  for  instance,  to  separate  subge- 

nus Osmorhiza  from  subgenus  Glyrosma  or.  in  Anthris- 

cus, to  distinguish  1.  lumpracarpa  from  the  closely  re- 
lated A.  sylvestris. 

4.  Fobe   orientation:   0,    leaf   ± 

5. 

0. 

flat;  1,  lobes  somewhat 

spreading;  2,  lobes  radially  spreading  around  the  axis. 
Shape  of  basal  leaf  lobes:  0,  ovate  to  lanceolate;  1, 
linear-lanceolate  to  linear. 

Shape  of  cauline  leaf  lobes:  0,  ovale  to  lanceolate;  I, 
linear;  2,  leaves  reduced  to  sheaths.  Cauline  and  basal 

leaves  are  usually  similar,  although  the  former  may 
have   broader   lobes.    However,   in   some  species  (e.g., 

9.    Number  of  bracteoles:  0,  bracteoles  absent  <->  1,  1-3 
<-»  2,  4-5  f^  3.  more  than  5.  The  number  of  bracteoles 

is  usually  more  or  less  constant,  but  in  Heteramarpha 
there  is  much  variability  so  this  character  was  coded 
as  missing.  If  bracteoles  are  absent,  characters  10-13 
were  coded  as  inapplicable. 

10.  Bracteole  division:  0,  bracteoles  entire  (not  incised) 
<->  1,  incised  <->  2,  pinnate. 

11.  Bracteole  margin:  0,  deprived  of  cilia  or  scales  <->  1, 
with  minute  scales  <r+  2,  ciliate.  Cilia  al  bracteole  mar- 

gins are  homologous  to  those  at  leaf  sheath  margins 
and  are  distinctly  longer  than  hairs  that  may  cover  the 
bracteole.  However,  in  some  species  with  densely  hairy 
bracteoles  it  was  impossible  to  determine  the  state  of 

this  character  and,  therefore,  it  was  coded  as  "0  or  2." 
12.  Bracteole  indumentum:  0,  absent;  1,  present. 
13.  Bracteole  shape:  0,  ovate  to  narrow  lanceolate;  1,  lin- 

IlNH.ORKSCKNCE 

II 

15 

16 

Number  of  umbellets  in  primary  umbel:  0,  less  than 
four;  1,  more  than  four.  The  number  of  umbellets 

(rays)  in  a  primary  umbel  is  variable,  but  in  species 
with  reduced  primary  umbels  it  rarely  reaches  four 
while  in  those  with  well-developed  primary  umbels  it 
often  exceeds  ten. 

Umbel  width:  0,  more  than  2  cm  diarn.;  I,  less  than 
2  cm  diam. 

Umbel  position:  0,  mostly  terminal  <->  1,  terminal  and 
lateral  <r+  2,  mostly   lateral.  Terminal   versus  lateral 

umbel  formation  is  an  important  element  of  plant  re- 

productive strategy.  Species  with  terminal  umbels  are 
characterized  by  determinate  (lowering,  and  hence  the 

number  of  consecutive   orders  of  umbels   rarely  ex- 
ceeds four  (Bell.    1971)  and  the  regulation  of  repro- 

ductive   effort    is    predominantly    postgamic    (Lloyd, 
1080;  Floyd  et  al.,  1980).  Lateral  formation  of  umbels 
allows  indeterminate  flowering,  i.e.,  further  growth  of 
the  main  axis  and  the  development  of  additional  or- 

ders o(  umbels  when  resources  are  abundant.  A  good 
example  of  such  a  strategy  is  found  in  Anthriscus  cau- 
calis,   which  may   have  up  to  nine  orders  of  umbels 
permitting  a  more  flexible  pregamic  regulation  of  re- 

productive effort  (Spalik,   1996). 

17.    Peripheral  flowers:  0,  perfect;   1,  male.  The  majority 
of   umbellifers  are  andromonoecious,  i.e.,  they  have 
both  hermaphrodite  and  male  flowers,  the  latter  usu- 

ally situated   inside  the  umbellet  although  the  oppo- 

site may  also  Ik*  found.  Characters   17-20  were  de- 
termined   from    primary    or    secondary    umbels.     In 

andromonoecious    species    umbels    of   higher  orders 

may  bear  only  male  flowers. 

Chaerophvllum    mac  rasper  mum    and    C.    macrapadum)        18.    Disc  male  flowers:  0,  present;  1,  absent. 
the  lobes  of  the  cauline  leaves,  particularly  of  the  up- 

permost leaves,  are  morphologically  distinct  from  those 
of  the  basal  leaves. 

19.  Central  flower:  0,  male  or  similar  to  oilier  flowers;  1, 
perfect,  sessile  or  with  distinctly  shorter  pedicels  than 
other  perfect  (lowers. 
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20.   Outer  flowers:  0,  actinomorphic  or  slightly  zygomor-       35.   Primary  ridge  shape:  0,  arched  or  obsolete;  1,  filiform 

phic;  1,  distinctly  zygomorphie. 

Floral  Morphology 

21.  Sepals:  0,  present;  1,  reduced;  2.  absent.  It  is  some- 
times difficult  to  determine  whether  small  projections 

at  the  fruit  top  are  indeed  reduced  calyx  teeth,  as  in 

Myrrh  is.  This  character  was  therefore  coded  as  un- 
ordered rather  than  ordinal. 

22.  Sepal  indumentum:  0,  absent;  1,  present 
23.  Petal  incision:  0,  absent  or  shallow;  L,  deep.  Deeply 

incised  petals  were  regarded  as  cut  to  at  least  one- 
third  of  their  length.  This  character  is,  however,  quite 

variable  since  species  with  zygomorphie  flowers  have 

outer  petals  deeply  cut  while  their  inner  petals  are 

entire.  In  such  cases,  only  outer  petals  were  consid- 
ered. 

24.  Petal  margin:  0,  naked  <->  1,  denticulate  <-»  2,  ciliate. 
Small  teeth  at  petal  margin  seem  to  be  reduced  cilia, 
therefore  this  character  was  coded  as  ordinal. 

25.  Petal  indumentum:  0.  absent:  I.  present. 

26.  Oil  ducts  in  petals:  0,  present;  1,  absent.  Since  petals 

were  not  dissected,  it  was  sometimes  difficult  to  de- 

termine whether  dark-colored  lines  seen  at  the  outer 

sides  of  petals  were  oil  ducts  or  veins.  Therefore,  this 

character  was  scored  as  missing  for  some  species. 

to  nearly  winged;  2,  broad  and  rounded;  3,  angular 

only  at  top,  obsolete  below;  4,  angular  throughout.  As 

arched  we  denote  broad  semicircular  ridges  that  touch 

each  other  and  are  not  separated  from  vallecules — 
sometimes  such  ridges  are  not  much  pronounced  and 

may  be  regarded  as  obsolete.  Narrow,  filiform  ridges 

are  usually  of  a  different  color  than  the  vallecules  and 

may  form  small  wing-like  projections.  Broad  and 

rounded  ridges,  such  as  those  occurring  in  Chaero- 

phyllum,  are  also  of  a  different  color  than  the  valle- 
cules. Some  fruits  (their  upper  portion  or  throughout) 

are  pentangular  or  even  star-shaped  in  transverse  sec- tion. 

36.  Primary  ridge  indumentum:  0.  absent;  1,  hairs  or  bris- 
tles. As  primary  ridge  indumentum  we  consider  only 

those  hairs  or  bristles  that  are  distinctly  lined  along 

the  ridges.  Therefore,  in  taxa  with  hairs  or  bristles 

evenly  scattered  over  the  fruit  surface  (e.g.,Anthriscus 

sylvestris  subsp.  nemorosa).  I  his  character  is  regarded 
as  absent. 

37.  Mericarp  compression:  0,  not  compressed  (i.e.,  meri- 

carp  as  broad  as  wide)  4-¥  1,  somewhat  dorsally  com- 

pressed <-»  2,  distinctly  dorsally  compressed.  Fruits 

lacking  compressed  mericarps  are  also  described  as 

laterally  compressed. 

38.  Secondary  ridges:  0,  absent;  1,  present. 

39.  Secondary  ridge  appendages:  0,  wings;  1,  spines;  2. 

hairs.  If  secondary  ridges  are  absent,  this  character 

was  coded  as  inapplicable.  t 

ovoid    or   rounded.    The    shape    of   the    stylopodium       40.  Tubercles  at  fruit  surface:  0,  absent;  1,  present.  Tu- 

Frlit  Morphology 

27.   Stylopodium   shape:   0,   flat-conic;    1,   high-conic;  2, 

changes  as  the  fruit  matures,  and  thus  its  shape  was 

determined  at  fruit  maturity. 

28.  Crown  of  hairs  (bristles,  scales)  at  fruit  base:  0,  ab- 

sent; 1,  present.  Hairs  (bristles,  scales)  forming  the 

crown  on  the  pedicel  at  the  base  of  the  fruit,  if  pre- 
sent, are  distinctly  longer  than  those  that  may  occur 

below  (character  29).  This  crown  of  hairs  may  be  re- 
duced to  single  scales;  if  so,  the  pedicel  is  usually 

naked. 

29.  Pedicel  indumentum:  0,  absent;  1,  pedicels  scabrid: 

2,  pedicels  hairy.  Scabrid  pedicels  denote  small  dents 

that  may  occur  on  their  inner  sides. 
30.  Pedicels  of  fruit:  0,  not  thickened;  1,  thickened. 

When  thickened  at  fruit  maturity,  pedicels  may  obtain 
the  diameter  of  fruits. 

31.  Fruit  shape:  0,  globose  <-^  1,  elliptic  or  ovate  to 

broadly  ovate  <-»  2.  narrow  to  oblong  ovate  «-»  3.  lin- 
ear-oblong. The  order  of  states  reflects  the  increasing 

proportion  of  fruit  length  to  width. 

32.  Fruit  appendage:  0,  absent;  1,  present.  A  pedicel-like       43. 

appendage  is  formed  if  the  seed  does  not  fill  the  lower 

part  of  the  fruit.  It  is  characteristic  only  for  Osmor- 
hiza,  with  the  exception  of  0.  Occident  alls. 

33.  Commissure:  0.  broad;  I,  constricted. 

34.  Beak:  0,  obsolete  <-^  1,  relatively  short  <-^  2.  long.  A 
distinct  beak  is  formed  when  the  seed  does  not  fill 

the  top  of  the  fruit.  It  is  sometimes  a  different  color 
than  the  rest  of  the  fruit. 

bercles  usually  constitute  the  bases  of  bristles.  As 

these  sometimes  break  away  easily,  only  tubercles  can 
remain  on  herbarium  material,  and  hence  the  fruits 

can  be  described  as  tuberculate  rather  than  bristled. 

41.  Fruit  indumentum:  0,  absent;  1,  hairs;  2.  bristles.  In 

krusnoria  longiloba  tubercles  lack  normally  devel- 
oped bristles  but  sometimes  end  with  short  hyaline 

teeth  that  seem  to  be  homologous  with  bristles.  There- 

lore,  for  this  species,  the  character  was  coded  as  poly- 

morphic. AnthrLscus  caucalis  and  A.  ccrefolium  in- 
clude varieties  with  both  naked  and  bristled  fruits. 

42.  Cuticle  appearance:  0,  dull;  1,  shiny.  This  character 

is  difficult  to  determine  in  badly  preserved  herbarium 

material  or  when  the  fruits  are  not  fully  ripe.  However, 

it  does  reflect  an  anatomical  basis  (i.e..  shiny  fruits 

are  usually  characterized  by  a  thick  cuticle  while 

those  with  a  rather  dull  appearance  have  a  thin  cu- 

ticle: k.  Spalik.  A.  Wojewodzka  &  S.  Downie.  unpub- 
lished data). 

Cuticle  texture:  0,  smooth  or  striate;  1,  aculeate. 

Small  projections  that  give  an  aculeate  texture  to  the 
cuticle  are  formed  above  the  centers  of  the  cells.  In 

Scandix,  they  are  found  only  close  to  the  fruit  base, 
while  in  Anthriscus  lamprocarpa  they  may  occur  only 
near  the  commissure. 

44.  Fpidermis  coloration:  0.  uniform  (not  areolate);  1,  are- 
olate.  The  areolate  appearance  of  epidermis  is  due  to 

thickened  transverse  cell  walls  (Spalik.   199,). 
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THE  GENUS  HYPOXIS 

(HYPOXIDACEAE)  IN 
Justyna  Wiland-Szymariska2 

CENTRAL  AFRICA 1 

Abstract 

Hypoxis  is  a  pantropical  genus,  with  about  KM)  species  worldwide.  It  is  represented  in  Central  Africa  by  20  species, 

with  l\  species  in  Rwanda,  5  in  Burundi,  and  1()  in  Congo-Kinshasa.  This  study  considers  morphology  of  vegetative 
and  reproductive  organs  with  emphasis  on  leaves,  inflorescences,  seeds,  and  indumentum.  Morphology  and  anatomy  of 
trichomes  and  other  new  data  on  taxonomically  useful  characters  of  Hypoxis  in  Central  Africa  are  assessed. 

Key  words:      Africa,  anatomy,  llypoxidaccae.  Hypoxis,  morphology. 

Morphological  variability  of  Hypoxis  L.  confuses 

my 

he I fir ive  neen  coniimieu  ior  some 

1    lc 

Afri 
can  spec 

its    taxonomy    and    nomenclature.    Established    by  (Wilsenach,    1967;   Wilsenach  &    Papenfus,   1967; 

Linnaeus  (1759),  Hypoxis  has  often  been  divided  Wilsenach  &  Warren.   1967;  Zimudzi,  1994).  Mo- 

into  two  infrageneric  taxa,  one  including  plants  with  lecular  studies  of  all  Hypoxis  species  from  tropical 

indumentum  and  the  other  including  glabrate  spe-  Africa,  as  delimited  by  Lebrun  and  Stork  (1991), 
cies.  The  first  has  been  described  as  Hypoxis  subg.  are  planned  for  the  future. 

Euhypoxis  Baker  (1878b:  99).  Hypoxis  sect.  Euhy- 
poxis  (Baker)   Bcnth.   (Bentham  &    Hooker,   1883:  MATERIALS  AND  METHODS 

Approximately   300   herbarium    sheets    from    B, 
BM,    BR,   BRLU,   K,   KRA,   KRAM,   MO,   0,  P, 

POZG,  UPS,  WAG,  and  Z  were  used  for  morpho- 

logical and  biometric  studies  (Index  to  Kxsiccatae 

follows  the  Literature  Cited).  Flowers  from  herbar- 

ium specimens  were  boiled  in  water  for  morpholog- 

ical analysis  under  a  dissecting  microscope.  Tri- 
chomes were  taken  from  boiled  scapes  and  leaves 

I  examined  using  ordinary  and  polarizing  light 
microscopy,  wi ith  dr a  wings  made  irom I 

from  the  light  mi- 

croscope. Freeze-dried  seeds  and  also  some  tri- 

chomes were  examined  using  scanning  electron  mi- 
croscopy after  coating  with  gold.  Data  on  ecology 

and  distribution  were  taken  from  the  herbarium  la- 

bels. Distribution  data  in  the  text  are  presented  in 

the  original  languages. 

717),  or  Hypoxis   sect.   Hypoxis   (Geerinck,   1969: 
75). 

Salisbury  (I860)  first  described  the  second  group 

as  two  distinct  genera,  lanthe  Salisb.  and  Spiloxene 

Salisb.,  to  which  almost  glabrous  South  African 

plants  belong.  Baker  (1878b:  99)  treated  both  lan- 

thc and  Spiloxene  as  synonyms  of  Hypoxis  subg. 

lanthe  (Salisb.)  Baker.  Subsequently  Williams 

(1901)  and  Nel  (1914a,  b)  recognized  hint  he  as  a 

separate  genus  (Nel  misspelled  it  as  Jonthe  Sal- 

isb.), and  both  of  them  explicitly  included  Spiloxene 

in  its  synonymy.  Their  taxonomy  was  endorsed  by 

Hilliard  and  Burtt  (1978),  but  they  mistakenly  used 

Spiloxene  as  the  name  of  the  genus,  a  usage  not 

permitted  under  [CBN  Article  11.5  (Greuter  et  al., 

2000:  21).  In  this  paper  I  recognize  Hypoxis  and 

lanthe  as  separate  genera,  and  therefore  the  de- 

scription given  is  of  Hypoxis  sensu  stricto  (exclud- 
ing lanthe). 

No  recent  thorough  study  of  Hypoxis  exists  for 

Central  Africa,  consisting  herein  of  Democratic  Re-  Africa,  19  occur  in  the  southern  and  eastern  parts 

public  of  Congo  (=  Congo- Kinshasa),  Rwanda,  and  of  Congo-Kinshasa,  with  only  1  species,  //.  angus- 

Burundi.  This  paper  is  based  mainly  on  morpho-  tifolia  Lam.,  extending  into  the  western  part  of  the 

logical  characters,  though  apomixis  and  pseudoga-       country.  Only  3  species  occur  in  Rwanda  and  5  in 

1  Support  of  this  study  by  a  grant  from  the  Polish  Science  Research  Committee  is  gratefully  acknowledged.  I  thank 
the  curators  and  workers  of  the  herbaria  that  1  visited  (B,  BM,  K,  KRA,  KRAM,  (),  P.  UPS,  Z)  for  their  help  and 
hospitality,  and  especially  those  at  MO.  I  am  very  grateful  to  the  curators  of  B,  BR,  BRLU,  and  WAG  for  the  loan  of 

herbarium  material.  My  special  thanks  are  addressed  to  Stanislaw  Lisowski,  Dept.  of  Geobotany,  A.  Mickiewiez  Uni- 
versity, Poznah,  for  supervising  my  Ph.D.  study,  and  Inger  Nordal.  University  of  Oslo,  for  her  help  and  kindness.  I 

thank  Boy  Gereau,  as  well  as  the  editors,  David  Bogler.  and  anonymous  reviewers  for  helpful  comments  and  suggestions 
during  preparation  of  the  manuscript.  Most  illustrations  were  drawn  by  Marcin  Matnszezak. 

2  Department  of  Geobotany,  Adam  Mickiewiez  University,  Al.  Niepodleglosei  11.  61-713  Poznari,  Poland. 

Ann.  Missouri  I  Jot.  Gabd.  88:  302-350.  2001. 

Rksui.ts  and  Discission 

()1  the  20  species  of  Hypoxis  known  from  Central 
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Burundi.  The  largest  number  of  taxa  in  Congo-Kin- The  cuticle  covering  seed  coat  cells  may  he  very 

shasa  (18)  is  found   in   the  Shaba   Province.  This  thin  (Oganezova,  1995)  or  very  thick  in  some  spe- 
situation  is  a  consequence  of  two  factors.   First,  cies  (Nordal  et  al.,  1985).  In  the  former  the  seeds 

southern  and  eastern  parts  of  Congo-Kinshasa  are  are  black,  in  the  latter  red-brown  or  brown  due  to 
covered    with    wooded    grassland,    the    habitat    in  cuticle  coloring.  In  H.  angustifolia  the  thick  cuticle 

which  most  species  of  the  sun-loving  genus  Hypoxis  is  iridescent,  as  is  common  in  some  American  Hy- 
grow.  Many  species  of  the  genus  are  characteristic  poxis  species  (Brackett,  1923).  The  Central  African 
(loristic  elements  of  the  Zambezian  regional  center  species  fall  into  two  main  groups  according  to  seed 
of  endemism  (White,   1983).  Second,  Shaba  is  a  coat  differences:  11  species  with  brown  seeds  with 
center  of  endemism  itself,  in  part  due  to  altitudinal  a  thick  layer  of  cuticle  and  8  species  with  black 
and  edaphic  diversity,  with  local  areas  of  soils  with  see(js  anc]  a  |hin  layer  of  cuticle.  If  the  cuticle  is 
high  levels  of  heavy  metals  (Duvigneaud,  1958;  Du-  thin,  it  smoothly  covers  the  cell  surface.  Under  high 
vigneaud   &   Denaeyer-De  Smet,   1963;   Malaisse,  magnification  (X625),  however,  micropapi Nation  is 1983;  Mandango  &  Ndjele,  1994). 

Nel  (1914a)  divided  the  African  species  of  Hy- 
poxis into  11  sections  on  the  basis  of  variation  in 

visible  (Fig.  16B).  The  thick  cuticle  is  usually  high- 
ly wrinkled  (Figs.  2C,  3B,  5B,  D,  7B,  D,  10A,  12D. 

13B.  20B.  D),  and  it  creates  small  wings  along  pa- 
four  features:  morphology  of  anther  apex,  relative      pillae?  S()  they  ,ook  Hke  more  or  less  elongated  pvr- 
lengths  of  style  and  stigma,  leaf  width,  and  number      amj(|s    The  only  exceplion  is  the  see(j  coal  ()f  // 
of  nerves  in  leaf  blades.  Unfortunately,  these  sec-       mihUensis    Wilaml    subsp.   muMlensis9    where   the 
t.ons  are  not  of  much  practical  value.  Characters  ol       lhi(.k    cutide    coverg    ̂     papillae    smoo,h,y<    hut the  gynoecium  are  not  stable  in  polymorphic  spe-       r  i  »  a  a  *  *u   •  a?* 
w  .      .  ..       forms  elongated  appendages  at  their  apexes  (rig. 

cies,  as,  for  example,  H.  angustifolia  and  //.  hockii 

De  Wild.  The  width  of  the  leaf  lamina  depends  on 

the  age  of  the  leaf,  as  well  as  the  age  of  the  plant, 

and  it  must  be  specified  whether  inner  or  outer 
leaves  are  measured.  For  these  reasons  I  did  not 

assign  Central  African  species  to  Nel's  sections.  My 
studies  led  me  to  the  conclusion  that  seed  and  in- 

dumentum characters the  most  useful  for  de- 

termining taxonomy  and  relationships  within  this 

genus 

17B). 

Brackett  (1923)  and  McVaugh  (1989)  extensively 

used  seed  coat  structure  in  keys  to  the  American 

species  of  Hypoxis.    Nordal   et  al.  (1985)  and  Zi- 

mudzi  (1996)  applied  this  character  to  identifica- 
tion of  the  East  African  and  Zambesian  species, 

respectively.  Because  it  is  not  known  how  many 

genes  are  expressed  in  the  development  of  different 

kinds  of  seed  coat  in  Hypoxis,   some  researchers 

(Britt,  1967)  believe  that  they  do  not  constitute  dif- 
ferences great  enough  to  warrant  separation  into 

distinct   species.   However,  as  stated   by    Barthlott 

Dimensions  and  shapes  of  seeds  are  similar  in 

all  Central  African  species.  Seeds  are  usually  ovoid 

or  almost  spherical   in  shape,  and   1   to  2  mm  in 
i.         .        mi  i  c  u  •     •  A    j       (1981).    differences    of  surface    characters    always 
diameter.    I  he  seed  coat   of   Hypoxis   is  encrusted       v  '  ... a      i    .         i  i.i        r         \  \     \    u\  seem  to  be  based  on  genetic  diversity  and  may  have 
with  phytomelan  and,  therefore,  black  (Oganezova.  &  j  j 

1995).    Cells    are    isodiametric,    5-7-gonal,    with      taxonomic  importance.  In  thi
s  treatment  of  Central 

straight  boundaries  (Figs.  3B,  10E,  K,    14B  &  D,      Afncan  HyP0Xls>  seed  t;»at  sc
ulpture  was  evaluated 

1GB,  19B).  The  anticlinal  cell  boundaries  may  be      according  to  its  correlation  with
  other  morpl.ologi- 

1  characters  useful  in  the  delimitation  of  species. cai  c slightly  raised  (Figs.  10F,  F,  14A,  B  &  I),  19B)  or 

channeled  (Figs.  3B,  10F,  12B,  16B).  Outer  peri-       ln  ,L  hockii  three  different  types  of  seed  coat
  sculp- 

clinal  walls  of  cells  may  be  slightly  sunken  (Fig. ture  occur.  It  is  not  possible  to  state  now  whether 

14B),  flat  (Figs.   10F,   14D),  concave  (Fig.  2A),  or  this  see(l  coat  heteromorphism  is  correlate
d  with 

more  or  less  convex  (Figs.  2C,  D,  3,  5,  7,   10A-E,  anything  other  than  genetic  polymorphism  in  this 

12,  16,  17,  20).  In  the  micropylar  part  of  the  seed  morphologically  highly   variable  species.   Because 

the  outer  periclinal  walls  tend  to  be  more  raised  there  is  no  visible  correlation  with  any  other  (actor, 

than  in  other  parts  of  the  seed  (Figs.    101),   14 A). the  rank  of  variety  is  used.  In  other  cases  in  which 

The  raised  convex  papillae  may  be  semispherieal  there  are  more  supportive  characters,  seed  coat 

(Figs.  3B,  12,  16B),  conical  (e.g.,  Figs.  2D,  7D,  sculpture  is  used  as  an  additional  feature  in  delim- 

10C,    17B,  20D),  or  nipple-shaped  and  aculeate      itation  of  species  or  subspecies. 

(Fig.  10E).  The  flat  or  concave  papillae  are  usually All  Central  African  species  of  Hypoxis  have  veg- 

smooth  in  appearance,  except  H.  hockii  var.  colli-  etative  and  reproductive  organs  covered   with   in- 

culata  Wiland,  where  they  are  micropapillatc  (Fig.  dumentum.  Because  Hypoxis  species  occur  in  areas 

10F),  a  feature  visible  even  under  the  dissecting  with   a   long  dry  season,  the  structure  of  some  of 

microscope.  their   organs,   for   example    the    rhizome   or   roots, 
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shows   xeromorphic   features.   Some   authors   (e.g.,       plant.  Almost  all  species  have  most  parts  of  scapes, 

Nel,    1914a)    consider   the    indumentum    of   these  pedicels,  and  flowers  covered  with  tufted  trichomes. 

plants  to  he  an  adaptation  to  minimize  transpiration  Two-branched  or  simple  trichomes  on  these  organs 

rates.   In  some  species  the  trichomes  fall  off  with  are  rare  and  usually  correlated  with  scarce  indu- 

age  and  as  a  result  some  organs  become  nearly  gla-  mentum  on  the  leaves. 
b rous. Although  some  trichome  and  indumentum  types 

Trichomes  of  the  Central  African  species  of  Hy-  are  species-specific,  there  are  patterns  common  to 

poxis    have    a    characteristic    structure.    Trichome  the   whole   genus.    Indumentum    is   distributed   on 

branches  grow  out  of  a  base  (foot)  consisting  of  4  both  the  inner  and  outer  leaves.   In  H.   lejolyana 

to  8  cells  of  an  oval  or  irregular  shape.  These  cells  Wiland,  trichomes  are  present  on  the  tunic.  Outer 

are  very  well  distinguished  because  they  stand  out  leaves  are  usually  covered  with  trichomes  on  the 

from  the  surrounding  epidermal  cells  and  contain  whole  blade  surface  below  and  more  sparsely  so 

a  large,  ovoid,  dark  cell  nucleus.  Trichome  branch-  above.  The  trichome  topography  on  the  inner  leaves 

es  do  not  enclose  any  cytoplasm,  and  only  remnants  is  more  variable  and  can  be  divided  into  the  three 

of  transverse  cell  walls  can  be  observed.  The  tri-  following  types: 
I cnome  oniric i lies  1 so  far  been  considered  uni- 1.   Trichomes  present  on   the  entire  upper  and 

cellular;  however,  when  examining  the  cell  wall  it       lower  surface  of  the  leaf  (e.g.,  //.  urceolata). 

is  easy  to  note  several  protuberances  on  its  surface, 
which  are  the  remains  of  the  transverse  walls  of  the 

2.  Trichomes   on    the   margins,   the   midrib   be- 
neath, and  on  the  surface  of  the  lamina  above  or 

cells  that  form   the  branch.  They  are  particularly       below  (Fig.  4). 

visible  by  polarized  light,  but  hardly  noticeable  un- 3.  Trichomes  distributed  only  on  the  margins  of 

der  an   unpolarized   light   microscope.  This  is  the       the  blade  and  on  the  midrib  below  (Fig.  1A). 

reason  for  the  lack  of  transverse  walls  in  the  illus- The  trichomes  on  the  compressed  scape  of  Hy- 

trations.  The  thickness  of  the  cell  walls  varies  in  poxis  are  irregularly  distributed.  The  lower  part  of 

the  individual  taxa.  Likewise,  the  hollow  core  has       the  scape  is  ciliate,  but  toward  the  middle  sporadic 

a  variable  diameter  and  may  reach  the  branch  apex  trichomes  occur  on  the  surface  of  the  scape,  and  in 

(Figs.  8H-J,  ()F,  F,  I,  J,  I8G)  or  only  occur  in  its  the  uppermost  part  the  indumentum  becomes 

basal  part  (Fig.  15C).  The  trichome  branches  are  dense,  especially  in  the  pedicel  zone.  Bracts  are 

slightly  distended  in  the  basal  part;  in  the  upper  covered  with  indumentum  only  on  the  abaxial  (out- 

part  they  become  gradually  narrower.  In  some  taxa  er)  side  with  the  trichomes  usually  restricted  to  the 

the  trichome  branches  show  a  tendency  to  twist  midrib,  but  sometimes  they  may  also  be  present  on 

(Fig.  IE,  F).  The  branch  length  ranges  from  0.1  to  the  lamina,  especially  toward  the  base  (Fig.  IB).  In 

5.3  mm.  //.  urceolata,  H.  goetzei  Harms,  and  H.  angustifolia, 

Within  Central  African  HypoxLs  species  there  are  margins  of  the  bract  may  be  ciliate  with  single-  or 

three  types  of  trichomes  distinguished  on  the  basis  two-branched  trichomes  (Figs.  8C,  18C).  Bracts  in 
ft! le  numner ml ofl> rancnes: I the  basal  part  of  the  inflorescence  are  larger  and 

a.   Simple  trichomes  observed  on  the  margin  of      with  more  trichomes.  Pedicels  and  ovaries  usually 

bracts  in  H.  urceolata  Nel  (Fig.    18C)  and  //.  an-       have  indumentum  as  dense  as  the  upper  part  of  the 

gustifolia;  they  may  rarely  occur  together  with  two-       scape.  The  outer  tepals  have  a  dense  indumentum 
branched  trichomes  on  the  leaf  surface; on  the  entire  abaxial   surface  (Figs.   1A,  4,    11B), 

b.   Two-branched    trichomes   with    base   bearing  and  sometimes  have  a  protruding  row  of  perpen- 

two  many-celled  branches  (Fig.    181);  usually  one  dicular  trichomes  along  the  midrib  below.  The  in- 

branch  is  longer  than  the  other;  two-branched  tri-  tier  tepals  are  almost  glabrous  except  for  the  ab- 

chomes  occur  most  frequently  on  leaves,  but  may  axial  midrib  (Figs.  8A,  18A),  which  bears  trichomes 

extending  from  the  segment  base  toward  the  apex 

and  covering  from  xh  lo  its  entire  length.  Additiou- 

also  appear  in  the  inflorescence; 

c.  Tufted  trichomes  with  base  bearing  3  to  13 

many-celled  branches;  branches  differ  in  length,  ally,  on  the  adaxial  surface  of  the  tepals  one  may 

with  one  branch  always  much  longer  than  the  oth-  observe  single-celled  papillae  that  are  pyramidal 

\\  exceptionally,  two  longer  branches  may  occur;       and  larger  on  the  inner  tepals  than  on  the  outer. 

The  overall  appearance  of  a  plant  depends  on 

the  indumentum  density,  its  position  relative  to  the 

One  or  two   trichome   types   may   occur  on   one       organ  surface,  and  color.  Trichomes  may  be  hyaline, 

tufted  trichomes  may  occur  on  all  organs  (Figs.  IK. 

F,  81,  J,  9E,  F,  I,  J,  111),  K,  13C,  ISC,  I),  I8G). 
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grayish,  yellowish,  golden,  or  red-brown.  Within  and  access  to  living  material  is  limited  as  well, 

some  species,  indumentum  has  variable  colors,  for  Consequently,  the  current  paper  presents  a-taxon- 

example,  different  on  the  outer  and  inner  leaves,  omy  based  on  available  data.  More  studies  con- 

but  normally  the  color  for  an  individual  taxon  is  cerning  apomixis  and  pseudogamy  of  Hypoxis  in 

consistent.  The  indumentum  color  may  also  vary  Central  Africa  and  in  other  parts  of  the  continent 

with  age.  Moreover,  Nel  (1914a)  reported  transi-  are  needed,  as  well  as  evaluation  of  a  species  con- 
tions  of  the  indumentum  color  on  one  individual  of  cept  in  this  genus. 

South  African  //.  sobolifera  Jacq.  In  the  Central  Af- 

rican species  of  Hypoxis,  different  types  of  indu- 

.  -ii         (u    I       i       • "  tv /--I      i\    .  Hypoxis  L.  Syst.  Nat.  ed.  10.  1759.  TYPE:  Hypoxis mentum  occur:  vittous  [H.  lusalensis   Wiland),  to-  .  , 
/i  c  ii    l  •  wri      i\       i  hirsuta  (L.)  Colville  (syn.:  H.  erecta  L.). 

mentose  (leaves  oi  H.   bampsiana  Wiland),  pilose  v     7  v  J  ' 

(//.  angusti folia),  hispid  (H.  angolensis  Baker),  pu-  Tj    i        *i  •  i    i  •  i 
v  °      J        n       r      v  to  n  l  Herbs  with  perennial  rhizomes  or  conns;  under- 
bescent  (H.  hockii  var.  hockii),  or  ciliate  (leaves  of  ground  parts  g|()bose?  ovoid  or  elongate>  yell0wish 
H.  goetzei).  Indumentum  density  ranges  from  very  or  whi,;sh    ;nsj(|e    usual)y  topped   ,      a  tunjc  o( compact  and  dense  to  sparse  or  sporadic. 

Studies  on   trichomes  of  Hypoxis.   first   done   by 

membranous  and/or  fibrous  remains  of  old  leaves; 

roots  thick,  ribbon-like,  contractile.  leaves  in  a  bas- 

Scharf  (1892)  and  subsequently  extended  by  Nel  aj  r()sette,  often  tristichous,  usually  diversified  into 
(1914a),    Heidemann    (1983),    and    Nordal    et    al.  outer  leaves,  developing  at  beginning  of  growing 
(1985),  focused  mainly  on  eastern  and  southern  Af-  season,  and  inner  leaves  developing  later,  both  with 
rican  taxa.  Scharf  (1892)  and  Nel  (1914a)  tried  to  parallel   nervation;  outer  leaves  wider  and  shorter 

explain  the  process  of  trichome  formation,  but  de-  than  inner  leaves,  in  basal  part  usually  spalhe-like, 
spite  performing  their  studies  on  the  same  South  with  membranous  margins,  enclosing  bases  of  the 

African  species  (//.  stellipilis  Ker-Gawl.),  their  ob-  inner  leaves  in  long  or  short  pseudostem.  in  upper 

servations    differed.    Whereas    Scharf   studied    the  part  ovate,  lanceolate,  ensiform,  linear  or  canalic- 

structure  of  trichomes  on  the  scape,  Nel  concen-  ulate,  acute  at  apex,  often  keeled,  erect  or  reflexed. 

trated   on   the  leaves,  which   have  a  different   tri-  covered  with  indumentum;  inner  leaves  ovate,  lan- 
acute  at 

chome  type.  More  recently,  Hummel  and  Staesche  ceolate,  ensiform,  linear  or  canaliculate,  a 

(1962),  Heideman  (1983),  and  Nordal  et  al.  (1985)  aPex^  often  keeled,  erect  or  slightly  reflexed, 

discussed  a  simplified  trichome  structure  in  the  ge-       ered  with  trichomes.  Scapes  compressed,  usually  ta- 

cov- 

nus  Hypoxis.    Heideman  (1983)  and   Nordal  et  al. pering  toward   base,  winged  and  ciliate  in   lowest 

(1985)  presented  the  trichome  foot  composed  of  part,  wider  and  more  covered  with  trichomes
  in  up- 

only  one  cell  with  unicellular  branches.  Hummel  Per  P^rt;  flowers  single  or  in  determinate  o
r  inde- 

and  Staesche  (1962)  mentioned  that  Hypoxidaceae  terminat^  inflorescences;  bracts 
 subulate  or  ovate 

have  many-celled,  tufted  trichomes.  The  trichome  in  basal  l)art'  arute'  keeled' 
 t,,()se  subtending  low- 

i  u         ♦      i  ii  ermosl  flowers  larger  than  in  upper  part  of  inflores- 
topograpny  on  hypoxis  plants  was  considered  a  sys-  °  . 

tematic  feature  with  reference  to  the  South  African       _       . ' t 
dicels distinct,  covered  with  trichomes. 

(Heideman,  1983)  and  East  African  (Nordal  et  al., 

1985)  species.  In  the  latter  work,  the  authors  sug- 

gested six  types  of  trichome  distribution  on  the 

leaves,  but  these  types  do  not  include  all  the  var- 

iability observed  in  Central  African  species,  e.g., 

Tepals  usually  6,  sometimes  only  4,  rarely  3  or  5. 

yellow  entirely  or  at  least  on  upper  side:  outer  tepals 

ovate,  lanceolate  or  oblong,  acute,  with  an  adaxial 

subapical  appendage,  often  keeled,  covered  with 

trichomes  abaxially;  inner  tepals  ovate  or  lanceo- 
late, acute,  obtuse,  entire  or  micropapillate  at  apex, 

H.    bampsiana.   The   various  features  of   trichomes  .i    .  ■   i  i  •  j  -u    u      •   u        ,  i  • 
1  with  trichomes  along  midrib  abaxially;  stamens  bis- 

ami  indumentum  have  proven  to  he  useful  in  ere-       erm{^  as  many  as  tepaK  equa]  (),.  unequal  wil|) 
outer  whorl  longer  than  inner;  filaments  usually  su- 

bulate, exceptionally  filiform  or  deltoid;  ovary  in- 

ating  the  keys  to  the  Central  African  taxa  of  Hy- 

poxis 

In  the  studied  material  there  were  a  few  speci-  feri()i;  trilocular  with  axile  placentation,  usually  ob- 
mens  that  could  not  be  included  in  any  of  the  spe-  conical,  covered  with  indumentum.  Capsule  with 
cies  treated  below.  Their  taxonomie  status  is  cur-       persisting  perianth,  transversely  circumscissile  in 
rently  being  examined  and  will   be  reported   in  a  upper  part  and  sometimes  dehiscing  by  longitudi- 
later  publication.  Due  to  the  political  situation  in  nal  slits  as  well;  seeds  ovoid  or  subglobose,  with 

Central  Africa,  there  are  currently  no  possibilities  one  large  papillate  appendage,  black  or  brownish; 

of  performing  experimental  biological  tests  in  situ,  seed  coat  usually  ±  papillate. 
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i. i 
Inner  leaves  [i— 30  mm  wide,  coriaceous;  rhizomes  27-60  mm  diam.,  scapes  2-5  mm  wide. 

2a.      Inner  leaves  glabrous  above,  eiliate  only  on  margins  and  midrib  below  or  entirely  covered  with  indu- 
mentum below. 

3a. 

3b. 

Leal  blade  entirely  covered  with  indumentum  below. 

la.      Flowering  sequence  acropetal;  indumentum  red-brown,  inner  leaves  30—70  (-76)  mm  wide. 

(95— )  1  ( )3—  1 90-nerved    -     3.  //.  bampsiana 
lb.      Flowering  se(juence  basipetal;  indumentum  while;  inner  leaves  8-20  nun  wide,  ca.  30-nerved 
      1 7.  //.  subspicata 

Leaf  blade  eiliate  onl\   on  margins  and  midrib  below. 

5a.      Flowering  sequence  hasi petal,  trichomes  golden;  inner  leaves  (8—)  20—50  (—70)  mm  wide   - 

5b.      Flowering  sequence  acropetal,  trichomes  white  or  gray;  inner  leaves  0-16  mm  wide 

7.  //.  goetzei 

II 

  —       -       -       -    1.  //.  angolensis 

2b.      Inner  leaves  entirely  covered  with  indumentum  on  both  sides. 

6a.      Inflorescence  2-  to  7-ilowered;  plant  from  I  Unit  Zaire  Province  or  Rwanda            20.  H.  urceolata 

6b.      Inflorescence  6-  to  13-flowered;  plant  from  Shaba  Province. 

7a.      Inflorescences  accompanied  bv  inner  leaves  during  anthesis            8.  H.  hockii 

7b.      Inflorescences  not  accompanied  by  inner  leaves  during  anthesis        16.  H.  robusta 

Inner  leaves  1—8  mm  wide,  usually  thin  in  texture;  rhizomes  6—45  mm  diam.,  scapes  0.3—2  mm  wide. 

8a.      Tepals   1 4-20  mm  long                  11.  //.  lusalensis 
8b. 

Tepals  6—13  mm  long. 
9a.      Leaves  canaliculate,  to  ca.   1  mm  wide. 

10a.     Tunic  membranous,  with  only  few  delicate  fibers;  leaves  ca.  0.7  mm  wide  0.  //.  jilijormis 

10b.    runic  fibrous  and  stiff,  leaves  ca.   1  mm  wide       4.  //.  canaliculata 

0b.      Leaves  carinate  or  flat,   I   mm  or  more  wide. 

I  la.    Inner  leaves  ensiform.  (>-8  mm  wide;  tunic  fibrous       5.  //.  dinteri 

I  lb.    Inner  leaves  linear,  1—8  mm  wide;  tunic  fibrous  or  membranous. 

12a.    Tunic  conspicuous,  stiff  and  prominently  fibrous  or  composed  of  2-3  mm  wide  old  leal 
blades. 

13a.    Tunic  composed  of  2-3  mm  wide  blades  often  covered  with  indumentum    

13b.   Tunic  fibrous,  glabrous. 

10.  //.  lejolyana 

14a.    Plants  7.5-10  cm  high,  seeds  brown        18.  //.  symoensiana 

1  lb.    Plants  20-50  cm  high,  seeds  black       13.  //.  malosana 

12b.    Tunic  not  conspicuous,  at  least  partially  membranous. 

15a.  Outer  tepals  ca.  5  mm  wide       10.  //.  upemben&is 

15b.    Outer  tepals  2—1  mm  wide. 
16a.   Seeds  black. 

17a.    Scapes   bending  alter  anthesis;   pedicels  2.5-1)  mm   long;  seed  testa 
colliculate       9.  //.  kilimanjarica 

17b.   Scapes  erect  after  anthesis;  pedicels  7-12  mm  long;  seed  tesla  hon- 
eycombed        12.  //.  malalssei 

1 6b.    Seeds  brown. 

18a.    Flowers  1  or  2. 

10a.    Pedicels  0-5  mm  long;  seapes  bending  after  anthesis 
  -   —   14.  //.  monanthos 

19b.    Pedicels  12  mm  or  more  long;  scapes  erect  after  anthesis    

18b.    Flowers  3-6. 

2.  //.  an  gust  [folia 

20a.    Tunic  partially  fibrous;  robust  plant  known  only  from  Plateau  de 
Muhila                15.  //.  mubilcnsis 

20b.    Tunic  membranous;  slender  common  plant  2.  //.  angusti folia 

1.    llypoxis  angolensis  Baker,  Trans.   Linn.  Soc.       midrib    below,    glabrous    above;    trichomes    tufted, 

white;  nerves  of  unequal  size,  (29  to)  39  to  67;  inner London,    Hot.    1:   266.    1878.   TYPK:    Angola. 

Huilla:  "in  collinis  dumetosis  prope  Lopollo,       leaves  8  to  27,  linear,  (12-)  21-48  (-66)  X  0,6-1.6 

380< )-5500  ft./'    1860,   Welwitsvh  4059  (holo-       c.m  wj(le,  in  basal  part  wider  and  with  membranous 
type,  BM!).  Figures  I,  2A,  H. margins,  prominently  keeled,  eiliate  on  the  margins 

Herb  to  48  cm  high;  rhizome  ovoid,  6.4-1  1.0  X  and  midrib  below,  glabrous  above;  trichomes  tufted. 

3,9-5  cm  (dried  out);  tunic  to  8  cm,  usually  large  <'a.   4-branched   with   branches  0.5-2.7   mm    long, 

and  fibrous,  brown-red.  Outer  leaves  3  to  5,  ovate,  white  or  gray;  thin  nerves  of  equal  size,  approxi- 

6-14    X    0.8-1.4   cm.   eiliate  on   the   margins  and  mate,  (29  to)  33  to  67.  Scapes  3  to   13,   13-27  cm 



Volume  88,  Number  2 
2001 

Wiland-Szymahska 

Hypoxis  in  Central  Africa 307 

Kf.Ma+nsuza't  del. 

3 
B 

Figure  1.  Hypoxis  angolensis.  — A.  Habit.  — B.  Bract  from  the  basal  part  of  inflorescence  in  side  view.  — C.  Stamen 

(ventral  view).  — D.  Style  with  stigma.  — E.  Tufted  triehome  from  a  scape.  — F.  Tufted  trichome  from  a  leaf  edge.  A 

from  Duvigneaud  1321  (BRIAJ);  B  from  Planvke  167/2550  (BRLU);  C,  D,  E,  and  F  from  LUowski,  Malaisse  &  Symoens 
13279  (POZG). 
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Figure  2.  A,  H.  Hypoxis  angolerusis.  — A.  Seed.  — B.  Seed  coat  sculpture.  C  &  I).  Hypoxis  muhUensis  subsp. 
kansimbensis.  — C.  Seed.  — I).  Seed  coat  sculpture.  A  and  R  from  Duvigneaud  &  Timperman  2514  (BR);  C  and  I)  from 
IJsowski  HI  125  (POZG). 
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X  3-4  (-5)  mm,  basally  tapering,  shortly  winged       whereas  leaves  of//,  angolensis  are  only  ciliate  on 

and  ciliate,  in  upper  half  prominently  hispid  with       margins  and  midrib  below.  These  two  species  also 

tufted  trichomes;  raceme  6-  to  12-flowered,  floral       have  very  different  inflorescences.  Hypoxis  ango- 

anthesis  acropetal;  bracts  subulate,  lowermost  1 1 lensis  possesses  a  rac with  acropetal  anthesis 

25  X  1.5-2.0  mm,  7-nerved,  pubescent  on  midrib  (Fig.  1A),  while  H.  subspicata  bears  cymes  with  ba- 

and  nerves  abaxially;  upper  bracts  much  smaller,  sipetal  anthesis.  Moreover,  seeds  of  //.  angolensis 

almost  filiform;  pedicels  4-23  mm  long,  hispid.  Te-  are  black  with  a  thin  cuticle,  whereas  seeds  of  //. 

pals  6;  outer  tepals  oval,  9-16  X  3-5  mm,  5-  to  9-  subspicata  are  brown  with  a  thick  cuticle.  Hypoxis 

nerved  with  irregular  nerves,  abaxially  hispid;  ap-  angolensis  is  also  similar  to  //.  hockii,  but  the  latter 

pendage  clavate;  inner  tepals  ovate,  obtuse,  9-14  has  leaves  totally  covered  with  indumentum  and 

X  4.5-10.0  mm,  5-  to  7  (-lO)-nerved  with  irregular  their  nerves  are  visibly  distant  one  from  another, 

nerves,  pubescent  abaxially  along  the  midrib;  sta-  not  close  together  like  in  the  former  species.  Seeds 

mens  subequal  or  inner  shorter  than  outer;  outer  of  both  species  are  black,  but  their  seed  coat  sculp- 

stamens  5-9  mm  long  with  filaments  3.5-4.5  mm       tures  are  different  (see  Figs.  2 A,  B  and  10C-F). 

long;  inner  stamens  4.5—7.5  mm  long  with  filaments 

2.5-3.5  mm  long;  anthers  linear,  prominently  sag-       2.    Hypoxis  angustifolia  Lam.,   Encycl.  3:   182. 

ittate,  slightly  emarginate  or  fused  at  apex,  3.5-5.0 

mm  long;  ovary  4.5-13.0   X   3.5-6.0  mm,  hispid; 

1789.  TYPK:  Mauritius.  Commerson  s.n.  (ho- 

lotype,  P  photo!).  Figures  3,  18H,  1. 

style  1-2  mm  long;  stigma  pyramidal,  1.5-3.0  mm       Hypoxis  luzuloldes   Robyns  &  Tournay,  Bull.  Jard.   Hot. 
long.  Capsule  obconical,  6-10  X  4—5  mm,  hispid; 

seeds  6  to  9,  ovoid,  1.2-1.5  X  ca.  1  mm,  black; 
seed  coat  colliculate. 

Distribution  and  ecology.      Congo-Kinshasa  (Fig. 

22),  Angola,  Zambia,  Tanzania.  Wooded  grassland 

Etat.  25:  254.  1955.  TYPK:  Congo-Kinshasa.  Kivu: 

"Tschambi,  plaine  pr£s  du  pont  de  la  Rwindi,"  alt. 
±  975  m,  Oct.  1933,  G.  de  Witte  I  I'M)  (holotype, 
BR!). 

Herb  to   10-53  cm  high;  rhizome  globose,  0.8- 

1.2  cm  diam.  (dried  out),  white  inside;  tunic  mem- 
with  shrubs  or  trees,  often  with  Diplorhynchm  and  branouS9  sometimes  with  some  thin  fibers.  Outer 
Hymenocardia;  miombo.  Red,  degraded,  moist,  ^  not  a]ways  presenU  if  present  not  numerous 
sandy  soils;  alt.  1340-1800  m.  Flowering  from  June  d  jn  pseudostem,  linear  in  upper  parU  10  Cm to   December.    Inner   leaves   are   produced   during 

flowering. X  ca.  7  mm,  pilose  along  midrib  and  margins  be- 

low;  trichomes  2-branched,   white;   nerves  of  un- 

4  , ,.  •       i  /      pnivrn  k'TwcuA        equal  size,  5  to   13;  inner  leaves  3  to  12,  linear, 
Additional  specimens  examined.      LUJNlrU-JvllNorlA-  >  ' 

SA.  Shaba:  60  km  N  de  Sandoa,  Duvigneaud  &  Timper-       grass-like,  usually  keeled,   10-50  cm   X  3-8  mm. 

man  2481  (BRLU);  70  km  S  de  Sandoa,  Duvigneaud  &       ciliate  on  margins  and  midrib  below  or  very  sparse- 

Timperman2514^  (BRLU);    10°48'10"S,    25°16'49"E,       ly    pilose    on    entire    surface;    trichomes    2    (3)- 
branched,  1.3-2.5  mm  long,  golden  or  white,  soft; 

nerves  of  unequal   size  5   to   13   (23),   two  lateral 

nerves  prominently  larger  than  other.  Scapes   1   to 

6,  5-20  cm  X   1  mm,  ciliate  in  lower  half,  pilose 

in  upper  half  with  2-  to  3-branched  trichomes;y?ow- 

ers  single  or  in  a  lax  2-  to  6-flowered  corymbiform 

cyme;   bracts    subulate,    12-17    mm    long,   basally 

(0.5-)  1.0-1.7  mm  wide,  1-  or  3-nerved,  villous  on 
midrib    abaxially,    sometimes    ciliate   on    margins; 

alas  502  (MO).  TANZANIA.  Iringa:  Iringa-Mbeya  Road,      ̂ ^   {  2_2  5  cm  ,  pubescent.  Tepals  6  (ex- 

Schaijes  2985  (BR);  entre  Kansenia  et  Kapiri,  pres  du 

village  Kamalenge,  Lukuesa  116  (BR);  Plateau  des  Biano, 

entre  Dilungu  Yulu  et  Kansenia,  a  TW  de  la  route  Tenke- 
Kansenia,  Symoens  5886  (BR);  same  plateau,  au  N  de 

Tenke,  Duvigneaud  1321 H  (BRLU);  Plateau  de  la  Manika, 
Duvigneaud  s.n.  (BRLU);  environ  de  Katema,  Lisowski, 

Malaisse  &  Symoens  13279  (POZG);  pr&s  de  Djoni,  Li- 
sowski,  Malaisse  &  Symoens  5637  (POZG);  Kolwezi,  P lan- 
cke  167/2550  (BRLU),  Duvigneaud  4527  H  (BRLU).  Du- 

vigneaud &  Timperman  2264  (BRLU),  Schmitz  2977  (BR). 

ZAMBIA.  Nyanga:  Rochdale  Valei,  14.12.1976,4.  Nich- 

vicinity  of  Ngwazi  Estate,  Spjut  &  Muchai  3462  (MO). 
ceptionally  4),  yellow,  bright  yellow,  or  outer  tepals 

Hypoxis  angolensis  is  a   very  beautiful  species  green  and  inner  yellow,  sometimes  with  a  red  stripe 

with  hispid,  light  indumentum  on  leaves  and  inflo-  along  midrib;  outer  tepals  ovate,  5-8  X  2-3  mm, 

rescences  (Fig.   1A).  Trichomes  are  usually  com-  5-  to  7-nerved  with  irregular  nerves,  villous  abax- 

posed  of  only  four  branches,  which  tend  to  twist  ially:  appendage  clavate;  inner  tepals  ovate,  obtuse, 

themselves    (Fig.    IE,    F).    The    rhizome    is    often  sometimes  minutely  papillate  on  apex,  4-7  X  3-4 

topped  with  a  rich  fibrous  chestnut-colored  tunic.  mm,  5-  to  7-nerved  with   irregular  nerves,  pilose 

The  geographic  distribution  of//,  angolensis  is  very  along  midrib  abaxially  to  3/4  of  its  length;  stamens 

similar  to  that  of  //.  subspicata.  Both  species  share  usually  unequal;  outer  stamens  3-4  mm  long  with 

leaves  with  approximate  nerves,  but  leaves  of  H.  filaments  2.5-3.0  mm  long;  inner  stamens  2-3  mm 

subspicata  are  covered  on  the  whole  surface  below,  long  with  filaments  1.5-2.0  mm  long;  anthers  linear. 
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Figure  3.      Hypoxis  an  gust  [folia.  — A.  Seed. B.  Seed  coat  sculpture.  Both  from  Bamps  &  Malaisse  8052  (UK) 
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deeply  sagittate,  retuse  at  apex,  1.5-3.0  mm  long;  bugabuga,  Liben  620  &  1231  (BR),  Van  Oosten  120  (BR); 

ovary  obconical,  2-5  X  1-3  mm,  villous;  style  1-3  ̂ ^^^t^^JVi^!  ^TZt^' 
mm  long;  stigma  0.7-2.5  mm  long,  both  variable  in 

shape.  Capsule  turbinate,  7-14  X  ca.  3  mm,  pu-  (BR).  Lukionj;,  Troupin  6776  (BR);  Kakitumba,  al- 
bescent, often  splitting  in  three  lobes;  seeds  nu-  tiaensen  736  (BR).  BURUNDI.  Route  Bubanza-Musigati, 

merous,  ovoid,  ca.  2  mm  long;  cuticle  thick,  brown;  Lewalle  4189  (BR);  Bujumbura,  Lewalle  5486  (BR,  MO); 

2898  (BR);  Matinza,  Bouxin  &  Radoux  1008  (BR);  Lula- 
ma,  Bouxin  &  Radoux  418  (BR);  Mimuli,  Troupin  4230 

seed  coat  with  pyramidal  pointed  projections. plaine  de  la  Ruzizi,  Germain  6086  &  6237  (BR),  Reek- 
mans  2906  (BR,  MO);  Bulamata,  Germain  7191  (BR);  Ru- 

Distribution  and  ecology.      Hypoxis  angustifolia      monge,  lewalle  5029  (BR), 

is  a  species  with  a  wide  geographical  range  in  in- 
tertropical and  South  Africa  and  from  Madagascar 

i  .i      mi  t  i      j      t*  u  »u   •  Vernacular  name.      INvabokela   (dialect   Kiny- 
and  the  IVlascarene  Islands.  It  occurs  both  in  un-  J  v  J 

disturbed  natural  habitats  like  miombo,  dry  forests,      anianda);  Dioko  di  ngumb
i  (a  partridge  tuber,  dia- 

bush,   various   types   of  grasslands,   river  valleys,       lect  not  stated'  from  Glllet  &  P3clue
<  1910)' 

lakeshores,  and  in  habitats  strongly  impacted  by The  name  H.  angustifolia  was  used  for  some  time 

human  activities  like  pastures,  fallow  fields,  culti-  in  Central  Africa  as  the  name  for  all  species  with 

vated  stands  of  manioc,  and  roadsides.  It  can  be  leaves  less  than  7  mm  wide  (Geerinck,  1971).  This 

found  on  different  kinds  of  soils:  loamy,  with  kaolin,  species  is  indeed  characterized  with  a  great  mor- 

rocky,  laterite,  and  on  granite  slabs;  alt.  850-1500  phological  variability,  especially  in  shapes  of  style 

(exceptionally  1900)  m.  Flowering  from  January  to  and  stigma.  It  differs  from  all  species  of  Hypoxis  in 

May  and  in  August.  It  is  the  only  species  of  Hypoxis  an  occasional  red  striping  on  the  tepals,  not  ob- 

in  Congo-Kinshasa  to  occur  in  the  western  part  of  served  in  any  other  species.  In  tropical  Africa  its 
the  country  (Fig.  21). seeds  are  always  brown  and  covered  with  thick  cu- 

Additional  specimens  examined.      C0NG0-K1NSHA-  ticle  (FiS;  3)'  Its  membranous  tunic  and  s
eeds  dis- 

SA.  Bas-Zaire:  s.  1.,  Odon  in  Gillet  s.n.  (BR);  Luki,  Wa-  tinguish  it  from  H.  malosana,  a  species  with  fibrous 

gemans  285  (BR);  Bingila,  Dupuis  s.n.  (BR);  Lutete,  Hens  tunjc  and  black  seeds  (Fig.   16).  Hypoxis  dinteri, 
221  (BR);  Mbanza-Ngungu,  Breyne  2624  (BR),  Lisowski  u ♦   i    u                  i       •      i             u               *ri-     rx?' 
rsnnr  /r»V>\    v    ii       £/      •     •   on7  /r>r>\    Z •   i      i  which  bears  seeds  similar  to  H.  angustifolia  (rig. 
56805   (BR);    Kitobola,   Flamigni  297  (BR);    Kinkonka,  °       J           v     ° 

Vanderyst  s.n.  (BR);  Kimpasa,  Vanderyst  s.n.  (BR);  Kis-  7),  differs  in  its  fibrous  tunic  and  ensiform  leaves 

antu,  Gillet  s.n.  (BR),  Gillet  s.n.  (BR),  Vanderyst  37242  (Fig.  6C),  while  leaves  of  the  latter  species  are  lin- 
(BR);  Pemba,  Williams  18  (BR).  Kinshasa:  environ  de  ear    Hypoxis  kilimanjarica  possesses  black  seeds 
Kinshasa,  vallee  de  la  Lukaya,  Lisowski  861 1 9  (BR),  Brey-  ,          iriAX         i         i-     i                         i-       r            /t-«- 

a-711  /dd\   v     u         d         /    rnnn  mu\    v  n^.  IzA)  and  pedicels  not  exceeding  o  mm  (rig. 
ne  4711  (BR);  Kinshasa,  rauwels  6009  (BR);  Kimuenza,  v     &            /            r                                           &                v     & 

Lejoly  82/1013  (BR,  BRLU);  Lutendele,  Jans  98  (BR).  HA),  while  those  of//,  angustifolia  are  usually  at 

Bandundu:   Chutes  Tembo,  Breyne  2590  (BR).  Haut-  least  12  mm  long.  More  robust,  but  similar  to  H. 
Zaire:  entre  Arumbi  et  Berunga   Louis  4587  (BR);  entre  ^fau      K  malaissei  bears  a  partially  fibrous Niangara  et  Wamba,  Lebrun  3256  (BR);  Abok,  Scops  168  °       J                                                        r             J 

(BR);  route  Gabu-Golu,  Taton  437  (BR);  Nioka,  Lejoly  tunic  and  black  honeycombed  seeds  (Fig.  14B).  Hy- 
3338  (BRLU),  Lisowski  48484  (POZG);  Pare  National  Gar-  poxis  monanthos  differs  in  its  partially  fibrous  tunic 
amba,  ca.  piste  centrale  vers  30  km,  Noirfalise  826  (BR),  an(j  bending  scapes  with  pedicels  to  5  mm   long Troupin  1308  (BR);  piste  fronti&re  vers  km  15,  Troupin 
1243  (BR).  Kasai  Oriental:  Lomami,  Dandoy  206  &  361 (Fig.  11C).  Scapes  of//,  angustifolia  are  rigid.  Hy- 

(BRLU).  Kivu:  Kikanga,  Bequaert  4211  (BR);  Katanda,  poxis  muhilensis  is  a  species  similar  to  //.  angus- 

Lebrun  7557  (BR);  Kabare,  Bequaert  5505  (BR);  Beni,  Be-  tifolia  in  its  loose  inflorescence,  sparsely  pilose  lin- 
quaert  3391  (BR);  Pare  National  Virunga,  Migeri,  Fred-  ^  leayes?  and  [)r()wn  seed^  which  haye  a  sJmilar ericq  in  de  Witte  8741  (BR);  Section  Vasongora  Ouest,  au  ,  .  .  .     , 

confluent  Ihumbia/Semliki,  de   Wilde  273  (BR);  Section  sculpture    in    //.    muhilensis    subsp.    k
ansimbensis 

Vasongora,  en  bordure  route  Beni-Kasindi,  de  Wilde  467  (Fig.  2C),  but  quite  different  in  the  typical  subspe- 
(BR);  Rwindi,  de  Witte  13341  (BR);  Kombukabakoli,  rive  cies  (Fig.  17).  Moreover,  //.  muhilensis  possesses  a 
droite  Semliki,  de  Witte  11267  (BR):  entre  King]  et  Ny-  rL  .  i  •  i  i       .     i      .    u 
c  r  i         to,^   /nn^     i^i     •     a      rr      rTxn  /r>i>\  Iibrous  tunic  and  is  a  much  more  robust  plant.  Hy- 

aluma,    Lebrun    783b    (BR);    Kibati,   Stau/jer  500   (BR);  r  J 

Keshero,  Crispiels-Thonon  132  (BR).  Shaba:  Tshibonde,  poxis  upembensis  shares  similar  seeds  (Fig.  20C,  D) 

Mullenders  2346  (BR);  Kapolowe,  Lisowski  B-7276  &  B-  and  indumentum  with  //.  angustifolia  (Fig.  18H,  I), 
7378  (POZG);  Lubumbashi,  Bamps  &  Malaisse  8052 

(BR),  Quarre  5056  (BR);  Lusinga,  Lisowski,  Malaisse  & 
Symoens  1071 0A  (POZG);  Ku manna,  Bamps  &  Malaisse 

but  is  easy  to  distinguish  thanks  to  its  partially  fi- 
brous tunic,  5  mm  wide  outer  tepals,  and  pedicels 

8278  (BR),  Malaisse  8988  (POZG);  vallee  de  Kapiri,  Horn-  to  6  mm  long  (Fig.  6E).  Tepals  of  //.  angustifolia 

ble  1091  (BR);  Plateau  des  Marungu,  Pepa,  Lisowski,  Ma-  do  not  exceed  4  mm  in  width. 
laisse&  Symoens  9557  I  (POZG);  Pare :  National  Upemba,  R         ̂   stifolia  is  a  medicinal  plant  with  a de    Witte    7508    (BR).     RWANDA.    Pare    National    de  n  i         ,  .  i  r       i       v  i 
UAkagera,  Bouxin  &  Radoux  434  (BR);  environ  Gabiro,  PulP  from  the  rhizome  used  lor  healing  pustule

s 

Troupin  14109  (BR);  Gabiro,  Burgeon  17  &  34  (BR);  Ki-  and  infected  wounds  (Gillet  &  Paque,  1910). 
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Figure  4.      Habit  of  HypoxLs  bampsiana  from  Lisowski  7653  (POZG). 

3.    Hypoxia  bampsiana  Wiland,  Bull.  Jard.  Bot.  vation  with  65  to  105  unequal  nerves;  inner  leaves 

tftat.  66:  207.   1997.  TYPK:  Congo-Kinshasa.  6   to    7,   ovate    or   lanceolate,   cuspidate,   slightly 

Shaba:  "Plateau  des  Kundelungu,  au  bord  de  keeled,    erect    or    slightly    reflexed,    (12-)    17-45 
la  riviere  Lofoi,"  alt.  1500  m,  Oct.  1969,  Li-  (-56)  X  3.0-7.0  (-7.6)  cm,  tomcntose  below,  gla- 
sowski,   Malaisse  &  Symoens   7653  (holotype,  brous  above;  trichomes   tufted,  golden,  longer  on 
POZG!).  Figures  4,  5A,  B. 

Herb  to  45  cm   high;  rhizome  ovoid,  ca.  5.5   X 

margins    and    midrib,    midribs    tufted,    ca.    13- 

branched  with  branches  varying  0.2-1.6  mm;  ner- 

4.5-6.0  cm  (dried  out);  tunic  membranous  and  fi-  vation  with  95  to  191  unequal  nerves.  Scapes  6  to 

brous,  to  8  cm.  Outer  leaves  4  to  7,  ovate,  cuspidate,  9,  14.5-30  cm  X  (2-)  3-4  mm,  short  winged  and 
keeled  and  reflexed,  (1.3-)  5.0-18.0   X   (1-)  3-5  ciliate  in  lowest  %,  wider  and  tomentose  in  apical 

cm,   tomentose   below,   glabrous   above;   trichomes  V£;  trichomes  tufted,  ca.  9-branched.  branches  0.2- 

tufted,  golden,  longer  on  margins  and  midrib;  ner-  3.5  mm  long;  raceme  6-  to   14-flowered,  floral  an- 
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Fig  ire  5.     A,  B.  Hypoxis  bampsiana. — A.  Seed.  — B.  Seed  coat  sculpture.  C  &  D.  Hypoxis  goetzei C.  Seed 

D.  Seed  coat  sculpture.  A  and  B  from  Lisowski  1009  (POZG);  C  and  D  from  Lisowski  7492  (POZG). 
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thesis  acTopetal;  bracts  subulate,  acute,  keeled,  1-  Herb  to  9-15  em  high;  rhizome  subglobose  14- 
2  em  X   1.5-4.0  mm,  lowermost  5-nerved,  hairy  on  24  mm  (dried  out);  tunic  to  4-6  cm,  fibrous  and 
midrib  and  nerves  abaxially;  pedicels  0.4-2.3  cm  membranous;  roots  not  very  thick.  Outer  leaves  ca. 
long,    lomentose.    Tepals    6;    outer    tepals    oblong,  2,  canaliculate,  ca.  4  cm  X    1   mm.  villous  below; 

slightly   keeled.    14-15   X   5.5-6.0  mm,  abaxially  Irichomes  tufted,  white;  nerves  7,  unequal;  inner 

5-6 6-10 

pubescent,  ±  regularly  9- to  14-nerved;  appendage  leaves  ca.  3,  canaliculate,  4.5-15.0  cm   X   1   mm, 
clavate,  1  mm  long;  inner  tepals  wide  ovate,  obtuse,  prominently  villous  on  margins  and  midrib  below; 
with  margins  indexed  below  apex,  ca.   13   X   7-8  trichomes  tufted,  white,  with  branches  falling  off, 
mm,  with  ca.   I  I   irregular  nerves,  pubescent  abax-  so  on  old  leaves  only  simple  and  2-branched  tri- 
ially  along  midrib  on  lowest  1/3;  stamens  equal,  ca.  ebonies  jeeur;  nerves  7,  unequal.  Scapes  2  to  8, 
8  mm  long;  filaments  ca.  5  mm  long;  anthers  linear,  2.5-5  0  cm   X   0.5  mm,  villous  with  white  tufted 

trichomes;  flowers  single  or  two;  bracts  subulate, 

acute,  3  X  0.3  mm,  villous  abaxially;  pedicels  to  8 

style  trigonous.  1-3  mm  long;  stigma  pyramidal,  ob-  mm  long,  villous.  Tepals  6;  outer  tepals  lanceolale, 
tuse,  ca.  2  mm  long,  of  three  linear  papillate  sur-  ca.    10X2  mm,  villous  abaxially  with  tufted  tri- 
faces.    Capsule    turbinate,    4-10     X     4-8    mm,  chomes,  7-nerved;  inner  tepals  lanceolate,  acute,  9 
pubescent;  seeds  numerous,  ovoid,  1  mm  diam.;  cu-  X   1.5  mm,  villous  along  midrib  abaxially,  irregu- 
ticle  thick,  brown;  seed  coat  bristly  with  pointed  larlv  5-nerved;  stamens  unequal;  outer  stamens  ca. 
pyramidal  projections  winged  with  cuticle.  5  mm  long  with  filaments  ca.   3   mm   long;  inner 

n    ,  •/      •  ,        j  „  „.     ,         /f..  stamens  ca.  3  mm  long  with  filaments  ca.   1   mm 
Distribution  and  ecology.      Congo-Kinshasa    hg.  i  .         ,.  .  A         .,  .  r 

«m   •/      I  •      w     .  iii.  ii  lon&  <inth?rs  linear,  sagittate,  3  mm  long,  fused  at 
22),  Zambia.  Montane  grassland,  wooded  grassland.  ,         .   T%    A  *  rt  r  * 
.....  iii      ,£r„    ,zrA       al)ex;  ovar)'  obcomcal.  3-4    X    ca.   2.5   mm   wide, woodland;  nuombo;  on  sandy  soils  ;  alt.  1250-1 6r>0         .,,  ,,    4  .  , 

_    L.i  ,  j  n  *  l       ¥  n  villous;  style  tapering  toward  apex,  ca.  2  mm  long; m.   Howenng  January  and  October.  Inflorescences  .  .  . ,  .    r  , 
stigma  pyramidal,  acute  at  apex,  composed  of  three 

stripes  of  papillae,  2.5  mm  long.  Capsule  subglo- 
are  produced  simultaneously  or  after  inner  leaves. 

Additional  specimens  examined.     CONCC )-K I I\SU A-       ')()se;  see(^s  ()V()i(l-  Mack;  seed  coat  almost  smooth, 
S\.  Shaba:   Plateau  des  Kundelungu,  Lisowski,    Malaisse       glittering,    dotted,    and    with    small    papillae    near 

apex Distribution  and  ecology.      Congo-Kinshasa  (Fig. 
27),   Angola,  Zambia,   Malawi,   Zimbabwe.   Grass- 

&  Symoens  737  &  7615  (POZG);  entre  les  rivieres  Petite 
Lofoi  et  kalemhe,  Lisowski.  Malaisse  &  Symoens  12947  & 
B-7279  (POZG);  an  hord  de  la  riviere  kalembe,  Lisowski. 
Malaisse  &  Symoens  12830,  12853  &  12859  (POZG);  [ires 
du    gite    RACK,    Lisowski.    Malaisse    &    Symoens    1009       i       i   4Jl^.^   .      ..     ,orn  ...  ■        •      m  i 
(PO/(;\  lanc'  areas  ;  alt.    IddU  m.   Howenng  in  November 

(in  Angola,  December  to  January,  Baker  1878a). 

Hypoxis  bampsiana  is  closely  related  to  sympat-  A  ...  .       ,  .      ,      ,./VMl0/x  ./,*...* 
J  •     i>     i  .  ,  Additional  specimens  examined.      CONGO-KINSH  A- 

nc  //.  goetzei.    Both  species  possess  ovate  leaves,       SA.  Shaba:  Domain  de  Muhila.  pres  du  village  Baton, 
very  similar  brown  seeds  (Fig.  5),  and  golden  tufted       Lisowski  81123  (POZG).  ZAMBIA.  Mhala  |  =  Ahercorn], 
trichomes  (Fig.  8H-J),  but  of  a  different  distribu- 

tion on  the  leaves.  Leaves  of//,  bampsiana  are  cov- 
ered with  indumentum  on  the  whole  laminal  surface 

Fries  1275  (UPS). 

Hypoxis   canaliculata    was   originally   described 

,    ,       /r,.      ,x      ,  ,  r  „  .  ,         from  Angola  and  subsequently  collected  in  Zambia 
below  (Mg.  4),  whereas  leaves  of  H.  goetzei  are  on  y       /l--,    ioia   u     i       i    s  m  lftrn\    /      i    i 
.,.  .  .      .,.,,,     *  ,.  (rnes,  J 916;  Kichards  &  Morony,  1969),  Zimbabwe Cihate  on  margins  and  midrib  below.  I  he  most  c  is-  /iu,„j-     iu  a>t  \y/  •  i     mom        j  ™   i      •  ,.> 4.       .        riT  ,  ,-,.,.  (INorlindh  <\  Weimarck,  1937),  and  Malawi  (Hinns. 

tinctive  difference  is  observed  in  the  inflorescence  ioaq\    i     »  i    r        i        •*  u  i  r 
f  a  c  ww    i  .  IvoH),  but  never  before  has  it  been  reported  from 

types.    Inflorescences   of    //.    bampsiana    are    race-  r     »     l  at  u  /•     i  i  • 
.  ,   n      ,       i     .    ,    .  ,  Central  Amca.  Hypoxis  canaliculata  shares  itscan- mose,  with  lloral  anlhesis  brum  aeroneta.  whereas         i*     i   .     i  ...     .,     ,.,..        .      . mose,  with  floral  anthesis  being  acropetal,  whereas 

cymes  of  //.  goetzei  < 

jiiifi 

characterized  by  l>asipetal  «j     i  i       ri        '     '  /t\.      r  k,    , J     .      '  wide  leaves  and  a  fibrous  tunic  (Fig.  6A).  Leaves anthesis.  This  distinguishes  these  two  species  even 

jinn 

.  ,.  ....  .  —   J~~y "'  ••»""    "•■  "-'    v«  ■      linn     v»n*v,,     Miiii/iiii.    aim     111^ 

without  leaf  material,  which  is  an  important  char-  ,      •      •  •  v,         .  r  r    ... 
i  f/  •    r         i       i         n  .  lu,llc   1S   niemf)ranous   with   only  a   few  soft   fibers aeter,  l)ecause  //.  goetzei  often  devtdops  flowers  be-  /t-       An\     z/  •  ;•     /  .       .     .,       . 

f        .  °  f  (rig.  t)L).   Hypoxis  canaliculata   is  similar  in  ap- lore  leaves. 
pearance  to  //.  symoensiana  (Fig.  6H),  but  differs 
in  black  seeds  with  a  thin  cuticle,  which  are  not 

4.    Hypoxis  canaliculata  Baker,  Trans.  Finn.  Soc.       brown  and  covered  with  a  thick  cuticle  as  in  th< 
ser.  2,  Hot.  I:  265.  1878.  TYPF:  Angola.  Huil- 

la:  "regio  subtemperata,  in  |)ascuis  collinis  ar- 

latter  species  (Fig.  20A).  Because  few  collections 

enosis 
ar-       are  known,  more  studies  will  be  needed  to  deter- 

prope    Lopollo,    frequens,M    Welwitsch       mine   its   taxonomic   position   and   relationships  to 4057  (holotype,  BM!).  Figure  6A. 
otl 

ler  species 
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Figure  6.  Habit.  — A.  Hypoxis  canalicuUila  (Lisowski  HI  123.  1*070).  — H.  Hypoxis  symoensiana  (Lisowski.  Malaisse 
&  Symoens  12058,  POZG).  — C.  Hypoxis  dinteri  (Bulaimu  58.  BR).  — I).  Hypoxis  filiformis  (Niyongere  95.  BR).  — K. 
Hypoxis  upcmbensis  (de  Witte  3698,  BR). 

5.    Hypoxis  dinteri  Nel,  Bot.  Jahrb.  Syst.  51:  302.  iate  on   margins  and  midrib  below;  trichomes  2- 
1914.  TYPE:  Namibia.  Damaraland:  Otavital,  branched,  golden,  long;  nerves  9  to   19,  unequal; 

Jan.   1909,  Dirtier  634  (holotype,  B!).  Figures  inner  leaves  3  to  5,  ensiform,  sometimes  keeled,  7- 

6C,  7A,  B.  22  cm  X  6-8  mm,  long  hispid  on  margins  and  mid- 
rib below  and  pilose  on  entire  surface  with  golden 

Herb  to  22  cm  high;  rhizome  ovoid,  0.7-1.3  cm  2-branched  trichomes;  nerves  21   to  25,  unequal, 
diam.  (dried  out);  tunic  fibrous,  1.5  cm  high.  Outer  Scapes  2  to  4,  4.5-10.5  cm  X  1  mm  wide,  narrowly 

leaves  2  to  3,  ovate,  1.5-11.0  cm  X  8-20  mm,  cil-  winged  at  base,  above  ciliate,  pubescent  apically; 
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Figure  7.    A,    B.   Hypoxis  dinteri   — A.   Seed.  — B.   Seed  coat   sculpture.   C  &    I).   Hypoxis  lusalensis.   — C.  Seed. 
I).  Seed  coat  sculpture.  A  and  B  from  Detilleux  229  (BR):  C  and  D  from  Lisowski.  Malaisse  &  Symoens  83(H)  (POZG). 
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cyme  corymbiform,  2-  to  4-flowered;  bracts  subulate  16.0  cm  X  ca.  0.7  mm  wide,  erect  or  bending  back- 
4.5-15.0  X  1  mm,  pubescent  along  nerves  abaxi-  ward,    3-nerved,    glabrate    with    a    few    2-    to 
ally  with  2-branched  trichomas,  ciliate  in  apical  3-branched  light-colored  trichomes  on   nerves  in 
part  with  simple  trichomes,  the  lowermost   larger  basal  part  of  lamina  below.  Scapes  1  to  4,  to  ca.  5 

than  the  upper;  pedicels  6-14  mm  long,  pubescent.  cm   X   ca.  0.3  mm,  basally  wider,  widely  winged. 

Tepals  6;  outer  tepals  elliptic,  5-7  X  2-3  mm,  pu-  ciliate,  pubescent  in  the  upper  half  with  2-  to  3- 
bescent  abaxially;  nerves  5  to  7,  irregular;  inner  branched  trichomes;  flowers  solitary;  bracts  subu- 

tepals  ovate,  acute,  5-7   X   ca.  3  mm,  pubescent  late,  ca.  4  X  1  mm  at  base,  pubescent  on  the  mid- 

along  midrib  adaxially;  nerves  5  to  7,  irregular;  sta-  rib  abaxially;  pedicels  3.0-4.5  mm  long,  pubescent. 

mens  equal,  3-4  mm  long;  filaments  2.0-2.5  mm  Tepals  6  or  4;  outer  tepals  elliptic,  ca.  6  X  2  mm, 

long;  anthers  oblong,  1.7-2.0  mm  long,  sagittate,  pubescent   abaxially   especially   along  the   midrib 
retuse  at  apex;  ovary  obconical,  3-5  X  ca.  2-3  mm,  with  2-  to  3-branched  trichomes,  5-nerved;  inner 

pubescent;  style  trigonous,  2-3  mm  long;  stigma  tepals  elliptic,  obtuse,  ca.  5X2  mm,  pubescent 

pyramidal  with  three  strips  of  papillae,  obtuse  at  abaxially  along  midrib,  5-nerved;  stamens  4,  un- 

apex,  1—2  mm  long.  Capsule  obovoid,  7-8  X  2.5—  equal;  outer  stamens  ca.  3  mm  long  with  filaments 
3.0  mm,  pubescent;  seeds  numerous,  ovoid,  ca.  1.3  ca.  2.5  mm  long;  inner  stamens  ca.  2.5  mm  long 

X   1  mm;  cuticle  thick,  dark  red-brown;  seed  coat  with  filaments  ca.  1.5  mm  long;  filaments  subulate, 
bristly  with  pointed  projections. 

Distribution  and  ecology.  Congo-Kinshasa  (Fig. 
27),  Zambia,  Namibia.  Occurs  in  miombo;  natural 

pasturage,  dembo;  on  gritty  yellow  soil;  alt.  ca. 

1250  m.  Flowering  from  November  to  December. 

Additional  specimens  examined.  CONGO-KINSHA- 
SA. Shaba:  A  1  I   km  au  NW  de  Luhumbashi,  Bulaimu 

distinctly  tapering  apically;  anthers  sagittate,  fused 

at  apex,  ca.  1  mm  long;  ovary  obconical,  ovoid  after 

flowering,  ca.  3.5  X  1  mm,  prominently  pubescent; 

style  terete,  ca.  1  mm  long;  stigma  composed  of  3 

free  lobes,  less  than  1  mm  long.  Capsule  and  seeds 
not  seen. 

Distribution    and   ecology.      Burundi    (Fig.    27), 

58  (BR);  Keyberg,  Detilleux  229  (BR);  Mokambo-Tela,  km       Lesotho,  South  Africa.   Rocky  and  wet  grassland. 

10,  riv.  Tshinshimuka,  D'Hose  48  (BR).  ZAMBIA.  Kitwe:       Flowering  in  January  in  Burundi. 7  mi.  N  of  Kitwe,  1275  m,  14.11.161,  K.  Linley212  (MO). 
Additional  specimen  examined.      BURUNDI.  Territory 

Hypoxis  dinteri  was  until  now  only  known  from       Mwaro:  Nyamiyaga  pr&s  de  Kisozi,  alt.  2150  m,  Niyongere 
the  type   location  in   Namibia.  The  plants  on  the       95  (BR). 

holotype  sheet  are  single-flowered,  possessing  one Hypoxis  filiformis  was  confused  in  the  past  with 
or  two  bracts.  Two  bracts  are  often  noted  on  single  ri  _„/_   „     m    \tr\A  ™  «    iooi    v™    i  :    inn/;\ &  ti.  matosana  (Lie  Wildeman,  Ivz  1;  Zimudzi,  lvvo). 
flowers  in  other  species.  For  example,  H.  kiliman-  tj  *u         *  A-rr  *•       ui      u 

r  r     '  However,  these  two  species  diner  noticeably,  tiy- jarica  and  H.  monanthos  may  bear  two  or  one  flower  err   •    u  •    i     _      u  * 
J  \  poxis  jiiiformis  hears  a  mainly  membranous  tunic 
with  two  bracts  due  to  degeneration  of  one  bud.  In  -.i    f  r.  r\  i  cut  r      i  *     : 

&  9  with  tew  soit  fibers  and  filiform,  canaliculate  inner 
contrast,  specimens  from  Congo-Kinshasa  have  2  to  i  i     r\  n  •  a      u  i 

r  .         ~  leaves  only  U.  1  mm  wide.  Hypoxis  matosana  pos- 
4  flowers  (Fig.  6C).  Quite  unique  ensiform  leaves  •        .  n  ii     i    .      •  i  <\  » 

v     f         7    v  M  sesses  a  prominent  fibrous  black  tunic  and  Hat  or 
(Fig.  6C)  entirely  covered  with  2-branched  golden  .     i  i    Q  •  i v     &         7  J  fo  cannate  leaves  1—  o  mm  wide. 
trichomes   and  a  fibrous   tunic   indicate,   however. 

Hilliard   and   Burtt   (1983)   described   H.   tetra- 
that  this  is  the  same  species.  A  corymbiform  cyme       _  u-   u  A-rr       r    ~  u   /:/•/■        :    : 

1     .        .      .    J  J  mera,  which  differs  from  //.  jilijormis  in  possessing and  brown  seeds  of  H.  dinteri  (Fig.  7A)  make  this  i     A  .        i  i      .  ,i  c     u      * 
v     &         ;  only  4  tepals  and  retuse  anthers,  huch  retuse  an- 

species  similar  to  H.  angustifalia  (Fig.  3),  but  the      ̂   were  described  as  weU  in  H  sagittata  Nel 
latter  spec.es  bears  a  membranous  tunic  and  linear      (1914b)>   who   a,so   mentioned   thal   some  flowers 

have  4  tepals.  The  Central  African  plant  bears  4- 
tepaled  flowers  as  well  (Fig.  6D),  but  with  fused 

anthers.  The  single  character  of  fused  or  retuse  an- 

1 eaves. 

6.  Hypoxis  filiformis  Baker,  J.  Linn.  Soc,  Bot. 

17:  109.  1878b.  TYPE:  South  Africa.  Queens- 
town,  I860,  Cooper  462  (holotype,  K!;  isotype, 

B!).  Figure  6D. 

ther  apices  does  not  appear  to  be  a  satisfactory  ba- 

sis for  separating  these  three  species,  but  this  prob- 
lem will  have  to  be  studied  in  South  Africa,  where 

Herb  to   10  cm  high;  rhizome  cylindrical,  1.2  X       they  all  are  sympatric.  So  far,  for  the  Burundi  planl 

0.7  cm  (dried  out);  tunic  black,  membranous  with       I  decided  to  use  the  oldest  name. 

some  light-colored,  soft  fibers,  to  1.5  cm  long.  Outer In  Central  Africa  //.  filiformis  is  most  similar  to 

leaves  2,  ca.  6  mm  wide,  cuspidate,  much  shorter  H.  kilimanjarica  subsp.  kilimanjarica.  Some  plants 

than  inner  leaves,  glabrate;  inner  leaves  3  to  4,  ba-  of  the  latter  bear  carinate  leaves  about  1  mm  wide, 

sally  subulate,  above  filiform  and  canaliculate,  3.2-      so  they  look  very  similar  to  canaliculate  leaves  of 
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the  former.   Moreover,  flowers  of  //.   kilimanjarica  inently   sagittate,   slightly   emarginate  or  fused   al 

are  sometimes  4-tepaled.   Usually,  however,  inner  apex,  4—7  (-8)  mm  long;  ovary  obconieal,  (3—)  6—7 

leaves  of  H.  kilimanjarica  are  at  least  2  mm  wide  (-9)  X  3-6  (-7)  mm,  pubescent;  style  often  tapering 

with  9-13  nerves  (Fig.  11  A),  while  inner  leaves  of  toward  base,  2.5-4.0  mm  long;  stigma  (1.2-)  2.0- 

H.  filiformis  are  only  0.7  mm  wide  and  3-nerved.  3.0  (—4.0)  mm  long,  composed  of  three  free  lobes 
variously  covered  with  papillae.  Capsule  turbinate, 

7.   Hypoxis  goetzei  Harms,  Bot.  Jahrb.  Syst.  30:  4-10  X  (3-)  4-6  mm,  pubescent;  seeds  ca.  12,  glo- 

276.  1901.  TYPE:  Tanzania.  "Unyika,  bei  Dorf  bose    or   almost   ovoid,    1.2-1.5    X    1.2-1.5    mm, 

Toola,  urn  1300  m  ti.  M.,"  8  Nov.  1899,  Goetze  brown;  cuticle  thick;  seed  coat  bristly  with  pointed 

7476  (holotype,  B!;  isotypes,  BM!,  BR!).  Fig-  pyramidal  projections  winged  with  cuticle. 
u ;s  5C,  D,  8,  13C. 

Distribution  and  ecology.      Congo-Kinshasa  (Fig. 

Hypoxis  rubiginosa  Nel,  Bot.  Jahrb.  Syst.  51:  320.  1914.       26),    Kenya,   Tanzi ,   Zambia,   Zimbabwe,    Moz- 

TYPK:  Mozambique.  "U  uteres  Mgaka-Tal,  um  1200       ambique.  Grassland  and  wooded  grassland,  on  pla- 
m  ii  M.,"  Jan.  1901,  Busse  947  (holotype,  B!). 

Hypoxis  esculenla  De  Wild.,   Repert.  Spec.   Nov.   Regni. 
teaus  or  in  river  valleys,  near  springs;  in  miombo 

Veg.  11:  537.  1913.  TYPE:  Congo- Kinshasa.  Oher-      Wlth  Brachystegta  boehmu  Iaub.  On  
dry  to  swampy 

Katanga,  1911,  Hock  s.n.  (holotype,  BR!). 

Herb  to  41  cm  high;  rhizome  subglobose,  3.2-5.7 
cm  diam.  (dried  out);  tunic  fibrous,  black,  to  9  cm. 

Outer  leaves  3  to  7,  ovate,  cuspidate,  older  slightly 

ferralit,  eolith,  sometimes  very  compact  soils;  alt. 

1200—1830  m.  Flowering  from  August  to  Novem- 
I >er. 

Additional  specimens  examined.     CONGO-KINSHA- 

keeled  and  reflexed,  5.0-12.2  (-15.0)  X  2-5  cm,  ?A.  Kivu:  source  de  la  riviere  Kipese   Pla
ricke  6.V9I  I 

.,.  ,  .  l       •  l    l    l     l  ii  (BRLU).  Shaba:  20  km  SO  d  Lubumbashi,  Scnmitz  4803 
ciliate  on  the  margins  and  midrib  below,  glabrous  /r>o\    f    •     ■  u-    m  1   •       i?aoa  mu\   oq  i  ivrc   i 

B  '  ̂   (BK);  Luiswishl,  Malaisse  13696  (BK);  Ztt  km  au  fNL  de 
above;    trichomes    tufted,    brown    or   dark    golden;  [a   Lubumbashi,   Bulaimu    715   (BR);   Kasonta,  Schmitz 
nerves  unequal,  31  to  69;  inner  leaves  6  to  8,  long  7499  (BR);  route  entre  Mitwaba  et  Kiubo,  Duvigneaud  & 

elliptic  or  sword-shaped,  acute,  entire  or  sometimes Timperman  2731  (BR);  Mitwaba,  Duvigneaud  &  Timper- 

itn    very    small   teeth,   erect,    sometimes   keeled,        UD    ..n,  l]4); '..,    n..  .      .  ;  ,    '        m    i    i    r-        i 
wun 

(BR,  MO),  921  (BR);  Dilolo,  10  km  au  N  de  la  foret  de 
(7. .5-)  1  1.0-30.5  (-41)  X  (0.8-)  2.0-5.0  (-7.0)  cm,       |a  p]ateau  a  Marquesia,  Duvigneaud  &  Timperman  2400 ciliate    on    margins    and    midrib    below,    dabrous (BRLU);  Kansenia,  de  Witte  4  (BR);  Lubudi,  Quarr<?3416 

above;  trichomes  tufted,  ca.  5-branched,  brown  or  (BR);  valine  de  la  Dikuluwe,  Hock  s.  n.  (BR);  route  Ka- 

dark  golden;  nerves  unequal,  27  to  91 .  Scapes  1  to  ':i^a"Ka^meT%  F^  du  f**&  *™*;Lisowskit  f°"f, n    r%  i\  fii-  r  x ,  n  r    r  <\  i-         •     1  1/  (POZG);  valine  de  la  Luapula,  pres  de  Kiniama,  Lisowski 
8,  8.0—25.5  cm  X  2.5—5.0  mm,  ciliate  in  lowest  V3,  D  797/1  mnr/r\   di  «         1      m  mi  \  ■  n '  '  H-7270  (POZG);  Plateau  cies  Marungu,  Mulongoshi,  (Juar- 
prominently  tomentose  in  apical  %;  trichomes  tuft-  r(t  7252  (BR);  7  km  au  NW  de  Pepa,  Lisowski,  Malaisse 
ed,  ca.  7-branched  with  branches  0.6—2.3  mm  long,  &  Symoens  8665  (POZG);  Kibobwa,  1   km  au  S  de  Mu- 

getting  darker  and  falling  off  with  age;  cyme  4-  to  kunda,  Lisowski,  Malaisse  &  Symoens  8669  (POZG);  Mont 
ia   a  a    a       1        i.i_      •     l      •      1.   1    1        *        -ji  Kibobwa,  prks  du  village  Kibobwa,  Lisowski,  Malaisse  & 
14-ilowered,  Moral  anthesis  basipetal:  brads  widely  0  ,,™n  ,™^r,^P  ™  ,    «.  t^.,  «  , 

1  ,       ,  Symoens  11 798  (POZG);  Plateau  de  Biano,  Dilungu  Yulu, 
subulate,  keeled,  (5-)  7-17   X    1-4  mm,  the  low-  Duvigneaud  &  Timperman  2627  (BRLU);  Grelco,  Quarrf 
ermost  5-  to  7-nerved,  hairy  on  the  midrib  abaxi-  6035  (BR);  Pare  National  de  CUpemba,  entre  Kabwe  Ka- 

ally,  ciliate  on  margins  in  apical  part;  pedicels  6-  nono  et  Mukana,  de  Witte  4406  (BR);  entre  Lusinga  [= 

10  mm  long,  on  young  flowers  in  the  basal  part  of  Mitwaba]  et  Kabwe  Kanono,  de  Witte  7364  (B
R);  Lusinga, 

de  Witte  2714  (K)  &  Robyns  3587  (BR);  vers  tete  de  source 
Kalumengongo,  de  Witte  7451  (BR);  tete  de  la  source  de 

inflorescence   almost   none.    Tepals  6;  outer  tepals 

ovate  or  lanceolate,  keeled,  10.5-18.0  X  4-6  (-7)  ]a  Mukelengia,  de  Witte  7307  (BR);  pres  riviere  Dipidi,  de 
mm,  abaxially  pubescent;  nerves  irregular  5  to  9;  Witte  2809  (BR);  Plateau  des  Kundelungu,  lisowski,  Mo- 

urner tepals  ovate,  acute,  with  margins  inflexed  be-  laisse  &  Symoens  7492  (POZG),  Lisowski  81107  (POZG); 

low  apex,  10-17  X  (4-)  5-8  (-9)  mm;  pubescent 

abaxially  along  the  midrib  on  lower  %;  nerves  ir- 

regular, (5)  7  to  9;  stamens  equal,  6—10  mm  long; 

filaments  subulate,  3.0—4.5  mm  long;  anthers  prom- 

au  bord  de  la  riviere  Lofoi,  Lisowski  7655  (POZG);  Til- 
wizembe,  Plancke  127-1741  (BRLU). 

Hypoxis  goetzei  is  a  useful  plant  with  an  edible1 

rhizome.  De  Wildeman  (1913)  described  this  spe- 

Figure  8.  Hypoxis  goetzei.  — A.  Dorsal  view  of  inner  tepal.  — B.  Ventral  view  of  outer  tepal.  — C.  Dorsal  view  of 
bract.  — D  &  F.  Morphological  variability  of  stigmas.  — E,  G.  Stamen  (E  dorsal  view,  G  ventral  view).  — H.  Tufted 
trichome  from  a  leaf  midrib.  — I.  Tufted  trichoma  from  a  leaf  edge.  — J.  Tufted  trichome  from  a  scape.  A  and  B  from 
Lisowski,  Malaisse  &  Symoens  8665  (POZG);  C  from  Schmitz  7499  (BR);  D  and  E  from  Lisowski  B-7270  (POZG);  F,  G, 
H,  I,  and  J  from  Lisowski,  Malaisse  &  Symoens  1 1798  (POZG). 
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cies  for  Congo-Kinshasa  as  //.  esculenta.  Hypoxis  5-  to  9-nerved;  inner  tepals  ovate,  shortly  cuspidate 

goetzei  was  confused  by  some  authors  (I)e  Wilde-  or  obtuse  at  apex,  (8-)    10-15    X    (5-)  6-8  mm, 

man,    1914;   Geerinck,    1971)   with   //.   subspicata.  abaxially  pilose  on  midrib.  5-  to  7  (to  9)  -nerved; 

Both  species  have  basipetal  floral  anthesis  but  they  stamens  about  5—10  mm  long;  filaments  subulate  or 

differ  in  leaf  shape  and  indumentum  both  on  veg-  almost  linear,  3.5-4.5  mm  long;  anthers  linear,  sag- 

etative   and    reproductive   organs.   Hypoxis  goetzei  ittate,  fused  or  retuse  at  apex,  4—8  mm  long;  ovary 

possesses Ion n    e lliplic    or   sword-shaped    inner      obconical,  3-9    X    (2-)  3-5   mm,  densely   pilose; 

leaves,  ciliate  only  on  the  margins  and  midrib  be-      style  terete  or  trigonous   1.0—5.0  mm  long;  stigma 
low.  Whereas  //.  subspicata  bears  linear  leaves 1-4  mm  long,  composed  of  3  linear  lobes  fused  to 

tirely  covered   with   indumentum  below,  indumen-  apex   or  3   free  triangular  lobes  with   papillae  on 

turn    of    H.    goetzei    is    golden,    and    that    of    //.  margins.  Capsule  turbinate,  (4—)  5—9   X  3—5  mm, 

subspicata  white.  Seeds  of  both  species  are  covered  pubescent;  seeds  several,  ovoid  or  spherical,  1.5— 

with  thick  cuticle  (Figs.  5C,  D,   10  A,  B).  Hypoxis  2.0  X    1.0—1.5  mm,  black;  seed  coat  variously  pa- 

goetzei  is  probably  most  closely  related  to  H.  bamp-  pillate. 
siana.   Both  species  possess  similar  seeds  (Fig.  5), 

indumentum  ol   brown  or  golden  rather  short  tuft Distribution    and  ecology.      Hypoxis   hockii   is 

hairs  (Figs.  8H-J,  13C),  and  appearance,  but  leaves       known  on,y  from  Congo-Kinshasa  (Figs.  25,  27)  and 

of  //.   bampsiana  are  entirely  covered  with  indu-       Zambia.  It  occurs  in  miombo,  grasslands,  and  dry 

mentum  below.  Cymes  of  //.  goetzei  are  character-      forest'    on    sandy-loamy    soil;    alt.    1200-2000   m. Flowering  from  July  to  August  and  from  October  to ized  by  basipetal  anthesis,  whereas  racemes  of  H. 

bampsiana  are  with  acropetal  floral  anthesis.  This 

distinguishes  these  two  species  even  without  leaf 

material,  a  character  worth  noticing,  because  //. 

goetzei  often  develops  flowers  before  leaves.  Bract? 

N ovemner. I 

Hypoxis  hockii  was  included  in  the  synonymy  of 

H.  subspicata  (Geerinck,  197  I ).  There  are,  however, 

features   that    distinguish    these   two  species  quite 

of  //.  goetzei  are  often  ciliate  (Fig.  8C),  which  is       we,L  First*  flower  anthesis  of//,  hockii  is  acropetal. 

uncommon  in  both  other  mentioned  species 

8.    Hypoxis  hockii  De  Wild.,  Repert.  Spec.  Nov 

whereas  that  of  //.  subspicata  is  basipetal.  Second, 

inner  leaves  of  //.  hockii  are  totally  covered  with 
trichomes  and  their  nerves  are  distinct  one  from 

Kegni.  Veg.  II:  537.  1913.  TYPK:  Congo-Kin-      another'  Inner  leaves  of  f
l  «***»*■  ̂ ve  indu- 

shasa,  "Ober-Katanga,"   191  1,  Hock  s.n.  (syn-       menlum  below  0nly  arld  ̂ proxim
ate  nerves.  More- 

types,  B!,  BR!) 
over,  seeds  of  the  first  species  are  black  (Fig.  10(1 

F)  and  covered  with  a  thin  cuticle,  while  those  of 

Hypoxis  pedwellntn  Nel  ex  De  Wildeman,  Bot.  Jahrb.  Syst.  the  second  are  brown  and  covered  with  a  thick  cu- 

51:  320.  191  \.  TYPK:  Democratic  Republic  of  Con-  ti(.|e  (Fig    1()A^  B)   Hypoxis  hockii  is  also  similar  to 
go,  "Lualaba,"  1891,  Deschamps s.n.  (holotvpe.  Bit!).  „  ,        .      ,     A  .  ,  -  ,      ,   _ ■ '  //.  angolensis,  but  inner  leaves  ot  the  latter  species 

Herb  to  78  cm  high;  rhizome  cylindrical  or  ovoid,  have  approximate  nerves  and  are  only  ciliate.  Tri- 

2.7-3.5  cm  diam.  (dried  out);  tunic  fibrous,  stiff,  to  chomes  on  the  margins  and  midrib  of  leaves  and 

25  cm.  Outer  leaves  2  or  3,  linear,  elliptical  or  ob-  from  scapes  of  //.  hockii  (Fig.  9F,  F,  I,  J)  possess 

long,  keeled,  3-20  X    1-5  cm,  pubescent  on  both  usually  more  branches  than  trichomes  of//,  ango- 

surfaces  or  only  below;  nerves  unequal,  17  to  39;  lensis  (Fig.  IK,  F).  Seeds  of  both  species  are  black. 

inner  leaves  3  to   15,  linear,  narrowing  toward  the  but   the  seed  coat  sculpture  differs  (Figs.  2 A,  B, 

apex,  keeled,    10.5-78.0  (-102.0)   X   0.8-2.0  cm,  10C-F).  Another  species  that  bears  resemblance  to 

densely  villous  on  the  whole  surface  or  prominently  H.  hockii  is  //.  robusta.  These  two  species  differ  in 

villous   on    margins    and    midrib    below    and    only  seed  coat  sculpture  (Figs.   10C-F,   14C,  I))  and  in 

sparsely  pubescent  on  the  lamina;  nerves  unequal,  the  shape  of  inner  tepals,  which  are  obtuse  or  cus- 

1  1    to  39.  Scapes  3  to  12,  7-34  (-50)  cm   X  2-4  pidate  in  //.  hockii  and  acuminate  in  H.  robusta. 

mm,  thickened  beneath  inflorescence,  winged  and  Moreover,  flowers  of  the  former  are  usually  accom- 

ciliate  at  base,  villous  apically  with  long  white  or  panicd  by  the  inner  leaves,  whereas  in  the  latter, 

golden  tufted  trichomes;  raceme  6-  to  13-flowercd,  flowers  always  appear  long  before  inner  leaves,  and 

floral   anthesis  acropetal;  bracts  subulate,   keeled,  only  outer  leaves  can   be  seen   with   them,  if  any 

the   lowermost   7-22   X    1-2  mm,   1-  or  3-nerved,  persist. 

villous  on  the  midrib  abaxially;  pedicels  2-20  mn i Hypoxis  hockii  is  a  species  characterized  bv  great 

long,  prominently  villous.  Tepals  6,  yellow  or  or-  variability.  Although  all  plants  are  rather  similar  in 

ange-yellow;  outer  tepals  ovate  or  elliptic,  (9-)  10—  appearance,  their  indumentum  density,  seed  coat 

16  X  (3-)  4-6  mm  wide,  densely  hispid  abaxially,       sculpture,  and  floral  features  like  stigma  shape  or 
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filaments  vary  greatly  (Fig.  9).  The  seed  coat  sculp-  few  collections,  including  a  type  collection  of  the 
ture  is  its  most  distinctive  feature.  Plants  of  almost  species.  Black  seeds  with  smooth  conical  papillae 

equivalent   stature   can   bear  very   different   seeds  (Fig.  IOC,  D)  distinguish  this  taxon  from  other  va- 

(Fig.  IOC— F).  1  decided  to  stress  this  observed  seed  rieties. 
heteromophism  by  designating  three  varieties.  Less 

dense  indumentum  of  the  leaves  of  H.  hockii  var.  8b-   Hypoxis  hockii  var.  colliculata  Wiland,  var. 
katangensis,  compared  with  other  varieties,  is  a 

helpful  feature  in  its  delimitation  as  well.  However, 
because  of  still  insufficient  material  and  lack  of 

field  studies,  it  is  not  possible  to  decide  how  this 

observed  variation  is  distributed  in  this  species.  In 

my  opinion,  there  are  not  enough  differences  to  ap- 

nov.  TYPE:  Congo-Kinshasa.  Shaba:  Plateau 

des  Kundelungu,  on  the  riverside  of  Lofoi,  Li- 
sowski, Malaisse  &  Symoens   7682  (holotype, 

POZG!).  Figures  9A-E,  10F. 

Haec  varietas  H.  hockii  var.  hockii  et  var.  katangensis 

I  think  that  the  existing  ones  are  worth  varietal  em- 

phasis. 

ply  a  subspecies  rank  to  the  delimited  groups;  still       affinis<  sed  ab  eis  testa  colliculata  micropapilla
taque  dis- 

tinguitur. 

Outer  leaves  linear,  5-20  X  (1.0-)  1.6-4.0  cm. 
pubescent  especially  below;  nerves  1  7  to  23  (to  3 1 ); 

inner  leaves  15—78  (—102)  X  0.8— 2.0  cm,  promi- 
nent ly  villous  on  margins  and  midrib  below  and 

sparsely  villous  on  whole  surface  with  bright  tufted 

trichomes;  nerves  11  to  31.  Scapes  3  to  7,  17—34 

(—50)  cm  X  ca.  3  mm  wide,  broadly  winged  and 

ciliate  in  basal  part;  raceme  6-  to  12-flowered;  the 
lowermost  bracts  10—17  X  ca.  2  mm,  3-nerved, 

bracts  in  apical  part  of  inflorescence  5-10  X  ca.  1 
mm  wide,  abaxially  pubescent  on  midrib;  pedicels 

la.  Seed  coat  colliculate;  outline  of  rolls  clearly  vis- 
ible; cell  boundaries  channeled:  outer  periclinal 

walls  Hat,  micro-papillate    
   8b.  H.  hockii  var.  colliculata 

lb.  Seed  coat  bristly;  outline  of  cells  not  clearly  vis- 
ible; cell  boundaries  raised;  outer  periclinal 

walls  convex  with  papillae  conical  and  obtuse  or 

nipple-shaped  and  aculeate. 
2a.   Papillae  conical  and  obtuse     
     8a.  //.  hockii  var.  hockii 

2b.   Papillae  nipple-shaped  and  aculeate    
  8c.  //.  hockii  var.  katangensis  4_2()  mm   long,  prominently   pubescent.   Tepals  6, 

yellow  or  orange-yellow;  outer  tepals  elliptic,  (9—) 
8a.   Hypoxis   hockii   var.    hockii.    Figures   9F,  13-16  X  (3-)  5-6  mm,  5-  to  9-nerved;  inner  tepals 

1^-  L).  ovate,  shortly  cuspidate  at  apex,  (8—)  11-15  X  (5—) 

Herb  to  30  cm  high;  rhizome  ca.  3  cm;  tunic  to  ̂ 8  mm'  ahaxially  Pil<
>se  <>n  tw<»  low^  thi'<ls  of 

4.8  cm.  Outer  leaves  ca.  2,  oblong,  3-12  X  1-3  cm,  m,(lr,b<  5"  lo  7  <to  9)"nerve*  stame
ns  5~«  mni  lo"g- 

i             ,                 li                    •           -.1    l          .    r.    l  filaments  subulate,  3.5—4.5  mm  lone;;  anthers  lused 
pubescent,  especiallv  on  margins,  with  long,  tutted  J                                                                &' 

trichomes;  nerves  ca.  21;  inner  leaves  4  to  6.  linear,  or  retuse  at  aPex'  4"7  mm  lonS;  om^  ̂
  4"6  X 

12-25   X   0.8-1.4  cm,  spathe-like  in  basal  part,  <2")  ,V5  mm;  s,>le  subteret
e  or  trigonous,  1.0-3.5 

densely  villous  with  long,  white,  tufted  trichomes;  mni  Um%:  sl^ma  1~4  mm  Um&  W1(,er  ,ha
n  style  or 

nerves  unequal  15  to  25,  4  or  6  nerves  much  larger  e*UiiL  ol,luse  at  aPex<  imposed  
of  3  linear  papil- 

than  others.  Scapes  ca.  4,   14-30  cm  X  2-4  mm,  late  recePtlve  surfaces  °r  o
f  3  free  tr.angular  lobes 

narrowly  winged  and  ciliate  at  base,  trichomes 

white;  raceme  9—1  1 -flowered;  bracts  3-nerved;  ped- 

icels 2—14  mm  long.  Outer  tepals  ovate,  14—15  X 

with  papillae  on  margins.  Capsule  (4—)  5—7  X  3—5 
mm  diam.;  seeds  spherical  or  ovoid,  ca.  2  X  1.5 

mm,  black  and  matte;  seed  coat  colliculate  and  mi- 

ca. 6  mm,  7-nerved;  inner  tepals  shortly  cuspidate  II 

at  apex,  13—14  X  ca.  7  mm,  pilose  on  lower  third Additional  specimens  examined.      C0NG( )-  KI  IN  S II A  - 
of  midrib,   5-nerved;  stamens   5-7   mm    long;  fila-       SA.  Shaba:  Environs  de  Lubudi,  Calm  36  (BR);  Nkala, 
ments  subulate,  ca.  3.5  mm  long;  anthers  fused  at       Kamhove,    Pauuels   6922   (BR):    ki|><>[><>.    25    km    ONO 

apex,  4—5  mm  long;  ovary  4—9  X  ca.  3  mm;  style 

terete,  4.5—5.0  mm  long;  stigma  composed  of  3  lin- 

ear lobes  fused  lo  apex,  1.5—2.0  mm  long.  Capsule 

5—9  X  3-^4  mm:  seeds  ovoid,  ca.  2  X  1.5  mm;  seed       Kampilikwe,  3  km  au  NNW  de  Kionta,  Lisowski,  Malaisse 

d'Elisabethville,  Schmitz  4199  (BK);  Euiswishi,  Malaisse 
13695  (BR);  Katuhu,  Quarre  765  (BR);  Plateau  des  Kun- 

delungu, au  hord  dc  la  riviere  Lofoi,  Lisowski.  Malaisse  & 
Symoens    7654    (POZG);    Plateau    des    Marungu,    Mount 

coat  with  conical  papillae  obtuse  at  apex. 

Additional  specimens  examined.      GONGO-KINSHA- 

&  Symoens  8574a  (POZG). 

The  rhizome  of  Hypoxis  hockii  var.  colliculata  is 

SA.  Shaba:  s.L,  Hock  s.n.  (BR);  Kaniama,  Quarre  2673       edible.  This  variety  is  the  most  common  and  vari- 
(K)  ;  Plateau  des  Kundelungu,  Lisowski,  Malaisse  &  Sym- 

oens 7565  (POZG). able  taxon  within  H.  hockii  in  Central  Africa.  Poly- 

morphism in  stigma  and  stamen  shape  may  be  ob- 

Hypoxis  hockii  var.  hockii  is  known  only  from  a       served  among  these  plants  (Fig.  9A— D).  Seeds  with 
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Figure  {).      A-K.  Hypoxis  hockii  var.  colliculata.  — A.  Stamen  ("used  at  apex  (ventral  view).  — H.  Pyramidal  stigma. 
—  I).  Stamen  retuse  at  apex.  — E.  Tufted  triehome  from  a  scape.  — K  Hypoxis  hockii  var.  hockii. G.  Oblong  stigma. 

tufted   triehome  from  a  seape.   G-J.   Hypoxis  hockii   var.  katangensis.   — G.   Free-lobed  stigma.  — H.  Stamen  (ventral 

— I.   lulled  triehome  from  a  leaf  midrib.  — J.  Tufted  triehome  from  a  leaf  margin.  A  and  II  from  Lisowski,  Malaisse 
view). 

&  Symocns  7682  (POZG);  G  and  I)  from  Schmitz  4199  (BR);  E  from  LisowskL  Malaisse  &  Symoens  7654  (POZG);  F 

from  Usowski,  Malaisse  &  Symocns  7565  (POZG);  G-J  from  Lisowski.  Malaisse  &  Symoens  1 1  797  (POZG). 
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0.10  mm 

Figure   10.      A,  B.  Hypoxis  subspicata.  — A.  Seed  coat  sculpture.  — B.  Seed.  C  &  D.  Hypoxis  hockii  var.  hockii. 

C.  Seed  coat  sculpture.  — I).  Seed.  — E.  Hypoxis  hockii  var.  katangensis,  seed  coat  sculpture.  — F.  Hypoxis  hockii 
var.  c olliculata,  seed  coat  sculpture.  A  and  B  from  Duvigneaud  &  Timperman  2528  (BRLU);  C  and  I)  from  Hock  s.n. 

(BR);  E  from  Lisowski,  Malaisse  &  Symoens  11797  (POZG);  F  from  Lisowski,  Malaisse  &  Symoens  7682  (POZG). 
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Hat  verrucosa  papillae  (Fig.  10F)  are  a  stable  char- 
aeter  distinguishing  this  taxou. 

TYPK:  Tanzania.   Lulindi.    I(X)().  Liehusch  s.n.  (lee- 
tot)  pe.  designated  by  Nordal  et  al.  (1985),  H!). 

Herb  to  20  em  high;  rhizome  subglobose,  6—14 
8c.  Hypoxis  hoekii  var.  katangensis  (Nel  ex  l)e  X  6-13  mm  diam.  (dried  out);  tunie  black  mem- 

Wild.)  Wiland,  eomb.  et  stat.  nov.  Hasionym:  branous,  to  2.5  em  high,  occasionally  with  some 
Hypoxis  katangensis  Nel  ex  l)e  Wild.,  Bot.  soft  fibers;  roots  not  very  thick.  Outer  leaves  ca.  2. 

Jahrb.  Syst.  51:  312.  1914.  TYPE:  Congo-Kin-  grouped  in  short  pseudostem,  oblong,  acute,  ca.  3 

shasa.  "Oherer  kongo-Bezirk:  Katanga,"  1900,  vm  X  4  mm  wide,  ciliate  on  margins  or  glabrous: 
Verdick  s.n.  (holotype,  BR!).  Figures  9G-J,  nerves  unequal,  ca.  7;  inner  leaves  3  to  8,  narrow- 

linear,   reflexed   to  prostrate,   often   spathe-like   in 
I  OK. 

n    I   .     .w  I  •   I     ,,   .      i  .  ,       ...   4.     ,       basal  part,  3.5-22.0  cm  X  (]-)  2-4  mm,  sparsely 
Herb  to  30  cm  high.  Outer  leaves  wide  elliptical  r  .  .  v      7  . 

3.6—7.8  X  4—5  cm,  [)iibescent  on  whole  surface  be- 
low   with    Ion"    white    two-branched    or   tufted    tri- 

pilose   on    margins   and    midrib   below,   sometimes 

also    on    the    blade    surface;    trichomes    2-    to    3- 

i  ii  .    •  .  .     .  branched;  nerves  unequal,  9  to  13,  some  of  them 
chomes,  sparsely   pubescent  in  apical   part  above;  .  A    1 
nerves  27  to  39;  inner  leaves  5  to  15,  linear,  10.5 very  thin.  Scapes  1   to  4.  4-16  cm  X  0.3-1.0  mm. 

brown;  flowers  single  or  2,  often  the  second   bud 

emaining  undeveloped;  bracts  single,  rarely  2,  sub- 

or  n  w  n  q    1/t  4i         i  t  usually  bending  downward  after  flowering,  narrowly 
.>.").( i  X  ().«—  1 4  cm,  prominently  pubescent  on  mar-  \  .  V    . ,  •  i  .i  •  i    i    i    i  .1    .    f.    j  .  .   .  winged  and  ciliate  at  base,  in  upper  half  wider  and 
gins  and  the  midrib  below  with  tufted  trichomes,  °  ,r 
_     .    r  I  ,  .  *       »i    o  o         pubescent;   trichomes  2-branched,  golden   or  red- 
on  surface  only  sparsely   pubescent  with  2-  or  3-       J  n  1  ^      #.       '  ,b 
branched    trichomes,    in    basal    pari    only    ciliate; 

nerves  25  to  39.  Scapes  5  to  12,  7-34  cm  X  ca.  3 
•  i  i  .      -.1        i  ,       .    c.    i  .  .  i  ulatc,  very  narrow,  acute,  3-10  X  0. 4-1.0  mm,  pu- 

mm  wide,  pubescent  with  golden  tutted  trichomes;  J      .  .  .  '  f 
rn/^wo  in   ,     1.)  n  i   /       ,    ,.,   on  \/  i    o  bescent  abaxially  with  2-branched  trichomes  along raceme  10- to  13-Mowered;  bracts  13— 20  X  1—2  mm  J  e 
•i.ii  .  n      i  j  i      •)         nerve;  pedicels  2.5—6.0  mm  long,  pubescent  with  2- 

vvide,    the    lowermost    usually    1-nerved,    rarely   3-  ' , 
n/lin     i   /;    ,/    7    ,r  i  "        rp      ,    s         .  to  5-branched  trichomes.  Tenuis  6,  exceptionally  3 nerved;  pedicels  7-15  mm  long,  lepals  6;  outer  te-  ...  . 
.  ./.  in    10  v  /i    ̂   i      rr    t     (x  i    •  or  4;  ow/er  /c/w/n  elliptic,  acute,  5-7  X  2-3  mm, 
pals   10-Iz  X  4-5  mm  wide,  5-  to  9-nerved;  inner  '  .  .     ̂  
i       i    \         ii  *        i«  »  in   ii   ̂   a    n       pubescent    abaxially 
lepms  broadly  ovate,  obtuse  at  apex,  1 0-1  1    X  4-7  .  J 
■««,  ,„;#L    7  ̂ ..,™i        i  ■       -ii  i  .  chomes,   irregularly  7-nerved;  inner  tenuis  elliptic mm  wide,   /-nerved,  pilose  abaxially  on  lower  two  .  i  . 

with    2-    to    5-branched    tri- 

thirds  of  midrib;  stamens  7—10  mm  long:  filaments 
or  ovate,  cuspidate,  4-7  X   1.5-3.0  mm,  pubescent 

,i„rt  .  i-  .j  r  1  .t        A  e  o  A  along  lower  %  of  midrib  abaxially,  irregularly  5- 
ahnost  linear,  ca.  3.5  mm  long;  anthers  4.5-8.0  mm  *  J  6         J 
U««    .1;  .u.i  *  i       .  or  nerved;  stamens   unequal;  outer  stamens  3-4  mm 
long,  slightly  or  not  emarginate  at  apex;  ovary  3.5-  '  M 
lav  'K  yi  n  .,..„     :  i   .    #  /  /i  i  ,•  '°ng  with  filaments  2-3   mm   long;  inner  stamens 4.0  X  .>..V- 4.0  mm  wide;  .s/yfe  ca.  4  mm  long;  .s7ig-  0  r   .  ... 
„_.         o       l  i     ro  r       j  i  i  j  2.5-3.5  mm  long  with  filaments  1.5-2.0  mm  long; ma  ca.  z  mm  long,  composed  oi  3  fused  lobes  and  i     i  i 

I                        i    ro  r       l  i          i.           *  filaments  subulate;  anthers   1.5—2.0  mm  long,  sag- 
conical  or  composed  of  3  free  lobes,  obtuse  at  apex.  \  h'  m    h 
(lupsule  6-7  X  4-5  mm;  seeds  ovoid,  ca.   1.5  X   1 

ittate,  fused  and  obtuse  at  apex;  ovary  obconical. 

•  i      i  i     i  ii  i  -4.    i  2-4  X  ca.  1.5—2.0  mm,  pubescent;  style  wider  in 
mm  wide,  black  and  glossy;  seed  coat  with  long-  '  J 

basal  part,  trigonous,   1-2  mm  long;  stigma  pyra- 
midal, obtuse  at  apex,  with  three  stripes  of  papillae. 

acuminate  conical  papillae. 

Additional  specimens  examined.     CONGO-KINSH  A-  1—2  mm  long;  proportion  of  length  of  style  to  length 
SA.  Shaba:  Plateau  des  Marungu,  Mont  Kibobwa,  prfes  of  stigma  various.  Capsule  obovoid,  4-8  X  2.5-3.5 du  village  Kihohwa,  Lisowski,  Malaisse  &  Symoens  11797  i         .      i    i                     _j                                   -i 
(\>(Y/c\  '/amiiia    k    i          ■  ■  v\-       i        i/        1 1  iu  t/\  mm'   almost  glabrous;  seeds   numerous,  ovoid,  ca. 
(FO/Lr).  /AMHIA.  Kalungwisi  Husschen,  tries  1 148  (/).  °                                                                 ' 

Hypoxis  hoekii  var.   katangensis   is   known   only 

1.5  X   1  mm,  black;  seed  coat  colliculate. 

from  a  few  collections.  Seeds  with  long-acuminate 

conical  papillae  (Fig.  10K)  and  less  dense  indu- 
mentum of  the  leaves 

other  varieties. 
distinguish  this  taxon  from 

9.    Hypoxis   kilimaiijarica    Baker,    in    Oyer,    Fl. 
Trop.    Afr.    7:    378.    1898.    TYPK:    Tanzania. 

"Marangu,   Lager  am    Ruassibach,   Bergwiese      n         -        c  i  %*       i      r i      .    u    ,      ,|        ,,       nAArk        .>!,«,  f„no  «       r  lowering   from   Januaiy   to    March,   from 
oberhalb  des  Urwaldes,  2440  m,  31.()8.1803;, 
Volkem  781  (holotype,  B!;  isotypes,  K!,  BM!). 
Figures  11  A,  12 A,  B. 

Distribution  and  ecology.  Congo-Kinshasa. 
Rwanda,  Burundi  (Fig.  22),  Kenya,  Tanzania.  For 
Central  Africa  this  species  was  previously  reported 

from  Congo-Kinshasa  (as  //.  incisa  Nel  in  Robyns 
&  Tournay,  1955)  and  from  Rwanda  (Champluvier, 

1987),  though  it  also  occurs  in  Burundi.  Montane 
woodland,  montane  grassland,  often  associated  with 

Erica;  on   rocky,   moist   soils;   alt.    1850-2950   m. 

May    to June,  and  from  August  to  October. 

Additional  specimens  examined.      CONCO-KINSH A- 
SA.   Haul-Zaire!   Awo,  Mt.   Aboro,  Froment  681   (UK). 

Hypoxis    incisa    Nel,    Bot.    Jahrb.    Sysl.    51:    301.    1914.        Kivu:   Mt.   Kahuzi,  Ramps  2878  (BR,  K);  Huzezu,  Hen- 
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Figure  1 1.     — A.  Habit  of  Hypoxis  kilimanjarica.  — B.  Habit  of  Hypoxis  lusalensis.  — C.  Habit  of  Hypoxis  monanthos. 
  I).  Three-branched  trichome  from  a  scape  of  Hypoxis  monanthos.  — E.  Tufted  trichome  from  a  scape  of  Hypoxis 

hisalensis.  A  from  Lewalle  3997  (BR);  B  from  Lisowski,  Malaisse  &  Symoens  8453  (POZG);  C  from  Lisowski  B7173 

(POZG);  D  from  Lisowski,  Malaisse  &  Symoens  10710  (POZG);  E  from  Lisowski,  Malaisse  &  Symoens  8557  (POZG). 

drickx  4780  &  4832  (BR).  RWANDA.  Cyangugu,  Mt.  Bi- 
gugu,  Bamps  3302  (BR),  Christiaensen  1620  (BR);  forest 

of  Nyungwe,  Bouxin  429  &  984  (BR);  Rugege,  Christiaen- 
sen  1501  (BR).  BURUNDI.  Muramwya,  Mt.  Manga,  Reek- 

Vernacular  name.      Bukanga-Tshiragaga  (dialect Bashi). 

Hypoxis  kilimanjarica  is  primarily  an  East  Afri- 

mans  756  (BR)  &  2065  (BR,  MO);  Uwalle  584  &  1102  can  species.  Studied  by  Nordal  et  al.  (1985)  it  is 

(BR);  Teza,  Reekmans  1335  (BR,  MO),  Smets  13  (BRLU);  divided  into  H.  kilimanjarica  subsp.  kilimanjarica 

Nyabigondo-Teza,  Uwalle  3997  (BR);  Teza,  Mt.  Ngoma,  d  H   kilimanjarica  subsp.  prostrata  Holt  &  Stau- 
Lejoly  84/719  (BRLU);  Bururi,  Tora,  Reekmans  23  (BR,  /                     v*            . 

MO),  Lewalle  5130  (BR,  MO);  Luvironza,  INEAC,  Michel  bo.  In  Central  Africa
  only  the  typical  subspecies 

5007  (BR).  with  erect  or  slightly  reflexed  leaves  and  scapes 
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Figure  12.     A,  B.  Hypoxis  kilimanjarini.  —A.  Seed.  — B.  Seed  coat  sculpture.  C,  D.  Hypoxia  monanthos.  — C.  Seed. 
I).  Seed  coat  sculpture.  A  and  B  from  Houxin  984  (BR);  C  and  D  from  Lisowski  B  7173  (POZG). 
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(Fig.  11  A)  more  than  4  cm  long  occurs.  The  other      stamens  ca.  3.5  mm  long  with  filaments  ca.  1.5  mm 

subspecies  bears  prostrate  leaves  and  scapes  never      long;  inner  stamens  ca.  2.5  mm  long  with  filaments 

exceeding  4  cm. 

Leaves  of  H.  kilimanjarica  were  sometimes 
ca.  1  mm  long;  filaments  subulate;  anthers  linear, 

deeply  sagittate,  retuse  at  top,  ca.  2  mm  long;  ovary 

ferred  to  as  canaliculate  (Nel,  1914b),  but  accord-  obconical,  ca.  4  X  3-4  mm  wide,  pubescent;  style 

ing  to  my  observations,  they  are  rather  carinate.  ca.  2  mm  long;  stigma  conical,  ca.  1  mm  long,  com- 

This  feature  as  well  as  9  to  13  veins  on  inner  leaves  posed  of  3  lobes  with  margins  covered  with  nu- 

usually  about  2  mm  wide  distinguish  this  species  merous  papillae.  Capsule  turbinate,  6-7   X  ca.  4 

from   the   slightly   similar  H.  filiformis   (Fig.   6D),  mm,    pubescent;   seeds   ovoid,   ca.   2    X    1.5    mm, 

which  possesses  canaliculate  leaves,  0.7  mm  wide  brown;  cuticle  thick,  brown-black;  seed  coat  with 

and  with  3  nerves.  Hypoxis  kilimanjarica  occasion-  pyramidal  pointed  projections. 

ally    resembles    H.    monanthos,    especially    those 
Distribution  and  ecology.      A  taxon  known  fron 

plants  with  only  4  tepals.  The  scapes  in  both  spe-         ,    .      D  r  K,;Mui,M  nr;«    97\  onA 
*  J        /  •       /r-      i  i  a     t-\  Shaba  Province  in  Congo- Kinshasa  (rig.  II)  and cies  bend  downward  after  flowering  (rig.  II  A,  L).  r  n       .  «      ,.      w      ,    .  ,irt„,i 

°  v     °  from  one  collection  in  Zambia.  Wooded  grassland 
Hwoxis  kilimanjarica  is,  however,  a  montane  spe-  .  .     n     .  .  a        «       i  * 
'  y  K  with  Parinan  sp.;   pasturage  with  natural  vegeta- 

cies  and  occurs  above  1850  m,  whereas  H.  mon- 

anthos  only  rarely  reaches  this  altitude  and  is  found 

in  very  moist  habitats.  Seeds  of  the  former  are  black 

and  covered  with  thin  cuticle  (Fig.  12A,  B),  and  of 

tion;  on  Kalahari  sand.  Flowering  from  August  to 

October  and  in  December. 

Additional  specimens  examined.      CONGO-KINSHA- 

the  latter  brown  and  coated  with  thick  cuticle  (Fig.       SA.  Shaba:  Tschihalaka.  Overlaet  712  (BR);  Man
goa.  20 

1rt/,    ~.    ̂   #/  .•/•/•       lj/-/-  ■     •       •         km   K  de  Dilolo-Gare,  Diivigneaiid  &  limperman  2519 
12C,  D).  From  //.  angustifolia,  H.  kilimanjarica  is  11**      1      #•        /•  m  /  ,•  „  a  c,m 

'      ;  ^       *'         '  7  (B K I ,11);  Plateau  de  la  Manika,  Lisouski,  Malaisse  <v  Sym- 
distinguished   by  shorter  pedicels,  only   to  (>   mm 

long,  bending  scapes,  and  black  seeds.  Hypoxis  au- 

gustifolia  bears  pedicels  at  least  12  mm  long,  erect       Drummond  &  Cookson  6431  (MO) 

scapes,  and  brown  seeds  (Fig.  3). 

oens  178  (POZG),  Duvigneaud  4532  H  (BRLU).  ZAMBIA. 
Western   Province:   Kalabo  Dist.,  2  mi.  W  of  Kalabo, 

The  tunic  covered  with  indumentum  and  an  in- 

florescence with  basipetal  flower  anthesis  distin- 
10.  Hypoxis  lejolyana  Wiland,  Fragm.  Florist.  guish  H.  lejolyana  from  all  Central  African  species 

Geobot.  42:  418.  1997.  TYPE:  Congo-Kinsha-  with  leaves  not  exceeding  8  mm  and  scapes  1-2 

sa.  Shaba:  "route  Dilolo-Kisenge,  Kahundu,  mm  wide.  Especially  the  unique  shape  of  the  5- 
source  de  la  Lovoa,  Oilolo  poste-Dilolo  sta-  flowered  inflorescence  with  3  flowers  clustered  at 

tion,"  Sep.  1958,  Plancke  158/2184  (holotype,       the  top,  2  being  pedicellate  and  1  sessile,  is  worth 
BRLU!).  Figure  13A,  H. noticing.  From  //.  subspicata,  a  species  with  a  sim- 

ilar but  much  larger  inflorescence,  //.  lejolyana  is 

ner  leaves  are  narrower,  to  0.8—2.0  mm  wide. 

Herb  to  29  cm  high;  rhizome  ovoid,  ca.  4  cm      distinguished  by  its  smaller  flowers  wilh  tepa]s  t() 
diam.;  tunic  stiff,  fibrous,  with  2-3  mm  wide  blades       g  mm  ̂   ̂   inner  leayes  3  mm  wk,e   Tepa]s  of 
often  covered  with  indumentum,  to  7  cm;  roots  par-  ft  subspicata  are  longer,  to  13-15  mm,  and  its  in- tially  terete.  Outer  leaves  2  to  3,  ca.  5  cm  X  8  mm, 

basally  with  membranous  margins,  linear,  pubes- 

cent on  upper  half  with  2-branched  white  or  yellow 

trichomes;  nerves  unequal,  ca.  13;  inner  leaves  3  to 

5,  linear,  prominently  keeled,  to  29  cm  X  ca.  3 

mm,  ciliate  on  margins  and  midrib  with  tufted  tri- 

chomes, hispid  beneath  and  sparsely  pilose  above 

with  2-branched  trichomes;  nerves  unequal,  ca.  9. 

Scapes  2  to  4,  to  25  cm  X  ca.  2  mm,  winged  and 

glabrous  in  lower  half,  wider  and  pubescent  in  up- 

11.  Hypoxis  lusalensis  Wiland,  Fragm.  Florist. 

Geobot.  42:  421.  1997.  TYPE:  Congo-Kinsha- 

sa. Shaba:  "Plateau  des  Marungu,  20  km  au 

NNE  de  Kasiki,  sommet  Lusale,"  2450  m, 
Nov.  1969,  Lisowski,  Malaisse  &  Symoens  8453 

(holotype,  POZG!).  Figures  7C,  D,  11B,  F. 

Herb  to  24  cm  high;  rhizome  globose,   1.5  cm 

per  half;  cyme  2-  to  5-flowered;  in  5-flowered  inflo-  diam.  (dried  out);  tunic  membranous  and  fibrous, 

rescences,  3  flowers  are  clustered  at  the  top,  with  2-5  cm  long.  Outer  leaves  3  to  5,  subulate,  2.5-8.5 

one  sessile  and  two  pedicellate;  floral  anthesis  ba-  X  ca.  1.4  cm,  glabrous  at  base,  apically  pubescent 

sipetal;   bracts   subulate,   5-15    X    1    mm,   single-  below;  indumentum  gray;  trichomes  tufted,  ca.  6- 

nerved,  pubescent  on  midrib  abaxially;  pedicels  2-  branched,  0.4-3.0  mm  long;  nerves  unequal  9  to 

15  mm  long.  Tepals  6;  outer  tepals  ovate,  7.5-8.0  13;  inner  leaves  4  to  6,  narrow-linear,  5-24  cm  X 

X  ca.  3  mm,  7-nerved,  pubescent  abaxially;  inner  2-3  mm,  villous-hispid  on  margins  and  midrib  be- 

tepals  ovate,  acute,  7  X  ca.  2.5  mm,  5-nerved,  pi-  low,  sparsely  pilose  above;  nerves  unequal,  7  to  9. 

lose  along  midrib  abaxially;  stamens  unequal;  outer  Scapes  2  to  4,  5-12  cm  X   1.0-1.5  mm,  sparsely 
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Figure  13.     A,  B.  Hypoxia  lejolyana.  — A.  Seed.  — B.  Seed  eoat  sculpture.  — C.  Hypoxis  goetzei,  tuft  trie-homes  <>i 
a  leal  margin.  A  and  B  from  IHancke  158/2184  (BR);  C  from  Quarri*  704  (BR). 
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ciliate  in  basal  half,  prominently  hispid  in  upper      midrib  abaxially;  pedicels  7-12  mm  long,  hispid. 

half;  trichomes  tufted;  flowers  1  or  2;  bracts  lance-  Tepals  6;  outer  tepals  elliptic,  keeled,  7.5   X  2.5 

olate  or  ovate,  acute  at  apex,  2-12   X    1-3  mm,  mm,  densely  hispid  abaxially,  irregularly  5-nerved; 

hispid  abaxially;  pedicels  6-14  mm  long,  elongating  inner  tepals  obovate,  acute  at  apex,  6.5  X  2.5  mm 

with  age,  hispid.  Tepals  6;  outer  tepals  lanceolate  or  wide,  hispid  abaxially  on  midrib  on  lowest  V3,  ir- 

elliptic,  14-20  X  3.5^1.0  mm,  hispid  abaxially,  5-  regularly  5-nerved;  stamens  equal,  ca.  4  mm  long; 

to  7-nerved;  inner  tepals  elliptic,  cuspidate,  13-18  filaments  filiform,  ca.  2.5  mm  long;  anthers  ca.  2 

X   4-5  mm,  abaxially  hispid  on  midrib  in  lowest  mm  long,  sagittate,  fused  and  obtuse  at  apex;  ovary 

third  (or  %),  5-nerved;  stamens  equal,  7  mm  long;  obconical,  ca.  3.5   X   2.5  mm  wide,  hispid;  style 

filaments  subulate,  3.5-4.0  mm  long;  anthers  nar-  slender,  ca.  1.5  mm  long;  stigma  ca.  1  mm  long, 

row-linear,  sagittate,  fused  at  apex,  ca.  4  mm  long;  composed  of  3  very  thin  rows  of  papillae,  obtuse  at 

ovary  obovoid,  5.0-5.5  X  2.5-3.0  mm,  long  hispid;  apex.  Capsule  obovoid,  ca.  5  X  3.5  mm,  hispid; 

style  triangular,  1.5-2.0  mm  long;  stigma  composed  seeds  several,  ovoid,  2X1  mm  wide,  black;  seed 

of  3  oblong  lobes,  obtuse  at  apex,  2.5-4.0  mm  long.  coat  honeycombed. 

Capsule  fusiform,  ca.  8  X  3.5  mm,  villous;  seeds 

numerous,  irregularly  ovoid,  ca.  lXl  mm,  black- 
Distribution   and   ecology.      Endemic    to   Shaba 

Province  of  Congo-Kinshasa  (Fig.  22),  //.  malaissei 
brown;  cuticle  thick;  seed  coat  with  pointed  pro-       .     .  1     r  •      1         11     »•   :   u^. '  '  r  '  is  known  only  from  a  single  collection  in  miombo; 
jections. 

Distribution  and  ecology.      Species  known  only 

alt.  1208  m.  Flowering  in  April. 

Hypoxis  malaissei  closely  resembles  H.  muhilen- 

from  Plateau  des  Marungu  in  Congo-Kinshasa  (Fig.  sis,  which  occurs  further  north  on  Plateau  des  Mu- 

22),  where  it  occurs  in  grasslands  and  river  valleys;  hila.  Both  species  share  a  robust  habit  and  partially 

alt.  1700,  2320-2450  m.  Flowering  November.  fibrous  tunic,  which  distinguishes  them  from  slen- 

der  //.    angustifolia   with    its   membranous   tunic. 
Additional  specimens  examined.      CONGO- KINS  HA-  I¥                  r7           ...                        111           j         *u 

ca    01.  1.      m  .        j      m                     »    tvi   i    1           *  However,  //.  malaissei  possesses  black  seeds  with 
SA.  Shaba:  Plateau  des  Marungu,  pente  N  de  la  montag-  111                                     • 
ne  Lusale,  Lisowski,  Malaisse  &  Symoens  8557  (POZG);  a   thin   cuticle   displaying   a   most   unique   honey- 
Mt.  Lusale,  Llsoivski,  Malaisse  &  Symoens  8300  &  8684  combed  seed  coat  sculpture  (Fig.  14  A,  B).  The  two 

(POZG);  Marungu,  section  Mulongoshi,  (Juarrt  7252  (BR)  aforementioned  species  bear  brown  seeds,  covered 

pro  parte  quoad  "c." with  thick  cuticle  (Figs.  3,   17).   More  collections 

Hypoxis    lusalensis    is    very    easy    to    recognize       will  be  needed  to  determine  the  taxonomic  position 

among  Central  African  taxa  due  to  its  flowers  with       and  relationships  of  H.  malaissei  to  other  species, 

long  tepals  to  20  mm,  large  relative  to  its  small 

stature  (Fig.  11B),  and  2-3  mm  wide  inner  leaves 

covered  with  long,  gray  hispid  indumentum.  Given 

its  morphological  uniqueness,  further  studies  will 

be  needed  to  determine  its  relationships  to  other 

species. 

12.    Hypoxis   malaissei   Wiland,   Fragm.   Florist. 

Geobot.  42:  418.  1997.  TYPE:  Congo-Kinsha- 

sa. Shaba:  "28  km  au  N.E.  de  Lubumbashi," 

alt.  1208  m,  Apr.  1971,  Malaisse  7403  (holo- 

type, BR!).  Figure  14A,  B. 

13,  Hypoxis  malosana  Baker,  Bull.  Misc.  In- 

form. 1897:  284.  TYPE:  Malawi.  "Mount  Ma- 

losa,  near  Zomba,"  alt.  4000-6000  ft.,  Whyte 

s.n.  (holotype,  K!).  Figures  15A-C,  16. 

Hypoxis  biflora  De  Wildeman,  Repert.  Spec.  Nov.  Regni 

Veg.  II:  537.  1913.  TYPE:  Congo- Kinshasa.  "Ober- 
Katanga,"  Oct.  1911,  Hock  s.n.  (holotype,  BR!). 

Herb  to  20-50  cm  high;  rhizome  ovoid,  1.0-4.5 

X  1.1-4.0  cm  (dried  out);  tunic  fibrous,  stiff  black, 

to  6  cm  high.  Outer  leaves  1  to  3,  ovate,  3.0—14.5 

cm     X     4—10    mm,    pilose    below;    trichomes    2- 

Herb  to  16.5  cm  high;  rhizome  globose,  ca.   10  branched;  nerves  unequal,  7  to  13;  inner  leaves  5 

mm  diam.  (dried  out);  tunic  membranous  and  fi-  to  11,  narrow-linear,  2.8-61.0  cm  X  1-3  mm  wide, 

brous,  black,  to  2  cm.  Outer  leaves  ca.  2,  ovate,  ca.  hispid  on  margins  and  midrib  below;  trichomes  2- 

10  mm  wide,  spathe-like  in  basal  part,  pubescent  branched,  ca.  3  mm  long,  falling  off  with  age,  red- 
beneath  with  tufted  trichomes;  inner  leaves  ca.  4,  brown  or  golden;  nerves  unequal  5  to  11.  Scapes  2 

linear,  7.5-16.5  cm    X   2.5-4.0  mm,   hispid;  tri-  to  10,  2.5-57.0  cm  X  0.5-1.0  mm,  often  red  tinted, 

chomes  2-branched,  white;  nerves  unequal,  2  as  in  basal  half  ciliate  with  2-branched  trichomes,  in 

large  as  midrib,  ca.  7.  Scapes  1  to  3,  ca.  9.5  cm  X  upper   half  pubescent   with   tufted   trichomes;   tri- 

1.5  mm,  hispid,  especially  in  upper  half,  with  long  chomes  white  to  red-brown,  0.4-1.3  mm  long;  cyme 

white  tufted  trichomes^owers  2,  sometimes  1  flow-  corymbiform,  2-  to  4-flowered,  with  pedicels  of  sig- 

er  developed  and  1  remaining  as  an  undeveloped  nificantly  various  length;  bracts  subulate,  2-8  X  ca. 

bud;  bracts  subulate,  ca.  5.5  X  1  mm,  hispid  along  1  mm,  pubescent  along  midrib  abaxially;  pedicels 
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from  almost  none  at  lowest  flowers  in  the  inflores-  (BR);  environs  de  Kabiashia,  pres  du  village  Kimangu, 

.     oo            l                                  u            *    t      ;  Lisowski  81109  &  Lisowski  81121  (POZG);  valine  de  Lu- 
cence  to  Zo  mm  long  at  upper,  pubescent.  lepals  .         .      ,    v.  .           ..        ..  vniIOO   p    ,.        , .  n 

.       „,     .     r;    .'  apula,  pres  de  Kiniama,  Lisowski  81122  &  Lisoivski  H- 
(5)  6;  outer  tepa/5  elliptic,  6-12   X   2-3  mm;  ap-  72U  &  Lisowski  B_7277  (POZG);  Gombela,  Lisoivski  B- 
pendage  minute,  pubescent  abaxially,  with  5  to  7  7231  (POZG);  environs  de  Tshinsenda,  Lisowski  B-7273 

parallel  nerves;  inner  tepals  oblong  or  ovate,  acute  (POZG);  domaine  de  Muhila,  au-dessus  de  Kalobele,  Li- 

at  apex,  5.0-11.5  X  2-4  mm,  almost  glabrous  with  **"**  72U  (POZG);  vallee  de  la  Potopo,  Schaijes  239
8 

r      \  .\               h  1            ,       •   1           fU  g f.    7           11   1  (BR);  P.N.  Upemba,  //erne  108  &  U  111  (BR),  de  Mtte 
lew  tnchomes  at  base  abaxially,  with  3  to  7  parallel  v7/0;.  /DDv    w,            .    «,.       OT/fI   ,um  V-i J                         r  7181  (BR);  Mukana,  ae  Wa/te  2747  (HH);  Kibara,  entre 
nerves;  stamens   unequal;   outer  stamens  2.5-5.0  Buyal>alo  et  Katonga,  Robyns  3604  (BR);  Mitwaba,  Duvig- 
mm  long  with  filaments  2.0-3.5  mm  long;  inner  sta-  neaud  &  Timperman  2697  (BRLU);  Plateau  des  Kunde- 

mens  1.5-3.0  mm  long  with  filaments  0.5-1.5  mm  lungu,  Lisowski,  Malaisse  &  Symoens   1155  &   7470  & 

long;  filaments  filiform;  anthers  1.5-2.5  mm,  sagit-       7596  (POZG);  A  3  km  au  S  d
e  la  source  occidental r  de  la 

1  .     1    o  /\  o  c        Lutshipuka,  Lisowski,  Malaisse  &  Symoens  7744  (POZO): 

late,  emarginate  at  apex;  ovary  obcomcal,  2.0-3.5      pffes  de  |a  source  de  ,a  Lutshipukat  Usomkif  Malaisse  & 
X  1.5-2.5  mm,  pubescent;  style  to  0.5  mm  long,  or  Symoens  810  (POZG);  3  km  a  W  du  Poste  Lualala,  Li- 
stigma  sessile;  stigma  oblong  or  pyramidal,  obtuse,  sowski,  Malaisse  &  Symoens  7477  (POZG);  contreforts  des 

composed  of  3  oblong  lobes,  entirely  fused  or  emar-       Kundelungu,  valine  de  la  Kapolo,  pits  du  village  Kibu/.i, 

ginate  at  apex,  1.3-2.2  mm  long.  Capsule  obovoid,      L^f^l3  (P(^);  ̂ L±  B™*  "'"Tnt °  *  •       l  7.^79  (BRLU);  au   S  de   Biano-Gare,  Duvigneaud  1324 
3-5  X  2-3  mm,  pubescent,  opening  by  transverse       (BR|  U);  Kiankwa]j9  Duvigneaud  4471  (BRLU);  Dilungu- 
slit;  seeds  numerous,  ovoid,  ca.  1.5  X  1  mm,  black;  Yulu  entre  Nzilo  et  Kensenia,  Duvigneaud  &  Timperman 

seed  coat  prominently  colliculate.  2626  (BRLU);  pr&s  de  la  gare  Kansenia,  Lisowski,  Ma- 
laisse &  Symoens  13531  (POZG);  au  N  du  Tenke,  Duvig- 

Distribution  and  ecology.      Widely  distributed  in       neaud  1311   (BRLU);  Plateau  des  Marungu,  section  de 

Congo-Kinshasa  and  Burundi  (Fig.  23),  Tanzania,  Mulongoshi,  Quarrf  7256  (BR);  a  3  km  au  SE  du  Poste 

Zambia,  Malawi,  Zimbabwe,  Mozambique,  Repub-       Mulungoshi,  lisowski,  Malaisse  &Syrmcns  
8125&8134A 

t         r  o      .i      at  •  r\  •  i  i    j       (POZG);  sommet  Lusale,  a  10  kin  au  NNE  de  Kasiki.  Li- 
lic   of   South    Alnca.    Occurs   in    miombo,   wooded       v         .  f\  '  /mv/t  \  i .  sowski,  Malaisse  &  Symoens  8369  (POZG);  environs  de 
grassland,  moist  or  temporarily  inundated  grass-  Kasiki^  mare  Kas()zia^  /^OM,5fo;  Malaisse  &  Symoens 
lands,  swamps,  dembo,  wet  river  valleys,  pastures.  12058A  (POZG);  a  env.  18  km  de  Pepa,  Symoens  779 

Soils  moist  black,  boggy,  loamy;  gray,  kaolin  soils;       (BRLU);  Elgymapepa,  Kisimba,  Muzinga  &  Matamba  136 

sandy  soil;  white  soils;  granite  bed;  soils  with  cop-       (BR)^  *  5  km  a  LW  de  Niembe,  li
sowski  8023  &  82893 

y  &  r         (POZG);  Plateau  de  la  Manika,  Katentania,  HombU  809 
(BR),  Doumen  9  (BR);  entre  Kolwezi  et  Djoni,  Lisowski, 
Malaisse  &  Symoens   7822  (BR,  POZG);  Plateau  de  la 

Mangoa,  Dilolo,  Duvigneaud  &  Timperman  2404  &  2406 

(BRLU).  BURUNDI.  Nyakazu,  Kameloo  4775  (BR);  Bu- 

per;  alt.  1000-1810  (-2450)  m.  Flowering  mainly 

from  August  to  February,  sometimes  from  April  to 

June. 

Additional  specimens  examined.     CONGO-KINSHA-       mri    Becauet  2153  (BR);  Rutana,  Staner  2077  (BR). 
SA.  Kivu:  Lueraba,  Kinet  49  ( =Hendrickx  4361)  (BR). 

Shaba:  s.  I.,  Hock  s.n.  (BR);  10°46'30"S,  25°I7'E,  Schai- 
jes 3032  (BR);  Kambove,  Kisungu,  Street  331  (BR);  Dik- 

uluwe,  Duvigneaud  4129  &  4I30H,  (BRLU);  Luhumba-       49>' 

Vernacular   name.      Ngandama   (Luemba,   Kinet 

shi,  route  de  Sakania,  Duvigneaud  4312  &  4861  (BRLU); Hypoxis  malosana  is  a  common  and  easy-  to-dis- 

Kisanga  [=  Keyberg],  7  km  SSO  d'Elisabethville,  Schmitz      tinguish  species  with  a  characteristic  large,  black. 
2109  (BR):  valine  Kimilolo,  Detdleux  383  (BR):  Kapeluka, 
20  km  NO  dTJisabethville,  Schmitz  7675  (BR);  28  km 

NO  dTJisabethville,  Schmitz  5855  (BR);  Dilungu  a  9  km 

de  Dilolopost  vers  Katundu,  riviere  Mokwegi  pres  de  Kan- 
dala,  Plancke  159/2206  &  Plancke  159/2214  (BRLU);  en- 

virons   de    Lubumbashi,    bord    de    la    Natwebo.    Lisowski 

81124  &  81146  &  B-7173B  &  B-7270A  &  B-7271  &  B- 

7279A  (POZG);  au  SE  de  Lubumbashi,  prfes  de  la  Mission 

Don  Boseo,  Lisowski  82460  &  B-7272  (POZG);  environ  30 
km  au  N  de  Lubumbashi,  pres  de  la  ferine  St.  Hubert, 

Lisowski     81145     (POZG);     Kipopo,     25     km     ONO 

stiff,  and  fibrous  tunic  (Fig.  15A,  B).  Its  other  char- 
acteristic is  the  inflorescence  with  pedicels  greatly 

varying  in  length.  Its  rhizome  is  edible. 

In  Central  Africa  Hypoxis  filiform  is  might  be  con- 
fused with  H.  malosana,  seen  as  an  undeveloped 

exemplar  of  the  latter  (Fig.  6D).  Hypoxis  malosana, 

however,  always  bears  a  prominent  tunic,  while  the 

tunic  of  H.  filiformis  is  mainly  membranous,  with 

only  few  soft  fibers.  It  seems,  however,  that  in  South 

d'Elisabethville,  ̂ ™^  Africa   such   species   as   H.    malosana,    //.  junodU Kaponda,  Malaisse  13562  (BR.  WAG);  a  1.5  km  a  I'E  de 
Kabiashia,  Malaisse  6100  (BR);  Katuba,  Quarre  719  & 

3717  &  4314  (BR);  vallee  de  la  Karavia,  Quarrt  3527 

Baker,  and  H.  caespitosa  Baker  have  overlapping 

morphological  variability,  being  very  similar  in  ap- 

Figure  14. 
robust  a. C 

A,  B.  Hypoxis  malaissei.  — A.  Micropylar  end  of  tbe  seed.  — B.  Seed  coat  sculpture.  C  &  I).  Hypoxis 
Seed.  — I).  Seed  coat  sculpture.  A  and   B  from  Malaisse  7403  (BR);  C  and   I)  from  Duvigneaud  & 

Timperman  2213  (BRLU). 
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pearance  with  black  colliculate  seeds  (Fig.  16)  and  mm,  pubescent  along  midrib  abaix'raUy;  pedicels  0—5 
prominent  tunics.  Therefore,  this  complex  of  spe-  mm  long,  villous.  Tepals  4  or  6;  outer  tepals  elliptic, 

cies  is  in  need  of  thorough  evaluation  in  this  region  7—9  X  2.5—3.0  mm,  pubescent  abaxially  with  2-  to 

to  establish  relationships  among  them,  as  well  as  5-branched  trichomes,  irregularly  7-nerved;  inner 

between  this  group  and  H.  filiformis.  Hypoxis  fili-  tepals  elliptic,  obtuse,  with  membranous  indexed 

formis  and  H.  malosana  were  confused  in  the  past  margins,  7-8  X  3  mm  wide,  pubescent  along  lower 

(De  Wildeman,  1921;  Zimudzi,  1996),  and  it  is  cer-  %  of  midrib  abaxially,  irregularly  5-nerved;  stamens 

tain  that  more  investigation  of  their  relationship  is  as  many  as  tepals,  equal,  about  5  mm  long;  fila- 
ments subulate,  ca.  1  mm  wide  at  base,  ca.  3.5  mm nee ded. 

For  the  flora  of  Central  Africa,  H.  malosana  was  long;  anthers  3  mm  long,  sagittate,  retuse  at  apex; 

described  by  De  Wildeman  (1913)  as  Hypoxis  bi-  ovary  obconical,  4-5  X  ca.  2-3  mm,  villous;  style 

flora.  This  name  was  illegitimate  when  published,  ca.  2.8  mm  long;  stigma  oblong,  obtuse  at  apex, 

being  a  later  homonym  of  H.  biflora  Baker  (Baker,  composed  of  3  wide  lobes,  0.5  mm  long.  Capsule 

1876).  Later  Baker  (1878a)  reduced  his  H.  biflora  obovoid,  5-13   X  3^1  mm,  sparsely  pilose;  seeds 

to  taxonomic  synonymy  under  H.  angustifolia  Lam.  ca.  14  to  19,  ovoid,  ca.  2  X  1.5  mm,  brown;  cuticle 

Nel  (1914b)  invalidly  recombined  De  Wildeman's  thick;  seed  coat  bristly  with  pointed  projections, 

illegitimate  species  name  as  "//.  dregei  Baker"  var. 

biflora  (De  Wild.)  Nel.  Nel  mistakenly  listed  H.  dre- 

gei Baker  at  the  rank  of  species,  whereas  Baker 

(1878a)  had  only  used  the  epithet  "dregei"  at  the 
rank  of  variety,  as  H.  sericea  Baker  var.  dregei  Bak- 

er. Hypoxis  sericea  (syntype,  Drege  8525,  K!)  pos- 
sesses longer,  silky  adpressed  indumentum  on  the 

leaves,  very  different  from  the  hispid  indumentum 

Distribution  and  ecology.  Congo-Kinshasa  and 

Burundi  (Fig.  24),  Angola,  Malawi. 

In  wet  habitats:  swamps,  on  river  borders,  tem- 

porarily inundated  grassy  savanna,  and  dembo;  alt. 

1220-1900  m.  Flowering  from  January  to  February, 

in  June  and  October. 

Additional  specimens  examined.      CONGO-KINSHA- 
of  H. I malosana .   Thi is   species does   not  occur  in       SA.  Shaba:  Plateau  des  Kundelungu,  riviere  Kalunda,  Li- 
^      .     i    *  r  •         tj  *u*  •  r  u  sowskL    Malaisse   &   Symoens    12573    (POZG),   Lisowski 
Central  Africa.  However,  the  type  specimen  of  H.  0110A<v<v7^.  x  ™.  in  i   mmw;  L  r^.I  a~  i  „.i. 

biflora  is  a  specimen  of  H.  malosana.  Similar  ob- 
servations were  stated  by  Nordal  et  al.  (1985). 

81120  (POZG);  a  env.  10  km  au  NNW  du  Poste  de  Luala, 
Lisowski,  Malaisse  &  Symoens  2652  (POZG);  environs  de 

Lubumbashi,  bord  de  la  Ntwebe,  Lisowski  B-7173A 

(POZG);   P.    N.   de   l'Upemba,   piste  de   la   Lufira   km  8, 

14.    Hypoxis    monanthos    Baker,    Trans.    Linn.       Bamps  851  (BR);  Plateau  de  la  Manika,  4  km  a  W  de 
c  o    o/^    1070    tvdl1     a         l      u    ;ii,         Katema,  Lisowski.  Malaisse  &  Symoens  184  (POZG);  Pla- Soc.  ser.  2:  266.  1878.  I  Yrh:  Angola.  Hiulla,  .  »     .         '      T.        ,  •    „/  ,   •        P   c  o^o 

nwfv    J-T.  lir,         teau  des   Marungu,  Lisowski,  Malaisse  &  Symoens  HzoH 
Welwitsch  4058  (holotype,  BM!).  h  igures  11C,       (P0ZG).  environs  de  Ifulungoshi,  Mt.  Ngoma,  prfcs  du  vil- 

lage Lusinga,  Lisowski  10710  c  (POZG).  BURUNDI.  Mos- 
so,  Michel  2534  (BR);  Kisozi,  Becquet  2159  (BR). 

Hypoxis  monanthos  was  previously  reported  only 
extended   into 

D,  12C,  D. 

Herb  to  16  cm  high;  rhizome  subglobose  13—17 

X  10-13  mm  (dried  out);  tunic  fibrous  and  mem- 

branous, to  3.5  cm  high,  sometimes  absent.  Outer  from  Angola  with  its  range  h 

leaves  3-4,  ovate,  tapering  toward  apex,  2-20  cm  Congo-Kinshasa  and  Burundi  (Fig.  24).  Most  Cen- 

X  6-10  mm,  ciliate  on  margins;  trichomes  2-  to  3-  tral  African  specimens  possess  single  flowers  with 

branched;  nerves  unequal,  7  to  9;  inner  leaves  3  to  only  4  tepals.  In  contrast  to  many  species  ol  Hy- 

9,  narrow-linear,  keeled,  often  reflexed,  1 1-34  cm  poxis  after  flowering,  scapes  of  H.  monanthos  bend 

X  2-4  mm,  sparsely  pilose  on  margins  and  midrib  to  the  ground  and  pedicels  bend  slightly  inward 

below,  sometimes  also  on  the  blade  surface  abaxi-  (Fig.  11C).  This  is  an  adaptation  for  seed  dispersal 

ally,  with  2-  to  3-branched  trichomes  falling  off  in  humid  habitats  and  has  been  noted  in  other 

with  age;  nerves  unequal  5  (7),  some  of  them  very  members  of  the  family  (Hilliard  &  Burtt,  1978:  75), 

thin.  Scapes  1  to  4,  7-20  cm  X  0.5-1.0  mm,  nar-  for  example,  H.  decumbens  L.  from  Central  and 

rowly  winged  and  ciliate  at  base,  villous  above,  South  America,  Spiloxene  aquatica  (L.f.)  Fourcade, 

usually  bent  downward  after  flowering;  trichomes  2-  Pauridia  minuta  (L.f)  Durand  &  Schinz,  and  Rho- 

branched  or  tufted,  gray  or  golden;  flowers  single  or  dohypoxis  deflexa  Hilliard  &  Burtt.  In  Central  Af- 

2;  bracts  single,  rarely  2,  subulate,  3-10  X  0.4-1.0  rica  this  character  is  also  found  in  H.  kilimanjarica 

Figure  15 
scape 

A-C.  Hypoxis  malosana.  — A.  Habit  with  fruits.  — B.  Habit  with  flowers.  — C.  Tufted  trie  home  from  a 
D.  Hypoxis  muhilensis  subsp.  muhilensis,  tufted  trichome  from  a  scape.  A  from  Duvigneaud  &  Timperman 

2626  (BRLU);  B  from  Lisowski  81121  (POZG);  C  from  Lisowski  81 109  (POZG);  I)  from  Lisowski  81 1 16  (POZG). 
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(Fig.  11  A),  which  also  sometimes  has  flowers  with  midal,  acute,  1.5-2.0  mm  long.  Capsule  cylindrical 

4  tepals.  However,  seeds  of  the  two  species  differ:  or  turbinate,  4-8  X  3-5  mm,  hispid  or  pubescent; 

H.  kilimanjarica  possesses  black,  colliculate  seeds  seeds  numerous,  ovoid,  1.5-2.0  X  1.0-1.5  mm,  red- 

with  a  thin  cuticle  (Fig.  12A,  B),  and  //.  monanthos  brown;  cuticle  thick;  seed  coat  bristly  with  pointed 

bears  brown  seeds  with  pyramidal  projections  and  projections. 

a  thicker  cuticle  (Fig.  12C,  D).  Hypoxis  kilimanjar- Distribution  and  ecology.      Hypoxis  muhilensis  is 
ica  is  a  montane  species  that  occurs  above  1850  _.       .  _,  ,       ..   ,.,     .     r  v.     , 

v     ,  ,  ,  ,        .,  .         endemic  to  Plateau  des  Muhila  in  Congo-Kinshasa 

(Figs.  25,  26).  It  occurs  in  grasslands  and  wooded 

mountain  grasslands;  alt.  1400-1690  m.  Flowering 
in  November. 

Hypoxis  muhilensis  is  similar  to  //.  angustij olia 

m,  whereas  H.  monanthos  only  rarely  reaches  this 

altitude.  Plants  of  //.  monanthos  are  also  similar  to 

another  species,  H.  filiformis,  but  the  former  has 

wider  leaves  to  2-4  mm,  whereas  the  leaves  of  the 

latter  species  do  not  exceed  0.7  mm  in  width.  Al-        ,  .      ,  .   a  i        i        ■  • 
*  i      •      i  ('ue  l()  lts  '()()se  inflorescences,  sparsely  pilose  Iin- thoueh  H.  monanthos  bears  seeds  similar  to  those  ,  ,  ,  j      t-u     £™*  , 

L        »  t  ear  leaves,  and  brown  seeds,    lhe  first  possesses, 
of  H.  an  i^usti  folia  (Fig.  3),  it  differs  in  much  shorter      ,  ~,  .  }  .  ■  .i 

5       J         v    e     /»  however,  a  fibrous  tunic  and  is  more  robust,  with 
pedicels,  only  to  5  mm  long.  Pedicels  of//,  angus-       ,  ,  .  ,    .  ,.  ,        ■    ...  _i-     ia   __,  i 
*.„  ..        '        ̂   ^  f  °  leaves  thick  in  texture,  solid  and  rigid  pedicels,  and 

dense  indumentum  on  the  inflorescences  composed 

of  rigid  tuft  trichomes  (Fig.  LSD).  The  second  spe- 
cies is  characterized  by  a  membranous  tunic,  leaves 

tifolia  are  at  least  12  mm  long 

15.   Hypoxis  muhilensis  Wiland,  Fragm.  Florist. 

Geobot.  42:  412.  1997.  TYPE:  Congo-Kinsha-      thin  jn  lexlure?  slender  pedicels,  and  usually  sparse 
sa.  Shaba:  "Domaine  de  Muhila,  au-dessus  du      jnflorescence  indumentum  with  slender,  often  only 

2-3-branched  trichomes  (Fig.  18H,  I).  Moreover,  I 

did  not  find  any  collection  of  //.  angustifolia  from 

Plateau  des  Muhila.  From  //.  canaliculata  and  //. 

village  Kalobele,"  alt.  1690  m,  Nov.  1970,  Li- 
sowski  81116  (holotype,  POZG!). 

Herb   to  35  cm   high;   rhizome  ovoid  or  almost 

spherical,  1.3  X  1.4  cm  (dried  out);  tunic  membra-  rnalosana,  two  oth
er  Hypoxis  species  occurring  on 

nous  and  fibrous,  to  7  cm.  Outer  leaves  ca.  5,  ovate,  this   plateau,   //.    muhil
ensis    differs   in    its   brown 

narrowing  toward  apex,  acute,  2.0-11.5  cm  X  6-  *^ds  (Figs.   17,  
2C,  D)  and  3-5  mm  wide  inner 

10  mm,  with  midrib  and  margins  densely  pubescent  leaves,  whereas  t
hese  two  sympatnc  species  pos- 

and  with  blade  surface  only  sparsely  pubescent  in  *ess  black  seeds  (
Fig.  16)  and  narrower   eaves  1-3 

apical  part  below;  trichomes  2-branched  or  tufted;  ™™  wide  (Figs.  6
A,  15A).  Hypoxis  muhilensis  in- 

nerves  unequal,  11  to  19;  inner  leaves  ca.  6,  nar-  ciudes  tw
o  subspecies. 

rowly  elliptical  or  linear,  9.5-35.0  cm  X  3-5  mm, 

densely  hispid  on  midrib  and  margins  beneath, 

sparsely  pubescent  above;  trichomes  2(3)- 
branched;  nerves  unequal,   11  to  19;  midrib  and 

margin  nerves  especially  prominent.  Scapes  4  to  5,       lb.  Outer  tepals  10  X  2.5  mm;  seed  coat  cells  cov- 

la.  Outer  tepals  12-13  X  4  mm;  seed  coat  cells 

tightly  covered  with  smooth  cuticle,  which  forms 

long,  filiform  projections  on  their  apexes    
     15a.  //.  muhilensis  subsp.  muhilensis 

6-20  cm  X  1-2  mm,  narrowly  winged  and  ciliate 

in  basal  half,  hispid  or  pilose  apically;  cyme  3-  to 

4-fIowered;  bracts  subulate,  keeled,  6-14  mm  long, 

1  (3)-nerved,  hispid  on  midrib  abaxially;  pedicels 

4-20  mm  lone,  hispid  or  pilose.  Tepals  6;  outer  Je- 

ered with  wrinkled  cuticle,  pyramidal  in  outline 

and  short -pointed   
   15b.  H.  muhilensis  subsp.  kansimbensis 

5-4 

15a.    Hypoxis    muhilensis    subsp.    muhilensis. 

Figures.  15D,  17. 

densely  hispid  or  pilose  beneath,  5-  to  7-nerved;  Herb  to  16  cm  high.  Outer  leaves  2-5  X  0.6-1.0 

inner  tepals  elliptic  or  ovate,  acute,  9-11  X  3.0-  cm;  nerves  11  to  17;  inner  leaves  9.5-16.0  cm  X 

3.5  mm,  pilose  on  the  lower  third  or  half  of  midrib  3-5  mm;  nerves  17  to  19.  Scapes  6-9  cm  long, 

abaxially,  5-  to  7-nerved;  stamens  equal  or  unequal;  hispid  apically  with  tufted  trichomes;  pedicels  his- 

pid, 4-15  mm  long.  Outer  tepals  elliptic,  12-13  X filaments  subulate;  anthers  linear,  sagittate,  fused 

at  apex,  ca.  3  mm  long;  ovary  obovoid,  4-7  X  2-  ca.  4  mm,  densely  hispid  abaxially;  inner  tepals 

4  mm,  densely  pilose;  style  ca.  0.5-2  mm  long;  stig-  narrowly  elliptic,  ca.  1 1   X  3.0-3.5  mm,  pilose  on 

ma  composed  of  3  linear  lobes,  obtuse,  or  pyra-  the  lower  third  of  midrib  abaxially,  7-nerved;  sta- 

Figuiv  16.     Hypoxis  malosana 
(POZG). 

— A.  Seed.  — B.  Seed  coat  sculpture  with  micropapillae.  Both  from  Lisowski  8 1 1 2 1 
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Figure  17.     Hypoxia  muhilensis  subsp.  muhilensis.  —A.  Seed.  — B.  Seed  coat  sculpture.  Both  from  Lisowski  81 134 
(POZG). 
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mens  equal,  ca.  5.5  mm  long;  filaments  subulate,  hispid  on  edges  and  midrib  abaxially;  triehomes 

2.5-3.0  mm  long;  ovary  5-7  X  3-4  mm;  style  ca.  tufted,  white;  nerves  unequal,  27  to  29;  inner  leaves 

0.5  mm  long;  stigma  composed  of  3  linear  lobes,      ca.  7,  narrow- linear,  acute,  (12 5_)  54_90 1.0 
obtuse,  1.5-2.0  mm  long.  Capsule  cylindrical,  4-7  (-1.7)  cm;  indumentum-like  on  outer  leaves,  bul 

X  4-5  mm,  hispid;  seeds  ca.  9;  seed  coat  bristly  sometimes  also  2-branched  triehomes  occur;  nerves 

with  long  filiform  pointed  projections. 

Additional  specimens  examined.      CONGO-KINSHA- 
SA.  Shaba:   Domaine  de  Muhila, 

Kansimba,  Lisowski  81134  (POZG). 
au-dessus  du   village 

unequal,  15  to  19.  Scapes  3  to  6,  10-18  cm  X  3 

(-4)  mm,  ciliate  in  lower  half,  tomentose  in  apical 

half;  triehomes  tufted,  white;  raceme  ca.  10-flow- 

ered;  flower  anthesis  acropetal;  bracts  15  X  2  mm, 

pubescent  on  the  midrib  abaxially;  pedicels  1-10 
Hypoxis   muhilensis   subsp.   muhilensis   differs  mm  ̂   tomentose>  Tepah  6;  outer  iepah  ianceo. 

from  all  other  taxa  of  Hypoxis  in  unique  seed  testa  la|e  Qr  narrowly  ovate9  (12_)  l3_l7  X  3-5  (-6)  mm, 
sculpture  (Fig.  17)  with  the  thick  cuticle  covering  abaxially  tomentose,  irregularly  7-  to  11-nerved;  in- 
the  papillae  smoothly,  but  forming  elongated  ap-  ^  tepaU  ova^  ̂ ^  (n_}  13_u  (_15)  x  ̂  

(-8)  mm  wide,  irregularly  7-  to  9-nerved,  pubescent 

abaxially  along  midrib;  stamens  equal,  7-14  mm 
15b.   Hypoxis  muhilensis  subsp.  kansimbensis      long;  jj/amc|I||  subulate,  fleshy,  2.5-4.5  mm  long; 

Wiland,    Fragm.    Florist.    Geobot.    42:    414.       ̂ ^    ()blon&    prominently    sagittate,    slightly 
1997.  TYPE:  Congo-Kinshasa.  Shaba:  Domain      e         inate  at  apex,  5_12  mm  long;  ovary  obovoid. 

pendages  at  their  apexes. 

de  Muhila,  pres  de  Kansimba,  alt.  1400,  Nov. 
5-7  X  4-5  mm,  tomentose;  style  often  tapering  to- 

1970,  Lisowski  HI  125  (holotype,  POZG!).  Fig-      wan,  ba^  (1  ̂   2^JQ  mm  long;  stigma  2.5-3.0 ure  2C,  I). 
mm   long,  composed  of  three  free  lobes.   Capsule 

Herb  to  35  cm  high;  rhizome  not  seen.  Outer  obovoid,  5-6  X  4-5  mm,  sparsely  pubescent;  seeds 

leaves  5.5-11.5  X  ca.  1.0  cm,  ca.  19-nerved;  inner  numerous,  ovoid  or  almost  globose,  ca.  1.5  X  1  mm 

leaves  linear,  22-35  cm  X  ca.  3  mm  wide,  ca.  11-  wide,  black  and  glossy;  seed  coat  colliculate  with 

nerved.  Scapes  ca.  4,  9-20  cm  long,  pilose  apieally  flat  papillae. 

with  long  white  tufted  triehomes;  pedicels  4-20  mm Distribution    and   ecology.      Hypoxis    robusta    is 
lone,  pilose.  Outer  tenuis  lanceolate,  10  X  2.5  mm,       .  .    c  .     c.    ,  .         .     r  ,  Af 

B'  v  l  known  only  from  the  Shaba  province  in  Central  Al- 
pilose  abaxially,  5-nerved;  inner  tepals  ovate,  9  X 

rica  (Fig.  26).  In  grassland  and  wooded  grassland. 
3  mm,  pilose  on  lower  half  of  midrib  abaxially,  5-      ̂   ̂   ̂   on  ̂   border  rf  radioactive nerved;  stamens  unequal;  outer  filaments  ca.  3  mm 

valley,  dembo;  sandy  soil;  alt.  ca.  1600  m.  Flow- long,  inner  ca.  2  mm  long;  ovary  4X2  mm;  style  .       £  .  n      ,  in     AmU— 
6'  .  .11  i  e       enng  from  August  to  October  and  in  December. 

ca.  2  mm  long;  stigma  pyramidal,  acute,  ca.  1.5 

mm  long.  Capsule  turbinate,  6-8  X  3-5  mm,  pu-  Additional  specimens  examined.      CONCO-KINSHA- 

bescent,  opening  by  a  transverse  slit;  seeds  10-20,       SA.  Shaba:  Lukapu,  Verdick  s.n.  (BR);  Kasompi,  Duvig- 
neaud  &  Timperman  2175  (BRLU);  Kasompi  Ouest,  Du- 
vigneaud    &    Timperman    2209    (BRLU);    Kasompi    Est, 

ovoid;  seed  coal  bristly  with  pointed  projections. 

Although    the    seeds,    characteristically    for   the  Duvigneaud  &  Timperman  2213  (BRLU);  sources  de  la 

species,  are  covered  with  thick  cuticle,  this  is  fold-  J^™1^  *°*>™  3f'  KP%ST^^ \    .       '        .     r           .          .             ,                    T     TI  (BRLU);  temtoire  de  Jatlotville  |  =  Likasi],  10  km  W.  Min- 
ed differently  from  the  other  subspecies.  In  H.  mu-  din^  Dm)igneaud  &  Timperman  2551  (BRLU);  Kipopo, 

hilensis  subsp.  kansimbensis  the  cuticle  is  wrinkled  Schmitz  5921  (BR);  Plateau  de  Kundelungu,  entre  les  ri- 

and  it  projects  from  the  papillae  so  they  look  like  viferes  Petite  Lofoi  et  Kalembe,  Lisowski,  Malaisse  &  Sym- 

short  pointed  pyramids  (Fig.  2C,  D).  The  cuticle  on 

the  papillae  in  the  other  subspecies  is  smooth  and 

oens 

The 

creates  elongated  projections  on  their  apexes  (Fig.  m  yery  larg^  jn  ̂   upper  mnge  of  variation  in 
*•**/•  this  species.  Examination  of  more  specimens  re- 

vealed that  the  flowers  might  be  smaller  on  average. 
16.   Hypoxis  robusta  Nel,  Bot.  Jahrb.  Syst    51:  Howevei.  lanceolate  and  acute  tepals,  large  anthers 

313.   1914.  TYPE:  Congo-Kinshasa.     Oberer  to  ̂   mm  lon&  ̂   deeply  divide(]  stigma  are  yery 
Kongo-Bezirk:  Katanga,"  Oktober  1899,  Ver-  characteristic  of  ft  robusta9  Because  of  a  similar dick  198  (holotype,  BR!).  Figures  14C,  D,  26. 

Herb  to  80  cm  high;  rhizome  subglobose,  3.2-5.2  white  tufted  triehomes,  this  species  is  similar  to  H. 

I  cm  hockii.  The  two  taxa  differ  in  their  ecology,  because 

3-4  flowers  of  //.   hockii  are  usually   accompanied  by 

:eo 

8-1 

cm,   tomentose   below,   sparsely   pubescent   above,       inner  leaves.   Flowers   are   accompanied   by   outer 
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Figure  18.      H\ /taxis  urceolata. 
of  bract. 

A.  Dorsal  view  of  inner  tepal.  — B.  Ventral  view  of  outer  tepal. 

V 

C.  Dorsal  view 

I).   Stamen   from   the  outer  whorl   (ventral   view).  — K.  Stamen  from   the  inner  whorl   (ventral   view).  — F. 
yramidal  stigma.  — (,.  Tufted  trichome  from  a  scape.  II  &  I.  Hypoxis  angusti folia.  Trichomes  from  scapes.  —II.  Three- 

branched  trichome.  —I.  Two-branched  trichome.  A  from  Isjoly  2956  (BKLU);  B  from  Claessens  1146  (BR);  C  D,  K, 
K  G  from  A/.s^/csAv  7«2(M  (POZG);  M  from  Lisawski  B-7276  (POZG);  I  from  Lisawski  86!  19  (POZG). 
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Figure  19.     Variability  of  seeds  in  Hypoxis  urceolata.  —A,  C,  I).  Seed.  — B.  Seed  coat  sculpture.  A  and  B  from 
Bequaert  4914  (BR);  C  from  Lebrun  9529  (BR);  I)  from  Lisowski  48204  (POZG). 
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Figure  20.      A,  H.  Hypoxis  symoensiana. A.  Seed. — B.  Seed  coat  sculpture.  C  &  I).  Hypoxis  upembensis.  — C. 
Seed.  — I).  Seed  coat  sculpture.  A  and  I*  from  LLsowski,  Malaisse  &  Symoens  1205H  (POZG);  C  and  D  from  de  Witte 
3698  (HR).  Scale  for  I)  as  in  B. 
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H.  angustifolia 

Figure  21.      Geographic  distribution  of  Hypoxis  angustifolia  in  Central  Africa. 

leaves  only,  if  any,  in  H.  robusta,  and  its  inner  ca.  23;  inner  leaves  ca.  9,  linear-lanceolate,  acute, 

leaves  do  not  appear  until  later.  Both  species  pos-  prominently  keeled,  20—34  X  0.8—2.0  cm,  glabrous 

sess  black  seeds  but  with  different  seed  coat  sculp-       above,  densely  villous  below  with  long  white  tufted 

trichomes;    nerves    of   subequal    size,    closely    ar- ture  (see  Figs.  10C— F,  14C,  D).  The  anticlinal  cell 

boundaries  in  seed  coat  of  //.  robust  a  are  slightly  ranged,  ca.  30.  Scapes  6  or  7,  20-25  cm  X  ca.  4 

raised  (Fig.  14D),  whereas  in  H.  hockii  var.  colli-  mm.  narrowly  winged  and  ciliate  at  base,  villous 

culata  they  are  channeled  (Fig.  10F).  Outer  peri-  apically  with  long  white  tufted  trichomes;  cyme 

clinal  walls  of  cells  in  both  taxa  are  flat  (Figs.  10F,  spike-like,  10-  to  12-flowered,  sometimes  branched 

14D),  but  in  the  former  they  are  smooth,  while  in  in  apical  part  and  panicle-like;  floral  anthesis  ba- 

the latter  verrucose.  Though  the  anticlinal  cell  sipetal;  the  lowermost  bracts  20-30  X  2-4  mm 

boundaries  in  two  other  varieties  of  H.  hockii  are  wide,  5-nerved,  pubescent  with  long  trichomes 
raised  as  well,  the  outer  periclinal  walls  of  cells  are  along  midrib  and  on  lamina  surface  in  basal  and 

convex  (Fig.  10C,  E).  apical  parts  below,  sometimes  ciliate;  pedicels  3-10 

mm  long,  prominently  pubescent.   Tepals  6;  outer 

17.    Hypoxis  subspicata  Pax,   Bot.  Jahrb.  Syst.  iepais  ovate  or  oblong,  14-15  X  ca.  4  mm,  densely 

15:    143.   1893.  TYPES:  Angola.  "Quangoge-  higpid  abaxiany,  7.  to  9-nerved;  inner  tepals  ovate, 
biet,  10  fc°8,  Br.,"  Sep.  1876,  Pogge  424  (syn-  obtus^  13_l5  x  ca.  8  mm,  pilose  on  lower  half  of 
type,  B!);  Malandsche,  Teuscz  in  von  Mechow  midri[)  abaxiall^  7.  to  9-nerved;  stamens  equal,  ca. 
249  (syntype,  B!).  Figure  10A,  B. 

8  mm  long;  filaments  subulate,  3.0—3.5  mm  long; 

Herb  to  34  cm  high;  rhizome  cylindrical,  ca.  6  anthers  linear,  sagittate,  fused  at  apex,  6-7  mm 

cm  diam.  (dried  out);  tunic  fibrous,  stiff,  6-7  cm  long;  ovary  obconical,  ca.  7  X  4  mm,  densely  pi- 

high.  Outer  leaves  ca.  7,  linear,  acute,  3.0-6.5  X       lose;  style  terete,  (1.5-)  2-6  mm  long;  stigma  com- 

1.6-2.0  cm,  glabrous  basally  and  above,  pubescent      posed  of  3  linear  fused  lobes,  2-4  mm  long.  Cap- 

below  with  long,  tufted  trichomes;  nerves  unequal       sule    turbinate,    ca.    7    X    5    mm,    sparsely   white 
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H.  kilimanjarica       *  H.  malaissei A   H.  lusalensis 

H.  angolensis H.  bampsiana 

Figure  22.      Geographic  distribution  of  Hypoxis  kilimanjarica,  //.  angolensis.  //.  malaissei.  //.  hampsiana.  and  //. 
lusalensis  in  Central  Africa. 

pubescent;  seeds  ca.  6,  almost  globular,  ca.  1.5  X  the  entire  surface  below,  whereas  leaves  of//,  an- 

1.5  mm,  brown;  cuticle  thick;  seed  coat  tubercu-  golensis  are  only  ciliate  on  margins  and  midrib 
late,    with    conical    papillae   covered   closely   with       below.  These  two  species  have  very  different  in- 
wrinkled  cuticle. 

Distribution  and  ecology.      Congo-Kinshasa  (Fig. 25), 

(dembo);  degraded  grassland  with   Terminalia  and 

Diplorhynchus.  Flowering  August  and  November. 

florescences.    Hypoxis    angolensis    possesses    ra- 

cemes with  acropetal  anthesis,  while  //.  subspicata 

Angola,    Zambia.    In    seasonally   dry    swamp      bears  cy,nes   with    l>asip«Mal    anthesis.    Moreover, seeds  of  //.  angolensis  are  black  with  thin  cuticle, 

whereas   seeds   of   //.   subspicata   are   brown   with 

thicker  cuticle.  Hypoxis  hockii,  which  used  to  be 

AMHional  specimens  examined.     CONGO-KINSHA-      included  in  the  synonymy  of  //.  subspicata  (Geer- SA.  Shaba:  Muveve,  nisopoulos  776  (WW):  Kapoka,  28  km  .      10-1X     i.ff        .     .  ,  n  , 

E  de  Kasaji,  Ihnigneaud  &  Tunperman  2528  (HKLl  );       mck<  l971)<  dlffers  ln  ,ls  acropetal  flower  anthesis 
Dikuluwe,  Duvigneaud  4130  (BKLU).  ZAMBIA.  Serenje       and   leaves  totally  covered  with  trichomes  above 

and  below,  and  with  nerves  that  are  clearly  dis- 
tinct one  from  another.  Moreover,  the  black  seeds 

Disl.:  near  Serenje,  M.  Richards  27606  (MO). 

The  name  //.  subspicata  was  used  for  some  time 

in  Central  Africa  as  the  name  for  all  species  with  of  H'  hockii  <Fi8-  l0)  contrast  it  with  //.  subspicata. 

leaves  more  than  8  mm  wide  (Geerinck,   1971).  Seeds  ()f  the  latter  species  are  covered  with  thick 

Distribution  of//,  subspicata  is  very  similar  to  dis-  wrinkled  cuticle  (Fig.  10A,  B),  while  seeds  of  //. 

tribution    of    H.    angolensis,    overlapping    across  hockii  have  thin  cuticle  (Fig.   IOC-F),  and  in  two 

range  in   Angola  and  Congo-Kinshasa.   Both  spe-  varieties  papillae  are  of  different  shape:  spiny  in 
cies    share    leaves    with    very    densely    arranged  //.  hockii  var.  katangensis  (Fig.  10E)  and  flat  in  //. 

nerves,  but  leaves  of  //.  subspicata  are  covered  on  hockii  var.  colliculata  (Fig.   10F). 
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it  H.  obtusa H.  malosana 

Figure  23. Geographic  distribution  of  Hypoxis  obtusa  and  H.  malosana  in  Central  Africa. 

18.    Hypoxis  symoensiana  Wiland,  Fragm.  Flo-  apex;  ovary  obconical,  ca.  3  X  2.5  mm,  pubescent; 

rist.  (ieobot.  42:  421—422.  1997.  TYPE:  Con-  style  subulate,   1.5  mm  long;  stigma  composed  of 

go-Kinshasa.   Shaba:   "Plateau   des   Marungu,  three  oblong  lobes,  emarginate  at  apex,  ca.  1.2  mm 

environ  de  Kasiki,  pres  de  Mare  Kasozia,"  alt.  long.  Capsule  obovoid,  ca.  5X4  mm,  pubescent, 
2050  m,  Nov.  1970,  Lisowski,  Symoens  &  Ma-  opening  apically  by  a  transverse  slit;  seeds  numer- 

laisse  12058  (holotype,  POZG!).  Figures  20A,  ous,  ovoid,  ca.   1.8  X    1.2  mm,  red-brown;  cuticle 
B,  6B. 

Herb   to   7.5—10  cm   high;   rhizome  ca.   2.5   cm 

thick;  seed  coat  bristly  with  pointed  projections. 

Distribution  and  ecology.      A  species  known  only 

diam.  (dried  out);  tunic  fibrous,  3.0-5.5  cm  high.  from  three  high  ejevatecl  plateaus  in  Shaba  in  Con- 
Outer  leaves  ca.  3,  3.3-5.5  X  0.8-1.2  cm,  ovate,  go-Kinshasa  (Fig.  26),  where  it  occurs  in  grasslands 
ciliate  on  margins  and  midrib  below;  nerves  un- 

equal, ca.  21;  inner  leaves  narrow-linear.  4.5-10.0       September  to  October, 
cm  X  2—3  mm,  long  hispid  on  margins  and  midrib 

and   miombo;   alt.    1650—2050   m.   Flowering  from 

below;  nerves  unequal,  ca.  9.  Scapes  4  to  5,  4. Additional  specimens  examined.      CONCO-KINSHA- 

9.5  cm  X  ca.  2  mm  broad  just  below  inflorescence,  SA-  Shaba:  Plateau  des  Kundelungu,  5  km  to  the  S  of  W 

narrowly  winged  and  ciliate  at  base,  pubescent;  ra-  *°urce  ofJthe1  Lu^hiPuka  "ver,  MalaLss
e  6042  (WZJ^: .                          .              .  rlateau    de    la    Mamka,    Kolwezi,    riancke    Io7/2ulo 

ceme  2-  to  4-rlowered;  bracts  single,  rarely  z,  very  (BRLU) 
narrow,   5—10   mm   long,   pubescent   along   midrib 

abaxially;  pedicels  3-8  mm  long,  pubescent.  Tepals  Small  in  size  and  with  hispid  indumentum,  Hy- 

6;  outer  tepals  ovate,  acute,  ca.  7  X  2.5  mm,  pu-  poxis  symoensiana  is  distinguished  from  other  small 

bescent  abaxially,  irregularly  7-nerved;  inner  tepals  Hypoxis  species  by  its  racemose  inflorescence  (Fig. 
ovate,  obtuse  at  apex,  ca.  7X3  mm,  pubescent  6B).  It  is  similar  in  appearance  to  H.  canaliculata 

along  lower  half  of  midrib  adaxially,  irregularly  7-  (Fig.  6 A)  because  of  size  and  light  coloring  of  in- 
nerved;  stamens  equal,  ca.  4  mm  long;  filaments  ca.  dumentum.  Hypoxis  symoensiana  differs  in  its 

2.5  mm  long;  anthers  ca.  3  mm,  sagittate,  fused  at  brown  seeds  covered  with  thick  cuticle  as  seen  in 
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*  H.  upembensis H.  monanthos 

Figure  24.      Geographic  distribution  of  Hypoxis  monanthos  and  H.  upembensis  in  Central  Africa. 

Figure  20A,  B.  Seeds  are  not  black  with  a  thinner      6;  outer  tepals  elliptic,  ca.  10  X  5  mm,  7-nerved, 
cuticle,  as  in  the  latter  species. abaxially    pilose;    trichomes    golden    yellow,    2- 

branched  and  tufted;  inner  tepals  oblong  or  ovate, 

19,   Hypoxis  upembensis  Wiland,  Fragm.  Flo-  acute  or  obtuse  at  apex,  9-10  X  ca.  4  mm,  abax- 

rist.  Geobot.  42:  414.    1997.  TYPE:  Congo-  tally  pilose  at  base,  7-nerved;  stamens  equal,  ca.  5 

Kinashasa.    Shaba:    "Pare    National    Upemba,  m™  long;  filaments  ca.  3  mm  long;  anthers  linear, 

riv.   Katongo,  affluent  of  Kubale,  savane  her-  <a.  3  mm  long,  deeply  sagittate,  fused  at  apex;  ova- 
beuse,     1750 m,"   ae le    Witte   3698    (holotype,       rJ  obconical,  5-7   X   ca.  3  mm,   pubescent;  style 
UK!).  Figures  6E,  20C,  I). stout,  ca.  2.5  mm  long;  stigma  capitate,  composed 

of  3  oblong  lobes,  ca.  1   mm  long.  Capsule  obconi- 
Herb  to  21    cm   high;  rhizome  globose,   15  mm  (.al,  ra.  6  X  3  mm,  pubescent;  .se^/.s  few,  irregularly 

diam.  (dried  out),  white  inside;  tunic  membranous  gohme%  ca.    L5  x    1.5  mm,  brown;  cuticle  thick; 
and  fibrous,  to  ca.  5  cm.  Uaves  5  to  10,  subulate,  see(,  coat  bristly  whh  pointe(,  prt)jections. 
linear,  7-21    cm   X   ca.  2  mm,  with   membranous 

margins    in    the    basal    part,   ca.    9-nerved;    young  Distribution    and    ecology.      Known    only    from 

leaves  sparsely  pilose  on  margins  and  midrib  below  Shaba  in  Congo-Kinshasa  (Fig.  24),  where  it  occurs 

with   2-branehed    trichomes;   old    leaves   glabrous.       in  grasslands;  alt.  1750  m.  Flowering  in  April. 

Scapes  3  to  4,  1  1.5—21.0  cm  X  ca.  1  mm,  in  basal 
Additional  specimen  examined.      CONGO-KINSHASA. part  very  narrowly  winged  and  glabrous  or  with  sev- 

1  «        1  •  |  |  /*  I  "I  *       I  kJIIUlFU*       I\U111H    ICtll&LiI      1      Mil*     (III.      WVlVYVA_.il      ||I^      ̂ *»< 

trichomes,  in  upper  half  sparsely  pilose  with  i  v  .     ■  u  v  t  j  cm  <v\ r  K  r  J   r  and  Katschupa,  Hooper  <v  fownsend  5,12  (K). 
2-branehed    trichomes;   inflorescence   2-flowered; 

Shaha:  KundellingU  Plateau,  between  the  s 

^   - 

of  Lofoi 

bracts  distinctly  wider  in  basal  part,  ca.   11    X    1 

mm,  1 -nerved,  sparsely  pilose  on  the  midrib  abax-       uba). 

Vernacular  name.      Kadjidji,  Kabu  (dialect  Kil- 

ially  with  simple  or  2-branched  trichomes;  pedicels Hypoxis  upembensis  is  a  distinctive  taxon  with  its 

to  6  mm  long,  pilose  with  tufted  trichomes.  Tepals       two  flowers  clustered   together  and   comparatively 
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H.  hockii  van  hockii H.  subspicata 
it  H.  hockii  van  colliculata       ▼  H.  muhilensis  subsp.  muhilensis 

Figure  25.     Geographic  distribution  of  Hypoxis  hockii  van  hockii,  H.  hockii  var.  colliculata,  H.  subspicata,  and  H 
muhilensis  subsp.  muhilensis  in  Central  Africa. 

wide  tepals  (Fig.  6E).  Its  rhizome  is  edible  (de  Witte      Hypoxis  bequaertii  De  Wild.,  PL  bequaerti.  1:  49
.  1921. 

3698).  With  H.  angustifolia  this  taxon  shares  sim- 

ilar sparse  indumentum  composed  of  2-branched 
triehomes  and  seeds  covered  with  thick  cuticle 

(Figs.  3,  20C,  D).  The  papillae  of  H.  upembensis 

seem  to  be  more  elongated  than  in  the  former  spe- 

cies. Hypoxis  upembensis  is  easy  to  distinguish  by 

its  partially  fibrous  tunic,  outer  tepals  to  5  mm,  and 

shorter  pedicels  to  6  mm  in  length.  The  tunic  of  H. 

angustifolia  is  entirely  membranous,  its  tepals  are 
shorter  and  do  not  exceed  4  mm  in  width,  but  its 

pedicels  are  longer,  usually  to  at  least  12  mm. 

20.      Hypoxis  urceolata  Nel,   Bot.  Jahrb.   Syst. 

TYPE:  Congo-Kinshasa.  Haut-Zaire:  "entre  Irumu  et 
Bogoro,  savane  herbeuse,  fleurs  jeunes  inte>ieure- 

ment,  vertes  exte>ieurement,  7  juillet  1914,"  Be- 
quaert  4919  (syntype,  BK!).  Kivu:  entre  Beni  et  Ka- 
sindi,  steppe  a  Acacia,  fleurs  jaunes,  8  aoOt  1914, 
Bequaert  5198  (syntype,  BR!). 

Herb  to  60  cm  high;  rhizome  ovoid,  3.3—6.5  X 

2.3-3.0  (4.3)  cm  (dried  out),  yellow,  orange,  or 

brown  inside  with  yellow  sap;  tunic  fibrous,  to  10 

cm  long.  Outer  leaves  1  to  5,  oblong-ovate,  (4.5-) 

6-13  X  0.8-2.0  (-2.4)  cm,  sometimes  reflexed,  pu- 

bescent; triehomes  on  margins  and  midrib  abaxially 

tufted,  on  lamina  surface  2-branched;  nerves  un- 

51:   336.    1914.   TYPE:   Tanzania.   Sine   loc,      equal,  17  to  28  (to  33);  m/zer /mi;e5  5  to  15,  linear, 

(11-)  17-60  (-95)  X  0.8-2.0  cm,  sometimes  re- 

flexed;  indumentum  like  above,  with  triehomes  fall- 

ing off  with  age;  nerves  unequal,  (12-)  19  to  45. 

Obst  s.n.  (syntype,  B!).  Figures  18A-G,  19. 

Hypoxis   crispa    Nel,    Bot.    Jahrb.    Syst.    51:    334.    1914. 

TYPE:  Tanzania.  "Kilimandscharo,  Landsehaft  des 

Ngowe  (Muengue),  auf  einem  kahlen  mil  Grass  be-       Scapes  4  to  9,  8-45  cm  X  2-3  mm
,  ciliate  in  lower 

deckten  Sandhtigel,  urn  1550  m  u.  M.,  Juni  1893,"       half,    pubescent    above;    triehomes    tufted,   ca.    5- 

branched,  golden;  raceme  2-  to  7-fiowered;  bracts 

subulate,  keeled,  (5-)  9-24  X  1-2  mm,  3-nerved 

at  the  lowest  flowers,  pubescent  on  midrib  abaxi- 

ally, ciliate  on  margins;  pedicels  0  or  3-35  mm  long, 

Volkens  360  (holotype,  B!). 

Hypoxis  apiculata  Nel,  Bot.  Jahrb.  Syst.  51:  327.   1914. 

TYPE:  Tanzania.  "Kilimandscharo,  auf  dem  Gipfel, 

N'di    (Taita)    Berg,    February,    1877,"    Hildebrandt 
2542  (holotype,  B!). 
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if  H.  robusta H.  goetzei H.  symoensiana 
H.  muhilensis  subsp.  kansimbensis 

Figure  26.      Geographic  distribution  of  Hypoxis  robusta,  //.  goetzei,  H.  symoensiana,  and  H.  muhilensis  subsp.  kan 
simbensis  in  Out  ml  Africa. 

tomentose.  Tepals  6,  all  yellow  or  outer  green;  outer      except  June  and  November.  Inflorescences  are  ac- 

tepals  ovate,  {{-15  X  4-5  (-6)  mm,  keeled,  pubes- 

cent abaxially,  irregularly  5-  to  7-nerved;  inner  te- 
nnis ovate,  obtuse,  8-14  X  ca.  5  mm.  irremilarlv 

companied  by  lea ves. 

Additional  specimens  examined.      CONGO-KINSH  A- 

5-  to  7-nerved,  pubescent  abaxially  along  the  mid-       SA.  Haut-Zaire:  Mahagi,  Ijebrun  3755  (BR);  Nioka,  Cer- 

rib  in  lower  %;  stamens  uneaual;  outer  stamens  4-      main  3962  (BR)'  ̂ ilbaux  167  (BR),  Menager  67  (BR);  S 
4—7  mm  long;  fil 

5-4 

3-6 
4-10  X  3-4  mm,  villous:  style  3-4 

of  Golu,  N  of  Nioka,  Sperry  353  (BR);  Bunia,  Ujoly  2949 
A  (BRLU)  &  2956  (BRLU,  BR),  Claessem  1146  (BR),  Li- 
souski  48204  (POZG);  Kilo  Moto,  Foscolos  19  (BR);  Bo- 
goro-Geti-Road,  Johnston  1117  (BR).  RWANDA.  S.  I., 
Burgeon  14  (BR);  Mugariro,  Christiaensen  1553  (BR);  Pare 

4-10 long;    stigma    pyramidal,    2-3    mm    long,    with    3       Nalional  (,e  'a  Kagera,  Kibungu,  S  de  Ndama,  Robyns 3553  (BR);  colline  Muhororo,  Troupin  8864  (BR);  plaine 

d'Uruwita,  TYoupin  5287  (BR);  Byumba,  colline  Rwisiraho, 
TYoupin   13969  (BR);  colline   Kizirakome,   Troupin  8606 

P^-       (BR);  Gahiro,  Germain  2854  (BR);  environs  de  Gabiro, 
Bouxin  &  Radoux  1 105  (BR);  colline  Nyarutovu,  Troupin 
14108  (BR);  piste  Gabiro—  Kakitumba  km   18,   Van  der 
Veken  10754  (BR);  Biumba,  Ubrun  9529  (BR),  Troupin 

mm,  pubescent;  seeds  numerous,  ovoid,  ca.   1.5  X 
1   mm,  black;  seed  coat  colliculate  with  ± 

Mat 

pillae. 

Distribution  and  ecology.      Probably  all  of  east- 

ern Africa.  In  Central  Africa  in  northeastern  parts  2699  (BR);  territoire  Biumba,  Kijojo,  Christiaensen  800 

of    Congo-Kinshasa    and    in    Rwanda.    Occurs    in  (BR);  Nyakatare  mule  vers  Gabiro,  Taton  957  (BR);  Rus- 

grasslands  with  xeromorphic  shrubs  or  woodlands;  "«>o— Kibungo  km    13,  Ramps  2727  (BR);  Rwinkwavu. Bouxin  &  Radoux  1244  (BR);  region  du  Bugesera,  colline 
Biharagu,  Troupin  9474  (BR);  Bulenge.   Van  Oosten   106 

at  termite  mounds;  in  herbaceous  fallow  fields,  de- 

Cf       ed  pasture;  in  wet  areas,  water  (lows,  on  rocky,       (BH),  Liben  657  (BR);  Gashora,  Augier  2888  (BR);  Lac 
kaolin  soil;  all.  1200-2000  m.  Flowering  all  months       Mohasi,  Becquet  590  (BR);  environs  Mimuli,  colline  Bi- 
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H.  lejolyana      *  H.  canaliculata 

▲  H.  hockii  var.  katangensis 

H.  filiformis H.  dinteri 

Figure  27.     Geographic  distribution  of  Hypoxis  lejolyana,  H.  canaliculata,  H.  filiformis,  H.  dinteri,  and  H.  hockii 
var.  katangensis  in  Central  Africa. 

bale,  Troupin  4800  (BR);  Region  du  Mutara,  route  Kiga- 
li  Kakitumba  vers  km  195,  Troupin  8199  (BR). 

priority,  but  because  there  is  no  clear  delimitation 

of  the  complex,  different  authors  include  different 

Vernacular    name.      Moleke    (dialect    Kilendu);       entities  in  its  synonymy.  I  saw  only  microfiche  from 

Adingtong,  Ucongo  (dialect  Kilur):  Milia-baniki  (di-       LINN  with  the  type  of  H  villosa  and  South  African 

alect   Babira);   Mutjutjuka,   Nyaboshya,   Nyabohya,       specimens  of  this  species,  but  1  am  convinced  that 

Nyabohye,  Nyabokyera,  Wawazotahili  (Kinyaruan-       this  is  not  the  same  species  as  occurs  in  Central 

da);  Isheshe  (Rwanda,  Becquet  590). 
i \frica,  because  of  a  different  type  of  inflorescence. 

The  rhizome  of  Hypoxis  urceolata  is  boiled,  and  Hypoxis  urceolata  possesses  a  rather  dense  raceme, 

the  extract  is  used  as  a  first  purgative  for  new  born  while  H.  villosa  has  a  lax  corymb.  The  situation  is 

babies.  Hypoxis  urceolata  forms  a  distinct  group  in  complicated  by  proven  apomixis  in  the  H.  urceolata 

Central  Africa  because  of  its  distribution  in  the  complex,  which  is  also  called  the  H.  obtusa  corn- 

northern  part  of  the  region.  This  species  is,  how-  plex  (Nordal  et  al.,  1985;  Zimudzi,  1994).  Hypoxis 

ever,  very  variable  in  its  morphology.  Plants  differ  obtusa  is  a  very  distinct  South  African  species  with 

in  leaf  width  and  recurvation.  Their  indumentum  recurved  leaves,  among  Central  African  species 

might  be  of  varying  density  as  well.  However,  sta-  similar  in  texture  to  leaves  of  H.  angolensis,  with 

mens  are  usually  fused  at  the  apex  (Fig.  181),  E)  approximate  nerves  and  ciliated  only  on  the  mar- 

aud the  stigma  is  pyramidal  in  shape  (Fig.  18F).  gins  and  midrib.  Leaves  of  H.  urceolata  are  totally 

There  is  no  agreement  as  to  what  are  the  proper  covered  with  indumentum,  and  veins  are  distant 

name  and  delimitation  of  this  complex  taxon  in  oth-  one  from  another.  Another  name  perhaps  applica- 

er  parts  of  Africa  (see  Nordal  et  al.,  1985).  Some  ble  to  the  Central  African  plants  is  H.  hemerocal- 

authors  (e.g.,  Zimudzi,  1996;  Nordal,  1997)  prefer  lidea  Fisch.  &  Mey.  as  proposed  by  Hilliard  and 

to  use  the  name  H.  villosa  L,  which  indeed  has  Burtt  (1983)  for  a  group  of  South  African  plants 
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included  previously  in  H.  obtiisa  or  H.  villosa.  I  did 

not  see,  however,  a  type  specimen  of  this  species, 
.  J.  Linn. 

  .    1878b.    A  Synopsis  of  Hypoxidi 

Soc,  Hot.  17:  93-126. 
Barthlott,  W.  1981.  Kpidermal  and  seed  surface  charac- 

ters of  plants:  Systematic  applicability  and  some  evo- 
lutionary aspects.  Nordic  J.  Hoi.    1:  345—355. 

further  studies  including  materials  from  South  Af-       Bentham,  G.  &  J.  D.  Hooker.    1883.   Genera  Plantarum, 
Vol.  3(2).  Lovell  Reeve,  London. 

Binns,  B.    1968.    A  First  Check   List  of  the  Herbaceous 
Flora  of  Malawi.  The  Government  Printer,  Zomba. 

and  because  nomenclature  applied  to  this  group  is 

one  of  the  most  complicated  in  the  whole  genus, 

riea  need  to  he  performed  to  solve  this  problem. 

For  the  purpose  of  this  publication,  I  therefore  de- 

cided to  use  the  oldest  application  of  the  name  for      BracUttrA71l923.  RevbioJi'rf'the  Wric^nl^ci^  of this  species  in  Central  Africa,  namely  //.  urceolata 
Hypoxis.  Contr.  Gray  Herb.  69:  120-147 

INel,  which  was  previously  reported  from  Rwanda       Brilt,  R.  F.    1967.    A  Revision  of  the  Genus  Hypoxis  in 
the  United  States  and  Canada.  Ph.l)  Thesis,  University 
of  North  Carolina,  Chapel  Hill. 

Champluvier,  D.    1987.    Hypoxidaceae.  Pp.  81-84  in  C 
Troupin  (editor),  Flore  du  Rwanda  Spermatophytes,  Vol. 
4.  Ann.  Mus.  Roy.  Afrique  Centr.,  Sci.  Keon.,  Vol.  16. 

A  character  that  usually  occurs  in  the  former  spe-       De  Wildeman,  E.   1913.  Decades  novarum  specierum  flo- 

(Troupin,  1971;  Champluvier,  1987). 

Hypoxis  urceolata  is  allopatric  in  Central  Africa 

to  all  species  with  leaves  of  similar  size,  namely  //. 

robusta,  II.  subspicata,  H.  angolensis,  and  H.  hockii. 

cies,  but  in  none  of  the  others,  is  a  ciliated  bract 

(Fig.  18C).  Seeds  of  //.  urceolata  are  always  black 

and  glossy  and  with  thin  cuticle.  The  anticlinal  cell 

boundaries  are  slightly  raised  (Fig.  19B);  outer  per- 
iclinal  walls  of  cells  may  be  flat  (Fig.  19C,  D)  or 

concave  (Fig.  19A,  B),  another  polymorphic  char- 

acter in  this  taxon.  From  //.  subspicata,  the  dis- 
cussed species  differs  in  its  seeds  (Fig.  19),  inner 

leaves  totally  covered  with  indumentum  and  with 
distant  nerves,  and  no  more  than  7  flowers  in  the 

rae   katangensis.    VII I — XI .    Repert.   Spec.   Nov.   Regni. 

Veg.  1 1 :  537-538. 
  .    1914.   Notes  sur  la  Flore  du  Katanga.  111.  Ann. 
Soc.  Sci.  Bruxelles  38(3,  4),  part  2:  1-32. 
  .    1921.   Contribution  a  IVtude  de  la  Flore  du  Ka- 

tanga. Typo-Litho.  I).  Reynaert,  Bruxelles. 
Duvigneaud,  P.    1958.   La  vegetation  du  Katanga  et  de  ses 

sols  metalliferes.  Bull.  Soc.  Rov.  Bot.  Belgique  90:  127- 285. 

  &  S.  I)enaeyer-I)e  Smet.    1963.    Cuivre  et  v/'g£- 
tation  au   Katanga.   Bull.  Soc.   Roy.   Bot.   Belgique  96: 93-23 1 . 

racemes.  The  latter  species  possesses  brown  seeds       Fries'  R*    1916-    Botanische  Untersuchungen:  Monocoty- 

with  thick  cuticle  (Fig.   10A,  B),  inner  leaves  gla- 
brous above  and  with  approximate  nerves,  and   10 

Unions  und  Sympetale.  In:  Wissenschaftliche  Frgebnis- 
se  der  Schwedischen  Rhodesia-Kongo-Fxpedilon  191  1- 
1912.  Aftonbladets,  Stockholm. 

to  12  flowers  in  cymes.  The  seeds  of//,  robusta  are       Geerinck,  D.  J.  L.    1969.   Cenera  des  Haemodoraeeae  et 
very  similar  in  seed  testa  sculpture  to  seeds  of  H. 

urceolata  (Fig.  14C,  I)).  However,  the  two  species 

differ  not  only  in  geographical  distribution  but  also 

in  phenology.  Hypoxis  robusta  bears  about  10-flow- 

< 

les  Hypoxidaceae.  Bull.  Jard.  Bot.  fi tat.  39:  ()(>-82. 
  .     1971.     Hypoxidaceae.    In:    P.    Bamps    (editor). 
Flore  du  Congo  du  Rwanda  et  du  Burundi,  Spermato- 

phytes. Jardin  botanique  national  de  Belgique,  Bruxel- 
les. 

ered  inflorescences  long  before  leaves,  whereas  in       Gillet,  J.  &  F.  Paque.    1910.    Plantes  principals  de  la 
the  latter  species  they  occur  simultaneously  with 

leaves  producing  no  more  than  7  flowers  each.  In 

contrast   to  //.   urceolata,   //.   angolensis  possesses 
seeds  with 

Region  de  Kisantu:  Leur  nom  indig<Nne,  leur  iiom  scien- 
tifique,  leurs  usages.  In:  Notes  botaniques  sur  la  region 

du  Bas-  et  Moyen-Congo;  fasc.  I.  Ann.  Mus.  Congo  Bei- 

ge, Bot.,  ser.  5. 
ith  the  anticlinal  cell  boundaries  slightly      Qn^  J    j;  M(.Nej,L  R  R_  B     •     H_  M_  R|jn,      v_ 

channeled  (Fig.  2B)  and  leaves  filiate  on  midrib 

and  margins  below  only  (Fig.  1A)  and  with  approx- 
imate nerves.  Hypoxis  hochii  is  distinguished  by 

seeds  with  the  raised  convex  papillae  in  H.  hockii 

Demoulin,  T.  S.  Filgueiras,  I).  H.  Nicolson,  P.  C.  Silva. 

J.  E.  Skog,  P.  Trehane,  N.  J.  Turland  &  D.  L.  llawk- 
sworth  (editors).  20(M).  International  Code  of  Botanical 
Nomenclature  (Saint  Louis  Code).  Regnum  Veg.  138. 

Heideman,  F.  1983.  Studies  of  diagnostic  features  in  the 

genus  Hypoxis  L.  (Hypoxidaceae  R.  Br.)  on  the  Wit- 
watersrand.  Bothalia  14:  889-893. 

pillated    pa[)illae    with    channeled    anticlinal    cell       Hilliard,  0.  M.  &  B.  L.  Burtt.   1978.  Notes  on  some  plants 

subsp.  hockii  (Fig.   IOC)  and  H.  hockii  subsp.  ka- 

tangensis (Fig.   10E),  as  well  as  flat  but  micropa- 

boundaries    in   //.    hockii   subsp.   colliculata    (Fig. 
10F). 

from  Southern   Africa,   chiefly   from    Natal:    VII.   Notes 

Rov.  Bot.  Card.  Fdinburgh  36:  43-76. 
—  &   
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Abstract 

Altoparadisium  is  described  as  a  new  genus  of  Paniceae  based  on  A.  chapadense,  sp.  nov.,  from  the  campo  rupestre 
habitats  of  Go  ids,  Brazil.  Altoparadisium  chapadense  is  illustrated  and  fully  described  morphologically  and  anatomically. 

It  is  extremely  unusual  in  the  Paniceae  in  possessing  only  two  spikelet  bracts  and  in  having  spikelet  reduction  from 

the  apex  as  well  as  the  base.  The  bracts  are  interpreted  to  be  homologous  to  an  upper  glume  and  lower  lemma.  The 

only  flower  is  interpreted  to  be  homologous  to  the  upper  flower  of  a  typical  panicoid  spikelet.  It  is  a  C4  grass  with 

Kranz  anatomy,  distinctive  Kranz  cells,  and  typical  panicoid  bicellular  microhairs.  In  order  to  establish  the  phylogenetic 

relationships  of  A  It  opar  adisium,  it  was  included  in  a  cladistic  analysis  of  Arthropogon  and  related  genera.  We  conclude 

that:  (1)  Arthropogon  as  traditionally  circumscribed  is  polyphyletic;  (2)  Arthropogon  scaher  is  the  sister  species  of 

Altoparadisium  chapadense;  it  is  therefore  transferred  to  this  genus  as  Alt  opar  adisium  scabrum  and  illustrated  for  the 

first  time;  (3)  Arthropogon  bolivianus  and  A.  rupestris  are  reduced  to  varieties  of  Altoparadisium  chapadense;  (4)  Arthro- 
pogon piptostachyus  is  recognized  as  originally  described,  i.e.,  as  the  monotypic  genus  Achlaena;  (5)  Arthropogon 

lanceolatus  should  probably  be  included  in  a  new,  monotypic  genus,  but  because  its  phylogenetic  relationships  remain 

unresolved,  such  a  new  name  is  not  yet  proposed.  The  recircumscribed  genera  Arthropogon  and  Achlaena  are  briefly 
summarized,  and  a  key  to  their  species  and  varieties  is  provided. 

Key  words:  Achlaena,  Altoparadisium,  anatomy,  Arthropogon,  Arthropogoninae,  Brazil,  Paniceae,  Poaceae,  phytog- 
eny, taxonomy. 

Chapada  dos  Veadeiros  is  one  of  the  25  physio-       tween  Africa  and  Australia  (Filgueiras  &  Zuloaga, 1999). 

During   a   field   excursion   to   the   Chapadii    dos 

Veadeiros  in  September  1994  as  part  of  the  project 

graphic  units  reported  for  Brazil  by  Cochrane  et  al. 

(1985).  It  is  located  between  13-15°S  and  47- 

49°W,  and  the  altitude  varies  from  800  to  1700  m. 

The  vegetation  is  made  up  principally  of  campo      "Kiogeography  of  the  Cerrado  Biome"  
(Felfili  et  al., 

rupestre   but   also   gallery   forests,   cerrado   (sensu       1994'  1997)<  a  morpholog
ically  unusual  grass  was 

collected  that  seemed  to  be  an  undescribed  species 

and  could  not  immediately  be  assigned  to  any  de- 

scribed genus  in  the  Poaceae  (Clayton  &  Renvoize, 

1986;  Nicora  &  Riigolo  de  Agrasar,  1987;  Webster 

et  al.,  1989;  Watson  &  Dallwitz,  1992). 

As  detailed  below,  with  further  studies  we  indeed 

stricto),  campo  limpo  of  cerrado,  and  permanent 

marshes.  The  flora  of  Chapada  dos  Veadeiros  is 

poorly  known.  A  botanical  survey  undertaken  by 

Munhoz  and  Proenga  (1998)  found  106  families, 

372  genera,  and   751   species,  66  of  which   were 

considered  endemic.  One  notable  recent  discovery  determined  that  this  grass  represented  an  undes- 
from  the  Chapada  dos  Veadeiros  is  a  new  species  cl  j|)ed  genus,  and  it  is  here  described  and  named 

of  Triraphis  R.  Br.  (Poaceae),  T.  devia  Filg.  &  Zu-  as  Altoparadisium  chapadense.  In  order  to  finalize 

loaga,  which  documents  a  New  World  occurrence  this  conclusion,  we  also  had  to  consider  the  rela- 

for  a  genus  previously  thought  to  be  disjunct  be-  tionship  of  Altoparadisium  with  genera  traditionally 

1  We  thank  J.  K.  de  Paula  (UB)  for  his  help  in  the  preparation  of  the  anatomical  slides  and  photographs,  Neil  Snow 

for  SEM  photographs,  H.  Ziegler  for  the  carbon  isotopic  analysis,  Vladimiro  Dudas,  San  Isidro,  Argentina,  for  the 

excellent  illustrations  in  Figures  1  and  7,  and  Victoria  C.  Hollowell  and  two  anonymous  reviewers  for  many  suggestions 

that  improved  the  final  version  of  the  paper.  The  senior  author  thanks  the  Conselho  Nacional  de  Desenvolvimento 

Cientifico  e  Tecnol6gico  (CINPq)  for  a  fellowship  (process  #301  190/86-0).  The  fieldwork  for  this  project  was  funded  by 
the  Biogeografia  do  Bioma  Cerrado  project  and  by  a  grant  from  the  National  Geographic  Society. 

2  UPIS-Faculdades  Integradas,  Dept.  de  Agronomia,  Campus  11,  Cx.  Postal  10743,  Planatina,  DF  70330-980,  Brazil. 
3  Missouri  Botanical  Garden,  P.O.  Box  299,  St.  Louis,  Missouri  63166-0299,  U.S.A. 
4  Institute  de  Botanica  Darwinion,  Labard^n  200,  Casilla  de  Correo  22,  San  Isidro  1642,  Argentina. 

Ann.  Missouri  Bot.  Card.  88:  351-372.  2001. 
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fable   1.      List  of   the  charaeters  and  character  states included  in  subtribe  A rthropogoninae  (Clayton  & 

Renvoize,  1986:  300).  This  additionally  led  us  to       use(l  in  the  cladistic  analysis. 

test   the  monophyly  of  Arthropogon,  to  investigate 

the  sister-group  relationships  of  Arthropogon,  and 
to  revise  the  taxonomy  of  the  species  traditionally 

included  in  Arthropogon. 

M ATKKIALS  AND  MkTHODS 

1.  Inflorescence:  open  (0)  closed  (1) 
2.  Pilose  callus:  absent  (0)  present  (1) 

3.  Spikelet  compression:  dorsal  (0)  lateral  (1) 
4.  Internode  between  glume  1  and  glume  2:  absent  (0) 

present  (1) 
5.  Lower  glume:  absent  (0)  present  (1) 

6.  Upper  glume  apex:  muticous  (())  mueronate  or awned  (1) 

nornic  treatment,  we  only  cite  additional  voucher 

specimens  not  already  studied  and  listed  previously 

by  Filgueiras  (1982,  1986,  1996). 

The  morphological  and  anatomical  studies  were 

based  on  herbarium  specimens  from  IBGK,  MO,  SI,         7.  Upper  glume  apex:  entire  (0)  bilobed  (1) 
and   US  and  supplemented  with  observation  from         8.  Lower  lemma  apex:  muticous  (0)  awned  (1) 

living  specimens  cultivated  at  IBGK.  In  the  taxo-         9.  bower  lemma  apex:  entire  (0)  bilobed  (1) 
10.  Lower  palea:  absent  (0)  present  (1) 
11.  Lower  flower:  absent  (0)  present  (1) 

12.  Upper  floret  compression:  dorsal  (0)  lateral  (1) 
13.  Upper  lemma:  absent  (0)  present  (1) 

14.  Upper  palea,  relative  length  in  relation  to  the  upper 
lemma:  1/1  (0)  1/4-3/4  (I)  1/4  (2)  absent  (3) 

15.  Upper  lemma  texture:  cartilaginous  (0)  hyaline  (1) 
16.  Lodieules  of  the  upper  floret:  absent  (0)  present  (1) 

of   herbarium    specimens    previously    treated    with       17.  Functional  stamens:  three  (0)  two  (1) 

ethylene  glycol  for  24-48  hours.  The  blades  were       18.  Parenchyma  sheath:  absent  (0)  present  (1) 

sectioned   approximately  one-third  from  the  base,       l9-  Mestome  sheath:  non-Kranz  (0)  Kranz  (1) 

mounted  on  permanent  slides,  and  then  stained  us-       20-  Distinctive  Kranz  cells:  absent  (0)  present  (1) 

ing  standard  anatomical  techniques.  Some  sections      2L  Fusoid  ce,ls:  absent  (°)  *)resent  W 
..,,»•.,.  ,,„,!■  j  ,   :#u    ..•     l  •  J       »      J   »         •  22.  Intercostal  grooves  of  the  upper  chime:  absent  (()) 
were  studied  without  clearing,  in  order  to  determine  *  1 1      ft  v  / 

The  standardized  terminology  for  comparative 

leaf  anatomy  proposed  by  Ellis  (1976,  1979)  was 

used.  Cross-sectional  leaf  anatomy  was  determined 
from  hand-sectioned  cross  sections  of  leaf  blades 

the  relative  position  of  the  chloroplasts  in  the  Kranz 
sheaths.  The   rest   were  cleared  and   stained  with 

present  (1) 

23.   Vascular  bundles  below  the  bulliform  cells:  absent  (0) 
present  (1) 

Alsatian   Blue-safranin  (Cutler,   1978)  or  safranin-       24.   Leaf  blades:  flat  (0)  cylindrical  (1) fast  green. 25 Hilum  type:  punctate  (0)  linear  (1) 

Kpidermal    preparations    for   light    microscope       26.   Upper  Hon  I  color:  straw-colored  (0)  castaneous  (1) 
studies   were   made   following  the   methodology  of 

translucent  (2) 

Metcalfe  (I960).  The  SKM  epidermal  studies  were  27-  Germination  lid:  absent  (0)  present  (I) 

done  using  a  Zeiss  940A  scanning  electron  micro-  28-  UPPer  8lume  texture:  coriaceous  (0)  herbaceous  (1) 

scope  at  the  Institute  de  Botanica  Darwinion,  Buen-  29'  Ii0Wer  ,emma  texture:  coriaceous  (0)  herbaceous  (1) 

os  Aires    Argentina  ^"  Vascular  bundles:  ordered  (0)  unordered  (1) 
c*       .1         i     j.     .  i  i  rtn  ,  31.  Awn  of  the  upper  glume:  straight  (0)  twisted  (1) 
ror  the  cladistic  analysis  we  used  28  morpho-       00    c  ..    .     ,    .  ,      ,  ,      /rk.    ,      ,  ,      /1V 

.      .      i     ,  .  -11  /a  ^-   ̂ pik^lH  hairs:  eglandular  (())  glandular  (1) 
logical  characters  and  6  anatomical  characters  (An-       ao    c^-l  i  .  i  **      -j  /r*\  .        j  /i\ 

,.  m  ™  r    *  ~,*  K         *****  ̂ P^Clet  base:  not  toroid  (0)  toroid  (1) 
34.   lx)wer  glume:  without  rigid  tuberculate  hairs  (0)  with 

tuberculatc  hairs  (1) 
pendix  1,  Table  1).  Two  of  these  (14,  26)  are  mul- 

tistat c  characters  and  were  treated  as  non-additive 

(unordered).  Most  of  the  data  (90%)  were  obtained 

directly  from  herbarium  specimens  and  supple- 
mented with  published  data.  Table  2  contains  the 

data  matrix,  which  was  analyzed  using  Hennig86  indexes  (RI,  Karris,  1989),  were  calculated  only  for 
version  1.5  (Karris,  1988),  applying  the  option  of  informative  characters.  Bremer  support,  the  number 
implicit  enumeration,  i.e.,  all  polymorphic  entries  of  extra  steps  needed  to  lose  a  branch  in  the  strict 

were  replaced  in  the  data  matrix  (Table  2)  as  miss-  consensus  of  near-most-parsimonious  trees  (Bre- 
ing  entries.  In  parallel,  the  data  matrix  was  ana-  mer,  1994),  was  calculated  in  order  to  evaluate  the 
lyzed  under  parsimony  with  equal  weighting  using  relative  support  of  c lades.  Similarly,  bootstrap  anal- 
Nona,  version  1.8  (Goloboff,  1993).  This  analysis  ysis  was  also  performed  (Kelsenstein,  1985).  The 

was  conducted  using  the  default  setting  amb-  calculation  of  branch  support  values  and  bootstrap 
(clades  resolved  only  if  they  have  unambiguous  analysis  was  done  with  Nona  (Goloboff,  1993). 

support)  and  poly  =  (polytomies  allowed),  and  also  For  the  construction  of  the  consensus  tree,  we 

utilizing  the  command  mswap*13.  Consistency  in-  used  the  Nelson  option  of  the  cited  programs.  CLA- 
dexes  (CI,   Kluge   &   Karris,    1969),  and   retention  DOS  (Nixon,  1993)  was  used  for  the  analysis  of  the 
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listribution  of  the  characters  in  the  cladograms  and       organization.  This  is  most  clearly  evidenced  from 
the  generation  of  the  different  trees. the  presence  of  only  2  or  3  chlorenchyma  cells  be- 

The  taxa  included  in  this  analysis  are  listed  in  tween  all   adjacent  vascular  bundles,  a  character 
Appendix  2.  For  the  outgroup  selection  we  followed  that  is  most  highly  correlated  with  grass  species 
the  work  of  Zuloaga  el  al.  (2000),  who  analyzed  the  that  have  C4  photosynthesis  (Hattersley  &  Watson, 
tribe  Panieeae  on  the  basis  of  morphological  and  1975).  In  addition,  since  no  cells  intervene  between 
anatomical  characters.  In  this  study,  Zuloaga  et  al.  the  metaxylem  vessel  elements  and  the  laterally  ad- 
(2000)  treated  Arthropogon  as  three  monophyletic  jacent   chlorenchymatous,    bundle   sheath    (Kranz) 
subunits.   The   results   indicated   that   these   three  cells  in  the  primary  lateral  vascular(XyMS-),  this 
subunite  were  each  related  to  different  and  distinct  indicates  that  it  probably  is  an  NADP-MK  type  ge- 
taxa  of  Panieeae,  although  this  analysis  could  not  nus  (Hattersley  &  Watson,  1975,  1976). 
completely  resolve  all  generic  relationships.  Con- Additional   confirmation  of  the  C4   status  of  A. 

and  '*C  ratios.  It  has  been  firmly  established  that 
8nC  values  of  -9  to  -16%  indicate  C4  photosyn- 

sequently,  the  following  taxa  were  selected  as  out-  chapadense  was  provided  through  an  analysis  of  ,2C 
groups  for  Arthropogon  sensu  lato:  Anthaenantia  P. 

Beau  v..  Digit  aria  Hal  lei;  Homolepis  Chase,  L>pto- 
coryphium    Nees,    Melinis    P.    Beauv.,    Reynaudia  thesis,  while  813C  values  of  -23  to  -32%  indicate 
Kunth,    Streptostachys    Desv.,    Homopholis    C.    E.  C,  photosynthesis  (Smith  &  Brown,  1973).  A   leaf 
Hubb.,  and  Thyridolepis  S.  T.  Blake.  Among  these  sample  of  a  potted  plant  of  A.  chapadense  was  an- 
gencra,  the  tree  was  rooted  in  Thyridolepis  on  the  alyzed  by  H.  Ziegler  (Institut  fur  Botanik  und  Mik- 
basis  of  possessing  the  C,  photosynthetic  pathway,  robiologie,  Technische  Universitat,  Miinchen,  Ger- 
whieh  has  been  suggested  to  be  ancestral  to  the  C,  many)  for  its  8,:<C  value,  with  the  following  result: 
pathway  (Brown,  1977;  Kellogg  &  Campbell,  1987).  -11.82  (Ziegler,  pers.  comrn.).  Thus,  according  to 
Also,  Clayton  and  Renvoize  (1986:  267)  placed  the  well-established  criteria,  the  value  obtained  in  this 
subtribe    Neurachninae   (S.    T.    Blake)    Clayton    &  analysis   is   an    independent    confirmation   that   A. 
Kenvoize  (=   Neurachneae  S.  T.  Blake,  Watson  &  chapadense  is  a  C4  species. Dallwitz,   1992)  at   the  base  of  the  tribe  Panieeae The  cross-sectional   leaf  anatomy  of  Altoparadi- 
anc!  proposed  that  the  inclusion  of  taxa  with  non-  stum  is  especially  distinctive  due  to  the  occurrence 
Kranz  anatomy,  with  the  upper  lemma  not  special-  of  isolated  bundle  sheath  cells,  known  as  distinc- 
ized,  and   the  presence  of  3  stigmas  suggests  an  tive  Kranz  cells  (Sanchez  &  Arriaga,  1989;  Sanchez 
early  split  from  the  mainstream  Panieeae.  Similarly,  et  al.,   1989),  in  the  mesophyll  between  adjacent 
Kellogg  and  Watson  (1993)  rooted  the  trees  for  their  vascular  bundles  (Fig.  2B).  These  cells  ha\ 
study  of  the  Andropogodae  L.  Liou  at  Thyridolepis;  been  called  distinctive  cells  (Tateoka,  195} 
and  recently  Wills  et  al.  (2000),  in  their  revision  of 

e  also h 

i 

cular  cells  (Metcalfe,   1960),  axillary  bundle  cells 

Homopholis,  also  rooted  the  trees  in  the  Neurach-       (Renvoize,  1982a,  b),  and  specialized  parenchynu 
neae  and  Thyridolepis.  cells  (Heger  &  Yates,  1979).  As  noted  by  Renvoize 

(1982a),  these  distinctive  Kranz  cells  are  similar  in 
structure  and  function  to  bundle  sheath  cells,  and 
are  the  equivalent  to  a  vascular  bundle  and  bundle 
sheath  reduced  to  a  single  cell  (Tateoka,  1958).  The 

number  of  chlorenchymatous  mesophyll  cells  be- 

Simkkiit  Morphology  and  Lkaf  Anatomy  of 
a  ltopa  r\  dish  m  cha  p\  dense 

The  subfamilial  and  tribal  affinities  of  the  ma- 

jority of  grass  species  can  usually  be  very  readily  tween  adjacent  vascular  bundles  and  adjacent  dis- 
deduced  from  spikelet  and  inflorescence  morphol-  tinctive  Kranz  cells  or  between  adjacent  distinctive ogy  alone.  However,  that  was  not  the  case  with  Al- Kranz  cells  is  two  or  three.  This  is  a  strong  indi- 

toparadisium  chapadense.    Its   spikclets  consist   of  cation  that  Altoparadisium  is  a  C4  genus  (Hattersley 
only  two  bracts  (Fig.  1C-F).  On  the  one  hand,  its  &  Watson,  1975).  Distinctive  Kranz  cells  have  so 
very  simple  spikelet  makes  it  distinctive,  but  on  the  far  only  been  reported  in  subfamily  Panicoideae  in .1111*  ««*...  * 

other  hand,  this  very  simplicity  makes  an  interpre-  five  genera  of  the  trihe  Arundinelleae  and  four  gen- 
lation  of  the  homology  of  the  spikelet  bracts  diffi-  era  of  Panieeae  (reviewed  in  Morrone  et  al..  1995. 
eult.  For  this  reason  we  relied  primarily  on  anatom-  who  list  one  additional  genus,  Aehlaena,  a  genus 
ieal  evidence  to  deduee  its  tribal  affinities.  From  included  in  Arthropogon  by  Filgueiras,  1982).  This 
this  basic  anatomical  deduction,  we  then  consid-  is  good  evidence  that  Altoparadisium  belongs  in  the 
ered  a  number  of  hypotheses  of  spikelet  interpre-  Panicoideae. 
tation  based  on   trends  in  spikelet  morphology  of  Finally,  the  occurrence  of  microhairs  of  the  two- 
putalive  relatives,  especially  Arthropogon.  celled,  thin-walled  type  with  a  tapering  distal  cell. 

Altoparadisium  chapadense  has  a  C4  anatomical  usually    called    the    panicoicl    type,    is   additional. 



Volume  88,  Number  2 
2001 

Filgueiras  et  al. 
Altoparadisium  and  Arthropogon 

355 

'Aj 

A 

/, 

iV 

'/ 

y 

i 

A 

y 

v*^ 

5£ 

C' 

_v 
C 

'/, 

y 

^s 

l< 

Figure  1.  Altoparadisium  chapadense  (based  on  Filgueiras  &  Fonseca  2987).  —A.  Habit.  — B.  One  spikelet  pair 

and  two  solitary  spikelets  on  the  ultimate  portion  of  an  inflorescence  branch;  note  prominent  awn  of  the  upper  glumes 

(awn  of  lowest  spikelet  not  drawn).  — C.  Attached  spikelet  seen  from  the  lower  lemma  side  with  prominent  hairs  at  the 

apex  of  the  pedicel  and  the  base  of  the  callus.  — D.  Lower  glume,  3-nerved.  — E.  Detached  spikelet  seen  from  the 

lower  lemma  side  with  prominent  callus  hairs  and  laterally  exserted  stigmas.  — F.  Lower  lemma,  ventral  view,  with  2 

lodicules  at  the  base.  — G.  Caryopsis,  embryo  side.  — H.  Caryopsis,  hilum  side.  —I.  Ligule.  All  drawings  by  Vladimiro 
Dudas. 
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Figure  2.  l,eaf  anatomy  of  AUoparadisium  chapadense,  cross-sectional  leaf  anatomy  (based  on  Filgueiras  &  Fonseca 
2987).  —A.  Cross  section  of  a  portion  of  the  leaf  blade,  showing  the  midrib  with  a  single  first-order  vascular  bundle, 
three  third-order  vascular  bundles,  and  one  first-order  lateral  bundle.  — B.  Cross  section  of  a  third-order  vascular 
bundle;  note  the  prominent  outer  parenchyma  sheath  and  the  three  distinctive  Kranz  cells  on  each  side  of  the  bundle. 

strong  evidence  that  AUoparadisium  belongs  in  the  cies  of  Arthropogon.  Specifically,  the  inflorescence 
Panicoideae    (Fig.    ;iC,    I))    (Watson    &    Dallwitz,  of  AUoparadisium   resembles   that  of  Arthropogon 
'  *'2).  scaber,  A.   bolivianus,  and  A.  rupestris  (Filgueiras. 
Only  one   previously  described   panicoid  grass  1982,  1986,  1996)  in  being  a  contracted  terminal 

has  spikelets  consisting  of  only  two  bracts  and  a  panicle  with  a  tough  rachis,  pilose  nodes,  and  ver- 
single  flower,  Paspalum  soukupii  Carbond,  a  spe-  ticillate  branches,  but  it  differs  in  being  pointed  at 
cies  of  the  Racemosa  group  (Morrone  et  al.,  1995).  the  apex,  and  in  its  whitish  not  greenish  or  stra- 
However,  in  P.  soukupii  the  inflorescence  consists  mineous  color.  AUoparadisium  further  differs  from 
>!  unilateral,  winged  racemes,  totally  different  from  Arthropogon  species  by  the  presence  of  a  ring  of 
the  verticillate  panicle  of  AUoparadisium.  Further-  hairs  at  the  apex  of  the  pedicel,  its  soft  spikelet 
more,  the  spikelets  of  Paspalum  soukupii  unambig-  texture  (membranous,  not  coriaceous),  and  the  pos- 
uously  represent  an  upper  floret   with  the  typical  session  of  only  two  spikelet  bracts,  instead  of  four, 
palea  and  lemma  of  species  of  the  group  Racemosa  five,  or  six. 

( 

or,  indeed,  any  species  of  Paspalum.  And,  although 
distinctive  Kranz  cells  do  occur  in  P.  soukupii,  as  inflorescence  structure,  and  b 
well  as  all  other  nine  species  of  Paspalum  group  occur  in  the  same  geographical  region,  we  hypoth- 
Racemosa  (Morrone  et  al.,  1995:  112),  spikelet  and  esized  that  Arthropogon  may  be  the  closest  extant 

Because  of  the  resemblance  in  the  anatomy  and 
se  both  genera 

inflorescence    morphology    conclusively    eliminate  relative   of  AUoparadisium.   The  interpretation  of 
this  group  of  species  from  further  consideration  as  spikelet  structure  in  AUoparadisium  was,  therefore, 
a  possible  close  relative.  primarily  made  with  reference  to  variation  patterns 

From  these  considerations  we  concluded  that  Al-  in  Arthropogon  and  secondarily  to  the  closely  re- 
toparadisium    represented   an   undescribed  genus,  lated  Reynaudia  Kunth,  a  monotypie  Cuban  genus, 
and  we  continued  our  search  for  putatively  related  For  the  purpose  of  this  discussion,  we  follow  thi 
genera  among  the  other  eight  genera  with  distinc-  classification  of  Clayton  and  Renvoize  (1986),  who 
tive  Kranz  cells  (Morrone  et  al.,    1995).  Spikelet  place  Arthropogon  and  Reynaudia  in  the  suhtrihe 
structure  is  quite  different  in  all  genera  of  Arun-  Arthropogoninae  Butzin  of  the  tribe  Paniceae.  The 
dinelleae,  and  we  did  not  consider  this  tribe  fur-  recognition  of  the  subtribe  is  based  primarily  on 
ther.  Similarly,  Anthephora  Schreb.,  Dissochondrus  the  more  strongly  indurate  texture  of  the  glumes 
(Hdlebr.)  Kuntze,  and  Paspalum  L,  three  of  the  and  lower  lemma  compared  to  that  of  the  upper 
genera  of  Paniceae  R.  Br.  with  distinctive  Kranz  floret,  as  well  as  the  laterally  compressed  and  sol- 
cells  also  seem  quite  different  in  specialized  spike-  itary  spikelets.  Arthropogon  and  Reynaudia  spike- 

let and  inflorescence  morphology  and  are,  there-  lets  typically  have  two  glumes  and  two  florets.  Al- 
fore,  probably  not  good  candidates  as  possible  rel-  though  the  spikelets  are  usually  said  to  be  laterally 
atives.  However,  in  inflorescence  architecture,  compressed  (Filgueiras,  1982,  1986;  Clayton  & 
spikelet  shape  and  size,  ligule  type  (a  minute  ring  Renvoize,  1986;  Watson  &  Dallwitz.  1992).  4 r/ /(ro- 

of hairs),  and  the  ring  of  callus  hairs  at  the  base  of  pogon  as  traditionally  circumscribed  is  actually 
the  spikelet,  AUoparadisium  resembles  some  spe-  heterogeneous  in  this  regard  (Zuloaga  et  al..  2(MK)), 



Volume  88,  Number  2 
2001 

Filgueiras  et  al. 
Altoparadisium  and  Arthropogon 

357 

Figure  3.  SEM  photographs  of  leaf,  palea,  and  lemma  epidermal  anatomy  of  Altoparadisium  chapadense,  in  surface 

view  (based  on  Filgueiras  &  Fonseca  2987).  — A.  Abaxial  surface  of  the  leaf  blade  with  stomata  and  long  cells  in  the 

intercostal  zone,  and  silica  bodies  and  long  cells  in  the  costal  zone.  — B.  Adaxial  surface  of  the  leaf  blade  with  silica 

bodies,  prickles,  and  long  cells.  — C.  Detail  of  the  apex  of  the  upper  glume  with  macrohairs,  bicellular  panicoid 

microhairs,  prickles,  and  a  few  silica  bodies.  — D.  Detail  of  the  apex  of  the  lower  lemma  with  numerous  macrohairs, 

bicellular  panicoid  microhairs  with  the  apical  cells  collapsed,  and  silica  bodies. 

as  well   as   in   several   other  important   diagnostic  ma  generally   has  the  same  texture  as  the  upper 

characters,  such  as  presence  of  a  pilose  callus,  tex-  glume  but  bears  no  or  only  a  small  awn.  The  lower 

lure  of  the  upper  floret,  hilum  type,  and  anatomical  palea  varies  from  4/5  as  long  as  the  lemma  to  ab- 

characters.  In  A.  scaber,  A.  rupestris,  and  A.  bolivi-  sent,  and  when  present,  is  hyaline.  The  upper  floret 

anus  the  spikelets  are  clearly  dorsally  compressed.  is  always  present  and  always  has  a  bisexual  flower. 

The  following  patterns  of  variation   in  spikelet  The  upper  lemma  is  always  present  but  is  reduced 

parts  are  known   in  Arthropogon  and  Reynaudia.  in  size  compared  to  the  lower  lemma.  The  upper 

Bract  number  in  Arthropogon  species  is  six,  five,  or  lemma  is  membranous  or,  more  commonly,  hyaline 

four  and   in  Reynaudia  four.   In   both  genera  the  in  texture  and  may  totally  lack  nerves.  The  upper 

glumes  are  coriaceous  or  firmly  membranous  and  palea  varies  from  as  long  as  the  upper  lemma,  to 

awned.   The   lower  glume   varies   from   an   awned,  half  as  long  or  entirely  absent.  When  present  it  is 

broad-based  membrane  to  just  an  awn;  the  upper  hyaline,  and  when  well  developed,  it  has  a  typical 

glume  always  has  a  fully  developed  membrane  and  2-keeled,  2-nerved  morphology  as  present  in  most 

is  awned.  The  lower  floret  is  always  present.  The  grass  genera, 

lower  flower  is  staminate  or  absent.  The  lower  lem-  We  used  the  following  criteria  in  our  interpre- 
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lation  of  Altoparadisium  spikelet  morphology  and       firmation  of  the  nerves  and  internerves,  the  remain- 
ing two  bracts  of  such  an  A.  scaber  spikelet  look 

I t  \ >raci  Homology I 

(1)  Since  neither  of  the  bracts  is  2-keeled.  it  is       very  much  like  the  corresponding  bracts  of  the  Al- 
unlikely   that   either  represents  a  palea,  although       toparadisium  spikelet  (Fig.  1). 
(here  are  a  significant  number  of  exceptions  to  two- Summarizing,  in  Arthropogoninae  (sensu  Clayton 

keeled  paleas  in  the  family.  For  example,  in  the  &  Renvoize,  1986)  we  hypothesize  a  reduction  se- 
DFLTA  Grass  Genera  of  the  World  database,  Wat-  ries  in  spikelet  morphology  that  proceeds  primarily 
son  and  Dallwitz  (1992  onward)  list  63  genera  as      from  the  apex  to  the  base  and  secondarily  from  the 
having  at  least  some  species  with  nerveless  paleas,  base  to  the  apex.  In  contrast  to  the  sequence  just 
23  genera   with    1 -nerved   paleas,   71   genera  with  postulated,  the  most  common  pattern  of  spikelet  re- 
multinerved  paleas,  and  579  genera  with  2-nerved  duction  in  the  rest  of  the  Paniceae  usually  proceeds 
pale-a^.  from  the  base  to  the 

apex (2)  Since  both  lower  and  upper  paleas  are  vari-  to  reduce  the  lower  glume  before  the  upper  glume 
ably  developed  in  Arthropogon  and  entirely  absent  and  the  lower  floret  and  its  component  parts  before 
in  Reynaudia,  this  suggests  the  possibility  that  they       the  upper  floret  and  its  component  parts  (see  Cial- 

lella  &  Vega,  1996.  and  references  cited  therein). 
Once  this  initial  anatomical  and  morphological 

M71_ 

may  have  been  lost  entirely  in  Altoparadisium. 
(3)  Since  the  lower  (lower  is  quite  variable  in  its 

development  in  the  Panicoideae,  including  Arthro-  analysis  had  been  completed,  it  then  became 
pogon  species,  where  they  vary  from  male  flowers  dent  that  in  order  to  gain  a  better  understanding  of 
to  completely  absent,  and  totally  absent  in  Reynau-  the  relationships  of  Altoparadisium  chapadense,  it 

that  the  lower  flower  is  also  would  be  desirable  to  do  a  phylogenetic  analysis  of hypothesi 
dia, 

entirely  absent  in  Altoparadisium.  This  then  means       any  of  the  putatively  related  taxa. 
that  the  solitary  flower  of  Altoparadisium  is  homol- 

ogous to  the  upper  flower  typically  present  in  pan-       Discission 
ieoids. 

(4)   Since  the  lower  glume  of  Arthropogon  is  var- 
The  cladistic  analysis  of  the  data  matrix  (Table 

iahly  developed,  this  may  indicate  that   it  disap-  2)  *?e  three  equally  pa
rsimonious  cladograms,  us- 

peared  in  Altoparadisium.  in8  Hennig86;  each  cladogram  was  57  steps  long. 
/ex   c-         *i  I  .  I,     .  with  a  consistency  index  of  0.52,  and  a  retention 
(5)   Since  the  upper  lemma  is  more  variable  in  * 

its  development  among  Arthropogon  speeies  than  )"^\f.  °'l2  ̂   ̂   ?"?  °f  'J?"?  «^^ranw 

the  lower  lemma,  we  hypothesize  that  it  has  also  ̂ '*  6)  '» J11™1™^  including  all 
 character  state 

( lisappeared  in  Altoparadisium. 
changes.  The  strict  consensus  tree  is  shown  in  Fig- 

//u   l«  #k;    .  ..              r    r     •               .u              •    •  ure  5*  along  with  the  Bremer  support  values  and 
(o)   In  this  process  of  elimination,  the  remaining  &                                       M 

l.racte  would,  therefore,  he  homologous  to  the  upper  ,,oots,iaP  P™-entag
es  for  each  node. 

glume  and  the  lower  lemma  of  the  typical  panicoid  L  A   S,"gIre  eqUa"y  P*""™™™8  cladogra
m  was 

■pikelet.  As  in  Arthropogon  speeies  and  in  Reynau-  °  'T       fT           ,      *  T™   USi"g  N°na;  ̂  ,/.„    iiw.  i^vi...^     r  ti  ̂                  1           •     .i  cladogram  has  an  identical  topology  to  the  one  il- 
aia,  the  texture  ot  the  upper  glume  is  the  same  as  i       e>/ 
»u  ,»     r  ,u     i           I               n  j  n                i     .i          .  lustrated  in  the  strict  consensus  tree  of  Figure  5. 
that  ot  the  lower  lemma.  Oddly  enough,  these  two  h 
bracts  subtend  the  only  remains  of  the  upper  floret, MOINOPNYI.Y  OF  ARTHROPOCON 

In  order  to  test  the  monophyly  of  Arthropogon 

opamc 

lisiu 

ul   we  in- 

the  upper  flower. 

Karly  in  our  study  of  Altoparadisium  we  consid- 

ered a  number  of  other  interpretations  of  the  ho-  and  search  for  a  sister  to  Alt 

mology  of  the  spikelet  bracts  including  the  follow-  eluded  the  genera  Melinis  (subtribe  Melinidinae), 
ing:  the  two  bracts  represent  (1)  an  upper  lemma  Reynaudia  (Arthropogoninae),  Homopholis,  Digit ar- 
and  upper  palea,  (2)  a  lower  and  upper  glume,  (3)  la,  h>ptocoryphiunu  and  Anthaenantia  (Digitarinae), 
a  lower  and  upper  lemma.  In  the  absence  of  de-  and  Homolepis  and  Streptostachys  (Setariinae).  All 
velopmental  studies,  which  might  provide  more  def-  taxa  were  rooted  with  Thyridolepis  (Neurachninae). 
inite  evidence  but  which  were  beyond  the  scope  of  The  analysis  showed  that  Arthropogon  as  tradi- 
this  project,  the  decisive  evidence  for  the  interpre-  tionally  circumscribed  is  polyphylctic  (Fig.  6  shows 
lation  presented  above  was  a  side-by-side  compar-  one  of  the  three  trees  with  all  characters).  Arthro- 
ison  of  the  spikelets  of  Altoparadisium  chapadense  pogon  laneeolatus  is  the  most  basal  member  of  the 
and  Arthropogon  scaber.  The  overall  gestalt  of  the  ingroup  and  could  be  circumscribed  as  a  monotypic 
two  spikelets  is  very  similar.  If  one  then  imagines  genus;  it  forms  a  monophyletic  clade  with  Streptos- 
the  absence  of  the  lower  glume  and  upper  lemma  tachys    +    Homolepis,    which   is   supported   by   the 
(Fig.  7),  then  in  the  texture,  compression,  and  con-  presence  of  fusoid  cells  (character  21).  The  boot- 
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Figure  4.     Equally  parsimonious  trees  obtained  from  the  data  matrix  (Table  2). 
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Figure  5.      Strict  consensus  tree  derived  from  the  three  equally  most  parsimonious  trees.  The  upper  numbers  on 

each  branch  indicate  the  Bremer  support  values,  while  the  lower  numbers  indicate  bootstrap  percentages. 

strap  value  for  this  group  is   low  (53).   A   similar      (character  31).  In  the  initial  scoring  of  the  char- 

topography  was  shown  in  a  previous  analysis  (Zu-      acters,  it  became  evident  that  Arthropogon  scaber, 
loaga  et  al.,  2000). A.  rupestris,  and  A.  bolivianos  could  not  be  differ- 

Altoparadisium  chapadense  and  A.  scabrum  form      entiated  using  the  characters  of  the  cladistic  anal- 

a  elade,  supported  by  two  synapomorphies:  the  rel-  ysis.  Consequently,  we  consider  these  three  taxa  to 

alive  development  of  the  upper  palea  Va  or  less  as  represent   a   single   species.    However,   these   taxa 

long  as  the  upper  lemma  (character   14),  and  the  seem  at  least  modally  distinct  in  the  degree  of  leal 

presence  of  intercostal  grooves  on  the  upper  glume  blade  infolding  and  scabrosity,  as  well  as  spikelet 

(character  22).  This  is  clear  support  that  these  two  and  inflorescence  size.  For  this  reason  we  do  rec- 

species   are   congeneric,   and    for   this   reason    we  ognize  them  at  the  varietal  level  and  make  the  nec- 
transfer  Arthropogon    scaber   to   Altoparadisium.  essary  new  combinations  below. 

Within  this  elade,  A.  chapadense  is  distinguished The  Melinis— Reynaudia  elade,  although   poorly 

by  the  lower  glume  absent  (character  5),  upper  lem-  supported  with  a  bootstrap  percentage  of  otdy  50, 

ma  absent  (character  13),  upper  palea  absent  (char-  is  a  sister  to  the  Achlaena  piptostachya-Arthropo- 

aeter    14),   and   awn   of  the   upper  glume   twisted      gon  sensu  stricto  elade.  The  latter  elade  is  sup- 
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Figure  6.  Cladogram  of  one  of  the  three  most  parsimonious  trees;  the  character  numbers  marked  with  the  solid 

bars  indicate  synapomorphies,  those  with  hollow  bars  homoplasious  characters.  L  (length):  57;  RI  (retention  index): 

0.72;  CI  (consistency  index):  0.52. 

ported  by  two  homoplasious  characters,  coriaceous  piptostachya,    is   geographically   disjunct  from  the 

upper  glume  (character  28),  and  coriaceous  lower  central    Brazilian    species    of   Arthropogon    sensu 

lemma   (character  29),   and   is   strongly   supported  stricto.  These  two  factors  combined  give  good  sup- 

with    a   bootstrap    percentage    of  94.    Within    this  port  for  the  continued  recognition  of  Achlaena  as  a 

clade,  Arthropogon  piptostachyus  is  distinguished  separate  genus. 

by  two  autapomorphies,  the  presence  of  a  notable  In  summary,  as  a  result  of  this  study  we  restrict 

internode    between    the    lower    and    upper    glume  Arthropogon  to  A.  xerachne,  A.  villosus,  and  A.  fili- 

(character  4),  and  the  presence  of  distinctive  Kranz  folius;  Arthropogon  scaber  is  transferred  to  the  new 

filift 

genus  Altoparadisium',  Arthropogon  piptostachyus  is 

ius-A.  xerachne  is  supported  by  two  apomorphies,  again  recognized  as  Achlaena  piptostachya;  and  fi- 

the  presence  of  a  palea  (character  10)  and  lower  nally,  Arthropogon  lanceolatus  should  be  excluded 

flower  (character  11),  and  it  has  strong  bootstrap  from  the  genus  Arthropogon,  but  its  exact  relation- 

support  (94).  In  addition  to  its  morphological  dis-  ships  and  position  in  the  tribe  Paniceae  remain  un- 
tinctiveness  the  Cuba-Jamaica  endemic,  Achlaena  resolved.  This  can  be  explained  by  inspection  of 
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the  character  distribution  on  the  cladogram,  which 

indicates  there  are  relatively  few  nodes  that  are  un- 

ambiguously supported  by  non-homoplasious  char- 
acters. This   is  expressed  statistically  by  the  low 

consistency  index,  as  well  as  by  low  bootstrap  per- 
centiles. 

Taxonomic  Thkatmknt 

HISTORY  OF  ARTHROPOGON  AND  ITS  SUPRAGENKRIC 

CLASSIFICATION 

The  genus  Arthropogon  has  a  long  and  complex 

history.  It  was  described  by  Nees  (1829)  on  the 

basis  of  one  species,  A.  villosus,  from  Brazil.  Sub- 

sequently Hackel  (1887)  amplified  the  description 
of  the  genus  and  illustrated  A.  rillosus.  Kkman 

(1911),  Pilger  and  Kuhlmann  in  Kuhlmann  (1922), 

and  more  recently  Filgueiras  (1981,  1982,  1986, 

1996)  described  new  taxa  in  Arthropogon.  Filgueir- 
as (1982)  revised  the  genus  and  has  recognized 

eight  species  (Filgueiras,  1996). 

The  position  of  the  genus  in  the  Panieoideae  has 

been  controversial.  Nees  (1829),  when  describing 
it,  included  Arthropogon  in  the  Saccharinae  Griseb. 

Kunth  (1833)  and  Steudel  (1853-1855)  included 

the  genus  in  the  tribe  Andropogoneae  Dumort.  Ben- 
tham  and  Hooker  (1883)  and  Hackel  (1887)  placed 
it  in  the  tribe  Tristegincae  Benth.  &  Hook.  f.  Hitch- 

cock (1936)  included  the  genus  in  the  Melinideae 

Hitchc,  together  with  Arundinella  Kaddi  and  Mel- 

inis  P.  Beauv.  Bews  (1929)  and  Roshevits  (1937) 

separated  Arundinella,  Trichopterix  Chiov.,  Dan- 

thoniopsis  Stapf,  and  other  genera  in  the  Arundi- 
nelleae,  and  included  Melinis  and  Arthropogon  in 

the  Melinidinae.  Pilger  (1954)  for  the  first  time  pro- 
posed the  tribe  Arthropogoneae  Pilg.  ex  Butzin,  and 

included  Arthropogon,  Achlaena  Griseb.,  Reynau- 
dia, and  Snowdenia  C.  F.  Hubb.  However,  his 

name  remained  invalid  because  he  did  not  provide 
a  Latin  diagnosis  or  description.  Butzin  (1972)  later 
validated  the  name  and  reviewed  the  taxonomy. 

Tateoka  (1963)  indicated  that  of  the  four  genera 

included  by  Pilger  in  the  Arthropogoneae,  Snow- 
denia does  not  pertain  to  this  group.  However,  the 

other  three  genera  are  related  and  share  the  follow- 

ing characters:  upper  lemma  membranous,  glumes 

somewhat  indurate,  spikelets  with  lateral  compres- 
sion, and  stigmas  with  terminal  exsertion.  Further- 

more, based  on  anatomical  characters,  Tateoka 

(1963)  suggested  that  Arthropogon  could  represent 
a  taxon  intermediate  between  the  Arundinelleae 
and  Panieeae. 

Filgueiras  (1982)  illustrated  and  described  the 

morphological  and  anatomical  variation  in  Arthro- 

pogon. He  classified  it  in  the  tribe  Arthropogoneae, 

i 

subtribe  Arthropogoninae,  together  with  Reynaudia 
and  Snowdenia,  following  the  criteria  proposed  by 

Pilger  (1954):  spikelets  solitary;  upper  lemma  thin- 

ly membranous,  awnless  and  1— 3-nerved;  upper  pa- 
lea  thinly  membranous,  weakly  nerved  or  nerveless. 

Clayton  and  Renvoize  (1986)  included  Arthro- 

pogon and  Reynaudia  in  the  subtribe  Arthropogon- 
inae and  included  Snowdenia  in  subtribe  Cenehri- 

nae  Dumort.  They  noted  the  close  affinity  of 
Snowdenia  with  Pennisetum  Rich,  subsect.  Reck- 

eropsis  (Fig.  &  De  Not.)  Hack,  and  hypothesized 

that  Snowdenia  was  probably  derived  from  it  by 

suppression  of  the  bristles  subtending  the  spikelets. 

Snowdenia  possesses  dorsally  compressed  spike- 

lets, a  reduced  lower  glume,  and  has  terminally  ex- 
serted  stigmas.  When  describing  the  genus,  Hub- 

bard (1929)  grouped  Snowdenia  with  Acritochaete 

Pilg.  (subtribe  Melinidinae  of  Clayton  &  Renvoize, 

1986)  because  they  have  a  similar  inflorescence 
and  spikelet  morphology. 

Grisebach  (1866)  described  the  genus  Achlaena 

as  monotypic  and  endemic  to  Cuba,  based  on  A. 

piptostachya.  Pilger  (Hoehne  &  Pilger,  1922)  trans- 
ferred it  to  Arthropogon,  and  this  has  been  gener- 

ally accepted  (Tateoka,  1963;  Filgueiras,  1982; 
Clayton  &  Renvoize,  1986;  Webster  et  al.,  1989). 
However,  Watson  and  Dallwitz  (1992)  recognized 

Achlaena  at  the  generic  level  based  on  its  restric- 

tion to  Cuba  and  the  following  morphological  char- 
acters: inflorescence  open,  spikelets  compressed 

laterally,  callus  hairy,  glumes  2  and  narrow,  and  the 

upper  lemma  awnless  and  acuminate. 

Brown  (1977),  based  on  anatomical  characters, 

recognized  the  tribe  Arthropogoneae  and  included 

Achlaena,  Arthropogon,  and  Reynaudia.  He  empha- 
sized that  the  relationship  of  Snowdenia  (African) 

with  the  other  three  genera  (American)  is  question- 
able because,  following  Tateoka  (1963),  Snowdenia 

has  minute  and  membranous  glumes,  dorsally  com- 
pressed spikelets,  and  stigmas  exserted  from  the  tip 

of  the  floret. 

Webster  et  al.  (1989)  basically  characterized  Ar- 

thropogon by  the  presence  of  a  differentiated  callus 

at  the  base  of  the  spikelet,  spikelets  laterally  com- 
pressed, lower  glume  awned,  and  the  upper  lemma 

hyaline  to  membranous. 

Key  to  ink  Gknera  Altoparadisivm,  Achiaena,  and  Ah 
wropogon 

la.  Spikelets  dorsally  compressed;  upper  palea  ab- 
sent or  reduced;  intercostal  areas  of  the  upper 

;lume  prominently  sulcate      Altoparudisium 
lb.   Spikelets  laterally  compressed;  upper  palea  well 

developed;  intercostal  areas  of  the  upper  glume flat. 

2a.   Spikelets    stipitate;   distinctive    Kranz   cells 
present      Achlaena 

21).   Spikelets    not    stipitate;    distinctive    Kranz 
cells  absent        Arthropogon 



Volume  88,  Number  2 
2001 

Filgueiras  et  al. 
Altoparadisium  and  Arthropogon 

363 

long  as  the  caryopsis 

Altoparadisium  Filg.,  Davidse,  Zuloaga  &  Mor-  oped;  hilum  elliptical  to  oblanceolate,  dark  brown, 

rone,  gen.  nov.  TYPE:  Altoparadisium  chapa-  ca.  V5  as  long  as  the  caryopsis;  embryo  about  Vz  as 
dense  Filg.,  Davidse,  Zuloaga  &  Morrone. 

Hoc  genus  novum  Arthropogoni  Nees  simile  sed  spi- 
culis  dorsaliter  compressis,  palea  supera  redacta  vel  nulla, 
nervis  intercostal ibus  glumae  superae  manifcste  sulcatis 
absimile. 

Plantae  perennes,  caespitosae.  Culmi  crccti.  Inflores- 
centia  paniculata,  contracta,  terminal  is.  Spiculae  solitar- 
iae  vel  binatae,  anguste  oblongo-lanceolatae,  dorsaliter 
compressae;  callus  non  manifestus  sed  pilis  densis,  ver- 
ticillatis  ornatus;  spiculae  2—\  bracteis  munitae;  gluma 
inferna  nulla  vel  setacea;  gluma  supera  spiculam  aequans, 

memhranacea,  3-5-nervia,  arista  irrcgularilcr  tortili  or- 

nata;  palea  inferna  nulla;  flosculus  infernus  nullus  lem- 
mati  infero  redactus;  lemma  inferum  memhranaceum  vel 

herbaceum,  3-nervium,  nervus  medianus  piloso-hispidus, 
internervi  sulcati;  palea  inferna  nulla;  flos  inferus  nullus; 

lemma  superum  hyalinum,  3-nervium  vel  nullum;  palea 
supera  redacta,  l/5  lemma  aequans,  hyalina  sive  nulla;  llos 
unicus,  bisexualis;  lodiculae  2,  conduplicatae;  stamina  3; 

Key  to  the  Species  and  Varieties  of  Altoparadisium 

l  a.   Lower  glume  and  upper  lemma  absent;  upper  pa- 
lea absent;  upper  glume  with  a  twisted  awn  - 

  A.  chapadense 
II).   Lower  glume  and   lemma  present;  upper  palea 

present;  upper  glume  with  a  straight  awn. 
2a.  Leaf  blades  tightly  involute    
   A.  scabrum  var.  bolivianum 

2b.   Leaf  blades  flat. 

3a.  Spikelets  6-7  mm  long;  leaf  blades  sca- 
brous; inflorescences  15—25  cm  long  - 

—      A.  scabrum  var.  scabrum 

3b.  Spikelets  4-5  mm  long;  leaf  blades 
smooth;  inflorescences  7-9  cm  long  — 
   A.  scabrum  var.  rupestre 

stigmata  2,  purpurea,  discreta.  Caryopsis  anguste  oblongo-       1.    Altoparadisium   chapadense   Filg.,   Davidse, 
lanceolata,  dorsaliter  compressa,  basibus  stylorum  persis- 
tentibus;  hilum  ellipticum  ad  oblanceolatum,  atro-brun- 

neum,  ca.  '/-  caryopsidem  aequans;  embryo  ca.  lA 
caryopsidem  aequans. 

Caespitose  perennials.  Culms  erect;  internodes 

hollow.  Leaves  primarily  cauline;  sheaths  round  on 

the  back,  the  margins  free;  auricles  absent;  ligule  a 

minute  fringe  of  hairs;  collar  undifferentiated:  blades 

linear-lanceolate.  Inflorescence  a  contracted,  termi- 

nal panicle;  rachis  glabrous,  tough;  nodes  pilose; 

branches  verticillate.  Axillary  inflorescences  absent. 

Pedicels  of  unequal  length.  Spikelets  paired  or  sol- 

itary, all  alike,  dorsally  compressed,  narrowly  ob- 

Zuloaga  &  Morrone,  sp.  nov.  TYPE:  Brazil. 

Goias:  Chapada  dos  Veadeiros,  muniefpio  of 

Alto  Paraiso,  ca.  26  km  a  oeste  of  Alto  Paraiso, 

ca.  14°07'S-47°30'W,  campo  rupestre,  estrada 
para  Colinas  do  Sul  Goias,  5  Sep.  1994,  T.  S. 

Filgueiras  &  M.  L.  Fonseca  2987  (holotype, 

1BGE!;  isotypes,  ICN!,  K!,  MO!,  SI!,  SP!,  US!). 

Figure  1. 

Altoparadisio  scabro  (Pilg.  &  Kuhlm.)  Filg.  et  al.  simile 
sed  spiculis  duabus  tantum  bracteis  et  aristis  tortilibus differt. 

Moderately  caespitose,  rhizomatous  perennials. 

long-lanceolate  in  outline,  disarticulating  below  the  Rhizomes  small,  knotty,  superficial;  young  rhizomes 

bracts  and  falling  as  a  unit,  with  only  one  bisexual  covered  with  cataphylls.  Culms  75—80  cm  tall, 

flower;   callus   undifferentiated  except  for  a  dense       erect,  some  branched  at  around  mid-height,  others 

whorl  of  colorless  hairs  at  the  base  of  the  spikelet;  unbranched,  with  6-9  elongated  internodes;  inter- 

spikelet  bracts  2  to  4;  lower  glume  absent  to  seta-  nodes  3—4.5  cm  long,  hollow,  glabrous,  strami- 

ceous;  upper  glume  as  long  as  the  spikelet,  embrac-  neous;  prophyll  2.5—4  cm  long,  strongly  2-keeled, 

ing  the  lower  lemma  almost  entirely,  membranous,  ciliate  along  the  keels,  the  margins  hyaline,  gla- 

3-  to  5-nerved,  the  lateral  nerves  pilose-hispid  or  brous;  nodes  dark,  pilose.  Leaves  cauline  only, 

scabrous,  the  midnerve  pilose-hispid  toward  the  symmetrically  distributed  along  the  culm  or  con- 

apex,  projected  into  a  straight  or  irregularly  twisted  gested  at  around  mid-culm;  sheaths  round  on  the 

awn;  lower  floret  reduced  to  only  a  lemma;  lower  back,  persistent,  striate,  glabrous,  the  margins  free, 

lemma  membranous  or  herbaceous,  3-nerved,  the  hyaline,  both  glabrous  or  one  margin  ciliate;  auri- 

midnerve  prominent,  pilose-hispid,  the  internerves  cles  absent;  ligule  a  minute  fringe  of  hairs,  curved, 

sulcate,  the  margins  hyaline  and  sharply  folded  at  the  hairs  0.3-0.5  mm  long,  colorless,  dense;  hairs 

the  lateral  nerves,  the  apex  pointed;  lower  palea  ab-  behind  the  ligular  area  2-6  mm  long,  colorless, 

sent;  lower  flower  absent;  upper  lemma  hyaline,  3-  sometimes  caducous  in  older  leaves;  collar  undif- 

nerved,  or  absent;  upper  palea  reduced,  up  to  Ys  as  ferentiated,  but  seen  in  fresh  material  as  a  lighter 

long  as  the  upper  lemma,  hyaline,  or  absent;  flower  or  purplish  area;  blades  6-10  cm  long  and  3-8  mm 

bisexual;  lodicules  2,  conduplicate;  stamens  3;  ovary  wide,  linear-lanceolate,  glabrous  on  both  surfaces 

glabrous;  stigmas  2,  separate,  purple.  Caryopsis  nar-  but  rough  on  the  adaxial  surface,  the  margins  gla- 

rowly  oblong-lanceolate  in  outline,  dorsally  com-  brous  but  rough,  the  apex  subpungent  to  pungent; 

pressed,  light  brown,  with  persistent  stylar  bases,  blades  of  the  lower  leaves  caducous,  the  upper 

loosely  fitting  inside  the  glumes  when  fully  devel-  blades  persistent.   Peduncle  2-4.5  cm  long,  from 
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partially  enclosed  in  the  flag  leaf  to  exserted,  gla-  order  vascular  bundles  resulting  in  shallow  adaxial 

brous.  Inflorescence  6.5-14.5  cm  long  and  1.5—3.5  furrows  on  either  side,  without  abaxial  ribs. 

cm  wide,  a  contracted,  terminal  panicle,  oblong-  Midrib.  Consisting  of  a  single  first-order  vas- 

lanceolate,  pointed  at  the  apex,  light-colored,  cular  bundle  similar  in  structure  to  the  lateral  first- 

smooth;  rachis  glabrous,  tough;  ramification  verti-  order  vascular  bundles  with  no  additional  assoei- 

cillate;  nodes  pilose,  the  hairs  1-3  mm  long,  col-  ated  parenchyma  or  keel. 

orless;  branches  4^9  mm  long,  2— 8  per  node,  gla- Vascular  bundle  arrangement.      3(or  4)  third-or- 
brous.  Axillary  infl absent.  Pedicels  1-3       der  bundles  between  the  first-order  bundles;  3  or  4 

mm  long,  of  unequal  length,  with  a  few  colorless  fourth-order  bundles,  represented  by  solitary  dis- 

hairs  at  the  base,  the  hairs  1-3  mm  long,  the  apex  tinctive  Kranz  cells  between  third-order  bundles  or 

of  the  pedicels  discoid,  surrounded  by  a  crown  of  between  first-order  and  third-order  bundles;  all 

colorless  hairs,  the  hairs  2-4  mm  long.  Spikelets  bundles  more  or  less  centrally  located,  but  first- 

paired  or  solitary,  all  alike,  dorsally  compressed,  order  and  third-order  bundles  slightly  off-center 

smooth,  light-colored,  3-3.2  mm  long  (exclusive  of  adaxially  and  fourth-order  bundles  slightly  off-cen- 

awn),  narrowly  oblong-lanceolate  in  outline,  disar-  *er  abaxially. 
liculating  below  the  bracts  and  falling  as  a  unit, 

with  only  one  bisexual  flower;  callus  undifferenti- 
c 

Vascular  bundle  description.      Third-order  bun- 

lies  vertically  elongated  and  often  nearly  dumb- 

ated  but  the  hairs  at  the  base  of  the  spikelet  1-1.5       ̂ H-shaped  in  outline,  with  xylem  and  phloem  in- 

mm  long,  dense,  forming  a  crown,  colorless;  spike- 
listinguishable.    First-order    bundles    vertically 

let  bracts  2  [here  interpreted  as  an  upper  glume      elon8ated   in   ou*line.    Metaxylem   vessels   narrow, 

rtiQrMi^ionl-   |nwpr  irlnm^       that  *s*  parenchyma  sheath  cells  wider  than  the  ves- d  I I ower    lemma — see 

nous,  the  margins  flat  but  slightly  curved  around 

absent;  upper  glume  as  long  as  the  spikelet,  em-      sel  elem^nts?   no  lysigenous  cavity
  and  enlarge,! 

bracing  the  lower  lemma  almost  entirely,  membra-      Protoxyleni  e,emen
<  Present- 

Vascular  bundle  sheaths.      In  third-order  bundles 
•   •   ̂ -^    mtm  mm  V  ^  •    ■    ̂ *-^  •  •  •  ̂ .-^   m     v^  mas  m±*  m    ■    »    *    ■  »     -     *    »     *  »      i    ■      m    w_    ■     ■     «      ■        t  x_^    %-*   &       W      V^   V4  *    ■    A     ̂      r    »,    «    ■     M  X  4 

♦  u«  u»*»J   ««„,™    .f  »i      ™         i   •        i       a       outer  parenchyma  sheath  vertically  elongated,  com- the  lateral   nerves  or   the  upper  lemma  in  closed  r  J  .  .   i    i   .  i  /•».•       •..!•.  l  r      plete,  composed  of  9  to  11  cells,  without  adaxial  or 
spikelets  and  fitting  into  the  internervial  grooves  oi         ,       .  r .i      i  i  o    *     c  j   .i      i  .       i  abaxial  extensions,  with  a  single  large  colorless  cell 
trie  lower  lemma,  3-  to  5-nerved,  the  lateral  nerves       ,  ,  ,      .  ,       *.  ..        ,       7    . 

pilose-hispid,  the  midnerve  pilose-hispid  toward 
the  apex,  projected  into  a  straight  or  irregularly 

twisted  awn;  awn  18-26  mm  long,  antrorsely 
barbed,  highly  hygroscopic;  lower  palea  absent; 

lower  floret  reduced  to  only  a  lemma;  lower  lemma 

3-3.1  mm  long,  thin,  membranous,  3-nerved,  the 

midnerve  prominent,  pilose-hispid,  the  internerves 

located  on  each  side  of  the  sheath  in  about  the 

center  of  the  blade  with  the  adjoining  one  or  two 

parenchyma  bundle  sheaths  usually  distinctively 

smaller  than  the  majority  of  the  parenchyma  bundle 
sheath  cells. 

In  first-order  bundles  outer  parenchyma  sheath 
vertically  elongated,  with  or  without  a  slight  adaxial 

■    n      i     '    i  i  .11.  iii  interruption  and  with  a  wide  abaxial  interruption, shallowly  sulcate,  the  margins  hyaline  and  sharply  ,     r  irv  A     1Q       n         .  ,  .     ,      , 
f  ,  ,    ,         .      .  i  ii  composed  of    10  to    13  cells,  with  a  single,  large 
folded  at  the  lateral  nerves,  the  apex  pointed,  cil-  i     ,  n      •      i  iL  r  .l      »i  •    i       i 

i  colorless  cell  similar  to  those  of   the   third-order late;  lower  palea  absent;  lower  flower  absent;  upper  ■        n  u     •  i       r  *u       u     *u  u 
r  i  bundles  on  each  side  ol  the  sheath;  parenchyma floret  reduced  to  only  the  flower;  upper  lemma  ab-  „u~.fU       n      v  »•      *  c         *u       ui  u  n J  •>     1 1  sheath  cells  distinct  from  the  chlorenehyma  cells 

sent;  upper  palea  absent;  flower  bisexual;  lodicules  wUh  the  radiaJ  ̂   inner  tangential  waUs  straight 
2,  conduphcate;  stamens  3,  the  anthers  1.8-2.1  mm  and  the  outer  tangential  wa|,s  somewhat  rounded, long,  purple;  ovary  0.5-0.8  mm  long,  glabrous;  stig-  a„  cells  „    thickened. 

as  2,  separate,  purple.  Caryopis  1.8-1.9  mm  long, Sclerenchyma  girders.      Adaxial  sclerenehyma 

narrowly  oblong-lanceolate  in  outline,  dorsally  girders  associated  with  first- and  second-order  bun- 
compressed,  light  brown,  with  persistent  stylar  ba-  d\e^  narrowing  toward  the  bundles:  girders  never 
ses,  loosely  fitting  inside  the  glumes  when  fully  de-      associated  with  fourth-order  bundles;  abaxial  scle- 
veloped;    hilum    elliptical    to    oblanceolate,    dark renchyma  girders  associated  with  all  first-  and  sec- 

ng  to- 

brown,  ca.  V5  as  long  as  the  caryopsis;  embryo  ca.      ond-order  bundles,  well  developed, 
V3  as  long  as  the  caryopsis.  warcl  the  bundle. 

Chlorenehyma.  Not  distinctly  radiate,  continu- 

ous between  the  epidermides  and  between  the  bun- 
dles; without  arm  cells,  fusoid  cells,   lacunae,  or 

TRANSVERSK  SECTION  OF  LEAF  BLADE  (FIG.  2) 

Leaf  outline.      Leaf  blade  expanded,  undulating      colorless  cells. 
gently on 

ii 
j adaxial    surface,    the    undulations Adaxial   epidermal  cells.      Groups   of  bulliform 

slightly  more  pronounced  in  association  with  first-       cells  present  only  over  groups  of  fourth-order  bun- 
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dies,  not  over  third-  or  first-order  bundles,  fan- 

shaped,  situated  at  the  base  of  slight  furrows,  the  with  irregular  outlines, 
central  cell  ca.  %  as  wide  as  the  leaf  thickness,  the 

epidermal  cells  with  the  outer  tangential  walls 

slightly  concave  and  a  thin,  continuous  cuticle;  ma- 
crohairs  and  papillae  not  present;  prickles  in  both 
the  costal  and  intercostal  zones. 

Silica  bodies  equidimensional,  round  to  squarish 

NOTES 

The  soft  texture  of  the  inflorescence  and  spike- 
lets  is  intriguing  since  the  caryopsis  seems  to  get 

Aboxial    epidermal    cells.      Bulliform    cells    not       almost  no  protection  from  the  flowering  bracts.  The 
present;  all  cells  with  a  continuous,  thick  cuticle,      most  COmmon  pattern  in  the  Paniceae  in  general 
ca.  twice  as  thick  as  the  adaxial  cuticle.  The  radial      seems  to  })e  that  when  one  bract  is  missing,  the 
cell   walls   somewhat   thickened;   papillae   absent; 

prickles  absent. 
remaining  bracts  become  hardened  and  protective 

in  function,  so  as  to  compensate  for  the  missing 

structure.  Altoparadisium  chapadetise  seems  to  be 

an  outstanding  exception  to  this  rule.  The  bracts 

here  are  scarcely  hard  enough  to  protect  the  flower 

Intercostal  long  ceUs.     Elongated  3-5  times  Ion-      an(]  Jater  the  caryopsis.  In  the  later  stages  of  <je_ 
velopment,  the  caryopsis  remains  rather  loose  in- 

ADAXIAI.  KPIDKRMIS  IN  SURFACE  VIEW  (FIG.  3b) 

ger  than  wide,  rectangular  in  shape;  cell  walls  mod- 

erately  thickened;  anticlinal  cell  walls  vertical;  hor-  gide  (he  bractg  where  doeg  protection  for  the  grt)W. 
■zontal  anticlinal  walls  moderately  undulate;  cell  jng  geed  and  embryQ  come  from?  Certainly  not  from 
shape  relatively  constant,  cell  size  variable  ,n  sin-  the  upper  lemma  ̂   upper  ̂ ^  gince  they  are gle  files.  Single  short  cells  usually  present  between  1  A  1     1     1  •        tl.       sec  ui   j 
D  D  11  completely  lacking.   I  he  stilt  blades  may,  to  some 
75%  or  more  of  successive  long  cells.  Stomata:  ab- 

sent. Papillae:  absent.  Prickles:  numerous  in  both 
the  intercostal  and  costal  zones.  Microhairs:  absent. 

Silica  bodies:  varying  from  squarish  and  angular 

with  irregular  outlines  to  cuboid,  more  or  less 

squarish  with  rounded  corners. 

ABAXIAL  EPIDERMIS  IN   SURFACE  VIEW 

(fig.  3a,  C,  d) 

extent,  provide  some  indirect  protection  by  dis- 
couraging the  approach  of  large  herbivores,  but 

surely  not  small  herbivores,  such  as  insects,  which 

appear  to  play  an  important  role  in  the  predation 
of  grass  leaves  and  fruits  in  the  Cerrado  vegetation 

(Filgueiras,  1989). 

The  generic  name  alludes  to  the  town  of  Alto 

Paraiso  in  whose  municipality  the  original  popula- 
tion was  discovered.  The  specific  epithet  refers  to 

j  .  .    j  ,  ,,        rl  .    1  0  c   o  n  *•  the  Chapada  dos  Veadeiros,  and  at  the  same  time 
Intercostal  long  cells,      hlongated  2.5— o./  times  r  J  , 

1  .■  1  1       .       1  11        u  honors   the   Chapadense   family   of  Goias,    Brazil. 
longer  than  wide,  rectangular  in  shape,  cell  walls  r  J 

slightly  thickened,  anticlinal  vertical  cell  walls  an-  whose  members  ha
ve  been  supportive  and  inter- 

red, horizontal  cell  walls  moderately  to  slightly  un-  ested  ,n  the  work  of  one  us  <TSF
)- 

dulate;  cell  shape  relatively  constant;  cell  size  var- 
Ecology.      Flowering  plants  in  the  field  have  a 

iable  in  a   single  file;  pairs  or  single  short  cells  rather  bambusoid  appearance,  
with  stiff,  congested 

sometimes  present  between  successive  long  cells.  leaves  around  ™d-culm  level. 
 Non-flowering  plants 

Stomata:  Subsidiary  cells  low  dome-shaped  to  low-  have  normal-looking  blades.  The  bra
nching  of  the 

triangular-shaped;  four  rows  of  stomata  in  each  in-  culms  seems  to  varT  within  the  same  clumP'  some 

tercostal  zone  most  common,  usually  in  double  rows  Plan*s    in    a    given    clump    have    branched    culms 

adjoining  the  costal   zones;   intercostal   long  cells  whereas  others  do  not. 

1.5—3  times  longer  than  wide,  one  or  two  intersto- The   original   population   discovered   was   found 

mal  cells  between  successive  stomata  of  a  row.  Sin-  growing  in  a  campo  rupestre  habitat,  on  fine  white 

gle  short  cells  present  between  costal  long  cells.  sand  and  also  on   rocks.  The  soil,  very  shallow, 

Papillae  absent.  Prickle  hairs  present  between  stony,  and  dry,  was  a  mixture  of  gravel  and  sand, 

both  costal  and  intercostal  successive  long  cells.  Four  groups  of  plants  made  up  this  population,  with 

Microhairs  infrequent,  bicellular,  but  only  the  basal  2,  5,  15,  and  20  clumps  respectively.  Each  of  these 

cell  visible  in  our  preparations  [microhairs  present  clumps   had   from   2   to    12   flowering  culms.   The 

on  both  the  upper  glume  and  lower  lemma,  bicel-  groups  of  plants  were  situated  50  to  100  m  from 

lular,  elongated,  the  basal  ca.  Vi  as  long  as  the  dis-  each  other,  and  the  entire  population  covered  an 

tal  cell,  less  than  twice  as  long  as  wide,  with  thicker  area  of  approximately  200  m2.  It  is  very  likely  that 
walls  than  the  distal  cell,  the  distal  cell  more  than  other  populations  exist  in  the  area,  but  none  were 

twice  the  width,  the  apex  sharply  pointed]  (Fig.  3C,  located,  although  at  that  time  of  the  year  (Septem- 
D). ber)  the  light-colored  inflorescences  of  A.  chapa- 
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dense  stand  out  against  the  dry,  brown  colors  of  the 

campo  rupestre  landscape. 

Plants  of  A.  chapadense  were  growing  in  associ- 

ation with  the  following  species:  Axonopus  brasi- 

liensis  (Spreng.)  Kuhlm.,  Echinolaena  inflexa  (Poir.) 

Chase  (the  campo  rupestre  form),  Elionurits  muticus 

(Spreng.)  Klllltze,  higenocarpns  sp.,  Paspalum  po- 
lyphyllum  Nees,  etc.  Except  for  E.  inflexa,  which 

flowers  almost  year-round,  no  plants  of  these  spe- 
cies were  in  flower  on  5  September  1994.  Although 

the  plants  were  collected  during  the  peak  of  the 

flowering  period  for  this  population,  the  leaves  had 

an  old,  dried  out  appearance  and  some  had 

dropped  their  blades.  Almost  all  the  blades  dis- 

played some  characteristic,  irregularly  shaped  dark 

spots,  suggestive  of  fungal  infection. 

During  a  second  trip  to  the  same  locality  78  days 

after  the  first  (24  November  1994),  after  the  first 

rains  had  already  fallen,  it  was  found  that  the  seeds 

of  /4.  chapadense  had  long  since  been  dispersed  and 

new  growth  could  be  observed  at  the  base  of  the 

clumps.  At  that  time,  three  live  plants  of  A.  cha- 

padense were  taken  from  the  wild  and  planted  al 

the    Keserva    Kcologica    do    IBGE    (ca.    15°57'S, 

47°52'W),  a  conservation  unit  in  the  Distrito  Fed- 
eral, Brazil,  where  they  are  growing  well.  Two  of 

these  plants  were  planted  directly  in  the  ground, 

and  one  is  being  cultivated  in  a  clay  pot.  In  both 

cases  the  soil  is  red  latosol,  without  the  use  of  or- 

ganic or  chemical  fertilizers.  The  plants  under  cul- 

tivation have  not  developed  the  above-mentioned 

dark  spots  on  the  blades.  Since  transplantation,  all 

these  plants  have  flowered  four  times,  always  in  the 

last  week  of  August  through  September.  As  of  Sep- 
tember 2000.  no  seedlings  of  A.  chapadense  have 

been  observed  in  the  vicinity  of  the  mother  clumps 
iiti«I er  c ultivation. 

In  August  1997  a  second  population  of  A.  cha- 

padense was  discovered  in  the  municipality  of  Ni- 
quelandia,  state  of  Goias,  about  145  km  west  of 

Alto  Parafso,  on  the  grounds  of  a  private  ecological 

preserve  (owned  by  a  local  mining  firm,  "Compan- 

hia  de  Nfquel  ̂ Wantine")  called  "Fazenda  Engen- 

ho."  The  plants  in  this  population  grow  in  an  area 
ecologically  similar  to  the  plants  in  the  Alto  Parafso 

population.  According  to  the  collectors  of  the  plants 

from  the  latter  population,  the  plants  grew  in  scat- 

tered clumps  in  an  area  of  approximately  100  m2. 

Paratype.  BRAZIL.  Goias:  Niquelandia,  Kazenda 
Kngenho,  Lama  Preta,  ca.  11  km  Niquelandia, 

I4°39'08"S,  48°26'2.rW,  14  Aug.  1997,  K  Oliveira  et  al. 
«.W(IBGE,  MKXU,  VEN). 

2.  Altoparadisium  scabruin  (Pilg.  &  Kuhlm.) 

Filg.,  Davidse,  Zuloaga  (k  Morrone,  comb.  nov. 

Basionym:  Arthropogon  scaber  Pilg.  &  Kuhlm., 
Comm.  Lin.  Telegr.,  Bot.  67(anex.  5):  37,  pi. 
2.  3  Mar.  1922.  TYPE:  Brazil.  Mato  Grosso: 

Caceres,  Agua  (^uente,  Hoehne  2015  (holo- 

type,  R!).  See  Filgueiras  (1982)  for  further  in- 
formation about  the  problems  with  the  labeling 

of  the  type  collection.  Figure  7. 

Arthropogon  scaber  kuhlm.  &  Pilg.,  Revista  Mus.  Paul. 
Univ.  Sao  Paulo  13:  1249.  24  Dec.  1922,  num.  illeg. 

horn.  TYPE:  brazil.  Mato  Grosso:  nos  campos  de  Ju- 
ruena,  etc.,  June  1909,  Hoehne  2016  (holotype,  B: 
isotype,  US-865392  (fragm.  ex  B)!). 

2a*  Altoparadisium  scabrum  var.  scabrum 

2b.  Altoparadisium  scabrum  (Pilg.  &  Kuhlm.) 

Filg.,  Davidse,  Zuloaga  &  Morrone  var.  boli- 

viaiium  (Filg.)  Filg.,  Davidse,  Zuloaga  &  Mor- 

rone, comb.  nov.  Basionym:  Arthropogon  boli- 
vianos Filg.,   Brittonia  38:  71.    1986.  TYPE: 

Bolivia.  Santa  Cruz:  near  the  Arches,  5  km  N 

of  Santiago  of  Chiquitos,  700  m,  2  Sep.  1942. 

Cutler  7023  (holotype,  US-20 13303!). 
2c.  Altoparadisium  scabrum  (Pilg.  &  Kuhlm.) 

Filg.,  Davidse,  Zuloaga  &  Morrone  var.  ru- 

pestre (Filg.)  Filg.,  Davidse,  Zuloaga  &  Mor- 

rone, comb.   nov.    Basionym:  Arthropogon   ru- 
pestris  Filg.,  Nordic  J.  Bot.  16:  69,  f.  1.  1996. 

TYPE:  Brazil.  Goias:  Serra  do  Caiapo, 

17°12'S,  51°47'W,  ca.  SO  km  S  of  Caiaponia 
on  road  to  Jataf,  26  Oct.  1964,  Irwin  &  Sod- 
erstrom  7390  (holotype,  SP!;  isotype,  US!). 

Arthropogon  Nees,  Fl.  Bras.  Enum.  PI.  2:  319. 
1829.  TYPE:  Arthropogon  villosus  Nees. 

Kkv  to  ink  Species  oe  Arthropogon 

la.   Upper  glume  with  the  apex  entire;  leaf  blades 
cylindrical       A.  jilij alius 

II).   Upper  glume  with  the  apex  hilohed;  leaf  blades flat. 

2a.   Lower  lemma  awned,  the  apex  hilohed    -   —   -  -   A.  xerachne 

2h.   Lower  lemma  muticous,  the  apex  entire  — 
         A ,  villosus 

1.  Arthropogon  filifolius  Filg.,  Bradea  3(21): 

151,  f.  1.  1981.  TYPE:  Brazil.  Distrito  Fed- 

eral: Cabeea  do  Veado,  capim  de  espiguetas 

aristadas,  crescendo  em  hrejo  reoem  queima- 

do,  15  Sep.  1980,  T.  S.  Eilgueiras  671  (holo- 

type, IBGK!;  isotypes,  H!,  KB!,  SP!,  US- 2946634!). 

Known  only   from  Brazil  (Goias,  Minas  Gerais, 
and  the  Distrito  Federal). 

Additional  specimen  examined.  BRAZIL.  Minus  Ger- 
ais: Uherlandia,  just  N  of  town,  left  side  KB,  850-870  m, 

15  Mar.  1930,  Chase  11261  1/2  (US). 



Volume  88,  Number  2 
2001 

Filgueiras  et  al. 
Altoparadisium  and  Arthropogon 367 

3 
3 

E 

.   ■    I 

fl 

:•  i 

3 
3 

" 

I  1 

..-, 

F 

H 

3 
3 

J 

M, 

i 

-   I 

3 
3 

'•   i>, 

*    I* 

-U. 

n:.u 

:;i 

it. 

i 

c K 

f 

*  ■ 

s 

■  * 

^  I 

•        •    * 

Ml 

*    ■   «i 

G 

I 

1     V 

i  1 1 

I         * 

«  i 

>      I 

•     -      I 

I  i 

Ml 

i  « 

•  f  i . M 

i<.\ 

.i  r 

'ii  '«• 

i  ill 

& 

L*  \ 

L 

Figure  7.  Altoparadisium  scabrum  var.  scabrum  (based  on  Kuhlmann  1853,  US).  — A.  Base  of  the  plant.  — B.  Habit, 

upper  portion  of  a  culm  with  a  terminal  inflorescence.  — C.  Spikelet  seen  from  the  side  of  the  lower  glume  with  hairs 

at  the  apex  of  the  pedicel  and  the  base  of  the  callus.  — D.  Spikelet  seen  from  the  side  of  the  upper  glume.  — E.  Lower 

floret  seen  from  the  side  of  the  lower  lemma,  with  prominent  nerves,  and  base  of  the  spikelet  with  callus.  — F.  Upper 

lemma,  dorsal  view.  — G.  Upper  lemma,  ventral  view,  with  stamens  and  reduced  palea  at  the  base.  — H.  Upper  palea, 

dorsal  view.  — I.  Upper  palea  and  lodicules,  ventral  view.  — J.  Upper  palea,  ventral  view.  — K.  Caryopsis,  embryo  side. 

— L.  Caryopsis,  hilum  side.  All  drawings  by  Vladimiro  Dudas. 
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2.   Arthropogon  villosus  Nees,  Fl.  Bras.  Enum.      Achlaena  Griseb.,  Cat.  PI.  Cub.  228.  1886.  TYPE: 

Achlaena  piptostachya  Griseb. PI.  2:  320.   1829.  TYPE:  Brazil.  "Habitat  in 

campis  altis  Chapada  of  Paranan  provinciae 

Minarum  versus  Goyaz,  et  ad  Rio  Fermoso,"       1.   Achlaena    piptostachya    Griseb.,    Cat.    PI. 
Cuba:   229.    1866.  Arthropogon  piptostachyus Martins  s.n.   (holotype,   M!;  isotype  fragment. 

US-865393!). 

Known  from  Brazil  (Bahia,  Distrito  Federal, 

Coi&s,  Mato  (.i rosso,  Minas  Gerais,  Parana,  and  Sao 

Paulo),  and  Bolivia  (Santa  Cruz). 

Additional  specimens  examined.  BRAZIL.  Bahia:  22 

km  S  of  the  Kin  Galheirao  along  Hwy.  BR-020,  860  m,  8 

Apr.  1976,  Davids*  et  al.  12222  (US),  1 2222 A  (MO).  Dis- 
trito Federal:  burned-over  campo  and  cerrado,  summit 

of  Chapada  da  Contagem,  ea.  10  km  NE  of  Rrasflia,  1000 

(Griseb.)  Pilg.,  Revista  Mus.  Paul.  Univ.  Sao 

Paulo  13:  1250.  1922.  Arthropogon  piptostach- 

yus (Griseb.)  Tateoka,  Bot.  Mag.  (Tokyo) 

76(902):  290.  1963,  isonym.  TYPE:  Cuba. 

Without  loeality,  Wright  3487  (holotype?;  iso- 

types,  NY!,  US-927103!,  US-75310  frag- ment!). 

Known  from  Cuba  and  Jamaica. 

Additional  specimens  examined.     CUBA.  Rfo  Piloto,  Si- 

m,  11  Sep.  1965,  Invin  et  al.  8174  (MO);  cerrado,  gallery       erra  de  Nipe,  Oriente,  savannas  on  eruptive  rock,  8  Sep. 

forest  and  adjacent  burned-over  cerrado,  CoYrego  Urubu, 1922,  Ekman  Amer.  Gr.  Nat.  Herb.  800  (MO).  JAMAICA. 

wet  slopes  of  Chapada  da  Contagem,  ca.  10  km  E  of  Bra-       Hanover:  Ashkenish  to  Dophin   Head,  pasture  on  clay 

sflia,  1000  m,  14  Sep.  1965,  Irwin  et  al.  8309  (MO);  cer-       soil*  8  SeP-  196°*  Adams  7952  (M0)- 
rado  ca.  20  km  S  of  Brasflia  on  road  to  Goiania,  near  Rio 

Melchoir,  1 125  m,  25  Sep.  1965,  Invin  et  al.  8661  (MO). 
Mato  G  rosso:  Braco,  Kio  Arinos,  26  Sep.  1943,  Baldwin 

3041  (US).  Minas  Gerais:   Lavras,  4  Mar.  1925,  Chase       Bentham,  G.  &  J.  I).  Hooker.   1883.  Gramineae.  In  Gen- 
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AlTKNDIX  1. 

MORPHOLOGICAL  caiAHACTERS 

Inflorescence:  character  1 

Inflorescence  morphology  is  variable  in  the  positioning 

of  the  primary  branches.  In  this  study  we  designate  as 
compact  those  inflorescences  in  which  the  primary 

branches  form  an  angle  of  less  than  30°  from  the  main 
rachis;  and  as  open  those4  inflorescences  with  the  primary 

branches  more  than  30°  (usually  45°). 
Pilose  callus:  character  2;  stipe:  character  4;  and  base 

t arose:  character  33 

The  presence  of  a  differentiated  structure  at  the  base 

of  spikelet  has  been  termed  a  callus  or  stipe  (Burkart, 

1969;  Bosengurtt  et  al.,  1970;  Nicora  &  Rugolo  de  Agra- 
sar,  1987;  Judziewiez,  1990;  Watson  &  Dallwitz,  1992; 

Renvoize,  1998).  Webster  (1992)  mentioned  the  presence 

of  a  callus  in  21  genera  of  Panieeae,  but  did  not  distin- 

guish whether  the  structures  were  homologous.  Since  such 

general  designations  may  involve  very  different  structures 
or  a  combination  of  different  structures,  they  must  be  more 

precisely  defined  in  order  to  estimate  homology. 

In  this  study  we  define  a  pilose  callus  to  be  a  whorl  of 

unicellular  macrohairs  at  the  base  of  the  spikelet  that  i* 

clearly  differentiated  from  the  rest  of  the  surface.  A  stipe 
is  defined  as  a  sharply  pointed  structure  derived  from  the 
fusion  of  the  base  of  the  lower  glume  with  the  enlarged 
raehilla  internode  between  the  lower  and  upper  glume. 

This  occurs  in  Arthropogon  piptostachyus.  A  toroid  base  is 

defined  as  an  enlarged  ringlike  growth  formed  from  the 

lateral  enlargement  of  the  raehilla  of  the  internode  be- 

Watson,  L.  &  M.  J.  Dallwitz.    1992.   The  Grass  Genera  of       tween  the  lower  glume  and  the  upper  floret.  In  Streptos- 

species  relationship  of  Arthropogon  and  relatives,  with 

reference  to  their  leaf-structure.  Bot.  Mag.  (Tokyo)  76: 
286-29 1 . 

the  World.  C.  A.  B.  International.  Wallingford. tachys  this  structure  functions  as  an  elaiosome  at  spikelet 

&  M.  J.  Dallwitz.    1992  onward.   Crass  Genera  of       maturity  (Morrone  &  Zuloaga,   1991). 
the  World:  Descriptions,  Illustrations,  Identification, 

and  Information  Betrieval;  Including  Synonyms,  Mor- 

phology, Anatomy,  Physiology,  Phytochemistry,  Cytolo- 

Spikelet  compression:  character  3 

The  compression  of  the  spikelets  is  a  diagnostic  char- 
acter for  distinguishing  genera  of  the  Panieeae  (Clayton  & 

gy.  Classification,   Pathogens,   World  and   Local   Distri-        Renvoize,   1986;  Webster,    1988).   Lateral  compression  is 
recognized  by  the  form  of  the  bracts,  which  are  usually 

keeled  and  folded  along  the  length  of  the*  midnerve.  Dorsal 
compression  is  recognized  by  the  form  of  the  bracts,  which 

are  rounded  or  flattened  dorsally  and  with  the  plane  of 

compression  opposite  to  the  plane  formed  by  the  midnerve 
of  the  spikelet  bracts. 

Spikelet  bracts:  characters  5,  6,  7,  8,  9,  10,  13,  14,  15, 
22,  26,  28,  29,  31,  and  34 

Genera  of  Panieeae  usually  possess  two-flowered  spike- 
lets  with  two  glumes,  one  lower  lemma  and  palea  forming 

bution,  and  References.  Version:  28th  May   1999.  http: 
//biodi  versity.uno.edu/clel  la/ 

  ,    H.   T.   Clifford   &    M.   J.    Dallwitz.     1985.    The 

classification  of   Poaceae*:  Subfamilies  and  supertribes. 
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Webster,  R.  I).  1988.  Genera  of  the  North  American  Pan- 

ieeae (Poaceae:  Panicoideae).  Syst.  Bot.   13:  576-609. 

  .  1992.  Character  significance  and  generic  simi- 
larities  in   the    Panieeae   (Poaceae:    Panicoideae1).   Sida 

15:  185-213. 

,  J.  II.  Kirkbride  &  J.  Valcles  Reyna.    1989.    New        the  lower  floret  and  one  upper  lemma  and  palea  forming 
the  upper  floret.  However,  variations  of  this  basic  organ  i- World  genera  of  the  Panieeae  (Poaceae:   Panicoideae). 

Sida  13:  393-117. 

ills,  K.  E.,  R.  I).  B.  Whallev  &  I.  J.  BruhL  2(KM).  Svs- 

zational  plan  occur  in  many  of  the  genera  in  our  study. 
Thyridolepis,  Homolepis,  Streptostachys,  Digit  aria,  Homo- 
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pholis,  Melinis,  Achlaena,  and  Arthropogon  s.l.  all  possess  Paniceae.  These  authors  demonstrated  the  presence  of  (li- 

the lower  and  upper  glume,  the  lower  lemma,  and  the  verse  anatomical  and  physiological  types  in  the  tribe,  in- 
upper  lemma  and  palea.  The  lower  palea  is  present  in  eluding  C3  and  C4  types  in  the  plants  under  investigation, 

Homolepis,  Anthaenantia,  Arthropogon  villosus,  A.  filifol-  with  the  latter  further  subdivided  as  subtypes  nicotin- 
ics, A.  xerachne,  and  A.  lanceolatus,  but  is  variously  re-  amide  adenine  dinucleotide  co-factor  malic  enzyme 

duced  in  Thyridolepis,  Streptostachys,  Digitaria,  Melinis,       (NAD-me),  phosphoenol  pyruvate  carboxykinase  (PCK),  k 

and  nicotinamide  adenine  dinucleotide  phosphate  co-fac- 

tor malic  enzyme  (NADP-me).  In  order  to  establish  the 

homologies  of  the  different  structures  involved  in  each  an- 
atomical type,  we  follow  the  criteria  proposed  by  Brown 

(1977)  and  Dengler  et  al.  (1985).  They  considered  that 

the  Kranz  sheath  of  the  NADP-me  anatomical  type  is  ho- 

mologous to  the  mestome  (=  MS)  sheath  of  C3  plants,  and 
that  the  Kranz  sheath  of  the  NAD-me  or  PEP-ck  is  ho- 

mologous to  the  parenchyma  (=  PS)  sheath  of  C3  grasses. 

The  distinctive  Kranz  cells  (character  20)  are  distrib- 
uted in  the  mesophyll  and  are  not  associated  directly  with 

vascular  tissue.  As  Tateoka  (1958)  had  done  earlier,  Hat- 
tersley  and  Watson  (1992)  interpreted  distinctive  Kranz 

cells  to  be  vestiges  or  extreme  reductions  of  the  sheaths 

of  minor  vascular  bundles.  However,  the  absence  of  as- 
sociated vascular  tissue  with  the  distinctive  Kranz  cells 

and  Arthropogon  bolivianiis. 

Another  reduction  series  affects  the  lower  glume.  The 

presence  or  absence  of  the  lower  glume  is  an  important 

character  for  recognizing  genera  in  the  Panicoideae  (Web- 
ster, 1988;  Judziewicz,  1990;  Kenvoize,  1998).  Clayton 

and  Renvoize  (1986)  and  Watson  and  Dallwitz  (1992) 

treated  Anthaenantia  and  Ijeptocoryphium  as  related  to 
each  other  and  characterized  both  by  the  absence  of  a 

lower  glume.  A  third  reduction  series  occurs  in  Reynaudia 
in  which  both  the  lower  and  upper  palea  are  absent. 

Texture  of  lower  glume:  character  34 

The  texture  of  the  lower  glume  in  the  Paniceae  varies 

from  herbaceous,  hyaline,  transparent,  or  rigidly  setaceous 
and  awnlike. 

Texture  of  upper  glume  and  lower  lemma:  characters  28 
and  29 

The  texture  of  the  upper  glume  and  lower  lemma  in  an(]  tne  iacfc  0f  ontogenetic  studies  to  interpret  homology 
Paniceae  is  variable;  it  may  be  coriaceous  or  membranous.  in  re|ation  to  meristematic  origin  caused  us  to  treat  this 
The  apex  of  the  upper  glume  and  lower  lemma  is  entire       character  separatelv. 
or  bilobed;  the  midnerve  may  be  prolonged  into  a  slender 

awn.  When  developed,  the  awn  may  be  straight  or  twisted 

and  in  the  latter  case  is  then  hygroscopic.  The  nerves  of 

the  upper  glume  and  lower  lemma  may  be  delicate  or 

enlarged,  in  the  last  case  with  deep  intercostal  grooves. 

Upper  floret:  characters  12,  16,  and  26 

The  most  diagnostic  characters  in  the  Paniceae  involve 

the  upper  lemma  and  upper  palea,  which  together  form 

the  upper  floret  (Chase,  1911;  Webster,  1988).  Similar  to 

The  presence  of  fusoid  cells  (character  21)  is  diagnostic 

for  the  Bambusoideae  (Metcalfe,  1960;  Jacques-Felix, 
1962;  Soderstrom  &  Ellis,  1987;  Ellis,  1987),  but  they 

also  occur  in  Homolepis  (Watson  et  al.,  1985;  Renvoize, 
1987;  Watson  &  Dallwitz,  1992),  Streptostachys  (Clayton 

&  Renvoize,  1986;  Renvoize,  1987),  and  in  species  of 

Panicum  sect.  Laxa  (Killeen  &  Clark,  1986;  Zuloaga  et 

al.,  1992).  In  these  panicoid  taxa  the  fusoid  cells  are  glo- 

bose, transversally  enlarged,  with  thin  cell  walls  and  with- 
the  spikelets  as  a  whole,  the  upper  floret  may  be  laterally  QUt   jntercellular  spaces   evident    in   transverse  sections, 
or  dorsally  compressed.  Lemma  texture  is  an  important  wnereas  intercellular  spaces  occur  in  the  Bambusoideae. 
character  in  the  delimitation  of  genera  of  Paniceae  (Chase, 

1911;    Blake,    1958;    Hsu,    1965;    Clayton    &    Renvoize,  APPENDIX  2.  List  of  specimens  examined  FOR  THE 

1986).  The  lemma  of  the  taxa  in  this  study  may  be  cori-  CLADISTIC  ANALYSIS 

aceous  or  hyaline,  and  its  color  varies  from  straw-colored 
to  castaneous  or  translucent.  Since  the  texture  and  color 

vary  with  the  development  of  the  spikelets,  care  was  taken 

Achlaena  piptostachya  Griseb. 

CUBA:  Without  locality,   Wright  3487  (isotypes,  US- 

to  only  use  only  mature  spikelets,  and  when  possible,  one       927103,  fragment,   US-75310);  hills  SE  of  Soledad,  30 

enclosing  a  mature  caryopsis.  In  the  absence  of  a  hypoth-       Nov.   1926,  Hitchcock  23333  (US).  Isla  de  la  Juventud: 
esis  about  the  evolution  of  the  color  of  the  upper  floret, 
this  character  was  treated  as  an  unordered  one. 

Hilum:  character  25 

Hilum  types  in  the  Paniceae  vary  considerably,  but 

there  are  no  general  studies  dealing  with  evolution  of  this 
character  in  this  tribe.  In  the  Paniceae  the  punctate  type 
of  hilum  is  most  frequent,  followed  by  the  linear  type. 

Zuloaga  and  Soderstrom  (1985),  Filgueiras  (1986),  Sen- 

dulsky  et  al.  (1987),  and  Morrone  and  Zuloaga  (1991)  con- 
sidered the  hilum  type  to  be  a  useful  taxonomic  character. 

For  this  study,  the  hilum  was  considered  to  be  linear  when 

it  occupies  the  entire  length  of  the  caryopsis  and  punctate 
when  it  is  no  longer  than  Va  as  long  as  the  caryopsis. 

(termination  lid:  character  27 

The  presence  of  a  well-defined  germination  lid  is  vari- 

able in  the  Paniceae.  Blake  (1958)  indicated  that  its  pres- 
ence constituted  a  significant  character  in  the  Paniceae, 

but  it  has  been  underutilized. 

ANATOMICAL  CHARACTERS  (CHARACTERS  18-21,  23,  30) 

Characters    19   and   20  deal   with    the   photosynthetic 

San  Pedro  region,  white-sand  sabanas,  18  Mar.  1954,  Kil- 
Vv  43960  (US);  near  Nueva  Gerona,  17  Dec.  1903,  Curtiss 

2  V)  (US).  Piiiar  del  Rio:  along  camino  Aguacate  from 
\\  ihia  Honda  to  Bafios  Aguacate,  11  Dec.  1910,  Wilson 

9  75  (US);  Taco-Taco,  Sierra  de  los  Organos,  400-500  m, 
1  I  Nov.  1941,  Morton  4365  (US). 

A  toparadisium  chapadense  Filg.  et  al. 

BKAZIL.  Coias:  Chapada  dos  Veadeiros,  muniefpio  of 

A  to  Paraiso,  ca.  26  km  a  Oeste  of  Alto  Paraiso,  ca.  14° 
0  'S^47°30'W,  campo  ru pest  re,  estrada  para  Colinas  do 
S  1  Goi&s,  5  Sep.  1994,  T.  S.  Filgueiras  &  M.  L.  Fonseca 
2  87  (isotype,  SI). 

A  toparadisium  scabrum  (Pilg.  &  Kuhlm.)  Filg.  et  al. 
var.  scabrum 

BKAZIL.  Mato  Grosso:  C&ceres,  Agua  Quente,  Kuhl- 

m  inn  1853  (isotype,  US-A0865392). 

A  toparadisium  scabrum  (Pilg.  &  Kuhlm.)  Filg.  et  al. 
var.  bolivianum  (Filg.)  Filg.  et  al. 

   ^  ^ 

pathway  and  with  the  Kranz  syndrome.  Brown  (1977)  and  BOLIVIA.  Santa  Cruz:  near  the  Arches,  5  km  N  of 

Ellis  (1977,  1988)  established  the  importance  of  anatom-  S,  ntiago  of  Chiquitos,  700  m,  2  Sep.  1942,  Cutler  7023 

ical  leaf  characters  for  analyzing  relationships  within  the  (1  )lotype,  US-20 13303). 
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Alloparadisium  scabrum  (Pilg.  &  Kuhlrn.)  Filg.  et  al. 
var.  rupestre  (Filg.)  Filg.  et  al. 

U.S.A.    Florida:    Altamonte   Spring,   25    Apr.    1959, 
Schallert  10441  (SI). 

BRAZIL  Goias:  Serra  do  Caiapo,  17°12'S,  51°47'W,      DigUaria  setigera  Roth 
ca.  50  kin  S  of  Caiaponia  on  road  to  Jataf,  26  Oct.  1964, 
Irwin  &  Soderstrom  7390  (fragment  of  isotype,  US). 

Anthaenantia  rufa  (Elliot)  Sclinlt. 

COLOMBIA.  Antioquia:  Mun.  Andes,  12.5  km  de  los 
Andes  haeia  el  Corregimiento  de  Taparttf,  24  Aug.   1988, 
Fonnegra  et  al.  2476  (SI). 

U.S.A.  Texas:  5  mi.  NW  of  Groveton,  Gould  12001       Homolepis  aturensis  (Kunth)  Chase 

(SI). 

Anthaenantia  i  illosa  (Michx.)  P.  Beam. 

BOLIVIA.  Beni:  Guayamerim,  Kraporickas  &  Schinini 
35109   (CTES).    BRAZIL.   Amazoiias:    Barcelaos   Negro 
river,  Baldwin  3330  (US).  Pernambuco:  Recife,  Pu  kel 

U.S.A.   Florida:   ca.   15  mi.   N  of  Pensacola,  Silvern       3608  (US).  COLOMBIA.  Cauca:  Chisqufo,  Finca  de  Der- 
5622  (US). 

Arthropogon  jilif alius  Filg. 

rumbes,  Asplund  10558  (US). 

Hamaphalis  belsonii  C.  F.  Iluhh. 

AUSTRALIA.  Jondaryan,  Darling  Downs  District,  1250 
ft.,  12  Feb.  1938,  Blake  13252  (MO). 

BRAZIL.  Distrito  Federal:  Cabeca  do  Veado,  Capim 
de  espiguetas  aristadas,  crescendo  em  brejo  recem  quei- 
mado,  15  Sep.  1080,  T.  S.  Filgueiras  671  (US-2946634). 

Minas  Gerais:  Uberlandia,  just  N  of  town,  left  side  RR,       l^ptocoryphmm  lanatum  (Kunth)  Nees 

850-870  m,  15  Mar.  1930,  Chase  11261  1/2  (US). 

Arthropogon  lanceolatus  Filg. 

ARGENTINA.  Corrientes:  Dpto.  Capital,  15  km  al  S 
de   la  ciudad   de  Corrientes,   Riachuelo,    16  Dec.    1983, 
Hunziker  et  al.    11091   (SI).   Kntre  Bios:   Depto.  Colon, 

BRAZIL.  Minas  Gerais:  Furnas,  Ribeirao  das  Pacas-       palmar,  a  13  km  E  de  Ruta  Nae.  14,  camino  al  Palmar, 

Caseatas,   28  July    1966,   Emygdio  2308   (isotype,    US- 
2979541). 

Arthropagon  villosus  Nees 

17  Jan.  1976,  Romanczuk  et  al.  56  (SI).  Misiones:  Dpto. 
San  Ignaeio,  San  lgnacio,  11  Oct.  1975,  Zuloaga  &  De- 
ginani  450  (SI).  BOLIVIA.  Santa  Cruz:  Buena  Vista.  30 

Sep.  1916,  Steinbach  2882  (SI).  PARAGUAY.  Itapiia:  Isla 

Yacireta,    camino    al    aerodromo    de    Yaeiretd,    27°22 'S, 

BRAZIL.  "Habitat  in  campis  altis  Chapada  of  Paranan       56°38'W,  23  Apr.  1992,  Morrone  &  Pensiem  237  (SI), 
provinciae  Minarum  versus  Goyaz,  et  ad   Rio  Fermoso," 
Martins  s.n.   (isotype  fragment,  US-865393).   Bahia:  22       Melinis  minutiflara  P.  Beauv. 
km  S  of  the  Rio  Galheirao  along  Hwy.  BR-020,  860  m,  8 
Apr.  1976,  Davidse  et  al.  12222  (US).  Mato  Grosso:  Bra- 
co,  Rio  Arinos,  26  Sep.  1943,  Baldwin  3041  (US).  Minas 

BRAZIL.  Bahia:  Mun.  de  llhluis,  estrada  Olivenca-Ma- 

ruim,  entre  los  kms  7-10,  restinga  arbdrea,  19  May  1985, 

Gerai«:i:»  Zuloaga  et  al.  2478  (SI).  Parana:  Porto  Amazonas,  ad 

cen.e.  10  Nov.  1956,  Macedo  2711  (US).  Sao  Paulo:  Ser-       ?Pf'T1 Lflu"T08  Rm  'P1*88*-  800  "•  }°.  Ju"e  1914'  DmAi ra  da  Cunha,  1200  m,  14  Mar.  1939,  Kuhlman  &  Gehrt 

s.n.  (US-2917179);  Mun.  S.  }osf  dos  Campos,  6.8-7.2  km 

15154  (SI).   Santa   Catarina:   Sombrio,  50   m,  29   May 
1945,  Reitz  1130  (SI).  Pernambuco:  Tapera,  Sep.  1930, 

ao  SSF  em  linba  reta  de  pra5a  principal  de  Sao  J„s*  dos       ̂ ''()7  (SI).  PERU.  Cajan.area:  Prov    Cutervo
    a  22 

Campos.  12  Sep.  1962,  Mimnra  557  (US). 

Arthropogon  xerachne  Fkman 

BRAZIL.  Sao  Paulo:  S.  Jose*  dos  Campos,  in  eampo, 
1910.  lMfgren  213  (syntype,  US-3168439.  fragment); 

Mun.  S.  Jose*  dos  Campos,  6.8-7.2  km  ao  SSE  em  linha 
reta  da  praca  principal  of  Sao  Jose  dos  Campos,  12  Sep. 
1962,  Mimnra  563  (US);  Campinas,  12  Dec.  1940,  Viegas 
&  Lima  s.n.  (US- 1 764757).  Parana:  without  locality,  23 

km  sobre  la  carretera  Cutervo— S6cota,  2450  m,  15  June 
1980,  Sanchez  Vega  2296  (SI).  VENEZUELA.  Miranda: 
Los  Teques,  faldas  de  cerros,  14  Mar.  1946,  Bnrknrt 16012  (SI). 

Reynaudia  filiformu  (Spreng.  ex  Schult.)  Kunth 

DOMINICAN  REPUBLIC.  Llano  Costero,  Higuey,  sa- 
vanna 2  km  W  of  town,  17  Apr.  1929,  Ekman  12208 

(MO). 
June    1910,   Dnsen    10002   (syntype,    US-3168438,   frag-  Streptostachys  asperifalia  Desv. ment);  Jaguariahyva,  in  campo  cerrado,  730  m,  30  Nov. 

1915,  Dnsen  17367  (SI),  22  Oct.  1911,  Dustn  13231  (SI,  BRAZIL.  Am  a  pa:  Porto  Platon,  Mattos  10120  (SP,  I  S). 
US);  Sao  Jose  dos  Campos,  Sep.  1908,  Ujjgren  3820  (US);  Goias:  2  km  N  of  Araguainia,  Irwin  et  al.  21133  (F,  NY, 
Mun.  S.  Jose  dos  Campos,  7.5  km  S  of  Sao  Jos6  dos  Cam-  US).  Para:  near  Soure,  Marajo  Island,  Goeldi  299  (I  S). 
pos,  along  highway  to  Paraibuna,  31   May   1961,  Ellen  &  VENEZUELA.  Sucre:  7  km  E  of  the  Moehima  Hwy..  in- 
Sendulsky  2867  (US). 

DigUaria  ciUaris  (Retz.)  Koel. 

ARGENTIN A.  Santiago  del   Estero:   Sierra  de  Gua- 
sayan,  Quebrada  de  Conzo,  16  Feb.  1989,  Ulibarri  1566 

(SI). 

Digit  aria  sanguinalis  (L.)  Scop. 

terseclion  along  Hwy.  9  between  Cumana  and  Puerto  la 
Cruz,  Davidse  5044  (MO). 

Thyridolepis  multiculmis  (Pilg.)  S.  T.  Blake 

AUSTRALIA.    Northern   Territory:    Uluru    National 
Park,  on  the  Docker  River  road  near  the  W  park  boundary, 

55  km  \\  NW  of  the  Ranger  Station.  25°17'S,  130°40  W, 
18  Aug.  1988,  Liza  rules  &  Palmer  535  (MO). 
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PHYLOGENY  AND 
SUI5FAMILIAL 

CLASSIFICATION  OF  THK 

GRASSES  (POACEAE)1 

Grass  Phytogeny  Working  Group2*3 

i \bSTKACT 

A  large  collaborative  effort  has  yielded  a  comprehensive  study  of  die  phylogeny  and  a  new  subfamilial  classification 

oldie  grass  family  (Poaceae/Cramineae).  The  study  was  conducted  on  an  integrated  and  representative  set  of  62  grasses 

[OXf/c  of  the  species  and  ca.  89£  of  the  genera)  plus  lour  outgroup  taxa  using  six  molecular  sequence  data  sets  {ndliY. 

rbcU  rpod.  plnti.  ITS2,  and  GBSS1  or  waxy),  chloroplasl  restriction  site  data,  and  morphological  data.  A  parsimonv 

analysis  using  2143  informative  characters  (the  combined  analysis)  resulted  in  a  single  most  parsimonious  tree  of  8752 

steps  with  an  Rl  of  0.556  and  bootstrap  support  of  >  90%  for  more  than  half  of  the  internal  nodes.  Significant 

relationships  that  appear  consistently  in  all  analyses  of  all  data  sets  and  are  strongly  supported  l>\  the  combined 

analysis  include  the  following:  Joinvilleaceae  are  sister  to  a  monophyletic  Poaceae;  the  earliest  diverging  lineages  ol 

the  Poaceae  are  Anomochlooideae,  Pharoideae,  and  Puelioideae,  respectively;  and  all  remaining  grasses  form  a  elade. 

Multiple  monophyletic  clades  were  recovered,  including  Bamhusoideae  s.  sir..  Ehrhartoideae,  Pooideae  s.l.,  Arislidoi- 

deae,  Danthonioideae,  Chloridoideae  s.  str..  Chloridoideae  s.l..  Panicoideae,  Parianeae,  Olyreae  s.  sir..  Oryzeae,  St i pear, 

Meliceae,  Lygeum  +   tardus,  and  Molinia  +  Phragmites.   Hie  PACCAD  Clade  is  monophyletic,  containing  Aristidoi- 
deae.  Danthonioideae.  Arundinoideae  s.  str..  Chloridoideae  s.l..  Centothecoideae,  Panicoideae.  EHachne.  Micniim.  and 

Gynerium.  Based  on  the  phytogeny,  a  classification  <»('  I  I  previousl)  published  subfamilies  |  Anomochlooideae,  Pharo- 
ideae, Puelioideae.  Bambusoideae,  Ehrhartoideae,  Pooideae,  Aristidoideae,  Arundinoideae.  Chloridoideae,  Centothe- 

coideae, and  Panicoideae)  and  1  new  suhfamiK  (Danthonioideae)  is  proposed.  Several  changes  in  the  circumscription 

of  traditionally  recognized  subfamilies  an-  included.  Previous  phylogenetic  work  and  classifications  are  reviewed  in 

relation  to  this  classification  and  circumscription,  and  major  characteristics  of  each  subfamily  are  discussed  and  de- 

scribed.  The   matrix,    trees,    and    updated    data    matrix   are   available   at    (http://www.virtualherbarium.org/grass/gpvvg/ 
default. him). 

Key  words:     cereals,  classification,  DNA  sequence  data,  evolution,  grass,  phylogeny,  Poaceae. 
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The  economic  and  ecological  significance  of  the  and  are  somewhat  more  distantly  related  to  Flagel- 

grasses  (Poaceae)  has  led  to  widespread  interest  in  lariaceae  (Dahlgren  el  aL,  1985;  Campbell  &  Kei- 

th eii  evolution  and  classification.  The  cereals,  sug-  logg,  1987;  lander.  1987;  Doyle  et  aL,  1992;  Kel- 
arcane,  bamboos,  and  forage  and  weedy  grasses  are  logg  &  lander.  1995;  Briggs  el  aL.  2000):  this  group 

ol  pre-eminent  importance  in  human  economy.  forms  die  graminoid  clade,  a  subset  of  the  order 
Grasses,  which  occur  in  virtually  every  terrestrial  Poales  (APG,  1008).  A  sister-group  relationship  be- 

tween Poaceae  and  Join\  illeaceae  consistently  has 

been  supported  (Campbell  &   Kellogg.  1087:  Doyle 

habitat,  cover  as  much  as  one-filth  of  the  Earths 

land  surface  (Shantz.  1054).  Long  recognized  as  a 

"natural"  group,  the  grass  faniilv   includes  approx-       el  aL.    1992:  Clark  el  aL.    1005;  Sorene  &    Davis, 
imately   10.000  species  in  over  700  genera  (Dahl- 1998),  although   rbcL  sequence  data  suggest   thai 
gren  el  aL,   1085:  Tzvelev.   I080:  Watson  ov   Dall-      Joinvilleaceae    +     Ecdeiocoleaceae    is 
witz.   1992;  Renvoize  <&  Clayton,   1002).  Efforts  to      Hade  t()  Poaceae  (Briggs  el  aL.  2000). 

ie    sister 

produce  a  comprehensive,  formal  taxonomic  struc- 

family  began  over  200  years  ago,  while ture  ol   lh( 
The  grass  lamily  was  recognized  as  distinctive 

and  coherent  long  before  the  term  monophvlv  was 

ever  applied.  The  fruit  (caryopsis)  is  unique  to  the 
serious  study  ol  grass  evolution   began   late  in  the 
10th  century. 

Thr  (imss   Phylogeny   Working  Group  (GPWG)      llls„|  |()  the  iim(.,.  wal]  ((f  ,',„.  oyan.  Th<>  ;,mbrvo  f 

family,  with  the  outer  integument  developmental  I  \ 
Ml  d 

I 

was  established  in   1996  to  (I)  combine  a  series  of      lateral  and unlike  most  monocol  embryos,  is  highly 
existing  dala  sets  lo  produce  a  comprehensive  phv-       Aire** ,-.>.,i;  , i  .A    ,.;•!.     i    ...    i       .         i         ,  •   , °  '  '  '  (lillcienliauMl.  with  clear  snool  ami  root  menstems, 
logenv  lor  the  grass  lamilv;  (2)  focus  ta\on  sampling       i    lt         ,„  i      ,        i  »  ti  ii 

n§    •  r  ,.       :     .  ,  ,  leaves  and   vascular  system.    I  he  pollen,  as  is  t\p- 
ical   for  ihe  whole  order  Poales,  has  onl\   one  ap- 

erture, but  in  grasses  the  pollen  wall  lacks  scrobi- 

ii)  the  development  of  existing  and  future  data  sets; 

and  {'.\)  reevaluate  the  subfamilial  classification  of 
ihe  grass  lamilv  based  on  the  results  of  the  phvlo-  r     .        i,   .     ,    ,,  ,.     .    ,.         .        ,.  . 

-  i  •       i  cull.   In  all   hut   the  earliest-diverging  lineage,  the genetic  analyses.  We  combined  and  performed  ela-  i     i    .  •   .       ,•  r   ■  •     .    i  ■ genetic  analyses.  We  combined  and  penormea  c 

distic  analyses  on  eight  data  sets  (one  structural. 

lour  plastome,  and  three  nuclear)  from  02  grasses 

and  I  out  group  taxa.  The  phylogenetic  results  and 

a  revised  subfamilial  classification  of  the  grass  lam- 
ilv are  presented  in  this  paper. 

Review  of  Grass  Phylo<;kny  \\n 

Classification 

grass  spikelet  consists  of  a  set  of  distichous  bracts, 

the  basal  two  empty  (glumes)  with  a  series  of  one 

to  many  bracts  (lemmas)  above,  each  lemma  sub- 

lending  a  contracted  floral  axis  on  which  is  borne 

a  presumed  prophvll  (palea),  two  or  three  reduced 

perianth  parts  (lodicules),  the  androecium,  and  the 

ynoecium  (see  discussion  under  Spikelet). 

O'V 

A 1 1 lough  subdivision  of  tl ie  grasses  into  groups 

Historically,  the  Poaceae  were  thought  to  be  re- 

vve  today  call  tribes  began  in  the  18th  century  (see 
reviews  in  Calderon  &  Soderstrom,  1980;  Gould  & 

lated    to    Cyperaceae    (Engler,     1892;    Cronquist,      Shaw,   1983;  Pohl,   1987).  works  by  Brown  (1810, 
1981)  based  on  floral  reduction  and  chemical  char- 

acters, but  evidence  accumulated  during  the  past 
181  I)    represent     the    earliest    attempt    to    define 

groups  of  tribes,  or  what  we  now  call  subfamilies. 

15  years  unequivocally  shows  that  the  similarities       Blwwl    (,81  ,(   divided   th(.   grasses   into   lh< 

•    tribe 

are  convergent.  Phylogenetic  studies  based  on  mor- 

Kestionaceae.  Anarthriaceae.  and  Kcdeiocoleaceae. 

Paniceae  (roughlx   equivalent  to  the  modern   Pani- 
phological  and  molecular  characters  sh<m  that  the      coideae)  and  the  tribe  Poaceae  (rougl.U  equivalent 
grasses  are  most  closely  related  to  Joinv.llcaceae,      |()  ,,„.  Festucoideae  of  Hitchcock  &  Chase,  1950) 

based  on  spikelet  compression,  articulation,  and 
floret  number.  Urown  is  credited  with  describing 

grass   spikelels    in   detail   and    recognizing   them    is 
branched  structures,  as  well  as  noting  the  tendem  j 

for  the  panicoids  to  grow  in  warm  climates  and  the 

pooids  in  cooler  climates  (Gould  cK  Shaw.  1983; 

Pohl.  1987).  Brown's  division  of  the  faniilv  into  two 

Roberta  J.  Mason-Gamer.  Department  <>f  biological  Sci- 
ences, University  of  Idaho.  Moscow.  Idaho  83844,  U.S.A.; 

Sarah  V  Mathews,  Division  of  Biological  Sciences,  Uni- 
versity oi  Missouri-Columbia,  22(>  Tucker  Hall.  Columbia, 

Missouri  f>(>2 1  I .  U.S.A.:  Mark  P.  Simmons,  The  Ohio  Slate 

University  Herbarium,  Ohio  State  University,  1315  kin- 

near  Road,  Columbus,  Ohio  13212,  U.S.A.:  Robert  J.  So-       maJor  grouPs  was  formalized  by   Henlham  (1878), 

reng,   Department  of  Botany,   Natural    llistorv   Museum,      was  retained  by  Bentham  and  Hooker  (1883)  and 
Smithsonian   Institution,   Washington,   D.C.  20560-0166, Hackel    (1887),   and    persisted    well    into   the  20th 

U.S.A.;  Russell  E.  Spangler,  Department  of  Ecobgy,  Evo-       century    (e.g.,     Hitchcock.     1935;    Hitchcock    & Chase,  1950). 

Several  classifications  for  the  grasses  based  on 

spikelet   and    inflorescence   morphology   were   pro- 

ution,  and  Behavior,  University  ol  Minnesota,  1987  Upper 
Buford  Circle,  St.  Paul.  Minnesota  55108,  U.S.A. 

;  \uthor    for    correspondence:    Elizabeth    A.    Kellogg 
tkellogg@umsl.edu. 
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posed  in  the  19th  century  (sec  reviews  in  Calderon  of  Diarrhena,  Nardus,  and  Lygeum,  the  remaining 

&  Soderstrom,  1980;  Could  &  Shaw,  1983;  Camp-  seven  clusters  corresponded  to  the  subfamilies  Fes- 

hell,  1985;  Pohl,  1987),  with  usually  nine  or  ten  tucoideae,  Oryzoideac,  Arundinoideae,  Centothc- 

tribes  recognized.  Some  tribes,  for  example  Pani-  coideae,  Panicoideae.  Kragrostoideae,  and  Bam- 

eeae,  Andropogoneae.  and  Bambuseae,  contain  busoideae.  Watson  et  al.  (1985)  used  the  DK1TA 

largely  the  same  genera  now  as  nearly  200  years  system  to  conduct  comprehensive  phenetic  analy- 

ago.  Others,  such  as  the  various  "pooid"  tribes,  in-  ses  of  the  family,  and  their  character  list  continues 

eluded  disparate  elements  and  are  now  seen  as  ar-  to  be  developed.  Watson  and  Dallwitz  (1992)  ini- 

tidcial.  tially  recognized  five  subfamilies  and  subsequently 

Whether  explicit  or  not,  a  different  perspective  updated  their  classification  to  include  seven  (Wat- 

on  the  evolution  of  grasses  and  relationships  within  son  &  Dallwitz,  1999;  http://biodiversity.uno.edu/ 

the  family  began  to  emerge  by  the  end  of  the  19lh  delta/grass/www/class. htm);  these  are  Stipoideae, 

centurv.  Workers  such  as  Celakovsky  (1889),  Coe-  Pooideae,  Bambusoidcac,  Centothecoideae,  Arun- 

I -el  \ 1895),  and  Schuster  (1910)  carefulh  analyzed  dinoideae,  Chloridoideae.  and  Panicoideae.  Sub- 

spikclet  structure  and  proposed  that  Streptochaeta,  sequent  phenetic  analyses  of  immunological  data 

or  something  very  much  like  it,  was  representative  (Ksen  &  Hilu,  1989)  and  plastic!  DNA  reassociation 

of  the  most  primitive  grasses.  Willi  the  development 

df  leaf  anatomical  (Duval-Jouve,  1875;  Prat,  1932), 

(Hilu  &  Johnson,   1991)  were  limited  in  samplin 

but  in  each  ease  produced  four  major  groups. 

Only    within    the    past    15   years   have   cladistic embryological  (van  Tieghem,  1897),  and  cytological 

(Avdulov,  1931)  data,  a  profound  reassessment  of  methods  been  applied  to  questions  of  grass  phylog- 

evolutionarv    relationships    among   grasses    began.  eny  and  evolution.  The  first  attempt  to  produce  an 

Additional  data  on  embryo  anatomy  (Reeder.  1957.  explicit    hypothesis  of  relationships  was   the   mor- 

1961.    1962),  starch  grains  (Tateoka.  1962).  lodi-  pliological    phylogeny    of   Kellogg    and    Campbe 

ules  (Jirasek  &  Jozffova.  1968;  Cuedes  &  Dupuy,       (1987).  who  analyzed  33  characters  scored  for  vir- 

1976),  and  leaf  anatomy  (Brown,    1958;  Metcalfe, tually  all  grass  genera.  The  pooids  (including  Sti- 

1960)  accumulated  and  were  also  incorporated  into  peae),  Panicoideae,  Chloridoideae.  and  Bambuso- 

evolutionary  and  classification  schemes.  Several  ideae  were  consistently  monophyletic  in  their 

classification  systems  were  published  in  the  20th       analyses,  but  Arundinoideae  were  polyphyletic,  and 

centurv    (e.g..    Roshevits,     1937,     1946;    Tateoka,  the   pooid  clade  formed   the  basal   lineage   in   the 

1957;    Prat,    1960;   Stebbins   &   Crampton,    1961;  family.    Bambusoidcac   s.l.    (including   herbaceous 

Jacques-Felix,  1962;  Cam,  1982;  Clayton  &  Ren-  tribes   such    as   Anomochloeae,   Phareae,   Strepto- 

v|oize,   1986;  Tzvelev,    1989;   Renvoize  &   Clayton,  chaeteae,  and  Streptogyneae)  were  interpreted  as 

992;  Watson  &  Dallwitz,  1992);  major  ones  that  monophyletic-   based  on   the  presence  of  arm  and 

are  global   in  scope  are  compared  in  Table   I.  The  lusoid   cells;   several    tribes  often    included    in   the 

number  of  subfamilies   recognized   ranged   from   2  traditional    Bambusoidcac    were    placed    in    other 

(Tzvelev,  1989)  to  13  (Caro.  1982).  All  but  the  Wat-  clades    (e.g.,    Brachyelytrcae,    Diarrheneae,    and 

son    and    Dallwitz   (1992)   classification,   which    is  Phaenospermatidae  in  the  pooid  clade). 

avowedly  phenetic.  were  based  on  presumed  evo-  llamby  and  Zimmer  (1988)  and   Doebley  et  al. 

lutionary  relationships.  The  major  change  was  the  (1990)  published  the  first  molecular  phylogenies  for 

subdivision  of  the  old  Festucoideae  (or  Pooideae)  the  family,  based   respectively  on   ribosomal   RNA 

into  several  subfamilies;  Panicoideae  were  retained  and   plastic!  gene  rbcL  (ribulose  1,5-bisphosphate 

almost    without    modification.    Other    differences  carboxylase/oxygenase,    large   subunit)   sequence 

among   the   major  classification   systems   primarily  data.    Relatively    few    taxa    were   sampled    in    both 

relate  to  the  treatment  of  Arundinoideae  and  Bam-  studies,  but   both  supported   the  core   Pooideae  as 

busoideae.  Clayton  and  Renvoize  (1986)  in  partic-  well  as  the  group  that  came  to  be  known  as  the 

lilar  published  a  number  of  diagrams  depicting  re-  PACC   clade  (Davis  &   Soreng.   1993).  containing 

lationships  based  on  their  synthesis  of  knowledge  subfamilies  Panicoideae,  Arundinoideae.  Centothe- 

at  that  time.  These  diagrams  have  served  as  a  start-  coideae,  and  Chloridoideae. 

ing  point  for  much  subsequent  work.  The  first  extensive  application  of  molecular  data 

f 
Phenetic  analyses  of  the  grass  family  generally       to  grass  phylogeny  was  undertaken  by  Davis  and 

Soreng  (1993),   using  plaslid   DNA   restriction  site ound  groups  consistent  with  the  five  or  six  subfam- 

ilies commonly  recognized  by  the  mid  1980s.  Hilu  variation  for  31   taxa  representing  the  six  subfami- 

and  Wright  (1982),  in  a  cluster  analysis  of  morpho-  lies   of  Clayton   and    Renvoize   (1986).   This  study 

logical    and    anatomical    data,    found    eight    major  marked  the  beginning  of  wider  sampling  in  the  tra- 

roups  with  strong  support.   Kxcept  for  the  cluster  ditional  Bambusoideae  (=  Bambusoidcac  s.l.).  long 
if 
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presumed  to  include  the  most  ancestral  elements  of  as  the  mononhvlv  of  the  core  Bambusoideae,  in  ad- 

the  grass  family.  Davis  and  Sorengs  (1993)  results  clition  to  supporting  the   PACC  and   pooid  elades. 

supported    an    expanded    pooid    clade,    the    PACC  The  topology  recovered  by   Liang  and   llilu  (1996) 

(now  PACCAD)  elade,  and  suggested  that  the  tra-  from  analysis  of  m<itk  (maturase  K)  sequence  data 
ditional  Bambusoideae  were  not  monophyletic. was  similar  to  the  r/wL  topologies,  with  the  PACC 

Nadot   el   al.   (1991)  analyzed   sequences  of  the       and   pooid  elades  sister  to  each  other,  and  Oryza 
plastid  gene  rps4  (ribosomal  plastid  small  suhunit.       sister  to  that  elade  and  a  woody  bamboo  sister  to 

protein  4)  for  26  genera  of  grasses.  Their  sampling       the  whole  family.  IK  this  time,  reassessment  of  sub- 

hamhusoid/ oryzoid    taxa    were    paraphyletic    and 

was  heavily  weighted  toward  the  pooid  grasses,  but  familial    classification    was    necessary;    Clark    and 

they   did    include   three  genera  of  woody   bamboos  Judziewicz    (1996)     resurrected     Anomochlooideae 

and   Zizania    and    Oryza    of  the   ehrhartoids   (ory-  and  Pharoideae  to  accommodate  the  basal  lineages 
zoids).  They  recovered  both  a  monophyletic  pooid  of  the   family,   which    could    not    be    retained    in    a 
elade  (including  Stipa)  and  the  PACC  elade.  The  monophyletic  Bambusoideae. 

Soreng  and   Davis  (1998)  combined  a  structural 

formed  a  polycholomy  with  the  PACC  elade.  Cum-  data    set    (including    morphological,   anatomical, 
nungs  et  al.  (1991).  using  sequence  data  from  the  chromosomal,  and  biochemical  characters  as  well 

plastid    rpoC2    (RNA    polymerase    II.    [J"   suhunit)  as   structural    features   of  the   chloroplast   genome) 
gene,   sampled   only    13   genera,   but   did   derive  a  and  an  expanded  chloroplast   restriction  site  data 

monophyletic    PACC    elade    and    a    monophyletic  set  to  analyze  phylogenetic  relationships  within  the 
pooid  elade.  The  rbcl.  sequence  analysis  of  Parker  grass  family.  They  confirmed  the  basal  positioi 

is  o 
el   al.  (1995)  focused  on  the  subfamily  Arundino- Anomochlooideae  and  Pharoideae.  monophvlv  of  ai 

I 

i 

ideae.  Both  the  PACC  and  pooid  elades  were  shown  expanded     Pooideae,    monophyly    of    Panieoideae, 
to  be  monophyletic,  although  the  traditional  A  run-  Centothecoideae.  and  Chloridoideae,  and  polyphyly 
dinoideae    appeared    as    polyphyletic.     Bambuso-  of  the   traditional   Arundinoideae.  The  core   Bam- 

ideae,  represented  by  a  woody  I uimboo  (Bambusa)  busoideae.    supported    as    monophyletic    in    other 
and   Khrhartoideae  {Zizania  and  Oryza).  were  par-  analyses    along    with    the4    ehrhartoid    grasses,    ap- 
aphyletic  to  the  rest  of  the  family. peared  as  a  set  of  elades  paraphyletic  to  the  [Bra- 

Clark   et   al.   (1995)  were  the  first   to   include  a       chyleytrum    +   (Pooideae   +    PACC)|  elade.  Soren 
broad    sample   of  bambusoid   and   ehrhartoid   taxa. 

If 

and    Davis   (1998)   also    identified   structural   syna- 

Using  tulhV  (NAIHI  dehydrogenase,  suhunit  F)  se-       pomorphies  for  major  elades.  including,  for  exam- 
quence  data,  they  confirmed  the  polyphyly  of  the       pie.  loss  of  the  epiblast  and  gain  of  an  elongated 
traditional    Bambusoideae   and    demonstrated    that 

Anomochloa    and    Streptochaeta,    two   broad-leaved 

mesocotyl  internode  in  the  PACC  elade. 

Parker  et  al.  (1999)  used  sequences  of  the  grass- 

Neotropical  forest  genera,  formed  the  earliest  di-  specific  insert  in  the  chloroplast  gene  rpoC2  (here- 
verging  branch  of  the  family,  with  Pharus,  another  after  referred  to  only  as  rpoC2)  to  study  relation- 

broad-leaved  tropical  forest  genus,  constituting  the  ships  among  a  broad  sample  of  "arundinoid"  taxa. 
next  most  basal  branch.  Their  results  also  con-  They  were  the  first  to  include  molecular  data  on 

firmed  strong  support  for  monophyly  of  the  PACC  such  traditionally  arundinoid  genera  as  Centropo- 
clade,  an  expanded  pooid  elade  (including  St ipeae,  dm.  Merxrnuellera,  Notochloe,  Triboliitm.  Mona- 
Phaenospermatideae,  Braehyelytreae,  and  Diarrhe-  chather,  Pentaschistis,  Prionanthium,  Cortaderia, 
neae),    a    derived,    monophyletic    core    bambusoid  and   Spartochloa.    Because   Arundinoideae   were 
elade  (Olyreae   +    Bambuseae).  and   the  polyphyly  known   to  be   polyphyletic.  previous  classifications 
of  the  traditional   Arundinoideae.  They  also  recov-  were  not  helpful  in  placing  these  genera.  rpoC2  se- 

quences of  Anomochloa  and  Streptochacta  could  not 

bambusoids.   ehrhartoids.   and   pooids.   which    they  be  aligned  with  those  of  other  grasses,  so  their  basal 

the   POP  elade  (here   updated   to  the   PKP  position  could  not  be  tested.   Relationships  anion, 
Clade  based  on  nomenclatural   priority  of  Khrhar-  the   Bambusoideae,    Pooideae   s.l..   and    the   PACC 

loideae    over    Oryzoideae).    They    concluded    that  clade   varied   depending  on   the  analytical   method 

ered  a  weakly  supported  clade  including  the  core 

many  features  previously  used  to  define  the  tradi-       and    inclusion    of  phylogenetically    informative   in- 
tional    Bambusoideae,    including    the    presence   of      sertion/deletion  characters.  Consistent   with   previ- 
arm    and    fusoid    cells    and    pseudopetiolate    leaf  cms  studies,  they  identified  Panieoideae  and  Chlor- 

blades    among   others,    were    probable    synapomor-  idoideae  as  monophyletic.  They  showed  clearly  that 
phies  for  the  family.  a  large  clade  corresponding  to  Danthonioideae  is 

The  rftcL  study  of  Duvall  and  Morton  (1 990)  con-  monophyletic  and  that  this  corresponds  at  least  in 
firmed  the  basal  placement  of  Anomochloa,  as  well  part  to  the  clade  with   haustorial  svnerads  identi- 
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fied  by  Verboom  et  al.  (1994).  They  also  showed  sistent  with  certain  broad  phylogenetie  groups  (Kel- 

ihat  the  genus  Merxmuellera  is  polyphyletie,  with  logg,  1998).  Unique  combinations  ol  linkage  groups 

one  species,  M.  rangei,  most  closely  related  to  Cen-  arc  synapomorphic  lor  subfamilies  Pooideae  (Moore 

tropodia  and  the  chloridoids.  et  al.,   1995;  Gale  &   Devos,   1998),  Panicoideae 

llilu    et    al.    (1999)    sequenced    the   chloroplast  (Moore  et  al.,  1995;  Gale  &   Devos,   1998:  Wilson 

gene  matK  for  62  species  of  Poaceae  and  produced  et  al.,    1999),  and   Ehrhartoideae  (Kennard  et   al., 

a  tree  that  was  quite  similar  to  those  found  in  pre-  1999).  In  addition,  unique  linkages  support  mono- 

vious  studies.  Streptochaeta  and  Anomochloa  were  phyly  of  Triticeae  (Devos  et  al.,  1993)  and  Andro- 
the  earliest  diverging  lineages,  although  paraphy pogoneae  (Wilson  et  al.,  1999). 

letic  instead  of  monophyletic.  The  mat K  data  sup-  Phylogenetie   analyses   of  individual    molecular 

ported  a  PACC  clade  and  a  clade  including  Pooi-       data  sets  within  the  last  decade  have  converged  on 

deae       and       Bambusoideae.       Oryzoideae       ( a    set   of  well-supported    relationships   within    Po- 

Ehrhartoideae)  was  sister  to  the  PACC  clade.  rather      aceae.  Changes  in  the  circumscriptions  ol  sublam- 

than  the  pooid/bambusoid  clade,  but  this  was  not       dies,  and  in  the  number  of  subfamilies  recognized. 

strongly  supported. clearly   are   necessary.   The   GPWG   analyses   pre- 

<>h<;anizvnon  ok  thk  <;i»w(; 

Zhang  (2000)  used  the  intron  in  the  chloroplast  sented  here  provide  robust  support  for  the  major 

gene  r/>/16  (ribosomal   protein    16)  to  construct   a  clades  within  the  grass  family,  and  provide  the  ba- 

phylogeny  of  the  grasses  and  confirmed  (again)  the  sis  for  the  first  family-wide  subfamilial  classilica- 

early  divergence  of  Anomochloa  and  Streptochaeta,  tion  based  on  an  explicit  phylogenetie  hypothesis, 

although  his  data  did  not  support  the  monophyly  of 

the  pair.  The  next  branch  was  Pharus.  The  rpl\6  MATERIALS  AND  METHODS 

data  supported  a  PACC  clade  and  a  HEP  (Made; 

Puelia  olyrijormis  was  sister  to  the  IJEP  (Made,  with 

modest  bootstrap  support.  The  Grass  Phylogeny  Working  Group  was  formed 

Analyses  of  nuclear  sequence  data  have  provid-  explicitly  to  combine  available  data  on  the  phylog- 

ed  results  complementary  to  those  obtained  for  mo-  eny  of  the  grass  family  and   to  use  these*  data  to 

lecular  plastid   data   sets.   Mathews  and   Sharrock  propose  a  new  classification.  Most  contributors  had 

(1996)  and   Mathews  et  al.  (2000)  sequenced  loci  already  published  papers  on  grass  phylogeny  and 

in  the  photochrome  gene  family  and  resolved  a  to-  were   invited   to  contribute   their  data,   both   pub- 

pologv  similar  to  that  derived  from  ndhY  sequence  lished  and  unpublished.  Kach  contributor  retained 

data,  although  the  photochrome  data  provided  sig-  control  over  his  or  her  data  and  was  free  to  publish 

nificantly  stronger  support  for  the  BEP  (Made  than  at  any  time,  but  the  group  agreed   that  the  entire 

did  the  ndhY  data.  Additionally,  the  basal  positions  data  set  would  be  published  as  a  single  paper.  Most 

of  Anomochloa,    Pharus,   and   Puelia   (as   noted    in  of  the  collaboration  has  been  conducted  via  e-mail. 

Zhang,    1996)  were  confirmed.  Hsiao  et  al.  (1999)  and    the   entire   group   has   never  met    in   a  single 

inferred    phylogenetie    relationships    within    the  place.  This  may  serve  as  a  model  lor  future  collab- 

grasses  based   on   sequences  of  the   internal   Iran-  orations  in  plant  systematics. 
A  list  of  taxa  was  drawn  up  in    1995  by   LGC, scribed   spacer  (ITS)   region  of  nuclear   ribosomal 

DNA.   As   in  the  other  studies,  Streptochaeta  and  JII),  and  EAK  to  improve  parallel  sampling  lor  all 

Pharus   were   resolved   as   the   basal    lineages,  and  data  sets  (Table  2;  Appendix  1).  This  list  was  cho- 

monophvly  of  the  PACC  clade  and  monophyly  of  sen  to  include  as  many  of  the  major  lineages  in  the 

the  Pooideae  were  strongly  supported.  Unlike  pre-  family  as  possible,  based  on  our  knowledge  from 

vious  studies,  however,  some  of  Hsiao  et  al.s  (1999)  previous  studies.  Although  sampling  ol  taxa  is  still 

analyses  found  that  the  traditional  Arundinoideae  not  perfectly  parallel,  many  sequences  were  gen- 

were  monophyletic. erated  for  this  particular  set  of  taxa.  DMA  was  ex- 

Combined  analysis  of  sequence  data  from  two  changed  as  necessary  among  members  of  the  group, 

chloroplast  genes  (ndhl\  rhcL)  and  one  nuclear  The  list  was  expanded  slightly  based  on  results  ac- 

gene  (photochrome  B)  provided  strong  support  for      quired  during  the  study. 

the  placement  of  Puelia   4-   Cuaduella  as  the  next All  sequences  available  at  the  end  of  1997  were 

most  basal  lineage  of  the  family  after  Anomoch-  assembled  by  EAK  into  a  single  large  data  set  in 

looideae  and  Pharoideae  (Clark  et  al.,  2000).  These  NEXUS  format.  The  data  set  was  then  distributed 

results  necessitated  the  description  of  a  new  sub-       via  e-mail  to  all  participants,  who  had  the  oppor- 

faniily,  the  Puelioid 
tunity  to  comment  on  it.   A   "final"  version  of  the 

Mapping  studies  of  the  nuclear  genome  are  in       data  set  was  then  distributed.  Based  on  the  results 

their  infancy,  but  genome  rearrangements  are  con-       of  the  first  round  of  analyses  (GPWG.  2000).  the 
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Table  2.  Summary  o(  genes  and  laxa  included  in  the  combined  analysis.  Taxa  arc  listed  approximately  in  the  order 

in  which  they  appear  in  Figure  I.  cp  rs  =  chloroplast  restriction  sites;  (,\\S  =  (iHSSl;  struc.  =  structural  data;  *  = 
composite  taxon,  represented  by  sequences  from  several  genera;  #  =  composite  taxon,  represented  b\  sequences  of 
different  species  within  the  same  genus  (as  in  Appendix  I).  For  details  of  species,  authorities,  original  publications, 

and  (ienllank  accession  numbers,  see  Appendix  I.  Merxmuellera  m.   =  Merxmuellera  macowanii,  Merxmuellera  r.   = 
Merxmuellera  rangeL 

Puelia 

(ienus  cp  rs  ndhV  phy\i  rhe\.  rpoC  GHS  ITS  struc 

Flagellars  X  X  X  X 
Elegia*  X  X 
Haloskion  XX  X 

XXX 

OlyroM  XXX  X 

BuergersiochloQ  X  X 

Pseudosasa*  X  X  X  X  X 

iXassella*  X  X  \ 

Piptatherum#  X  X 

liravhypodiumtf  XXX 

I  niola  X  X 

Zoysia#  X  X 

\ 

\ 

\ 

Jainrillea#  X                   X                   X  X                   X                                       XX 
\nomochloa  X                    X                    X  X                                         X                                         \ 

Streptochaeta#  XXX  XX 
Pharus*  XXX  XXX 
Guaduella                                                      X  X \ 

\ 

Eremitis  XXX  X  X 
Pariana  XX  XX 
LUhaclme#  X  X  X  X  XX 

\ 

\ 

\ 

Chusqueaffi  X                 X                 X  X                                    XXX 
Streptogyna  XX  \ 
Ehrharta#  XXX  X                                      XX 
Oryza  XXXXXXXX 
Uersia*  XX  X                                                       XX 

Phaenosperma  X  X 
Bravhyelytrum  XX  XX 

Lygeum  XXX  X                 X                 X                 X 
AVm/iu  XXX  X                                    XX 

Anisopogon  XXX  X                                        XX 
Ampelodesmos  XX  XX 
Siipa*  XX  XX                                  XX 

X  \ 

X  \ 

X  X 

\leliea#  XXX  XXX 
Glyceria*  XXX  XXX 
Diarrhena*  XXX  XX 

Avena*  X                X                X  X                X  XX 
Bromus*  X                 X                 X  X                 X  XX 

THiicum*  X                 X                 X  X  XXX 
Iristida*  X                X                X  X                X  XX 

St  ipagrostis                                                X  XX  XX 
\mi>hiiMg<m#  XX  XX  XX 

■Iriindb  XX  XX  XX 
W»//fii«*  X                 X                 X  X                 X  XX 
Phragmites  X                X                X  X                X  XX 
Merxmuellera  m.                                            X  X                  X  X  X                  X 
Karrooihha                                                 X  X                 X  X  X                 X 
Danthonia*  X                 X                 X  X                X  XX 
Ausirodanthonia                                        X  X                X  X  X                 X 
Merxmuellera  r.                                              X  X                  X  X  X                  X 
Cenlropodia                                                 X  X                 X  X  X                 X 
Eragrostis*  X                 X                 X  X                 X  XX 

\ 

\ 
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Table  2.      Continued. 

G enus 

Distich  I  is 

Pappophorum 

Spurt ina# 

Sporobolustf 

Eriachne# 

* 

i 

Mi-
 

en i  in  i # 

Tlixsaiiolaenu 

Gy  ncri  urn J 

Cluismanthium# 

Zeugites 
Danthoniopsis# 
P(tnicum# 

Pennisetum# 

\li.\c<i  ntkus* 
Zea 

CD  rs 

\ 

X 

X 

X 

X 

X 

X 

iidhY 

plnM 

r ltd 

rpoC X 

X 

\ 

X 

X 

X 

X 

\ 

X 

\ 

X 

X 

X 

X 

X 

X 

\ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

\ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

CMS 

X 

X 

\ 

X 

ITS 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

stria 

X 

X 

X 

X 

X 

\ 

\ 

X 

\ 

X 

X 

X 

\ 

X 

X 

taxon   list   was  expanded   to  include  several    more  groups.  This  choice  was  based  on  previous  work 

danthonioid  taxa,  and  the  matrix  was  recompiled  (summarized  in  Kellogg  &  Li nder,  1995)  indicating 

by  J  ID-  Although  all  participants  in  the  GPWG  that  these  represent  the  closest  relatives  ol  the 

were  invited  to  undertake  data  analyses  and  com-  grasses.  The  results  of  Hriggs  et  al.  (20(H))  suggest 
ment  on  the  final  version  of  matrices,  abstracts,  and  that  the  Ecdeiocoleaceae  should  be  included  in 

text,  this  was  not  required.  Thus  the  analyses  and  outgroup  comparisons  for  the  grasses  in  the  future, 
text  of  this  paper  reflect  largely  the  work  of  LGC,  Within  the  grass  family,  62  exemplar  species  were 
J 1 1),  and  KAK.  with  input  from  several  members  of  (.|losen  to  represent  the  commonly  recognized  sub- 
the  group.  The  (iPWG  website  was  created  and  is  famjiies  Anomoehlooideae,  Arundinoideae,  Barn- 
maintained  by  GFG.  busoideae,   Centothecoideae,   Chloridoideae,   Ehr- 

hartoideae     (  =  ()ryzoideae),     Panicoideae,     Pha- 

roideae,  and  Pooideae.  as  well  as  species  from  sev- 

The  taxa  used  in  this  analysis  include  four  gen-  eral   genera  whose  placement  was  uncertain  (Am- 

TAXA 

era  representing  the  families  Flagellariaceae,  Res-      phipogon,   Anisopogon,    Bracliyelytrum,   Buerger- 

tionaceae  (two  genera),  and  Joinvilleaeeae  as  out-       siochl oa,     Danthonia,     Danthoniopsis,     Eriachne, 

Table  3,  Tree  statistics  for  subsets  of  the  data  matrix.  The  percent  missing  data  is  the  number  of  cells  that  are 

missing  for  the  particular  block  when  included  in  the  total  data  matrix,  and  thus  is  equivalent  to  the  number  of  missing 

taxa  times  the  total  number  of  informative  characters  plus  missing  data  within  sequences  for  scored  taxa.  Chloroplast 
r.  s . Chloroplast  restriction  sites. 

Data  set 

Morphological 

Chloroplast  r.s. 
nclhV 

phytochrome  B 
rbch 

rpoC2 
*     '^ 

ITS 

cp  sequence  data 
All  cp  dala 
Nuclear 

All  molecular 

Combined  data 

60 

45 

65 
40 
37 

34 

10 47 

66 

66 

57 

66 

60 

Total  # #  Inf. 

#  Taxa       characters    characters 

53 

364 

2210 
1  182 

1344 

777 

773 
322 

433 1 
4695 
2277 
6972 

7025 

50 

293 

680 117 

213 

1 5( ) 
213 
127 

I  ( )  13 
1 336 

757 
2(  )93 

2 1 43 

c/c   Missing 

( l,il. i 

16.0 
42.2 
4.7 

45.5 
44.8 

49.9 
71.2 

28.8 

25.2 

26.5 

51.9 

33.6 

33.2 

Length 

227 
939 

2894 
1997 

651 

374 

720 

745 
3952 
1 9(  )3 

35 1 3 

8188 

8752 

CI 

0.300 

0.312 
0.379 

0.369 
0.448 
0.503 

0.479 

0.349 

0.399 0.381 
0.382 
0.378 

0.375 

HI 

0.690 
0.569 

0.582 

0.522 
0.660 

0.648 
0.504 

0.541 

0.597 

0.589 

0.512 
0.554 
0.557 

#  Trees 

38.(  K  M ) 7 

10 
1 

1 

33 
1 

24 
8 

3 

8 

6 

I 
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Table  4.  List  ol  structural  characters  and  states.  The  first  number  in  parentheses  indicates  the  number  of  the  same 

character  in  Soreng  and  Davis  (1008),  and  the  second  number  indicates  the  number  of  the  same  character  in  Kellogg 

and  Campbell  (1087);  a  " — "  indicates  that  the  character  was  not  used  in  one  or  both  of  those  analyses. 

Culm 

I   (I: — ).  IVrennating  woody  culms:  0  =  absent;   I    =  present. 
2  (2; — ).  Culm  inte modes:  0  =  solid;  I   =  hollow. 
Leaf 

3  (3; — ).  Leal  sheath  margins:  0  =  free;   I    =  fused  for  at  least    l/l  of  length. 

I  (4; — ).  Adaxial  ligule  type:  0  =  membrane  (with  or  without  fringe  of  hairs):   1    =  fringe  of  hairs  only. 

5  (5; — ).  Abaxial  (contra-)  ligule:  0  =  absent;   I    =   present. 

6  ( — ; — ).  Leaf  blade:  0  =  absent;   1    =   present. 

7  (6; — ).  Pseudopetiole:  0  =  absent;   I    =  present. 

Spikelel 

8  ( — ; — ).  Floret  with  a  structure'  identifiable  as  a  palea,  this  recognized  as  present  when  a  flower  arises  on  a  contracted 
axis  above  an  enshrouding  prophyll  (or  something  like  it),  in  the  axil  of  a  lemma:  0  =  absent;  1    =   present. 

9  ( — ; — ).  Spikelel  pairs:  0  =  absent;   1    =  present. 

10  (7; — ).  Pedicel  of  spikelel:  0  =  absent:   I    =  present. 

1  1   (8;  3,  4).  Proximal  female-sterile  florets  in  female-fertile  spikelets:  0  =  absent;   I    =  present. 
12  (0;  0).  Number  of  female-fertile  florets  per  female-fertile  spikelel:  0  =  two  or  more;   1    =  one. 

13  (10; — ).  Awn  or  muero  on  fertile  or  sterile  lemma:  0  =  absent:   I    =   present. 

I  1  ( — ; — ).  Number  of  awns:   I   =    1  awn;  2  =    13-23  awns  (unique  to  I'appophorum);  3  =  3  awns. 
15  (I  I; — ).  Awn  attachment:  0  =  terminal  /  subterminal;  1   =  from  a  sinus;  2  =  dorsal. 

10  (12;   I).  Disarticulation  above  glumes:  0  =  absent:   I    =  present. 

17  (13; — ).  (termination  flap  in  lemma:  0       absent;  1   =  present. 
Flower 

18  (14; — ).  Lodicules:  0  =  absent;   I    =  present. 
10  (IS;  7).  Lodieule  number:  2  =  two;  3  =  three. 

20  (lf>; — ).  Fusion  of  anterior  pair  of  lodicules:  0  =  free;   1    =  fused. 

21  (17;  8).  Distally  membranous  portion  of  lodieule:  0  =  absent:   1    =  present. 

22  (18;  0).  Lodieule  vascularization:  0  =  very  faint  to  absent;  1    =  prominent. 
23  (10;   10).  Inner  whorl,  posterior  stamen:  0  =  absent;   I    =  present. 

24  (10;   10).  Inner  whorl,  anterior  stamen  pair:  0  =  absent;  I    =  present. 
25  (10;   10).  Outer  whorl,  anterior  stamen:  0  =  absent;   1    =  present. 

20  (10;   10).  Outer  whorl,  posterior  stamen  pair:  0  =  absent;   I    =  present. 

27  ( — ; — ).  Anthers  tetrasporangiale.  di thecal  =  0;  anthers  bisporangiate,  monolheeal  =    I. 

28  (20; — ).  Styles  fused  at  least  at  base:  0  =  absent;   I    =   present. 
20  (21: — ).  Number  of  stigmas:   1    =  one;  2  =  two;  3  =  three:    1   =  four. 

30  (22; — ).  Highest  order  of  stigmalic  branching  present:  1  =  simple  (unbranched.  or  with  branches  composed  of  single 
elongate  papillate  receptive  cells,  or  with  yen  short  branches  composed  of  a  few  papillate  receptive  cells,  but  in  the 

latter  case  the  stigmas  linear  in  outline);  2  =  primary  (branches  well  developed,  composed  of  series  of  dispersed 
papillate  receptive  cells,  with  secondary  branches  absent  or  minimally  developed,  stigmas  lanceolate  or  broader):  3  = 

secondary  (secondary  to  tertiary  branches  well  developed,  branches  composed  of  series  of  dispersed  papillate  receptive cells). 

31  (23; — ).  Number  of  loonies  and  ovules  per  pistil  (all  ihree  families  have  one  ovule  per  loeule):  1  =  one;  2  =  two; 
3   =   three. 

Finbryogeiiv 

32  ( — ; — ).  Haustorial  synergids:  0  =  absent;   1    =  present. 
Fruit  and  Fmbryo 

33  (24;  11).  Milium  0  =  long-linear,  >  1/3  length  ol  grain;  1  =  nonlinear,  <  1/3  length  of  grain,  elliptical  or  broader 
to  punctiform. 

34  (25; — ).  Fmbryo  position  and  structure:  0  =  embedded,  simple:   1    =   lateral,  grass-tvpe. 
35  (20;   15).  Fmbryo  e  pi  blast:  0  =  absent;   I    =  present. 

30  (27:   10).  Fmbryo  scutellar  tail:  0  =  absent:   1    =  present. 

37  (28;   17).  Fmbryo  mesocotyl  inlernode:  0  =  negligible;   I    =  elongate. 

38  (20;   18).  Embryonic  leaf  margins:  0  =  meeting:   1   =  overlapping. 

30  (30; — ).  Endosperm  lipid:  0  =  absent;   I    =   present. 

40  (31; — ).  Endosperm  starch  grain  syndromes:  0  =  IHticum-type  (simple  grains  only,  dimorphic  in  size,  round  or 
lenticular,  free);  1  =  Festuca-ly\w  (highly  compound  grains  present,  with  or  without  simple  grains  also  present);  2  ■ 
Andropogon-\ype  (simple  and  compound  grains  both  present,  the  latter  consisting  of  few  granules):  3  =  Panku m -iy \w 
(simple  grains  only,  uniform   in  size,  small   to  medium,  angular  or  sometimes  smooth   walled,  densel)    packed);  4   = 
Brachyelytrum-X) pe  (simple  only,  large). 
Seedling 

II   (32;  20).  Lamina  of  first  seedling  leaf:  0  =  absent;   I    =  present. 
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Table  4.      Continued. 

Vegetative  Anatomy 

42  ( — : — ).  Differentiation  of  leaf  epidermal  cells  into  long  and  short  (eork)  cells:  0  —  absent  (i.e.,  cells  ±  undiffer- 
entiated); I  =  present  (Campbell  &   Kellogg.  1987). 

43  (34;  21).  Multicellular  microhairs:  0  =  absent;  1   =  present. 
44  (35;  22).  Occurrence  in  multicellular  microhairs  of  a  broad,  short  terminal  cell,  often  with  a  longer  basal  cell,  the 

walls  of  the  terminal  and  basal  cells  similar  in  thickness:  0  =  absent;   1    =  present. 
45  (36;  31).  Arm  cells:  0  =  absent;  1    =  present. 
46  (37; — ).  Kusoid  cells:  0  =  absent;  1   =  present. 
Chromosomes 

47  ( — : — ).  Base  chromosome  number  is  same  as  state  number  except  that  0  =   JO;  1  =   1  1;  2  =   12;  3  =  13;  4  =   18; 
5  =  19. 
Biochemistry 

48  (38;  30).  Carbon  fixation  pathway:  0  =  (M;  1  =  C,  NADP-ME  classical-type;  2  =  C4  NADP-ME  ,4  ris/idci -type;  3  = 
C4  NAD-ME;  4  -  C4  NADP-ME  Arundinelleae-type;  5  =  C4  NADP-ME  Eriacline-\ype. 

49  (39;  30).  Carbon  fixation  PCK:  0  =  absent:  1   =  present. 
Deletion  in  Photochrome  B 

50  ( — ; — ).  3-bp  DNA  deletion  in  photochrome  B:  0  =  3-bp  DNA  present  (i.e.,  non-deleted  state);   1    =  DNA  absent 
(i.e..  deleted  state;  the  deleted  codon  is  at  position   102  in  the  alignment  of  Mathews  el  al..   1995). 
Chloroplast  Genome  Structure 

51  (40; — ).  6.4  kb  inversion  in  the  large  single-copy  region  of  the  chloroplast  genome,  relative  to  the  gene  arrangement 

in  Nicotiana:  0  =  absent;  1   =  present. 
52  (41; — ).  tmT  inversion  in  the  large  single-copy  region  of  the  chloroplast  genome,  relative  to  the  gene  arrangement 
in  Nicotiana:  0  =  absent;   I    =  present. 

53  (42; — ).   15  bp  insertion  in  ndh¥  at  position   101951   of  the  chloroplast  genome  of  Oryza  saliva:  0  =  absent:  1   = 
present. 

Lygeum,   Micraira,   Nan/as,   Pariana,    Phaenosper-       here,  should  break  up  each  conglomerate  taxon  into 

ma,  Puelia,  Streptogyna,  Thysanolaena). 
For  31    of  the  terminal   taxa   in   the  matrix,  all 

real  species  (i.e.,  exemplar  taxa). 

The  number  of  taxa  was  dictated  by  the  numbers 

molecular  data  were  taken  from  a  single  species;  of  available  sequences  in  the  largest  of  the  original 

for  an  additional  27,  data  were  from  two  or  more  data  sets  (ndhV  and  chloroplast  restriction  sites), 

species  of  the  same  genus  (noted  by  #  in  fable  2;  Recent  work  on  large  phytogenies  suggests  thai 

Appendix  I).  In  eight  cases,  however,  data  from  sev-       phylogenetic  accuracy  is  improved  by  a  very  dense 
sample  of  taxa  (e.g..  Ilillis.  1996,  1998:  Graybeal, 

1998).  Producing  a  large  data  set  with  perfectly 

parallel  sampling,  however,  would  have1  required  ei- 
ther a  centralized  effort  in  a  single  lab,  or  a  formal. 

conglom- 
eral  genera  were  combined  to  create  a 

crate"'  taxon  (asterisks  in  Table  2).  For  example, 

although  one  listed  representative  of  the  Andropo- 

goneae  is  Miscanthus,  there  is  no  rbel,  sequence 

available  for  that  genius.  There  is,  however,  a  se-       (.0()1,|jnaled,   and   separately   funded   effort   among 
quence  for  Sorghum.  Tints  the  Sorghum  sequence 

for  r/>cL  was  combined  with  the  Miscanthus  se- 

quences for  ndhV\  creating  a  fictive  taxon,  an  ap- 

proach used  previously  by  Kellogg  and  binder 

(1995).  This  assumes  that  both  genera  are  part  of 

a   monophyletic   higher-level  group  (in   this  case. 

Andropogoneae.  which  arc  certainly  monophyletic; 

Spangler  et  al.,  1999).  The  results  of  such  combi- 

nations are  potentially  misleading,  in  that  they  as- 
sume certain  combinations  of  characters  thai  may 

not  ever  actually  occur  in  a  single  plant.  We  feel 

multiple    labs,    rather   than   the   decentralized   ap- 

proach used  here. 

CIIARACTKKS 

The  data   matrix   included   7025  characters  as- 

sembled from  the  following  sources: 

I.    NADU    dehydrogenase,    subunit    F    (ndhV) — 

Clark    et   al.    (1995.   2000);    Davis   et   al.    (this 

paper):  Spangler  et  al.  (1999). 

uiv    I 

infor- 

mal the  number  of  characters  involved,  however,  is  2.  Ribulose  1,5-bisphosphatc  carboxylase/oxygen- 

ase, large  subunit  (rhcL) — Barker  et  al.  (1995): 

Barker  (1997);  Doebley  et  al.  (1990):  Duvall  and 
Morton  (1996). 

small,  and  the  addition  of  phylogenetic* 

mative  characters  by  including  the  line  of  data  out- 

weighs the  risk  of  misleading  results.  Any  subse- 

quent studies,  particularly  those  for  which  there  are       3.    KNA  polymerase  II.  P"  subunit  (rpoC2) — Cum- 
more   than    two   representatives   of    taxa   combined mings  et  al.  (1994);  Barker  et  al.  (1999). 
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I.    Chloroplast  restriction  sites — Davis  and  Soreng 
(1993);  Soreng  and  Davis  (1998). 

5.    Phytoehroine  B  (j>hy\i) — Matlie-ws  and  Sharrock 
(1996);  Mathews  et  al.  (2(K)0). 

different  ways  the  two  programs  count  resolutions 

of  polvt 
omies. 

PAUP*   analyses   used    10   random   addition  se- 
quences.   MLLPARS   on,   TBR    branch    swapping. 

0.   Internal  transcribed  spacer  of  the  nuclear  ribo-      and  MAXTRKKS  set  to  automatically  increase  l>\ 

somal  UNA  (ITS)— Hsiao  et  al.  (1998,  1999). 100.  Bootstrap  analyses  (l)ts)  used  the  full  heuristic 

7.   (Granule    hound    starch    synthase    I    (GBSSI,   or       o|)tion,  500  or  1000  replicates.  Bremer  support  (al>- 
w(ixy) — Mason-Gamer  et  al.  (1998). breviated  here  as  brs;  Bremer.   1988:  Kallersjo  et 

8.    Morphology — Soreng  and  Davis  (1998,  and  ad-       al..  1992;  also  called  decay  index,  cf.  Donoghuc  et 
ditional  members  of  the  (JPVi  (»,  this  paper). al..   1992)  was  also  calculated.  For  tree  lengths  up 

Information  on   numbers  of  characters  and  taxa  to  11  steps  longer  than  the  shortest  tree  (up  to  8763 
lor  each  matrix  is  in  Table  3,  and  the  structural  steps),  all  trees  were  saved  and  the  strict  consensus 
character  list  is  in  Table  4.  The  morphological  computed.  Because  of  memory  limitations  the 
(structural)  matrix  is  in  Appendix  II.  The  first  four  method  of  negative  constraints  (Baum  et  al.,  1991) 

data  sets  represent  the  ehloroplast  genome,  and  the  was  used  to  compute  higher  Bremer  support  values, 
next  three  the  nuclear  genome.  Five  data  sets.  The  search  for  optimal  trees  was  found  to  be  quite 
ndh\\  rbclu  r/>oC2,  phy  B,  and  CBSSI,  are  all  protein  inefficient  with  this  method  and  often  led  to  inflated 

coding  sequences;  introns  of  GBSSI  were  not  in-  support  values.  To  minimize  this  problem,  each 
eluded  in  the  alignments.  The  full  data  matrix  in-  search  was  done  with  10.000  random  addition  se- 

cluded 66  taxa  and  7025  characters,  for  a  total  of  quences.  Even  so,  the  search  frequently  found  trees 
463,650  cells.  The  amount  of  missing  data  for  the  shorter  than  the  negative  constraint  tree,  indicating 

that  the  previous  searches  had  missed  some  trees. 

taxa  (Table  3).  The  full  data  matrix  can  be  obtained  Computing  Bremer  support   thus  took  almost   two 

total  data  set  is  33.2%  and  varies  among  genes  and 

from  MIC,  Jll).  KAk.  or  HPL,  or  from  the  (,P\\  G weeks  of  computer  time  on  a  G3.  Kor  the  tree  pre- 
websile,   or  at    TreeBASK   (http://hcrbaria. harvard.       sented    here,   we  arbitrarily  chose  a  cut-off  of  34 
edu/treebase/index.html). steps,  so  brs  values  above  that  are  simply  reported 

Alignments    were    provided    by    the   contributors       as 

.. 

:H. 
** 

except  for  the  ITS  data,  for  which  the  alignment 
was  constructed  by  KAK,  beginning  with  an  initial 

alignment  in  GluskilW  (Thompson  et  al..  1994)  and 

To  assess  robustness  of  the  results  to  choice  of 

markers,  each  data  set  was  analyzed  by  itself.  The 

morphological  data  set  was  omitted  from  one  anal- 

then  continuing  by  eye.    It   became  apparent   that       ysis,  and  the  ehloroplast  data  were  analyzed  sepa- 
ITSI   could  not  be  aligned  reliably  across  the  fain-       rately,  as  were  the  nuclear  data.   Kor  analyses  of 

My,  so  it  was  omitted  from  the  data  set.  Later  after  individual  data  sets,  PA  UP*  was  set  to  perform 
extensive  data  exploration,  several  regions  of  am-  heuristic  searches  using  maximum  parsimony,  gaps 
biguous  alignment  were  also  omitted  from  ITS2. 

Gaps  wen*  treated  as  missing  data.  A  lew  indels. 

identified  as  phylogenetically  informative  in  anal-  tained  by  ten  random  addition  sequences,  holdin 
yses  of  individual  data  sets,  were  coded  as  binary  one  tree  at  each  step;  branch  swapping  used  tree 

characters  and  included  in  the  structural  data  ma-  bisection  and  regrafting  (TBR),  steepest  descent 
trix  (Appendix  II). 

were  coded  as  missing  data,  multistate  taxa  were 

coded    as    uncertain,   and    starting   trees   were   ob- 

DATA   AN  An  SIS 

was  not  in  effect,  and  Ml'KPARS  was  in  effect. 

Bootstrap  analyses  of  individual  data  sets  were 

done  to  facilitate  comparisons  with  combined  anal- 
yses. All  bootstraps  of  individual  data  sets  included 

Data  were  analyzed  by  parsimony  algorithms,  as  500  bootstrap  replicates;  MAXTRKKS  was  set  to 
implemented  in  PAUP*4.0  d64  (Swofford,  1998)  on       500  to  minimize  times  for  searches. 
a  Power  Macintosh  (,3,  and  Nona  (Goloboff,  1993) Analyses  conducted   with    Nona   ver.    1.0  (Golo- 

on  an  Intel-chip-based  workstation  running  Win-  boff,  1993)  used  the  default  settings  amb-  (clades 
(lows  NT.  Data  sets  were  analyzed  individual!)  by  resolved  ordy  if  they  have  unambiguous  support) 
Jll).  L(;C,  KAK.  and  HPK  to  be  sure  that  e-mail  and  poly=  (polytomies  allowed).  Tree  searches  in- 
transmittal  of  such  a  large  file  had  not  introduced  volved  1000  Wagner  tree  initiations  using  random 

any  errors  (for  which  we  suggest  the  term  "network-  taxon  entry  sequences,  followed  by  tree  bisection 
induced  homoplasy").  Numbers  of  informative  reconnection  (tbr)  swapping  with  up  to  20  most- 
characters  and  tree  lengths  were  the  same  for  the  parsimonious  trees  retained  in  each  search  (hold/ 
two  programs,  although  in  some  cases  the  number  20,  mult*  1000);  shortest  trees  retained  from  the 

ol  equally   parsimonious  trees  differed   because  of  subsearches  were  then  tbr -swapped  to  completion, 
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with  up  to  1 0,000  trees  held  in  memory  (hoi 0000,  different  from  the  model  specified  for  sequence 

max*).  Structural  character  autapomorphies  of  ter-  data.  Calculation  of  base  frequencies  and  trans i- 
minals,  and  synapomorphies  of  clades,  were  deter-  tion/transversion  ratios  would  he  meaningless.  Sev- 

mined  by  optimizing  the  morphological  data  on  era]  neighbor-joining  analyses  wen4  done  with  mor- 

most-parsimonious  trees  obtained  by  the  various  phological  and  restriction  site  data  omitted,  but  this 

analyses,  using  Winclada  ver.  ().9.99in6. 1  (Nixon,  also  required  omitting  several  taxa  for  which  dis- 

2000).  Strict-consensus  bootstrap  frequencies  for  tances  were  then  undefined  because  of  missing 

just  the  total  evidence  analysis  (see  Soreng  &  Da-  data.  By  the  time  data  sets  and  taxa  were  omitted, 

vis,  L998)  were  computed  with  Clados  ver.  1.0.95  the  results  were  difficult  to  compare  to  those  of  par- 
axon, 1993)  running  Nona  (Coloboff.  1993)  as  a  simony  algorithms.  Several  maximum  likelihood 

daughter  process  for  the  tree  searches,  using  a  copy  analyses  were  also  undertaken  on  sequence  data 

of  the  data  set  from  which  uninformative  characters  alone.  These  did  not  reach  completion  even  after 

had  been  removed  (with  the  "mop"  function  of  Win-  three  to  five  days  of  analysis  time.  As  with  the 
clada).  One  thousand  bootstrap  replicates  were  con-  neighbor-joining  analyses,  missing  data  and  differ- 

ducted,  using  the  same  ambiguity  and  polytomy  ent  models  of  evolution  for  the  different  genes  made 

settings  as  in  the  basic  analyses.  Each  replicate  the  results  of  questionable  validity, 

consisted  of  10  random  taxon  entry  sequences  fol- 

lowed In  ibr  swapping  with  up  to  10  trees  retained  Rksults 

from   each   subsearch   (ho/10,   mult*]0).  and   with 

further  tbr  swapping  then  conducted  on  the  result- Consensus   trees   for  analyses  of   the   individual 

ing  trees  from  the   10  subsearches,  with   101   trees  data  sets  are  presented  in  Appendix  lll-A  to  II  and 

held  (ho  101,  max*).  tree  statistics  in  Tables  3  and  5.  Note  that  the  taxa 

Uninformative  characters  were  excluded  for  all  included  are  generally  selected  from  more  compre- 

analyses,  so  all  tree  statistics  reported  in  this  paper  hensive  analyses  that  have  been  published  else- 

consistency  index  [CI]  and  retention  index  |KI|)  where,  as  described  in  Materials  and  Methods, 

reflect  only  potentially  phylogenetically  informative  Many  of  the  trees  differed  in  topology,  but  in  no 

characters.  case   was  a  strongly   supported   group   in  one   tree 

Chloroplast  and  nuclear  trees  were  compared  us-  contradicted  by  a  strongly  supported  group  in  ail- 

ing the  incongruence  length  difference  test  (random  other  tree.  We  interpreted  this  as  lack  of  significant 

partition  test  of  Karris  et  al.,  1994),  as  implemented  conflict.  Nonetheless,  the  ILI)  test  indicated  signif- 

in  PAUP*.  They  were  also  compared  using  simple  icant  differences  between  the  nuclear  and  chloro- 

inspection,  as  recommended  by  Mason-Gamer  and  plast  data  sets,  between  nuclear  protein-coding  and 

Kellogg  (1996).  To  compare  tree  topologies,  con-  chloroplast,  between  ndliF  and  phyB*  and  between 
ndhF  and  rbc\,.  These  differences  persisted  in  most as    necessary    in straint    trees    were    constructed 

MacClade   (Maddison    &    Maddison,    1993);    these  cases  even  when  taxa  with  conflicting  placements 

were  then    loaded,   the  constraint  enforced,  and  a  were  removed.  In  the  only  exception  to  this  obser- 

heuristic  search  undertaken  using  the  same  param-  vation.  ndhY  and  phyB  were  not  significantly  dif- 
eters  as  in  unconstrained  searches. ferent  if  the  PACCA1)  Clade  was  reduced  to  Pani- 

The  combined   data  were  constrained   to  fit    to-       coideae,  Chloridoideae,  and   the  clade  of  Molinia 

pologies  suggested  in  previous  studies  by  loading  a       plus  Phragmites.  This  provides  weak  evidence  that 

constraint   tree   in    PAUP*   and   then   searching  for 
1  i  f  Ter ences    in    re 

soluti ion    o f PACCAD   Clade 

the    most    parsimonious   tree   compatible   with   that       (Panicoideae,  Arundinoideae  s.  str..  Chloridoideae 

constraint     tree.    Constrained    and    unconstrained       s.L,    Centothecoideae,    Aristidoideae,    Danthonioi- 

I    usi trees   were   compared    using   the    wiicoxon    signe( the    Wil I  deae)  arc  partly  responsible  for  the  significant  dif- 

ranks  test  (WSR)  as  suggested  by  Templeton  (1983)  ferences.  Differences  between  ndhY  and  r/xL,  how- 

and    implemented    by    Mason -Gamer  and    Kellogg      ever,  are  puzzling  because  both  are  pari  of  the  same 

linkage  group.  Because  of  the  ambiguity  of  the  re- 
sults, we  did  not  attempt  to  do  all  possible  pairwise 

The  entire  data  set  could  not  be  analyzed  with       comparisons  of  trees.  Despite  the  differences  in  the 

(1996).  Significance  values  were  determined  using 

a  two-tailed  test. 

neighbor-joining    or    maximum    likelihood    algo- 

rithms. The  inclusion  of  morphological  and  reslric- 

data  sets,  we  chose  to  combine  the  data  in  a  single 

analysis.   Different  histories  for  the  various  genes 

tion  site  data  with  sequences  made  it  nonsensical       remain  a  formal  possibility.   However,  in  other  in- 

to specify  a  single  model  of  evolution.  While  a  mod- 

el could  in  principle  be  hypothesized  for  morpho- 

logical or  restriction  site  data,  it  would  have  to  be 

vestigations  we  have  seen  that  the  1LD  test  may 

return  significant  differences  if  there  is  extensive 

missing  data  (as  we  have  in  some  data  sets  here) 



388 Annals  of  the 

Missouri  Botanical  Garden 

X) 

X    •
 

■  J 

I 

Z 
C 

£ 
£ V 

c     a. 

2 
o 

c 

73 

- -    o 73 

Ql, 

73 

1> 
> 

73 

/ 

a^ 73 

r 

E"
 

_73
 

3 

73 

3, 

3 

b 

73 

•      ■ 

73 

3. 

73 

73 

X) 

73 

13 

73 

X 

♦ *    3 

S 
2 

3 

E 
0 
c 

<u  .- 

S 
o 

a 

73 

3 

- 

> 

c 

a 
3 
/. 

a 
2 

B 

73 

re 

13 
^ 

73 

5* 

bfc 

II     •  = 

B 

73 

x 
a. 

C      73 

5    > 
s. 
x. 

73      — 

w 

1 

I 

c 

u 

£ 

C/3 

O 

cm 

c 

a, 

I 

3V 

73 

w 

E 

73 

a; 

^ 

/. 

73 

73 

M  .J 

"3 

73 

73 

UO 

I TO 

00 

CM CM 

CM 

»o 

I CM 
CM 

M 

uo 
«0 

15? 

CM 

CM 

x 

13 

*i. 

13 

TO    X 

co  a 

1/3 

•  O 

2  ̂   ̂.-  j^- 
CL  Cl,    CL    £ 

>. 

-  10 

V C       73 
CL    CL 

1,      a; 
CO 

L:  cm  Iz 

-t 

/ 

a; 

13 
13 

I. 

13 

a> 

7 

k. 

?    5 z  a-  z 
o  r-     z 

CL 

z> 

c 

go 

55 

to 

X 

TO 

O 
CM    I 

_1
 

x 
- 

/ 

'/. 

a^ a^ 

^— 

-^— 

>. 

>. 

- — o 3 

Cl 

a: z ^ 

T3 
3, 

^■^ 

/ 

a* 

£ Tf    O    iO    og 
C>    v 

*  * 

3c  ̂   :>  5 

J    ̂    C   N   00 

iC   o 

l    «    o>    a; 

c 

04 

re 

a. a. a. 

0      0      Z      2 

73 

U, 

73 

2^ 

p 

—    CC    O    I 

UO    CO    >C 

7^      7^ 

•  * 

73 

73 

C    O    r-   i- 

I 

s 

X 

03 

C 

38  £ 

t  - 

>N 

CO 

c 

r- 

I 
f. 

~        73 

O      73 

73 

73 

c 

-J 

- 

cc  -t  io CO   CO    *+ I-tjC^iOOCCI-'NO 

13 

ro   15   ro   2j  55 

?5  S  cc  S  i> 

lO 
X 

a* 

X 

a. 

X 
a^ 

T^ 

CC    —    C 
20    lO 

V 

73 

— 

73 

2_ 

O^ 

7^ 

V  x 

~  x    2   *- 

c  ̂  

73 

— 

lO 

> 

Q x 

av 

X 

13 

c     c 

to   0^-  ro 

o   ̂ g   ̂ 

r- 

s  §  S  8  ■  3  S  S  S 

X 

TO 

i0 

o    >.  c> 
V  a. 

O       73 

v  c2 

3  §  s  ?  8  2 ,-       f3  O  >>     >>     73       73 U         U  .^             _         L-         L- 

73      73  '.  ;  C      C      73      73      73 1  V  11111 

73     ̂        73 
ZC     b 

CL 

73        73 

73 

73 

2    iO      =    — 
i  V  c-  i 

Tf 

c 

iO 
»o 

0^ 

JO 
iO 

g 
c 

iO 

r^ 

x  c> X 

73 

J5 

^. 

>4     73 

£1 

iO 

S 

iO 

C    I  -      C      73 

1.    t-    CL,    (X 

-t 

7^ 

3 

i  - 

22    C 

On    C 

O    l  - 

TO    CM 

73     X 

73     * 

Cl 

iO 

V 

73 

1 

3^3 ^r  to i  « 

CM 
CM 

3 
TO     TO 

r> 5  2  95  S 

5  8  ̂  " "  ̂ 

x    o  o 
X 

c- 

CM 

3 

CT 

r-  to 

r^ 

o  »o  X cc  o  9 

i  - 

73 

L 

73 

2- 

a> 

S 

C^ 

I  - 

A 
x 
aj 

-0 

73 

I 

_2 

_7
3 

w 

a^ 

73 

a. 

a^ 

73 

U 
 ■  =

 

73 a. 

73 

3v 73 

a^ 

x 

X 

1 tt 
I 

13 

1 
z 
c 

— 

73 

73 

av 

c 

i r 

73     —
 " 

l  + 

X 

3 

3 

73 

o 

73 

L 

73 

a^ 

c 

c  w 

73 

13 

x 

X 

2     c 
3 

73 

a. o 

E  w 

73  ̂ r 

2u 

a. 

c 
c 

73 

u 



Volume  88,  Number  3 
2001 

Grass  Phylogeny  Working  Group 

Phylogeny  and  Classification  of  Poaceae 

389 

or  if  a  single  terminal  laxon  differs  in  its  placement  ported  at  bts  86  (hrs  8).  A  clade  corresponding  to 

(Z.  Magombo,  pers.  comm.).  Because  of  the  lack  of  Arundinoitleae  s.  str. — Arundo,  Amphipogon,  Mol- 

obvious  points  of  conflict  between  the  data  sets,  and  inia,  and  Phragmites — receives  modest  support 

because  of  the  clear  congruence  at  the  deep  nodes  from  this  analysis  (bts  77,  brs  6),  but  the  sister 

with  which  we  are  concerned,  we  interpret  the  sig-  relationship  oiMolirda  and  Phragmites  is  well  sig- 

nificant ILD  tests  as  misleading.  ported  (bts  100;  brs  16).  The  other  major  clade  (the 

Analyses  of  the  complete  data  set  were  faster  BEP  Clade)  is  less  well  supported  (bts  71;  brs  8) 

than  analyses  of  many  of  the  individual  data  sets,  and   includes  Bambusoideae  s.  str.,  Khrhartoideae 

as  has  been  found   in  studies  of  other  large  data  (=  Oryzoideae),  and  Pooideae.  Bambusoideae  are 

sets  (Soltis  et  al.,  1998).  For  example,  a  heuristic  monophyletic  (bts  97;  brs  15),  as  is  the  clade  in- 

search   of  the  complete  data  set   in   PAUP*  on   a  eluding  the  herbaceous  bamboos  (bts  100;  brs  18). 

Macintosh  G3  with   10  random  addition  sequences  Likewise  Khrhartoideae  are  monophyletic  (bts  100: 

took  19.6  seconds.  brs  24),  as  are  Oryzeae  (bts  100;  brs  >  34).  Pooi- 

With  all  data  combined,  there  were  2143  parsi-  deae  include  Hrachyelytrum  (bts  100;  brs  15).  and 

mony  informative  characters,  which  produced  a  sin-  most  nodes  within  the  pooid  clade  are  strongly  sup- 

gle  tree  of  8752  steps,  consistency  index  (CI)  of  ported. 

0.375,  and  retention  index  (HI)  of  0.557  (Figs.    I Despite  the  strong  phylogenetic  pattern  shown  by 

ues   were   virtually    identical    whether  done   using 

and  2).  Bootstrap  analyses  (1000  replicates)  indi-  the  combined  analysis,  placement  of  some  taxa  re- 

cated  that  27  branches  were  supported  in  100%  of  mains  ambiguous.  The  major  uncertainty   remains 

the  bootstrap  replicates,  9  branches   in  90-99%,  the  monophyly  of  the  BKP  Clade.  As  noted  earlier 

and  11  branches  in  70-89%  (Table  5).  Put  another  (GPWG,  2000),  it  is  almost  equally  parsimonious 

way,  of  64  internal  nodes,  slightly  more  than  half  to  place  Pooideae  as  sister  to  the  PACCAD  Clade, 

(36)  have  bootstrap  values  over  90%  and  a  clear  and  this  makes  evolution  of  particular  morpholog- 

majority  (47)  have  values  over  70%.  Bootstrap  val-  ical   characters  more  parsimonious.  The  Pooideae 

plus  PACCAD  group  appears  in  analyses  ol  rbc\< 

strict  consensus  bootstrap  in  Nona  (Goloboff,  1993)  (Appendix  1I1-C),  ehloroplast  restriction  sites  (Ap- 

or   the   frequency-within-replicates   bootstrap   in  pendix   I1I-A),  morphology  (Appendix   lll-ll),  and 

PAUP*4.0  (Swofford,    1998);  for  comparison  with  ITS  (Appendix  III-F),  whereas  the  BKP  Clade  is 

individual    analyses,    we    report    the    values    from  retrieved   by   analyses  of  ndhF   (Appendix    lll-B), 

r/^>C2  (Appendix  1II-D),  and  phyft  (Appendix  III- 

The  analysis  of  the  combined  data  confirms  many  E).  GBSSI  (Appendix  Ill-C)  forms  a  novel  topology, 

results  of  previous  studies  and  clarifies  some  rela-  in  which  neither  the  PACCAD  nor  the  BKP  Glades 

tionships  that  were  previously  ambiguous.  The  two  is  monophyletic.  An  analysis  combining  /7>cL,  chlo- 

species  of  Restionaceae  form  a  clade.  Joinvillea  is  roplast  restriction  sites,  ITS,  and  morphology  re- 

sister  to  a  monophyletic  Poaceae.  The  three  earliest  trieves,  not  surprisingly,  a  clade  that  links  the  Pooi- 

diverging  lineages  are  the  Anomochlooideae,  Phai-  deae  with  the  PACCAD  Clade.  Bootstrap  analysis, 

oideae,  and  Puelioideae,  in  that  order,  together  ac-  however,  finds  that  the  Pooideae  +  PACCAD  clade 

counting  for  30  species  of  grasses.  The  vast  major-  occurs  in  only  23%  of  the  replicates,  although  it 

i 

PAUP*4.0. 

ity  of  extant  grasses  fall  into  two  distinct  lineages. 

One  of  these  is  the  PACC  clade  (Davis  &  Soreng, 

1993),  here  called   the  PACCAD  Clade  (Panicoi-       of  the  bootstrap  partitions. 

appears  in  40%   if  Streptogyna  is  considered  part 
of  the  clade.  The  BKP  Clade  was  not  found  in  any 

deae,  Arundinoideae  s.  str.,  Chloridoideae  s.l.,  Cen- 

tothecoideae,  Aristidoideae,  Danthonioideae)  to  re- 
Constraining  the  entire  data  set  to  place   Pooi- 

deae sister  to  the  PACCAD  Clade  resulted  in  a  sin- 

fleet    the    inclusion   of  two   additional    subfamilies  gle  tree  eight  steps  longer  than  the  most  parsimo- 

within  the  clade.  Within  this  clade,  Panicoideae  s.  nious  tree.  The  net  change  of  eight  steps,  however, 

str.  (excluding  Danlhoniopsis)  are  monophyletic  (bts  was  produced  by  changes  of  one  or  two  steps  in 

94;  brs  10),  as  are  the  core  Paniceae  sampled  here  107  characters  from  throughout  the  data  set.  A  W  il- 

(bts  100;  brs  25)  and  Andropogoneae  (bts  100;  brs  coxon  signed  rank  test  (Templeton,  1983;  Mason- 

32).  Other  strongly  supported  groups  in  the  PAC-  (lamer  &  Kellogg,  1996)  resulted  in  a  test  statistic 

CAD  Clade  correspond  to  Aristidoideae  (bts  100;  of  2654;  for  n  =  107,  this  corresponds  to  p  <  0.406 

brs  25)  and  Danthonioideae  (bts  98;  brs  15).  The  (two-tailed  test).  This  means  that  we  cannot  rule  out 

traditional  Chloridoideae  are  supported  at  bts  99  the  possibility  that   Pooideae  are  indeed  sister  to 

(brs   16),  and  the  clade  including  the  chloridoids  the  PACCAD  Clade.  This  is  true  even  if  the  mor- 

plus  Centropodia  glauca  and  Merxmuellera  rangei  phological  characters  are  excluded  (z  =   1.146;  P 

(Chloridoideae    s.l.)    is   also    reasonably    well    sup-  <  0.254). 
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Figure  2.      Same  tree  as  Figure   I,  showing  percent  of  bootstrap  replicates  above  lines  and  Bremer  support  below 
Brackets  indicate  the  revised  classification  for  the  Poaceae. 

Figure  1. 
8752  steps,  CI 

Single most 

0.375,  Kl parsimonious  tree  for  the  grasses  and  relatives,  based  on  eight  sets  of  data.  Length  - 
=  0.557.  Numbers  above  branches  are  numbers  of  unambiguous  changes.  Branches  are 

drawn  proportional  to  length. 
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Tl ic 
combined  analysis  places  Streptogyna  as  firmly  resolved  by  the  combined  data  set,  although 

sister  to  Khrhartoideae,  but  this  result  is  not  strong-  both  are  clearly  members  of  the  PACCAD  Clade. 

ly  supported  (bts  40;  brs  2).  This  partly  reflects  This  almost  certainly  reflects  missing  data.  In  ad- 

missing  data,  in  that  only  ndhV  and  phyB  sequenc-  dition  to  morphological  data,  Eriachne  is  repli- 
es are  available  for  Streptogyna,  in  addition  to  mor-  sented  only  by  rbvL  and  ITS  sequences,  and  Mi- 

phological  data.  ndhF  places  S.  americana  sister  to  craira   by   ndhF,  r/wC2,  and    ITS.   They  are   both 
Khrhartoideae.  whereas  phyB  places  it  as  sister  to  isolated  taxa,  and  in  individual  analyses  fall  at  the 

the  entire  BKP  Clade,  and  morphological  data  fail  base  of  other  well-supported  e lades.  The  position 
to  resolve  its  position.  of  MUraira  as  sister  to  the  entire  PACCAD  Clade 

The  combined   data  place  the  woody  bamboos,  appears  only  in  the  combined  analysis,  and  like- 
Pseudosasa  and  Chusquea,  in  a  clade  (bts  68;  brs  wise  the  position  of  Eriachne  as  sister  to  the  Arun- 
2),   as    would    be   expected   from   previous   studies       dinoideae  s.  str.   +   Chloridoideae  +  Arislidoideae 

+    Danthonioideae  clade  is  both  novel  and  poorlv (/hang.  2000;  /hang  &  Clark,  2000).  The  pair  ap 

pears  monophyletic  in  chloroplast  restriction  site,  supported.  Bootstrap  analysis  of  the  combined  dati 
morphological,  and  phyB  trees.  The  two  are  para-  set  placed  Kriachne  and  Mhcraira  as  sisters  in  5198 

phyletic,   however,   in   trees   using  r/wl  and   ndhF,  of  the  1000  replicates,  a  position  not  supported  by 
although  this  result  is  not  well  supported  in  these  the  most  parsimonious  tree, 

trees.  "Pseudosasa"  is  a  composite  taxon,  made  up  1 
\ristidoideae    and     Danthonioideae 

are 

botl 

of  data  from  several  different  genera,  and  this  may       clearly    monophyletic,   and    each    is   strongly   sup- 
also  affect  its  placement  in  the  combined  tree. ported   by   both   bootstrap  and  decay  analyses  (bts 

Phaenosperrna  and  Anisopogon  are  clearly  mem-  100  and  98;  brs  25  and  15,  respectively).  In  the 
hers  of  the  expanded  pooid  clade,  where  they  are  combined  tree  they  appear  as  sister  taxa.  The  ar- 
placed  by  all  data  sets,  either  singly  or  in  combi-  istidoid/danthonioid  clade  is  not  strongly  support- 
nation.  Their  position  within  the  clade,  however,  ed,  however  (bts  61;  brs  8),  and  is  reflected  onI\  in 
remains  uncertain.  They  are  sister  laxa  when  all  the  phyB  tree.  rbcL  places  Arislidoideae  sister  to 
data  arc  combined,  but  this  result  is  not  strongly  Chloridoideae,  whereas  ndhV  and  chloroplast  re- 
supported  (bts  53;  brs  1);  together  they  are  sister  striclion  sites  put  Aristidoideae  sister  to  the  rest  of 

to  the  Stipeae,  also  a  poorly  supported  result  (bts  the  PACCAD  Clade.  and  ITS  places  the  subfamily 
28;  brs  1).  In  ndh\\  chloroplast  restriction  site,  and  sister  to  Amphipogon  +  Chloridoideae.  rpoC2  in- 
phyB  trees,  Anisopogon  is  placed  on  a  branch  that  dicates  that   Aristidoideae  is  derived  from   within 

diverges  after  the  Lygeum  +  Nardus  clade.  but  be-  Arundinoideae.  ndhF  places  Danthonioideae  sister 
fore  the  rest  of  the   Pooideae  (i.e.,  Stipeae,   Meli-  to  Panicoideae   +   Centotheeoideae.  whereas  chlo- 

ceae,    Diarrhena,    Brachypodium.    Aveneae,   and  roplast  restriction  sites  do  not  resolve  the  position 
Poeae).  ITS  places  it  sister  to  Aveneae/Poeae,  and 

rpoC2  places   it   sister  to  Stipa.    In   no  case   is  the  in  which  Danthonioideae  are  polyphyletic,  but  this 
placement     strongly     supported.     The     position    of  result    is   not    strongly   supported   and    is   likely  af- 
Phaenosperma  is  based  only  on  ndhV  and  morpho-  fected  by  skewed  taxon  sampling  in  the  GBSSI  data 

set.  rpoC2  suggests  that   Danthonioideae  are  sister 

of  Danthonia.  GBSSI  retrieves  a  novel  arrangement 

logical  data,  and  the  latter  are  largely  uninlormative 
about  its  position. 

Meliceae  are  monophyletic  in  all  gene  trees  and 
in    tl 

to  Amphipogon. 

Tl 
le    com 

e     relationships    of    Zeugites.     Thysanolaena. 

bined    tree.    Their    position,    however,       Chasmanthium.    Danthoniopsis.    and    Gynerium    to 
varies  among  the  individual  gene  trees.  The  com-       each  other  and  to  the  Panicoideae  are  not  resolved 

bined   tree  provides  good  evidence  that    Meliceae      by  this  analysis.  The  entire  group  is  well  supported 
diverged  after  Lygeum    +   Nardus  (bis  82;  brs   7).       as  monophyletic  (bts  87;  brs  8),  but  oil 

oilier  re 
I. ih 

on- 

but  evidence  is  weak  that  it  was  the  next  diverging ships  are  less  clear.  Only  morphological  and  ndhF 

branch  (his  20;  his  1).  Other  possible  placements  data  are  availahle  for  Zeugites,  so  its  placement 
include   sister   to   Stipeae   (ndhF,  phyH),   sister   to       may  he  affected  by  missing  data. 
Diarrhena  +  Brachypodium  +  Aveneae/Poeae  (cp The  morphological  data  have  little  effect  on  the 

restriction  sites),  sister  to  a  clade  of  Brachypodium  analysis.  When  they  are  omitted.  6  trees  are  found 

+   Brachyelytrum    +  {Lygeum   +  Nardus)  (ITS).  <„•  in   two   islands  (length  8488,  CI    =   0.378,    l{l    = 
paraphyletic  at  the  base  of  the  Pooideae  (CdlSSI).  0.554).  The  topology  of  the  strict  consensus  (Ap- 
The  ambiguity  cannot  he  ascribed  to  missing  data.  pendix  III-K)  is  similar  to  that  of  the  combined  tree 
although  additional  sampling  among  early-diverg-  except  for  the  position  of  Zeugites.  which  is  sister 
ing  Pooideae  might  he  warranted.  to  Danthoniopsis,  and  Gynerium,  which  is  sister  to 

The  positions  of  Eriachne  and  Mieraira  are  not  Panicoideae.  In  the  consensus  of  the  six  trees,  the 
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relationship  of  Pseudosasa  and  Chusquea  is  unre-       Differences  appear  only   in   the   placement   of   the 

solved,  as  is  the  relationship  of  Phaenosperma  and       Meliceae,  Kriachne,  Micraira,  Zeugites,  and  Dan- 

Anisopogon,   and   the  position  of  Meliceae  in  the      ihoniopsis,  all  poorly  supported  areas  of  the  trees. 

pooid  clade.  These  are  areas  that  were  poorly  sup- 

ported even  in  the  combined  tree,  and  thus  already 

known  to  be  ambiguous.  The  most  notable  differ- 

ence is  the  increased  support  for  the  BKP  (lade, 

which  is  supported  at  a  bootstrap  value  of  90%. 

The   number  of  nodes   with   support   greater  than 

Discussion 

WELL-SUPPORTED  CLADES 

Some  relationships  appear  consistently  in  all 

analyses  of  all  data  sets  and  are  strongly  supported 

by  the  combined  analysis.  Among  these  are  the  fol- 

90%    (Table   5)    is   somewhat    greater  without    the       |owJng  (jn  ()r(Jer  from*the  bottom  of  the  tree): structural  data,  but  the  overall  consistency  index  is 

not  changed  appreciably  (Table  3). 

The  results  for  the  entire  data  set  largely  reflect 

the  results  for  the  chloroplast  data  alone.  The  chlo- 

1.  Joinvilleaceae  are  sister  to  Poaceae. 

2.  Poaceae  are  monophyletic. 

3.  The  earliest  diverging  lineage  of  Poaceae  is 

Anomochlooideae  (even  if  Anomochloa  and  Strep- 

roplast  data  contribute    1336  potentially  phyloge-       tochaeta  prove  to   be  two  separate  lineages,  they 
netically  informative  characters,  or  about  62%   of      vvou|(|  stj]l  l)e  the  two  earliest-diverinrm  lineages  in 
the  total.  Analysis  of  these  data  alone  produces  2 

trees  (length  =  4903,  CI  -  0.381,  Rl  =  0.589) 

that  differ  only  in  the  relative  positions  of  Phae- 

nosperma   and   Anisopogon    (Appendix    lll-I).    The 

ihc  family). 

4.  The  next  diverging  lineage  is  Pharoideae. 

5.  The  next  diverging  lineage  is  Puelioideae. 

(>.     Ml  remaining  grasses  form  a  clade,  which  ap- 
numbers  of  strongly  supported  nodes  are  about  the       j)ears  U)  |lave  diversified  well  after  the  origin  of  the 
same  as  for  the  entire  data  set  (Table  5),  and  dif-       family. 
ferences  between  the  chloroplast  tree  and  the  entire  7     Bambusoideae    s.    sir.,    Ehrhartoideae,    Pooi- 

data  set  are  all  in  poorly  supported  areas  of  the  tree       (|eae   s  |  ̂   Aristidoideae,   Danthonioideae,  Arundi- 
(see  below).  noideae  s.  str.,  Chloridoideae  s.  str.,  Chloridoideae 

The  chloroplast  tree  is  only  slightly  affected  by  s  } ̂  an(|  Panicoideae  are  all  monophyletic. 

mixing  sequence  data  with  restriction  site  data.  If 

the   restriction  site  data  are  excluded  so  that   the  zeae,   Stipeae,   Meliceae,   and   Lygeum    +   Nardus. 

data   set   consists  only  of  ndhF,  rheL,  and   rpoC2  an(|  Molinia  +  Phragmites  are  all  monophyletic. 

8.    Bambuseae,  Parianeae,  Olyreae  s.  str.,  Ory- 

data,  the  tree  is  virtually  identical  to  the  chloroplast 9.   The    PACCAD   Clade— now   including  Pani- 
tree  except   that   Pseudosasa   plus  Chusquea,   and  coideae,  Arundinoideae  s.  str..  Chloridoideae  s.l., 

Phaenosperma  plus  Anisopogon  form  monophyletic  Centotheeoideae.   Aristidoideae,  Danthonioideae, 

pairs  rather  than  being  para[)hyletic  (not   shown).  Eriachne,  Micraira.  and  Gynerium — is  monophylet- 

Piptatherum  and  Nassella  are  paraphyletic  rather  |c. 

than  sisters,  and  the  Meliceae  are  sister  to  the  core  As  noted   in  the  introduction,  all  of  these  rela- 

Pooideae  rather  than  to  the  Stipeae.  tionships  have  been  supported  by  previous  studies 

Analysis  of  only  the  three  nuclear  genes  (p/ryB,  and  none  is  unique  to  the  combined  analysis.  Pre- 

GBSSI,  and  ITS)  required  elimination  of  nine  taxa  vious  studies,  however,  were  limited  because  they 

for    which    nuclear   data    were    not    available.    The  were  based  on  a  single  gene,  a  modest  number  of 

analysis  thus  included  57  taxa  and  757  characters  morphological  characters,  and/or  a  restricted  sam- 

and  found  eight  trees  (length  =  3513.  CI  =  0.382,  pie  of  taxa.   Because  of  the  strong  support  for  the 

RI    =  0.512)  on  one  island  (Appendix   lll-J).  The  relationships  found  in  the  present  study,  we  propose 

nuclear  trees   were    not    as   well   supported   as   the  a  revised  subfamilial  classification  (see  Taxonomic 

chloroplast  tree  or  the  tree  for  the  entire  data  set.  Treatment).    The  revisions  primarily  reflect  changes 

which  presumably  reflects  extensive  missing  data  in  circumscriptions  of  the  Bambusoideae  and  Arun- 

for  (IBSSI,  and  a  generally  smaller  number  of  in-  dinoideae  and  involve  only  a  small  fraction  of  the 

formative   characters.    Only    two    nodes    were    sup-  species   in   the  family.   Over  three  quarters  of  the 

ported  in    100%  of  the    1000  bootstrap  replicates,  species  are  included  in  the  subfamilies  Pooideae, 

and  11  had  values  between  90  and  99%.  Chloridoideae,  and   Panicoideae.  the  circumserip- 

Analysis  of  chloroplast  data  plus  the  data  from 

the  two  protein-coding  nuclear  genes  (that  is,  ex-  visions, 

eluding  morphological  and   ITS  data)  has  little  ef- 

fect on  either  topology  or  support  for  the  tree,  per- 

haps  because  omitting  morphology  and    ITS  only 

lions  of  which  are  changed  only  slightly  by  the  re- 

MOLKCILAH  CHAKACTKRS 

Virtually  all  of  the  phylogenetic  signal   in  this 

eliminates  178  characters,  or  about  8%  of  the  total.       analysis  comes  from  the  molecular  data  (Appendix 
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lll-k),   as   expected.    The   combinable   component  was  difficult   and   confirmed  our  suspicion   that   it 
consensus  (Bremer,    1990)  of  the   molecular  trees  may  not  be  useful  at  this  level  of  divergence.  ITS] 
(Kellogg,    1998)    is   remarkably   well    resolved;   all  and  parts  of  1TS2  had  to  be  eliminated  because  of 

nodes   found   in   this   consensus   are  strongly  sup-  difficulty  in  assessment  of  sequence  similarity.  The 
ported    in   the  combined   analysis   presented  here.  rpoC2  sequences  used  here  code  for  repeated  ami- 
When  the  molecular  data  are  analyzed  alone,  all  no  acid  motifs  inserted  into  the  protein.  The  inser- 
Strongly  supported  nodes  from  the  combined  anal-  lion  appears  only  in  the  grasses  and  thus  consli- 
ysis  are  recovered,  and  support  for  the  BEP  Clade  kites  a  synapomorphv  for  the  family  (Cumminga  el is  increase d. al..  1994).  although  we  did  not  code  it  as  such  in 

Previous  theoretical  (Graybeal,  1998)  and  em-  this  analysis.  The  repeats  are  similar  but  not  iden- 
pirical  (Soltis  et  al.,  1998)  studies  have  indicated  tical  to  each  other  in  sequence,  making  alignment 
that  large  numbers  of  characters  may  be  necessary  problematical,  a  point  discussed  at  length  bv  Hark- 
to  resolve  phylogenetic  patterns,  a  conclusion  only  er  (1995)  and  Barker  et  al.  (1999).  Efforts  to  im- 

partially supported  by  this  study.  The  molecular  prove  alignments  necessarily  reduce  apparent  ho- 
data  alone  and  the  entire  data  matrix  included  moplasy;  this  may  result  in  the  high  CI  mentioned 
2093  and  2143  phylogenetically  informative  char-  above.  Although  phylogenetic  results  from  these 
acters,  respectively  (Table  3).  These  data  sets  found  molecules  are  similar  to  those  from  the  other  genes, 
the  largest  percentage  of  nodes  with  bootstrap  val-  by  themselves  the  two  sets  of  sequences  do  not  per- 
ues  above   7i)%   (0.73   in   both   cases)  but   did   not 

have  the  highest  consistency  or  retention  indices.       subfamilies. 

mil   confident  assessments  of  relationships  among 

The  highest   CI   was  produced  by  the  rpoC2  data frees  from  iidhY  and  phyB%  individually,  are  par- 

thai,  while  large  numbers  of  informative  characters 

re 

investigations. 

alone  (ISO  informative  characters),  although  this  ticularly  well  resolved  and  well  supported.  Their 
could  be  in  part  an  artifact  of  alignment  (see  be-  congruence  in  early-diverging  branches  contributes 
low),  and  the  highest  RI  by  the  rbcL  data  alone  (2 13  to  the  strength  of  the  overall  topology  of  the  corn- 
informative  characters).  The  fraction  of  nodes  with  bined  data.  In  particular,  phyB  provides  considcr- 
bootstrap  values  over  70%  was  almost  as  high  for  able  support  for  the  BKP  Clade,  a  topology  dial  is 
the  phytochrome  B  data  alone  (with  417  informative  only  weakly  supported  by  ndhl\  and  not  at  all  by 
characters)  as  lor  all  data  combined.  We  conclude  several  other  data  sets.  The  two  data  sets  do  appear 

to  conflict  in  relationships  among  members  of  the 

may  provide  increased  reliability,  small  numbers  PACC  A  I)  Clade,  and  this  may  be  an  area  for  lulu 
are  not  necessarily  misleading  or  inaccurate  sam- 

ples of  the  whole.  \s  rioted  in  Methods,  sequences  for  a  given  ge- 
Other  studies  have  shown  that  the  number  of  nus  were  in  some  cases  taken  from  different,  eon- 

taxa  included  may  affect  phylogenetic  accuracy  generic  species.  This  procedure  assumes  that  the 
(e.g.,  Hillis,  1996,  1998;  Graybeal,  1998),  although  genus  is  monophyletic,  an  assumption  that  is  almost 
this  is  not  necessarily  the  case  (Poe  &  Swofford,  certainly  correct  in  many  cases  (e.g.,  Joimillea, 
1999).  Certainly  future  studies  should  include  more  Streptochaeta),  and  perhaps  not  as  likclv  in  others, 
taxa  than  just  the  set  of  exemplars  used  here.  How-  For  examples  the  three  species  of  Sti/xi  sampled 
ever,  the  results  numbered  1  to  9  above  have  been  here  have  been  placed  in  the  genera  Achnathemm, 
found  in  analyses  of  virtually  every  individual  data  Stipa,    and   Jarava    (Barkworth    &    Everett,    1987; 
set,  as  well  as  in  the  combined  tree,  and  we  would  barkworth.   1993;  Jacobs  &   Kverett,   1997),  which 
be  surprised  if  they  were  overturned  by  inclusion  are  distinct  and  possibly  not  a  monophyletic  group 

within   Stipeae   (Jacobs   et    al.,  2000).   While   this 

Most  of  the  molecular  data  come  from  chloroplast  problem    is   not   likely  to  compromise  our  conclu- 
genes,  so  it  is  not  surprising  that  the  tree  from  the  sions  regarding  subfamily   relationships,  it  means 
chloroplast  alone  closely  matches  the  tree  for  the  that  relationships  among  species  of  the  Stipeae  (or 

other   tribes   or  genera   where   composite   terminal 

least  data  (Table  3)  and  has  the  most   informative  taxa  were  used)  cannot  be  addressed  bv  this  anal- 
characters  of  the  molecular  data  sets,  presumably  ysis. 
because  it  is  the  longest  molecule.  Our  results  con- 

firm the  utility  of  this  molecule  for  resolving  rela- 
tionships among  grass  genera  (Clark  cl  al..    1995: 

Ciussani  et  al.,  in  press). 

of  more  taxa. 

entire  data  set.    The  rulhV  data  set   is  missing  the 

STIU  CI  l  HAL  CHARACTERS 

The  structural   characters,  comprising  the  mor- 

Alignment  is  a  particular  problem  for  the  rpoC2      phological  data  set  (Table  4),  were  optimized  on  the 
phvlogeny  (Fig.  3).  Our  results  suggest  that  some and  ITS  data  used  here.  Alignment  of  the  ITS  data 
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Figure  3  (pp.  395-397).  Same  tree  as  Figure  1.  with  structural  characters  mapped  on  using  ACCTRAN  optimization. 

Character  number  is  above  the  branch,  and  the  state  to  which  the  character  changes  is  below.  Filled  circles  represent 

unique  occurrences  of  character  states;  open  circles  represent  homoplasies. 

of  the  morphological  characters  may  be  useful  for  or  not),  11  (presence  or  absence  of  proximal  re- 

delimiting  groups  within  tribes  or  subfamilies,  but  duced  (lowers),  12  (number  of  flowers  per  spikelet), 

are  too  variable  to  be  useful  in  delimiting  subfam-  13  (presence  or  absence  of  awns),  15  (attachment 

ilies;  these  include  2  (culms  hollow  or  not),  3  (leaf  of  awns),  16  (disarticulation  above  or  below 

sheath  margins  fused  or  free),  10  (pedicel  present  glumes),  20  (lodicule  fusion),  28  (style  fusion).  29 
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(number  of  stigmas),  30  (highest  order  ol  stigmatic  flower  and  spikelet  affeets  characters  8,  18.  and  10. 

branching),  39  (lipid   in   die  endosperm),  40  (en-  C,  photosynthesis  (chars.  48  and  49)  is  known  to 

dosperm    starch    grain    syndrome),    and    47    (base  he  a  sel  of  characters  that  do  not  co-vary:  ils  origin 

chromosome  number).  is  still  poorly  understood.  These  characters  arc  dis- 
For  other  structural   characters,  our  assessment  cussed  in  more  detail  below. 

o(  character  stales  is  inadequate  for  use  in  phylo- 

genetic    analysis.    For   example,    the    woodiness   of  SPIKELETS  AND  FLOWERS 

bamboo  culms  (char.  I)  is  due  to  numerous,  closely 

spaced   vascular  bundles  around   the   periphery  of 

the  culm,  each  bundle  with  massive  sclerenchyma  ranged  in  bracteate  units  known  as  spikelets.  These 

liber  caps   on    both    sides,   combined   with    heavily  usually     consist     of    two    bract-like    appendages 

Spikelet.      The   (lowers  of   most   grasf 

are   ar- 

sclerified  ground   tissue,  but   isolated  fiber  strands 

may  also  occur  (Soderstrom,  1081;  Liese,  1008).  It 

(glumes)  at  the  base  of  a  central  axis  (rachilla)  on 

which  are  borne  one  or  more  florets,  all  in  a  disti- 

ls  not   clear   it   the   hardness  of  culms   in  Arundo,  chous   pattern.    According  to  Clayton   (100."):   viii), 

Thysanolaena.  and  Gynerium  and  a  number  ol  other  the  "grass  spikelet  never  ceases  to  fascinate,  for  the 

"woody"    taxa    of    the    PACCAI)    Clade   (Watson   &  simplicity  of  its  theme  is  matched  by  the  elegance 

Dallwitz,   1092)  is  derived  in  the  same  way;  these  of    its   variations."  The  apparent   simplicity  of  the 
taxa  need  more  careful  anatomical  study.  Similarly,  grass  spikelet    notwithstanding,   its  origin   and   ho- 

mologies, as  well  as  those  ol  the  grass  flower,  have 

(char.    I)  may  not  be  the  same  as  the  ciliate  mem-  been  much  debated  (see  reviews  in  Clifford,  1087. 

brane    found    in    many    members   of    the    PACCAD  and  Soreng  cK    Davis.   1008). 

the   hinged   membranous   ligule  of   some  Pooideae 

Clade    and    requires    developmental    investigation. The   phytogeny   highlights   the  difficulty  of  dis- 

and    flowers,    however,    is    variable   among    Pharo- 

glumes  (Fig.  4A).   Proximal   incomplete  florets  oc- 

Spikelet  pairing  (char.  0)  appears  in  various  pani-  cussing  the  evolution  of  the  grass  spikelet.  The 

coid  grasses  and  also  in  Pharus,  but  the  pattern  of  standard  spikelet  (or  some  modification  of  it)  is  p re- 

development of  the  pairs  in  Pharus  is  unknown.  sent  in  all  members  of  the  Pooideae  and  the  PAC- 

Mcmbranous  lodicules  (char.  21)  are  scored  as  be-  CAD  Clade  (Figs.  4  and  5).  The  pattern  of  bracts 

ing  the  same  wherever  they  occur,  but  development 

of  these  structures  has  never  been  compared.  Hans-  ideae,  Puelioideae,  Bambusoideae,  and   Khrharlo- 

torial  syncrgids  are  apparently  uniquely  derived  ideae  (Fig.  1).  Pharoideac  bear  single  flowers,  each 

within  the  Danthonioideae.  but  many  taxa  have  not  with  a  lemma,  a  palea,  and  a  pair  of  glumes,  but 

been  investigated  for  this  character.  Kmbryo  char-  no  rachilla  extension  (Fig.  4B;  Judziewicz,  1087; 

acters  (35,  .%,  37,  38)  are  often  phylogenetically  Soderstrom  et  ah,  1087).  Puelioideae  have  multi- 

informative,  but  lack  of  observation  ol  critical  taxa  flowered  spikelets,  in  which  each  flower  has  a  lem- 

makes  their  use  difficult  in  some  cases.  Starch  ma  and  palea,  and  the  whole  unit  has  a  pair  of 

grains  (char.  40)  are  classified  according  to  their 

apparent  structure  when  viewed  with  the  light  mi-  cur.  but  distal  reduction  is  seen  only  in  Guaduella. 

croscope.  With  much  recent  work  done  on  the  bio-  In     Bambusoideae,    the    unisexual,    one-flowered 

spikelets  ol  Olyreae  are  standard,  but  the  bracteate, 

formation  (e.g..  Whistler  et  al.,  1084;  Frazier  et  aL  rebranching  spikelets  (pseudospikelets)  of  manv 

1007),  this  character  could  and  should  be  recir-  Bambuseae  are  difficult  to  interpret  (Fig.  IF;  Jud- 

ziewicz et  al..  1000).  The  multiflowered  spikelet  of 

to  be  redone.  Arm  cells  and  fusoid  cells  (chars.  45  Streptogyna  presents  no  difficulties  ol  intcrprcta- 

and  10)  are  now  seen  to  be  ancestral  in  the  family,  tion,  but  in  the  Fhrhartoideae,  extra  proximal,  sler- 

yel  their  development  and  ultrastructure  arc  poorly  lie  bracts  (usually  called  sterile  lemmas)  are  corn- 

studied,  and  their  physiological  function  is  un- 

known. Comparisons  of  chromosome  base  numbers  known  (Oryzeae).  It  is  not  clear  whether  the  prox- 

(char.  47)  will  almost  certainly  become  more  pre-  imal  sterile  bracts  of  Fhrhartoideae  are  trulv  ho- 

cise  because  of   recent  studies  of   nuclear  genome  mologous  to  the  proximal  incomplete  florets  that  oc- 

chemistry  and  molecular  genetics  of  starch  granule 

cumscribed.  although  then  much  scoring  will  need 

mon  (Fig.  4G),  and  extreme  reduction  of  glumes  is 

arrangement  (e.g.,  Cale  &   Devos,   1008). cur  in  Puelioideae  and  some  bambusoids,  or  if  thev 

Finally,    some    of   the    structural    characters    are       arc  phylogenetically  (and  possibly  developmentally 
genuine    morphological    puzzles,    ones    foi 

•    w 

hid 
i and  genetically)  distinct.  The  uncertain  position  of 

strict  comparison  is  difficult.  These  include  the  flo-       Streptogyna  makes  the  homology    assessment  even 
ral     bracts    (glumes,    lemmas,    paleas,    lodicules). 

which  occur  only  in  the  grasses,  and  may  not  even 

occur  in  Anomochlooideae.  Homology  of  the  grass 

more  ambiguous. 

Most    characters   of  the   spikelet    and    the    floret 

14- 
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Figure  4.      SpikeletS  and  spikelet  equivalents  of  early-diverging  lineages  and  the  BEP  elade. — A.  Puelia  sebuman- 

niana,  Puelioideae  (Ijetoiizey  12930.  US).  — B.  Pharus  mezii,  Pharoideae  (HirUon  16059.  US;  redrawn  from  Judziewiez, 

1987).  — C.  Streptochaeta  spicata,  Anomochlooideae  (Bailey  &  Bailey  723,  US;  redrawn  from  Judziewiez  &  Soderslrom. 

1989,  from  originals  by  A.  Tangerini  at  US).  — I).  Anonwchloa  marantoidea,  Anomochlooideae  (Calderdn  2046.  US; 

redrawn  from  Judziewiez  &  Soderstrom,  1989,  from  originals  by  A.  Tangerini  at  US).  — E.  Stipa  comata,  Pooideae 

(Pearson  s.n.,  ISC).  — F.  Guadua  chacoemis,  Bambusoideae  {Nee  35467,  ISC).  — C  Ehrharta  bulbosa,  Ehrhartoideae 
(Barker  1119.  ISC).  — H.  Festuca  idahoemis,  Pooideae  (Pohl  15642,  ISC). 
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Figure  5.      Spikelets  of  die  PACCAD  elude.  —A.  Arundo  donax,  Arundinoideae  (Bradley  &  Scars  3558,  ISC).  — B. 
Dichanthelium  oligosanthes,  Panieoideae  {belong  206.1  ISC).  — C.  Aristida  arizonica,  Aristidoideae  (Griffiths  7373, 

ISC).  -~     ~    ------ leaching  collection,  ISC). 
I).    Tridens  flavus,   Chloridoideae  (Thorn*   18302.   ISC).  — ft.  Andrnpogon  gerardiu   Panieoideae  (Clark  s.ru, 

K  Danthonia  californica,  Danthonioideae  (Paid  9459.   ISC).  — G.  Centotheca  lapparca. 
Centotheeoideae  (Liang  66250,  ISC).  — II.  Chloris  cucullata,  Chloridoideae  (Malacara  &  Gutierrez  33n  ISC). 
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when  grass-type  spikelets  and  florets  are  absent,  as       the  structure  still  could  he  derived  as  a  prophyll  if 

in  the  non-grass  outgroups  (see  char.  8).  Although the  axis  rotated  through  180°  (Clifford,  1987).  The 

Numbers  of  florets.  The  rachilla  may  or  may  not 

extend  beyond  the  most  distal  (loret,  and  reduced 

or  modified  florets  may  be  present  below  or  above 

(or  both  below  and  above)  the  fertile  ones.  For  this 

analysis,  we  have  assumed  that  the  grass  flower  is 
terminal   to  the  axis  on  which  it  is  borne.   In  the 

pseudospikelets  occur  in  some  genera  of  Bambu-  gemmiparous  bracts  of  many  Bambuseae  are  essen- 
seae,  the  two  in  the  present  study  are  regarded  as  tially  glumes  with  a  bud  in  the  axil.  If  the  bud 

having  true  spikelets  and  florets,  and  thus  scorable  develops  it  becomes  a  second-  or  higher  order 
for  features  of  these  structures.  pseudospikelet  (Judziewicz  et   aL,   1999).   (Humes 

[Neither  Anomochloo  nor  Streptochaeto  (Fig.  1C  may  be  highly  reduced  or  lost,  as  in  Oryzeae.  A 

and  D)  has  structures  clearly  homologous  with  glume-like  prophyll  at  the  base  of  the  pseudospike- 

glumes,  lemmas,  or  paleas,  and  thus  neither  can  be  let  is  observed  in  many  Bambuseae  (Fig.  4F),  al- 

described  as  having  grass-type  spikelets  or  florets.  though  the  axis  bearing  the  prophyll  is  not  elon- 
We  therefore  follow  Clark  and  Judziewicz  (1996)  in  gated  (McClure,  1966). 

using  the  term  "spikelet  equivalent"  to  refer  to  the 
flowering  units  of  the  inflorescences  in  the  Anom- 

ochlooideae  to  emphasize  this  lack  of  recognizable 

homology.  Characters  of  the  spikelet  and  the  floret 

are  scored  as  inapplicable  or  ambiguous  in  these 

two  genera  except  for  char.  13  (see  Appendix  IV). 

The  grass  spikelet  may  have  originated  either  be- 
fore or  after  the  divergence  of  Anomochlooideae.  II 

before,  then  the  spikelet  was  extensively  modified 

in  the  long  history  of  Anomochlooideae.  The  origin 

certainly  must  have  occurred  before  divergence  of 

Pharoideae.  We  refer  to  the  clade  of  all  grasses  ex- 

cept Anomochlooideae  as  the  Spikelet  (Made. 

Bracts  outside  of  the  spikelets  subtend  inflores- 
cence axes  and  often  have  a  blade.  Short  to  elon- 

gate prophylls  are  usually  present  on  the  branches 

subtended  by  these  bracts.  Such  bracts  occur  pri- 
marily in  Bambuseae  and  Andropogoneae,  but  they 

are  not  necessarily  homologous  between  the  two 

groups  (see  Renvoize  &  Clayton,  1992).  Well-de- 
veloped subtending  bracts  are  usually  absent  in 

other  members  of  the  Spikelet  (Made,  although 

there  may  be  a  ridge  or  scar  which  presumably  rep- 

resents the  subtending  bract  at  the  base  of  the  in- 

\nomochlooideae,  there  is  no  identifiable  palea 

and  thus  the  flower  appears  to  be  truly  terminal  to 

the  main  sympodial  axes  of  the  inflorescence  in  1//- 
omochloa,  as  discussed  in  Soreng  and  Davis  (1998); 

the  same  is  true  under  Soderstroms  (1981)  inter- 

pretation of  the  spikelet  equivalent  of 

Streptochaet ( i .  Within  the  Spikelet  Clade,  however, 

the  flowers  are  borne  on  lateral  branches,  as  indi- 

cated by  the  presence  of  a  prophyll  (i.e.,  the  palea) 

in   the   proximal,   adaxial   position   on   the   branch. 

This  pattern  is  clear  in  those  taxa  with  multiflow- 

ered  spikelets  or  spikelets  with  one  floret  and  a 
rachilla  extension.  There  are  a  number  of  taxa  with 

a  single  floret  and  no  rachilla  extension,  including 

the  Pharoideae,  in  which  a  well-developed  palea  is 
found  in  the  floret.  It  is  simple  enough  to  imagine 

the  reduction  of  the  branch  apex  to  the  point  where 

no  evidence  of  a  rachilla  extension  can  be  ob- 

served, but,  as  Soreng  and  Davis  (1998)  noted,  the 

m  w    i  i  u    .    »u  »   „i..^       .•«       presence  of  a  single-flowered  floret  (or  equivalent) (, fumes.      We  have  assumed  here  that  glumes  are       *  ^  .  . 
i  i  .1      c     i    i   .  r\    i      r\  appears  to  be  plesiomorphic   for  the  family.  This 
homologous  across  the  hpikelet  Llade.  Lrlumes  are       .         .  .  .  . 

ii       i   r       i  .i       .  .      i     i        ,       .    .i  implies  that  either  the  rachilla  extension  and  ad- tvpicallv  denned   as  the   two  stenle  bracts  at   the  u  \ 
i  r  .i  ii.i.      ii*-        i     .      i     i        .        ditional  fertile  florets  evolved  subsequently,  or  that base  ot  the  spikelet,   but  additional  sterile  bracts  #  #  . 
/         ii         M    i    .      i     i  .     -i    n  multiflowered   spikelets  evolved   before  the  diver- 
(usually  called  sterile  lemmas  or  sterile  florets  even  r 
.r  .i  •  i  r  I    a       i       gence  of  the  Pharoideae,  and  reduction  to  a  singh 
it  there  is  no  evidence  ot  any,  even  vestigial.  Moral       n  .  n 

flore: scence  oranc I h. 

axis)  may  occur  between  the  glumes  and  the  flower- 

bearing  lemmas  (e.g.,  Ehrhartoideae,  Chusquea, 

many  Centothecoideae).  In  general,  the  first  (lower) 

glume  is  abaxial  and  the  second  (upper)  glume  is 

adaxial  (E.  A.  Kellogg,  pers.  obs.;  Clifford,  1987), 

fertile  floret  occurred  in  that  lineage  (Soreng  &  Da- 

vis, 1998).  Clearly,  single-flowered  spikelets 
evolved  a  number  of  times  in  various  lineages  in 
the  BEP  +  PACCAD  Clade. 

Lemma.      Each  floral  axis  is  subtended  by  a  lem- 
but  the  first  glume  may  be  adaxial  in  position,  as  ma  (Eig.  6A  and  B),  a  structure  that  appears  to  be 

in  a   number  of  Paniceae  (Clifford,   1987).  Grassl  universally  present  across  the  Spikelet  Clade.  The 

(1956)  and  Stapleton  (1997)  argued  that   the  first  lemma  apparently  is  formed  wholly  by  the  spikelet 

glume  is  actually  a  prophyll  for  Andropogoneae  and  meristem,  and  thus  is  a  bract  on  the  rachilla  (Clif- 

Bambuseae,  respectively,  and  that  the  prophyll  was  ford,  1987).  Lemma  morphology  is  extremely  vari- 

displaeed  upward  to  assume  the  position  and  func-  able,  but  the  number  of  nerves  is  consistently  odd. 

lion  of  a  glume.  Even  if  the  first  glume  is  abaxial,  varying  from   1  to   15  (Clifford,    1987).  Some  taxa 
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Figure  6.      Grass  flowers,  fruits,  and  emhrvos. A.  Kloral  diagram  of  a  grass  with  three  lodieules  and  six  stamens. 

— B.  Kloral  diagram  of  a  grass  with  two  lodieules  and  three  stamens.  — C.  Flower  of  Yushania  (Bambuseae,  original 
by  I).  Friedriek).  — I).  Lodieules  of  Pooideae  (/%/,  redrawn  from  Jirasek,  1968).  — K.  Lodieules  of  Chloridoideae 
(Mulilenhertfid,  redrawn  from  Soderstrom,  1967).  — F.  Lodieules  of  Panicoideae  (Setaria,  redrawn  from  Jirasek.  I9(>K). 

— G.  Lodieules  of  Bambusoidcae  (Chusquea),  showing  the  anterior  pair  (lower  two)  and  the  posterior  one  (upper). 
II.  Generalized  ovule  section  (l)anthonioideae)  showing  haustorial  synergids  (stippled)  (redrawn  from  Yerboom  et  al., 

1994).  — 1.  Longitudinal  section  of  a  panieoid  embryo  showing  presence  of  a  scutellar  tail  (st)  and  die  elongated 
mesocotyl  internode  (mi).  — J.  Longitudinal  section  of  a  pooid  embryo  showing  presence  of  an  epihlast  (ep).  — K.  Gross 
section  ol  a  panieoid  embryo  apex  showing  overlapping  embryonic  leaf  margins.  — L.  Gross  section  of  a  pooid  embryo 
apex  showing  embryonic  leaf  margins  thai  meet.  M.  N.  Garyopsis  of  Eustachys  (Chloridoidcae).  — M.  Hiliitn  side, 

showing  a  punetilorm  hilum  (h).  — N.  Kmbryo  side,  showing  the  large  embryo  (e).  (),  P.  Garyopsis  of  Chu&quea  (Bam- 
busoideae) (redrawn  from  McGlure,  1973).  — 0.  Hilum  side,  showing  a  linear  hilum  (h).  — P.  Kmbryo  side,  showing 

the  small  embryo  (e).  C — coleoptile;  co — coleorhiza;  e — embryo;  ep — epiblast;  es — embryo  sac;  h — hilum;  i — inner 
integument;  I — lemma;  lo — lodieule;  mi — mesocotyl  internode;  o — outer  inlegment;  p — palea;  pi — placenta;  r — raeh- 
dla;  s — scutellum;  st — scutellar  tail;  t — vascular  trace  to  placenta;  v\ — ovarv  wall. 
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have  more  than  two  glumes  at  the  base  of  the  spike-       eules  continue  to  he  controversial.  The  grass  flower 

let  (sec  Glumes),  hut  the  sterile  lemma  of  the  pan-       has   been   interpreted   variously    as  diehlamydeous 

icoid  spikelet  does  appear  to  represent  an  evolu-       (with   two  perianth  whorls,  the  palea   representing 
tionary  reduction  from  a  fertile  floret. 

Paled.      The  palea  (Fig.  6A  and  B)  is  widely  in- 
terpreted  as   a  prophyll   (Under,    1987;   Stapleton, 

1997;  Clayton,  1990;  Soreng  &  Davis,  1998;  Jud- 
ziewicz  et  al..  1999).  and  prophylls  do  occur  in  the 

inflorescences  of  many  Bamhuseae  and  Andropo- 

goneae  (Judziewicz  et  al.,  1999;  E.  A.  Kellogg,  un- 

puhlished  obs.)  relative  to  suhtending  bracts  in  pre- 

cisely the  same  way  a  prophyll  is  related  to  a 

suhtending  leaf.  Although  the  "palea  as  prophyll" 
explanation  may  he  more  parsimonious,  the  deri- 

vation of  the  palea  from  the  fusion  of  two  sepals 

also  has  heen  supported  (Schuster.  1910;  Stebbins. 

1974;  Irish,  1998;  Schmidt  &  Ambrose,  1998).  Nu- 
nez (1968)  and  Clifford  (1987)  have  suggested  that 

the  odd-nerved,  often  1-keeled  paleas  in  the  Orv- 

zeae  represent  a  separate  origin  of  a  palea-like 
structure,  hut  this  interpretation  is  inconsistent 

with  the  phylogeny.  There  is  no  reason  to  suppose 

paleas  have  heen  replaced  with  something  different 

in  Oryzeae.  Single-flowered  spikelets  lacking  a  pa- 
lea (e.g.,  Alopecurus)  prohahly  represent  loss  of  the 

rachilla  extension  and  the  palea  on  the  floral  axis. 

Vegetative  branching  in  the  grasses  and  other 

tnonocots  typically  involves  a  leaf  with  a  hud  or 

branch  in  its  axil,  although  hud  displacement  is 

observed  in  some  palms  and  grasses  (l)ahlgren  et 

two  fused  sepals  and  the  lodicules  the  petals),  mon- 

ochlamydeous  (with  only  one  perianth  whorl,  the 

lodicules,  present,  and  the  palea  homologous  to  a 

prophyll),  achlamydeous  (with  no  perianth,  the  lod- 
icules representing  modified  bracts  or  stipules),  or 

pseudanthial  (with  the  flower  representing  a  highly 

reduced  branch  system,  and  the  lodicules  derived 

from  leaves  or  branches)  (Clifford,  1987).  The  mon- 

ochlamydeous  interpretation  of  the  grass  flower  is 

the  most  widely  accepted.  Recent  molecular  genet- 
ic studies  provide  support  for  a  petaloid  homology 

of  the  lodicules  (Irish,  1998;  Schmidt  &  Ambrose, 

1998;  Ambrose  et  al.,  2000).  thus  rejecting  the  ach- 

lamydeous and  pseudanthial  hypotheses.  Ambrose 

et  al.  (2000)  also  provided  genetic  evidence  that 

the  palea  and  possibly  also  the  lemma  have  char- 
acteristics in  common  with  an  outer  perianth  whorl, 

thus  suggesting  that  the  dichlamydeous  interpreta- 
tion might  be  revived.  Bossinger  (1990)  and  Pozzi 

et  al.  (2000)  described  mutations  in  barley  in  which 

the  lemma  is  converted  to  a  leaf.  This  may  suggest 

that  the  lemma  is  more  leal-like  than  sepal-like. 

Kellogg  (2000a)  suggested  that  these  two  interpre- 
tations are  not  mutually  exclusive,  and  that  the 

complex  structure  of  the  grass  spikelet  may  relied 

simultaneous  expression  of  both  leal  and  floral  de- 

velopmental "programs. ^  If  the  latter  interpretation 

i     inoc   c       i        i  mni    r  i        o  ix     °  r  1  i        is  correct,  then  it  may  be  meaningless  to  discuss al.,  1985;  Serebrvakova.  19,  I;  rishercfe  Dranslield,  ,  .  ,,  ,     ,. 

1977).  The  first  appendage  of  the  branching  axis  is 

an  adaxial  two-keeled  bract  (=  prophyll).  This  pro- 
phyll encloses  the  bud.  but  often  persists  once  the 

branch  develops.  The  origin  of  the  vegetative  pro- 

whether  the  lemma  is  "really"'  a  leaf  or  a  sepal. 

Androecium.  All  six  stamens  (arranged  in  two 

alternating  whorls  of  three  stamens  each.  Fig.  6A: 

see  Clifford,   1987)  are   plesiomorphically  present 
phvll  is  not  clear,  but  whether  it  is  a  single  struc-  -.i-     »u      *    j                       i     »  .i           •    »     r                 r 
1     J                                                                         ^  within  the  study  group  and  at  the  point  of  origin  of 
lure  or  the  result  of  fusion  of  two  bracts,  ultimately  .i       „ .         r      -i      i     »  *i           »•           i          l      l  *     i     # J  the  grass  family,  but  the  entire  outer  whorl  is  lost 
it  is  foliar  in  nature  (Stehhins,  1974).  The  relation- ill  the  Restionaceae.  Within  the  grass  family,  all  six 
ship  between  the  subtending  leaf  and  tin*  prophyll  .             /u  *u     i     i  \              •  *  •      i  •     *i     *u r                                                &                           t     r  j  stamens  (both  whorls)  are  maintained  in  the  three 
is    generally    constant,    and    therefore    a    prophyll  i-     *    r          •            if       r      /            .  r     .1      i          r 

,       ,                           .                                     .  earliest-diverging  subfamilies  (except  lor  the  loss  of marks  the  presence  of  a  lateral  branch.  If  the  veg-  ,L      •                 .     •                  -a              i  i                    *     i 
1                                                                          n  the   inner  anterior   pair  in  Arvomocnloa.   as   noted *  •  •  *  II  *  1  *  rfl 

etative  branching  pattern  is  reiterated  in  the  inflo- 
rescence, then  the  palea  ought  to  be  homologous  to 

a    prophyll.    and    prophylls    should    occur   in    fully 

bracteate  inflorescences  as  the  adaxial  first  ap- 

pendage of  branches  in  the  axils  of  subtending 
bracts. 

above).  The  outer  whorl  is  maintained  throughout 

most  of  the  grass  family,  except  for  the  various  au- 
tapomorphic  losses  and  polymorphisms  noted 
above.  Loss  of  the  entire  inner  whorl  (e.g..  Fig.  6B) 

is  interpreted  as  a  synapomorphy  of  the  BEP  + 

PACCAD  Clade,   but   in  one  subclade  within  this 

Flower.      Grass  flowers  are  made  up  of  a  gynoe-  large    group    (the    bambusoid/ehrhartoid    alliance) 

ciurn,  androecium,  and  two  or  three  flap-like  struc-  there  are  three  or  more  independent  reversions  to 

lures  (lodicules)  that   force  the  floret  open  at  ma-  presence  of  this  whorl,  and   possibly  a  secondary 

turity  (Fig.  6A— G).    The  literature  on  the  anatomy  loss  in  Ijeersia.  An  alternative  interpretation  of  the 

and  development  of  the  grass  flower  should  prob-  outer  stamen  whorl,  in  the  context  of  the  present 
ably   be   reinterpreted    in   the   light  of  the   present  reconstruction    of    phylogenetic    relationships,   and 

phylogeny.  The  origin  and   homology  of  the   lodi-  involving  no  secondary  origins,  would  have  the  in- 
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ner  whorl  lost  independently  in  Pooideae  and  the  are  additional  differences  in  expression  of  the  en- 

PACCAD  (Made,  as  well  as  in  a  series  of  small  zymes  involved  in  photosynthesis  (Sinha  cK  Kellogg. 

lineages  within  the  bambusoid/ehrhartoid  alliance. 

Alternatively,  if  a  PACCAI)  +   Pooideae  lineage  is 

1996).  For  trample,  all  Chloridoideae  except  for 

the  C:i  Eragrostis  walteri  and  Merxmuellera  mngei 

considered,  loss  of  the  inner  stamen  whorl  could  be  form   aspartate,   use   the   N  AD-malic  enzyme,  and 

interpreted  as  a   svnapomorphv   of   that   clade;   the  have  double  bundle  sheaths,  with  the  inner  one  ol 

presence  of  this  whorl   in  some  genera  of  Khrhar-  thick-walled  cells.  (Centropodia  has  not  been  bio- 

toideae   and    Bamhusoideae    might    then    be    inter-  chemically  typed,  but  is  anatomically  the  same  as 

preted  as  retention  of  a  plesiomorphy,  while  the  al>-      other  NAD-MK  taxa.)  Stipagrostis,  in  Aristidoideae, 

sence  in  others  would  be  interpreted  as  having  is  similar  to  the  chloridoids  in  having  two  bundle 

arisen  independently  of  the  loss  in  the  PACCAI)  +  sheaths,  the  outer  ol  which  appears  to  be  carbon- 

reducing  (Sinha  cK  Kellogg,  1996).  Aristida  itsoll 

forms  malate,  using  the  N  ADP-malic  enzyme:  un- 
like other  NADP  taxa.  it   has  two  bundle  sheaths. 

Pooideae. 

mnciiKMisTin 
The  ultrastructurc  of  the  outer  sheath  is  similar  to 

The   phytogeny    suggests   that    the   C,    photosyn-  that  of  NADP  species,  but  the  inner  sheath  is  more 

thetic   pathway   has  evolved   multiple  times  within  like  an   NAD  or   PCK  plant;  the  extent  to  which 

the  PACCAI)  (Jade.  In  the  C,  pathway,  the  Calvin-  these  sheaths  are  developed  varies  throughout  the 

Benson  cycle,  and  hence   Kubisco,  is  relegated  to  genus  (Brown,  1977;  Carol  in  et  al..  197.?).  Eriachne 

the  bundle  sheath  cells  surrounding  the  veins  (Hat-  also    uses    NADP-MK    and    has    a    double    bundle 

tersley  &   Watson,    1992;  Sinha  &   Kellogg,    1990).  sheath,   but    unlike  Aristida    the    inner    sheath    has 

Phosphoenolpvruvate    carboxylase    then    catalyzes  thick-walled   cells.   The   C,   Panicoideae  also   vary 

C02  reduction  in  the  mesophyll  to  produce  the  lour-  biochemically    and    histologically,    although    large 

carbon  compound  oxaloacetate.    This  compound  is  groups  are  uniform.   For  example,  the  entire  tribe 

then  reduced  to  malate  or  aspartate  and  transported  Andropogoneac  (ca.   100  genera  and   1000  species) 

to  the  bundle  sheath,  where  the  newly  fixed  CO.,  is 

immediately    removed    and    taken    up   by    Kubisco. 

uses  NADP-MK  and  has  a  single  bundle  sheath. 

Both    the    phylogeny   and   structural/biochemical 

This  keeps  C()2  concentration  high  at  the  active  site       data  indicate  that  the  C,  pathway  is  not  homologous 

of  Kubisco,  preventing  competition  by  02.  Consis-       wherever  it  occurs.  The  close  relationship  of  the  C, 
tent  with  the  constant  How  ol  materials  between  the 

bundle  sheath  and  mesophyll.  C,  species  (Fig.  7C) 

have  closer  \ein  spacing  than  C3  species  (Pig.  7B).       that  made  the  pathway  easier  to  evolve.  II  this  were 

lineages,  however,  suggests  that  there  were  a  set  of 

changes  at  the  base  of  the  entire  PACCAI)  Clade 

Other  anatomical  manifestations  of  C,  phntosynthe- true,    then    those    changes,    whatever    they    were, 

sis    include    enlarged    bundle    sheath    cells   (Kranz  would  be  homologous,  even  though  the  final   man- 

anatomy),  closely  packed  chlorenchvma  cells,  and  ifestations  of  the  pathway  are  not. 

in  some,  radiate  chlorenchvma  (Pig.  7C). 

Despite  the  foregoing  generalizations,  C,  photo-  IMPLICATIONS  FOR  MORPHOLOGICAL  KVOLUTION 
synthesis  actually  represents  a  suite  of  characters. 

and 1 The  phylogeny   provides  a  unique  and   powerful 

tool  for  description  of  evolutionary  pattern  (Kellogg. 

2000a).   Major  clades  and  evolutionary  transitions 

are  summarized  in  Figure  o\  Additional  detail  can 

he   found   at    IUtp://www.virtualherbarium.org/grass/ 

gpwg/default.htm. 

Sister    relationship    of    Poaceae    and    Joimillc- 

rather  than  a  single  genetic  and  phylogenetic 

change.  Only  down-regulation  of  Rubisco  in  the 

mesophyll.  up-regulation  of  PKP  carboxylase,  and 

closer  vein  spacing  are  common  to  all  C,  grass  lin- 

eages. The  lour-carhon  compound  that  transports 

the  carbon  to  the  bundle  sheath  may  be  malate  or 

aspartate,  the  decarboxylating  enzyme  may  be  a 

malic  enzyme  using  NAD  as  a  co-factor  (NAD-MK),       aceae.      The  presence  of  long  and  short  cells  in  the 

leaf  epidermis  (char.  12).  with  at  least  some  ol  the 

tional  decarboxylation  activity  may  be  provided  by  short  cells  containing  silica  bodies,  unambiguously 

PKP  carboxykinase.  so  PCK  activity  is  dependent  supports  the  sister  relationship  of  Joinvilleaceae 

upon  the  presence  of  NAD-MK  (Kauai  &  Kdwards,  and  Poaceae.  This  arrangement  is  apparently 

1999).  Some  C,  grasses  have  only  one  bundle  unique  among  angiosperms  (Campbell  &  Kellogg, 

sheath,  whereas  others  have  two.  In  those  with  two  1987;  Kellogg  &  Kinder,  1995).  The  presence  of 

bundle  sheaths  the  inner  sheath  may  be  made  up  the  ().4  kb  inversion  in  the  chloroplast  genome 

of  thick-walled  cells,  forming  a  conventional  mes-  (char.  51)  is  also  an  unambiguous  svnapomorphv 

tome  sheath,  or  it   may  be  parenchymatous.    There       supporting  this  sister  relationship,  although  it  is  not 

or  using   NADP  (NADP-MK).   II   the  former,  addi- 
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0.1  mm 

Figure  7.  Leaf  anatomy.  — A.  Dinochloa  madelandii  (Soderstrom  2607).  — B.  Poa  sp.  (Carolina  Biological  Supply 

Co.).  — C.  Bouteloua  sp.  (Carolina  Biological  Supply  Co.).  ac — arm  coll:  be — bulliform  cell;  oh — chlorenchyma:  le — 

fusoid   cell;   is — intercellular  space:   ms — mcstome   sheath:   p — phloem:   ps — outer  parenchyma  sheath:   rch — radiate 

chlorenchyma;  sg — sclerenchyma  girder:  st — stomatal  apparatus;  x — xylem. 

known  whether   Fcdeiocoleaceae  possess  this   in-      gion  of  the  chloroplast  genome  (char.  52),  unam- 
version  (R.  J.  Soreng,  pers.  comm.). biguously  support  the  monophyly  of  Poaceae.  Two 

other  features  unique  to  and  characteristic  of   Po- 

Monophyly  of  Poaceue.      Two  characters  in  this       aceae  hut  not  included  in  this  analysis  are  the  cary- 
analysis,    the    highly    differentiated    grass   embryo       opsis  and  the  presence  of  intraexinous  channels  in 

(Fig.  6I  and  J)  and   its  lateral  position  (char.  34)       the  pollen  wall  (lander  &  Ferguson,   1985;  Canip- 

and  the  trnT  inversion  in  the  large  single-copy  re-       bell  cv   Kellogg,  1987;  Kellogg  &  Finder,  1995). 
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The  caryopsis  is  a  single-seeded,  usually  dry,  in-  es  except  Anomochlooideae)  is  then  likely  the  re- 
dehiscent  fruit  with  the  pericarp  fused  to  the  seed  suit  of  a  cumulative  series  of  changes  that  occurred 

coat  in  the  hilar  region  and  otherwise  closely  ad-  during  the  early  history  of  the  family.  Clayton 

nate  (Sendulsky  et  al.,  1 987).  The  caryopsis  (level-  (19()0).  however,  pointed  out  that  then4  are  well- 
ops  from  a  unilocular  ovary  containing  a  single  developed  bracts  in  the  spikelets  of  Kestionaceae. 

ovule  (Fig.  6H).  Within  Poaceae,  the  basic  cary-  and  what  could  be  interpreted  as  subtending  bracts 

opsis  has  been  modified  to  the  fleshy  (baccoid)  or  are  present,  although  not  necessarily  well  devel- 

the  achene-like  (nucoid)  caryopses  of  some  woody  oped,  in  Joinvilleaceae  (Dahlgren  et  al..  1985). 
bamboos  (Sendulsky  et  al.,  1987)  or  the  follicoid  or  Clayton  (1990)  also  noted  that  if  the  palea  in  grass- 
cistoid  caryopses  of  some  chloridoids  in  which  the  es  is  interpreted  as  a  prophyll,  then  there  is  no 
seed  is  free  from  the  pericarp  or  separates  from  it  homolog  for  it  among  other  Poales;  however,  pro- 

phvlls  are  occasionally  found  at  the  base  of  spike- 
when  moistened. 

The  highly  differentiated  grass  embryo  and   its       ]els  jn  Kestionaceae  (H.  P.  Under,  pers.  obs.). 
lateral  position  at  the  base  of  the  caryopsis  (char. The4    results   of  this   analysis   and    prior  studies 

34;  Fig.  61  and  J)  are  synapomorphies  for  the  family      (C|ark  et  a] ̂   1995.  Soreng  &  Davis,  1998)  support 
(Campbell    &     Kellogg.    1987;    Kellogg   &    Under.       the    f()|]owing   as    plesiomorphic    within    the   grass 
1995).  In  the  grasses,  the  embryo  has  leaves,  vas- 

family:  an  herbaceous,  perennial,  rhizomatous  hab- 
cular  tissue,  and  clearly  localized  shoot  and  root  [t;  pseudopetiolate  and  relatively  broad  leaf  blades 
meristems  before  the  fruit  is  dispersed,  and  thus       |)ram      multicellular  microhairs  and  anatomically 
looks  much  more  like  a  seedling  than  the  embrvos with  commissural  veins,  fusoid  cells  (fig.  7 A),  and 
of  non-grass  relatives  (fig.  61  and  J;  Reeder,  1957;         i.         .•        i  i     u     •        n  a,       .  ;  u-.„,:  , 
h  .  alternating  long  and  snort  cells  on  the  epidermis 

Sendulsky  et  al.,   1987).  Constant   features  of  the  .,      .  i       .  f.u      t  n    ■      i     r  i: 
'  ,  with  at  least  some  ot  the  short  cells  including  silica 

<rrass  embrvo  are  the  scutellum,  coleoptile,  and  co-       ,      ,.         ,  .  .  ,      .    ,    ,.      ,  , 
Y  ;  „        ,   r>  /r,.  r  bodies;    leaves    with    an   adaxial    ligule    and    open 

sheaths;  a  highly  bracteate  inflorescence;  one-flow- 

ered spikelets  or  spikelet  equivalents;  six  stamens 

in  two  whorls  with  tetrasporangiate,  dithecal  an- 

thers; monoporate  pollen  with  intraexinous  chan- 

nels in  the  wall;  a  uniloculate,  uniovulate  gynoe- 

cium  with  three  stigmas  and  one  order  of  stigmatic 

branching;  a  basic  caryopsis  with  a  linear  hilum;  a 

the'thne  (hat  Joirwillea  diverged  and  the  time  of  hiSh|y  differentiate
d,  laterally  positioned  embryo 

divergenee  of  Anomochlooideae.  Relative  to  most  Wlth  a  scutellum,  cole
optile.  coleorh./a.  and  a  neg- 

of  their  poalean  sister  families  (excluding  Kestion- 

leorrhiza.  A  scutellar  cleft  (Fig.  61)  may  or  may  not 

separate  the  scutellum  from  the  coleorrhiza,  and  the 

epiblast,  an  extra  flap  ol  tissue  opposite  the  scu- 
tellum, may  be  present  (Fig.  6J)  or  absent  (Fig.  61). 

Whether  or  not  the  embryonic  leaf  margins  meet  or 

overlap  varies  throughout  the  faniilv  (Fig.  6K  and 

L). 

Changes  in  the  inflorescence  occurred  between 

ligible    mesocotyl    internode;    Festuca-\x\)t>    starch 

aceae,  Ecdeiocoleaceae,  and  Centrolepidaceae),  the  R^ains  in  the  endosperm;  and  th
e  C3  pholosynthelic 

grasses,  including  Anomochlooideae,  have  well-de-  pathway.  The  grass  spikelet  and  lodic
ules  may  have 

veloped  bracts  (what  are  normally  called  subtend-  evolved  before  the  divergence  of  the  A
nomoehlooi- 

ing  bracts,  prophylls,  glumes,  lemmas,  and  paleas)       deae  and  the  rest  of  the  family,  and  were  lost  in  t
he 

Anomochlooideae  (cf.  Soreng  &  Davis,   1998),  but 

branches  and  flowers  (Figs.  4  and  5).  This  appears       these  features  are  not  plesiomorphic  under  the  pre- 
sent   optimization.    Bisexual    flowers    arc    probabh 

family,  although  this  was  not  used  explicitly  as  a  also  plesiomorphic,  but  unisexuality  evolved  early 

character  in  this  analysis.  Under  this  interpretation,  and  in  a  number  of  different  lineages  within  the 

the  characteristic  grass  spikelet  (found  in  all  grass-       family. 

subtending  and  enclosing  contracted  inflorescence 

to  be  a  derived  character  marking  the  origin  of  the 

Figure  8.  Summary  phylogeny  of  the  grasses  indicating  significant  morphological,  ecological,  and  molecular  (cpl)N  A 

=  chloroplasl  DINA)  events  in  the  evolution  of  the  family.  Infrequent  losses,  parallel  gains,  and  reversals  are  not  shown 

lor  ihese  characters.  The  12  subfamilies  recognized  by  the  GPW(i  appear  in  boldface.  Poales  sensu  K\W  include 

Cvperaceae.  Marked  taxa:  (star)  Al  least  some  included  species  have  unisexual  (lowers/florets;  (§)  At  least  some  included 

species  have  a  C,  carbon  fixation  pathway,  Kranz  anatomy,  or  both.  Dark  circles  indicate  nodes  strongly  supported  by 

all  data  combined  (bootstrap  >  99:  Bremer  support  >  16).  Subfamilies  with  common  names:  Aristidoideae  (wiregrasses. 

etc.),  Arundinoideae  (reeds,  etc.),  Bambusoideae  (bamboos),  Chloridoideae  (lovegrasses.  tef,  etc.),  Danthonioideae  (oat- 

grasses,  pampas  grass,  etc.),  Khrhartoideae  (rice,  wild-rice,  etc.),  Panicoideae  (maize,  panic  grasses,  millets,  sorghum, 
sugar  cane,  etc.),  and  Pooideae  (barley,  brome  grasses,  oats,  rye,  wheat,  etc.). 
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Anomochlooideae.      The    basal    divergence    he- ld equivalent  of  Anomochloa  is  indeed  homologous 

tvveen  Anomochlooideae  and  the  rest  of  the  Poaeeae  to  a  standard  grass  lemma,  a  palea  is  lacking  and 

(the  Spikelet  (Jade)  is  well  supported  based  on  mo-  the  flower  is  terminal,  whereas  in  a  true  grass  floret 

lecular  evidence.  Monophvly  of  Anomochlooideae.  the  flower  is  borne  on  a  lateral  axis  as  indicated  by 

however,  is  supported  morphologically  only  by  die  the  presence  of   the  palea   if  it   is  interpreted  as  ii 

unreversed    presence    of    the    adaxial    ligule    as    a prophyll.   Some   authors    interpret    the   distal    three 

fringe  ol  hairs,  a  character  that  appears  elsewhere  bracts  of  die  spikelet  equivalent  of  Streptochaeta  as 

in   the  family.  The  pulvinus  at   die  suniinil   of  the  lodicules   and   the   next   proximal   two   bracts  as  a 

pseudopetiole  is  a  possible  synapomorphy  for  this  bifid   palea   (e.g.,   Clayton,    1W0),   but   there  is  no 

clade  but  requires  further  study  to  determine  sim-  compelling  evidence  for  this.  Tin*  spikelet  equiva- 

ilarities  with  die  structure  in  other  grasses.  Molec-  lent  of  Streptochaeta  might  represent  a  condensed 
ular  support  (or  this  clade  may  be  due  at   least  in  branching  system  (Soderstrom,   1081).  but  it  is  not 

part     to     long-branch     attraction     (see     Unresolved  a    pseudospikelet    as  found   in   the    Uambuseae.    In 
questions). 

Anomochlooideae  have  been  recognized  as  a 

separate  family  (Nakai,  1943).  a  point  of  view  that 

is  completely  consistent  with  the  phylogcnv.  We 
have  chosen  here  to  retain  Anomochlooideae  within 

any  case,  lack  of  a  palea  in  Streptochaeta  also  im- 

Poaceae    necause b of    the    strong    synapomorphies 

linking  them  (notably  the  caryopsis  and  the  highly 

otnoc 

plies  that  the  flower  is  terminal. 

The  Spikelet  Clade  (Pharoideae   +  [Puelioideae 

+  (HEP  +  PACCADJj).  This  clade,  which  in- 

cludes all  of  the  grasses  except  for  Anomochlooi- 

deae, is  defined  by  the  unambiguous  presence  of 

true  grass  spikelets,  florets  (char.  8),  and  lodicules 

(char.  18).  The  plesiomorphic  condition  of  the 

spikelet  is  clearly  the  presence  of  a  pedicel  (char. 

10),  two  glumes,  and  a  well-developed  lemma  and 

palea  in  the  floret.  The  single-flowered  spikelel  may 

be  synapomorphie  for  the  family  above  the  point  of 

divergence  of  Anomochlooideae,  with  a  transfor- 

mation to  multiflowered  spikelets  above  Pharoideae 

and    then    numerous    reversals,    but    the   firs!    true 

,  ,n        ,  .  /       ~-      i    f'r  spikelets  in  grasses  may  have  been  multiflowered hloa,    whereas  the  embryonic   leal   mar-  ..  .  ,  ..    . (see  discussion  under  Spikelet).   I  he  plesiomorphic 

differentiated  embryo,  see  Fig.  8).  Retention  of  An- 
omochlooideae in  Poaeeae  is  also  taxonomicallv 

conservative,  in  line  with  all  previous  studies  of  the 

family,  and  consistent  with  the  efforts  of  the  AP(i 

to  limit  monotypic  or  small  families  (Chase  et  al., 

2000a.  b). 

Anomochlooideae  are  variable  with  respect  to 

embryonic  leaf  margins  and  die  epiblast.  Embry- 

onic leaf  margins  meet  and  the  epiblast  is  present 
in  An 

gins  overlap  and  the  epiblast  is  absent  in  Strepto- 

chaeta (Judziewicz  &  Soderstrom,  1080).  Both  gen- 
condition   for  lodicules  is  clearly  three  (char.    10). 

er .  .  .   ii  i   r«     rpi  unfused  (char.  20),  and  with  a  distallv  membranous 
a    nave    an     inconspicuous    scutellar    cleft.     I  he  .  .  ' 

coleoptile  is  usually  represented  as  a  more  or  less 

conical  "cap"  protecting  the  embryonic  leaves  and 
shoot  apex,  but  the  coleoptile  margins  are  entirely 

free  and  overlapping  in  Streptochaeta,  whereas  in 

AnomochloQ  the  margins  at  the  base  of  the  cole- 

optile are  fused  but  free  toward  the  apex,  as  is  also 

seen  in  Pharoideae  (Keeder,  1953;  Judziewicz  cv 

Soderstrom,   1080). 

portion  (char.  21).  Presence  of  unisexual  flowers 

may  be  synapomorphie  for  this  clade,  with  numer- 
ous reversals  to  bisexual  florets,  but  it  inav  he  more J 

likely  that  unisexuality  arose  multiple  times.  A 

base  chromosome  number  of  v  =  12  (char.  47)  was 

established  before  the  divergence  of  Pharoideae. 

Pharoideae.       Monophvly  of  this  clade  is  strong- 

ly   supported    by    the    presence   of  resupinate    leaf 

The     inflorescences    of    both    Anomochloa    and  blades,  oblique  lateral  veins  in  the  leaf  blades,  and 

Streptochaeta   are  braeteate,   but   the   lack   of  clear  uncinate  hairs  wholly  or  partially  covering  the  fe- 

homology  of  these  bracts  with  those  of  the  standard  male  lemmas  (Judziewicz,  1087).  The  female  lem- 

grass  spikelet  has  been  noted.  The  spikelel  equiv-  mas  exhibit  a  laminar  anatomical  structure  similar 

alenls   in   both   Anomochloa   and   Streptochaeta  are  to   that   of  Anomochlooideae,   but    the   transversely 

one-flowered  and  bisexual.  The  upper  bract  in  An-  elongated  cell  layer  is  subjacent  to  the  adaxial  epi- 
omochloa  exhibits  a   laminar  anatomical  structure,  dermis.    In    Pharoideae,    Anomochlooideae.    and 

wi tli  the  transversely  elongated  cell  layer  subjacent  some   Bambusoideae  (Chopa)   &    Ram.    1085),   the 

to  the  abaxial  epidermis  of  the  bract  (Judziewicz  ci  coleoptile  margins  are  free  for  at  least  a  portion  of 

Soderstrom,    1080).   This    laminar  structure    is   not  their  length,  but   the  distribution  of  this  feature  in 

found   in   bracts  of  Streptochaeta.   (Similar  but   not  the  rest  of  the  BEP  4-   PACCA1)  Clade  is  not  well 

identical     laminar    anatomy    characterizes    female  documented.  Pharoideae  embryos  have  an  epiblast 

lemmas    in     Pharoideae.)    As    Soreng    and     Davis  and  a  small  scutellar  cleft,  and  embryonic  leaf  mar- 

(1008)  pointed  out.  if  the  upper  bract  of  the  spike-  gins  meet  (Judziewicz.   1087).  The  Pharoideae  uni- 
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formly  exhibit  one-flowered,  unisexual,  paired  phological  synapomorphies  support  its  monophyly: 

(char.  9)  spikelets  (Fig.  4B).  When  present  in  the  loss  of  the  pseudopetiole  (char.  7),  reduction  to  two 

male  spikelets,  the  three  lodicules  are  small,  which  lodicules  (char.  19),  loss  of  the  inner  whorl  of  sta- 

may  he  plesiomorphic  or  may  represent  a  reduc-  mens  (chars.  23  and  24),  and  loss  of  arm  and  fusoid 

tion.  Disarticulation  is  variable,  in  that  the  whole  cells  (chars.  45  and  46).  The  pseudopetiole  is  re- 

inflorescence  may  disarticulate  as  in  Scrotochloa,  gained  in  Bambusoideae.  as  well  as  in  a  few  mem- 

or  the  whole  inflorescence  or  branches  usually  (lis-  bers  of  the  PACCAI)  Clade.  Arm  and  fusoid  cells 

articulate  in  Phariis,  or  female  spikelets  disarticu-  are  also  regained  in  Bambusoideae.  The  inner 

late  above  the  glumes  in  Leptaspis,  and  perhaps  whorl  of  stamens  is  interpreted  as  having  been  re- 
also  in  the  other  genera  (Soderstrom  et  al.,  1987).  gained  three  or  four  times  within  the  bambusoid/ 

These,  along  with  the  uncinate  hairs,  appear  to  be  ehrhartoid    clade.    Within    the    BEP    +    PACCAD 

adaptations   to   epizoochorous   dispersal.    Multicel- 
lular microhairs  (char.  43)  are  lost  in  Pharoideae. 

(Hade,  the  lamina  on  the  first  seedling  leaf  is  lost 

onlv  in  Bambusoideae  and  Oryzeae.  Unisexual  flo- J  J 

rets  have  evolved   in  most  lineages  of  this  clade. 

ideae),    Lamarckia    (Pooideae),    several    genera   ol 

one  to  two  orders  of  stigmatic  branching  (char.  30), 

The  Bistigmatic  C/ade  (Puelioideae   +  I  HEP  +  eg^   0|yreae  (Baml>usoideae).  Zizama  (Khrharto- 
PACCADj).      This  clade  is  marked   by  three  mor- 

phological    synapomorphies:    transformation    from  Cmorid<(i(|eae  and  Centothecoideae,  and  very  corn- 
three  to  two  stigmas  (char.  29),  transformation  from  mon,y  m  Panicoideae,  M()st  |jneages  include  taxa 

with  one  floret  per  spikelet  and  taxa  with  multiple 

and  presence  of  the    15  bp  ndhY  insertion  (char.  floretg  {)er  spikeleL  The  presence  or  absence  of  an 
53).  Multiple  florets  per  spikelet  (char.  12:  Fig.  5)  e[)i[)last  jg  varial)^  as  is  lhe  preserlce  (>r  absence 
may  have  arisen   within  Puehoideae  as  shown  in  ()f  the   scutellar  (.|efu   although    in    the    PACCAI) 
Figure  3,  or  in  the  common  ancestor  of  the  Pue-  c|ade  {]m  scutellar  cle(t  is  genera||y  presrnl  (Heed- lioideae  +  (BEP  +  PACCAI))  clade.  Regardless  of  er    |95?) 
which   scenario   is   correct,   reversals  to  one   floret 

occurred  numerous  times  in  the  BEP  -I-   PACCAI) 
The  large  number  of  reversals  hypothesized  in 

this  part  of  the  tree  raises  a  number  of  intriguing r 

Clade.  Disarticulation  above  tin-  glumes  (char.  16)      questions  l(.garcli„g  morphological  evolution.  We  do 
clearly  is  established  before  the  d.vergence  ol  Pue-       nQ|  kn<m,  anythmg  ab((U,  lhe  developm(.nt  or  un. 

deriving  genetics  of  the  characters,  so  we  are  forced 

into  the  agnostic  assumptions  that  gains  and  losses 

lioideac. 

Puelioideae.      The    forest    habitat    and    broad. 

pscudopetiolate   leaf  blades   of  the   Anomochlooi-  are   equally   likely,   and    that   pseudopetiol
es,   arm 

deae  and  Pharoideae  are  retained  in  this  subfamily,  cells>  fusoi(l  ('eIls-  epiblasts,  and  unisexua
l  flowers 

but   no  unique  morphological  synapomorphies  for  are  a11  developmental^  and  genetically  
the  same 

Puelioideae   have  been    identified.  The  culms  ap-  wherever  they  occur.  The  changes  that  we  interpret 

parently  do  not  produce  aerial  branches,  nor  basal 

tillering  as   in    Anomochlooideae  and    Pharoideae. 

as  reversals  could  actually  represent  retained  prim- 
itive characters  if  loss  of  these  characters  is  more 

The  presence  of  proximal  female-sterile  florets  in  like|y  tlum  their  reSain-  Equally  possible,  the 

the  spikelet  (char.  II)  is  an  unreversed  synapo-  changes  interpreted  as  reversals  could  represent 

morphy  for  Puelioideae  in  this  analysis,  but  is  also the  origin  of  novel  characters  that  look  superficially 

a  synapomorphy  for  Panieeae  and  autapomorphie  similar  to  ancient  ones.  We  have  some  evidence  for
 

for  multiple  other  taxa  on  the  live.  In  Puelioideae,  lhe  latt^r  (see  below)  in  that  arm  cells  in  the  bam- 

the  pattern  of  sexuality  in  the  spikelets  is  somewhat       busoids  are  actually  morphologically  different  from 

more  complex  than  in  many  other  subfamilies,  but those  in  Anomochlooideae  and  Pharoideae  (Zhang 

within  a  spikelet.  at  least  some  proximal  florets  are       &  C'ark,  2000).  Finally,  the  character  optimizations 

male.  In  Guaduella,  the  1  to  3  proximal  florets  are reflect  the  hypothesis  that  the  BKP  Clade  is  mono- 

male,  and  additional   florets  are  bisexual  with  the  phyletic.  If,  as  we  outline  below,  the  Pooideae  arc 

distalmost  one  or  few   reduced,  but  in  Puelia   the  actually  sister  to  the  PACCAI)  Clade — a  hypothesis 

proximal  3  to  6  florets  are  male  or  neuter,  with  the  that  is  neither  favored  nor  excluded  by  the  data — 

single  apical  floret  unisexual  and  female.  Multicel-  then  the  pattern  of  morphological  evolution  is  dif- 

lular  microhairs  (char.  43)  are  lost  in  Puelia,  and  ferent. 

a  reversion   to  three  stigmas  (char.  29)  occurs  in 

some  species  of  Puelia. The  HEP  Clade  (=  BOP  clade  of  Clark  el  a/., 

1995).      This  clade  is  supported  by  molecular  se- 

The   BKP    +   PACCAD   Clade.      This   clade   in-       quence  data,  particularly  from  ndhF,  rpoC29  and 

eludes  the  vast  majority  of  grass  species.  Six  mor-       />/*)  B  (see   Results),  but  other  data  sets  support  a 
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Pooideae    +     PACCAD    clade    (Soreng    &     Davis, Pooideae.      Monoplnly    o(    the    pooid    clade    is 

1 998).    hi   this   analysis,  constraining   Pooideae   +  strongly    supported    by    molecular   data    including 

PACCAD   as   monophylelic   was   only    slightly    less  epDNA    restriction   site  data  (Soreng  et   al.,    1 990; 

parsimonious  than  IJKP  -f-   PACCAD  (see  Results).  Davis  &  Soreng,   1993;  Nadot  el  al..   1991;  Soreng 

In  addition,  no  morphological  synapomorphies  sup-  &    Davis.    1998.    2000).    Parallel-sided    subsidiary 

porting  the  UKP  Clade  have  been  identified.  Loss  cells,  lack  of  microhairs,  nonvascularized  lodicules 

o(   the   lemma  awn   is  optimized   to  this  node,  but  (Fig.  6D),  and  the  presence  of  an  epiblast  and  lack 

awns  are   regained    in   many   taxa   within   the   BEP  of  a  seutellar  cleft  in  the  embryo  (Fig.  6J)  are  char- 

Clade.  The  lack  of  sequence  data  for  Streptogyna  acteristic  of  a  majority  of  the  subfamily  but  do  not 

contributes  to  the  uncertainty  of  its  position  within  constitute     unequivocal     synapomorphies.     In     this 

the  UKP  Clade  and  may  also  affect  assessment  of  analysis,  the  loss  of  stylar  fusion  (char.  28)  is  an 

the  monophyly  of  the  clade.  Streptogyna  appears  as  unreversed  synapomorphy  for  the  Pooideae.  Loss  of 

sister  to  Khrhartoideae  (Fig.    I),  but  in  other  anal-  the   seutellar  tail    (char.   36)   is   widespread    in   the 

yses  of  these  data  it  appears  as  sister  to  the  rest  of 
the  UKP  Clade. 

Bamhusoideae.  Monophyly  of  the  true  bamboos 

(i.e.,  olyroid  +  woody  bamboos)  is  supported  bv 

molecular  dala  in  this  and  other  analyses  (Clark  el 

al.,  1995;  /hang,  1990:  Zhang  &  (lark.  2000). 

Morphologically,  secondary  gain  of  the  pseudope- 

liole  (char.  7)  and  secondary  loss  of  the  lamina  of 

die  first  seedling  leaf  (char.  41)  are  synapomor- 

phies. Although  only  presence  or  absence*  of  arm 

cells  was  scored  in  this  analysis,  Zhang  and  (Mark 

(2000)  found  that  the  presence4  of  strongly  asym- 

metrically invaginated  arm  cells  (Fig.  7A)  is  a  po- 

tential synapomorphy  for  this  clade.   I  usoid  cells 

art*  characteristic  of  the  Bambusoideae  (Fig.  7 A), 

but  it  is  not  known  whether  their  presence  repre- 

sents retention  of  the  plesiomorphic  condition  or 

reversal  after  loss  of  fusoid  cells  at  the  base  of  the 

HKP  Clade.  IJambuseae  are  here  supported  by  the 

presence  of  perennating  woody  culms  (char.  I),  ab- 

axial  ligules  (char.  5),  and  Panicum-\\pe  starch 

grains  (char.  40).  A  secondary  gain  of  the  inner 

stamen  whorl  (chars.  23  and  24)  occurred  at  least 

once  but  possibly  several  times.  Olyreae  have  a 

synapomorphic  base  chromosome  number  of  x  — 

I  1  (char.  47).  but  the  tribe  is  also  characterized  bv 

unisexual  spikelets. 

(lade,  but  polymorphisms  prevent  its  unambiguous 

optimization.  An  unreversed  transformation  to  faint 

or  absent  vascularization  of  the  lodicules  (char.  22) 

occurs  within  the*  Pooideae  after  the  divergence  of 

Brachyelytrum.  A  transformation  to  the  embryonic 

leaf  margins  meeting  (as  opposed  to  overlapping; 

Fig.  0L)  also  occurs  after  the  divergence  of  Bra- 

chyelytrurn    but    is    reversed    in    Phaenosperma   (or 

Phaenosperma  +  Anisopogon).  Multicellular  micro- 

hairs  (char.  43)  are  known  oidy  in  Lygeum  +  Nor- 
(Ins;  although  this  character  is  scored  onl\    for  the 

abaxial   leaf  surface,   it   appears  that    Pooideae,  al 

least  above  this  divergence,  arc  the  only  group  ol 

grasses  to  lose  completely  the  ability  to  make  mul- 
ticellular microhairs  anywhere  on  the  plant  (except 

possibly  the  lodicules).  Chromosomal  evolution  in 

Pooideae  is  complex  (see  char.  47).  but  .v  =  12  i^ 

apparently    plesiomorphic    in    the    UKP   Clade,    so 
numbers  such  as  x 10  and  x 

I  I   in  the  earlier- 

diverging  lineages  of  Pooideae  may  well  be  derived 

from   this  condition.   The  presence  of  x   =    12   in 

Khrhartoideae.      This    lineage    is    strongly    sup- 

Phaenosperma,  Ampelodesmos.  and  some  Stipeae 

may  be  a  retention;  x  =  7  is  clearly  a  synapomor- 

ph\  of  the  core  Pooideae  (here  represented  by  Bra- 

chypodiunu  Arena,  Bromus,  and  Triticum).  Two  lod- 
icules (char.  10)  are  found  at  the  base  of  Pooideae, 

but  a  reversal  to  three  occurs  in  Stipeae  (in  which 

another  transformation,  to  two,  occurs  in  l\(tssel/a): 

this  is  undoubtedly  an  oversimplification  of  the  pat- 

ported  by  molecular  data,  and  is  characterized  by  tern  in  the  Stipeae  in  which  lodicule  number  varies 

the  presence  of  one  female-fertile  floret  per  spike-  considerably  (Viekery  ct  al.,  10}{6).  Loss  of  the  dis- 

let,  often  with  one  or  two  proximal  female-sterile  tally  membranous  portion  of  the  lodicule  (char,  21) 

florets  (char.  II).  This  character  is  coded  as  am-  is  a  synapomorphy  for  Meliceae.  The  earliest-di- 

biguous  in  Oryza  and  Leersia,  but  if  the  vestigial       verging  lineages  of  the  pooid  clade  have  one  floret 

structures  at  t lit*  base  of  the  spikelets  in  these  gen-  per  spikelet  (char.    12)  (although  a  rachilla  exten- 
era  are  interpreted  as  highly  reduced  glumes,  then  sion  is  present   in  Brachyelytrum).  multiple  florets 

the  presence  of  proximal  female-sterile  florets  is  an  appear  in  Meliceae,  single  florets  characterize  the 

unambiguous   synapomorphy.  Two   lodicules  (char.  (Phaenosperma    +    Anisopogon)    +    Stipeae    clade. 

19)  are  found  in  this  clade:  in  addition,  [he  inner  multiple  florets  arc  found  at  the  base  of  the  core 

whorl  of   stamens  (chars.  21)  and  24)   is  regained,  pooids.  and  many  taxa  within  the  con'  pooids  have 

styles   are   not    fused   (char.   28),   and    fusoid   cells  one  floret   per  spikelet.   Multiple  independent  ori- 
(char.  16)  are  lost. gins  of  multiple  florets  per  spikelet  can  be  hypoth- 
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esized,  but  subsequent  reduction  to  one  floret  per  lished  for  the  BEP  +  PACCAD  Clade,  but  no  trans- 

spikelet  has  clearly  occurred  in  several  groups.  Pat-  formations  to  any  other  number  occur  in  the  PAC- 

terns  of  divergence  within  this  clade*  are  complex  CAD  Clade. 
and  still  are  being  evaluated,  so  some  inferences  The  positions  of  Micraira  and  Eriachne  in  the 

regarding  character  evolution  are  likely  to  change.  phylogeny  are  not  well  resolved,  presumably  due  to 

a  lack  of  sequence  data  for  both  genera  (see  Results 
The  PACCAD  Clade.      Over  half  the  species  of  and  a[so  Unresolved  Questions).  The  two  species  of 

the  grass  family  are  included  in  this  clade.  Even  Eriachne  are  from  quite  distinct  parts  of  the  genus, 
as  early  as  the  1930s  (Avdulov,  1931;  Prat,  1932,  based  on  the  jnformal  classification  of  Eazarides 
1936;    Roshevits,    1937),   taxa  of  this  clade   have  (1995).  This  undoubtedly  affects  the  interpretation 
been   grouped    together.    Hilu   and    Wright   (1982)  Gf  character  state  transformations  within  the  entire 
were  the  first  to  retrieve  this  clade  in  a  formal  anal- 

ysis, and  subsequently  support  for  the  monophyly 

clade. 

Early  in  the  evolution  of  the  PACCAD  Clade, 

of  the  clade  is  found  in  all  molecular  analyses  to  gome  lineages  developed  the  capacity  for  C,  pho- 
date  with  sufficient  sampling  (Hilu  &  Esen,  1988;       tosynthesis,   apparently   as   an   adaptation   to   high 

light/high  temperature  conditions  and  perhaps  also 

to  falling  levels  of  atmospheric  C()2  (Sage  &  Mon- 
son,  1999).  Most  members  of  the  Panicoideae,  all 

but  two  Chloridoideae,  the  Aristidoideae  (except  (or 

Hilu  &  Johnson,  1991;  Davis  &  Soreng,  1993;  Na- 
dot  et  al.,  1994;  Barker  et  ah,  1995;  Clark  et  ah, 

1995;  Duvall  &  Morton,  1996;  Liang  &  Hilu,  1996; 

Mathews  &  Sharrock,  1996;  Soreng  &  Davis,  1998; 

Hsiao  et  al.,  1999;  Mathews  et  al.,  2000)  except  for  Sartidia),  and  the  Eriachneae  are  C,.  The  poor  res- 
Cummings  et  al.  (1994),  in  which  an  oryzoid  clade  0lution  0f  the  phylogeny  at  the  base  of  the  PACCAD 
nested  within  the  PACC  clade.  Davis  and  Soreng  C]a(]e  makes  it  jmpossjb[e  to  determine  precisely 
(1993)  named  this  the  PACC  clade  based  on  the  h()W  many  orjgins  (>f  C,  photosynthesis  there  were, 

but  certainly  there  were  at  least  two,  and  possibly 

prising  the  clade,  but  we  here  modify  the  name  to       more   The  dala  are  also  consjstent  with  a  polymor- 
phism at  the  base  of  the  PACCAD  Clade. 

The    Panicoideae     +    Centothecoideae    Clade. 

This  clade  was  recovered  in  virtually  all  su ban- 

four  subfamilies  that  were  then  recognized  as  corn- 

reflect  the  recognition  of  two  additional  subfamilies, 
the  Aristidoideae  and  the  Danthonioideae. 

The  PACCAD  Clade  is  robustly  supported  based 

on  molecular  data  and  additionally  is  supported  by 

the  presence  of  an  elongated  mesocotyl  internode  dyses>  and  had  reasonable  support  (bts  85,
  brs  8) 

(char.  37)  and  the  loss  of  the  epiblast  (char.  35;  in  the  combined  analysis.  Th
e  presence  ol  non-lin- 

Fig.  61).  The  latter  character  reverses  in  the  clade,  ear  hila  (char-  33;  FlS-  6M)  1S  a  po
tential  synapo- 

so  that  secondary  gain  of  the  epiblast  is  an  apparent  morPhy  for  thls  clade*   Alth
ough  support  for  the 

synapomorphy  for  Centhothecoideae.  Two  charac-  monophyly    of    Panicoideae   
 (excluding    Gynenum 

ters   (chars.   21   and   50)   are   possible  synapomor-  and  Danthomopsis)  was
  strong  (see  Results),  rela- 

phies  for  the  PACCAD  Clade,  but  because  of  a  lack  tionships  of  tl 
le  c entothecoid  taxa,  Gynerium,  and 

lr  1  .         1     1     r      ,       ,        -     m  1        v,  „*       Danthoniopsis  to  the  Panicoideae  and  to  each  other ot  data  or  lack  01  a  structure  in  Micraira,  placement  l 
remain  unresolved,  but  the  placement  of  Gynerium 
as  sister  to  traditional  Panicoideae  is  a  novel  result. of  these  transitions  is  ambiguous.  The  lack  of  lod- 

icules  in  Micraira  prevents  unambiguous  place- 
ment of  the  loss  of  the  distally  membranous  portion 

Panicoideae.  The  presence  of  proximal  (emale- 
of  the  lodicule  (char.  21),  and  Micraira  remains  1111-  sterile  florets  (char.  1  1)  and  the  transformation  to 
sampled  for  the  presence  or  absence  of  the  3  bp  the  classical  NADP-ME  Cv  subtype  (char.  48)  are 
deletion  in  phylochrome  B  (char.  50).  Solid  culm  unambiguous  synapomorphies  for  Danthoniopsis  + 

internodes   (char.   2)   are   shown    here   as   synapo-       Panicoideae.  Some  reversions  to  the  C;i  pathway  oc- 
morphic,  although  hollow  ones  reappear  in  other cur   within    the    Paniceae   among   unsampled    taxa, 

members  of  the  clade.   Non-linear  hila  (char.  33;       and  at   least  one  secondary  transformation  to  the 

Fig.  6 M)  are  widespread  in  the  PACCAD  Clade,  but  NAD-ME  C,  subtype  occurs  in  Panicum.  This 

the  point  of  origin  is  ambiguous.  The  Panicum-iype  clade  is  also  supported  by  the  presence  ol  one  fe- 

starch  grain  syndrome  (char.  40)  may  be  a  syna-  male-fertile  floret  (char.  12)  as  a  reversal  and  the 

pomorphy  for  the  PACCAD  Clade,  with  a  reversal  gain  of  a  germination  flap  (char.  17),  but  the  place- 

to  the  Festuca-iype  in  the  clade  containing  Eri- 

achne,   Aristidoideae,    Danthonioideae,    Arundino-  loss  of  disarticulation  above  the  glumes  (char.   \(>) 

is  a  synapomorphy  for  Panicoideae  excluding  Dan- 
Clade,  as  defined  below),  but  other  optimizations  thoniopsis.  The  presence  of  paired  spikelets  (char, 

are  possible.   Two  lodicules  (char.   19)  are  estab-  9)   is   a   synapomorphy   of   Andropogoneae   in   this 

merit  of  this  latter  transformation  is  ambiguous.  The 

ideae,    and    Chloridoideae    (the    Ligule    of    Hairs 
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analysis,  but  paired  spikelets  do  occur  within  Pan-       relationship  of  these  two  elades  is  relatively  mod- 

ieeae  (e.g.,  Brachiaria,  Digitaria,  Paspalunt). 

Centothecoideae.  Monophvlv  of  this  subfamil) 

as  currently  constituted  is  not  strongly  supported  in 

this  analysis.  The  secondary  gain  of  an  epihlast 

(char.  35)  is  a  possible  synapomorphv  (hut  is  un- 

known for  Thysanolaena),  as  is  fusion  of  the  styles 

(char.  28). 

est.  The  gain  of  the  NAD-MK  C,  subtype  (char.  48) 

is  a  possible  synapomorphy  for  the  entire  chide, 

however,  and  if  so  it  would  then  revert  to  C3  in  M. 

rangei.  The  gain  of  ehloridoid-type  microhairs 

(char.  44)  is  a  synapomorphy  for  the  traditional 

Chloridoideae,  although  the  character  does  occur 

elsewhere  in  the  PACCAD  Clade,  and  many  genera 

ol  chloridoids  also  include  species  with  panicoid- 

The  Ligule  of  Hairs  Clade  (Kriaehne   + /{Aristi-       type    microhairs    (Jacobs,    1987;    Van    den    Borne, 

doideae    +  Danthonioideae}    +  (Arundinoideae    +       1994;  Van  den  Rorre  &  Watson.   1994).  The  peri- 

carp is  often  free  or  loose,  but  this  feature  is  not 

uniform  and  is  also  lound  in  non-chloridoid  grass- 

Chloridoideae}]).     The  adaxial  ligule  as  a  fringe  of 

hairs  (char.   1).  awned  lemmas  (char.  13),  and  com- 

pound starch  grains  (char.  40)  are  synapomorphies       es. 

ol  this  clade.  but  characters  4  and  13  reverse  mul- 

tiple   times,    and    character   40    once,    within    this       UNRESOLVED  QUESTIONS 

clade.  as  well  as  elsewhere  on  the  tree  (Fig.  3).  The 

recovery  of  this  clade  is  a  novel  finding,  hut  further  Monophyly    o
f  Anomochlooideae.     Anomochloa 

investigation    is   warranted,   given   the   lack   of  se-       a,,<l  Streptochaet
a  arc  each  distinctive  genera  but 

          i   .      r       is>      i  'i>i       .  r  ,•  appear  to  have  little  in  common.  We  have  not  vet 
(  uence   data    lor-   hriacnne.     I  he   translormahon   to         M  • ■  /*  i  •  •  i  ,         i  •  ■  ■ 

embryonic  leal  margins  meeting  (char.  38;  Fig.  OL) 

is  an  unreversed  synapomorphv  ol  the  four  subfam- 
ilies above  Kriaehne. 

The    Aristidoideae     +     Danthonioideae    Clade. 

lound  a  uniquely  derived  morphological  character 

that  unites  them  as  members  of  a  single  clade.  Al- 

though the  analyses  presented  here  indicate  that 

the  two  form  a  monophyletic  group,  analyses  of  sin- 

gle data  sets  sometimes  show  them  to  be  paraphv- 

Although  each  of  these  subfamilies  is  well  sup-  letic  or  unresolved  (Mathews  et  aL  2000;  Mi  In  el 

ported  as  monophyletic,  their  sister  relationship  is  al.,    1009;  Zhang.  2000).   Because  both  genera  oc- 

another  novel   result,  and  one  that   is  onlv    moder-  eupy  long  branches  in  gene  trees,  thev  may  form  a 

ately  supported.  Nonetheless,  the  presence  of  a  ba-  clade  only  because  of  long-branch  attraction  (Fel- 

sic  pattern  of  three  awns  (char.   II;  Kig.  5C  and  F)  senstein,   1978).  Molecular  studies  of  other  species 

is  an  unreversed  synapomorphv  for  this  clade.  Re-  of   Streptochaeta    would    help    break    up    the 

long 

>rancn    to   S.    angustijolia    and    might    affect    the I appearance  ol  the  distal  membranous  portion  ol  the       I 

lodieules  (char.  21)  also  may  be  a  synapomorphy,       monophvlv  of  the  clade.  Resolution  of  Anomochloa 

although  this  reverses  within  the  Danthonioideae. 

Aristidoideae.  (Jain  of  a  germination  (lap  (char. 

17)  and  transformation  to  a  base  chromosome  num- 

ber of  x   = 

and   Streptochaeta    as   two  separate   basal    lineages 

obviously  would  ailed   interpretations  of  character 

I  I    (char.  47)  are   unambiguous  syna- 

pomorphies for  ll ie  c lade. 

evolution  within  the  family. 

Position   of  Streptogyna.      As   noted    in    Results, 

the  position  ol  Streptogyna  is  ambiguous,  appar- 

ently caused  by  lack  of  data.  There  are  two  species 

in  the  genus,  one  in  the  New  World  tropics  and  the 

other  in  Africa.  Neither  has  been  collected  fre- 

quently, and  we  do  not  know  of  any  plants  in  cul- 

tivation. Morphologically,  the  genus  would  fit  com- 

fortably within  the  Rambusoideae,  but  molecular 

cal  support  lor  the  monophvlv  ol  this  subfamily  was  data  suggest  that  it  is  an  early-diverging  member 

lound,  although  a  reversal  to  hollow  culms  (char.  2)       ol  the  RKR  Clade  or  the  Khrhartoideae.  The  char- 

Danthonioideae.     The  presence  ol  haustorial 
synergids  (char.  32)  is  interpreted  as  an  unreversed 

synapomorphy.  but  wider  sampling  within  the*  clade 
is  nee< led. 

Arundinoideae,      No    unambiguous    morphologi- 

aders  it  shares  with  Rambusoideae  are  thus  pre- 

sumably ancestral,  not  indicative  of  relationship. 

Accurate  placement  of  Streptogyna  is  necessarv  for 

interpretation  of  character  evolution   in  the  earlv- 

occurs  in  this  clade. 

Chloridoideae.  Chloridoideae,  including  Cen- 

tropodia  and  Merxnmellera  rangei,  are  supported 

based  on  molecular  data,  although  no  clearcut  mor- 

phological synapormorphies  have  been  identified. 

Monophyly  of  Centropodia  +  M.  rangei  is  well  sup- 

ported  as   is   thai   of  the   traditional   Chloridoideae  Early-diverging  Pooideae.      The  combined  anal- 

(i.e.,  Chloridoideae  s.  str.),  but  support  for  the  sister      ysis  confirms  the  position  of  Braehyelytrum  as  sister 

eariv 
J 

diverging    members    of    Rambusoideae,    Khrharto- 
ideae. and   Pooideae. 
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to  (he  rest  of  the  Pooideae.  and  Lygeum  +  Nardus  supported  as  monophyletic  by  our  data.  The  list  of 

as  the  next-diverging  lineage;  both  these  results  are  genera  included  in  and  excluded  from  each  sub- 
well  supported.  The  next  diverging  lineages  include  family,  however,  is  based  on  a  rather  limited  sample 

Phaenosperma,  Anisopogon,  Stipeae,  Ampelodesmos,  of  species  and  genera,  combined  with  inferences 

Meliceae,  and  Diarrheneae,  but  the  order  of  diver-  from  classical  morphological  studies.  In  particular. 
gence  is  not  resolved  by  any  data  collected  to  dale.  the  exact  circumscriptions  of  Danthonioideae. 

In  the  case  of  Phaenosperma,  Anisopogon,  Diar-  Arundinoideae,  and  Centothecoideae  are  not  pre- 

rkena,  and  Ampelodesmos,  the  problem  may  be  as-  cisely  determined  by  this  study.  A  comprehensive 
cribed  to  insufficient  sequence  data  in  this  analysis.  effort  by  multiple  systematists  is  needed  to  improve 

For  our  sample  of  Stipeae  and  Meliceae.  however.  understanding  of  the  many  poorly  known  species 

appreciable  sequence  data  are  available,  yet  the 

relative  positions  of  the  two  lineages  remain  un- 
clear. If  the  phylogerietic  problem  is  indeed  soluble 

with  molecular  data,  the  sample  of  genera  and  spe- 

cies in  each  tribe  may  have  to  be  increased  sub- 

stantially. A  combined  analysis  of  cpDNA  restric- 

tion sites  and  morphology  (Soreng  &  Davis,  2000) 

represents  the  broadest  taxon  sample  for  Pooideae 

among  studies  to  date.  The  order  of  divergence  of 

these  lineages  affects  interpretation  of  the  evolution 

of    such    characters    as    parallel-sided    subsidiary 
cells,  loss  of  microhairs,  and  trends  in  reduction  of 

chromosome  number  (Kellogg,  1998).  The  latter 

may  correlate  with  a  marked  increase  in  genome 

size  (Bennetzen  &  Kellogg,  1997)  and  may  suggest 

possible  mechanisms  of  genome  evolution. 

and  genera. 

Centothecoideae.  Of  the  groups  recognized  here 

as  subfamilies,  Centothecoideae  are  the  only  one 

not  strongly  supported  as  monophyletic  by  the  com- 
bined analysis.  We  have  retained  the  subfamilial 

name  and  expanded  the  circumscription  to  include 

Thysanolaena,  formerly  a  member  of  the  Arundi- 
noideae. As  with  the  remainder  of  the  PACCAD 

(Made,  a  clear  picture  of  the  limits  of  the  centothe- 

coid  clade  depends  on  much  more  data,  particu- 
larly on  the  remaining  centothecoid  genera,  but  a 

study    is    under    way    (J.    C    Sanchez-Ken,    pers. coiiiin.). 

Circumscription  of  tribes.      This  paper  does  not 

address  tribal  circumscription.  This  will  require  far 

more  extensive  sampling,  particularly  in  Pooideae, 
The  PACCAD  Clade.      Relationships  among  the      panieoideae,    Chloridoideae,    and    Bambusoideae, 

major  lineages  in  the  PACCAD  Clade  are  not   re- 

vv 

hich    constitute    the    four    largest    subfamilies. 

solved  by  this  or  any  other  phylogerietic  analysis  to       Choice  of  outgroups  for  such  studies  is  now  clear, 
dale.  In  die  combined  analysis,  the  branches  at  the 

base  of  the  clade  are  short,  marked  by  relatively 

few  mutations  each  (1  1,  41,  and  16  steps;  Fig.  1). 

This  suggests  that  the  PACCAD  radiation  may  have 

occurred  relatively  rapidly.  If  this  is  true,  then  re- 

I lowever. 

Biogeography.  Present-day  distributions  do  not 
indicate  much  about  where  the  grasses  originated. 

Kestionaceae  are  clearly  a  Condwanan  group,  with 

i   ,•        i  •       _  •      in*      i.  ♦  l  ;*i        ..  representatives  in   Africa  and  Australia.  Joinville- 
fationships  may  remain  (liMicult  to  resolve  with  cer-  l 
.    •    ,      rpi        ill  *   •  l  c  *  r  aceae,  however,  are  insular,  occurring  on   Borneo, taintv.   I  he  clade  also  contains  a  number  of  taxa  oi  & 
*  A    T  ^  ̂ 1  1  1  *  1  I     \  *     j    *  I  I  1  1        l  I  II9 

uncertain  placement,  many  of  which  have  received New7  Caledonia,  and  Pacific  Islands.  The  basal  lin- 

i-..i  .-        •        11  .•       .     i.         |i  cages  of  the  grasses  are  found   in  the  tropical   re- 
tittle  or  no  attention   in  phylogenetic  studies.    I  lie  °  °  f 
tribe  Eriachneae,  which  includes  the  Australian 

genera  Eriachne  and  Pheidochloa,  is  represented 

here  only  by  an  rhcL  sequence  of  Eriachne  triodioi- 
des  and  an  ITS  sequence  of  E.  triseta.  fhe  genus 
Micraira.  the  onlv  member  of  the  Australian  tribe J 

Micraireae,  is  represented  only  by  an  ndhF  se- 
quence of  M.  lazaridis  and  by  an  ITS  sequence  of 

M.  subulifolia.  Such  genera  as  Cyperochloa,  Stey- 

ermarkochloa,  and  the  Crinipes  group  were  not  in- 

cluded in  this  combined  analvsis.  An  rhel,  se- 

quence  of  Cyperochloa  places  it  with  the 

centothecoids,  whereas  a  sequence  of  the  crinipoid 

genus  Stvppeiochloa  places  it  sister  to  Arundineae 

s.  str.  (Barker,  1997;  binder  et  al.,  1997). 

The  subfamilies  recognized  within  the  PACCAD 

Clade    are,    except    for    Centothecoideae,    strongly       from  the  Paleocene  of  South  America  and  Africa. 

gions  of  South  America,  Africa,  and  Asia;  the  An- 
omochlooideae  are  restricted  to  South  and  Central 

America  (Judziewicz  &  Soderstrom.  1989),  the 

Pharoideae  are  pantropical  (Soderstrom  et  al.. 

1987).  and  the  Puelioideac  are  restricted  to  tropical 

Africa  (Soderstrom  &  Ellis,  1987;  Clark  et  al., 

2000).  Due  to  the  absence  of  an  early  fossil  record, 
it  is  not  clear  how  this  distribution  was  established, 

whether  by  long-distance  dispersal  across  the  At- 

lantic and  Indian  Oceans,  or  whether  across  a  con- 
tinuous Condwanan  equatorial  forest.  Kither  way, 

the  continent  of 

with  current  data. 

•  « 

le  continent  ot  origination  c annot   be  determined 

Timing  and  causes  oj  diversification.      The 

il" 

r- 

liest    unequivocal    grass    fossils   are   pollen   grains 
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deposited    approximately   60   to   55    million   years  consistent    with    available   data,    that    the    grasses 

(my)  ago  (Jacobs  et  al..  1999),  although  some  grains  achieved  their  Gondwanan  distribution  by  dispersal 

of  Monoporites  from  the  upper  Maastrichtian  (Cre-  (Soreng  &  Davis,  1 998),  as  has  been  suggested  lor 
taceous)    may    also    represent remains    of    grasses other  taxa  with  an  apparent  Gondwanan  distribu- 

( Under,  1 987).  The  earliest  known  grass  maerofos-  lion  (e.g.,  Adansonia,   ttaum  et  al.,   1998;  Athcros- 
sil   appears  in  an  early   Kocene  formation  (ca.  55  permataceae.  Kenner  et  al.,  2000). 

mya)  in  North  America  (Crepet  &  Keldman.  1991).  The  combination   of    fossil   data   and    molecular 

Based  on  the  fossil  record  therefore,  the  family  is  clock  evidence  suggests  that  the  major  diversihea- 

at  least  55  my  and  possibly  as  much  as  70  my  old.  lion   of    the  grasses  occurred   between    15  and   25 

Kslahlishment  of  all   major  lineages  had  occurred  mya,  long  after  the  origin  of  the  family  at  55  to  70 

by  the  mid-Miocene  (Jacobs  et  al.,  1900),  which  is  mya.    Phis  is  consistent  with  the  observed  branch 

about  the  time  that  grass-dominated  ecosystems  ap-  lengths  on  the  phylogeny  in   Figure    I.  Then1  may 

I.  have  been  many   more   representatives  of   the   An- 

Vttempts  to  date  particular  nodes  on  the  dado-  omochlooideae.    Pharoideae,    and    Puelioideae    (or 
gram   using   molecular  clocks   are  confounded   by  even  additional  lineages)  that  are  now  extinct,  but 

non-clocklike    behavior    of    several    of    the    genes  grasses  are  generally  rare  in  the  fossil  record  until 

(Cant  el  al.,  1990,  1997;  Mathews  et  al.,  2000;  Kcl-  the  Miocene  (Jacobs  et  al.,  1999).  The  simplest  ex- 
logg  &   Kusso,  unpublished  obs.).  Using  sequences  planation  is  that  the  family  diversified  long  after  its 

of  GBSSI,  which  has  been  shown  to  exhibit  clock-  origin.  The  novel  characters  that  arose  after  the  di- 

like  mutation,  Caul  and  Doebley  (1997)  placed  the  vergence  of  Joinvillea — the  caryopsis,  different iat- 

divergence  of  maize  and   Pennisetum   at   25  mya.  ed   embryo,   reduction    in   perianth — therefore  did 

whereas  Kellogg  and  Kusso  (unpublished)  place  the  not  lead  immediatelv  or  directly  to  the  current  dom- 

pearc< 
/ 

divergence  of  Danthoniopsis  dinteri  from  the  rest  of  inance  of  the  family.  Other  characteristics  acquired 

the  panicoids  at  ca.  10  mya.   The  two  dates  conflict  later  in  the  evolution  of  the  family  may  have  been 

with  each  other,  but  do  suggest  that  the  PA  CCA  I)  more  important  in  its  diversification  and  ecological 

Clade  originated  in  the  early  Miocene  or  late  Oli-  success.    Possibilities    include   such   characters   as 

gocene. 

All    C,    lineages   are    included    in    the    PACCAD 
formation  of  intercalary  meristems  or  the  acquisi- 

tion of  mechanisms  for  drought  tolerance.  We  do 

Clade,  so  paleontological  evidence  for  C,  photosyn-  not   know  the  phy  logenetic  distribution  of  interca- 

thesis  can  establish  a  minimum  age  for  the  common  lary  meristems.  however,  and  it  is  possible  thai  in- 
ancestor  of  the  clade.  The  earliest  known  C,  grass  tercalary  meristems  of  the  leaves  evolved  after  such 

macrofossil  is  dated  at  12.5  mya  (Nambudiri  et  al.,  meristems  in  the  stems.   Phis  character  needs  to  be 

1978),  and  the  earliest  isotopic  evidence  for  C,  is  investigated    further.    Acquisition    of    drought    and 

ca.    15  mya  (Kingston  et  al.,    1991;  Latorre  et  al.,  heat   tolerance  would   also  be  worth   investigating, 

1997).  This  suggests  that  the  origin  of  the  PACC  A  I)  but   would   require  a  precise  definition  of  what   is 

Clade  occurred  no  later  than   15  mya  and  possibly  meant   by  each   term.  The  cellular  components  of 
as  early  as  25  mya. such   physiological   responses  are  being  identified 

CONCI  ISIONS 

Roth   fossil  data  and  molecular  clock  estimates  and   could   perhaps   be   studied   across   a   range  of 

seem  at  odds  with  the  apparent  Oondvvanan  distri-  taxa. 
bution  of  many  grass  taxa  (see  for  example  Simon 

&  Jacobs,    1990).  The  Gondwanan  distribution  of 

such  derived  groups  as  the  subfamily  Danthonioi- 

deae  might  suggest  that  the  PACCAD  Clade  origi-  We  present  here  a  resolved  and  strongly  sup- 
nated  sometime  before  the  breakup  of  Condwana,  ported  phylogeny  of  the  grass  family.  It  can  be  used 

which  would  then  place  the  origin  of  the  family  long  to  understand  the  diversification  of  morphologv, 

before  the  earliest  known  fossils  were  deposited.  genes,  and  genomes,  to  interpret  comparative  stud- 

This  cannot  be  ruled  out,  of  course,  because  it  is  ies  of  cereal  crops  and  forage  grasses,  and  to  cle- 

an assumption  based  on  negative  evidence.  If,  how-  velop  hypotheses  of  adaptation  to  past  and  future 

ever,  we  assume  that  groups  within  the  PACCAD  environments.  Some1  phy  logenetic1  questions  remain 
Clade  originated  before  the  breakup  of  Condwana  unresolved,  and  these  affect  inferences  about  such 

(a  process  hard  to  date  precisely  but  perhaps  100-  important  characters  as  C,  photosynthesis.  IMone- 

70  mya),  then  we  would  have  to  assume  that  the  thelcss,  this  phylogeny  is  one  of  the  most  eompre- 

family  originated  more  than  200-1  10  mya,  before  hensive  and  robust  available  for  any  family  of 
the  time  of  the  first  appearance  of  angiosperms  in  plants,  making  the  glasses  an  excellent  clade  for 

the  fossil   record.   It  seems  more  likely,  and   more*  studies  of  evolutionary  pattern  and  process. 
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Taxonomic  Treatment  Thysanolaeneae  placed  in  the  Centothecoideae  and 

Gynerium  as  Incertae  Sedis.  Centropodia  and  M(T.r- 
Twelve   subfamilies   are   recognized   formally   in  mueUera  mngei  are  placed  in  Chloridoideae.  Pooi- 

this  classification  system  (Table    I).   A  description  (]eae  have  gr()wn  l)y   jnrlusj(m  ()f  Brachyelytreae. 
is  provided  for  each  subfamily,  and  where  appro-  Lygeeae,    Nardeae,   Phaenospermatideae/ Diarrhe- 
priate,  synonymy  is  indicated.  To  permit  easy  com-  neae    Stipeae,   and   Ampelodesmeae,   all   formerly 
parison  with  previous  work,  we  have  listed  for  each  c.|assjfie(]  within  either  Bambusoideae  or  Arundi- 
subfamily  which  of  the  tribes  recognized  by  Clayton  noj(|eae  by  some  authors;  note,  however,  that  Clay- 
and  Renvoize  (1986)  are  to  be  included.  In  some  ton  and  Renvoize  (i986)  plare(|  Ly^eae,  Nardeae, 
cases  (e.g..  Pharoideae  or  Danthonioideae).  the  new  an(|  Stipeae  in  Pooideae  in  agreement  with  the  clas- 
circumscription  of  subfamilies  makes  tribal  recog-  sjfK.atjOI1  proposed  here.  A  detailed  comparison  of 
nition  largely  unnecessary.   For  example,  the  sub-  the  GPWG  classification  with  the  major  grass  clas- 
family  Pharoideae  includes  three  genera  in  a  single  sjfication  systems  of  the  20th  century  is  presented 
tribe;  the  tribe  is  effectively  redundant  and  serves  jn  rpa|3|e  ] 
no  useful  function  in  the  subfamilial  classification. 

Nonetheless  we  list  the  names  for  comparison. 
Primary  sources  for  suprageneric  names  were  the 

STAR   Database  (http://matrix.nal. usda.gov:8080/ 

Our  sample  of  taxa  was  explicitly  designed   lo       star/su,)ragenericname.html).   the   Catalog  of  New 
explore  relationships  among  major  clades  that  can 

be  recognized  at  the  subfamilial  level,  but  it  is  not 

dense  enough  to  evaluate  tribal  limits.  We  have  in 

many  cases  combined  molecular  data  from  several 

World  Grasses  (http://mobot.mobot.org/W3T/ 

Search/nwgc.hlml),  and  Clayton  and  Renvoize 

(1986).  Diagnoses  of  the  subfamilies  were  extracted 

from  various  sources  including  Clayton  and  Ren- 
species  to  represent  a  genus  (as  is  also  commonly       voi/e    (1()86)    an(1    Watson    and    Dallwitz    (1992). 
done  for  morphological  analyses),  and  in  a  few  cas-       Trj|)es  jn  Ch]()rJdoideae  and  Panicoideae  (except  for 

the  exclusion  of  Kriachneae)  follow  the  treatmenl es   have  combined   data   from   several   genera   thai 

represent  a  putatively   monophyletic  group.  Such       of  Clayton  and   Renvoize  (1986);  tribes  listed  for 
combinations  assume,  rather  than  test,  monophyly. 
We  therefore  refrain  from  formal  discussion  of  tribal 

the  other  subfamilies  generally  are  treated  accord- 
ing to  more  recent  studies  and/or  consultation  with 

limits,   which   cannot    be   addressed    by   our  data;       specialists  in  those  groups. 
these  limits  will  have  to  be  re-evaluated  by  future 

studies.  Three  tribes  and  two  genera  are  placed  as       Poaceae  (R.   Br.)  Barnh.,   Bull.  Torrey   Bot.  Club 
Incertae  Sedis  at  the  end  of  the  classification,  al- 

though  the  genera  may  be  provisionally  placed  as 
noted  below. 

This  classification  reflects  our  attempt  to  use  the 

phvlogeny  as  the  basis  for  recognizing  subfamilies 

while  remaining  nomenclaturally  conservative.  Ex- 

cept for  Centothecoideae,  all  subfamilies  recog- 

nized are  well  supported  as  monophyletic  in  our 

analyses.  While  we  could  create  an  unranked  clas- ml 

situation  for  the  grasses  using  our  phvlogeny,  we 

feel  that  the  practical  interests  of  the  potential  us- 
ers of  this  classification  currently  are  best  served 

by  retaining  the  Linnaean  hierarchy.  Nonetheless 

we  have  applied  informal  names  to  several  of  the 

well-supported  clades  (see  above). 

22:  7.  1895.  (Norn.  alt.  Cramineae  Juss.,  Gen. 
PI.:  28.  1789.) 

A  monophyletic  family,  recognizable  by  the  fol- 

lowing synapomorphic  morphological  characters: 

Inflorescence  highly  bracteate.  Perianth  reduced  or 

lacking.  Pollen  lacking  scrobiculi,  but  with  intraex- 
inous  channels.  Seed  coat  fused  to  inner  ovary  wall 

at  maturity,  forming  a  caryopsis.  Embryo  highly  dif- 

ferentiated with  obvious  leaves,  shoot  and  root  mer- 

istems,  and  lateral  in  position. 

I.   Anomochlooideae  Pilg.  ex  Potztal.  in  Willd- 
ia    1:    772.     1957.    TYPE:    A enow 

Brongn.  Figure  4C  and  I). 

nomocnioa hi 

The I most   significant   changes   in   our  propose* 

subfamily  classification  are  the  breakup  of  the  tra- 
ditional Bambusoideae  and  Arundinoideae  and  the 

Syn.:    Streptochaetoideae    (INakai)    Butzin,    Neue    Unters. 
mute  Gram.:  I  18.  1065. 

Plants    perennial,    rhizomatous,    herbaceous,    of 

expansion  of  Pooideae.  The  diversity  encompassed  shaded  tropical   forest   understories.  Culms  hollow 

by  the  traditional  Bambusoideae  (or  Bambusoideae  or  solid.   Leaves  with  phyllotaxis  either  distichous 

s.l.)  is  now  recognized  as  Anomochlooideae,  Phar-  or-   spiral;   abaxial    ligule   absent;   adaxial    ligule  a 
oideae,  Puelioideae,  Bambusoideae  s.  str..  and  Ehr- short    fringe   of  cilia   or  absent,   not    membranous; 

hartoideae.  Elements  of  the  traditional  Arundino-  blades  usually  relatively  broad,  venation  parallel, 

ideae  are  now  recognized  as  Aristidoideae,  with  pseudopetioles  short  to  very  long,  these  with 

Danthonioideae,   and    Arundinoideae   s.    str.,   with       dark,  turgid  swellings  (pulvini)  at  both  ends  (An- 
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omochloa)  or  only  at   the  summit  (Streptochaeta):      II.    Pharoideae  (Stapf)  L  G.  Clark  &  Judz.,  Taxon 

sheaths  non-auriculate.  Inflorescences  spicate,  with 
COIIll) I lieated   branching  patterns,   bracts  outside  of 

45:  64:?.  1996.  TYPK:  Pharus  R  Browne.  Fig- 

ure 4B. 

the  spikelct  c(|iiivalcnts  present,  large  and  with  a 
■  ■I  it  l   ||     i    |  I         .     in,-       .  Syn.:  Lentaspicloidcae  (Tzvelev)  C.  0.  Morales,  Send tnera 
blade  or  small  and   bladelcss.  or  ahscnt.   Ultimate         J       ̂     '       *    ̂ „    ̂   „ 

structures    of    the    inflorescence    (spikelct    equiva- 
lents)   of    uncertain    homology    with    typical    grass 

5:  244.  1W«.  Norn.  superfl. 

Plants  perennial,  rhizomatous.  monoecious,  her- 

spikelets  but  one-flowered  and  bisexual;  bracts  baceous,  of  shaded  tropical  to  warm  temperate  for- 

wilhin  the  spikelrt  equivalents  with  phyllotaxis  dis-  est  understories.  Culms  hollow  or  solid.  Leaves  dis- 
tichous; abaxial  ligulc  absent;  adaxial  ligule  a 

fringed    membrane;    blades    resupinate.    relative!) 

lichous    or    spiral,    lacking    uncinate    macrohairs. 

sometimes  awned  but  if  so,  the  awns  single;  lodi- 

cules  absent,  or,  in  Anomochloa.  their  position  oc-  broad,  with  pseudopetioles  prominent  and  twisted, 

cupied  by  a  ring  of  short  brownish  cilia  borne  on  with   lateral   nerves  diverging  obliquely  from  mid- 

a  low  membranous  ring;  stamens  4  or  6;  ovary  gla-  nerve  and  running  straight  to  margins;  sheaths  non- 

brous,  apical  appendage  absent,  haus tonal  syner-  auriculate.  Inflorescences  paniculate,  the  main  axis 
gids   presumed   absent,   style    1,  stigma(s)    1    or  3.  and   branches  disarticulating  or  not,  covered   with 

Caryopsis  with  the  hilum  linear,  shallow  and  ineon-  uncinate  macrohairs.  bracts  outside  of  tin1  spikelets 

spicuous;   endosperm    hard,   containing  compound  absent.  Spikelets  unisexual,  one-flowered,  mostly  in 

starch  grains;  embryo  large,  epiblast  present  or  not,  male-female  pairs  on  short  branchlets,  or  some  fe- 

scutellar  cleft  present  but  shallow,  mesocotyl  inter-  male    spikelets    solitary.    Female    spikelets    large, 
node  absent,  embryonic   leaf  margins  overlapping  short-stalked;    glumes    2,    shorter    than    the    floret; 

or  not.  Basic  chromosome  numbers:  x  =    II   or   L8  lemma  tubular  or  inflated,  covered  wholly  or  in  pari 

(note:  (dark  &  Judziewicz,  l()()0,  erroneously  cited  by  uncinate  macrohairs,  awnless;  palea  well  devel- 
these  as  12  or  IB).  oped;  lodicules  absent;  ovary  glabrous,  apical  ap- 

pendage absent,  haustorial  svnergids  presumed  ab- 
Foliar  anatomy.      Mesophyll  nonradiate.  an  ad-  srn[    s,y|e  ,    stigmas  3    Carvopsis  wi,|,  ,|lr  hilum 

ax.al  palisade  layer  absent,  with  lusoid  cells  very  |inea|.  extending  the  full  length;  endosperm  hard. 
large  and   well  developed,  arm  cells  only  weakly  wi,h()l],  |;|)i(|.  embry()  sma)U  ̂ fa^  |)resenl.  sen- 
developed;  Kranz  anatomy  absent;  niul.il>  complex;  ,,.,,.„.  (.,eft  presen|  ,)U,  s|,a||(m   mesocolv|  i„,ernode adaxial  bulliform  cells  present. 

Foliar    micromorphology.      Stomata    with    low 

dome-shaped   and    triangular  subsidiary   cells;   bi- 

ry  large  (0.075-0.15  mm),  the 
Huh ir  micro hair; s  ve 

pointed  apical  cell  usually  one  and  a  half  times  as 

long  as  the  basal ly  constricted  basal  cell;  papillae 
absent. 

absent,  embryonic  leal  margins  overlapping,  Male 

spikelets  small,  short-  to  long-stalked,  membra- 
nous; glumes  2.  shorter  than  the  floret;  lodicules  .i 

or  0,  il  present  then  minute,  elliptic,  glabrous,  and 
nerveless;  stamens  (>.   Basic  chromosome  number: 
.v 

12. 

Photosynthetic  pathway.      Presumed  C3. 

INCLUDED  TKIliES: 

Anomochloeae  C.   K.   Hubb..  in   Hutchinson,   ham. 

Kl.    PI.    2:    21<).     1934.    TYPK:   Anomochloa 
Hrong. 

Foliar  anatomy.  Mesophyll  nonradiate,  an  ad- 
axial palisade  layer  absent,  lusoid  cells  large  and 

well  developed,  arm  cells  weakly  to  moderately  well 

developed;  Kranz  anatomy  absent;  midrib  complex; 

inflated  adaxial  interstomatal  cells  present,  bulli- 

form cells  poorly  developed  or  absent. 

Foliar  micromorphology.  Stomata  with  parallel- 

sided   to  dome-shaped  subsidiary    cells;  bicellular 

Streptochaeleae  (].  K.  Hubb..  in  Hutchinson.  Fam.       microhairs  and  papillae  absent. 

Kl.    PL    2:    205.     1<M.    TYPK:    Streptochaeta 
Schrad.  ex  Nees. Photosynthetic  pathway.      Presumed  Cv 

Xotes.      There  is  no  unique  morphological  syn-       INCLl'DED  TRIBE  (NOW  IDENTICAL  TO  stm  Wlin 
apomor|)hy  (or  this  subfamily,  but  both  tribes  lack       AND  Till  s  KKDUNDANT): 

lodicules  and  they  apparently  also  lack  grass-typ< 
spikelets.  As  noted  above  (Unresolved  Questions), 

this  lineage  may  not  be  monophyletic,  in  which 

case  two  subfamilies  would  \wei\  to  be  recognized. 

The  subfamily  includes    I  species. 

Phareae  Stapf,  in  Thiselton-Dyer,  Kl.  Cap.  7:  319 
1898.  TYPK:  Pharus  P.  Browne. 

Notes.      In  hi description  of  the  tribe, 

Stapl  specifically  included  Olyra  (based  on  its  uni- 

s  original 
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sexual  spikelets),  but  did  not  explicitly  list  Pharus  axial   palisade  layer  absent,  fusoid  cells  well  de- 

or  Leptaspis,  although  his  choice  ol  the  name  Phar-  veloped,  arm  cells  only  weakly  developed;  Kranz 

eae  implicitly  recognized  the  membership  of  Pha-  anatomy  absent:  midrib  complex  or  less  commonly 
rus  in  the  tribe  and  automatically  placed  Pharus  as  simple;  adaxial  bulliform  cells  present. 

Foliar  mieromorphology.  Stomata  with  dome- 
shaped  to  triangular  subsidiary  cells;  mierohairs 

absent  (Puelia)  or  multicellular,  uniscriate  micro- 
hairs  present  (Guaduella);  papillae  present  or  more 
commonly  absent. 

Photosynthetic  pathway.      Presumed  C:i. 

its  type,  according  to  Article  10.6  of  the  Code 

(Greuter  et  al.,  2000).  As  long  as  Olyra  was  re- 
tained in  the  same  tribe  as  Pharus,  Phareae  was  a 

superfluous  name  for  the  Olyreae.  When  Pharus 

and  Leptaspis  are  segregated  into  their  own  tribe, 
and  Olyra  is  excluded,  then  Phareae  becomes  the 

valid,  correct  name  for  the  tribe.  Clark  and  Jud- 

ziewicz  (1996)  based  the  name  of  the  subfamily  on 

this  tribal   name.  Tzvelev  (1989)  argued  that  the       INCLUDED  TRIBES: 

name  Phareae4  was  illegitimate  because  the  type  of  rv  i  n 
the  previously  described  tribe  Olyreae  was  includ- 

ed in  it.  and  provided  the  name  Eeptaspideae  for 

this  tribe.  Morales  (1998)  agreed  with  Tzvelev  and 

rejected  the  name  Pharoideae  for  this  subfamily, 

according  to  Article  52.1  of  the  Code  (Greuter  et 

al.,  2000),  replacing  it  with  Leptaspidoideae.  Under 

Article  52.3,  however,  "A   name  that  was  nomen- 

claturally  superfluous  when  published  is  not  ille-       proximately  14  species,  is  poorly  known,  and  mor- 

gitimate  .  .  .  if  it  is  based  on  the  stem  of  a  legitimate       phological,  anatomical,  cytological.  and  ecological 

generic  name."  We  therefore  accept  the  name  Phar- 
oideae for  this  subfamily,  as  Pharus  is  a  legitimate 

generic  name.  The  subfamily  includes  12  species. 

Soderstr.  &  R.  P.  Ellis,  in  Soderstrom 

et  al.  (editors),  Grass  Syst.  Kvol.:  238.   1987. 
TYPE:  Guaduella  Franch. 

Puelieae  Soderstr.  &  R.  P.  Ellis,  in  Soderstrom  et 

al.    (editors).    Grass   Syst.    Evol.:    238.    1987. 
TYPE:  Puelia  Franch. 

Nates.      This    subfamily,    which    comprises    ap- 

studies  are  needed. 

III.  Puelioideae  E.  G.  Clark,  M.  Kobay.,  S.  Ma- 

thews, Spangler  &  E.  A.  Kellogg,  Syst.  Hot.  25: 

181-187.  2000.  TYPE:  Puelia  Franch.  Figure 
/ 1A. 

Plants    perennial,    rhizomatous.    herbaceous,    of 
shaded  rainforest  understories.  Culms  hollow. 

Leaves  distichous;  abaxial  ligule  absent  (Guaduel- 

la) or  present  (Puelia):  adaxial  ligule  a  fringed 

membrane;  blades  relatively  broad,  pseudopetiola- 

te.  venation  parallel:  sheaths  non-auriculate.  Inflo- 
rescences racemose  or  paniculate,  bracts  outside  ol 

the  spikelets  sometimes  present.  Spikelets  with  two 

glumes  and  several  florets,  the  1  to  3  proximal  flo- 

rets male,  I  he  next  several  florets  female-fertile, 

with  distal  incomplete  florets  (Guaduella),  or  the 

proximal  3  to  6  florets  male  or  neuter  with  the  sin- 
gle distal  floret  female  (Puelia),  disarticulating 

above  the  glumes  and  between  the  florets  (Guad- 

uella) or  not  (Puelia):  lemmas  lacking  uncinate  ma- 
crohairs,  awnless;  palea  well  developed,  sometimes 

tubular:  lodicules  3,  membranous,  ciliate:  stamens 

6;  ovary  glabrous  or  hairy,  an  apical  appendage 

present  or  not,  haustorial  synergic! s  presumed  ab- 
sent, styles  2  or  3.  the  bases  close,  stigmas  2  or  3. 

Caryopsis  with  a  long-linear  hilum;  embryo  small. 

IV.    Baiiihusoideae  Luerss.,  Grundz.  Rot.,  ed.  5: 

451.  1893.  TYPE:  Bamhusa  Schreb.  Figures 

4F,  6C,  G,  0,  P,  7A. 

Syn.:  Olvroideae  Piker,  Nat.  Pfl.-Fam.  ed.  2,   lid:   168. 
1 956. 

Parianoideae    (Nakai)    But/in,    Neue    Unters.    Hliite 
Gram.:  148.  1965. 

Plants  perennial  (rarely  annual),  rhizomatous. 

herbaceous  or  woody,  of  temperate  and  tropical  for- 
ests, tropical  high  montane  grasslands,  riverbanks, 

and  sometimes  savannas.  Culms  hollow  or  solid. 

Leaves  distichous;  abaxial   ligule  absent  (Olyreae) 

or  present  (Bambuseae);  adaxial  ligule  membranous 

>r  chartaceous,  fringed  or  unhinged;  blades  usually 

relatively  broad,  pseudopetiolate,  venation  parallel; 

sheaths  often  auriculate.  Inflorescences  spicate.  ra- 
cemose or  paniculate,  completing  development  of 

all  spikelets  in  one  period  of  growth  and  subtending 

bracts  and  prophylls  usually  absent,  or  pseudo- 

spikelets  with  basal  bud-bearing  bracts  producing 

two  or  more  orders  of  spikelets  with  different  phas- 
es of  maturity  and  subtending  bracts  and  prophylls 

( 

usually  present.  Spikelets  (or  spikelets  proper  of 

the  pseudospikelets)  bisexual  (Bambuseae)  or  uni- 

sexual (Olyreae),  consisting  of  0,  1,  2  or  several 

glumes.  1  to  many  florets;  lemma  lacking  uncinate 

macrohairs,  if  awned,  the  awns  single;  palea  well 

developed;  lodicules  usually  3  (rarely  0  to  6  or 

many),  membranous,  vascularized,  often  ciliate; 

Foliar  anatomy.      Mesophyll  nonradiate,  an  ad-       stamens  usually  2,  3,  or  6  (10  to  40  in  Pariana,  6 

Basic  chromosome  number:  x 12. 
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to  120  in  Oehlandra);  ovary  glabrous  or  hairy,  ittate  (Phyllorachideae),  somewhat  broad  to  usually 

sometimes  with  an  apical  appendage,  haustorial  narrow,  sometimes  pseudopetiolate,  venation  par- 

syncrgids  absent,  styles  2  or  3.  sometimes  very  allel;  sheaths  sometimes  bearing  auricles.  Inflorcs- 

short  but  close,  stigmas  2  or  3.  Caryopsis  with  hi-  cences  paniculate  or  racemose,  bracts  outside  ol 

lum  linear  (or  rarely  punctate),  extending  its  lull  the  spikelets  rarely  present  (Humbertochloa). 

length  (or  rarelv  less  than  full  length);  endosperm  Spikelets  bisexual  or  unisexual,  with  glumes  2  (ab- 

hard,  without  lipid,  containing  compound  starch  sent  in  some  Oryzeae).  sterile  llorets  0  to  2,  and 

grains;  embryo  small,  epiblast  present,  seutellar  female-fertile  floret  1.  disarticulating  above*  the 

cleft  present,  mesocotvl  internode  absent,  einbry-  glumes  or  infrequently  primary  branches  disarl ic- 

onic leaf  margins  overlapping.  Basic  chromosome  ulating  as  units;  lemma  lacking  uncinate  macro- 

hairs,  if  awned,  the  awn  single;  palea  well  devel- 

oped; lodicules  2,  membranous  or  rarely  fleshy* 

heavily  vascularized;  stamens  usually  3  or 6  (some1- 

times  1,  2.  or  4);  ovary  glabrous,  apical  appendage 

absent,  haustorial  synergids  absent,  styles  2.  (ree, 

fused  basallv  or  lor  their  full  length  (Zizanio/>sis)m 

close,  stigmas  2.  Caryopsis  with  the  hiluni  long- 

linear;   endosperm   hard,   without    lipid,  containing 

numbers:  v 7,  (),  10,  II,  and   12. 

Foliar  anatomy.  Mesophvll  nonradiate.  an  ad- 

axial  palisade  layer  absent,  lusoid  cells  large  and 

well  developed,  arm  cells  usually  well  developed 

and  strongly  invaginated;  Kranz  anatomy  absent: 

midrib  complex  or  simple;  adaxial  bullilorm  cells 

present. r 

Foliar   micromorphology.      Stomata    with    dome-       compound    starch    grains    (rarely    simple):    embryo 

shaped,     triangular,     or     parallel-sided     subsidiary       small,  epiblast  usually  present  (absent   in  Ehrhar- 

eells;  bicellular  microhairs  present,  panicoid-type;      ta).  seutellar  cleft  usually  present  (absent  in  Leersia 

papillae  common  and  abundant 

Photosynthetic  pathway.      C3. 

INCLUDED  TRIBES: 

Bambuseae    Dumort.,    Anal.    Fain.    PL:    63.    1829. 

T\  PK:  Bambusa  Schick 

Olyreae    Kunth    ex    Sperm..    FI.    Friburg.     1:     172. 

L825.    TYPK:    Olyra    L.    (Including    Buerger- 

siochloeae  Blake,  Blumea,  Suppl.  3:  (>2.  L946; 

Parianeae  C.  K.  Hubbard,  in  Hutch..  Fam.  Fl. 

PI.  2:  21<).   I<)31.) 

Notes.  The  current  circumscription  ol  this  sub- 

family is  much  narrower  than  the1  traditional  view. 

In  their  recent  analysis.  Zhang  and  Clark  (2000) 

recovered  two  robustly  supported  clades.  the  oly- 

roid  bamboos  and  the  woody  bamboos,  which  thc\ 

recognized   as  tribes  Olyreae  and    Bambuseae,  re- 

am! PotamophUa),  mesocotvl  internode  absent  (pre- 

sent but  short  in  Microlaena),  embryonic  leal  usu- 

ally with  overlapping  margins  (meeting  in  Pota- 

mophila).  Basic  chromosome  numbers:  v  =  12  (10 
in  Mierolaena:  15  in  Zizania). 

Foliar  anatomy.  Mesophxll  nonradiate,  an  ad- 

axial palisade  layer  usually  absent,  lusoid  cells  ab- 

sent or  sometimes  present  (Zizania  and  Zizaniop- 

s/.s).  arm  cells  absent  or  present;  Kranz  anatoim 

absent;  midrib  simple  or  complex:  adaxial  bullilorm 

cells  present. 

Foliar  micromorphology.  Stomata  with  dome- 

shaped  or  triangular  subsidiary  cells:  bicellular  mi- 

crohairs present,  panicoid-type;  papillae  often  pre- 

sent in  Oryzeae,  otherwise  absent. 

Photosynthetic  pathway.      C,. 

spectively.  Following  Zhang  and  Clark  (2000), 

Buergersiochloeae  and  Parianeae  are  included  in 

Olyreae.  This  subfamily  includes  approximately 

1200  species. 

NCLUDED  THINKS: 

Khrharteae   Nevski,  Trudy    Bot.    Inst.    Akad.   Nauk 

SSSR  4:  227.  1937.  TYPK:  Ehrharta  Tlmtih. 

Oryzeae  Dumort..  Observ.  Cramin.  Belg.:  83.  1821. 

TYPK:  Oryza  L. 

Phylloraehideae  C.  K.  Ilubb.,  in  Nook.   Ic.  PI.  31: 

i.  3386.  p.  5.   1939.  TYPK:  PhyUorachis  Tri- 

men. 

Notes.       Although  we  did  not  sample  Phyllorach- 

Planls  annual  or  perennial   (rhizomatous  or  sto-        ideae,  we  place  it  here  based  on  morphological  sitn- 

lonilerous),  herbaceous  to  suffrutescent,  of  forests,       ilarity.  Nonetheless,  any  future  studies  of  this  clade 

open  hillsides,  or  aquatic  habitats.  Culms  hollow  or       should  include  this  tribe  to  test  its  relationship  to 

V.    Klirhartoideae     Link.     Hort.     Berol.     I:     233. 

1827.  TYPK:  Ehrharta  Thunb.  Figure  4G. 

Sv ii.:   Oryzoideae    kunth   ex    Heilschm.,    Flora    16(2):   52. 
I0<).   1833. 

solid.  Leaves  distichous;  abaxial  ligule  absent:  ad- 

axial ligule  a  fringed  or  unhinged  membrane,  or  a 
Khrharteae  and  Oryzeae.  Under  the  present  circum- 

scription,   this    subfamily    includes    approxi match 

fringe  ol  hairs;  blades  rarelv  basallv  cordate  or  sag-        120  species. 



Volume  88,  Number  3 
2001 

Grass  Phylogeny  Working  Group 

Phylogeny  and  Classification  of  Poaceae 

419 

VI.   Pooideae    Benth.,    Fl.    Hongk.    407.    1861. 

TYPE:  Poa  L.  Figures  4E,  H,  6D,  J,  L,  7B. 

Syn.:  Avenoideae  Link,  Hort.  Berol.  1:  108.  1827. 
Festucoideae  Link,  Hort.  Berol.  1:  137.  1827. 
Glycerioideae  Link,  Hort.  Berol.  1:  160.  1827. 
Eehinarioideae  Link,  Hort.  Berol.  1:  197.  1827. 
Cynosuroideae  Link,  Hort.  Berol.  1:  198.  1827. 
Anthoxanthoideae  Link,  Hort.  Berol.  1:  232,  271.  1827. 
Agrostidoideae  Knnth  ex  Beilsehm.,  Flora  (Beih.)  16(2): 

52,  104.  1833. 

or  circular  and  less  than  Vs  the  length  of  the  fruit; 

endosperm  hard  or  sometimes  soft  or  liquid  (sonic 

Poeae),  with  or  without  lipids  (some  Poeae),  con- 
taining compound  starch  grains,  or  simple  starch 

grains  (Brachyelytreae,  Bromeae,  Triticeae,  some 

Stipeae);  embryo  small,  epiblast  present  (rarely  ab- 
sent), scutellar  cleft  absent  (rarely  present,  but  not 

deeply  incised),  mesocotyl  internode  absent  (rarely 

short,    B  r  achy  elyt  rum),    embryonic    leaf   margins 

Stipoideae  Burmeist.,  Handb.  Naturgesch.  199.  1837.         meeting  (infrequently  margins  overlapping).  Basic 
Hordeoideae  Burmeist.,  Handb.  Naturgesch.  202.  1837. 
Phalaroideae    Burmeist.,    Handb.    Naturgesch.    208. 

1837. 

Secaloideae  Rouy,  Fl.  France  14:  2,  298.  1913. 

Plants  annual  or  perennial  (rhizomatous,  stolon- 
iferous,  or  neither),  herbaceous,  of  cool  temperate 

I enromosome  numoers:  x b 
7  (Bromeae,  Triti 

cc 

"
>
 

Poeae  generally,  few  Brachypodieae),  2,  4,  5,  6,  8, 

9,  10,  11,  12,  13  represented  in  a  few  Poeae  and 

the  other  tribes,  generally  medium  or  large. 

Foliar  anatomy.      Mesophyll  nonradiatc,  an  ad- 
axial  palisade  layer  absent,  fusoid  cells  absent,  arm 

the   high   mountains.   Culms °hollow  (rarely 'solid).       cells  al)sent;  Kranz  anatomy  absent;  midrib  simple; 

I  boreal tendi ana  ooreai  regions,  extending  across  the  tropics  in 
ss  tl 

Leaves  distichous;  abaxial  ligule  absent;  adaxial 

ligule  scarious  or  membranous,  the  margin  not  or 

infrequently  short  ciliatc  fringed  (rarely  long  cili- 
ate,  Anisopogon);  blades  somewhat  broad  to  usually 

narrow,  rarely  pseudopetiolate  (Phaenosperma) ,  ve- 

nation parallel;  sheaths  sometimes  auriculate.  In- 
florescences spicate,  racemose,  or  paniculate, 

bracts  outside  of  the  spikelets  absent  or  rarely  pre- 

sent (e.g.,  Sesleria,  Echinaria,  Ammochloa).  Spike- 

lets  bisexual,  infrequently  unisexual  or  mixed,  usu- 
ally with  two  glumes  (rarely  without  glumes, 

Lygeum,  or  the  first  absent,  Hainardia,  Lolium, 

Nardus,  except  on  terminal  spikelets),  1  to  many 

female-fertile    florets   with    apical    or   infrequently       Ampelodesmeae  (Conert)  Tutin,  Bot.  J.  Linn.  Soc. 

adaxial  bulliform  cells  present. 

Foliar  micromorphology.  Stomata  with  parallel- 
sided  subsidiary  cells;  bicellular  microhairs  absent 

(rarely  present,  Lygeum,  where  chloridoid,  Nardus, 

where  panicoid),  unicellular  microhairs  absent 

(rarely  present,  few  Stipeae);  papillae  usually  ab- 
sent, when  present  rarely  more  than  one  per  long 

cell. 

Photosynthetic  pathway.      C;{. 

INCLUDED  TRIBES: 

basal  reductions,  compressed  laterally,  infrequently 76:  369.  1978.  TYPE:  Ampelodesmos  Link. 

not  or  dorsally  compressed,  disarticulating  above       Brachyelytreae   Ohwi,    Bot.    Mag.   Tokyo   55:   361. 

the  glumes  (infrequently  below   the  glumes,  some 1941.  TYPE:  Brachyelytrum  P.  Beauv 

Poeae,  or  at  the  nodes  of  the  inflorescence,  various       Brachypodieae    (Hack.)    Hayek,    Oesterr.    Bot.    Z. 
genera);    lemma    lacking    uncinate    macrohairs,    if 

awned,  the  awn  single;  palea  usually  present  and 

74(10):  253.   1925.  TYPE:  Brachypodium  P. 
Beauv. 

well  developed,  but  variable  and  sometimes  very       Bromeae    Dumort.,    Observ.    Gramin.     Belg.:    83. 

reduced  or  absent;  lodicules  2  (rarely  3,  Anisopo-  1824.  TYPE:  Bromus  L. 
gon9  Ampelodesmeae,  many  Stipeae  and  few  Poeae;       Brylkinieae  Tateoka,  Canad.  J.  Bot.  38:  962.  I960. 

fused,    Meliceae;   rarely   absent,   Lygeum,   Nardus, TYPE:  Brylkinia  F.  Schmidt. 

and  few  Poeae),  usually  lanceolate,  broadly  mem-       Diarrheneae  (Ohwi)  C.  S.  Campb.,  J.  Arnold  Arbor, 
branous  apically  (fleshy,  truncate,  Meliceae),  often  66:  188.  1985.  TYPE:  Diarrhena  P.  Beauv. 

lobed  (Triticeae,  Poeae),  obscurely  few-nerved,  or      Lygeeae  J.  Presl,  Wsobecny  Rostl.  2:  1708,  1753. 
infrequently distinctly  few-nerved,  not  or  con- 1846.  TYPE:  Lygeum  Loefl.  ex  L. 

spicuously  ciliate  on  the  margins;  stamens  usually       Meliceae  Link  ex  Endl.,  Fl.  Poson.:  116.  1830.  |as 

3  (infrequently   1  or  2);  ovary  glabrous  or  pubes- "Melicaceae"!  TYPE:  Melica  L. 
cent,   rarely   with   an   apical    appendage   (Bromus,       Nardeae  W.  D.  J.  Koch,  Syn.  Fl.  Germ.  Helv.:  830. 

Diarrhena)  or  rostellum  (e.g.,  Brachyelytrum,  Ros-  1837.  TYPE:  Nardus  L. 
traria),  haustorial  synergids  absent,  styles  usually       Phaenospermatideae    Renvoize    &    Clayton,    Kew 

2,  close,  stigmas  2  (rarely  1,  Lygeum,  Nardus,  and 

a  few  others,  or  3,  scattered  genera).  Caryopsis  with 

Bull.   40:   478.    1985.   TYPE:   Phaenosperma 
Munro  ex  Benth. 

the  hilum  linear  and  up  to  as  long  as  the  fruit,  or      Poeae   R.   Br.,   Voy.   Terra   Austral.   2:   582.    1814. 

subbasal  and  punctiform,  linear,  ellipsoidal,  ovate, TYPE:   Poa   L.   (Including  Aveneae    Dumort., 
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Observ.  (iramin.  Belg.:  82.   1824;  Agrostideae       fusoid  cells  absent,  arm  cells  absent;  Kranz  anat- 

Dumort.,  Observ.  Cramin.  Help.:  83.  1824.) omy  absent  (Sartidia)  or  present  (Stipagrostis,  Ar- 

Stipeae  Dumort.,  Observ.  Cramin.  Belg.:  83,   182  I       istida),  when  present  with  one  (Stipagrostis)  or  two 

| as  "Stipaceae"|.  TYPK:  Stipa  L (A r istida)   parenchyma   sheaths,  although   both   not 

Tritieeae   Dumort.,  Observ.  Cramin.   Belg.:  82,  84,       equally  well  developed  throughout  the  genus;  mid- 
01.  1821.  TYPK:  Triticum  L 

Notes. Relationships  among  some  ot  me  major ft! 

rib  simple;  adaxial  bulliform  cells  present. 

Foliar  micromorphology.      Stomata  dome-shaped 

or  triangular;   bieellular  microhairs  present.  pani- lineages  of  the  core   Pooideae  clade  remain  unre- 

solved, and  conflicts  between   molecular  data  and       coid-type;  papillae  absent. 

morphologically  based  tribal  classifications  exist 

(e.g.,  Poeae  vs.  Aveneae;  see  Soreng  &  Davis, 

2000).  This  is  one  of  several  reasons  that  we  do  not 

offer  a  formal  classification  of  tribes  at  this  point. 

Relationships  among  the  earlier  diverging  lineages 

of  the  whole  pooid  clade  are  onl\  weakly  supported, 

and  also  require  further  investigation.  The  tribal 

classification  presented  here  is  almost  certain  to 

change  as  additional  data  accumulate,  and  thus 

should  be  taken  only  as  an  indication  of  the  taxa 

included  within  the  subfamily.  The  subfamily  in- 

cludes approximately  .'iJJOO  species. 

Photosynthetic  pathway.  C<  (Sartidia);  (1,  (Ar- 

istida,  NADP-MK;  Stipagrostis,  not  biochemically 

typed,  but  anatomically  NAD-MK;  Hattersley  i\ 
Watson,  1992). 

VII.    Aristidoideae    Caro,    Dominguezia   4:    16. 

1982.  TYPK:  Aristida  L.  Figure  5C. 

Plants  annual   or  perennial,  eaespitose,  herba- 

INCI.l  OKI)  TRIBE  (NOW    IDENTICAL  TO  THE 

SUBFAMILY   AND    I  III  S  REDUNDANT): 

Aristideae  C.  K.  Hubbard,  in  Bor,  (brasses  Burma. 

Ceylon,  India  &  Pakistan:  685.   I960.  TYPK: 
Aristida  L. 

\<>tes.  The  [)resence  ol  a  basal  column  »>!  ihe 

awn  is  a  potential  morphological  synapomorphy  for 

this  clade.  Sartidia  diverges  from  Stipagrostis  and 

Aristida  in  other  respects,  and  should  be  sampled 

in  future  analyses.  The  subfamily  includes  approx- 

ceous,  xerophytic  or  less  commonly  mesophvtic,  of       ,mate,y  350  
species, 

temperate,  subtropical  and  tropical  zones,  often  in 

unci  habitats.  Culms  solid  or  hollow.  leaves  (lis-      Vl»-   Anmdinuiileae   Hur.ncist..   Handh.    Natur- 
gesch.:  204.    1837 5A. 

TYPK:  Anmdo   L 

Figure 
tichous;  abaxial   ligule  absent  or  present  as  a  line 

of  hairs;   adaxial    ligule  a   fringed   membrane  or  a 

fringe   of   hairs;    blades    relatively    narrow,   without       Syn  .  phragmitoidcae  Panxli  ex  Cam,  Domingue/.ia  1:  13. 
pseudo[)etioles,  venation  parallel;  sheaths  non-au-  1982. 

liculate.    Inflorescences  paniculate,  bracts  outside  , 
c   .  -i    i   x      i         i   c    -i    i   i        -.ii-  in  Plants    perennial    (rarely    annual),    rhizomatous, 

ol  the  s|)ikelcls  absent,  hpikelets  with  bisexual  Ho-  i      ••  •  i      i 
,  fcl    c         i     r  _x*i     £i       .   i  i  i  stolonilerous,   or  eaespitose,   herbaceous   to  some- 

rets,  glumes  Z,  lemale-iertile  floret    I.  and  no  rach-  _  _  r  .  t     _ 

ilia  extension,  cylindrical  or  laterally  compressed, 

disarticulating  above  the  glumes;  lemma  with  three 

awns,  the  awns  separate  from  each  other,  or  (used 

below  into  a  twisted  column;  palea  short,  less  than 

half  the  lemma  length;  lodicules  present  or  rarely 

absent,  when  present  2,  bee,  membranous,  gla- 

brous, heavily  vascularized;  stamens  1  to  3;  ovary 

glabrous,  apical  appendage  absent,  haustorial  syn- 

ergids  absent,  styles  2,  free,  close,  stigmas  2.  Cary- 

what  woodv,  ol  temperate  and  tropical  areas,  me- 

sophvtic or  xerophytic,  the  reeds  found  in  marsh\ 

habitats.    Culms    hollow    or    less   commonly   solid. 

Leaves  distichous;  abaxial  ligule  absent  or  rarelv 

present  as  a  line  of  hairs  (Hakonechloa);  adaxial 

ligule  a  fringed  or  unlringed  membrane  or  a  fringe 

of  hairs;  blades  relativelv  broad  to  narrow,  without 

pseudopetioles.  venation  parallel;  sheaths  usuallv 

non-auriculate.    Inflorescences   usuallv   paniculate. 

.  ,     ,.       i  .,  i      .  i  i.  i  randy   spicale  or   racemose,   bracts  outside  of    the 
ith    the    luluin    snort    or    lnn<Hinear;   endo-  ...  .     .  .     .  .     . opsis    Wl 

sperm  hard,  without  lipid,  containing  compound 

starch  grains;  embryo  small  (Sartidia)  or  large  (Ar- 

istida, Stipagrostis),  epiblast  absent,  seutellar  clelt 

present  or  absent  (Sartidia),  mesoeotyl  internode 

elongated,  embryonic   leaf  margins  meeting.   Basic 

spikelets  absent.  Spikelets  with  bisexual  florets, 

glumes  2,  a  sterile  lemma  sometimes  present,  fe- 

male-fertile florets  1  to  several,  apical  reduction 

usuallv  present,  usually  laterally  compressed,  dis- 

articulating above  the  glumes;  lemma  lacking  un- 
cinate macrohairs,  if  awned,  awn  usuallv  single, 

sometimes  awns  three,  but  then  lacking  a  basal  col- 

Foliar  anatomy.  Mesophyll  radiate  or  noma-  umn;  palea  usually  well  developed;  lodicules  2, 

diate  (Sartidia),  an  adaxial   palisade  layer  absent,       free  (rarely  joined  at  the  base),  fleshy,  glabrous  or 

i cnromosnme  mini bers: :  a II,  12. 
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infrequently  ciliate,  not  or  scarcely  vascularized  to      monophyletic  arundinoid  clade,  although  Linder  el 

heavily   vascularized;   stamens  (l to)3;  ovary  gla- al.  (1997)  linked  Arundo,  Phragmites,  and  Molinia 

broiis,  apical  appendage  absent,  haustorial  syner-       by  the  presence  of  hollow  culm  internodes,  a  punc- 

gids  absent,  styles  2,  usually  free,  close,  stigmas  2. tiform  hilum,  and  convex  adaxial  rib  sides  in  the 

Caryopsis  with  the  hilum  short  or  long-linear  (Mol-       leaf  blade.  This  subfamily  clearly  requires  further 

ini(i);   endosperm   hard,   without   lipid,   containing      study.   The  subfamily   includes  33  to  38  species, 

compound    starch    grains;   embryo   large   or   small       counting  the  crinipoids. 

(Amphipogori),  epiblast  absent,  scutellar  cleft  pre- 

sent, mesocotvl  internode  elongated,  embryonic  leal       IX.   Danthonioideae  Barker  &  H.  P.  Linder,  sub- 

margins  meeting  or  overlapping  (Hakonechloa) .  Ba- 

sic chromosome  numbers:  x  =  6,  9.  12. 

Foliar  anatomy.  Mesophyll  nonradiate  or  rarely 

radiate  (Arundo,  Amphipogon),  without  an  adaxial 

palisade  layer,  without  fusoid  cells,  arm  cells  ab- 

sent or  present  (Phragmites);  Kranz  anatomy  ab- 

sent; midrib  simple;  adaxial  bulliform  cells  present. 

fam.  nov.  TYPE:  Daruhonia  DC.  Fl.  Franc.  3: 

32.  1805.  Figure  5F. 

Haec  subfamilia  ah  aliis  suhfamiliis  Poacearura  syner- 

gidis  haustorialihus,  ligula  ciliata,  embryone  mesocotvle- 
doiie  praedito,  spicula  pluriflora  vel  si  uni-  vcl  hi  flora 
nunc  rhachilla  in  extensionem  desinente,  stylorum  basi- 

bus  plenunque  distantihus  atque  anatomia  "Kranz"  el  mi- 
cropilis  chloridoideis  carentihus  bene  distincta. 

Distinct  from  the  other  subfamilies  of  the  grasses  by  the 
Foliar    micwmorphology.       Stomata     with    low       haustorial  synergids,  and  by  the  conjunction  of  a  ciliate 

dome-shaped  or  triangular  subsidiary  cells;  bicel-       ligule,  the  presence  of  an  embryo  mesocotvl,  a  several- 

lular  microhairs  present  or  less  commonly  absent.       flowered  spikelet,  w
hich,  if  1-  or  2-flowered  has  a  rachilla 

extension,  usually  distinctly  separated  style  bases,  the  ab- 
sence of  Kranz  anatomy,  and  the  absence  of  chloridoid 

microhairs. 

IMants  perennial  (caespitose,  rhizomatous  or  sto- 

loniferous)  or  less  commonly  annual,  herbaceous  or 

rarelv  suffrutescent,  of  mesic  to  xeric  open  habitats 

in  grasslands,  healhlands,  and  open  woodlands. 

Culms  solid  or  very  rarely  hollow.  Leaves  disti- 

chous; abaxial  ligule  usually  absent  (sometimes 

present  in  Cortaderia,  Karrooehloa,  and  Pentas- 

chistis);  adaxial  ligule  a  fringe  of  hairs  or  a  fringed 

when  present  of  panicoid-type  except  in  Amphipo- 

gon,  which  has  unique  microhair  morphology;  pa- 

pun 
ae  absent  except  in  Amphipogon. 

Photosynthetic  path  way.     C  ?. 

INCLUDED  TRIBE  (NOW  IDENTICAL  TO  SUBFAMILY 

WD  THUS  REDUNDANT): 

Arundineae  Dumort.,  Obs.  Gram.  Belg.:  82.   1824 

TYPK:  Arundo  L. 

tending  leaf  ±   spatheate  and  disarticulating  with 

Notes.      The  traditional  Arundinoideae  were  well  membrane;    blades    relatively    narrow,    without    a 

known  as  a  dustbin  group  (e.g.,  Clayton  &  Renvo-  pseudopetiole,  venation  parallel;  sheaths  not  auric- 

ize,  1986;  Kellogg  &  Campbell.  1987).  A  number  ulate  except   in  Pentameris  thuarii.  Inflorescences 

of  studies  indicated   that   this  subfamily  as  tradi-  paniculate  or  less  commonly  racemose  or  spicate, 

tionally  circumscribed  was  polyphyletic  (e.g..  Bark-  bracts  outside  of  the  spikelets  absent  (but  the  sub- 

er  et  aL,  1995;  Clark  et  al.,  1995),  although  some 

support  for  a  monophyletic  Arundinoideae  (includ-  the  inflorescence  in  Tribolium  pusillum).  Spikelets 

ing  Arundinoideae  s.  str.,  Danthonioideae,  Aristi-  bisexual  (but  sometimes  without  bisexual  florets  in 

doideae,   Micraira,    and    Eriachne)   was   found    by  Cortaderia)  or  unisexual  (Cortaderia,  Lamprothyr- 

Hsiao  et  al.  (1999).  The  results  of  the  combined  sits),  glumes  2  and  usually  equal,  female-fertile  flo- 

analysis  presented  here  suggest  that  a  monophyletic  rets  1  to  6(to  20),  with  apical  reduction  and  a  rach- 

core  arundinoid  group  does  exist,  even  though  in-  ilia  extension  usually  present,  laterally  compressed. 

dividual  data  sets  do  not  strongly  support  the  group. 

The  exact  generic  membership  of  the  subfamily  re-  florets,   less  commonly   below   the  glumes;  lemma 

mains  to  be  determined;  however,  we  include  the 

following    genera:    Amphipogon,    Arundo,    Dregeo-  a  sinus;  palea  well  developed,  sometimes  relatively 

chloa,    Hakonechloa.    Molinia   (and   Moliniopsis    if  short;    lodicules   2,   free   (rarely  joined),   fleshy  or 

recognized),    and   Phragmites.    We    provisionally  rarely  with  an  apical  membranous  flap,  glabrous  or 

place  the  crinipoid  group  (Crinipes,   Dichaetaria,  ciliate,  often   with   microhairs,  sometimes  heavily 

Elytrophorus,   Leptagrostis,   Nematopoa,  Piptophyl-  vascularized;  stamens  3;  ovary  glabrous  or  rarely 

turn,    Styppeioehloa,    and   Xenkeria)   here   as   well,  with   apical  hairs  (Pentameris),  apical   appendage 

based   on   molecular  evidence   from   Linder  et   al.  absent,  haustorial  synergids  present,  ordy  weakly 

(1997)  and  Barker  (1997).  No  morphological  syn-  developed  in  a  few  taxa,  styles  2,  the  bases  usually 

apomorphies  have  been   identified  to  support  the  widely  separated,  stigmas  2.  Caryopsis  with  the  hi- 

disarticulating  above  the  glumes  and  between  the 

lacking  uncinate4  macrohairs,  awn  single  and  from 
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lum  short  or  long-linear;  endosperm  hard,  contain-       perate  woodlands  and  tropical  forests.  Culms  solid 
ing  eonipound  starch   grains  (simple   in   Prionan- or  hollow.  Leaves  distichous;  ahaxial  ligule  absent 

thium):   embryo    large   or   small,   epiblast    absent,  or  present  as  a  line  of  hairs  (Calderonella,  Thysan- 
seotellar  cleft   present,   mesocotyl   internode  elon-  olaena);  adaxial   ligule  membranous  or  ciliate,  or 
gated,  embryonic  leaf  margins  meeting  (overlapping  membranous  with  ciliate  margins;  blades  relatively 
in  Danthonia  devumbens).  Basic;  chromosome  num-  broad    to   narrow,   often    pseudopeliolate,   venation 
bers:  %  =  6,  7,  9.  parallel;    sheaths    sometimes    auriculate.    Inllorcs- 

Foliar  anatomy.     Mesophyll  nonradiate,  an  ad-  T'"'68 J*™™**  or  paniculate,  bract
s  outeide  <>l 

axial  palisade  layer  absent,  fusoid  cells  absent,  arm 
the  spikelets  absent.  Spikelets  bisexual  or  unisex- 

cells  absent;  km,,/  anatomy  absent;  midrib  simple.       "f1'  °  t0>2"  '"  »'a..v-(l,m<-re«l
  with  re.lu.lion  either 

usually  with  one  bundle,  an  arc  of  bundles  in  Cor- 

taderia:  adaxial  bulliform  cells  present  or  absent. 

Foil 

above  or  below  the  fertile  florets,  often  compressed 
laterally;    lemma    lacking   uncinate   macrohairs.    if 

awned,   the  awn   single:  palea   usuall)    well  devel- 

ar  micromorphologr.      Stomata   with   dome-      oped,  sometimes  relatively  short:  lodicules  2  or  ab- 

shaped    or    parallel-sided    subsidiary    cells   (rarely  sent,  ±  cuneate.  many-nerved  or  less  commonly  noi 
high  dome-shaped  or  slightly  triangular);  bicellular  or  scarcely  vascularized;  stamens  (1  to)2  or  3;  ovary 
microhairs   present,   panicoid-type,  sometimes  ab-  glabrous,  apical  appendage  absent,  haustorial  syn- 
sent;  papillae  usually  absent  but  often  present  in  ergids  presumed   absent,  styles  2,  free  or  fused, Chionochloa  and  Merxmuellera. 

Photosynthetic  pathway.      C,. 

INCLIDED  TRIBK  (NOW    IDENTICAL  TO  SI  BFAMIL1 

AND  THIS  KKDUNDANT): 

Danthonieae  Zotov,  New  Zealand  J.  Hot.  ]  (I):  86. 
196.}.  (Including  Cortaderieac  Zotov,  New  Zea- 

land J.  Hot.  I  (I):  83.  1963.)  TYPE:  Danthonia 
DC. 

close,  stigmas  2.  Caryopsis  with  the  hilum  basal, 

punctiform;  endosperm  hard,  without  lipid,  contain- 
ing simple  or  compound  starch  grains;  embryo 

small  or  large,  the  epiblast  present,  scutellar  cleft 
present,  mesocotyl  internode  present,  embrvonic 
leal  margins  overlapping.  Basic  chromosome  num- 
ber: 

12  (x 

1  I  or  12?  in  Thysanolaena). 

Foliar   anatomy.      Mcsophyll    nonradiate,   often 

with  an  adaxial  palisade  layer,  fusoid-like  Cells  fre- 

quently present  as  extensions  of  the  outer  paren- 
Notes.      The  presence  of  haustorial  synergids  in       (hyma  bundle  sheath,  arm  cells  absent;  Kranz  anal- 

the  ovule  and  distant  styles  support  the  monophyly       omy  absent;  midrib  simple;  adaxial  bulliform  cells 
of  this  clade  (Verboom  et  al.,   1994).  Hilobed  pro- 
phylls  also  may  be  a  synapomorphy,  but  this  feature 
has  not  been  investigated  sufficiently  in  the  rest  of 
the  family.  The  results  of  this  study  indicate  robust 

large. 

Foliar  micromorphology     Stomata   with   dome- 
shaped  and/or  triangular  subsidiary  cells;  bicellular 

molecular  support  for  the  monophyly  of  this  clade       microhairs  present,  panicoid-type;  papillae  absent. 
(excluding  Centropodia  and  Merxmuellera  rangei). 
but  its  placement  within  the  larger  PACC  Al)  Clade 

Photosynthetic  pathway.      C3. 

IINCI.l  DKD  THINKS: is  equivocal.  Pending  further  studies  of  the  diver- 

sity of  the  danthonioid  grasses,  we  recognize*  only 
one  tribe,  which  includes  the  following  genera  (sen-  Centotheceae   RidL,   Mat.   Fl.   Malay   Pen.  3:    122. 
su  Barker  et  al.,  2000):  Austrodanthonia.  Chaeto-  1907.  TYPE:  Centotheca  P.  Heauv. 

bromus,  Chionochloa,  Cortaderia,  Danthonia.  Joy-  Thysanolaeneae  C.  K.  Hubb.,  in  Hutch.,  Farn.  Fl. 
era,    karroochloa,    Lamprothyrsus,    Merxmuellera  PL  2:  222.   1934.  TYPE:  Thysanolaena  Nees. 
(minus  M.  rangei).  Notochloe.  \otodanthonia,  Pen- 
tameris,    Pentasehistisn    Plinthanthesis,    Prionan- 

thiwn.  Pseudopentameris,  Rytidosperma,  Schismus, 

and    Tribolium.    The    subfamily    includes    approxi-       P*olo8ical    synapomorphies    have    been    identified. 

Notes.     Support  for  the  monophyly  of  this  sub- 
family as  recognized  here  is  moderate,  and 

no  mor- 

malely  250  species. 
The   sister  relationship   between   the  centotheeoid 
and  panicoid  elades,  however,  is  relativcb   robust. 

X.    Ct  ntotheeoiileae   Sodcrstr.   [as  "Centostecoi-      The  l)0sitions  of  <*y»™um  and  Danthoniopsis  are unstable.  A  majority  of  the  Centotheceae  are  char- 
deae,,|,  Taxon  30:  615.    1981,  TYPE:   Cento- 

theca Desv.  Figure  5G.  actenzed  by  unusual   leaf  anatomy,  including  the 
presence  of  palisade   mcsophyll  and   laterally  ex- 

Plants  annual  or  perennial  (rhizomatous  or  sto-      tender]  bundle  sheath  cells.  Additional  study  of  this 
loniferous),  herbaceous  or  reed  I  ike,  of  warm  tern-       clade    is    under    way    (J.    G.    Sanchez-ken.    pers. 



Volume  88,  Number  3 
2001 

Grass  Phylogeny  Working  Group 

Phylogeny  and  Classification  of  Poaceae 

423 

species. 
comm.).  The  subfamily  includes  approximately  45       lar  or  dome-shaped  subsidiary  cells;  bicellular  mi- 

crohairs  present,  panicoid-type,  rarely  absent;  pa- 

pillae absent  or  present  (mostly  in  the 

Andropogoneae). 

Photosynthetie  pathway.     C,.  C4  (PCK.  NAD-ME 

XI.   Panicoideae  Link,  Hort.  Berol.  1:  202.  1B27. 

TYPE:  Panicum  L  Figures  5B,  E.  6F,  I,  K. 

Syn.:  Andropogonoideae  Burmeist.,  Handh.  Naturgesch.:       an(j  NADP-ME),  and  some  C,/C,  intermediates. 201.  1837. 

Rottboellioideae   Burmeist.,   Handh.   Naturgesch.:  202. 
1837. 

Saccharoideae  (Rchb.)   Horan.,  Char.   Ess.   Fam.:   34. 
1847. 

Plants  annual  or  perennial  (rhizomatous,  stolon- 

INCLl  DKt)  TH1HES: 

Andropogoneae  Dumort.  [as  "Andropogineae,,]<  Ob- 
serv.  Gramin.  Belg.:  84.  1824.  TYPE:  Andro- 

pogon  L. iferous,  caespitose  or  decumbent),  primarily  her-       Arundinelleae  Stapf,  Fl.  Cap.  7:  314.  1898.  TYPE: 

baceous,  of  the  tropics  and  subtropics,  but  also  di-  Arundinella  Raddi. 

verse  in  the  temperate  zone.   Culms  solid  or  less       1  lubbardieae  C.   E.   Hubb.,  in   Hon  (brasses   India 

commonly  hollow.  Leaves  distichous;  abaxial  ligule 

usually   absent,  occasionally   present   as  a   line  of 

hairs;  adaxial  ligule  a  fringed  or  unfringed  mem- 

brane, or  a  fringe  of  hairs,  or  sometimes  absent: 

Burma   Ceylon   Pakistan:   685.    1960.   TYPE: 
Hubbardia  Bor. 

lsachneae  Benth.,  J.  Linn.  Soc.  Bot.  19:  30.  1881. 

TYPE:  hachne  R.  Br. 

blades  relatively  broad  to  narrow,  sometimes  pseu-       Paniccae   R.   Br.,   Voy.  Terra  Austr.  2:  582.    1811. 

dopetiolate,  venation  parallel;  sheaths  usually  non-  TYPE:  Panicum  L. 
auriculate.    Inflorescences    panicles,    racemes,    or      Steyermarkochloeae   Davidse  &   R.   P.   Ellis,   Ann. 

spikes,  or  complex  combinations  of  these,  bracts 

outside  of  the  spikelets  present  (Andropogoneae)  or 

absent  (Paniceae).  Spikelets  bisexual  or  unisexual 

(if  the  latter  plants  dioecious  or  monoecious),  fre- 

quently  paired  in  combinations  with  long  and  short 

pedicels,  usually  with  glumes  2,  sterile  lemma   1. 

Missouri    Bot.   Card.    71:   994.    1984.   TYPE: 

Steyermarkochloa  Davidse  &  R.  P.  Ellis. 

Notes.  While  support  for  the  panicoid/centothe- 

coid  clade  is  high,  relationships  within  the  clade 

remain  unclear.  No  robust  phylogeny  for  the  Pani- 

eoideae is  yet  available,  although  work  is  in  pro- 
and  female-fertde  floret   1,  dorsally  compressed  or  J  .  n,.„.Jl  ̂   .,1      ;„ 

•  ..  gress  (Giussani   et   al..  in   press:   I  #u\  all  el   at.,   in 
less  commonly  not  compressed  or  laterally  com- 

pressed, disarticulating  below  the  glumes  (above 

the  glumes  in  Arundinelleae)  or  the  inflorescence 

axes  breaking  apart;  lemma  lacking  uncinate  ma- 

crohairs,  if  awned.  the  awn  single;  palea  well  de- 

press). Preliminary  results  indicate  that  the  Pani- 

ceae as  currently  circumscribed  may  not  be  mono- 

phyletic,  and  that  the  large  genus  Panicum  is  poly- 

phyletic  (Zuloaga  et  al.,  2000;  Gomez-Martinez  & 

Culham,  2000).  Andropogoneae  +  Arundinella  ap- 
veloned   (Paniceae)  or  reduced   to  absent   (Audio-  '  ,    ,  /c  ,  ,      ,on(h# 

1         v  /  .       .  pear  to  be   monophyletic   (Spangler  et  al.,    1999); 
pogoneae);  lodicules  2  or  sometimes  absent. 

cuneate,  free,  fleshy,  usually  glabrous;  stamens  3; 

ovary  usually  glabrous,  apical  appendage  absent, 

haustorial  synergids  absent,  styles  2,  free  or  fused, 

close,  stigmas  2  (rarely  1  or  3).  Caryopsis  with  the 

hilum  usually  short;  endosperm  hard,  without  lipid, 

containing  simple  or  less  commonly  compound 

starch  grains;  embryo  usually  large,  epiblast  absent 

or  rarely  present,  scutellar  cleft  present,  mesocotyl 

other  genera  of  the  Arundinelleae  are  likely  to  be 

distributed  among  the  Andropogoneae,  Paniceae, 

and  perhaps  even  the  Centothecoideae  (Kellogg. 

2000b).  This  subfamily  includes  approximately 

3270  species. 

XII.    Chloridoideae    Kunth   ex   Beilschm.,   Flora 

16(2):  52,  105.  1833.  TYPE:  Chloris  Sw.  Fig- 
ures 51),  H,  6E,  M,  N,  7C. 

internode  elongated,  embryonic  leaf  margins  over-       Syn  .    pa|)|M)phoroideae    Burmeist.,    Handh.    Naturgesch. 

lapping  or  rarely  meeting.  Basic  chromosome  num- 

bers: x  =  5,  (7),  9,  10,  (12),  (14). 

Foliar  anatomy.      Mesophyll   radiate  or  nonra- 

205.  1837. 

Eragrostoideae  Pilger,  Nat.  Pfl.-Kam.  ed.  2,  14d:  167. 
1 956. 

Plants  annual  or  perennial  (rhizomatous,  stolon- diate,  an  adaxial  palisade  layer  absent,  fusoid  cells  .        .     ,      , 

r,  .     \r        ,     .         ,  r,  ,  iferous,    caespitose   or   decumbent),    herbaceous 
absent  except  in  Homolepu  and  btreptostacnys,  arm  *  ,         ..  .  «     .       , 

/  *  '  ,  (rarely  woody),  of  dry  climates,  especially   in  the 
cells  usually  absent;  Kranz  anatomy  present  or  ab- 

tropics  and  subtropics,  also  found  in  the  temperate 
sen.;  mi.lnb  s.mple  or  rarely  complex;  adaxial  l»ul-      ̂    ̂ ^  ̂   w  h()||((W  Leaves  distichous;  a,,_ 
liform  cells  present.  ^  ̂   ̂ ^  ̂ ^    ̂ ^  pr^n[  M  g  Une 

Foliar  micromorphology.      Stomata  with  triangu-      of  hairs;  adaxial  ligule  a  fringed  or  less  commonly 
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unhinged    membrane;    blades    relatively    narrow,       INCEKTAK  SEDIS: 

without    pseudopetioles,  venation   parallel;  sheaths 

usually   non-auriculate.   Inflorescences  paniculate,       (:^rojxHlia  Reichenb.,  Merxmuellera  rangei  (Pilg.) 

paniculate  with  spieate  branches,  racemose,  or  spi-  oner! 
Notes.       Reduction  in  the  number  of  veins  in  the cate,  bracts  outside  of  the  spikelets  absent.  Spike- 

lets    bisexual    or   sometimes    unisexual    (if  so   the  lemma  is  a  general  trend  within  the  subfamily  but 
plants   dioecious   or   monoecious),    with   glumes   2,  is  clearly   not   a  synapomorphy.    Except  for  the  Ca 
rarely  a  sterile  lemma,  and  female-fertile  florets   I  Eragrostis    ualteri   and    Merxmuellera    rangei.    the 
to  many,  apical   reduction  usually  present,  usually  Chloridoideae  are  uniformly  C,  with  both  the  NAD- 

uncinate  macrohairs.  if  awned,  the  awns  single  or 

laterally    compressed,    sometimes    dorsally    com-  ME  and  PCK  subtypes.    The  current  tribal  classili- 
pressed,  usually  disarticulating  above  the  glumes  cation   for  this  subfamily  conflicts  with   molecular 

(below  in  a  few  Eragrostis  species);  lemma  lacking  data  and  is  likely  to  be  modified  (Hilu  et  al.,  |(W). 
This  subfamily   includes  approximately    I  100  spe- 

ll multiple,  lacking  a  basal  column;  palea  well  de-  cies. 

velopcd;  lodicules  2  or  absent,  fleshy,  glabrous;  sta- 

mens 1   to  3;  ovary  glabrous,  apical  appendage  ab-  XIII.    Incertae  Sedis 

sent,    haustorial    synergids   absent,   styles   2.    free,  Eriachneae   (Ohwi)   Eck-Borsb..    Hlumea   20:    128. 
close,  stigmas  2.  Caryopsis  with  the  pericarp  often 

free  or  loose;  liilum  short;  endosperm  hard,  without  Micraireae  Pilger,  Nat.  Pfl.-Fam.  Ed.  2.   1  Id:   167. 
lipid,  containing  simple  or  compound  starch  grains; 

embryo   large  or  rarely   small,  epiblast   present  or  Streptogyneae  C.  Calderon  &  Soderstr.,  Smithsoni- 

rarely  absent,  sculellar  cleft  present,  mesocotyl  in-  an  Contr.  Hot.  44:   18.   1980. 

ternode  elongated,  embryonic  leaf  margins  meeting  Cyperoehloa   Lazarides  &   L  Watson.  Brunonia  0: 

1980. 

1 956. 

or  rarely  overlapping.  Basic  chromosome  numbers: 
216.   1987. 

.v 
(7),  (8),  9.  10. 

Foliar   anatomy.       Mesophyll    usually   radiate, 

without  an  adaxial  palisade  layer,  fusoid  cells  ab- 

Cynerium  Willd.  ex  P.  Beau  v..  Ess.  Agrostogr.  138, 
153,  t.  24.  1812. 

Notes.      These   five   taxa   are   left    Incertae  Sedis 

sent,    arm    evils    absent;    Kranz    anatomy    present:       ,,ecau«*.lhf  data  presented  here  do  „„|  (irmly  su
p- 

midrib  simple;  adaxial  bulliform  cells  present. 
port  their  inclusion  in  any  of  the    12  subfamilies. 

This  approach    has  also  been   taken   by   the   AIM; 

Foliar    mieromorphology.      Stomata    with    dome-       <1998)  for  ,axa  of  U!U'er,ain  placement.  Some  pos- 
shaped  or  triangular  subsidiary  cells;  bicelluh 

ir  rm- 

sible  placements  of  the  five  taxa  above  will  require 

croha.rs  present,  usually  chloridoid-tvpe:  papillae       Pub,ic'ation  °f  »™  names,  and  we  feel  s
trongly  that nomenclature!   changes  should   not   be  made   until 

appreciable  data  support  the  conclusion.  That  said, 

recent  unpublished  data  (J.  G.  Sanchez-Ken.  pers. 

absent  or  present. 

by   llaltersley  &   Watson,    1992:  the  latte 
an  error). 

r  niiiv   he I 

Photosynthetie  pathway      C3  {Eragrostis  ualteri, 

Merxmuellera   rangei),   otherwise   C,   (PCK,   NAD-       c'omm0  suggest  that  Gynerium  can  be  placed  as  its 

ME,  but   reported  as   NADP-ME  in  Pappophorum,       °Wn  lri]w  in  l>ani(()i(l^^  «»d  the  tribal  name  max be  available   by   the  time  this  paper  is   published 

(Sanchez-Ken  &  Clark.  2901).  It  is  likely  that  Cy- 
peroehloa will  be  placed  in  Centothecoideae.  but 

this  is  based  on  its  morphological  similarities  to 

Spartochloa  and  not  on  any  data  on  Cyperoehloa 
itself.  Streptogyneae  will  probably  fall  within  Khr- 
hartoideae,  but  limitations  of  our  data  and  lack  of 

support  in  our  trees  make  us  cautious  about  placing 

INCH  l>KI>  TRIBES: 

Cynodonteae  Dumort.,  Observ.  Gramin.  Belg.:  83. 
1824.  TYPK:  Cynodon  Kich. 

.ragrostideae  Stapf,  h  .  (  ap.  7:  316.  1898.  TYPK-       ;*  .u    .  •         n      a  i 
.  ,  *  '       »t  there  unequivocally;  there  may  be  an  argument Eragrostis  Wolf. for  recognition  of  the  tribe  as  its  own  subfamilv. 

Kcptureae    Dumort.,    Observ,    Cramin.    Belg.:    83.       The  name  Micrairoideae  has  been  published  (Pii- 1821,  TYPK:  Upturns  R.  Br. 

Orcuttieae  Reeder,  Madrono  18:  20.   1965.  TYPK: 
Oreuttia  Vasev. 

ger.  1956).  Our  data  are  too  limited  and  the  place- 
ment of  the  group  loo  uncertain  to  add  it  as  a  thir- 

teenth subfamilv.  although  flora  writers  may  choose 

Pappophoreae   Kunlh,   Rev.  Gramin.   1:  82.    1829.       to  do  so.  Our  data  on  Eriachne  are  weak,  and  show 
n  PK:  Pappophorum  Schreb. only  that  the  genus  docs  not  fall  within  the  Pani- 
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coideae,  where  it  has  been  placed  traditionally.  Its 

placement  near  the  base  of  the  PACCAI)  Clade  is 

based  on  a  single-stranded  rbch  sequence  from  one 

species,  and  an  ITS  sequence  from  a  second.  The 

two  species  represent  two  sections  of  the  genus,  one 

of  which  has  actually  been  recognized  as  its  own 

genus.  We  therefore  feel  that  Incertae  Sedis  best 

reflects  what  we  know  of  the  position  of  the  tribe — 

its  position  is  uncertain. 
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Appendix  I.      Tax  a  included.  For  each  data  set,  species  name,  voucher,  and  reference  are  listed,  as  well  as  GenBank 

accession  numbers  for  gene  sequences.  KAK  =  Elizabeth  Kellogg;  HPL  =  Peter  Linder;  J 1 1)  =  Jerrold  Davis:  I.GC  = 

Kobert  Soreng;  SJ  =  Surrey  Jacobs;  WZ  =  Wei  ping Lynn  Clark;  NPB  =  Nigel  Barker;  PMP  =  Paul  Peterson;  RJS  - 

Zhang;  XL  =  Ximena  Londono;  BBG  =  Berlin  Botanic  (harden;  BUG  =  L  H.  Bailey  llortorium  Conservatory;  FTG 

=  Fairchild  Tropical  (harden;  NTBG  =  National  Tropical  Botanical  Garden  (Hawaii):  PI  =  I  SI) A  Plant  Introduction 
Station  (Pullman.  Washington)  as  source  of  seed. 
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Clark  el  al.  (1995) 

Clark  el  al.  (1995) 

Clark  et  al.  (1995) 

Clark  el  al.  (2<KK)) 

ciliala  F ranch. Clark  et  al.  (2000) 

sp.  nov. 

humilis  Soderstr. 

latifolia  L. 
bambusoitles  Pilg. 

giganlea  (Walter)  Mniil.        WZ  8400703  (ISC) 

LGC  1298  (ISC) 
XL&  LGC  91 1  (ISC) 

Dransfield  1382  (K) 

LGC  &  XL  417 

Zhang  &  Clark  (2000) 

Zhang  &  Clark  (2000) 
Clark  et  al.  (1995) 

Clark  et  al.  1995 

Zhang  &  Clark  (2000) 
Clark  et  al.  (1995) 

Clark  et  al.  (1995) latifolia  L.  C  Clark 

amencana  C.  E.  Huhh.        Pohl  &  David.se  12310       Clark  et  al.  (1995) 

calyrina  Sm. 
saliva  L 

virgin ica  Willcl. 

glohosum  Munro  ex 
Benth. 

erect u in  (Schreb.)  P. 
Beauv. 

spartum  L. 
stricta  I .. 

(ISC) 

NPB  s.n.  (BOL) 

Sugiura  (1989) 
LGC  1316  (ISC) 

LGC  1292  (ISC) 

Clark  et  al.  (1995) 

Clark  et  al.  (1995) 

Clark  et  al.  (1995) 

Clark  et  al.  (1995) 

LGC  1330  (ISC) Clark  et  al.  (1995) 

avenaeeus  \\.  Br. 

mauritanica  (Poir.)  T. 
Durand  cK  Schinz 

harhata  Desl. 

RJS  3698  (BH) 

BBG:  Royl  &  Seiners 
s.n.  1988  (B) 

HPL  5590  (BOL) 

BBC  J:  Royl  &  Sehiers 
s.n.  1988  (B) 

Pl-229468  (BH) 

This  paper 

This  paper 

This  paper 
This  paper 

viridula  (Trin.)  Barkworth     PI-387938  (BH) 

This  paper 

This  paper 

Mitel 
Oryzopsis  ( =Piptaih-  racemosa  (Sm.)  Bicker  ex    LGC  &  WZ  1288  (ISC)       Clark  et  al.  (1995) 

erum) 

Hr  achy  podium 
Meli 

distachyon  (L.)  P.  Beauv.      PI-422452  (BH) 
lea 

yeena 

Itisssi ma L. 

Gl 
Diarrhea  a 

PI-325418  (BH) 

JID&  RJS  s.n.  (BH) 

This  paper 
This  paper 

This  paper 
striata  (Lain.)  Hitchc. 

obovata  (Gleason)  Bran-       LGC  &  WZ  1216  (ISC)        Clark  et  al.  (1995) 

Arena 

denburg 

saliva  L. 

Hromus inermis  Levss. 

material  from  B.  W7ise 
(ISU) 

PI-314071  (BH) 

Clark  et  al.  (1995) 

This  paper 

GenUank  # 

U22007 
AF25I  113 
\  1-251  111 

L12I073 

U2I0<)| U2 I 0»2 

U21992 AF 1 01777 

AFI6i779 

A  V I K2353 

A  F I JJ235 1 
U21977 

U2I97I 
AF182341 
U21846 

U2 I 9»9 
F2I0()5 

U2I905 X 1 501 )  1 
U2I071 
1 122005 

122001 

AF2511I5 

AF25I446 

AF25I 117 A  h'25 1 448 

AF25I  149 
AF25I450 
U2I024 

AF25I  151 
A  F25 1 452 

A  F25 1 453 

U2I9<« 
I  22000 

\ F25 1151 
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(Jenu.- 

Ilordeum 

A  r  is  t  id  a 

Stipagrostis 

Amphipogon 

Anuulo 

Molinia 

Phragmites 

Merxmuellera 

K arroocmoa hi 

Danthonia 

\ustrodanthonia 

M erxmue lien 

Centropodia 

Eragrostis 
ilniola 

Zoysia 

Distich  I  is 

i 

Pappophorum 

Spurt  ina 

Sporoholus 
M icraira 

Thysanolaena 
Gynerium 

Chasmanthium 

Zeugites 

Danthoniopsis 

Panicwn 

Pennisetum 

Mi, scan thu. s 

Zea 

rbcL 

Elagellaria 
Elegia 

Haloskion 

Join  i  ill  en 

I nonu „i,i (HI 
Guaduella 

Species 

Vouel ler 

rulgare  L. material  from  K.  Wise 

(ISU) 

purpurea  Nutt.  var.  longi-    Gabel  27(H)  (ISC) 
seta  (Steud.)  Vasey  ex 
Rothr. 

zeyheri  (Nees)  I)e Winter       M>H  1133  (BOL) HPL  5634  (BOL) 

LGCs.n.  (ISC) 
LGC  1165  (ISC) 

st rictus  K.  Br. 

donux  I .. 

caerulea  (L.)  Moeneh 

PI-232217  (BID 

///V.  56/M  (BOL) 

australis  (Cav.)  Trin.  e\         AcVcV  /*//  (ISC) 
Steud. 

macawanii  (Stapf)  Conert     /VPfl  /WW  (BOL) 

purpurea  (Li.)  Conert  &        «P£  5360  (BOL) 

T
i
l
 

nr
pe
 

calijornica  Bolander 

laeris  (Viekery)  H.  P. 

Linder 

rangei  (Pilg.)  Conert 

glauca  (Nees)  Copt 

cunula  (Sehrad.)  Nees 

paniculata  L. 

mat  ret  la  (L.)  Me  it. 

spicata  (L.)  K.  Oreen 

suhsp.  stricta  (Ton.)  K. 

F.  Thome 

hicolor  K.  Fourn. 

pectinata  Link 

i adieus  (L.)  R.  Br. 

lazaridis  L.  G.  Clark. 

Wendel  cK  Craven 

maxima  (Roxb.)  Kuntze        F  TO  (living) 

sagit latum  (Aubl.)  P. 

Beau  v. 

NPH  960  (GRA) 

/V/Jfl  967  (BOL) 

LCC  Z303  (ISC) 

y/D.v.;/.  (BID 
/y,y;  ////  (isc) 
Allied  s.n.  (BID 

/Wi/  /2J6/  (ISC) 

La  Duke  s.n.  (Bll) 

//;c  r2sw  (isc) 
LGC  1157  (ISC) 

/v(V(7  <t"  /'  Asimhuya 
/  /7"?  (ISC) 

I axu m  (L.)  II.  ().  Yates        /A  /r/r/.s  >-.//.  (ISC) 
pittieri  Mack. 

/Y,Y;  7/7/  (ISC) 

petiolata  (J.  B.  Phipps)  /i,Y;  /  /  73  (ISC) 
Cla\  ton 

virgatum  L.  M,Y;  //6/  (ISC) 

alopecuroides  (L.)  Spreng.  A\/.S  .v.n.  (BH) 

japonic  us  Andersson 

//wvs  L.  ev.  'B73' 

Arnold  Arboretum  301 
80c  (living) 

Material  from  M.  Lee 
(ISU) 

indica  Chase  206  (NCU) 

capensis  (Burm.  I.)  Schel-    Chase  209  (NCU) 

pe 

tetraphvllum N o  vouener i 

plica  la  (Hook,  f.)  New< 

<X   B.  C.  Stone 

marantoidea 

marantijolia 

Thren  84  (NO) 

/Y,Y;  /1'W  (ISC) 

Kohayashi  et  al.   1539 

(ISC) 

Reference 

Clark  el  al.  (1995) 

Clark  el  al.  (1995) 

This  paper 

litis  paper 

Clark  el  al.  (1995) 

Clark  el  al.  (1995) 
Clark  el  al.  (1995) 

This  paper 

This  paper 

This  paper 

This  paper 

This  paper 

This  paper 

Clark  et  al.  (1995) 
This  paper 

Clark  el  al.  (1995) 
Thi 

s  paper 

This  paper 

This  paper 

Clark  et  al.  (1995) 

Clark  et  al.  (1995) 

Clark  et  al.  (1995) 

This 
s  paper 

Clark  et  al.  (1995) 

Clark  el  al.  (1995) 

Clark  el  al.  (1995) 

Clark  el  al.  (1995) 

Thi 
s  paper 

Spanglerel  al.  (1999) 

Clark  el  al.  (1995) 

Chase  el  al.  (1993) 

Katiyama  i\  Ogihara 

(I  <)«)()) 

CenBank  ti 

1 1 22003 

1'2 1  <)(»() 

A 125 1  155 

A 125 1150 
112 1  «W7 

U2I991 
1)21990 

A  F25 1 157 \l-25l  15M 

A  I- 25 1  159 Al'251  160 

\K25IK.I 
AF25I  11.2 

H2I9»}{ A I  "25 1  U.3 

1121975 

A 125 1  lot 

A  K3525U I 

AK25I  105 

U2I9&3 1)21972 

I  2I9H4 

U25I  !<>< 
) 

li272«)(, 
U2I9K7 

U2200H 

II2I«)}U. \l'25l  K.7 

All  17117 

1 12 1 985 

I.I2<>78 
Duvall  &  Morion  (1090)       1 .12075 

1)38296 

Duxall  iK   Morion  (IW(>)       1,01471 

Duviill  &  Morion  (1990)       Al'021875 
Clark  et  al.  (20(H))  AKI01778 
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Genus 

Puelict 

Litkachne 

liambusa 

Chusquea 

Oryza 

Leersia 

Stipa 

Arena 

li  ramus 

eum Hard 

Aristida 

Stipagrostis 

Ampbipogon 
Am  n  do 

Moliniopsis 

Pkragmites 
Merxmuellera 

Karroochloa 

Danthonia 

Centropodia 

Eragrostis 

Enneapogon 
Eriachne 

Thysanolaena 

Gynerium 

Glut, sman th  iu m 

Pennisetiun 

Sorghum 
Zea 

rpoG.'l 
Joinvillea 

(Hyra 

liambusa 

Eli  rh  art  a 

Oryza 

Lygeum 
Nardus 

Anisopogon 
Stipa 

Briza 

H  ramus 

Species 
V oucner h Reference GenBank  # 

c iliata Clark  et  al.  (2000) 

humilis 

multiplex  (Lour.) 
Baeusch.  ex  Schult.  & 

Schult.  f. 

circinata  Soderstr.  &  C.        Ouail  Botanic  Garden 

Calderon 
satira 

(living) 

No  voucher 

oryzoides  (L.)  Sw. 
LGCs.n.  (ISC) 

dregeana  Steud.  var.  dre-     McDowell  s.n.  (BOL) 

genua satua 

i  tier  mis  Leyss, 

N 

N 
o  voucher I 

o  voucher I 

i  id  gar e 

congest  a  Koem.  & 
Schult. 

\ 
O  vouc her 

NPli  I  Lit)  (BOL) 

zeyheri 
st  rictus 

d on  ax 

NPli  1133  (BOL) 

HPL  5634  (BOL) 
NPli  1131  (BOL) 

japonica  (Hack.)  Ilavata       Kobayashi  1253 

australis  NPli  1132  (BOL) 
NPli  1008  (BOL) 

HPL  5360  (BOL) 

macowanu 

purpurea 
spicata  (L.)  P.  Beauv.  ex       EAK  V10  (Gil) 

Boem.  &  Schult. 

glauca capensis  (Thunb.)  Trin. 
scaber  Lehm. 

triodioides  Domin 

maxima 

sagittatum 

HPL  5410  (BOL) 

NPli  1135  (BOL) 

NPli  1023  (BOL) 

EAK  s.n.  (Gil) 

Kcw  1979-3225  Warr 
(living) 

Kew  1991-1276  Kail (living) 

la t ifolium  (Michx.)  H.  0.  Snow  5944 
Yates 

glaucum  (L.)  R.  Br.  No  voucher 

bicolor  (L.)  Moench  No  voucher 

mays  No voucher i 

plicata 
No  voucher 

HI'l.  5742  (BOL) 

Duvall  et  al.  (1993) 

Barker  et  al.  (1995) 
Barker (1997) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 
Barker  et  al.  (1995) 
This  paper 

Barker  et  al.  (1995) 

Barker  et  al.  (1995) 

Barker  el  al.  (1995) 

Doehley  et  al.  (1990) 

Lou  et  al.  (1(>»9) 
Gaut  et  al.  (1992) 

Barker  et  al.  (1999) 

Barker  et  al.  (1999) I  a  ti folia 

vulgaris  Schrad.  ex  J.  (■■      Durhaii  Botanic  Garden        Barker  el  al.  (199*)) 
Wend  I. 

dura  Nees  ex  Trin, 

saliva 

spa  rt  u  m 
strict  a 

avenaceus 

dregeana 
maxima  L. 

tectorum  L 

(living) 

NPli  1118  (BOL) 

No  voucher 
Kew  (living) 

Kew  (living) 

HPL  5590  (BOL) 

McDowell  s.n.  (BOL) 
EAK  s.n.  (GH) 
EAK  s.n.  (GH) 

Barker  rt  al.  (1999) 
Hiratsukact  al.  (1989) 

Bark 
er  e 

t  al.  (1999) 

\F1 01780 Kobayashi  et  al.  1541 
(ISC) 

LGC  s.n.  (ISC)  Duvall  &  Morion  (1996)      U13231 

Sanders  62-616  (UCR)        Duvall  &  Morion  (1996)      M91626 

Duvall  &  Morton  (1996)      U 13227 

Nishizawa  &  Hirai  1)00207 
(19B7) 

Duvall  &  Morton  (1996)      U1322B 
Barker  et  al.  (1995) 

1.15300 

Seheig  &  l.inde-Laursen      Z- 19836 

( 1 W6) 

Zurawski  et  al.  (1981) 
Barker  et  al.  (1995) X00630 U31359 

1 13 1378 

U  88 1  ( )3 
I  3 1 361 ) 
1 1 3 1 439 

U  299(  M ) 1!  3 1 138 
U31437 

H31I02 

1)31  KM) 
1 1 3 1 1 ( >4 

131103 

\  F35258I ) 
/ 

131 38( ) 

131105 

I  31101 

1.1  1623 
1515164A 

Z I  1 973 

A  KM)  1801 

U 9082 5 
190824 

AK06476] 

X 1 59( )  1 

Cummings  el  al.  (1994)  1.25381 
Cuiiimings  et  al.  (1W4)  1.25382 

Barker  et  al.  (1999)  1 192203 

U9082( 

Cummings  et  al.  (1994)        1.25376 

Cummings  et  al.  (1994)        1.25377 
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(ie. ins 

Aristida 

Stifmgrostis 

Amphipogon 

Aruntlo 

Moliniopsis 
Phragmites 

uell 

hi 

erxm 
era 

rroovnioa 

1/ 

Ka 

Danthonia 
Austrodanthonia 

M 11 erxmueiiera 

Centropodia 

Eragrostis 

Enneapogon 

Spa  rt  in  a 
Mi 

Ihysanolaena 

era ira 

c \nenum 

Chasmanthium 
Panic  urn 

Pennisetum 

Sorghum 
Zea 

V\\\  tochrome  l> 

Flagellaria 

Joinvillea 

\ \nomoc hloa 

Streptochaeta 
arus Ph 

Puelia 

E remit  is 

Parian  a 

Lithachne 

Olyra 

Buergersiochloa 
Pseudosasa 

Chustpiea 

Streptogyna 
Eh  r  hart  a 

Oryza 

Lygeum 
IS'ardus 

inisopogon 
\  asset  I  a 

Brachypodium 
Melica 

Species 
You  el ler Reference 

congest  a  Roem.  & 

Schult.  suhsp.  barln- 
collis  (Trin.  &  Rupr.) 

DeW  inter 

zeyheri  suhsp.  zeyheri 
st  rictus 

donax 

japonica a  astral  is 

•     * 

macoicanu 

purpurea 
spicata 
laevis 

rangei 

glauca capensis 
sea  her 

alterniflora 

I  a  za  rid  is 

maxima 

sagittatnm 

I  at  ifolium 
maximum  Jacq 

sp. 

hi  col  or 

mays 

indica 

ascendens 

marantoidea 

an  gust  i folia 

lappulaceus  An  hi 
cilia  I  a 

NPH  II30(\\0\) Barker  el  al.  (IW) 

NPB  1133  (BOL) 
HPL  5634  (HOI.) 
\PB  1131  (BOL) 

Kobayashi  1253 
M'li  1132  (BOL) 
M'li  1008  (BOL) 

HPL  5300  (BOL) 
K\K  I  10  (CU) 

HPL  5633  (BOL) 
NPK  960  (OB  A) 
HPL  5410  (BOL) 
NPH  1135  (HOI) 
\Pli  1023  (BOL) 
A;  1A  s.„.  (GH) 

/.a;  7757  (ISC) 

Kew,  1979-5225  Wan (living) 

Lew,  1991-1276  Ka (living) 

S/(oh'  5944 \/'/»*  //25  (BOL) 

N 

\ 

Bark 
er  e 

I  al.  (1999) 

Barker  el  al.  (1999) 

Barker  el  al.  (1999) 

Bark er  t I  til.  (1999) 
Barker  el  al.  (1999) 

Bark er  e 
I  al.  (1999) 

Barker  el  al.  (1999) 

Barker  et  al.  (1999) 

Barker  el  al.  (1999) 

Bark 

Bark 

er  e 

er  e 

I  al.  (1999) I  al.  (1999) 

Barker  el  al.  (1999) 

Barker  el  al.  (1999) 
(anninings  et  al.  ( 199 1) 
Barker  el  al.  (1999) 

Barker  e(  al.  (1999) 

Barker  et  al.  (1999) 

Bark 

Bark 

er  e 

er  e t  al.  (1999) 

I  al.  (1999) 
o  vonener I 

i)  vonener I 

No  voucher 

RJS  77  391  (BID 

Moore  10438  (NY) 

sp.  nov. 
radiv  \ flora 

paucijloru  (Sw.)  \\  Ream.     LGC  1297  (ISC) 

LGC  1299  (ISC) 
LGC  1304  (ISC) 
LGC  1329  (ISC) 
kobayashi  et  al.   1541 

(ISC) 

LGC  &  WZ  1343  (ISC)        Mathews  el  al.  (2000) 
LGC  &  WZ  1344  (ISC)         Mathews  et  al.  (20(H)) 

Mai  hews  &  Sharrock 

( I 996) 
Mai  hews  &  Sharrock 

( 1 996) 

Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 
Mathews  et  al.  (2000) 

Mathews  el  al.  (2000) 

latijolia 
bandmsoidet 

XL  &  LGC  91 1  (ISC) 
Ihansfield  1382  (K) 

japonica  (Sieh.  &  Zucc.       EAK  V6  (A) 
ex  Sleud.)  Makino  ex 
Niikai 

oxylepis  (Hack.)  Kkman         LGC  1069  (ISC) 

Johnston  433 
EAK  17/  «;il) 
no  voucher 

RJS  3698  (RII) 

Mathews  et  al.  (2000) 
Mathews  et  al.  (2000) 
Mathews  et  al.  (2000) 

I  al.  (2000) 
Mat 

lews  e 

amencana 

erect  a  Lam. 

sat  ira 

spartum strict  a 

Mathews  el  al.  (2000) 

Mathews  el  al.  (2000) 
Mat 

lews  e t  al.  (2000) 
Dehesh  et  al.  (1991) 
Mall 

lews  e 
t  ul.  (2000) 

BBC:  Roy!  &  Schicrs  s.n.     Mathews  el  al.  (2000) 
avenaceus 
iridula 

HPL  5590  (BOL) 

Ijirin  s.n.  (MONT) 

pinnatum  (L.)  P.  Beauv.       PI- 1401 76  (GH) 
cupanii  < iuss.  Pl-383702  ( Bl I) 

Mathew>  el  al.  (2000) 
Mathews  el  al.  (2000) 

Mathews  el  al.  (2000) 

Mathews  el  al.  (2 

GenBank  # 
1190827 

(J90828 

U9226 1 

U9508 I 1195150 
I  95(  >70 

U94»2 1 
I  95502 

U963 1 3 
U95077 

I  92205 

U963 1 7 

U905I9 L25386 

L9()5|» 
190515 

I  91592 

1191,5.51 

AF0O002I 

Cummings  et  al.  (1994)       L25383 

Chen  et  al.  (1995)  Z 14983 

Igloi  et  al.  (1990)  X86563 

LOI203 

U6120J 

\  V 1 3729 1 A I- 157528 

\  I'  157521 
/ 

Al' 1 57524 

\F 137304 
\ V  157517 

A  F 1 57507 \  I-  157515 
\  I-  157295 

\  F  1 57525 

A II 57298 

AF137329 
A F 137302 

X57563 

\F  1 57509 A Fl 57313 
AF 1 57290 

AFI575I  1 

AF  1 5729  | \l  157310 
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Genus 
Species 

Vouch* T Reference 

cena 
Ob 

Diarrhena 
gran dis  S.  Watson 
o bo rat  a 

Phal oris di arunainaa 

*d» 

a  L. 

B  ramus 

JID&  RJSs.n.  (BH) 

LGC  &  WZ  1216  (ISC) 

RJS  3427  (BH) 

Lavin  s.n.  (MONT) 

Triticum 

Art  st  id  a 

Molinia 

Phragmites 
Danthonia 

Eragrostis 

i  nam  is 

aestivum  L 

purpurea  suhsp.  longiseta    Lavin  s.n.  (MONT) 

Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 

caerulea 

austral  is 

s  pic  aid 

Mason-Gamer  s.n.  (GH)         Mathews  et  al.  (2000) 
Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 

Mathews  et  al.  (2000) 

RJS  3305  (BH) 
Keller  s.n.  (GH) 

EAK  V1()((M) 

Sporobolus 
Thysanolaena 

Chasmanthium 

Danthoniopsis 

eilianensis  (All.)  Vignolo      Lavin  s.n.  (MONT) 
ex  Janch. 

giganteus  Nash 

Matl 
lews  e t  al.  (2000) 

Panicum 

Pennisetum 

Miseanthus 

maxima 

latifolium 
dinteri  (Pilg.)  C.  K 

Ihlhl). 

capillare  L 

alopecuroides 

japonicus 

Zea mays 

Chloroplast  restriction  site  polymorphisms 
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Ha  I  ask  ion 

J  oi  mil  lea 
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tetraphvllum 
a  see  miens 

Anomochloa 
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mora ntoid ea 

oana 
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sodir 
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Lithachne hum  Hi. 5 
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Pseudosasa 
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Oryza 
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Lygeum 
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I  at  if  alia 

japonica aff.  subulata  I 

calycina 
saliva 
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erect  um 

spartum 
strict  a 

Arusopogon arenaceus 

Ampelodesmos mauritanica 

St  ipa bar hat  a 

Nassella viridula 

Piptatherum miliaceum  (I,.)  ( 

Brachypodium 
pinnatum Melica altissima 

Glyceria striata 

Diarrhena obovata 

PMP  10008  (US) 

Farnsworth  s.n.  ((ill) 
EAK  VI 3  (A) 

PI -20  75  /« <  < ;  1 1 ) 

Mathews  et  al.  (2000) 
Mathews  et  al.  (2000) 

Matl 
lews  e t  al.  (2000) 

Mathews  et  al.  (2000) 

Lavin  s.n.  (MONT) 
EAK  s.n.  (A) 

Mathews  et  al.  (2000) 
Mathews  el  al.  (20(H)) 

Arnold  Arboretum  301-       Mathews  el  al.  (2000) 80C  (living) 

Lavin  s.n.  (MONT) Mathews  el  al.  (2000) 

BHC-77301 
Kew-6565-1977  (BH) 

NTBG-800379 
(//.  Moore  10438) 

LGC  1299  (ISC) 
PMP  9525  (US) 

151 IC  from  I  SZ 

Soreng  &  Davis  (1998) 

Soreng  &  Davis  (1998) 
Davis  &  Soreng  (1993) 

Soreng  &  Davis  (1008) 

Soreng  &  Davis  (1008) 
Davis  &  Soreng  (1903) 

USN 1 10- 1 33.  Soderstrom     Soreng  &  Davis  ( 1 008) 

2182  (US)  or  USNHG- 280  (US) 

BIIC  lion.  U.  S.  National     Davis  &  Soreng  (1003) 

Zoological  Gardens 
PMP  7311  (US) 

BHC-71  107 
0.  Clark      PMP  9499  (US) 

PI -208983  (BH) 

no  voucher 

RJS  3390  (BH) 

RJS  3427  (BH) 

RJS  3098  (811) 

Soreng  &  Davis  (1008) 

(1993) 

( 1 008) 
(1008) 

Davis  iK  Soreng 

Soreng  &  Davis 

Soreng  &  Davis 
Hiratsuka  et  al.  (1080) 
Davis  &  Soreng 

l)a\  is  &  Soreng 

Soreng  &  Davis 

( 1 003) ( 1 993) 

( 1 998) 
BBC:  seed  from  Royl  &       Davis  &  Soreng  (1993) 

Seiners  s.n.  1988. 

flrmpel  s.n.  1987  (B) 
HPI.  5590  (BOL) 

BBC:  Royl  &  Schiers  s.n 1988  (B) 

PI '-229468  (BH) 

PI -38 7938  (BH) 
PI-284145  (BH) 
PI -4 10170  (WW) 
PI-32541 8  (BH) 

Jll)  &  RJSs.n.  (BH) 

Seed  from  Tiedye  5186 
(DAO) 

Soreng  &  Davis  (1008) 

Soreng  &  Davis  (1998) 

Davis  &  Soreng  (1003) 

Soreng  &  Davis  (1008) 
Davis  »S,  Soreng  (1993) 

Davis  &  Soreng  (1003) 

Davis  <K-  Soreng  (1003) 
Davis  &  Soreng  ( 1 003) 
Davis  &  Soreng 

CenBank  # 

AK  1 37305 

AF 1 37301 
A VI 37320 U  6 11 93 

AF1 37331 

AK  1 37202 
AK  1 373 1 2 
AK 1 37322 

A  K 1 3 7209 

U61200 
A K 137327 

A K 137330 
t \KI37297 

A  K 1 3  7300 

A K 137310 

A Kl 373 1 8 M-13731 I 

/ \KI37332 
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All  red  s.n.  (MM) 

ha.Dvkes.ru  (BH) 
/M//>  /0008  (US) 

Cornell  University  ji;ai 

i 
lens  (living) 

1  trgatum 

alopecuroides 
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RJS  s.n.  (Mil) 

RJS  s.n.  (Mil) 

plicata sixli roana 
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latifoli a 
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(US) PMP  X.-  Amiable  6941 

(US) 
I  tah  Slate  I  niversitv 

s.n.  (Ii\  inji) 

WC  &  XL  ///(ISC) 

Kef. 

erenee 

Soreng  cK  Davis  (1998) 
Davis  &  Soreng  (1993) 

Soreng  &  Davis  (1998) 

Soreng  &  Davis  (1998) 

Soreng  &  Davis  (1998) 

Soreng  &  Davis  (1998) 

(1998) (1993) 

(1993) ( 1 993) 

(1998) (1998) 
(1998) 

( 1 998) (1998) 

( 1 993) 

Soreng  &  Davis 
Davis  &  Soreng 

Davis  &  Soreng 

Davis  &  Soreng 

Soreng  &  Davis 

Soreng  <K  Davis 

Soreng  cK  l)a\  is 

Soreng  &  Davis 

Soreng  &  Davis 
Davis  «!i  Soreng 

Soreng  &  Davis  (1998) 

Davis  &  Soreng  ( 1993) 

Davis  &  Soreng  (1993) 

Hsiao  el  ah  (1999) 

Hsiao  et  al.  (1999) 

Hsiao  et  al.  (1999) 

Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1999) 

sat  ira 

hexandra  Svv. 

erect  um 

stipoides  (Labill.)  K.  Br.        Kew   1973-15875  (living)  Hsiao  el  al.  (1999) 
N<>  voucher  Takaivva  el  al.  ( 1985) 

Jacobs  7782  Hsiao  et  al.  (1999) 

Intermountain  Herbarium  Hsiao  et  al.  (1999) 1 669 

Catalan   1593  Hsiao  et  al.  (1999) 

Intermountain  Herbarium  Hsiao  et  al.  (1999) 
203113 

Dalby  94/01  Hsiao  et  al.  (1999) 

Kew   150-90.00982  (liv-  Hsiao  el  al.  (1999) 

ing) 

Renroize  &  Flares  5301 

spa  rt  u  m 
stricta 

avenaceus 

maitrilanica 

iclitt  (Ruiz  &  Pavdn) 
Kunth 

leucotriclut  (Trin.  & 

Rupr.)  R.  W.  Pohl 

songaricum  (Trin.  & 

Rupr.)  Roshev.  ex  Ni- 

(K) Houck  s.n 

Isiao  et  al.  (1999) 

Hsiao  et  al.  (1999) 

Hsiao  199 Hsiao  et  al.  (1999) 

kit  III; I 

me.xicanum  (Roem.  «X 

Schull.)  Link 

califomica  Scribn. 

striata 

americana  P.  Beau  v. 

I  niversitv  of  Leicester 

Botanic  Gardens  317 

Curio  719 

Curio  826 

Hsiao  el  al.  (1999) 

Hsiao  et  al.  (1999) 

Hsiao  et  al.  (1999) 

Intermountain  Herbarium     Hsiao  et  al.  (1999) 

218165 

(fcnBank  # 

A KOI  9781 
AH)  1 9785 

.•
 

\I0|978(> 

\  10 1 9787 

A  KOI  9788 

\ KOI  979 1 

A  KOI  9793 

A  KOI 9791 

A  KOI 9797 
A  KOI 9790 

/ \  KOI  98(H) 

A  1019799 

A KOI  9803 

L3()520 

AK0I9802 

\  10 1 980; ^ 

1,30518 

1 365 1  () 
A  KOI  9798 
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triseta  INees  ex  Steud 
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maxima 

sagittatum 

latifoliiim 

\ouel 
ler 

Reference 

Hsiao  el  al.  (1999) 
Hsiao  et  al..  (1994) 

Cl.allerton  el  al.  (1992)        Z 1  1 759 

Fritz,  CN 
Hsiao  103 

Hsiao  200 

Intermountain  Herbarium     Hsiao  el  al.,  1999 

209381 

NPli  1 133 

Maefarlane  2155 
Hsiao  196,  Evans  s.n 

Kewl973-10386 

Chatterton  s.n. 

Kew  142-83.01715 

HPL  5360 
Curio  974 

HPL  5747 

Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1998) 

Hsiao  el  al.  (1999) 
Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1998) 

Hsiao  el  al.  (1998) 
Hsiao  et  al.  (1999) 

Hsiao  et  al.  (1998) 

NPB  960  (GRA) 

\I>B  907 

Jacobs  7105 

Hsiao  el  al.  (1998) 

Hsiao  el  al.  (1998) 

Hsiao  el  al.  (1999) 

hisuleatiim  Tliuiih. 

sclaceum  (Forssk.)  Chiov.     Curto  070 
Evans  s.n. 

Iiilermountain  Herbarium     Hsiao  et  al.  (1999) 

1 94828 

Curto  s.n. 

Jacobs  7134 
Clarkson  10300 

Kcw 1979-3225 
Kewl99l-1276Ka 

[ntermountain  Herbarium     Hsiao  et  al.  (1999) 

216008 

Hsiao  160.  PI- 19 180 

Hsiao  el  al.  (1999) 

Hsiao  et  al.  (1999) 
Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1999) 

sinensis 

mays  L.  subsp.  mexieana     Hsiao  191 

(Schrad.)  litis 

Hsiao  el  al.  (1999) 

Hsiao  el  al.  (1999) 
Hsiao  et  al.  (1999) 

Hsiao  et  al.  (1999) 

Genliauk  # 

Z I  1 758 
I.I  1579 

A  F0 1 98( ) 

A  F( )  1 98 1 5 

A  F0 1 98 19 

A F0 1 9809 
AF 1 09857 

AF0I98I0 
A  F0 1 9803 
A F0 1 9874 

A  F0 1 98 1 3 

A F0 1 9878 

A  FO 1 9802 

A F0 1 9801 

A  F0 1 9834 

A  F0 1 9844 

A  F0 1 9842 

AF0I98I8 

A F0 1 9859 
A  F0 1 985 1 
A  F( )  1 9853 

A  F( )  1 98 1 5 

A F0 1 9829 
A F0 1 9833 
A F0 1 9822 

A F0 1 98 1 7 

(ilMSI 

Anomochloa 

I 'hams 

E rem  it  is 

P ariana 

Chusquea 

Orvza 

Lygeum 

Meii v ea 

Clyceri a 
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ma  ran toid 
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saliva 
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cupanu 
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Karrooehloa 
purpurea Austrodanthonia laevis 

LGC  1200  (ISC) 

LGC  1320  (ISC) 

WC  &  »/  1313  (ISC) 

LGC  &  11/  1311  (ISC) 

LGC  et  al.  1003  (ISC) 

No  voucher 

RJS  3003 
I' I -383 702  (A) 

Jll)  &  HJS  s.n 

No  voucher 

NPB  1003  (HOI.) 
HPL  5360  (BOL) 

///'/.  5633  (BOL) 

Mason-Oamer  el  al. 
( 1 998) 

Mason-Gamer  el  al. 

(1998) 
Mason-Gamer  el  al. 

(1998) 
Mason-Gamer  et  al. 

( 1 998) 
Mason-Gamer  el  al. 

( 1 998) 

Wang  et  al.  (1994) 

Mason-Gamer  et  al. 

(1998) 
Mason-Gamer  el  al. 

( 1 098) 

Mason-Gamer  el  al. 
( 1 998) 

Kol.de  el  al.  (1988) 
This  paper 

This  paper 
This  paper 

AF0792O0 

AF079298 

AFC  179295 

AF079297 

A  I- 070293 

X05 1 83 

AF079289 

AF079290 

AF07929I 

X07932 

A  F35352( ) 

AF3535I9 

AF353517 
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Appendix  II.  Matrix  of  structural  characters,  as  assembled  for  analysis  in  NONA  (Golohoff,  1993).  Taxa  in  the 
matrix  appear  in  groupings  according  In  what  was  known  about  the  phylogeny  at  the  lime  the  taxon  sampling  list  was 
prepared.  Thus,  the  four  out  groups  come  first,  followed  l>\  the  early-diverging  taxa,  then  hamhusoids.  rices,  pooids.  etc. 
Abbreviations  <>f  taxon  names  and  associated  underlines  are  required  b)  the  program.  Characters  and  character  States 
are  described  in  Table  1.  and  are  optimized  on  the  cladogram  in  Figure  3.  Codes  used  for  polymorphisms  (presence  of 
two  or  more  states)  and  subset  ambiguities  (when  one  or  more  states  are  not  present,  hut  the  observed  attribute  cannot 1*1  *  - 

=  inapplicable;  \  =  intermediate/ 
I I  I >('  assigned  In  ;inv  <>l   thr  stales  not  el  I  III  1 1  Kit  < '< l)i ire  as (»ws:  ?  =  unobserved;  - 

uncertain  limnology/unassignable  to  defined  stales;  A  =  |()l|;  C  =  [03];  I)  =  [12];  E  =  [13];  F 
[234];  K  =  |0I3I|:  L  =  |l  l|:  N 

231;  II [29];  Q |ail|:  J 

|07|:  U 
[012];  S  =  |57|:T  =  [1271. 
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Appendix   III.      Consensus  trees  for  individual  dala  sets  and  combinations  of  data  sets.  Numbers  above  branches 
indicate  percent  of  500  bootstrap  replicates,  except  for  K  (all  molecular  data),  for  which   1000  replicates  were  done, 

'e  statistics  are  listed  in  Table  3.  The  GPWG  classification  is  overlain  on  each  tree  for  comparison  with  Kiwi  re  2. 
Ti 

—  A.  (.hloroplast  restriction  sites;  strict  consensus  of  seven  trees.  — B.  ndhY:  strict  consensus  of  l(>  trees.  — C.  rhc\.: 
single  most  parsimonious  tree.  — I).  rpoC2\  strict  consensus  of  33  trees.  — K.  Phvtochrome  B;  single  most  parsimonious 

— K  ITS;  strict  consensus  of  24  trees.  — (;.  GBSSI,  single  most  parsimonious  tree.  — H.  Structural  dala;  strict 
consensus  of  38,000  trees.  —I.  Chloroplast  data:  strict  consensus  of  two  trees.  —J.  Nuclear  data;  strict  consensus  of 
eight  trees.  — K.  All  molecular  data;  strict  consensus  of  six  trees. 
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Appendix  IV.      \oles  on  morphological  characters. 
In  tliis  section  the  structural  characters  are  defined  and/ 

or    discussed,    numbered    as    in    Table    4,    and    their 

distribution  on  the  most  parsimonious  tree  is  outlined.  The 

behavior  of  each  character  on  the  most  parsimonious  tree 

developed   blade,   but   these  are  clearly    interpretable  as 
losses. 

7  (4  steps,  CI  =  0.25,  Kl  =  0.80).  Pseudopetiole  p/a: 
The  pseudopetiole  is  a  constriction  at  the  base  of  the  leal 

blade.   Both  stales  occur  in   the  grasses  and   in   the  out- 

is  signified  by  a  series  of  three  numbers  (number  of  steps,        groups.   Loss  of  the  pseudopetiole  is  a  synapomorphy  of 

CI,  and  Kl);  p/a  refers  to  presence/absence  of  a  character.       the  elade  that  includes  all  grasses  except  Anomochlooi- 

deae,  Pharoideae,  and  Puelioideae  (i.e.,  the  KKP  4-  PAC- 
CAD  elade).  In  the  present  cladogram,  the  pseudopetiole 

is    interpreted    as   secondarily   gained    in    Bambusoideae, 

Thysanolaena  +  Zeugites*  and  Phaenosperma. 

Cl  l.\I 

l  (4  steps,  CI  =  0.25,  Rl  =  0.25).  Perennating  woody 

culms  p/a:   Highly   lignified.  perennial  culms  are  absent 

among  outgroups  (except  lor  the  score  of  "uncertain     in 
Flagellaria)  and  in  most  grasses.  While  most,  if  not  all, 

grasses  produce  some  lignin  in  their  culms,  the  distinction 

between   "woody"   and    "herbaceous"   is   usually   easy   to 

Spikelet 

8  (I    step,  CI   =    1.0,   HI    =    1.0).   Morel   p/a:    The  floret 
was  defined  for  the  morphological  matrix  as  a  unit  of  the 

draw,  and  our  scoring  was  based  on  tins  qualitative  en-  gmss  in(|orrs(.en(.(k  consisting  of  a  subtending  bract  (  = 
tenon.  01  the  taxa  in  this  analysis,  presence  is  an  un-  |emma)  enciosing  a  short  axillary  axis  bearing  a  (lower, ambiguous  and  unreversed  synapomorphv  ol  Kambuseae,         h     fi        appendage  of  which   is  an  adaxial.  usual U   Iwo- 
and  an  autapomorphy  of  Arundo,  Thysanolaena.  and  G) 

neriurn;  Phragmites  is  scored  as  intermediate. 

2  (14  steps,  CI    =   0.07.   HI    -  0.18).   Hollow  culms  p/ 

keeled  brad  (=  palea).  The  floret  is  present  only  in  grass- 
es,  but   not   in  all   grasses.   Of  the  taxa   included   in  this 

analysis,  the  floret  is  regarded  as  absent  in  Streptochaeta 
a:  This  character  is  variable  in  the  grasses  (14  steps),  and       am|  of  undelerminec|  statU8  in  Anomochloa.  based  on  the 
polymorphic  in  at  least   five  of  the  sampled  genera,  and        UMrrr|ain  homologies  of  their  floral  bracts  and  the  lack  of 

an  identifiable  palea  (Judziewicz  &  Soderstrorn,  1989;  So- 

reng  &  Davis,  \9{)H).  These  two  genera  have  flowers  sub- 

tended by  well-developed  bracts,  but  not  in  any  configu- 
ration that  can  be  compared  directly  to  the  above 

definition.  (Jain  of  the  floret  is  interpreted  as  a  synapo- 

morphv of  the  elade  of  all  grasses  except  Anomochlooi- 
deae.  Within  the  spikelet  elade,  the  palea  is  absent  in  a 

number  of  taxa.  including  some  species  of  Agroslis.  An- 

dropogoneae.  and.  in  this  analxsis,  Zoysia.  All  ol  these 

taxa.  however,  have  an  identifiable  lemma  and  other  con- 

geners have  paleas.  Following  a  strict  definition  ol  the 

Morel.  Zoysia  was  scored  as  polymorphic  fortius  character, 

although  the  phylogenetic  context  shows  that  a  complete 

many  additional  ones.  Occurrence  of  a  small  pore  was 

scored  as  intermediate.  Solid  culms  are  uncommon  and 

scattered  in  occurrence  in  the  early-diverging  lineages  and 
the  BEP  Clade.  but  are  frequent  in  the  PACCAD  Clade, 

where  they  are  often  associated  with  C4  photosynthesis. 

There  arc  no  unambiguous  s\  napomorphies  in  this  anal- 

ysis and  the  character  is  highly  homoplasious  globally. 

but,  as  is  well  known  among  grass  systematists,  for  many 

small  groups  of  genera  and  species  one  state  or  the  other 

of  this  character  likely  is  a  synapomorphv. 

Llv\l 

If  the  leaf  blade  is  absent,  characters  45  and    1(>  an 

considered   inapplicable,  but  characters  3,  4,  and  5  are        ̂ "^  was  present  ancestrall
y. 

scored. 

3  (3  steps,  CI  =  0.33.  Kl  =  0.33).  Leaf  sheath  margins 

free/fused:  Fused  margins  are  an  unreversed  synapomor- 

phv of  Meliceae.  and  autapomorphies  of  Flagellaria  and 

Bromus.  Fused  sheaths  are  frequent  in  Poeae  and  Aveneae 

and  may  provide  a  tribal  or  more  local  synapomorphv.  or 

may    be    plesiomorphic.    Sampling    outside    the    grasses 

would  help  establish  the  point  of  origin  of  the  free  leal 
sheath. 

I  (5  steps,  Cl  -  0.20,  RI  =  0.76).  Adaxial  ligule  type: 
The  membranous  ligule  is  the  most  common  state  in  the 

sample.  Transformation  to  a  fringe  of  hairs  is  an  unrev- 

ersed synapomorphx  of  Anomochlooideae,  and  a  synapo- 
morphv  of  the  clade  of  Eriachne  plus  its  sister  group  (a 
set  of  four  subfamilies.  Aristidoideao.  Danthonioideae. 

Arundinoideae,  and  Chloridoideae).  although  the  charac- 

9  (2  steps.  Cl  =  0.50,  RI  =  0.50).  Spikelet  pairs: 

Spikelet  pairs  are  infrequent  in  the  grasses,  and  their  or- 

igin is  a  synapomorphy  of  Andropogoneae  in  this  analysis 
(but  note  that  Danthoniopsis  is  regarded  as  polymorphic), 

although  spikelet  pairs  are  also  found  in  some  Paniceae. 

Their  presence  may  also  be  an  autapomorphy  ol  Pharus* 

but  since  Anomochlooideae  and  non-grasses  are  not 

scored  for  this  character,  the  placement  of  this  transfor- 

mation is  ambiguous  (i.e.,  paired  spikelets  could  be  in- 

terpreted as  plesiomorphic  among  the  floret-bearing  grass- 
es). Developmentally,  spikelet  pairing  appears  to  occur  in 

the  same  way  wherever  it  appears  in  the  Panicoideac 

(LeKoux  &  Kellogg,  unpublished  obs.),  but  developmental 

studies  have  not  been  done  on  Pharus,  so  spikelet  pairing 

is  an  inference  based  on  adult  morphology  alone. 

6 

_          _  10  (4  steps.  Cl    =  0.25.  Kl    =  0.0).  Pedicel  p/a:  The 

ter"reveree's ̂ multiple  times  within'this  group.  The  ligule        pedicel  is  present  in  the  earliest-diverging  grass  lineages 
as  a  fringe  of  hairs  also  is  an  autapomorphy  of  Danthon-       that   have  spikelets.    Multiple  losses  occur,  but

  only  the 

autapomorphic  loss  in  Triticum  can  be  placed  unambigu- lopsis 

5  (4  steps.  CI  =  0.25.  Kl  =  0.25).  Abaxial  ligule  p/a:  ously.  Loss  of  the  pedicel  may  be  a  synapomorphv  of  Ay- 

Most  grasses  lack  an  abaxial  ligule.  Presence  is  an  un-  geum  +  Nardus,  but  this  is  ambiguous  because  this  cha
r- 

reversed  synapomorphv  of  Bambuseae,  and  an  autapo-  acter  is  scored  as  ambiguous  for  Lygeum. 

morphy  of  Puelia,  Streptogyna,  and  Thysanolaena.  Abax- 
ial ligules  occur  sporadically  in  the  PACCAD  Clade,  and 

are  known  in  a  lew  Pooideae. 

6  (1   step,  Cl    =    1.0.   Kl    =    1.0).   Leaf  blade  p/a:  All 

II   (7  steps.  Cl   =  0.14,  Kl   =  0.45).  Proximal  female- 

sterile  florets:   Presence  of  proximal  female-sterile  florets 

is  interpreted  as  an  unreversed  synapomorphv  of  Puelioi- 
deae  and    of  Panicoideae   (including   Danthoniopsis,   ex- 

sampled  species  have  a  leaf  blade,  except  in  Kestiona-  eluding  Gynerium),  and  is  a  potential  synapomorph\  for 

ceae,  where  loss  of  the  blade  is  a  synapomorphy.  A  lew  Khrhartoideae  except  that  this  is  coded  as  ambiguous  for 

species   in  some  grass  genera,  such  as  Ehrharta,   lack  a        Persia  and   Oryza.    Multiple  origins  occur  elsewhere  as 
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autapomorphies,  e.g.,  in  the  traditional  Aveneae  (includ- 
ing Hialarideae),  PhragmUes,  Chasmanthium,  Uniola,  and 

Verboom,    1000:   Under  X    Davidse,   1907)  and  of  Merx- 
muellera  rangei  +  (lentropodia.  Tins  stale  also  occurs  in 

Chusquea,  and  there  are  no  unambiguous  losses  once  such       Streptogyna,  Anisopogon,  Brornns,  and  some  Panicoideac. 
florets  arc  gained.  As  noted  in  the  discussion  on  spikelets. 

some  proximal  female-sterile  florets  may  be  homologous 
to  glumes,  as  in  Khrhartoideae  or  some  Bambuseae. 

whereas  others,  as  in  I'auicnideuc,  are  clearly  derived 
from  reduction  of  fertile  florets. 

12  (13  steps,  CI  =  0.07,  Rl  =  0.17).  Number  of  female- 
lerlile  florets  per  female-fertile  spikelet:  The  pleomorph- 

ic stale  among  the  grasses  is  one.  Increase  in  the  number 

of  female-fertile  florets  has  occurred  multiple  times,  but 

the  placemen!  of  these  changes  is  ambiguous,  in  part  be- 

Awn  attachment  on  the  back  of  the  lemma  is  widespread 

in  Aveneae;  here  it  is  an  autapomorphy  of  Arena,  the  only 

taxon  from  the  tribe  in  this  analysis.  Among  unsampled 

grasses,  dorsal  attachment  is  known  from  one  genus  of 

Yleliceae  and  a  few  genera  of  the  PACCAl)  (ilade  includ- 

ing Arthraxon. 

10   (6  steps.   CI  0.16,    Kl    =   0.11).    Disarticulation 
above  glumes:  Glumes  are  considered  to  be  the  two  empt\ 

bracts  subtending  the  spikelet,  and  glumes  across  the 

spikelet    clade    were    assumed    to    be    homologous    even 

cause  five  genera  are  scored  as  polymorphic.  The  only  though  there  is  disagreement  on  this  point  (see  Discus- 

unambiguous  synapomorphic  reduction  from  multiple  fe-  sion).  This  character  is  not  scored  in  Anomochlooideae  or 

male-fertile  florets  to  one  is  for  the  the  clade  of  /oysia,        in    the    non-grass    outgroups.    which    lack    spikelets    and 
Spartina.  and  Sporobolu.s,  although  this  may  not  hold  up 

when  sampling  density  is  increased.  Among  unsampled 
laxa,  there  are  numerous  additional  transformations  to  one 
floret. 

i:t  (12  steps,  CI  =  0.08,  Rl  =  0.52).  Awn  or  rnucro  p/ 
a:  There  are  multiple1  origins  of  awns  and  mucros  on  the 

lemma,  mostly  of  ambiguous  placement.  Approximately 
half  the  genera  of  the  family  have  awns,  so  this  is  another 

example  of  a  locally  useful  but  globally  highly   homopla- 
sious   character.    In   Streptochaeta,   eleven   of  the   twelve 

bracts  lack  awns,  whereas  one  (bract  VI)  has  an  awn  (Jud- 
ziewicz  &  Soderstrom,  19H0).   These  bracts  have  been  var- 

therefore  glumes,  but  the  presence  of  this  tvpe  of  disar- 
ticulation in  il  least  some  members  of  the  Pharoideae 

(e.g..  h'ptaspis  and  Pharus;  Soderstrom  et  al..  1987),  and 

in  both  genera  of  the  I'uelioidcac,  argue  that  this  type  of 
disarticulation  is  plesiomorphic  in  the  Spikelet  (Jade. 

Synapomorphic  loss  of  disarticulation  above  the  glumes 
occurs   in   Pariana    +    Eremitis  and    in   the  clade   within 

Panicoideae  that  consists  of  Paniceae  -I-  Audropogoueae. 
Additional  losses,  all  aulapomorphic  or  potentially  so,  oc- 

cur in  /oysia,  Spartina.  Phaenosperma.  and  Melica. 

17  (6  steps.  CI  =  0.16,  HI  =  0.37).  Germination  Hap: 
The  germination  flap,  a  small  flap  of  tissue  at  the  base  of 

iously  interpreted  (Soderstrom.    1981),  but  the  ones  most        the  lemma  through  which  the  germinating  embryo  grows, 
is  derived   independently   within   the   PAC(iAI)  and   HI  I closely  associated  with  the'  flower  lack  awns,  so  interpre- 

tation of  the  single  awned  bract  as  a  lemma  is  doubtful, 

and  Streptochaeta  consequently  is  scored  as  ambiguous  lor 
this  character. 

II   (I  steps,  CI   =  0.50,  Kl   =  0.50).  Number  of  awns 

present:  This  character  is  scored   for  laxa  that  are  polv- 

( Hades.  There  are  unambiguous  independent  synapo- 

morphic gains  of  the  germination  flap  in  Arislidoideae  and 

Olyreae;  germination  flaps  also  are  present  in  some  Pan- 

icoideae (but  placement  of  the  transformation  is  ambigu- 
ous although  no  Audropogoueae  have  germination  flaps). 

morphic  for  character  13,  but  it  is  inapplicable  when  char-       and  the  character  is  also  aulapomorphic  in  Oryza  and  in 
acter  13  is  scored  as  state  0  or  of  questionable  homology. 
Danthonia  and  Austrodanthonia  are  scored  as  state  3  to 

reflect  the  basic  pattern  in  these  laxa,  in  which  the  lem- 

mas have  nine  veins,  with  the  central  vein  forming  a  me- 

dian, usually  articulated  or  cork-screwed,  awn.  and  the 
third  vein  out  from  the  median  on  each  side  forms  a  hair- 

like awn  or  seta  at  the  apex  of  its  respective  lateral  lemma 

lobe.  This  seta  varies  from  an  acute  lobe  to  a  long  hair- 
like extension.  Occasionally  the  lateral  lobes  are  fused 

with  each  other,  and  presumably  with  the  base  of  the  cen- 

Amphipogon, 

Flow  EH 

Characters   10-22  are  scored  as  inapplicable  for  laxa 
thai  lack  lodicules. 

18  (4  steps,  CI  =  0.25.  HI  =  0.70).  Lodicule  p/a:  Lod- 
icules, as  organs  that  become  turgid  at  authesis  and  force 

open  the  flower,  occur  in  most  grasses  and  are  not  present 
outside  the  grasses.    The  evidence  that  lodicules  are  mod- 

Ira!   awn.    Krom  the  basic  pattern  all  kinds  of  deviations        ified    tepals    is    not    universally    accepted.    Anomochloa, 
Streptochaeta,  and  non-grasses  were  scored  "uncertain  ho- 

mology" by  Soreng  and  Davis  (1998),  but  these  two  genera 

occur,   including   fusion   of  the   lateral    lobes,   loss  of  tin 
setae,   loss  of   the  median  awn.  and   fusion  of  the  lateral 

lobes  with  the  median  awn  slill  present  as  a  stout  mucro.        are  scored  as  lacking  lodicules  in  ihe  present  analysis.  In 
In  this  analysis,  presence  of  three  awns  is  an  unreversed        the  Pharoideae.  lodicules  are  present  or  absent  in  ihe  male 

spikelets  and   lacking  in  female  spikelets  ((dark  &  Jud- 

ziewicz,  1000).  Pharus  is  scored  here  as  having  lodicules. 
Thus,  the  first  unambiguous  occurrence  of  lodicules  is  in 

synapornorphy  of  the  clade  of  Arislidoideae  +  Danthon- 

ioideae,  but  this  stale  also  occurs  in  Atnphipogon  and  An- 

isopogon  and   in  oilier  genera  not   sampled   here  such  as 

Plectrachne,     Triodia.    and    Pentaschistis,    among    others.        the  clade   that   consists   of    all   grasses  except   Anomoeh- 
Presence  of   numerous  awns  is  an  autapomorphy  of  Pap-        looideae.  There  is  an  unambiguous  synapomorphic  loss  iti 
pophorum. 

15  (7  steps,  CI    =  0.28,   Kl    =   0.14).   Awn  attachment: 
This  character  is  scored  for  laxa  that  are  polymorphic  for 

Lygeuni    +  Nardus  and  another  in  Zoysia   A-  Spartina    f 
Sporoholns.     plus    an    aulapomorphic     loss     in    Micraira. 

character  13,  but  il  is  inapplicable  when  character  13  is 

\mong  unsampled  grasses.  84  laxa  lack  lodicules:  among 
these.  00   belong  to   the   IWCCAI)   Clade,  and    13   to  the 

scored  as  0  or  of  questionable  homology.  Awn  attachment        Pooideae  (Watson  &  Dallwitz,  1002).  Lodicules  (whatever 
at  the  apex  of  the  lemma  is  the  most  common  and  wide- 

spread slate  of  this  character.  Attachment  in  a  sinus  is  an 

unreversed  synapornorphy  of  Danthonioideae  (although  it 

appears  to  be  k»tached  at  the  apex  of  the  lemma  in  some 
instances  becaus  *  of  fusion  of  the  lateral  lobes  with  the 
base   of    the   awn     .r    loss   of  the    lateral    lobes:    binder  & 

their  origin)  might   be  plesiomorphic  for  the  family,  and 
then  lost  in  the  Anomochlooideae. 

19  (5  steps,  CI  =  0.20,  HI  =  0.71).  Number  of  lodi- 
cules: Three  lodicules  are  present  al  the  point  of  first  un- 

ambiguous occurrence  of  lodicules  (see  char.  18),  and  this 

plesiomorph)    is  retained  in  Pharoideae  and   I'uelioideae. 
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of  the  inner  whorl:  The  posterior  stamen  of  the  inner  whorl 

is  present  in  all  outgroups  and  among  the  earliest-diverg- 

ing lineages  in  the  grasses,  so  its  presence  is  a  plesiom- 

orphv  for  the  grasses.  Loss  of  this  stamen  is  a  synapo- 

morphy of  the  REP  +  PACCAD  clade,  but  it  is  regained 

at  least  three  (possibly  four)  times  in  Ehrharta.  Oryza  (but 

Thus  two  lodicules  may  be  a  synapomorphy  of  the  HEP  not  Irersia).  Pseudosasa,  and  Pariana.  The  absence  ol  this 

+  PACCAD  eroUD,  with  a  reversal  to  three  lodicules  in  stamen  in  Isersia,  coupled  with  its  presence  in  Oryza  and 

the  Bambusoideae/Ehrhartoideae  group,  and  re-reversal  to 

two  lodicules  in  the  Ehrhartoidcae.  Alternatively,  two  lod- 

icules might  have  been  retained  in  Ehrhartoidcae  (follow- 

Bambusoideae  and  Streptogyna  also  have  three  lodicules, 

while  Ehrhartoidcae  have  two.  Transformation  to  two  lod- 

icules may  be  a  synapomorphy  of  Ehrhartoidcae,  but  can- 

not be  inferred  unambiguously  because  the  earliest-di- 

verging lineages  of  Pooideae  also  have  two  lodicules,  as 

do  all  ta\a  of  the  PACCAD  Clade  thai  have  been  scored. 

Ehrharta,  is  equally  consistent  with  independent  gains  in 

the  latter  two,  or  a  gain  in  the  ancestor  of  Ehrhartoidcae 

followed  bv  a  secondary  loss  in  Leersia.  This  stamen  is 

not  gained  elsewhere  in  the  family. 

24  (6  steps,  CI  =  0.16,  HI  =  0.54).  Anterior  stamen 

pair  of  the  inner  whorl:  Except  for  the  loss  of  this  pair  in 

Anomochloa,  while  the  posterior  stamen  is  retained,  the 
distributions  of  states  of  these  two  characters  (23  and  24) 

are  identical.  Thus,  as  with  the  posterior  stamen  of  the 

inner  whorl,  this  stamen  pair  is  unambiguously  interpreted 

Stipeae,  but  within  this  group  there  is  yet  another  unam-  as  plesiomorphically  present  at  the  point  of  origin  of  the 

biguous  transformation  back  to  two  lodicules  in  Nassella       grasses,  lost  as  a  synapomorphy  of  the  HEP  +  PACCAD 

ing  the  transformation  from  three  to  two  in  the  origin  ol 

the  HEP  +  PACCAD  group)  while  Streptogyna  and  Ham- 

busoideae  independently  experienced  reversals  to  three; 

still  other  transformation  sequences  also  are  possible. 

Within  Pooideae,  an  unambiguous  transformation  from  two 

lodicules   to  three   is  a   synapomorphy  oi   the  clade  that 

les  Anisopogon,  Phaenosperma,  Ampelodesrnos,  and 
lllCllH 

(while  Stipa  is  polymorphic). 

20  (uninformative).  Eusion  of  anterior  pair  of  lodicules: 

Lodicules  are  unfused  at  the  first  point  at  which  they  are 

unambiguously   present  (see  char.   18),  and   in  almost  all 

clade.  and  regained  three  or  four  times  in  the  Hambuso- 
ldcac/Ehrhartoideae,   possibly   with   a  secondary   loss   in 
Leersia. 

25  (8  steps,  CI 0.12,  HI   =  0.12).  Anterior  stamen 

grasses.  The  anterior  two  are  fused  in  Melica,  but  the  char-  of  outer  whorl:  This  stamen,  though  absent  in  Restiona
- 

acter  is  polymorphic  in  Glycerin,  so  the  transformation  ceae.  is  present  in  Flagellaria,  Joiiwitiea,  and  all  early-
 

diverging  grass  lineages,  and  thus  is  plesiomorphically 

present  within  the  grasses,  and  lost  independently  in  Res- 

lionaceae  and  various  grass  lineages.  There  are  seven  au- 

tapomorphic  losses  within  the  grasses  (in  Streptogyna. 

Leersia,  Eremitis,  Glyceria,  Piptatherum,  Micraira,  and  Gy- 

nerium),  plus  polymorphisms  in  Buergersiochloa,  Diar- 
rhena,  Eriachne,  Zoysia,  Sporoholits,  and  Thysarwlaena. 

The  loss  in  Kestionaceae  is  the  only  unambiguous  syna- 

pornorphic  loss  in  the  taxon  sample. 

2(>  (2  steps,  CI  =  0.50,  HI  =  0.50).  Posterior  stamen 

pair  of  outer  whorl:  This  stamen  pair,  like  the  anterior 

stamen  of  the  outer  whorl,  is  present  in  all  earl\ -diverging 

grass  lineages  and  in  all  outgroups  except  Rcstionaccae. 

Thus,  like  the  anterior  stamen  and  like  all  three  stamens 

of  the  inner  whorl,  this  pair  is  plesiomorphically  present 

in  the  studv  sample  as  well  as  in  grasses,  and  as  with  the 

anterior  stamen  of  the  outer  whorl,  all  absences  are  inter- 

may   be  a  synapomorphy  of  this  pair  of  genera,  but  the 

precise  placement  is  ambiguous.  Elsewhere,  Molinia  also 

is  polymorphic. 

21  "(5  steps.  CI  =  0.20.  RI  =  0.82).  Distally  membra- 
nous portion  of  lodicule:  The  earliest  lodicules  apparently 

had  a  distally  membranous  portion  (see  char.  18).  and  this 

stale  is  retained  in  early-diverging  lineages.  Within  the 

HEP  Clade,  loss  of  this  membranous  portion  is  an  unrev- 

ersed synapomorphy  of  Vleliceae.  Most  elements  of  the 

PACCAD  Clade  lack  a  distally  membranous  portion  of  the 

lodicule,  including  various  early-diverging  lineages,  but 
Micraira.  because  it  lacks  lodicules,  is  not  scored  for  this 

character.  Thus,  transformation  to  this  state  may  be  a  syn- 

apomorphy of  the  entire  PACCAD  Clade,  or  of  the  subset 

that  includes  all  members  except  Micraira.  Within  the 

PACCAD  Clade.  a  distally  membranous  lodicule  in  Aris- 

tidoideae,   Gynerium,    and   Merxmuellera   macowanii   im- 

plies at  least  three  additional  steps  in  this  character,  in-       preted  as  losses.   Except  for  a  few  unscored  taxa  within 

eluding  either  three  independent  transformations  to  this 

lodicule  type,  or  two  independent  gains  including  one  in 

the  common  ancestry  of  Aristidoideae  and  Danthonioi- 

deae,   followed   by  a  loss   in   the  ancestor  of  Danlhonia. 

the  grasses,  plus  an  autapomorphic  loss  in  Chasmanthium 

and  a  polymorphism  in  Spowbolus,  presence  of  this  pair 
of  stamens  is  constant  within  the  grasses. 

27  (I   step.  CI   =    1.0.  RI  =    1.0).  Anthers  tetrasporan- 

Karroochloa,  and  Austrodanthonia.  Polymorphism  in  Pan-       giate,  dithecal.  vs.  bisporangiate,  monothecal:    Hie  pres
- 

icum  and  Persia  implies  two  additional  transformations.       ence  of  tetrasporai i giate.  dithecal  anthers  is  interpreted  as 

a   plesiomorphy   of  the  entire   taxon   sample,   and  of    the 

grasses.  The  only  transformation  to  bisporangiate,  monoth- 

0.33,  RI   =  0.83).  Lodicule  vascu-        ecal  anthers  is  an  unambiguous  synapomorphy  of  Restion- 

a  gain  of  the  membranous  portion  of  the  lodicule  within 
the  former,  and  a  loss  within  the  latter. 

22  (3  steps,  CI 

lari/ation:    Lodicules    were    originally    vascularized    (see 

char.   18).  In  the  HEP  Clade,  a  single  unreversed  loss  of 

aceae. 

28  (12  steps.  CI  =  0.08,  RI  =  0.31).  Eusion  of  styles: 

vascularization   is   inferred   within   Pooideae,  after  diver-       The  presence  of  one  style  (see  char.  29)  can  be  interprete
d    _  _  v  l 

gence  of  Brachyelytrutn  from  the  rest  of  the  subfamily,  but 

absence  of  lodicules  in  the  Lygeum  +  Nardus  group 

means  that  this  transformation  could  have  occurred  before 

as  either  a  fusion  or  reduction  in  number,  so  taxa  scored 

with  state  1  of  character  20  are  scored  as  ambiguous  for 

character  28.  Unfused  styles  in  Flagellaria  and  both  rep- 

or  after  divergence  of  this  group  from  the  rest  of  the  Pooi-  resentatives  of  Rcstionaccae,  and  fused  styl
es  in  Strepto- 

deae.  In  the  PACCAD  Clade.  an  independent  transfer-  chaeta.  Pharus,  and  Pue//VMoget her  suggest  that  transfor
- 

mation to  faint  vascularization  is  an  autapomorphy  of  Am-  mation  to  the  fused  state  occurred  near  the  origin  of  the 

phipogon.  The  state  also  occurs  in  Thysanolaena,  but  the  grasses,  but  polymorphism  in  Joimillea  and  the  
unknown 

association  of  the  latter  with  Zeugites,  which  is  not  scored  state  in  Anomochloa  prevent  unambiguous  placement  of
 

for  this  character,  prevents  an  unambiguous  placement  of  this  transformation.   Reversal  to  unfused  styles
  is  inter- 1  If  m  I  r  It  -J  _         —       -^      —         ^^        -.—  -        ̂ »      ̂  

that  transformation. 

23  (5  steps,  CI   = 
preted  as  an  autapomorphy  in  GuadueUa,  and  as  unrev- 

0.20,  RI   =  0.66).  Posterior  stamen       ersed  synapomorphies  (i.e.,  lacking  seeondan  reversion  to 
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Fused  styles)  of  Pooideae  and  Khrhartoideae  (except  for 

polymorphism    in    Oryza).    Within    the    PAGGAD   Glade, 

lused  styles  appear  to  be  plesiomorphie,  with  one  or  more 

transformations  to  the  nonfused  stale,  and  multiple  rever- 

sals to  the  fused  slate  (e.g.,   in  Phragmites%   I'niola.  and 
Spartina). 

20  (6  steps.  CI  =  0.33,  HI  =  0.50).  Number  of  stigmas: 
The  plesiomorphie  state  lor  the  grasses,  as  well  as  lor  the 

entire  ta\on  set,  is  three,  with  antapomorphie  transfor- 
mations to  two  in  ffaloskion  and,  among  earliest-diverging 

s\  nergids  are  observed  to  be  present  onl\  in  the  four  sam- 
pled taxa  of  the  Danlhonioideae.  and  absent  in  all  oilier 

taxa  that  have  been  examined  (Verboom  el  al..  1 00  I). 

Ilms.  presence  o(  haustorial  synergids  is  an  unambiguous 

and  unreversed  synapomorphy  of  Danlhonioideae,  but 
continued  investigation  is  warranted. 

Fm  n  and  Kximno 

Characters  35—38  describe  features  of  the  typical  grass- 

grass   lineages,  to  one   in  Anomoeliha.   Transformation  to        type  embryo.    They  are  inapplicable  lor  non-grass  genera. 
two  stigmas  is  a  synapomorphy  of  the  clade  thai  includes        which   lack   the  grass-type  embryo  (i.e.,  state  0  of  char. 

31).  Data  sources  include  those  listed  b\  Soreng  and  Da- 

vis (1998)  plus  Klak  (unpublished).  These  characters  can 
be  difficult  to  score,  and  the  literature  contains  conflicting 

all  grasses  except  Anomochlooideae  and  Pharoideae  (i.e.. 
the  Bistigmatic  Glade),  and  there  are  additional  transfor- 

mations lo  one  in  Eremitis  and  in  Lygeum  +  .\ardus,  and 

to  three  in  Pseudosasa.  Another  transformation  to  one  ap-        reports  for  some  laxa. 
pears  to  occur  in  Eremitis*  but  this  is  the  result  of  a  mis- 33  (5  steps.  Gl   =  0.20.  |{|  =  0.76).  Ililum  shape:  This 

character  is  recognized  as  a  feature  of  the  earvopsis,  and coding,  as  there  are  actually    two  stigmas  in  Eremitis  (V. 

Hollowed,   pers.   comm.).   Pitelia   is  actually   polymorphic        thus  is  inapplicable  for  non -grasses.  Among  grasses,  taxa 
lor  this  character,  having  two  or  three  stigmas  (the  species       with  a  short  hilum  less  than  one-third  the  length  of  th< 

ing 

in  this  analysis  has  two).  Other  polymorphisms  (see  data 
table)  signify  additional  transformations.  All  members  of 

the  PAGGAD  Glade  have  two  stigmas. 

30  (8  steps.  Gl  =  0.25.  Kl  =  0.50).  Highest  order  of 
stigmatic  branching:  Only  one  order  of  sligmalic  branch- 

occurs  in  Flagelkuia,  Joinvillea,  Anomochlooideae. 

and  Pharoideae,  and  this  slate  therefore  appears  lo  be 
plesiomorphie  for  the  grasses  and  for  the  entire  taxon  sam- 

ple, with  the  various  slates  in  Keslionaceae  inlcrpretable 
as  apomorphic  within  that  family.  Transformation  to  two 

orders  ol  branching  appears  to  be  a  synapomorphy  for  the 
clade  that  includes  all  grasses  except  Anomochlooideae 
and  Pharoideae  (the  Bistigmatic  Glade),  and  this  state. 
once  established,  is  constant  in  Puelioideae  and  nearb  so 

in  the  PAGGAD  Clade  (exceptions  being  the  presence  of 
stale  one  in  Xea,  and  polymorphism  in  Sporobolus).  Within 
the  Hambusoideae/Khrhartoideae.  transformation  to  slate 

one  is  an  autapomorphy  of  Streptogyna  and  a  synapomor- 
phy ol  Pariana  +  Eremitis,  while  a  transformation  to  stale 

3  is  an  autapomorphy  of/rer.s/V/,  and  polymorphisms  occur 
in  unsampled   Olyreae.   Within  the  Pooideae.  there  is  an 

grain  are  scored  as  ambiguous.  All  groups  except  the 
PACCAD  Glade  have  a  long  hilum  thai  is  greater  than 

one-third  the  length  of  the  grain  in  our  sample.  This  may 
thus  be  a  synapomorphy  of  grasses  (i.e.,  the  plesiomorphie 
slate  lor  the  earvopsis),  but  because  the  character  is  treat- 

ed as  inapplicable  outside  the  grasses  there  is  no  observed 
transformation  al  the  origin  of  the  family.  Nonlinear  hila 
are  reported  from  the  Olyreae  and  the  Poeae/Aveneae  in 
the   BKP  Glade.  There  are  live  character  transformations 

within  the  PAGGAD  Glade,  but  the  placements  of  two  of 
these  are  ambiguous.  All  Gentothecoideac  and  most  Pan- 
icoideae  have  a  nonlinear  hilum  that  is  less  than  Vi  the 

length  of  the  grain,  but  the  hilum  is  long-linear  and  great- 

er than  lA  the  length  of  the  grain  in  Danthoaiopsis.  and 
this  is  interpreted  as  one  origin  of  this  slate  in  the  common 

ancestor  ol  the  clade.  followed  by  a  reversal  in  Danfhon- 
iopsis.  Klsewhere  in  the  PAGGAD  Clade,  the  onl\  unam- 

biguous transformation  of  this  character  is  as  a  svnapo- 
morphy  of  Karrooehloa  +  Austrodanthonia,  a  snivel  of 
Danlhonioideae.  This  state  also  occurs  in  all  taxa  of  Arun- 
dinoideae  and   Ghloridoideae  for  which   there  are  ohser- 

autapomorpluc  transformation  lo  state  one  in  Nardus,  a  valions.  except  in  Molinia.  Thus,  it  is  inlerprelable  either 
synapomorphic  transformation  to  slate  three  in  Meliceae,  as  having  arisen  twice  (once  in  Amphipogon  +  Arundo. 
and  polymorphism  in  Phaenosperma.  and    once    in    Ghloridoideae),   or   as    a    svnapomorphv    of 

:\\   (l\  steps.  Gl   =  ().()(>,  Kl   =  0.0).  Number  of  locules:        Arundinoideae  +  Ghloridoideae,  will,  reversion  t<>  a  long- 
linear  hilum  in  Molinia  or  in  Molinia  +  Phragmites  (not 
scored  for  Phragmites). 

34  (1   step.  Gl   =    1.0,  HI   =    1.0).  Grass-type  embryo  p/ 
a:  The  grass-type  embryo  is  lateral,  peripheral  to  the  en- 

\ll   grasses   have  one   locule  with  one  ovule,  while  three 

locules,  each  with  one  ovule,  are  found  in  Flagellaria  and 
Joinvillea,  although  there  is  a  strong  tendencj  to  abort  one 
or  two  ol  the  ovules  in  both  of  these  genera.  A   transfor- 

mation from  three  locules  to  one  may  be  a  synapomorph)        dosperm.  and  differentiated  in  fruit  (Reeder,   1057;  Gron- 
quist,  1981;  Sendulsky  el  al..  1087).  This  embrvo  type  is 
absent  outside  the  grass  family  and  present  in  all  grasses 
lor  which  observations  are  available  (unobserved  in  Merx- 

muellera  rangei)*  and  thus  interpreted  as  an  unambiguous 
and  unreversed  synapomorph)  of  the  grasses. 

35  (7  steps.  Gl   -  0.14,  Rl   =  0.66).  Kpiblast  p/a:  He- 
cause  this  character  is  inapplicable  for  non-grasses,  its 
origin  is  not  unambiguously  fixed,  but  available  data  lor 

the  earliest-diverging  lineages  within  the  grasses  (except 
Streptochaeta)  indicate  presence  of  an  epiblasl.  and  thus 
presence  is  inlerprelable  as  a  plesiomorphy  within  the 

family.  Loss  of  the  epiblasl  is  an  unambiguous  synapo- 
morphy of  the  PAGGAD  Glade,  but  there  are  also  three 

antapomorphie  losses  outside  of  the  PAGGAD  Glade  in 

Streptochaeta,  Ehrharta,  and  Hromus.  plus  a  polymor- 
phism in  Brachypodium.  Within  the  PAGGAD  Glade  the 

epiblasl  is  secondarily  gained  in  the  Gentothecoideac  (but 

ol  the  grasses.  This  transition  has  also  occurred  in  Kes- 

lionaceae, where  the  basal  condition  is  three  locules  with 

numerous  reductions  to  a  single  functioning  locule.  as  in 

Elegia  in  our  sample  (hinder,  1002a,  b).  Although  not 
sampled  in  this  study,  Anarthriaccae  ha\e  three  locules 
each  with  one  ovule,  but  the  fruit  is  I -seeded,  and  Kc- 
deioeoleaeeae  have  two  locules.  each  with  one  ovule,  and 

the  fruit  is  1-2-seedecl.  Thus,  reduction  in  both  number 

of  locules  and  number  of  ovules  that  develop  in  the  fruit 
are  common   in   the   Poales;   Centrolepidaceae,  however, 
have   uniloculale,   uniovulate  ovaries  that   are  apparently 
moiiocarpellary  (Dahlgren  el  al..   1985). 

K\iBin<H;i:M 

32  (I   step.  Gl   =    1.0.  Kl   =    1.0).   Haustorial  svnergi«l> 
p/a:    Data   are   unavailable   for  many    laxa,   but   haustorial 
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there  is  no  observation  for  Thysanolaena)  and  is  a  syna- 

pomorphy  for  either  the  Chloridoideae  or  a  subset  ol  that 

clade.  The  precise  point  of  origin  within  the  Chloridoideae 

is  ambiguous  because  there  is  no  observation  for  Merx- 

muellera  rangei  or  Centropodia.  Within  the  Chloridoideae 

the  epiblast  is  lost  in  Uniola.  'Phis  character  is  highly 
homoplasious  within  the  family. 

.%  (3  steps,  CI  =  0.33.  Rl  =  0.81).  Embryo  scutellar 

tail  p/a:  The  scutellar  tail  is  present  in  Anomochlooideae 

and  Pharoideae,  throughout  the  PACCAD  Clade  (wherever 

observations  are  available)  and  in  most  taxa  of  the  Barn- 

busoid/Ehrhartoid  clade,  absent  in  most  Pooideae,  and  un- 

group  of  Eriachne,  the  clade  that  includes  Aristidoideae, 
Danthonioideae,  Arundinoideae,  and  Chloridoideae. 

39  (uninformative).  Kndosperm  lipid  p/a:  Observations 
are  unavailable  for  several  laxa.  Of  those  taxa  that  are 

scored,  including  Baloskion,  only  Avena  has  lipid  in  the 

endosperm.  Thus,  absence  of  lipid  in  the  endosperm  is 

plesiomorphic  for  the  grass  family  and  for  the  taxon  set 

as  a  whole,  with  the  presence  of  lipid  in  Avena  an  auta- 

pomorphy.  Among  unsampled  grasses,  all  reports  ol  en- 

dosperm lipid  are  from  the  Poeae-Aveneae.  Liquid  and 

semi-liquid  endosperm  are  indicative  of  the  presence  ol 

lipid,  but  "semi-solid"  and  solid  states  do  not  imply  ab- 

observed   it.    Puelioideae.   Despite  the  variation  just   de-       sence  of  lipid  (Terrell,  1971;  Kosengurlt  et 
 al      1972). 

scribed,  plus  the  inapplicability  of  this  character  outside 

the  grasses  and  the  absence  of  data  for  some  critical  taxa, 
40  (12  steps,  CI  =  0.33.  M  =  0.20).  Starch  grain  syn- 

tonics: Scoring  here  follows  Tateoka's  (1962)  classifica- 

the  balance  of  evidence  suggests  that  the  scutellar  tail  is  lion  with  one  excepti
on.  Tateoka  scored  Brachyelytrum  as 

a  plesiomorphy  of  the  grasses.  Within  the  Bambusoid/Ehr- 
hartoid  clade,  loss  of  the  scutellar  tail  is  unambiguously 

interpreted  as  an  unreversed  synapomorphy  ol  Orv/eae.  A 

more  complex  pattern  is  present  in  Pooideae,  where  the 

scutellar  tail  is  usually  absent,  but  is  present  in  Phaenos- 

perma, and  there  are  polymorphisms  or  conflicting  reports 

for  Brachyelytrum,  Diarrhena,  and  Avena.  These  polymor- 

phisms in  the  matrix  prevent  unambiguous  optimization  of 

the  character  in  Pooideae.  Loss  of  the  scutellar  tail  may 

be  a  synapomorphy  of  Pooideae  or  of  all  Pooideae  except 

Brachyelytrum;  presence  of  the  scutellar  tail  in  Phaenos- 

perma  may  be  either  a  unique  reversal  or  a  synapomorphy 

for  Phaenosperma  and  Anisopogon  (which  is  not  scored). 

37  (2  steps,  CI  =  0.50,  Rl  =  0.95).  Embryo  mesocotyl 

internode.  negligible  vs.  elongated:  The  embryo  mesocotyl 
r 
6 internode  is  negligible  in  length  in  all  early-di verging 

grass  lineages  for  which  scores  are  available  (e.g.,  An- 
omochlooideae, Pharoideae),  so  although  this  character  is 

inapplicable  for  the  non-grass  outgroups  the  internode  is 

having  simple  Panicum-iype  grains,  but  emphasized  a  ma- 

jor size  difference,  and  we  recognize  Brachyelytrum-iype 

as  a  separate  state  (see  also  Campbell  et  al..  1986).  Wat- 
son and  Dallwitz  (1992)  distinguished  between  starch 

grains  "simple  only"  (coded  here  as  [031 1)  or  "compound*1 
(coded  here  as  |12]).  Polymorphisms,  ambiguity  of  stale 

delimitation,  and  lack  of  observations  together  preclude 

unambiguous  optimizations  of  many  character-state  trans- 
formations in  this  mullistate  character,  but  some  patterns 

are  evident.  First,  the  Festuca-iype  grain  (state  I)  is  pre- 

sent in  Baloskion  (the  only  non-grass  that  is  scored)  and 

is  widespread  in  early-diverging  grass  lineages,  among 

which  other  types  are  not  observed.  This  pattern  suggests 

that  this  starch  grain  syndrome  is  plesiomorphic  for  the 

rass  family  and  for  the  taxon  set  as  a  whole.  The  Triti- 

cura-type  svndrome  (state  0)  occurs  in  most  "core"  Pooi- 
deae (represented  here  by  Brachypodium,  Avena,  Bromus. 

and  Triticum)  that  arc  collectively  the  sister  group  of  Diar- 

rhena, and  state  0  may  be  either  a  synapomorphy  of  this 

<r 

nroup  (reversed,  however,  in  Avena)  or  a  parallelism  that 
likely  to  have  been  negligible  at  the  origin  of  the  grass-  ^^  sr|)arate|y  in  Brachypodium  and  in  the  ancestor  of 
type  embryo.  All  taxa  that  have  been  scored  in  the  P AC-  Bromus  +  Triticum.  The  Panicum-ty\n  svndrome  (state  3) 
CAD  Clade  have  an  elongated  internode.  Transformation  mfly  |)(i  fl  synapomorphy  of  Hambuseae.  of  Stipa   +  Nas- 
from   a   negligible   to  an  elongated    internode   is  either  a  >r//a    .m(|  Qc  a||   panj(.()j(|eae  except  Danthordopsis,  or  of 
synapomorphy  of  the  entire  PACCAD  Clade  or  of  the  en-  the  rnljIV  pACCAD  Clade.  If  the  latter  is  true,  then  there 
tire  clade  except  Micraira,   for  which   no  observation  is  js  a  revers.,|  |()  die  Festuea-iypr  in  the  clade  of  Eriachne 

available.  |,|us  the  set  of  four  subfamilies  that  is  its  sister:  the  Fes- 
38  (1  steps.  CI   =  0.25,  KI   =  0.85).  Embryonic  leaf 

margins  meeting  vs.  overlapping.  The  margins  of  the  em- 

bryonic leaf  meet  in  Anomochloa  but  overlap  in  Strepto- 

ehaeta,   Pharus   (unobserved    in    Puelioideae).   and   early- 

diverging  lineages  of  both  the  REP  and  PACCAD  Clades.        may  a|so  nave  this  stale  (see  Soreng  &  Davis,   1998). 

Thus,  although  the  character  is  inapplicable  in  the  non- 

tuca-type  is  also  a  potential  synapomorphy  oi  Thysanolae- 

na +  Zeugites,  or  an  autapomorphy  of  Zeugites.  The  Bra- 

chyelytrum-type  syndrome  occurs  in  Phaenosperma  and 
Brachyelytrum .   Available  information  suggests  that  Stipa 

leaf I 
grass  outgroups.  overlapping  teat  margins  are  plesiom- 

orphic at  the  origin  of  the  grass-type  embryo,  with  an  au- 

tapomorphic  transformation  to  margins  meeting  in 

Anomochloa,  and  with  parallel  synapomorphic  transfor- 
mations in  both  major  lineages.  Margins  are  overlapping 

in  all  observed  taxa  in  the  bambusoid/ehrhartoid  alliance, 

as  well  as  in  Brachyelytrum  and  Phaenosperma  of  the 

Pooideae  (also,  Diarrhena  is  polymorphic).  Given  this  dis- 

tribution, transformation  to  the  margins  meeting  is  inter- 

preted as  a  svnapomorphy  of  all  Pooideae  except  Bra- 

chyelytrum. with  a  reversal  either  in  Phaenosperma  or  in 

the  ancestor  of  Phaenosperma  and  Anisopogon  (there  is  no 

observation  for  the  latter).  All  observations  for  Panicoi- 

deae  and  Centothecoideae,  plus  Eriachne,  are  of  leaf  mar- 

gins overlapping,  while  all  observations  for  the  other  four 

subfamilies  of  the  PACCAD  Clade  are  of  leaf  margins 

meeting.  Thus,  transformation  to  the  latter  slate  is  an  un- 

ambiguous  and    unreversed    synapomorphy    of    the   sister 

verging  uncages  u 

Seedling 

41  (4  steps,  CI  =  0.25,  Rl  =  0.70).  Lamina  of  first 

seedling  leaf  p/a:  The  lamina  of  the  first  seedling  leaf  is 

absent  in  Flagellaria  and  Anomochlooideae,  and  present 

in  Restionaccae  and  Pharoideae,  while  the  character  is 

unobserved    in   other  non-grass  taxa  and  other  early-di- 

lineagcs  within  the  grasses.  Consequently,  opti- 
mization of  this  character  is  ambiguous  in  this  region  ol 

the  tree.  However,  presence  of  the  lamina  is  unambigu- 

ously established  by  the  point  of  divergence  of  Pharoideae 

from  the  lineage  that  includes  most  other  grasses;  it  is 

present  in  the  PACCAD  Clade  and  in  Pooideae,  but  is  lost 

twice  within  the  BEP  Clade.  as  a  synapomorphy  of  Ory- 

zeae  and  as  a  svnapomorphy  of  Bambusoideae. 

Vegetative  Anatomy 

42  (uninformative).  Differentiation  of  leaf  epidermal 

cells  into  long  and  short  cells:  Differentiation  is  absent  in 
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Flagellaria,  inapplicable  in  Bestionaceae  (blades  absent),       phisni  in  Eragrostis  (Van  den  Bone,  1004;  Van  den  Borre 
and  present  in  Joinvillea  and  all  grasses  (except  for  a  lew        &  Watson,   1004). 
that  are  polymorphic).  This  differentiation  is  therefore  es- 

tablished by  the  time  o 
45  (8  steps.  CI  =  0.12,  HI  =  0.40).  Arm  cells  p/a:  Ann 

grasses,  but  the  point  of  origin  is  ambiguous. 

f  divergence  of  Joinvillea  from  the        cells  are  invaginated  chlorenehvma  cells  thai,  when  pre- 
sent,   reach   their  maximum  development   in  the   layer  of 

43  (0  steps,  CI  =  0.16,  Rl  =  0.72).  Multicellular  mi-  chlorenchyma  beneath  the  upper  surface  of  the  leaf.  Yar- 
crohairs  p/a:  Presence  of  multicellular  microhairs  on  the  iation  in  arm  cells  in  the  Poaceae  is  known  but  has  not 
abaxial  surface  ol  the  leaf  blades  in  Joint  illea.  Anomoch-  been  investigated,  and  only  presence/absence  was  seined 
looideae.  mdGuaduella.  and  their  absence  in  Restiona-        for   this   analvsis.    Presence   in   Anomochkm.    Pharoideae. 

and  Puelioideae  (including  a  polymorphism  in  Guaduella), 

and  absence  in  Streptochaeta,  combined  with  absence  out- 
side  the   Poaceae,  together  suggest  a   first   occurrence  of 

ceae,  Pharoideae,  and  Puelia,  make  it  difficult  to  plact 
the  origin  (or  origins)  of  multicellular  microhairs.  but  thev 

appear  to  have  been  present  in  the  common  ancestor  of 
Joinvillea  and  the  grasses,  and  are  inferred  to  have  been 

lost  independently  (among  the  aforementioned  laxa)  in 
Pharoideae  and  Purlin.   Multicellular  microhairs  are  uni- 

II 
*  t 

arm  ecus  near  tlie  origin  of  the  family,  but  optimization  of 
the  transformation  to  arm  cells  at  the  point  of  origin  of  the 

family   is  ambiguous.   Placement  of  additional  gains  and 

versally  present  within  the  PACCAI)  Clade  in  our  sample.  losses  is  complicated  bv  a  widespread  occurrence  in  th< 
except  lor  an  autapomorphic  loss  in  Merxmuellera  rangei  bambusoid  and  ehrhartoid  clades.  polymorphy  within  Khr- 
and  a  polymorphism  in  Spartina.  The  score  for  M.  maco-  harta  and  Irersia.  total  absence  in  Pooideae.  and  sporadic 
tvanii  was  inferred  from  reports  for  the  rest  of  the  genus;  occurrence  in  the  PACCAI)  Clade  (in  Thysanolaena.  0Y- 
Ellis  (1081)  reported  the  absence  of  microhairs  on  the 

abaxial  epidermis  but  did  not  investigate  the  adaxial  epi- 
dermis, where  they  are  most  likely  to  occur.  We  note,  how- 

ever, that  multicellular  microhairs  have  not  been  delected 

on  the  abaxial  leal  surface  in  some  species  of  10  PACCAI) 

genera,  but  main  of  these  genera  are  polymorphic  fortius 
character  (Watson  &  Dallwitz,  1002).  In  contrast  with  their 

widespread  occurrence  throughout  most  of  the  family,  mul- 
ticellular microhairs  occur  in  only  two  genera  of  the  Pooi- 

deae, Lygeum  and  Nonius.  Kither  microhairs  were  lost  in 
the  common  ancestor  of  the  subfamily,  followed  by  a  sec- 

ondary  gain  in  the  common  ancestor  of  Lygeum  and  Nar- 
dus.  or  were  lost  twice,  once  in  Hraeltyelytrum.  the  other 

time  in  the  ancestor  of  all  pooids  except  Hraeltyelytrum. 
Lygeum.  and  Xanlus.  Some  taxa  reported  to  lack  multi- 

cellular microhairs  on  the  abaxial  surface  of  the  leaf 
blades  ma\  have  such  hairs  on  the  adaxial  leal  surface  or 

elsewhere  on  the  plant,  particular!)  lemmas  or  lodicules. 
and  more  detailed  examination  should  be  undertaken  to 

verify  this.  Only  the  clade  within  Pooideae  that  is  the 

sister  ol  Lygeum  +  Nonius  lacks  multicellular  microhairs 
entirely,  but  even  in  this  clade,  unicellular  microhairs 

have  been  reported  in  several  genera  ol  Stipeae  (Watson 
&   Dallwitz,  1002). 

||  (3  steps,  CI  =  0.33,  HI  =  0.71).  "Chloridoid-type" 
microhairs  p/a:  Tateoka  et  al.  (1950)  distinguished  micro- 

hairs with  short  and  wide  apical  cells  as  "Chloridoid- 

type,"  as  they  are  mainlv  restricted  to  subfamily  Chlori- 
doideae.      This      type      of     hair      is      contrasted      with 

nerium.  and  Phragmites).  This  overall  distribution  is  con- 

sistent with  a  variety  of  optimizations  that  imply  multiple 
origins  and  losses.  Some  taxa  with  arm  cells  lack  fusoid 

cells,  and  vice  versa,  but  the  occurrence  of  both  cell  l\  pes 
is  correlated  with  broad  leaf  blades  and  the  forest  habitat. 

40  (4  steps.  CI  =  0.25,  Rl  =  0.70).  Fusoid  cells  p/a: 
Kusoid  cells  are  large,  clear,  cigar-shaped  emptj  cells  that 

flank  each  vascular  bundle  and  can  occupy  up  to  M)rA  of 
the  leaf  blade  volume.  Although  their  function  is  still  un- 

known, they  appear  to  form  gas  spaces  rather  than  liquid 

spaces  and  may  play  some  role  in  photosynthesis  (Clark. 
1001).  Fusoid  cells  are  absent  outside  the  Poales  and. 

among  the  families  sampled  in  this  analvsis.  arc  also  ab- 
sent  in  Flagellariaeeae.  They  are  present  in  Joinvillea  and 

all  three  of  the  early-diverging  lineages  within  the  grasses. 
Thus,  presence  of  fusoid  cells  may  be  a  svnaponiorphv  of 
Joinvillea  and  Poaceae.  but  the  precise  point  of  origin  of 
fusoid  cells  is  ambiguous  in  the  present  analvsis.  in  part 
because  the  character  is  scored  as  inapplicable  in  Res- 
tionaceae.  Elsewhere  in  the  grasses,  fusoid  cells  occur 

onl\  iu  Bambusoideae  and  Streptogyna.  Fusoid  cells  are 
absent  in  Fhrhartoideae.  Pooideae.  and  the  PACCAI) 

Clade.  and  this  pattern  is  interpretable  either  as  a  syna- 
pomorphic  loss  in  BFP  +  PACCAI)  (followed  by  second- 

ary gain  in  Streptogyna  and  Bambusoideae),  or  parallel 
losses  in  Fhrhartoideae,  Pooideae,  and  the  PACCAI) 

Clade.  Fusoid-like  cells  are  known  in  some  Paniceae.  but 

these  appear  to  be  derived  from  lateral!)  extended  bundle 
sheath  cells  and  thus  are  not  homologous  to  fusoid  cells. 

"panicoid-type"  microhairs.  which  have  relatively  longer 
and  thin-walled  terminal  cells  and  are  widespread  among 
non-Chloridoid  grasses.  This  distinction  has  been  recog- 

nized in  subsequent  studies  (Johnston  &  Watson.  1070; 

Clayton  X  Renvoize,  I0B6;  Watson  &  Dallwitz,  1002).  Our 

scoring  of  presence  vs.  absence  of  chloridoid-type  micro- 
hairs implies  that  the  two  types  are  clearly  distinguish- 

able, but  in  fact  there  is  a  continuum  of  variation  between 

them  (Van  den  Borre.  1001;  Van  den  Borre  &  Watson. 

1004;  F.  A.  Kellogg,  unpublished  data).  In  future  analyses 

this    character   should    be    considered    very    carefully,   as        state.   If  the  base  numbers    II    (in  Streptoehaeta)  and    IB 
many  taxa  may  actually  be  intermediate  or  polymorphic.        (in  Joinvillea  and  Anomochloa)  are  derived  from   12    then 

Chromosomes 

47  (23  steps.  CI  =  0.34,  Bl  =  0.44).  Base  chromosome 
number:  This  multistale  character  varies  among  taxa,  is 

scored  as  ambiguous  iu  some,  and  is  polymorphic  in  oth- 
ers, so  the  positions  of  most  transformations  cannot  be 

reconstructed  unambiguously.  However,  the  base  number 

.V  =  12  in  Pharoideae,  Puelioideae.  the  BFP  Clade.  and 
the  PACCAI)  Clade.  suggests  earlv  establishment  of  this 

This  character  is  inapplicable  for  taxa  scored  0  for  char 12  may   predate  the  origin  of  the  grass  family,  but 

acler  43.    Absence  of  chloridoid    microhairs   is   plesiom-  other  reasonable  interpretations  also  are  possible.  Never- 
Orphic   for  the  family.  This  type  of  hair  is  gained   in  by-  theless,  our  data  support  the  interpretation  that  x  =    12 
geum.     in    Ampltipogon.     and    as    a    synapomorphy     in  was   established    prior   to   divergence   of  Pharoideae   and 
Chloridoideac  as  traditionally  circumscribed  (i.e.,  exclud-  Puelioideae  from  the  BFP  +  PACCAI)  lineage,  and  that 
ing  Cenlropodia   and    Merxmuellero   rangei).  This  gain   in  this  base  number  was  maintained  in  some  sublineages  of 
the   Chloridoideac    is   unreversed,   except    for  a   pnlvmor-  both  the  BFP  and  PACCAI)  Clades.  This  number  is  main- 
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tained  (or  re-evolved)  in  Streptogyna,  Ehrhartoideae,  and       Arundinella,    some   species   of  Microstegium,   Arthraxotv 

Bambusoideae,   and   transformations  to  other  base        and    in    some    species    of   Do nthoniopsis,    which    is    here some 

nnmhers  occur  within  the  Bambusoideae  (e.g.,  x II   in 

r 

Ohrcae).  Within  Pooideae,  the  occurrence  of  x  —    10  in 

Lygeum,  Diarrhena,  and  some  Meliceae  suggests  that  this 

number  was  established  early  in  the  history  o(  this  sub- 

family (with  x  =    11   in  Hrachyelytrum  possibly  derived 

from  .v  =  10  as  well,  but  also  possibly  derived  directly 
from  x  =  12  in  the  common  ancestor  of  Pooideae  and  the 

bambusoid/ehrhartoid  lineage),  x  =  12  in  Phaenosperma, 

Ainpelodestnos.  and  some  Stipeae  is  interpreted  here  as  a 

secondary  transformation  from  x  =  JO.  but  placement  of 

these  lineages  as  early-diverging  groups  within  Pooideae, 

and  the  occurrence  of  x  =  12  in  other  early-diverginj 

lineages,  suggests  that  this  state  may  be  a  plesiomorphy 

retained  from  its  original  establishment  near  or  before  the 

point  of  origin  of  the  family.  Transformation  to  v  =  7  is  a 

synapomorphy  of  the  clacle  that  includes  Brachypodium, 

Avena,  Bromus,  and  Triticum,  which  suggests  that  all  other 

numbers  within  the  tribes  represented  by  this  sample  of 

genera  (including  x  =  5  in  some  Brachypodium,  and  var- 
ious numbers  in  Aveneae  and  Poeae)  are  derived  from  x 

=  7.  Poeae  are  not  sampled  in  this  studv.  but  they  would 

undoubtedly  be  placed  within  the  x  =  7  clade.  In  the 

PACCAD  Clade.  the  base  number  x  =  12  occurs  in  sev- 

eral disparate  taxa  and  is  interpreted  as  the  plesiomorphic 

state  of  this  clade.  Among  the  many  other  base  numbers 

in  the  PACCAD  Clade,  there  are  a  few  unambiguous  au- 

tapomorphic  transformations  (e.g.,  to  x  —  9  in  Molinio  and 

Sporobolns),  but  only  one  unambiguous  synapomorphic 

transformation,  to  x  =    II,  in  Aristidoideae. 

Biochemistry 

48  (7  steps.  CI  =  0.57,  Rl  =  0.75).  Carbon  fixation 

pathways:  All  of  the  non-grass  outgroups  and  all  grasses 
outside  the  PACCAD  Clade  share  the  C;,  photosynthetic 

pathway.  Taxa  with  all  five  C4  subtypes,  as  well  as  addi- 
tional C;t  taxa.  occur  within  the  PACCAD  Clade.    These        accae. 

scored  as  polymorphic. 

49  (1  step.  CI  =  1.0.  Kl  =  1.0).  PCk-tvpe  carbon 

fixation,  p/a:  This  syndrome  arises  once,  as  an  unambig- 

uous transformation  from  the  "normal"  NAD-MK  Ct  syn- 
drome   in   a   subclade  of  the   Chloridoideae.   Zoysia   and 

Spartina  exhibit  PCK-type  carbon  fixation,  and  Sporobolus 

is  polymorphic  for  presence/absence  of  this  character. 

[ndel  in  Photochrome  B 

50  (2  steps.  CI  =  0.50,  Kl  =  0.92).  3-bp  deletion  in 

photochrome,  p/a:  The  deleted  genotype  (state  1)  occurs 

in  all  sampled  taxa  of  the  PACCAD  Clade,  while  the  un- 
deleted genotype  (state  0)  occurs  in  all  other  sampled 

grasses.  Joinvillea  has  a  3-bp  deletion  and  Flagellaria  a 

12-bp  deletion  in  this  region.  Sesleria  (not  included  in  the 

present  taxon  sample)  also  has  a  3-bp  deletion  (Mathews 
et  al..  1995).  The  deletion  occurs  in  a  region  of  exon  I 

characterized  by  extensive  length  and  nucleotide  vari- 

ability, and  it  seems  likely  that  grasses  outside  the  PAC- 

CAD Clade  have  a  synapomorphic  insertion  and  that  the 

deletion  in  Sesleria  is  apomorphic.  Under  this  reconstruc- 

tion, the  deleted  genotype  in  the  PACCAD  Clade  would 

be  synapomorphic,  but  the  absence  of  data  for  Micro ira 

precludes  unambiguous  optimization  of  the  transformation, 

which  is  either  a  synapomorphy  of  the  entire  PACCAD 

Clade  (including  Micraira)  or  of  the  subclade  that  consists 

of  all  taxa  except  Micraira. 

Chloroplast  Genome  Structure 

51  (1  step,  CI  =  1.0.  HI  =  1.0).  6.4  kb  inversion  in 

the  chloroplast  genome,  p/a:  Absence  of  the  inversion  in 

Flagellaria  and  Baloskion  (no  information  for  Elegia), 

coupled  with  presence  in  Joinvillea  and  all  grasses  that 

have  been  sampled,  allows  unambiguous  optimization  of 

this  character  as  a  synapomorphy  of  Joinvillea   plus  Po- 

are  intermixed  to  such  an  extent  that  this  character  would 

be  homoplasious  even  if  all  subtypes  of  Ct  carbon  fixation 

had  been  scored  as  a  single  state.  One  unambiguous  point 

of  origin   of  C4  carbon   fixation    is   the   transformation   to 

52  (I  step,  CI  =  1.0,  RI  =  1.0).  tniJ  inversion  in  the 

chloroplast  genome,  p/a:  Absence  of  this  inversion  in  Fla- 

gellaria and  Joinvillea  (no  information  for  either  genus  of 

Kestionaceac  in  the  present  study),  coupled  with  presence 

NADP-MK  decarboxylation  (state  1)  as  a  synapomorphy  in  all  grasses  that  have  been  sampled,  allows  unambigu- 
ous optimization  of  this  character  as  a  synapomorphy  of 

Poaceae.  Although  this  character  has  not  been  scored  for 
of  Panicoideae  (although  recent  studies  on  the  phylogeny 

of  Panicoideae  show  that  even  this  is  ambiguous  (Giussani 

et  al.,  in  press)).  The  occurrence  of  NAD-MK  decarbox- 

ylation (state  3)  in  Panicum  is  interpreted  as  a  secondary 

transformation  from  NADP-MK.  Outside  of  the  Panicoi- 

deae and  the  Chloridoideae  (discussed  below),  the  occur- 

rence of  two  different  types  of  C,  decarboxylaling  enzymes 

in  taxa  with  and  without  mestome  sheaths  (states  2.  3.  and 

5.  in  Aristida,  Stipagrostis,  and  Eriachne,  respectively)  re- 

quires three  additional  transformations,  but  various  se- 

quences of  transformation  among  states  can  explain  the 

variation  observed  in  these  three  genera.  Finally,  the  pre- 

dominant occurrence  of  the  NAD-MK  type  of  decarbox- 

ylation in  Chloridoideae.  including  Centropodia  but  not 

Merxmuellera  rangei  (which  has  C3  photosynthesis),  sug- 

gests a  synapomorphic  gain  of  this  syndrome  in  the  an- 

cestor of  Chloridoideae,  followed   by  a   return   to  C,  pho- 

Elegia  or  Baloskion.  il  has  been  scored  in  another  genus 

of  Kestionaceac.  Chondropetalum  (Doyle  et  al.,  1992),  and 

absence  of  the  inversion  in  dial  genus  is  consistent  with 

the  interpretation  that  this  inversion  is  a  synapomorphy  of 
Poaceae. 

53  (3  steps.  CI  =  0.33.  \\\  =  0.71).  15  bp  ndhV  in- 

sertion, p/a:  This  insertion  was  previously  reported  as  pre- 
sent in  all  sampled  grasses  except  Anomochlooideae. 

Pharoideae,  and  Oryzeae  (though  present  in  Ehrharteae). 

and  absent  outside  the  Poaceae  (Clark  et  al.,  1995).  New 

sequences  reported  lure  confirm  this  distribution  except 

for  the  presence  of  the  insertion  in  Elegia.  Thus,  the  in- 
sertion arises  independently  as  an  autapomorphy  of  Elegia 

and  as  a  synapomorphy  of  the  Bistigmatic  Clade  (all  grass- 

es except  Anomochlooideae  and  Pharoideae);  it  is  second- 

tosvnthesis  in  Merxmuellera  rangei,  but  multiple  gains  of       arily  lost  (i.e.,  deleted)  in  the  ancestor  of  (or  within)  the 

the  NAD-MK  subtype  also  are  possible.  Reversal  from  C4 

to  G,  also  occurs   in   Eragrostis  walteri  (van  den  Borre, 
Oryzeae.  Examination  of  this  character  in  other  Kestion- 

aceac and  related  families  such  as  Anarthriaceae,  Kcdeio- 

1994).  Stale  4.  the  NADP-MK  Arundinella-lypr,  occurs  in       coleaeae,  and  Centrolepidaeeae  is  warranted. 
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The  "Alpine  Ranunculi  of  New  Zealand"  are  a  monophvletic  group  of  species  distributed  between  ihe  New  Zealand 
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with  parallel  evolution  of  morphologies  between  more  distantlv  related  species.  Our  analyses  also  show  that,  during 
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One  of   the  most   complete*  and  detailed  studies and  R.  gunnianus,  which  occur  in  the  Australian 

of  the  radiation  of  an  alpine  plant  group  is  on  the       alps,  have  also  been  suspected  of  being  part  of  this 

"Alpine    Ranunculi    of   New    Zealand"    by    Fisher      group  (Fisher,  1965).  All  20  taxa  have  been  placed into  section  Epirotes  (Prantl)  I,.  Benson  (see  Kisher, (1%5).   In  Kisher's  work,    14  species  were  recog- 
nized in  Ihis  -roup.  i.e..  R.  buchananii,  R.  crith-  1965;  \\ol>l>  el  al.,  1988).  Ta.nina  (1995)  imns- 

mijolius.  R.  enysii,  R.  godleyan us.  R.  gracilipes,  R.  (erred  them  into  section  Psewiuthnis  F.  Mim  II. 
grahamii,  R.  haastii,  R.  insignis.  R.  lyallii,  R.  niv-  Tliey  arc  the  subject  of  our  present  study  (the  in- 
irola.  R.  pachyrrhizus.  R.  pinguis,  R.  sericophyllus,  group  taxa  in  Table  I).  Other  indigenous  (and  more 
and  R.   verticillatus.    Kisher  (1965)  also  described       or   less    lowland    distributed)   Ranunculus   species 

also  occur  in  Mew  Zealand.  They  belong  to  section 

if 

haastii.  Subsequently  two  further  species  were  also      Epirotes  and  to  section  Chrysanthe  (Spach)  L  H 
described  in  New  /calami.  These  were  R.  scrithalis       son.  which  has  a  worldwide  distribution.  The  pby- 
I*.  J.  (iarnoek-Jones  and  A',  viridis  II.  I).  Wilson  & 

P.  J.  Gamock-Jones  (see  Webb  et  al..   I  <){{»).  These 

18  lava  occur  in  a  wide  range  of  alpine  habitats  in 

the  New  Zealand  archipelago  and  include  R.  pin-       ticularly  noted  for  their  diverse  and  characteristic 

puis,  which  is  found  on  the  subantarctic  Campbell       morphologies.  Leaf  shapes  range  from  entire  {R.  ii\- 

logenetic  relationships  within  these  groups  arc  not 
investigated  in  our  present  study. 

The  alpine   Ranunculi  of  New  Zealand  are  par- 

ancl   Auckland   Islands.   In  addition,  R.  ancmoneu. s signis)  to  pinnately  compound  (R.  gracilipes).  Spe- 

1  This  work  was  supported  by  giants  from  the  New  Zealand  Marsden  fund.  The  Alexander  vou  Humboldl  Foundation, KRC/NZ  IS  AT  programme,  and  Masse)  University.  Many  thanks  to  Tristan  Armstrong,  Peter  Hennan,  Heidrun  Lehmann, 
Vivian  Mc  bolls,  Alastair  Robertson.  Mike  Steel,  Brian  and  Chris  Ranee,  the  New  Zealand  Department  of  Conservation! 
and   le  Runanga  0  Ngai  Tabu  for  help  with  obtaining  plant  material.  Thanks  to  Richard  \\  inkvvorth  for  helpful  comments 
on  the  manuscript  and  to  Kim  McBreen  and  Lorraine  Berry  (Museq)  for  help  with  sequencing. 

2  Institute  of  Molecular  Biosciences,  Masse)  University.  Palmerston  North,  New  Zealand. 
5  Universal  College  of  Learning.  Palmerston  North.  New  Zealand. 
1  Landcare  Research,  Lincoln,  New  Zealand. 

"'Program  in  Applied  and  Computational  Mathematics,  Princeton  University,  U.S.A. "  Hiederweg  b\  D-2121  I   lYeetz,  Germany. 
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Table  l.      Ranunculus  species  used  lor  research. 

Ingroup 

Ranunculus  subg.  Ranunculus  Peterm.  1846. 
Sect.  Pscudadonis  F.  Muell.  I860. 

26-, 
Alpine  group  Fisher,  Alp.  Kan.  New  Zealand  1965. 

R.  anemoneus  F.  Muell.,  Trans.  Philos.  Soc.  Victoria  1855.  1:  97. 

R.  buchananii  Hook,  f.,  Hanribk.  New  Zealand  Fl.  1864.  5. 

R.  crithmijotius  Hook.  f.,  Handbk.  New  Zealand  Fl.   1861.  6. 

subsp.  crithtnifolius  Fisher,  Alp.  Kan.  New  Zealand  1965. 

subsp.  paucifolius  (T.  Kirk)  Fisher.  Alp.  Kan.  New  Zealand  1965. 
R.  cnysii  T.  Kirk,  Trans.  New  Zealand  Inst.   1880.   12:  394. 

ft  godleyanm  Hook,  f.,  Handbk.  New  Zealand  Fl.  1867.  723. 

ft  gracilipcs  Hook,  f..  Hand!..  New  Zealand  Fl.  1861.  8. 

R.  grahamii  Petrie,  Trans.  New  Zealand  Inst.  1914.  46:  32. 

R.  gunnianus.  Hook.,  Hook.  J.  Kot.   1834.   1:  244. 

ft  haastii  Hook,  f.,  Handbk.  New  Zealand  Fl.   1864.  6. 

subsp.  haastii  Fisher,  Alp.  Kan.  New  Zealand   1965. 

subsp.  piliferus  Fisher.  Alp.  Kan.  New  Zealand   1965. 

ft  insignis  Hook,  f.,  Fl.  New  Zealand  1852.   I:  8. 

ft  lyallii  Hook,  f.,  Handbk.  New  Zealand  Fl.   1861,  4. 

ft  nivicola  Hook..  Ic.  1844.  571-572. 

ft  pachvrrhizus  Hook.  ('.,  Handbk.  New  Zealand  Fl.   1864.  8. 
ft  pinguis  Hook,  f.,  Fl.  Antarct.  1844.  3. 

A',  scrithalis  P.  J.  Garnoek-Jones,  New  Zealand  J.  Bot.  1987.  25:  126. 

ft  sericophyllus  Hook.  ('.,  Handbk.  New  Zealand  Fl.  1864.  6. 
R.  verticillatus'W  Kirk,  FL  New  Zealand  1899.  13. 
R.  viridis  H.  D.  Wilson  &  P.  J.  Gamock-Jones,  New  Zealand  J.  Hot.  1983.  21:  312 

Out  groups 

Ranunculus  subg.  Ranunculus  Peterm.   1816. 
Sect.  Pseudadimis  F.  Muell.   I860. 

Syn.:  Sect.  Epirotes  (Prantl)  Benson   1936.  26-33.   169-176. 

Lowland  group  Fisher,  Alp.  Kan.  New  Zealand   1965. 
R.  acaulis  Hanks  &  Soland.  ex  DC,  Re.  Veg.  Syst.  Nat. 

Sect.  Hecatonia  (Four.)  DC.  1824, 

R.  scelcratus  L..  Sp.  PI.   1753.  551. 

Sect.  Chrysanthe  (Spach)  L.  hVnson  1936. 
ft  recens  T.  Kirk,  Fl.  New  Zealand  1899.   13. 

Ranunculus  subg.  Batracliium  (DC.)  Peterm.  1816. 
R.  circinatus  Sibth.,  Fl.  Oxon.  1794.  175. 

1 8)17 
1:  270 

cies  are  found  in  babitats  ranging  from  those  above  lands  has  given  rise  to  different  hypotheses  ol  evo- 

the  permanent  snow  line,  on  stone  or  silt  screes,  to  lutionary  relationships  and  long-distance  dispersal 

grassland,  swamps,  or  sheltered  situations.  Breed-       (Fisher.   1965;  Raven.  1973:  Wardle,  1978). 

ing  studies  carried  out  on  most,  but  not  all  species Molecular  systematies  provides  an  opportunity  to 

ineo 
bave  suggested  the  existence  of  two  reproductive  I  y       revisit  hypotheses  raised  by  Fishers  earlier  bo

tan- 

ical and  breeding  studies  on  the  alpine  Ranunculi 

of  New  Zealand.  Our  work  reported  here  describes 

eene  (Cooper  &  Millener,  1993;  Batt  et  al..  2000),       molecular  data  and  analyses  that  allow  tests  t
o  be 

diversification    in    different    breeding    groups    is       made   between   patterns  of  radiation,  between  hy- 

potheses seeking  to  explain  the  geographic  distri- 

mpatible  groups  of  species  (Fisher,  1965).  Fol- 

lowing the  onset  of  mountain  building  in  the  Plio- 

thought  to  have  led  to  the  evolution  of  similar  mor- 

phologies in  species  occupying  similar  alpine  nich-       bution   of  the  group   and    whether  speeiation 
 oc- 

es  (Fisher.  1965).  This  is  considered  to  have  been 

a    consequence    of   alpine    geological    boundaries, 

which  limited  seed  dispersal  and  restricted  species       length  polymorphism  (AFLP)  method  was  used  pre- 
from 

curred    following   the   onset   of  Pliocene   mountain 

building  in   New  Zealand.   An  amplified  fragment 

occ 
upying  suitable  but  geographically  disjunct  viously  to  find  a  highly  variable  DNA  sequencing 

sites   in   different    parts   of  New   Zealand   (Fisher,  marker  at  the  chloroplast  JSA  region  (the  junction 

1965).  Origins  of  the  alpine  Ranunculi  of  New  Zea-  of  the  inverted  repeat  IRA  and  small  single-copy 

land   are   unclear,   and   their  distribution   between  region  SSC).  The  phylogenetie  information  from  this 

Australia.  New  Zealand,  and  their  subantarctic  is-  marker  has  been  compared   in  the  present  study 
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Table  2.     General  information  about  the  voucher  origin.  N.Z.:  Mew  Zealand;  S.lsl.:  South  Island:  N.lsl:  North  Island; 

Mts.:  Mountains;  alp.:  alpine;  A*.:  Ranunculus. 

T a\a 

R.  gu  mi  id  mis 

R. anemoneus 

R.  pinguis 

R.  sericophyllus 

R.  paehyrrhizus 

ft.  viridis 

R.  scrithalis 

R.  Ivallii 

R.  buchananii 

R.  h nasi ii  suhsp 
li  <mstii 

( >enBank  accessions 

General  distribution  and  habitat Voucher,  locality,  collector ITS 

JSA 

j 

MPN245K7,  Mt.  Kosciusko,  T.       AF323298       AF323348 Armstrong Australian  Alps,  wet  tussock 

and  grassland 

Australian  Alps:  Mt.  Kosiusko,       MPN24588,  Mt.   Kosciusko.  T.         AF323273         AF323323 Armstrong 

MPN24590,  Campbell  Island.         AF323299        AF323349 

snow  line  fringe 

Subantarctic  Campbell  and 

Auckland  Islands,  windswept V.    N  id  I  oil; 5 

sodden  grassland  and  rock)         MPN2I,V)1.  Auckland  Island,         AF323300        AF323350 
moors 

I.'  NicholL 

s 

N.Z.:  S.lsl.,  wet  western  south-       MPN24595,  Mt.  Tutoko.   \l. 
ern  alps,  snowline  fringe  Steel 

A  F323288 A  F323338 

C1IR529050,  lake  Wapiti,  I).        AF323289       AF323339 

Glenny 

CIIR530524,  Gertrude  Valley:       AF323290       AKW.'UK) 
Black  Lake,  I).  Clenny 

MPN24iVX>.  Mt.  Cook.  1/.  Steel      AF32329] 

A  F323292 

AF32334I 
\  v.vrxx  12 MPN24597,  Mt.  Franklin,  1/. 

Steel 

MPN24667,  Temple  Basin,  M.       AF323293       AF323343 
Steel 

MPN24668,  Ml.  Memphis,  I).         AF323294        AF3233-H 
llarell 

N.Z.:  S.lsl.,  drier  eastern  south-     MP N 24598,  Pisa  Range.  I). 
AF323295 \F323345 

ern 

a  I 

ps 

VF32329(> \F.mu() 

N.Z.:  Stewart  Isl.,  granite 
ledges 

N.Z.:  S.lsl..  Kyre  mountains, 

clay  scree 
N.Z.:  S.lsl.,  high  rainfall  areas 

on  well-drained  soils,  gullies. 
shrubland.  grassland 

llarell 

\ir\24599,  Old  Man  Range,  / 
A.  Robertson 

No  voucher  (\  ulncrablc/endan-       AF323297        AF323347 

gered).  Mt.  Allen,  D.  llarell 
MPN24600,  Hummock  Peak.  I\     AF323304 A  F323355 

A  F323283 
AF323333 

VF32327I 

VF323324 

I  aw  k  hart 

MPN24601,  Mt.  Tutoko,  AT. 
Steel 

MPN24602,  Mt.  Franklin,  M. 
Steel 

MPN2  l(>()o,  Mt.  Cook,  M.  Steel     AF323277       AF32332 

CUR  306134A,  Mt.  George,  II     AF323278       AF323328 
Given 

CHR110835,  Hump  Ridge.  E.       AF323282       AF323332 

./.   (iodley 
MPN2  l(>(>9.  Temple  Basin,  M.        AF32327! 

, 

\ F323325 

N.Z.:  S.lsl..  southern  alps, 
suou  line  fringe,  scree 

Steel 
MPN24670.  Fran/Josef.  D. 

llarell 

CHR509922,  Garvie  Mts.: 
above  Skeleton  Lake.  I). 

Glenn  \ 

CHR529051,  Lake  Wapiti.  I). 
Glenn  y 

MPN247()1,  Takatimu  Range: 
Clare  Peak.  R.  llarell 

N.Z.:  S.lsl.,  eastern  alp.  distri-      CHR518452,  Mt.  Hutt,  l\ 

AF323276 
A  F32332( > 

AF323280 AF323330 

\ F32328 I A  y:yix\:\  i 

AF323279 
A F323329 

j 

\F323284 AF323334 

bution,  stone  debris 
lleehnan 

CHR532284,  Ainuri  Ski  field,       AF3232& IK  Glenny j 

\ F323335 
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Table  2.      Continued. 

GenRank  accessions 

Tax  a General  distribution  and  habitat Voucher,  locality,  collector ITS 

R.  haastii  subsp.  pil-     N.Z.:  S.Isl.,  eastern  alp.  distri-       CHR509769,  Eyre  Mts.,  Helen      AF32330 
ifi 
erus 

R.  griil *     + rranamu 

R.  in  sign  is 

R.  verticillatus 

R.  ni  rival  a 

R.  godleyanus 

R.  crithmifolius 

subsp.  paucifolius 

R.  crithmifolius 

subsp.  crithmifol- 
ius 

R.  envsii 

R.  gr a cili pes 

R.  a  can  I  is 

R.  sceleratus 

R.  circinatus 

R.  recens 

but  ion,  stone  debris  species Peaks,  I),  (ileum 

N.Z.:  S.Isl..  Ml.  (look  region, 

rocky  crevices  and  ledges 

above  the  permanent  snow 

A  F32328f  > 

AF323287 

li me n uilles  Rouge,  M.  Steel 

ern  S.Isl..  sheltered  situa- 

tions AF323307 

N.Z.:  southern  N.Isl.  and  cen- 

tral- northern  S.Isl.,  grass- 
land* s 

D.  Glenny 

MPN24606,  N.Isl.:  Volcanic 
Plateau.  I).  Havel  I 

MPN24607.  N.Isl.:  Mt  Hold- 

sworth,  IK  llavell 

CHR530493,  S.Isl.:  Cobb  Val-       AF323304 

\F323303 

l\  [jockhart 

ley:  Mt.  Mytton.  I).  Glenny 
N.Z.:  N.Isl.:  Volcanic  Plateau  to     MPN24608,  Volcanic  Plateau, 

Mt.  Hikurangi.  generally 

higher  altitudes  than  R.  in- 

signis  and  R.  verticil  lotus, 

grassland  and  stone  debris 

N.Z.:  central  S.Isl.,  rocky  plac-      CHR499398,  Havelock  River 

AF323308 

AF323309 

es  at  the  snowline  fringe 

AF3233IO 

N.Z.:  S.Isl..  Castle  Mill  only, 
limestone  line  scree 

N.Z.:  S.Isl.,  stony  debris 

A  F3233 1 3 

bulion.  sheltered  situations Island  Pass,  D.  Glenny 

MPN24610.  Nevis  Valley,  H. 

Ranee 
MPN246I  1,  Umbrella  Mts.,  R 

AF323317 

A  F3233 1 « 
R a  nee 

N.Z.:  S.Isl.,  damp  and  tussock        CHR529048,  Remarkables: AF32331  1 

grassland,  scrub  and  shel- 
tered rocks   places 

Lake  Alia.  IK  Glenny 

try  Peaks.  I\  Lockhart 

N.Z.,  subantarctic  Islands,  Aus-     MPN24592,  Stewart  Isl.:  Ma- 
/ 
\ 13233 1 9 

tralia.  Southern  Chile,  coastal 

habitats 
sons  Bay,  I),  llavell 

woridw  me id 
Europe.  North  America,  spread       MPN24589.  Germany:  Oberp-         AF323322 

(a I/,  //.  Lehmann 

\1P\21674,  Germanv:  Franken,     AF323321 
II.  Lehmann 

No  voucher  (endangered).  Stew-     AF323320 

art  Isl.:  Masons  Rav,  I).  Ilav- 

Kurasia.  aquatic  habitats 

N.Z..  lowland  coastal,  local 

popu 

lati oris 
e II 

.ISA 

A  F32335 1 

MPN24604,  Fyre  Mts.:  Hum-         AF323302        AF323352 
mock  Peak,  P.  hxkliart 

CHR217997,  Ben  Ohau  Range: 

Twins  Rasin,  A.  C.  Archer 

M  PIN  24672,  Malte  Rrun:  Ai- 

A  !•  32333( 
) 

AF323337 

N.Z.:  N.Isl.  and  central-north-       MPN24605.  S.Isl.:  Foggy  Peak,     AF323306       AF323356 
A 1-323357 

/ 
\ F323353 

/ \ F32335 1 A I '323358 

/ 

\F323359 

A  F32336< ) 

Eric  Sream.  M.  Harding 

MPN24609,  Malte  Brun,  M. 
Steel 

No  voucher  (endangered).  Cas-       AF3233 1 2        A F323362 
lie  Hill.  I\  h)ckhart 

CHR509774,  Eyre  Mis:  Shop-       AF3233I  I 
herd  Saddle,  I).  Glenny 

MPN24673,  Eyre  Mis.:  Rig 

Jungle  Creek,  B.  Ranee 

t 
\  I '32336 1 

AF323363 

N.Z.:  S.Isl.,  eastern  alp.  distri-       CIIK509805,  Clarence  River:         AF3233I6        AF323366 

: \F323367 

AF323368 

A  F32336 I 

MPN246I2,  Eyre  Mts.:  Symme-     AF323315       AF323365 
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Australia 

R.  anemoneus 

i 
im \  R.  gunnianus 

Mdk v 
* 

North  Island 

South  Island 

Auckland  Islands:  ft  pinguis 

Campbell  Island:  ft  pinguis 

Figure    I.      Geographic  context  of  the  alpine  Ranuneuli  of  New  Zealand.  The  species  labeled  are  those  thai   have 
arisen  following  transoceanic  dispersal  from  New  Zealand  in  ihe  directions  indicated  l>\  arrows. 

with  thill  of  the  commonly  used  nuclear  ITS  marker nomes  can  provide  a  helpful   means  to  delect  rap- 

(Johnson   &    Soil  is,    1995).   We   have  studied   these  idly  evolving  plant   genome  regions.    In  a  prelimi- 

data  under  quartet  puzzling  (Shimmer  &  von  Mae-  nary  study  we  used  the  AF1P  method  of  Yos  el  al. 

seler,    L996)  and  split   decomposition  (Bandell   &  (1995)  with  AT-rich  selective  primers  in  an  attempt 
Dress.  1992;  Huson,  1998).  The  first  method  was  to  identify  rapidly  evolving  length  mutations  ((in- 

used  to  obtain  a  rooted  phylogenetie  and  graphic  lenberg  et  al.,  199;?)  and  restriction  site  differences 

representation   of  the  data.   We   used   split   decom-  in  the  chloroplast  and  mitochondrial  DNAsof  Ne* 

position   to   investigate  more  closely   the  phyloge-  Zealand    alpine     Ranunculi     (Lockharl    iK     Me- 
nelic  relationships  within  two  monophyletic  groups  Lenachan.   1997).  Length  mutations  can  occur  due 
from  the  New  Zealand  alpine  radiation. 

M.ViKKI  XLS  AND    VI I   I  HOPS 

to  the  [>resence  ol  small  monomelic  and  direct  re- 

petitive sequences  (Powell  et  al.,  1995;  Golenberg 

el  al..  1993)  and  appear  in  genome  regions  thai 

show  elevated  substitution   rates.  They   have  been 

found    in  chloroplast  genomes  al   sites  of  inlramo- 

Table   1   provides  the  authorities  and  references       |erular  ̂ combination   such  as  in  the  single  copy 
lor  the  mgroup  and  outgroup  species  studied  in  the       regj()ns  (a(  tRNA  am,  r|wD  |()(.j:  MaJ(T  ef     *      ,  W5; 

imam  \i\nui\i.,  nistmiu  tions,  \M)  <;ko<;k  \nn 

present    work.    Ranunculus    acaulis,    R.    scclcratus, 

and  R.  circinutus  were  selected  as  outgroups  based 

on   the  results  of  an  earlier  molecular  study  (Jo-       th()se  a,  ̂   Jl    regi()n.  ̂ £    biK  (h>woll  et  ah, 

Yasui   &   Ohnishi.    1998),  and   at   the  junctions  of 

inverted  repeat/single  copy  regions.  These  include 

hansson,  1998).  Table  2  gives  details  of  the  habi- 

tats, collection  sites,  names  of  collectors,  herbarium 

vouchers,    and    (JKINBANK    accession    numbers. 

VoucI 

f< 
oucners  lor  accessions  are  held  at  the  Massev 

University  herbarium  (MPN)  and  the  Landcare  her- 

barium, Lincoln  (CHK).  The  geographic  context  of 

our  study  is  shown  in  Figure   1.    The  New  Zealand 

1995;  Johnson  &  Soltis,  1995),  Jl|{  region:  the  r/>/l6 

intron  (Kelchner  &  Clark,  1997),  and  the  Js„  region: 

ndliY  (Olmstead  &  Sweere.  1994).  Regions  with  di- 

rect repeats  and  elevated  substitution  rates  have 

also  been  reported  in  I)N  As  of  mitochondrial  origin 

(e.g.,  Luo  &  Bou try,  1995). 

One  polymorphic  region  identified  in  our  Runun- 
dislribulions    of    alpine    Ranunculus    species    are  /        \  i  i  n         r\  ,l       i  i  i     .   i 
.  '  '  cuius    Arid    profiles  was  Ihe  chloroplast  JM  region shown  in  Figure  2. 

(Lockharl  &  MoLenaohan.  1997).  This  locus  ap- 

pears to  be  previously  unstudied  in  molecular  sys- 

tematic sequencing  studies.  Based  on  DNA  se- 

quence determined  for  a  cloned  AFLP  profile  band, 

Kxperimental   protocols  that  examine  restriction       we    designed     PCR     primers    (5'AITA n  \ ATGAAG- 

[DENTIFYINc;  HYPER  V  A  RUBLE  REGIONS  IN   IMAM 

(;i:i\()MES 

ondonuc  lea; site    differences    between    plant    ge- (A  aai  \c\\  atataiti  ic  IV  and  5'caa  vitcca  \n.\c- 
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CAAATAGTTCG   3')   with    which,    using   a   standard  terpreting  low  bootstrap  values  in  molecular  studies 

PCK  thermocycling  profile  (94°C  2  min.,  followed  of  recently  evolved  taxa  has  been  noted  elsewhere 

by  35  cycles:  94°C  30  sees.,  50°C  1  min.,  72°C  1  (Knox  &  Palmer,  1995;  Bandelt  et  al..   1995).  OP 

min..  72°C  5  min.),  we  amplified  a  portion  of  the  values  provided  us  with  an  indication  in  our  mo- 

Jsv   region   in  species  of  New  Zealand  alpine  Ra-  lecular  data  of  the  degree  of  compatibility  (or  phy- 
nunculi.   Due  to  the  presence  of  direct  repeats  in  logenetie  groupings, 

the  sequences  of  some  taxa,  this  fragment  ranged 

in  size  from  493  to  51  1  bp.  We  also  amplified  and  A  PRom.KM  WITH  HUT  RCATING  EVOLl  HON  A  in 

sequenced  598-603  bp  of  the  nuclear  ITS  (ITS  I.  hut.  MODELS 
5.8S  rl)\ A.  ITS  2)  region  using  standard  primers 

(from  Baldwin  el  al.,  1995).  For  both  JSA  and  ITS 

regions,  sequencing  was  done  for  multiple  acces- 

sions of  most  New  Zealand  alpine  species.  Char- 
acterization of  PCR  products  was  made  (or  both 

DNA  strands  using  an  ABI377  sequence  protocol. 

Aligned  sequences  have  been  submitted  to  GEN- 
BANK  and  are  available  with  the  accession  numbers 

AK323323-AF323368;       AF323273-AF323308. 

More  recently  we  have  also  used  AFLP  to  find  mo- 
lecular markers  for  polymorphic  genome  regions  in 

>/< (Nolhofagaccae),  Myrsine  (Myrsina- 

ceae),  Rhopalostylis  (Palmae),  Myosotis  (Boragina- 
ceae),  and  Phormium  (Phormiaceae)  (McLenachan 

et  al.,  2000). 

Phylogfaktic  Reconstruction  and  Plant 

Speciaiion 

Ol    MM'ET  IT  //I- ING 

Phvlogenetic  analysis  of  DNA  sequences  from 

Late  Tertiary— Quaternary  plant  radiations  can  be 

complicated  when  molecular  markers  showing  suit- 
able levels  of  variation  exist  at  multiple  loci  in 

plant  genomes  (e.g.,  Buckler  et  al..  1997;  Shan  et 

al.,  1999;  Finder  et  al.,  2000;  McLenachan  et  al.. 

2000).  When  these  sequences  show  differences 

from  each  other,  bifurcating  evolutionary  tree  mod- 

els (such  as  commonly  implemented  under  parsi- 
mony, neighbor  joining,  and  maximum  likelihood 

selection  criteria)  usually  provide  a  poor  represen- 
tation of  the  phvlogenetic  complexity  of  ll 

quence  information  (e.g..  Sang  et  al.,  1991;  Koch 

&  \I-Shchbaz,  2000).  These  more  commonly  used 

approaches  to  tree  building  also  provide  poor  rep- 
resentation when  extant  taxa  are  characterized  by 

sequences  that  have  not  diverged  from  those  of  an- 
cestors. In  this  case,  commonly  used  methods  tend 

to  force  taxa  away  from  internal  points  in  the  tree 

and  onto  bifurcating  tips  of  the  reconstructed  tree. 

ic   se- 

Sn.it  Decomposition 

There  seems  to  exist  no  simple  solution  to  tin 

Quartet  puzzling  (QP,  Strimmer  &  von  Ilaeseler. 

1906)  was  used  to  represent  the  phvlogenetic  struc- 

ture of  the  main  groups  and  lineages  within  the 

New  Zealand  alpine  radiation.  Evolutionary  trees 

were  reconstructed  using  the  implementation  of  QP  problem  of  fully  representing  the  phvlogenetic  in- 

in   PAlT*4.0b3a  (Swofford,    1998).   With  the   ITS      formation  in  sequence  data  and  at  the  same  time 

data,  outgroups  were  used  to  indicate  the  direction  maintaining  a  low  order  of  computational  complex- 

of  evolution  within  the  graph.  Support  for  quartets  ily  in  analysis.  However,  split  decomposition  (Ban- 
was   evaluated    under   minimum   evolution   criteria       dell  &  Dress,   1992;  Huson.   1098)  is  one  efficient 

(Swofford   et   al.,    1996)    using   observed   distances 
that    included    insertion    and    deletion    characters. 

approach  that  provides  a  means  to  investigate  and 

represent  more  complex  substitution  patterns  in  an 

With   the   ITS  data,  heteroplasmic  sites  were  re-  alignment  of  sequences  (e.g.,  Lockhart  et  al.,  1995). 

moved  before  tree  building.  QP  is  a  heuristic  tree  Presently  implemented  under  parsimony  or  dis- 

budding procedure  that  works  efficiently  (Penny  et  tance  criteria  (Huson.  1998),  it  allows  investigation 

al.,  1996)  with  a  large  number  of  taxa,  to  give  a  of  whether  the  data  structure  is  or  is  not  tree-like 

bifurcating  tree  onto  which  edge  (branch)  lengths  and  bifurcating,  [f  sequences  show  evidence  of  re- 
can  then   Ik 

oi 

combination  this  will  be  represented  in  the  form  of 

the  support  values  assigned  to  groupings  of  taxa  arc  reticulate  graphs.  In  the  present  study  we  used  the 

usually  interpreted  as  similar  to  bootstrap  values  implement  ion  of  split  decomposition  in  SplitsTree 

(Strimmer  cK   von   Haeseler,   1996).   However,  they  3.1  (Huson,  1998)  to  examine  the  relationships  be- 

can  differ  considerably  from  bootstrap  values  in  the  tween  taxa   belonging  to   two   lineages  within   the 

case  of  recently  diverged  sequences,  such  as  in  the  New  Zealand  alpine  radiation.  The   relationships 

study  of  Late  Tertiary— Q within   a   third   New7  Zealand   alpine   lineage  have 

Unlike  bootstrap  values.  QP  values  are  usually  high  been  studied  elsewhere  (Huber  et  al..  2001)  using 

when  sequence  data  show  few  informative  sites  but  median  and  pruned  median  networks — which  are 

relatively  few  incompatibilities.  The  problem  of  in-       methods  also  seeking  to  more  fully  represent  the 
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Tree  1 Tree  2 Tree  3 

Figure  3.     The  splits  A.  B,  and  (.  uniquely  identify  the  three  possible  quartets  for  the  taxa  I.  2,  3,  4. 

phylogenetic  complexity  of  sequence  data.  We  did  lor  tree  split  C  (Tree  3)  the  isolation  index  =  ().."> 
not   include   insertions  and  deletions  in  our  splits  X  (dn  +  dLM  -  dn  -  d2<)  where  d  is  the  path  length 

graphs,  which  were  calculated  from  observed  dis-  between   the   pairs  of  taxa   (e.g.,   perhaps   the   ol>- 
tances.  These  indels  were  all  compatible  with  splits  served   number  of  differences   between   the  taxa). 

in  the  splits  graphs  shown  and  have  been  indicated 

in  the  figure  legends.  Since  split  decomposition  has 

The  two  splits  that  have  the  highest  isolation  index 

score  for  each  combination  of  four  taxa  are  consid- 

rarely  been  used  by  plant  systematise  (but  see  ered  to  be  weakly  compatible,  and  they  are  used  to 

Bandelt,  1 995;  Koch  &  Al-Shehbaz,  2000),  we  pro-  next  obtain  a  split  system  that  describes  the  rela- 

vide  a  simple  description  of  the  approach.  The  pro-  lionship  between  all  taxa  in  the  original  data  set. 
cedure  involves  three  distinct  steps: 

(U)    OBTAININc;    \  SPLIT  SYSTKM 

The   weakly  compatible  splits  from   the  quartet 
(A)    FINDING  WEAK1/V    COMIWTim.K  SCI. IIS 

first,  all  possible  combinations  of  four  taxa  from  study  define  the  presence  of  the  internal  splits  that 

a  data  set  (perhaps  containing  many  taxa)  are  ex-  will  also  occur  in  the  split  system  for  all  taxa  in 

amined.  For  each  combination  of  four  taxa,  support  the  data  set.  Since  some  of  the  quartets  not  ex- 

is  evaluated  for  each  of  the  internal  "splits"  that  eluded  in  the  first  step  of  the  quartet  study  identify 
uniquely  identifies  the  possible  bifurcating  trees  the  same  split  between  more  than  lour  taxa.  a  de- 

(for  every  combination  of  lour  taxa.  three  bifurcat-  eision  needs  to  be  made  as  to  which  isolation  index 

ing  trees  are  possible:  Fig.  3). value  will  be  used,  lor  example,  consider  one  par- 

Parsimony,  distance,  or  maximum  likelihood  (or       ticular  split  in  a  split  system  (as  shown  in  fig.   1). 

other)  criteria  can  be  used  in  deciding  which  two       This  split  (A)  separates  taxa   1   and  2  from  taxa  .5. 

f  the  three  bifurcating  trees  are  most  strongly  sup-       4,  and  5.  The  split  is  cquivalently  identified  by  the 

ported  by  the  data.  Here,  we  use  a  distance  cal-  quartet  splits:  taxa  1  and  2  split  from  taxa  3  and 

dilution  to  obtain  measures  of  support  (isolation  in-  4;  taxa  I  and  2  split  from  taxa  3  and  5;  taxa  I  and 

(lex  values).  For  split  A  (Tree  I)  the  isolation  index       2  split  from  taxa   1  and  5;  etc.  In  its  standard  im- 
0.5  x  (dM  +  d2., 

dl2 
<i„) 

< 

I,:, 

l,2 
0.5  X  (d21   +       plemenlation    split    decomposition    chooses    the 

d?1);  for  tree  split   B  (Tree  2)  the  iso-       smallest   isolation   index  value  from  all  the  quartet 
lation  index  =  0.5  X  (dM  +  d23 

( 

1. 1 d24);  and       splits  that  arc  compatible  with  that  split  in  the  split 

split  system 

taxon  1 o 

taxon  2 o 

taxon  3 * 

taxon  4 * 

taxon  5 * 

A 

etc 

figure    I.      In  the  split  system  shown,  split   A  separates  taxon    I and  2  from  taxa  3,  4,  and  .">.  Symbols  (O,  .)  have 
been  used  to  identif)  the  taxa  on  either  side  of  split  A.  This  symbol  representation  is  also  used  to  identib  the  different 
splits  in  the  split  system  shown  in  Figure  5. 
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system.  The  rationale  for  choosing  the  smallest  val-      MoLECULAK  Clock  Analyses 
ue  is  that  the  method  will  be  conservative  in  de- 

ciding whether  there  is  really  support  (or  such  a 

split  in  the  split  system.  An  alternative  or  less  con- 

servative approach  is  to  average  across  values  for 

compatible  quartet  splits  (Moulton  et  al.,  1 997:  I  bi- 
son, 1998). 

We  used  the  method  of  Steel  et  al.  (1 990)  as 

implemented  in  Splitstree  3. 1  (Huson,  1998)  to  ex- 

amine the  molecular  clock-like  properties  of  ITS  I 
and  ITS2  sequences  for  the  two  alpine  Ranunculus 

breeding  groups  identified  by  Fisher  (1965).  This 

relative  rates  test  compares  the  sequence  differenc- The  split  system  must  also  contain  the  splits  that  ,     .  ,■  ,  i    ,i        .i 
r         J  _  _  _  es  between  three  taxa  and  examines  whether  the 

path  lengths  across  the  internal  node  that  separates 
corresponc 

1 1 the  external  edges  or  branches  in tl 

final  tree  or  network.  Support  for  these  is  calculated       tw<)  ()f  (,)e  faxa  {mm  |he  thjd  ̂   s|.|lis,i(.a„  |. 
using  all  combinations  of  three  taxa.   11  such  taxa 

In  the  present  study  this  investigation  was  made  for 
are  identified  as  i,  j.  k  then  the  isolation  index  for         „  C()m|)inati()ns  ()f  three  taxa  in  our  data  matrix. 
the  s|>lit  (edge)  leading  to  i   =  0.5  X  (cL   +  d k To  estimate  the  genetic  distance  (and  subsequently 

djk).  Split  decomposition  chooses  the  smallest  value       |ime  ()f  divergence)  between  the  two  groups  we  also 
for  the  length  of  that  split. 

(c)    BUILDING  A  SIM. IIS  GRAPH 

Once  the  splits  present   in  a  split  system  have 

used  a  method  suggested  by  Steel  et  al.  (1996)  im- 
plemented  in   Splitstree  3.1    (Huson,   1998).  This 

procedure  makes  use  of  all  available  sequence 

data,  within  two  groups,  to  help  reduce  the  variance 

on   the  estimate  of  divergence  between   those  two 

ad e  w ith  t been  identified  and  their  values  assigned,  a  graph       groups.  Our  estimate  for  the  number  of  substitu- 

is  constructed  from  the  split  system  by  an  algorithm       tions  P«  sile  Per  million  years  was  m 

that  splits  taxa  from  each  other  (e.g.,  see  Fig.  5). 

If  the  split  system  contains  no  incompatibilities 

Jukes-Cantor  substitution    model    (Svvofford   et   al.. 

1996)  and  compared  against  calibrated  divergences 

/       ■  i'.  J.  •     .i  '  j       I       i-.       of  ITS1   and  ITS2  sequences  from  an  earlier  stud\ (as  in  split  system  i,  or  in  the  more  resolved  split  rA       ,  .  ,      ,™^   r,„  .  . 

system  ii),  a  tree-like  structure  will  result.  If  there 

are  incompatibilities  a  network  (boxes)  will  appear 

(split  system  iii).  In  this  graph,  the  edges  (inter- 

nodes)  have  lengths  that  correspond  to  the  isolation 

index   values  of  the  splits   in  the  split   system.   In 

some  cases,  these  lengths  will  be  an  approximation       pour    \l.n\K  GROUPS 
of  those  in  the  distance  matrix,   in  which  case  a 

on  Dendroseris  (Sang  et  al.,  1994).  This  comparison 
allowed  us  to  obtain  a  tentative  estimate  for  the 

divergence  time  of  the  two  breeding  groups. 

IxKSl  ITS 

lower  fit  statistic  is  associated  with  the  graph  (the 

fit   statistic    = 

Q 

sum  of  all  the  paths  it.  the  graph       from  our  ITS  (ingroup  and  outgroup  taxa)
  and  JSA 

divided  by  the  sum  of  all   paths  in  the  pairwise      (ingroup  taxa)  seque
nces  are  shown  in  Figure  6  and 

,.  .  .   x    !         i.  i  .  .        Figure  7,  respectively.    These  results  indicate  that 
distance  matrix).  In  splits  graphs,  genotypes  are  not  B  f  •  . 

the  alpine  Ranunculi  of  New  Zealand  (species  from forced  onto  the  tips  of  bifurcating  trees.  Thus,  splits 

graphs  provide  more  informative  graphic  represen- 

tations when  sequences  from  the  accessions  ex- 

amined are  identical  to  those  in  ancestors.  Splits 

graphs  are  also  advantageous  in  that  they  highlight       ̂ Zealand  Southem~alps),  (ii)  wet" well-drain the  strongest  meompatible  signals  in  data  that  in-       habila|s.   R    ,     //f..    (m)  s(ony   s(.reeg.  R    h(mslii 

within    sect.    Pseudadonis)  comprise  four  distinct 

phylogenetic  groups.  Group  I  includes  alpine  spe- 

cies occupying  (i)  habitats  at  the  snowline  fringe: 

/\.  anemoneus  (Australian  alps)  and  R.  huchananii 

lifer  us  (New 

Zealand  Southern  alps),  (iv)  habitats  above  the  per- 

dicate  contradictory  evidence  for  cladistic  relation- 
ships 

A  limitation  with  the  current  implementation  of  manenl    snowline:    k    grakamii,    and    (v)    poorl) 
split  decomposition  is  the  underestimation  of  inter-  drained  alpine  shrub  and  tussock  land:  R.  verticil- 
nal  edge   lengths  when   the   number  of  taxa  com-  /a/z/.s  (but  note  that  the  chloroplast  data  suggest  that 
pared   is  large  and  when   the  divergence  between  ft  vertic Hiatus  is  distinct  from  this  group).  Group  II 

some  taxa  is  great.   In  the  present  study  we  used  comprises    alpine    and    subantarctic    species:    th( 
split   decomposition   to  study  very  closely  related  Australian  alpine  species  R.  gunnianus,  the  New 

taxa.    In  our  example,  the  split   decomposition  fit  Zealand   snowline   fringe   species   R.   sericophyllus 

statistic  was  always  very  high,  indicating  that  our  and  R.  pachyrrhizus,  R.  viridis  from  Mt.  Allen  on 

splits  graphs  well  represented  the  information  con-  Stewart  Island,  and  the  subantarctic  R.  pinguis  from 

tained  in  the  sequences  studied. Campbell  and  Auckland  Islands.  Group  III  contains 
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Figure  5. 
left  Ik 

Examples  of  split  systems  and  splits  graphs.  The  splits  (hut  not  their  lengths)  in  the  split  systems  on  th< 
ive  been  used  to  construct  the  figures  on  the  light. 

alpine  species  having  only  a   New  Zealand  dislri-  resented  by  a  single  alpine  species,  the  scree  spe- 
bution.  These  include   both  subspecies  of  the  re-  cialist  R.  scrithalis  from  the  Eyre  mountains.  South 

stricted  scree  specialist  R.  crithmifolius,  the  snow-  Island,  New  Zealand.  The  groupings  in  our  trees 

line    fringe    species    R.    godleyanus,    and    species  are  comparable  with  Fisher's  (1965)  two  main  phy- 
oecupying  lower  altitude  sheltered  situations:  R.  in-  logenetic  groups,  i.e..  our  groups  I  and  II  are  I  ish- 

signis,  R.  enysiu  and  R.  gracilipes.  Group  l\   is  rep-  ers  many  petals,  silky  hair  group,  while  group  III 
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_  ft  anemoneus  (Australia:  Mt.  Kosciusko) 
ft  lyallii  (Mt.  Franklin) 
ft  lyallii  (Temple  Basin) 

ft  lyallii  (Franz  Joset) _  ft  lyallii  (Ml  Cook) 
ft  lyaflu  (Mt.  George) 
ft  lyallii  (Hump  Ric  ge) 

ft  bucnananii  (C\are  Peak) 
H  ft  buchananii  (Lake  Wapiti) 

r  ft  buchananii  (Skeleton  Lake) 

L  ft  /ya////  (Mt.  Tutoko) 
ft  haastf/ subsp.  piliferus  (Hummock  Peak) 
ft  haastii  subsp.  piliferus  (Helen  Peaks) 

R.nivicola  (N.Z.  North  Island:  Volcanic  Plateau) 
ft  verticilla t US  ( N . Z .  North  Island:  Mt.  Holdsworth) 
ft  verticillatus  (Cobb  Valley) 

ft  haastii  subsp.  haastii{U\..  Hutt) 

100 

ft  grahamii{Ben  Ohau  Range) 
ft  haastii  subsp.  haastii(Arr\ur\  Ski  field) 
—  ft  grahamii  (Aiguilles  Rouge) 

ft  sericophyllus  (Mt.  Cook) 

ft  sehcopnyllus  (Mt.  Franklin) ft  sericophyllus  (Temple  Basin) 

group  I 

40 

H ft  sericophyllus (M\.  Tutoko) 
ft  sericophyllus  (Black  Lake) 
ft  sericophyllus  (Lake  Wapiti) 

90 
■  P-ft  sericophyllus  (Mt.  Memphis) 

(SfN.Z.  St   
 

I   ft  1//'/7Cf/S( 
Stewart  Isl.:  Mt.  Allen) 

[i  ft  pachyrrhizus(0\d  Man  Range) 
'  ft  pachyrrhizus  (Pisa  Range) 
  ft  gunnianus  (Australia:  Mt.  Kosciusko) 

c R.  pinguis  (Campbell  Isl.) 

H 
ft.  pinguis  (Auckland  Isl.) 

ft.  insignis{N.Z.  North  lsl.:Volcanic  Plateau) 

R.  insignis  (Foggy  Peak) 
ft.  god/eyanus(Havelock  River) 

ft.  gpdleyanus  (Malte  Brun) ■  ft.  enys/7  (Nevis  Valley) 
Lft.  enysii  (Umbrella  Mts.) 

ft.  crithmifolius  subsp.  crithmifolius (Shepherd  Saddle) 

group  II 

67 

ft.  crithmifolius  subsp.  paucifolius  (Castle  Hill) 
ft.  crithmifolius  subsp.  crithmifolius  (Big  Jungle  Creek) 

i  ft.  gracilipes  (Remarkables) 
'  ft.  gracilipes  (Symmetry  Peaks) 
ft.  en  ys/V  (Island  Pass) 

ft.  scrithalis  (Hummock  Peak) 

—  ft.  acaulis  (N.Z.  Stewart  IsLMasons  Bay) 
ft.  circinatus  (Germany) 

group  III 

group  IV 

ft.  SCeleratUS{Germar\y) (N.Z.  Stewart  Isl.:  Masons  Bay) 
  ft.  recens 

outgroups 

Figure  6.  Quartet  Puzzle  tree  showing  branch  lengths  for  ingroup  and  out  group  nuclear  ITS  sequences.  Splits 

identifying  groups  I— IV  are  indicated  by  hold  lines.  The  Quartet  Puzzle  support  values  for  these  and  other  splits 

discussed  in  the  text  have  been  shown.  (  nless  indicated  otherwise,  taxa  were  sampled  from  the  South  Island  o(  New 

Zealand. 

J coarse   hair   group.       outgroup  species  to  root  the  tree,  the  relationships 

Group  IV;  represented  by  It  scrithalis,  was  not  between  the  four  groups  and  outgroups  is  unre- 

studied  bv  Fisher.  solved,  and  visually  would  be  represented  as  a  stat- 

in both  the  ITS  and  Js,  graphs,  groups  I-III  are  phytogeny  in  an  unrooted  phylogram.  There  is  no 

separated  from  each  other  by  moderate  to  high  ()V  evidence  in  the  ITS  data  to  suggest  that  the  out- 

support   values.    In   the   IIS  graph,   which  contains  groups   should   join    with   either  of  the   Australian 
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62 

85 

86 
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92 

_  R.  anemoneus  (Australia:  Mt  Kosciusko) 

R.  lyallii  (Mt.  Franklin) 

R.  lyallii  (Temple  Basin) 
R.  lyallii  (Franz  Josef) 
R.  lyallii  (Mt.  Cook) 

R.  haastii  subsp.  haastii (Mt.  Hutt) 
R.  grahamii  (Aiguilles  Rouge) 

R.  grahamii  (Ben  Ohau  Range) 
R.  haastii  subsp.  haastii  (Amuri  Ski  field) 
R.  lyallii  (Mt.  George) 

90 

R.  lyallii  (Hump  Ridge) 
R.  buchananii  (Lake  Wapiti) 

R.  buchananii  (Skeleton  Lake) 
buchananii  (Clare  Peak) 

R.  lyallii  (Mt.  Tutoko) R.  haastii  subsp.  piliferus  (Hummock  Peak) 
R.  haastii  subsp.  piliferus  (Helen  Peaks) 

R  sericophyllus  (Mt.  Franklin) 
ft.  sericophyllus  (Temple  Basin) 
/?.  sericophyllus  (Mt.  Cook) 

R.  sericophyllus  (Mt.  Tutoko) 
ft  sericophyllus  (Lake  Wapiti) 
ft  sericophyllus  (Black  Lake) 
ft  sericophyllus  (Mt.  Memphis) 

ft.  w"r/d/s(N.Z.  Stewart  Isl.:  Mt.  Allen) 

group 

38 

.  ft.  pachyrrhizus  (Old  Man  Range) 
i  ft.  pachyrrhizus  (Pisa  Range) 

group  II 

ft.  gunnianus  (Australia:  Mt.  Kosciusko)   ft.  pinguis  (Campbell 
ft.  pinguis  (Auckland  Isl.) ft.  vertic Hiatus 

Isl.) 

75 

ft.  verticillatus  N£ ***}[ »'£»*■  Hoidsworth) 

fe  (Hummock  PeaACobb
  Va"ey) ft.  nivicola  (N.Z.  North  Isl.:  Volcanic  Plateau) 

ft.  insignis  N.Z.  North  Isl.:  Volcanic  Plateau) 

—  ft.  insignis  (Foggy  Peak) 
ft.  crithmifolius  subsp.  crithmifolius  (Big  Jungle  Creek) 
ft.  crithmifolius  subsp.  crithmifolius  (Shepherd  Saddle) 

group  I 

group  IV 

ft.  enysii  (Umbrella  Mts.) 
ft.  crithmifolius  ssp.  paucifolius  (Castle  Hill) 

—  ft.  qodleyanus  (Havelock  River) 
ft.  godleyanus  (Maite  Brun) 

ft.  gracilipes  (Remarkables) 
90        I  ft.  enysii  (Island  Pass) 

ft.  gracilipes  (Symmetry  Peaks) 

group  III 

ft.  enysii  (Nevis  Valley) 

hgure  7.     Quartet  Puzzle  tree  lor  ingroup  JSA  sequences.  Details  are  the  same ^  described  in  the  legend  lor  Kiimre  <>. 

species  (l)r/f  OP  values  for  outgroups  with  A\  arte- 

(A 

moneus:  ().39f  ()V  values  for  oulgroups  with  A\  gun-  nis.  All  sequences  passed  the  lest  for  a  clock-like 
nianus)  or  with  the  suhantarctic  R.  pinguis  (1.77r  rate.   From   these  data  we  obtained  a  mean   point 
OP   values    lor   outgroups   with    R.   pinguis).   Such  estimate  for  the  age  of  the  last  common  ancestor 
groupings  would   be  expected  if  the    Vustralian  or  for  the  two  breeding  groups  at  5.01    million  years 
suhantarctic   island   species  were  ancestral   to  the  ago  (Mya)  (i.e..  0.0398088  ±  0.00664/2  X  3.04  ± 
New  Zealand  alpine  species. 

The  molecular  clock  test  of  Steel  el  al.  (1996) 
was  used  to  study  combined  ITS  I  and  ITS2  data 

from  accessions  for  taxa  corresponding  with  Fish- 

ers two  breeding  groups,  i.e..  A*,  buchananii,  R. 
haastii  subsp.  haastii,  R.  haastii  subsp.  piliferus.  R. 

0.10  exp-9  Mya). 

IWITERNS  OV  DIVERSIFICATION  WITHIN  GROUPS  I 

AND  II 

The  data  for  groups  1  and  II  were  examined   in 

lyallii,  R.  pachyrrhizus,  R.  sericophyllus,  versus  A'.       detail  under  split  decomposition  in  Figures  8-11. 
crithmifolius   subsp.   crithmifolius,   R.   crithmifolius       Comparison  of  tin*  splits  graphs  for  the  chloroplast 
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Australia 

North 
Island 

southern 
South  Island 

alps 

R.  anemoneus 
Mt.  Kosciusko 

R.  lyallii Mt.  Franklin,  Temple 

Basin,  Franz  Josef, 
Mt.  Cook 

R.  verticil  I  at  us 
Volcanic  Plateau, 
Mt.  Holdsworth 

R.  haastii  subsp.  haastii 
Amuri  ski  field 

R.  haastii  subsp.  haastii 
Mt.  Hutt 

R.  grahamii Ben  Ohau  Range 

ft  nivicola 
Volcanic  Plateau 

R.  buchananii 
Skeleton  Lake 

R.  grahamii Aiguilles  Rouge 

R.  lyallii Mt.  George, 

Hump  Ridge 

central 
South  Island  alps 

R.  buchananii 
Lake  Wapiti, 
Clare  Peak 

R.  haastii 

subsp.  piliferus 
Hummock  Peak,  Helen  Peaks 

Figure  8.     Splits  graph  of  ITS  sequences  for  taxa  of  group  I.  The  inferred  position  of  the  root  from  Figure  6  is  shown 
for  reference.  The  (il  of  the  splits  graph  to  the  ITS  sequence  data  for  taxa  from  group  I  is  very  high  (Fit 

92). 

and  nuclear  markers  shows  both  tree-like  (Fig.  9)  Fisher,    1 965;   i.e.,   including   the   subantarctic  R. 

and  reticulate  relationships  (Figs.  8,   10,   1  1).  Re-  pinguis)  being  a  monophyletic  group.   Phis  conclu- 

ticulation  is  evident  between  the  chloroplast  se-  sion  is  supported  by  ITS  sequencing  for  more  wide- 

quences  from  some  of  the  most  diverged  species  ly   sampled   Australasian   species  (Armstrong,  uii- 

(Fig.    1  1)  and  between  ITS  sequences  for  some  of  published  data).  It  is  a  well  circumscribed  group  of 

the  most  closely  related  species  (Fig.   10).  In  this  taxa  (Fisher,  1965;  Webb  et  al.,  1988)  and  repre- 

latter  instance,  a  complex   network  describes  the  sents  section  Pseudndonis  (which  includes  18  spe- 

relationship    between    sequences   from    southern  cies;   see  Table    1).    It   is   a   predominantly   alpine 

South  Island  accessions  of  R.  sericophy lilts,  R.  p<i-  group,  characterized  by  turgid  achenes.  simple  nee- 

chyrrhizus,  and  R.  viridis  from  Stewart  Island.  Mul-  taries,  and  disproportionately  large  flowers.  Species 

tiple  substitutions  are  one  possible  explanation  for  are  polyploid  (2n  =  48.  96;  Hair.  1983;  Rendle  & 
the  occurrence  of  the  reticulation  between  the  more  Murray,  1989)  and  linked  by  hybridization  (Fisher. 

diverged   chloroplast   sequences.    However,   reticu-  1965). 

lation  between  the  less  diverged  ITS  sequences  is 

more  difficult  to  explain  by  the  occurrence  of  mul-  A  dispersed  OHICIN  EOR  THE  FOUNDING  OF  AN 
tiple  substitutions,  and  the  pattern  of  reticulation  ALPINE  LINEAGE  IN  NEW  ZEALAND? 
may  be  indicative  of  hybrid  relationships. 

A  feature  of  the  splits  graphs  and  quartet  puzzle  Our  molecular  clock  estimates  suggest  that  the 

trees  is  that  R.  lyallii  and  R.  sericophyllus  are  par-  primary  divergence  within  the  alpine  Ranunculi  of 

aphyletic.  These  species  have  two  centers  of  ge-  New  Zealand  (group  III  from  groups  I  and  II),  re- 

netic  diversity  (i)  in  the  central  South  Island  and  ferred  to  by  Fisher  (1965),  occurred  approximately 

(ii)  in  the  southern  South  Island  alps. 

Discission 

5  Mya:  a  result  thai  would  correlate  with  the  onset 

of  Late  Tertiary  mountain  building  in  New  Zealand 

(Cooper  &  Millener,  1993;  Bat!  el  al.,  2000).  Prior 

to  this  diversification,  the  evolutionary  history  ol 

the  alpine  group  is  uncertain.  The  extent  ol  genetic 

The  analyses  presented  are  consistent  with  the  diversity  between  New  Zealand  alpine  Ranunculus 

alpine  Ranunculi  of  New  Zealand  (in  the  sense  of      species  and  those  from  other  Southern  Hemisphere 

\    MONOPHYLETIC  OKOl'P 
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Franz  Josef, 
Mt.  Cook 

R.  buchananii 
Skeleton  Lake, 

Lake  Wapiti,  Clare  Peak 

R.  lyallii 
Hump  Ridge 

R.  haastii  subsp.  haastii Mt.  Hutt, 

Amuri  ski  field 

central 
South  Island  alps 

^      root 

R.  lyallii 
Mt.  George I 

R.  haastii 

subsp.  pi  lifer  us 
Hummock  Peak,  Helen  Peaks 

R.  lyallii Mt.  Tutoko 

southern 
South  Island  alps 

Splits  graph  o!  JM  sequences  lor  taxa  of  group  I.  The  inferred  position  of  the  root  from  Figure  (>  is  shown 

for  reference.  A  ()  bp  deletion  shared  by  all  A',  buchananii  accessions  and  the  R.  lyallii  accessions  from  Mt.  George 
and    Mump   Ridge   partitions  these  taxa  awaj    from   the  others  in   the  data  set.  The   fit   of  the  splits  graph   to  the  JsV 
sequence  data  (or  taxa  from  group  I  is  ver\   high  (Kit   =    100). 

R.  sericophyllus 
Mt.  Cook 

R.  sericophyllus 
Temple  Basin 

■ 

Australia 

R. 
Mt. gunnianus Kosciusko 

R.  pinguis 
Auckland  Is. 

R.  sericophyllus 
Mt.  Franklin 

central 
South  Island  alps 

R.  pinguis 
Campbell  Is. 

R.  sericophyllus 
Mt.  Tutoko,  Black  Lake 

R.  pachyrrtiizus 
^.^l  Pisa  Range,  Old  Man  Range 

V^5^  "■ 
 sertc°Ptlyll

us 

Mt.  Memphis 

R.  sericophyllus 
Lake  Wapiti 

R.  viridis 
Mt.  Allen 

subantarctic 
Islands 

southern 
South  Island  alps 
and  Stewart  Island 

Figure  10.  Splits  graph  of  ITS  sequences  lor  taxa  of  group  II.  The  inferred  position  of  the  root  from  Figure  6  is 
shown  for  reference.  The  In  of  the  splits  graph  to  the  ITS  sequence  data  lor  species  from  group  II  is  very  high  (Kit  = 
KM)).  

' 
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Australia 

R.  sericophyllus 
Mt.  Franklin,  Temple  Basin, 
Mt.  Cook 

■rf* 

R.  gunnianus 
Mt.  Kosciusko 

root 

subantarctic 
Islands 

R.  pinguis 
Auckland  Isl. 

s 
* \    R.  pinguis 

Campbell  Isl. 

central 
South  Island  alps 

R.  sericophyllus 
Mt.  Tutoko,  Lake  Wapiti, 

Black  Lake,  Mt.  Memphis 

R.  vihdl'S  Mt.  Allen 

R.  pachyrrhizus Pisa  Range, 

Old  Man  Range 

southern 
South  Island  alps 

and  Stewart  Island 

Figure  II.  Splits  graph  ()f  JsV  sequences  lor  laxa  of  group  II.  The  inferred  position  of  the  root  In 

shown  for  reference.  A  9  hp  insertion  in  R.  pinguis  partitions  this  species  from  the  others  in  the  data 

the  splits  graph  to  the  JSA  sequence  data  lor  taxa  from  group  II  is  very  high  (Fit  =  100). 

>m  Figure  0  is 
set.  The  lit  ol 

lands,  as  well  as  from  those  of  the  Northern  Hemi-  section  Chrysanthe  are  represented  here  by  R.  re- 

sphere,  is  too  small  to  suggest  that  the  group  has  ecus.  This  group  is  more  distantly  related  to  th
e 

an  ancient  relic  (Gondwanan)  distribution  in  New       alpine  Ranunculi  of  New  Zealand. 

Zealand.    Rather,    it    seems    more    likely    that    the 

group  diversified   following  transoceanic  dispersal 

It    has   been   suggested   (Fisher,    1965;    Wanlle, 

1978;  Zimmer  &  Keener,  1989)  that  the  alpine  Ra- 

of  a  founding  species  to  New  Zealand  in  the  Ter-       nunculi   of  New  Zealand   are  derived   fr
om  South 

American  species  or  at  the  least  have  closest  affin- 
tiary 

Chloroplast    restriction    site    data    (Johansson,       ity  with  extant  alpine  South  American  specie
s,  no- 

1998)  and  unpublished  ITS  sequence  data  suggest       tably  those  of  section  Trollianthoideae 
 Lourt.  Like 

the  New  Zealand  species,  members  of  this  group 

occupx    alpine   habitats  and   are  characterized   by 
that  closely  related  to  the  alpine  Ranunculi  of  New 

Zealand  are  worldwide  distributed  groups  such  as 

section  Hecatonia  (R.  sceleratus),  section  Xanthob-  disproportionately  large  flowers  and  turgid
  achenes 

atrachium  (R.  hyperboreus),  and  subgenus  Batrach-  (Fisher,  196S;  Tamura.  1995;  Lou
rteig,  1956).  An 

ium  (R.  circinatus).  Two  species  from  these  groups      alternative  hypothesis  has  been  suggested  by
  Ra- 

were  chosen  as  outgroups  in  our  present  study  (Fig ven  (1973).  He  proposed  for  many  alpine  plant  gen- 

6).  Also  genetically  close  to  the  alpine  Ranunculi  era,  including  Ranunculus,  long-distance 
 dispersal 

in   New  Zealand   are  the  Southeastern   Australian  to  New  Zealand  via  the  New  Guinea  archipelago 

species  previously  investigated  by  Melville  (1955)  and  Australian  mountains. 

and  the  lowland  species  of  section  Epirotes.  These 

latter  species  do  not  appear  to  be  included  in  sec-  TRANSOCEANIC  DISPERSALS  FROM  NEW  ZEALAND 

tion  Pseudadonis  by  Tamura  (1995).  although  Ta- 

mura does  include  from  this  group  R.  ruulans  DC.  The  hypothesis,  that  the  ancestral  alpine  Ranun- 

(an  earlier  illegitimate  name  for  R.   amphitrichus  cuius  was  originally  dispersed  to
  New  Zealand,  is 

Colenso:  Webb  et  al,  1988).  In  Figure  6.  this  low-  consistent  with  the  observations  
in  our  study  that 

land  predominantly  Australian  and  New  Zealandic  New  Zealand  has  also  been  the  so
urce  of  transoce- 

group    is   represented    by    the   coastal    species   R. 
ante 

dispersals    for   alpine    Ranunculus    to    other 

acaulis.  The  New  Zealand  lowland  Ranunculi  from       Southern  Hemisphere  lands.  The  Australi
an  alpine 
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species   R.   anemoneiis   (strongly   clustered   within  cophylliis-\  ike  species  were  ancestors  of  the  locally 
group  I)  ;m<l  R.  guanianus  (strongly  clustered  with-  restricted  species  R.  pachynhiziis  (rig.  2).  This  spe- 
in  group   II)  are  genetically  dissimilar  from  each  eies  has  evolved  small,  coriaceous  leaves  and  has 

other,  and  neither  join  with  the  oulgroup  speeies  in  expanded   the  distention   of  its  R.   sericophyllus- 
phylogenetic  analyses  (e.g..   Kig.  6).    These  ohser-  like  ancestor  eastward  to  central  Otago  (Fig.  2).  a 
valions  suggest  that  the  two  Australian  species  are  region  that  has  colder  and  drier  winters  than  the 
independently   derived   from   within   the   New  Zea-  |la|)ita(  currently  occupied  hv  R.  sericophyllus.  Ra- 
land  alpine   radiation   and   are  not   ancestral   to  it.  nunculus  viridis,  native  to  Stewart  Island  (Figs.   I Similarly,  the  New  Zealand  suhanlarctic  species  R 2).  also  appears  to  have  originated   locally,  again 

pmgms  (group  II)  alsc,  appears  derived  from  within       from  t|,e  S()U||iern  |)ar|  ()f  „„.  R   seHcophyUus  (hs. the  New  Zealand  mainland  radiation.  In  these  thr 

cases,   dispersal    from    New   Zealand    has  occurred 

tribution  (Figs.  10,  11). 

Further,  the  splits  graphs  identify  two  distinct 
against  prevailing  circumpolar  westerlv  winds  (Fig  i  •      i  c  •     n  .       . 

,?      ...    i  •        i     •  ,  .  .  Z      .         ;'  8  geographical  groupings  of  geneticallv  most  clos(dv I),  which  have  existed  since  the  mid     ciliary  (Ste-  ».,j  lf     i,         /i/-        o    in  i  i  .' 
mo-    c.  D    XI     M    lorwx    ̂   /  \  related  taxa    Pigs.  8-11  ,  one  in  the  southern  South 

vens.    1985;  Stewart  «\    \eall.    I<)i!l).   \everthe  ess,  i    |  in  |  i  f|  ,     ,   c       ,     ,    ,       ,      ,,  - ,,  .  t  n      ...      r  ,  Island   and  one   in   the  central  South    Island.    I  his 
in   the  southwestern    Pacific   frequent   anticyc  ones  i  ,•  4    .  r  .      .    . 
.  ,...,,  observation  may  suggest  the  existence  of  two  g  arid 

give  rise  to  easterly  wind  (lows,  and  it  is  possible 
that  these  may  have  assisted  dispersal  in  a  west- 

ward direction  (Wardle,  1978;  Wellington,  2000). 

refugia,  from  which  species  such  as  ft.  viridis,  ft. 
pachyrrhizus,  and  ft.  grahamii  have  evolved. 

local  iwitkrns  of  spkciation  ami)  (ilacial 
hkkugia? 

RANGE  EXPANSION  OF  RANUNCULUS  SKCT 
PSElIhWOmS  IN   NKW  ZKALAM) 

The   splits  graphs   in    Figures  8  and   9  indicate 

that,   for  group    I    species,   the  derivation  of  high- 

The  South   Island  southern  alps  contain  most  of 

New    Zealand's    endemic    alpine    plant     species 

altitude  species  with  highly  restricted  distributions  (McGlone,    ,985;    Wardle,    19«»)«    Consistent    with 

has  been  from  ancestral  stock  of  the  paraphyletic 

and    geographically   widespread    A',    lyallii    In   the      -   w  "'"   l  ""   &"  f,,~ 

central  South  Island  alps,  i.e.,  in  the  northern  part  esl   «ene,ir   diversity    between    species   as   well    as 

of  its  range  (Fig.  2  upper  left),  ft,  lyallii  ancestors  among  P0Pulations  llas  l>«^»  identified  in  our  in- 

this  pattern,  most  species  of  alpine  Ranunculus  also 

occur  in  the  South  Island.  It  is  there  that  the  great- 

appear  to  have  given  rise  to  higher-altitude  speeies  vestigations.  On  the  North   Island  of  New  Zealand 

such  as  the  scree  specialists  A',  haastii  subsp.  haus-  onlv  W*  imHP^*  #•  rerticillatiis,  and  R.  nivicala  oc- 

tii  and  R.  grahamii  of  the  Ml.  Cook  region  (Figs.  cun  *'^  s^|i^nces  from  R.  insignis  sampled  from 

2,    8,    9),    both    with    yellow    (lowers    and    winged,  geographically    distant    North    Island    populations 

curved,  smooth  achenes.  In  the  southern  South  Is-  'lave  ')ren  hnind  to  be  identical  (unpublished  obs.). 
Similarly,  North  Island  ITS  sequences  for  geograph- 

snowline  fringe  species  R.  buchananii  is  genetically  'ril"y  separated  populations  of  ft.  rcrticil/aius  have 

most  similar  to  southern  South   Island  populations  a,s<)   ')een   found   to   be   very   similar  (unpublished 

ol    R.    lyallii   and    is    inferred    to    be   derived    from  obs.).    II   diversification  of  the  four  major  lineages 

southern  ft.  /w/////-like  ancestors  (Figs.  8,  9).  Note  occurred   in  the  South   Island  during  the  Pliocene 

that  the  southern  scree  specialist  ft.  haastii  subsp.  (within  the  last  5  My),  then  the  dispersal  of  both 

land 
alps,    (Fig.    2),    the    restricted    high-altitude 

A hai T 

breeding  group)  and  ft.   vertkillatus  (from  Fisher's 
ie 

piliferus  is  not  most  closely  related  to  ft.  haastii 

subsp.  haastii  (Figs.  8.  9),  and  these  taxa  presently 

designated  as  subspecies  may  not  be  monophyletic.       many  petals,   silky  hair  breeding  group)   into  tl 

Somewhat    in   parallel,  the  splits  graphs   in   Fig-       North  Island  might  have  easily  occurred  during  the 

ures   10  and    I  I    indicate  that  the  derivation  of  two       Pleistocene  when  snowlines  were  depressed  and  a 
lowering  of  the  sea  level  by  ca.   120  m  connected groi 
the   sounds    region   of   Marlborough    with    the   west 

variable  species   is  found   along  the  high  elevated 

distributions  has  been  from  ancestral  slock  of  the 

paraphyletic  and  geographically  widespread  ft.  set-  coast  of  the  North  Island  (Fisher,  1965;  Te  Punga. 
icophyllus.    This    morphologically    and    genetically  1953:  Fleming,    1902).   During  the  Pleistocene  die 

South    Island  of  New  Zealand   was  also  connected 

ridges  of  the  southern  alps  from  north  Canterbury  with   Stewart   Island   in   the  south.  Thus  the  same 
to  southwest  Otago.  The  relationships  observed  in  dispersal  mode  as  for  ft.  insignis  and  ft.  rertiri/latus 
these  graphs  are  consistent  with  the  suggestion  by  might  also  be  suggested  for  ft.  viridis,  a  species  for 
Fisher  (1905)  that   southern  South   Island  ft.  .sen-  which  analyses  of  JSA  and   ITS  sequences  suggest 
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derivation  from  southern  populations  of  a  species  achenes  are  characteristic  of  species  in  group  III 

ancestral  to  R.  sericophyllus  (Figs.  10.  1  I).  (Figs.  6.  7).  Many  petals  (7-16)  and  silky  hairs  on 

An  interesting  observation  is  that  the  North  Is-  leaves,  scapes,  and  achenes  characterize  species  in 

land  distribution  of/?.  verticillatus  is  restricted  rcl-  groups  I  and  II  (Figs.  6,  7).  However,  note  the  ex- 

ative  to  that  of/?,  insignis.  Further,  the  North  Island  ception  of  the  few-petalled  R.  sericophyllus  in  this 

endemic  and  allopolyploid  /?.  nivicola  extends  the  group,  which  is  furnished  with  three  distinct  nee- 

range  of  these  lineages  into  higher  altitudes,  as  well  [arv  glands  per  petal  suggesting  the  hypothesis  o( 

as  into  more  western  and  northern  North  Island  al-  former  fusion  of  smaller  petal   primordia  (Fisher, 

pine  regions  (Fig.  2).  Previously,  Fisher  (1965)  sug-  1965).  The  apparently  paraphyletic  R.  lyallii  also 

gested  that  R.  nivicola  (2n  =  96)  originated  via  an  shares  white  flowers  with  its  close  relatives  R.  arte- 

allopolyploid  event  between  the  northward  migrat-  monens  and  R.  buchananii,  but  these  species  (all 

group  I  species)  do  not  form  a  monophyletic  clade ing  populations  of  R.  insignis  (2n  =  48)  and  R. 

verticillatus  (2n  =  48).  The  relative  position  of  R. 

nivicola  in  our  ITS  and  JSA  trees  (Figs.  6,  7)  con- 

firms this  hypothesis. 

in  our  phylogenetic  graphs. 

Sl'MM-XKY 

PAKALLKL  KYOLITION  OF  SIMILAR  MORPHOLOGIES 

The  alpine  Ranunculi  of  New  Zealand  are  a  well 

n  i       i         i    i  (V**    a    7^  nnnwlp      circumscribed   plant   group  having  undergone  di- Our  molecular  phylogenies  (rigs.  6,  7)  provide  »  &       '         .         .     .  .    . 
r  i         r  *  ii-  versification  atul  range  expansion  during  a  period 

evidence  for  a  number  ol  convergent  morphologies       veismLdUUii  h         »  •        .  n 

that  support  Fisher's  (1965)  argument  that  the  col- 
o 
f  dramatic  geological   and   climatic   change.  The 

onization  of  similar  habitats  by  species  from  differ-  molecular  a
nalyses  we  report  here  confirm  many  ol 

ent   breeding  groups  has  occurred   with   the   inde-  the   hypotheses  of    Fi
sher  (1965)   as   well   as   sug- 

pendent    evolution    of   similar   adaptations.    These  gesting  some  new  hy
potheses.  The  observations  of 

hide  (a)  the  reflexing  of  pedicels  downward  be-  reticulation  in  our  ITS  splits  graphs  f
or  diploid  spe- liielucie 

tween  the  leaf  blades  during  ripening  of  the  fruits,  cies  and  our  confirmation  of  the  allopoly
ploid  na- 

a   possible  adaptation  to  loose  sandy  soils,   in  R.  hue  of  R.  nivicola  raises  the  question  whether  in- 

crithmifolius,  R.  acaulis  (lowland  taxon,  sect.  Epi-  terspecies  hybridization  may  have  been  causal  in 

rotes),  and  also  in  R.  recens  (sect.  Chrysanthe);  (b)  range  expansion  in  a  number  of  instances  (Fhren- 

stiff  petals  in  species  occupying  windswept  habi-  dorfer,    1958;  Stebbins,    1984).   The  origin   of  the 

tats,    for   example    in    R.    pirtguis    (Campbell    and  group  remains  unclear,  and  this  question,  as  well 

Auckland   Islands)  and  in  the  distantly  related  A'.  as  t|l(>  suggested  patterns  of  diversification,  needs 
subscaposus     Hook.    f.    (sect.    Chrysanthe)    of    the  ,()  |)r  tested  with  additional  intraspecies  sampling 

Auckland  Islands  (Fisher,  1965);  (c)  the  develop- 

ment  of  large   entire  fleshy   leaves,   as  a   possible 
and  higher  resolution  methods  that  might  better  as- se ss  tl le  c\ tent  of  genome  introgression  (e.g..  Wolfe 

adaptation   to   low    irradiation    and    high    humidity       et  aj     1993).  The  approach  we  have  used  to  find  a 
habitats,  in  R.  pinguis,  It  lyallii,  and  R.  insignis:       ̂   ,,     variable  molecular  marker  in  the  alpine  Ha- _  -  *    1         1  C 

I  New  Zealand  appears  useful  for  obtain- 

ing PCR  markers  for  studying  other  plant  groups 

and  (d)  the  presence  of  deep  rhizomes,  as  a  possible nunculi  o 

it scrUhalis,  and  R.  haastii. 

Convergence    in    morn! (e.g..  McLenachan  el  al.,  2000).  Split  decomposi- phology    between    species       ^  ̂   ̂   ̂   ̂   potential  for  investigating 
even  from  different  genera  is  a  notable  feature  with- 

in the  familv  Ranunculaceae.  For  example,  in  the 

context  of  the  phenotypie  states  described  above, 

similar  structures  are  recorded  from  Anemone  blan- 

other  Late  Tertiary-Quaternary  radiations,  the 

method  is  expected  to  be  particularly  useful  when 

characterizing  potentially  hybrid  taxa  and/or  when 

investigating  recently  diverged  groups.  In  the  pre- da   (ref  exec     pedicels  ,  Anemonopsis   macrophylla  ,  .       ,  ,  ,        •       -4       ur 

(stiff  petals),   and    Callha   paJ*   (large   f
leshy  -n,  stu.lv.  we  ormtted  heteroplasnnc 

 sites  before 

leaves  (Ulbrich.  1<X)5).  However,  note  that  in  other 
 calculating  our  phvlogenet.c  graphs,  and  this  gen- 

eases,  within  the  alpine  Ranunculi  of  Ne*  Zealand,  er
al  approach  ,s  expected  to  result  m  loss  o(  valu- 

evolution  of  morphological  characters  is  no.  con-  able
  information  that  may  mchea.e  hybrid  complex- 

haracters  ity  in  some  taxa.  As  recently  discussed  (Huber  et 

are6congraent  with  our  molecular  phytogeny.  These  al,  2001),  a  cu
rrent  research  interest  includes  ex- 

include  achene  shape,  which  distinguishes  section  amining  how  these  si
tes  might  be  incorporated  into 

Pseitdadoms  from  section  Chrysanthe.  Few  petals  analyses  using  both  split 
 decomposition  and  me- 

(5_8)    and    coarse    hairs    on    leaves,    scapes,    and  dian  graphs. 

vergent  and  a  number  of  morphological  c 
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OVERVIEW  OF  THE 
NEOTROPICAL  GENUS 

NOTOPLEURA  (RUBIACEAE: 
PSYCHOTRIEAE),  WITH  THE 
DESCRIPTION  OF  SOME 

NEW  SPECIES' 

Charlotte  M.   Taylor 

Abstract 

Notopleura  (Benth.  &   Hook,  f.)  Bremek.  is  a  neotropical  genus  of  about  7.3  species  of  herbs  and  subshrubs,  both 
terrestrial  and  epiphytic,  found   in   wet   neotropical  forests  from   Mexico  and   ihe    Antilles  lo  Bolivia  and   Brazil.  This 
genus  was  formerly  included  in  Psychotria  L,  from  which  it  differs  in  its  low  succulent  habit,  distinctive  stipule 
morphology,  usuall)  pseudoaxillary  inflorescences,  and  pyrenes  with  two  germination  slits  on  the  adaxial  face.  Presented 
here  are  a  description  of  the  morphology  of  Notopleura,  a  key  and  enumeration  of  its  specie's,  nomenclature  including 

r 

synonym)    and    new    combinations   for  2   subgenera,   53   previously   described   species,   and   4   infraspecifie   laxa,  and 
descriptions  and  illlustrations  of  IB  new  species. 

Key  words:      neotropical  Mora,  \otopleura,  Psychotria.  Psychotrieae.  Rubiaceae. 

Notopleura   (Benth.   &    Hook,   f.)    Bremek,   coin-       stipules  with  a  medial  appendage  art*  unique  to  Ap- 

prises about   73   neotropical   specie's  of  terrestrial       topleura. 

and    epiphytic*    herbs   and    subshrubs    from   central Merc  I  review  the  morphology  of  Notopleura:  pro- 

Mexico  and  the  Antilles  to  Brazil  and  Bolivia.  This  vide  a  list  (see  Appendix  1)  of  its  componenl  spe- 

group   was   first    recognized   taxonomically  as  Psy-  cies  and  infragenerie  classification  and  keys  to  both 
chotria  sect.  Notopleura  Benth.  &  Hook.  f.  in  1874.  of  these;  make  the  necessary  nomenclature]  com- 

Bremekamp  (1 934)  first  treated  this  group  as  a  sep-  binations  to  separate  Notopleura   from   Psychotria; 

arate  genus;  subsequently,  Steyermark  (1972)  re-  and  describe  several  new  species.  Notopleura  has 

turned  to  including  this  group  as  a  section  of  Psy-  not  been  treated  in  its  entirety  since  Bremekamp 
chotria     subg.     Heteropsychotria     Steyerm.     More  (1934)  included  4  species.  Here  2  new  subgenera 

recent  studies  agree  that  Notopleura  is  after  all  bet-  are  recognized  and  69  species  are  added.  In  gen- 

ter   treated    as   a   genus   separate   from    Psychotria  crab  members  of  subgenus  Notopleura  are  lerres- 

based   on   both    morphological   (Taylor,    1996)  and  trial  and  have  pseudoaxillary  inflorescences,  while 

molecular  (Nepokroeff  et   al.,    1999;   Andersson  &  those  of  subgenus  Viscagoga  are  epiphytes  with  in- 
Rova.   1999)  evidence.  Notopleura  is  distinguished  florescences  that  may  be  terminal  or  pseudoaxillary. 

from   Psychotria    by   its   low,  succulent,  often   un-  About  a  fourth  of  the  Notopleura  species  are  newly 
branched   or  clambering  habit;   its  stipules  united  described    in   this  article;   these  are  variously    dis- 

around   the  stem   into  a   reduced  to  well-developed 

sheath  with  a  single,  often  glandular,  interpetiolar 

appendage  of  varied  form  thai  is  inserted  below  the 

top  of  the*  sheath;  its  inflorescences  that  are  pseu- 
doaxillary in  most  species;  and  its  pvrenes  with  two 

tributed  from  Guatemala  through  Bolivia. 

Morphology  ok  Notoplei  ha 

Plants  of  Notopleura  are  rather  succulent,  usu- 

small  germination  slits  on  the  basal  end  of  the  ad-  ally   unbranched   or   little-branched    herbs  or  sub- 

axial  (ventral)  face.  Psychotria  does  include  species  shrubs   1    m  tall  or  shorter,  though  a  few  species 
with   varied   habits   including  a  few   herbs,  species  may  reach  3  in  tall.  The  terrestrial  species  (subg. 
with  stipules  that  are  sometimes  united  around  the  Notopleura)  are  found  in  the  understorv  of  wet  for- 

stem   into  a   continuous   sheath,   and   species   with  est,    most    commonly    in    wet    microsiles    sucl 

sometimes  pseudoaxillary   inflorescences.  However.  swamps  and  stream  edges,  while  the  epiphytic  spc- 

i    as 
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cies  (subg.  Viscugogn)  are  found  in  wet  forest  can-  petioles  (e.g.,  Fig.  2E).    The  margins  of  these  lam- 
opy  or  sometimes  in  the  subcanopy  near  light  gaps.  mar  appendages  are  typically  slightly   to  strongly 

The  vegetative  portions  of  the  plants  are  usually  erose  or  laciniate,  with  the  marginal  projections  of- 

glabrous  but  may  he  puberulous,  pilosulous,  or  vil-  ten  apparently  glandular.  In  many  species  of  sub- 
losulous  with  rather  short  trichomes,  or  in  a  few  genus  Notopleura,  the  stipide  appendages  are  very 

species,  notably  /V.   lanosa,   they   may  he  densely  succulent   and   consequently   on   dried    specimens 

villous  with  trichomes   1—2.5  mm  long.  Both  vege-  their  shape  may  he  difficult  to  discern.  Thus  al- 

tative   and    reproductive   tissues   contain   raphides  though  stipule  form  is  useful  for  distinguishing  spe- 
that  are  usually  densely  distributed  relative  to  most  cies  of  Notopleura,   it  has  been  little  used  in  this 

Psychotrieae,  and  easily  visible1  in  dried  specimens.  group  and  herbarium  specimens  are  often  not  very 

The  leaves  are  opposite,  and  in  subgenus  Noto-  informative.    The    stipule    descriptions    presented 

pleura  often  have  well-developed  petioles  and  rel-  here   are   based   almost   exclusively   on    herbarium 

atively  large  blades,  in  some  species  to  40  cm  long.  specimens,  so  certainly  study  of  living  plants  will 

The  succulent  leaves  may  have  a  tough  or  more  reveal  additional  features. 

often  a  thin  delicate  texture  when  dry.  In  life  they The  inflorescences  of  Notopleura  are  terminal  or 

are  often  silvery  or  dark  and  velvety  on  one  or  both       pseudoaxillary  (i.e..  they  are  produced  in  a  terminal 

surfaces,  and  frequently  the  abaxial  (i.e.,  lower)  leaf      position  devclopmentally  but  the  stem  grows  from 

surface  is  paler  or  shinier  than  the  adaxial  surface.       a  devclopmentally  axillary  bud.  so  the  inflorescence 
11 le  secondary i(hi veins  are  usually  visible,  and  are  is  found  in  only  one  axil  at  each  node).  In  subgenus 

usually  plane  on   the  adaxial   surface  and   promi-  Viscagoga,  the  inflorescences  are  pedunculate  and 

nulous  on   the   abaxial   surface;   no  domatia   have  paniculate   with   several  orders  of   branching,  and 

been  found  associated  with  them,  or  elsewhere  on  the  flowers  are  pedicellate  in  few-flowered  cymules. 

the  leaves.  In  several  species  the  secondary  veins  In    subgenus   Notopleura.    the    inflorescences    van 

unite  in  a  clear  submarginal  collecting  vein  (e.g..  from  sessile  to  long-pedunculate,  and  from  capitate 

Fig.  51)).  Higher-order  leaf  venation  is  usually  not  (e.g..  Figs.  41),  6J)  to  paniculiform  with  several  de- 

readily  visible  in  any  species  of  Notopleura,  and  in  grees  of  branching  (e.g..  Figs.  I  II,  2A).   The  flowers 

a    few    species    of    both    subgenera    the    secondary  may   be  pedicellate  but   are  more  often  sessile  or 

veins  are  not  visible  either  (e.g..  Figs.  2/\.  2H). subsessile,  and  the  fruits  are  also  usually  sessile 

glomerules    alternate    and    well    separated    along 

them,    branched    inflorescences    have    two   or   fre- 

The  stipules  of  species  of  Notopleura  in  part  dis-  but    sometimes    subsequently    develop    a    stipitate 

tinguish  this  genus:  they  are  united  around  the  stem  basal  extension  as  ihey  mature  (e.g..  Fig.  3A).  The 

(and  sometimes  also  to  the  petioles),  into  a  sheath  flowers  and  fruits  may  be  distributed  along  the  axes 

that  bears  in  the  center  (i.e.,  medially)  of  each  in-  singly  or  in  small  glomerules  (e.g..  Fig.  31),  or  they 

terpetiolar  side  a  distinctive  appendage.  This  slip-  may  be  grouped  into  larger  glomerules  that  are  all 

ule  sheath  may  be  reduced  to  a  line  but  is  usually  apical  on  the  axes  (e.g.,  Fig.  51),  51).  The  inflores- 

well  developed  with  a  truncate  to  broadly  triangular  cence  axes  are  usually  dichasial  in  development  at 

outline,  and   may   be  caducous  or  persistent.  The  least  at  lower  nodes,  though  in  many  species  they 

interpetiolar  appendages  vary  widely  in  form,  and  become  monochasial  or  cincinnoid  later  in  devel- 

are  sometimes  distinctive  for  a  particular  species.  opment  or  in  higher-order  axes,  with  the  flowers  or 

These  appendages   may   be  well  developed   to  re- 
duced or  in  a  few  species  (e.g.,  N.  congesta  C.  M. 

Taylor)  apparently   secondarily  absent,  and   either  (|uently  three  axes  at  the  branching  nodes;  this  lat- 

caducous  or  persistent.  In  most  species  of  both  sub-  ter  condition  is  unusual  in  the  Rubiaceae.  The  in- 

genera,  the  stipule  sheath  is  rather  well  developed  florescence  axes  arc  usually  subtended  by  bracts 

and  the  appendage  is  conical  to  linear,  3  mm  long 

or  shorter,  succulent,  divergent  from  the  stem,  and  glomerules  arc  also   usually  subtended   by   bracts, 

entire  to  shortly  bifid,  bilobed,  or  fimbriate  at  the  and   the   individual    (lowers  are  usually  subtended 

apex  with  the  adaxial  surface  or  the  apical  projec-  by  floral  bracts  (i.e..  bracteoles).  The  capitate  inflo- 

tions  usually  glandular  (e.g..  Figs.  3A.  311.  IA.  6A,  rescences  appear  to  have  an  arrangement  similar  to 

6D).   In  some  species  this  interpetiolar  appendage  that   found   in   the  branched   inflorescences,  except 

is  expanded  into  a  membranaceous  to  papyraceous,  with   the  bracts   usually  exceptionally   well   devel- 

lanceolate  to  ovate  or  elliptic  lamina.  This  laminar  oped  and  the  axes  not  or  hardly  developed.  In  sev- 

appendage  is  often  evidently  medial  in  its  insertion  eral  species  the  inflorescences  are  capitate  at  an- 

in   the  sheath,   but    in   some  species  the  sheath   is  thesis  but  expand  as  the  fruits  develop  (e.g..  Fig. 

reduced  to  a  line  of  tissue  and  the  lamina  appears  211). 

that  are  situated  at  the  branching  nodes.  The  floral 

terminal   on   it   or  even  directly  connected   to  t lit The  flowers  are  similar  among  species  of  Noto- 
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pleura    in    their   relatively   small    size   and    usually       varies  within  as  well  as  among  species.  Internal!) 

while  corollas,  and  are  apparently  diurnal  and  in- the  corolla  may  he  glabrous  throughout  or  more  ol- 

secl-pollinaled.    Some    species    are   distylous3    but  ten  has  a  pubescent  ring  at  or  above  the  middle  of 

Others  appear  to  be  monomorphic.  The  (lowers  have  the  tube  or  sometimes   in   the  throat;  the  internal 

not    been   described    in   detail   or  used    to  separate  pubescence  pattern  appears  to  be  consistent  within 

species  b\   most  previous  authors,  but  they  do  pre-  species. 
sent  several  distinctive  characters,  as  noted  below. The  stamens  are  five,  or  four  in  (lowers  with  four 

No  published  pollination  studies  have  been  found  corolla  lobes,  and  are  inserted  at  or  above  the  mid- 

lor  Notopleura,  and  no  odors  or  floral  visitors  have  die  o(  the  corolla  tube  with  the  filaments  very  short 

been  noted  in  the  collection  data  for  the  specimens       to  well  developed.  The  anthers  are  narrowly  oblong. 
studied. and  may  be  included  or  exserted.  The  stigmas  are 

The  hypanthium  (i.e.,  ovary)  portion  of  the  flow-       two,  four,  or  rarely  six  (e.g..  some  plants  of  \.  epi- 

ers  is  turbinate  to  cylindrical  or  ellipsoid  and  usu-       phytic u  (K.   Krause)  C.   M.  Taylor),  linear,  and  po- 
allv  about   I  mm  long  at  anthesis.  This  structure  is sitioned  variously  from  near  the  middle  of  the  co- 

generally  similar  among  the  species  of  Notopleura,       rolla  tube  to  well  exserted.  The  style  is  surrounded 

while  the  calyx  limb  (i.e.,  the  free  portion  of  the  at  the  base  by  a  low  annular  disk.  Distyly  is  pre- 

calyx  that  extends  from  the  top  of  the  hypanthium,  dominant  in  Psyehotrieae  (Taylor,  1996),  and  is  cer- 

also  sometimes  called  the  calyx  cup  or  simply  the  tainly  present  in  many  species  of  Notopleura  (e.g.. 

calyx)  is  more  variable  in  form  (e.g..  Figs.  IF,  2C,  N.  aggregata  (Standi.)  C.  M.  Taylor,  Moiiteverde 

2(i,  IB).  The  calyx  limb  usually  has  a  short  tubular  Reserve,  Costa  Rica,  pers.  obs.)  with  flowers  that 

portion,  usually  1  mm  long  or  shorte r,  and  a  margin  show  reciprocal  positioning  of  anthers  and  stigmas 

that    varies   from   truncate   to  deeply    four-  or  five-       with  usually  only  one  of  these  exserted.   However, 

the  presence  of  distyly  seems  unlikelv  in  some  spe- 

cies of  Notopleura.  which  on  herbarium  specimens 

lobed,  with  the  lobes  as  much  as  6  mm  long. 

The    corollas    of    Notopleura    are    funnelform    to 

somewhat  tubular,  white  or  randy  orange  to  yellow  have  the  anthers  and  stigmas  both  exserted  and  po- 

le.g.,    N.    marginal  a    (Renth.)    Hulloek).   and    five-  sitioned  at  nearly  the  same  level  (e.g.,  N.  scarlatina 

lobed.  or  in   some  species  of  subgenus   Yiscagoga  C.  M.Taylor).  Overall,  relatively  few  herbarium  coi- 

four-lobed.  or  infrequently  six-lobed  in  occasional  lections  of  any  species  of  Notopleura  have  flowers 
anomalous  flowers  of   various  species.  The  corolla  at  anthesis  in  good  condition,  so  these  conclusions 

lobes  are  valvate.  and  those  of  several  species  are  are  provisional. 

thickened  on  their  abaxial  surfaces  (e.g..  Figs.  3B,  The  fruits  of  Notopleura  are  spongy  or  succulent 

Oil):  in  some  species,  these  thickenings  may  be  drupes  about  1-1.5  cm  in  diameter,  which  are  as- 

prolonged  into  pronounced  appendages  (e.g.,  Figs.  sumed  to  be  dispersed  by  birds.  At  maturity  the 

21),  5E).  Fxternallv.  the  corolla  ma\  be  glabrous  or  fruits  may  be  white,  orange,  red.  or  black.  In  some 

pubescent  throughout,  with  the  pubescence  often  species  (e.g..  N.  polyphlebia  (Standi.)  C.  M.  Taylor, 

less  or  more  dense  on  the  lobes,  or  infrequently  N.  uliginosa  (Sw.)  Bremek.)  the  drupes  pass 

markedly  denser  only  on  the  corolla  lobe  append-  through  rather  orange  or  red  immature  stages  and 

ages.  This  external  pubescence  pattern  apparently  then  quickly  become  black,  apparently  overnight, 

   and  are  rapidly  removed  by  frugivores,  so  can'  must 

be   taken    in   determining   mature    fruit    color.    For 

some  species  the  fruit  color  has  been  reported  as 
3  I)ist\l\  (hcterostyly  with  two  style  lengths)  is  a  com- 

mon condition  in  the  Kuhiaceae,  in  which  flowers  of  two 

forms  (morphs)  are  found  in  a  single  species:  it)  the  short-       variable,  but  mature  fruit  color  is  here  considered 
styled  form  (thrum)  the  styles  arc  relatively  short  so  tin 
stigmas  are  positioned  below  the  anthers,  and  the  anthers 

generally  consistent  within  a  species  and  thus  tax- 

m  usually  exseried^-^  onomicallv    informative.    In   particular.   Steyerrnark 

well-developed  filaments;  in  the  long-styled  form  (pin)  the  (1972)  included   in  N.   macrophylla  (Ruiz  &   Pav.) 

styles  are  well  developed  so  the  stigmas  are  exserted  or  C.   M.  Taylor  plants  with  white,  yellow-green,  and 

positioned  in  the  corolla  throat,  and  the  anthers  are  po-  IV(|  (mjK  |)llt  here  N.  macrophylla  is  restricted  to sitioned   helovs    them  on   relatively  short   filaments.  Typi-  i  -j        i  •        f     •        m       r     .         r    »,  , 
..     ,,  ...  ..  ,  .  ,      .  „  '    .  plants   with    white   hints.    I  he   liuils  of   Notopleura 

cam  the  positions  ol  the  anthers  and  stigmas  in  one  floral  r 

lorn,  correspond  to  the  positions  of  the  stigmas  and  an-  contain  two.  four,  or  rarely    six  (e.g.,  A.  epiphytic  a) 

thers.  respectively,  in  the  oilier  floral  form.  Pollination  is  pyrenes.  \\  hen  the  pyrenes  number  four  to  six  lhe\ 

thus  preferentially  between  floral  forms  rather  than  among  are  triangular  in  cross  section  with  two  adaxial  (i.e., flowers  of  the  same  lorni.  and  this  preference  is  reinforced  ..,..»#.,  a\    r  i  a  i  .  .i 
,  ..  ,•    ,    ,  !  ,  ...  ventral)    laces;    when    they    number    two.    Ihev    are 

(in  the  ta\a  so  far  studied)  by  an  uieompalahihh  svslem.  .         .      .       .      .  .  M  . 

An  individual  plant  hears  flowers  of  onlv  one  form,  and  hemispherical   or  dors.ventrally   fl
attened    in   cross 

usually   long-styled  and  short-styled  plants  are  found  in  section  with  only  one  adaxial  face.  On  the  adaxial 

equal  proportions  in  the  population  of  a  given  area.  lace  or  laces  the  pyrenes  may  be  smooth  or  may 



Volume  88,  Number  3 
2001 

Taylor 
Notopleura  (Rubiaceae) 

481 

have  one  longitudinal  central  ridge  or  two  to  three pendaged;  stamens  5  or  occasionally  4  (subg.  l/.s- 

shallovv  longitudinal  depressions;  on  the  abaxial  cagoga),  inserted  in  corolla  tube,  anthers  exserted 

face  the  pyrenes  may  be  smooth  or  ridged,  in  the  or  included;  stigmas  2  or  sometimes  4  (subg.  Vis- 

latter  case  with  one  central  ridge  or  three  to  five  cagoga)  or  randy  6  (subg.  Viscagoga),  linear,  ex- 
serted or  included,  style  surrounded  at  base  by  an 

thickened.  The  pyrenes  open  through  two  small  annular  disc.  Fruit  fleshy,  drupaceous,  at  maturity 

germination  slits  near  the  basal  end,  a  character- 

istic that  is  apparently  unique  in  the  tribe'  and  in  or  white;  pyrenes  2  to  6,  when  3  to  6  then  triangular 

part  distinguishes  Notopleura  (Nepokroeff,  L997).  in  cross  section,  when  2  then  hemispherical  to  dor- 

siventrally  flattened  in  cross  section,  on  the  abaxial 

smaller   ridges    and    the    margins    also   sometimes 

orange,  red  sometimes  becoming  black  at  maturity, 

Twonomk;  Treatment 

The  following  treatment   is   based  on   rex  iew  ol 

face  smooth  or  with  I  to  5  longitudinal  ridges  and 

the  margins  sometimes  also  thickened,  on  the  ad- 

axial  fact4  smooth,  with  a  central  longitudinal  ridge. 
literature  and  specimens  from  the  herbaria  listed  in       Qr  wilh   ,   {Q  ;}  sha||()W  longitudinal  depressions. k led ts.  Tl le  acknowledgments,    ine  species  in  eacn  sunge- 

I I 
I   I  IV  CIV     IVII\/»11\      UplllV     IILUl  1     HV  fc-F^V    V     *^  -1.7        *!■        1^%*X.     ■  ■         .    •«-•»  r^v 

nus  are  presented  in  alphabetical  order.  Notopleura  Aboul  62  species,  Mexico  and
  the  Antilles  to  the 

standleyana  (Steyerm.)  C.  M.  Taylor  of  Venezuela       (lianas,  Brazil,  and
  Bolivia,  in  wet  formations  from 

is  not  included  in  the  key  to  species  of  subgenus       sea  level  to  montane  forest.  T
he  typification  of  this 

Notopleura  because  its  original  description  did  not 

include  adequate  information  on  the  characters 

here  considered  distinctive,  and  the  specimens 

seen  of  this  species  are  inadequate  for  determina- 
tion of  this  missing  information. 

genus  is  discussed  by  Bid  lock  (1958). 

KK\    TO  THE  SUBGENKirX  OF  NOTOPLEURA 

la. 

Notopleura   (Benlh.    &    Hook,    f.)    Bremek..    Kec. 

Trav.    Bot.    Neerl.  31:  289.    1931,   Psychotria 

sect.  Notopleura   Benth.  &   Hook.  f..  Gen.   PI. 

2:    124.    1874.  TYPK:   Notopleura  marginata 

(Benth.)  Bullock. 

Plants  rather  succulent,  terrestrial  (subg.  Noto- 

pleura) or  epiphytic  (subg.  Viscagoga)  herbs  or  sub- 
shrubs;   stems    branched   or   unbranched.   erect   or       Notopleura  subg.  Notopleura 

Plants  terrestrial,  usually  unbranched,  usually 

erect:  stipules  with  interpetiolar  appendage  suc- 

culent, or  expanded  into  a  lamina,  or  absent;  in- 
florescences pseudoaxillary;  pyrenes  2.  in  cross 

section   hemispherical   to  strongly  dorsivenlralh 
flattened         subg.  Notopleura 

lb.  Hauls  epiphytic,  usually  branched,  often  clam- 
bering or  climbing;  stipules  with  interpetiolar  ap- 

pendage succulent  or  absent;  inflorescences  ter- 
minal or  pseudoaxillary;  pyrenes  2  to  6,  in  cross 

seel  ion  hemispherical  to  triangular  or  somewhat 

dorsiventrally  flattened              subg.  Viscagoga 

sometimes  climbing,  clambering;,  or  reclining. 

Leaves  paired,  petiolate,  decussate,  without  doma- 

tia;  stipules  united  around  the  stem  and/or  to  the 

petioles  into  a  sheath  usually  bearing  an  interpe- 

tiolar appendage  or  rarely  this  absent,  when  present 
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No- 

Wontamans  Dwyer,  Ann.  Missouri  Bot.  Gard.  67: 
1()<>0.  TYPK:  Montamans  panamensis  Dwyer  = 

topleura  panamensis  (Dwyer)  C.  M.  Taylor. 

Plants    terrestrial:    stems    usually    unbranched. 

generally  erect.  Stipules  with  interpetiolar  append- 
the  appendage  succulent,   persistent  or  caducous.       a  .  .. 

,.  Y  .     ,  .  i  .i  i     i  •        ages  succulent   and  conical   to  ovate  or  linear,  or 
medial,  conical  to  linear,  entire  to  bilobed  or  api- 

expanded    into   a   membranaceous   to   papyraceous calk  fimbriate,  and  usually  glandular,  or  less  often  .  ,       ,  T   a  , 
*  .  i  lamina,  or  rarely  absent.   Inflorescences  pseudoax- 

the  appendage  laminar,  membranaceous  to  papy- 
raceous, medial  or  terminal,  elliptic  to  ovate,  and 

entire  to  erase  or  laciniate  (subg.  Notopleura).  In- 

florescences terminal  (subg.  Viscagoga)  or  pseu- 

doaxillary (subg.  Viscagoga,  subg.  Notopleura),  ses- 

illary:  calyx   limb  5-lobed;  corolla  5(6)-lobed,  the 

lobes  sometimes  horned  or  appendaged.  Fruit  yel- 

low, orange,  red  sometimes  becoming  black  at  ma- 

turity, or  while:  pyrenes  2,  in  cross  section  hemi- 

spherical  to  dorsiventrally  flattened,  on  the  abaxial sile    to    pedunculate,    capitate    to    paniculiform,  ,    1        _  .        .      ..     ,    .  , 
1     ..  ...  ,  face  smooth  or  with    I    to  ̂   longitudinal  ridges,  on 

bracteate;    flowers    distylous    or    apparently    some- 
the  adaxial  face  smooth  or  with  1  central  longitu- 

times  monomorphic;  calyx   limb  5(6)-lobed  or  oc-  .  .     n        .        .      ..      ,    , 
/  ,        ...  ;  ,,     f  dinal  ridge  or   1    to  .5  shallow  longitudinal  depres- 

casionally  4-lobed  (subg.  Viscagoga);  corolla  fun- 
nelform  to  somewhat  tubular,  externally  and 

internally  id  ah  nous  or  variously  |)ubescenl.  lobes 

5(6)  or  occasionally  4  (subg.  Viscagoga),  valvate  in 

sions 

About  52  species.  Mexico  and  the  Antilles  to  the 

Guianas,  Brazil,  and  Bolivia,  in  wet  formations  from 

aestivation,  sometimes  abaxially  thickened  or  ap-       sea  level  to  upper  montane  forest. 
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la.      Leaves  with  margins  markedly  thickened  and  cartilaginous;  calyx  limbs  3-4  mm  long       N.  wacropadanlha 
lb.      Leaves  with   margins  membranaceous  to  cartilaginous  but   not   markedly  thickened;  calyx  limbs  0.2-4  mm long. 

2a.      Inflorescences  at   anthesis  capitate  to  subcapitale  with  the  axes  not   visible,  sometimes  expanding  as 
fruits  develop. 

3a.      Stems,  petioles,  stipules,  and  leaves  on  both  sin  laces  lanose  to  villous  with  trichomes  1-2.5  mm 
long 

/V.  lanosa 

3b.      Stems,  petioles,  stipules,  and  leaf  surfaces  glabrous  or  sometimes  puberulous  to  pilosulous.  lur- 
tellous,  or  villosulous  with  trichomes  <   1  mm  long. 

4a.      Inflorescences  and  infructescences  sessile  or  with  peduncles  shorter  than  or  equal  to  petioles. 
5a.      Mature  pyrenes  smooth  on  abaxial  (i.e..  dorsal)  surface. 

6a.      Stipules  with  sheaths  developed,  truncate  to  broadlv   rounded,  without  intcrpetio- 

lar  appendages;  calyx  limbs   1-1.5  mm  long      /V.  congest  a  (p.p.) 
6b.      Stipules   with   sheaths   reduced,   with   appendages  expanded   and   laminar;  calvx 

limbs  2—4  mm  long. 

ki.     Stipules  2  .)  iiiiii   long,   laciniate  with   the  segments  often  terminating   in 
filaments;  French  Guiana          /V.  lateralis 

7b.      Stipules  5-15  mm  long,  erose  to  deeply  so,  the  segments  acute  but  usually 
not  terminating  in  filaments;  Central  America  and  western  South  America. 

Ha.      Leaves  drying  subcoriaeeous  to  chartaceous,  with  the  secondary  veins 
not  visible  on  the  abaxial  surface;  Costa  Kica  to  Panama 

            /V.  camponutans 

Hb.      Leaves  drying  papyraceous,  with  the  secondary  veins  visible  on  the 
abaxial  surface;  Panama  to  Peru          /V.  plagiantha 

5b.      Mature  pyrenes  with   1   to  3  longitudinal  ridges  on  abaxial  surface1. 

9a.      Stipules   with   sheaths   reduced   and   lanceolate  to  ovate  or  elliptic   interpetiolar 
laminas  5-20  mm  long. 

10a.   Stipules  persistent  with  the  leaves           /V.  lalistipula 
10b.    Stipules  caducous  before  the  leaves. 

I  la.    Leaves  with  secondary  veins   13  to   17  pairs          N.  aragwnsis 
lib.    Leaves  with  secondary  veins   10  to   12  pairs       /V.  thesctloantha 

Ob.      Stipules   with   sheaths   developed,   truncate   to   triangular,  0.5-5   mm    long,   with 
interpetiolar  appendages  absent  or  narrow Iv  triangular  to  linear  or  conical. 

12a.  Leaves  with  secondary  veins  not  or  hardly  visible  on  the  abaxial  surface; 
inflorescences  sessile  or  subsessile,  with  the  peduncles  elongating  as  the 

fruits  develop             A.  iridescent  (p.p.) 
12b.  Leaves  with  secondary  veins  clearly  visible  on  the  abaxial  surface:  inflores- 

cences sessile  or  pedunculate,  the  peduncles  usually  not  elongating  as  the 
fruits  develop. 

13a.    Inflorescences  enclosed  by  2  to  0  ovate  to  lanceolate,  involucral  bracts 

5-20  mm  long;  fruits  orange  or  red  becoming  black  at  maturity. 
I  la.    Plants  glabrous  or  usually  villosulous  or  pilosulous;  leaves  ellip- 

tic  to  oblanceolate,   3.5-5   cm   wide,   at   apex   sharply   acute   to 
acuminate  and  rather  tapered              /V.  acuta 

I  lb.  Plants  glabrous  or  puberulous;  leaves  elliptic  to  broadly  so  or 

elliptic-oblong.  5-15  cm  wide,  at  apex  broadly  rounded  to  ob- 
tuse, acute,  or  deltoid,  sometimes  shortly  acuminate  but  not  la- 

pered           /V.  leucarUha  (p.p.) 
13b.    Inflorescences  with  numerous  lanceolate  to  ovate  bracts  2-8  mm  long, 

these  external  but  not  involucral;  mature  fruits  red  or  white. 

15a.   Calvx  limbs  2.5-1  mm  long. 

16a.    Corolla  lobes  abaxially  with  appendages  3.5— 4  mm  long 

         /V.  panamensis 
10b.   Corolla  lobes  abaxially  smooth         /V.  ubertQ 

15b.    Calvx  limbs  0.5-2  mm  long. 

17a.    Fruits  red  at  maturity        N.  palestinac  (p.p.) 
17b.   Fruits  while  at  maturity. 

18a.    Floral  bracts  lanceolate,  8- 10  mm  long;  Venezuela 
    -         N.  decurrens 

I Hb.    Floral  bracts  lanceolate  to  ovale,  2-5  mm  long;  Nic- 
aragua lo  northwestern  Colombia         N.  tonduzii 

lb.      Inflorescences  and  infructescences  with  peduncles  longer  than  petioles. 

I0ii.    Leaves  plane  or  often  bullale,  with  secondary  veins  prominulnus  on  adaxial  surface 

                      N.  pohphlt'hia 
10b.    Leaves  plane,  with  secondary  veins  plane  on  adaxial  surface. 
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20a.    Leaves  with  secondary  veins  not  or  hardly  visible  on  ahaxial  surfaces;  pyrenes 
( lorsivenlrally  flattened,  on  ahaxial  face  with   1  or  3  longitudinal  ridges 
               /V.  iridescens  (p.p.) 

201).    Leaves  with  secondary  veins  clearly  visible  on  ahaxial  surfaces:  pyrenes  hemi- 
spherical in  cross  section,  on  ahaxial  face  smooth  or  with   I   longitudinal  ridge. 

21a.    Pyrenes   dorsivenl rally   flattened    in  cross   section,  on   ahaxial    face  with   a 

longitudinal  ridge:  inflorescences  hemispherical  to  depressed-globose   
             /V.  leucanthd  (p.p.) 

21b.    Pyrenes  hemispherical  in  cross  section,  on  ahaxial  lace  smooth:  inflores- 
cences pyramidal  to  cylindrical  or  ovoid        N.  pyramidata 

2h.     Inflorescences  at  anthcsis  branched  with  the  axes  clearly  evident. 

22a.    Stipules  with  sheaths  reduced  and  intei  petiolar  appendages  expanded  into  laminas  that  are  broader 

than  the  stem  diameter;  pyrenes  on  ahaxial  (ace  with  3  to  5  longitudinal  ridges,  or  smooth  in  A'. 
callejasii. 

23a.    Inflorescences  sessile  or  with   peduncles   to    1.5  cm   long,   the   peduncles  shorter  than   the 

principal  axes  of  the  inflorescence. 
21a.    Floral  bracts  acute  to  obtuse;  calyx  limbs  ea.  2  mm  long          /V.  mieayensis 

24b.    Floral  bracts  obtuse  to  rounded  or  truncate4:  calyx  limbs  ca.   1   mm  long   ....    N.  wilburiana 
23b.    Inflorescences  with   peduncles  2.5—23  cm    long,  the  peduncles  equal   to  or  usualh    longer 

than  the  principal  axes  of  the  inflorescence. 

25a.    Leaves  drying  subcoriaceous  to  chartaceous,  with  the  secondary  veins  not  or  hardly 
visible  on  the'  ahaxial  surface'. 

26a.  Inflorescence  bracts  oblong  to  elliptic  or  lanceolate,  those  subtending  the'  basal- 

most  secondary  axes  equal  to  or  longer  than  the  first  internodes  e>f  these  axe's; 
Venezuela        A.  surrensis 

26b.  Inflorescence  bracts  narrow  I  \  triangular  or  narrowly  ligulate  to  linear,  those  sub- 

tending die'  basalmos!  secondary  axe^s  shorter  than  the  first  internodes  of  these 
axe*s:  western  Colombia  and  Feuador. 

27a.   Calyx  limbs  ca.  0.8  mm  long:  Ecuador          A.  albens 

27h.   Calyx  limbs  3—1.5  mm  long:  Colombia          N.  callejasii 

25b.    Leaves  drying  papyraceous  to  membranaceous,  with  the*  secondary  veins  visible'  on  Hie' 
ahaxial  surface. 

28a.  Inflorescences  in  profile-  e-or\  mbiform-rouneleel.  with  their  hasalmost  nodes  pro- 
ducing 2  or  usually  3  te)  4  secondary  axes,  these  all  generally  equal  in  length  to 

die  primary  axis:  corollas  orange  te)  yellow  or  sometimes  white'  on  tube* 
           N.  marginata 

28b.  Inflorescences  in  profile  pyramidal  to  rounded  or  cylindrical,  with  their  hasalmost 

nodes  producing  2  or  sometimes  3  secondary  axes  that  are  clearly  shorter  than 

the'  primary  axis;  corollas  white-. 

29a.  Inflorescence  bra< *ts  lanceolate  to  narrow!)  triangular,  equal  to  or  longer 
than  die'  flower  buds  but  narrow  and  leaving  visible'  the  buds,  the'  calyx 
limbs  at  anthesis,  and  the  developing  fruits              I\l.  longipedunculata 

20b.    Inflorescence4  bracts  elliptic  to  ovate,  broad  enough  to  completely  cover  the 
flower  buds,  the-  calyx  limbs  at  anthesis,  and  the  developing  fruits. 
30a.    Calyx  limbs  3—4  mm  long:  secondary  leaf  veins  eucamptodromous    

             A',  longissima 
30b.   Calyx  limbs  1-2  mm  long:  secondary  leal  veins  brochidodromous. 

31a.   Secondary  leaf  veins  9  to  13  pairs;  peduncles  2.5-9  cm  long    
        N.  dukei 

31b.   Secondary  leaf  veins   18  te)  22  pairs:  peduncles  6-29  cm  long 
     N.  lateriflora 

22b.  Stipules  with  sheath  developed,  truncate'  to  rounded  or  broadly  pyramidal  and  interpetiolar  ap- 

pendage  lacking  or  usual l\  present,  conical  te)  lanceolate,  obovate,  e>r  ligulate'.  narrower  than  the 
diameter  e)(  the  stem:  pyrenes  on  ahaxial  (ace  smooth  or  with  1  te)  5  longitudinal  ridges. 

32a.   Leaves  truncate  at  base*;  petioles  0.5—1  cm  long       N.  subimbricata 
32b.    Le'avcs  acute'  te)  obtuse1  or  caudate  at  base':  petioles  1-15  cm  long. 

33a.  Mature  pyrenes  in  cross  section  hemispherical  to  triangular  and  inflated,  abaxially 

smooth  or  with  1  te)  5  low  longitudinal  ridges  and  the  margins  not  or  somewhat  thick- 
ened. 

34a.    Fruits  reel  te)  orange  at  maturity  (color  unknown  in  N.  ciindinamareana);  mature 

pyrenes  smooth  abaxially. 

35a.   Stipule'  sheaths  3-7  mm  long. 

36a.    Young  stems  glabrous  or  puberulous  with  the4  trie-homes  appresseel. 
37a.  Peduncles  1—15.5  cm  long;  flowering  portion  of  inflorescence  2.5— 

4.5  X  2.5— 6  cm;  calyx  limbs  2.5—5  mm  long:  corolla  tube's  5—6 
mm  long       I\.  enndinaniareana 

37b.    Peduncles  0.7-1.1    cm   long;  flowering  portion  e)f   inflorescence 
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1 .5  X  2-2. .1  cm;  cab  \  limbs  ca.  0.5  mm  long;  corolla  tubes  I  .«r 
2  mm  long          /V.  sun/crisis 

36b.    Young  stems  pilosulous  or  hirlellous  with  spreading  trie  homes. 

38a.    Inflorescences  with  Moral   brads  0.5—1.2  mm  long,  rounded  to 

obtuse,  incompletely  enclosing  the  (lower  buds              /V.  pilosula 

3Mb.    Inflorescences  with  Moral  bracts  2—5  mm  lout*    acute  to  obtuse. 

completely  enclosing  the  Mower  buds       /V.  siggersiana 

35a.   Stipule  sheaths  0.5—2.5  mm  long. 

39a.    Inflorescences  with  peduncles  8-23  cm   long;  inlruclescenccs   1  1-22 
cm  wide  at  widest  point;  (Guatemala  and  Honduras      /V.  homlurcnsis 

30b.    I n M orescences  with  peduncles  l-l  I  cm  long;  inlructescences  1.5—12 

cm  wide  at  widest  point;  eastern  Panama  to  Peru. 

10a.    Corolla    lobes    abaxially    smooth;     peduncles    2-1  I     cm     long; 

blanched  portions  of  inflorescences  2.5-1  I   cm  long. 

Ha.    Lea\es  3-5.5  cm  wide:  eastern  Panama        A.  angitstissima 
lib.   Leaves  8—12.5  cm  wide;  Ecuador        ....   /V.  scarlatina 

10b.  Corolla  lobes  abaxiall)  with  short  conical  to  linear  appendages, 

these  evident  at  least  in  bud;  peduncles  0.1—5.5  cm  long; 

branched  portions  of  inflorescences   1—1.5  cm  long. 

12a.   Stipules  without  inlerpetiolar  appendages  ..    N.  congesta  (p.p.) 

12b.    Stipules  with  intcrpeliolar  appendages. 

13a.    Inlloiescenees   with    branched    portions   0.0-1.8  cm 

long;  stipule  sheaths  2-3  mm  long;  central   Panama 
to  western  Colombia        /V.  palestirvae  (p.p.) 

13b.    Inflorescences    with     branched     portions     1-1.5    cm 

long:  stipule  sheaths  0.5-1.5  mm  long;   Amazonian 
Colombia  to  Pern           \.  para  siggersiana 

31b.    Fruits  while  at  maturity  (color  unknown  in  /V.  luimensis):  mature  pyrenes  abaxiall) 

1   to  5  longitudinal  ridges. 

1  la.    Leaves  3—5.5  cm  wide;  inflorescences  with  branched  portions  1—2  em  long; 

corolla  lobes  abaxiall)  with  appendages;  French  Guiana       N.  microbracteata 

I  lb.    Leaves  2-15  cm  wide;  inflorescences  with  branched  portions  2-15  cm  long; 
corolla  lobes  abaxialb  smooth  or  with  appendages;  Mexico  and  the  Antilles 
to  lioliv  ia  and  the  Cuianas. 

45a.   Corolla  lobes  abaxially  with  appendages;  Jamaica  and  the  Lesser  An- 
tilles      /V.  discolor 

45b.    Corolla  lobes  abaxially  smooth:  Mexico  and  Central   America  to  cen- 
tral South    America. 

10a.  Leaves  elliptic  to  broad  I  \  elliptic  or  elliptic-oblong,  with  at  least 
some  secondary  veins  extending  to  and  uniting  with  the  margins; 

peduncles   1—7  cm  long;  mature  pyrenes  triangular  to  somewhat 
inflated  in  cross  section              l\l.  macrophylla 

lob.  Leaves  narrowlv  elliptic  to  oblanceolate  or  lanceolate,  with  sec- 

ondary   veins    weakly    brochidodromous;    peduncles    3—16    cm 

long;  mature  pyrenes  hemispherical  in  cross  section   
             A.  tolimensis 

33b.   Mature  pvreues  in  cross  section  dorsivent rally  markedly  flattened,  abaxiallv  with  I  to 

3  longitudinal  ridges  and  the  margins  smooth  to  thickened. 

17a.    Leaves  narrowly  elliptic,  with  secondary  veins  not  visible  on  the  abaxial  surface. 

Ma.    Leaves  tapering  to  a  long-acute  or  attenuate  base;  bracts  subtending  the 
secondary  inflorescence  axes  equal  to  or  usuallv  much  shorter  than  the  hist 

internodes  of  the  secondary  axes       N.  tapajozensis 

WW).    Leaves  tapering  to  an  obtuse  or  abruptly   truncate  base;  bracts  subtending 

the  secondary  inflorescence  axes  equal  to  or  usuallv   longer  than  the  first 
internodes  ol  the  secondarv   axes. 

Wa.    Leal  bases  rounded  to  truncate;  bracts  subtending  the  secondary  in- 

llorescence  axes   17—30  X  5-11  mm          /V.  uneumplnlla 

I0h.    Leal  bases  obtuse;  bracts  subtending  the  secondary  inflorescence  axes 

15—18  x  8  mm        /V.  aneurophylloides 
111).    Leaves   narrowlv    to   broad  I  v    elliptic,  obovale,  or  oblanceolate,   with   secondary 

veins  visible  on  abaxial  surface. 

50a.    Leaves  with  secondarv  veins  30+  pairs,  prominulous  on  the  ad  axial  surface 

               /V.  agostinii 

50b.    Leaves  with  secondary  veins  30  or  fewer  pairs,  impressed  to  plane  or  some- 
times a  little  thickened  on  the  adaxial  surface. 

51a.    Leases  with  secondarv  veins  impressed  on  both  surfaces  ....    /V.  chapensis 

51b.    Leaves  with  secondarv    veins  plane  to  thickened  on  both  surfaces. 
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56b. 

52a.    Leal  bases  decurrent  on  the  petiole       /V.  Iwmcnsis 
52b.    Leaf  bases  not  deeurrent  on  the  petiole. 

53a.    Mature  fruits  orange,  red.  or  black. 

54a.  Leaves  pilosulous  to  villosulous  on  the  abaxial  sur- 
face; inflorescences  with  2  or  usualb  3  secondan 

axes  at  the  basal  node. 

55a.    Leaves    8—16    cm    long;     inflorescences    with 

blanched  portions    1—3  em   long:  pyrenes  6-8 
X  4.5—5.5  mm   _      N.  aequatoriana 

55b.    Leaves    9—32    cm    long:    inflorescences    with 

branched  portions  5.5—13  cm  long;  pyrenes  4— 
5.5  X  4—5  mm       N.  triaxillaris 

54b.  Leaves  glabrous  to  puberulous  on  the  abaxial  sur- 

face; inflorescences  with  2  or  occasionally  3  second- 
ary axes  at  the  basal  node. 

m 

56a.    Floral   bracts  ovate  to  elliptic,  3-5  mm   long; 

calyx  limbs  truncate,  1.5—2  mm  long    
           /V.  fernandezii 
Moral  bracts  suborbicular,  ovate,  lanceolate,  or 

triangular  to  narrowly  so.  0.1-2  mm  long:  calyx 
limbs  lobed,  0.1-2  mm  long. 
57a.  Leaves  usually  with  intersecondary  veins 

not  visible  on  the  abaxial  surface;  floral 

bracts  reduced.  Iianllv  evident:  flowers 

borne  in  umbelliform  or  racemiform  cy- 
mules  of  3  to  10       /V.  idiginosa 

57b.  Leaves  with  intersecondarv  veins  visible 

on  the  abaxial  surface;  floral  bracts  de- 
veloped, evident;  flowers  borne  singly  or 

in  glomerules  or  dichasial  cymules  of  2 

to  3. 
58a.  Leaves  4—8  cm  wide;  floral  bracts 

l—\  mm  long;  pyrenes  at  maturity 
dors  i  vent  rally  flattened      N.  putrid 

58b.  Leaves  9-17  cm  wide;  floral  bracts 

0.5-1.5  mm  long;  pyrenes  at  ma- 
turity   triangular    to    umbonate    in 

cross  section       /V.  steyermarkiana 
53b.    Mature  fruits  while  (color  unknown  in  N.  per/Kind). 

59a.    LI 
owers  grouped  in  glomerules  of  4  +  ,  the  glomerules 

and  en- 

borne  at  the  ends  of  the  inflorescence 

closed  by  lanceolate  to  ovate  bracts  that  arc  longer 

than  the  hypanthium  plus  calyx  limb. 

60a.    Leaves  4-12.5  cm  wide,  with  secondary  veins 

9  to  16  pairs,  eucamptodromous  or  weakly  bro- 
chidodromous  in  apical  pari  of  blade    
_.            N.  aggregate 

Leaves  7-24  cm  wide,  with  secondary  veins  16 
to     30     pairs,     markedly     brochidodromous 

throughout. 
61a.    Peduncles    7-20   cm    long:    calyx    limbs 

0.8—1.5   mm   long,   very  shallow ly  lobed; 
corolla  lobes  abaxiallv  smooth    

00b. 

V.  submarginalis 

61b.   Peduncles  4—8.5  cm   long;  calyx   limbs 

1.2-2    mm    long,    lobed    for    Va-Va    their 

length;  corolla  lobes  abaxiallv  with  con- 
ical appendages. 

62a.   Secondary  leaf  veins  16  to  22  pairs; 
western  Panama      /V.  n  epok  roe f fine 

62b.   Secondan  leaf  veins  26  to  30  pairs; 
eastern  Panama      N.  perparva 

59b.  Flowers  borne  singly  or  in  glomerules  of  2  to  3,  the 

flowers  or  glomerules  distributed  along  spiciform  in- 
florescence axes  and  subtended  but  not  enclosed  by 

triangular  bracts  that  are  usually  shorter  than  the 

hypanthium  plus  cal\\  limb. 
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6Ha.    Peduncles  in  fruit  7-20  cm  lontr:  Moral  bracts 

63b. 

absent    or    vcrv    reduced    and    hardlv    evident; 

Venezuela      /V.  (crepaimensis 

Peduncles     in     Iruil    0.8—22    cm     long;    Moral 
brads  developed   and   evident;   Costa    Rica   to 
Bolh  ia. 

61a.  Mature  pyrenes  al>a\iall\  with  '.\  longi- tudinal ridges,  these  equally  spaced  and 
similar        /V.  aiiomotlwisti 

Oil).    Mature  pyrenes   with    1    or  2  closely  set 

central     Longitudinal    ridges,    sometimes 

also  with    I   ecjually  spaced   lateral  ridge 

lull  these  less  well  developed. 

65a.    Leaves    glabrous    or    puberulous 

adaxially,  pilosulous  to  glabrescenl 

abaxially;  peduncles  7-22  cm  long; 
Costa  Rica  to  Peru       A.  vapacifolia 

65b.    Leaves     pilose    or    villosulous    on 

both    surfaces;    peduncles    0.8—5.5 
cm  long;  southern  Kcuador  to  Peru 

V. 

niHiiuius lit 

[Motopleuru  acuta  C.   M.  Taylor,  sp.   nov.    H  PK: persistent  calyx  Limbs  I — 1.5  nun  long,  lobed  forca. 

Kcuador.   Napo:   Kstacion   liiologica  Jatun  Sa-  V2  their  length,  the  lobes  triangular  to  narrowly  so; 

cha.  450  in.  2  July    1990,  T.   Flynn,  R.   Peck-  pyrenes   dorsivenlrally    flattened,   dorsal    surface 

inpaugh  &  R.  Yamakawa  1025  (holotype,  MO-  smooth  except  for  I  low.  sharp,  central,  longitudinal 
4312901:   isotypes,  PTBG- 10699,  QCNE  not  ridge  ami  thickened  margins. 
seen).   Figure    I  \—  (]. 

Habitat,   distribution,   and  phenology.      Ecuador 

to  northern  Peru,  in  wet  forest  at  1 40— 150  111;  col- 

lected in  flower  January,  June,  and  July,  in  Iruil 

January.  May-August. 

Ilacc  species  a  congeneris  loliis  apice  acutis  nonnun- 

(juam  acuminatis,  inflorescentia  capitata  nutante.  stipiti- 
hus  sub  Cruet u  usque  ad  5  mm  longis  accresceiitihus  atque 
pyrenis  dorsiventraliter  eomplanalis  maiginihus  aliquarn 
incrassatis  dislinguitur. 

Terrestrial  herbs  or  subshrubs  to  I  m  tall,  rather  This  species  is  distinguished  by  its  leaves  that 

succulent,  apparently  unhranched;  stems  glabrous  aiv  arllte  ,()  acuminate  at  the  apex,  its  capitate  nod- 

or  villosulous  to  pilosulous,  becoming  glabrescent  ('inS  inflorescences,  its  fruiting  stipes  up  to  5  mm 

with  age.  Leaf  blades  elliptic  to  oblanceolate.  9.5-  '()n#«  and   its  dorsiventrally   flattened   pyrenes  that 

17   X   3.5-5  cm,  at  apex  acute  to  sometimes  acu-  have  one  sharp,  central,  longitudinal  ridge  on  the 

minute,   at    base  acute   to  cuneale.  drying  papyra-  abaxial   surface  and   the  margins  somewhat   thick- 

eeous  to  membranaeeous.  glabrous  or  pilosulous  to  ened.  This  species  has  been  confused  with    \oto- 

villosulous  usually  becoming  glabrescenl  with  age.  pleura  plagiantha  (Standi.)  C.   M.  Taylor;  N.  pla- 
abaxially  sometimes  paler;  secondary  veins  7  to  10  man t ha  differs  in  its  fruits  that   remain  subsessih y 

pairs,  extending  nearly  to  margins;  petioles  L.5-3      or  sessile  at  maturity  and  its  cal 
em  loii»;.  glabrous  or  pilosulous  to  villosulous,  be- 

V\    IIIIIDS  c I 
a.  2 

mm 

long  with   linear  lobes.  The  specific  epithet   refers 

coming  glabrescent;  stipules  with  sheath  0.5-1.5      |((  |he  acutely  an},,r(,  leaf  apices,  which  are  uncom- 
1,11,1  lon«'  broa,,l>  "''angular  to  rounded,  entire,  gla-      ,„„„  m  Notoplnmi  and  a lor  this  speci 

*    *  • t     distinguishing  character 
brous  or  villosulous*  becoming  glabrescent,  with  in- 

terpetiolar  appendage  conical,  to  2  mm  long,  ca- 

ducous   or    occasionally    persistent.    Inflorescences 

pseudoaxillary,   pilosulous  to  villosulous,  capitate,  Paratypes.      ECUADOR.  Napo*  Kstacion  Bioldgicaja- 
nodding.  with  peduncle  2-5  mm  long,  head  hemi-  (un  Sacha.  Kio  Napo.  8  km  al  E  de  Misahuallf.   I  (MS. 

spherical  to  depressed-globose,  5-tt  mm  diam.;  out-  77°36'W,  Cerdn   1650  (MO),  Gentry  et  al  (>()2()/  (MO). 
ermost    bracts    triangular    to    lanceolate,    4-8    mm  Miller  et  id.  2175  (MO).  Pasta/.a:  canton  Puyo,  Pamba- 

long,  acute,  entire,  floral  bracts  3—5  mm  long; flow- 

--4.    .,,.,;i       „   ,  ii»  i         ••'.     .  (MO.  (KINK);  canton  Pastaza,  Villano-PandanuuiH',  junto ers  sessile,  not  seen.  Injructescences  subcapitate  to        A   0\  \  .,,  ,o.,n,c    „00-^u     n  /  /,»•', o !un 

eoiilracled-eymose,  with  peduncles  to   I  .">  nun  long; 
fruits   ellipsoid,   5—6    X    4—5   mm,   red    becoming 

yucua.   Km   Lliquino,    1°29'S,  77°22'W,  Palacios   10155 

al   Kio  Villano.    1°3C)'S,  77°27'W.  Palacios   10338  (MO. 

yClNE).  I'EKIL  Loreto:  provincia  Maynas,  distrilo  [qui- 

tos,  carretera  del  Varillal.  trocha  del  puesto  "El  Virosal", 
black  at   maturity,  with  stipes  to  5  mm  long,  with       cerca  al  vivero  (orestal,  Rimachi  6857  (MO). 
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Figure  1.      A— C  Notopleura  acuta  C.  M.  Taylor.  — A.  Portion  ol  branch  with  young  inflorescence  and  infructescence. 

— B.  Stem  portion  showing  stipules.  — (,.  Dry  immature  fruit.  D— (i.  Notopleura  aequatoriana  C.  M.  Taylor.  — I).  Portion 

of  branch  with  infructescence.  — E.  Stipule.  — K  h  lower.  — G.  Dried  fruit.  II.  I.  Notopleura  eongesto  (!.  M.  Tavlor.  — 

H.  Portion  of  branch  with  infructescence.  — I.  Flower,  partially  dissected.  A,  D,  H  to  5-cm  scale:  K,  F,  G,  I  to  same 
scale;  H,  C  to  same  scale.  A,  C  based  on  Flynn  et  ah  4025;  B  based  on  Miller  el  ul.  2175;  1),  G  based  on  Cerdn  iK: 

Hurt  ado  3840:  E,  F  based  on  I  lurla  do  2687.,  H  based  on  Ceron  2291:  I  based  on  Foster  8586. 
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INotoplciira  aeipiatoriana  C.  M.  Taylor,  sp.  nov.       branched  bill  rather  short  panicles,  its  red  to  orange 

TYPK:  Kcnador.  Napo:  canton  Archidona,  car-       fruits,  and  its  pyrenes  that  are  dorsiventrally  flat- 

retera    Hollin-Loreto,    entre    Avila    y    Loreto,       tened  with  a  longitudinal  ridge  on  the  ahaxial  sur- 
9 00°43'S,       lace  and   thickened   margins.  The  specific  epithet 

77°19'W,  450  in,  24  Nov.   1989,  C.  E,  Cerdn       refers  to  the  geographic  range  of  this  species,  which 
7745  (holotype,  MO-4247070).  Figure  1 1)— G.        is  apparently  restricted  to  Kcuador.  The  fruits  are 

described  as  red  to  orange  on  all  collections  slud- 

llar(sprci(-sa(()M^-n(TisslaniraluiiniliJ(,liissat,»ar-       ^   |)U,   (h(ky   may   u|timalely  become  black   as   in vis  plerumque  abaxialiter  pilosulis  \  illosulisve,  panicula  ■        ■  .  i       •         i  i      i     r     • 
.•  i        •     *•      i  .         .•   i      i  several    other   species;    such    ripe    black    mills    are 

rnmosa  ah(|uain  hrevi,  stipulariim  vaginis  lnterpetiolanbus  '  .  .       . 
late  Iriangularihus  ad  truncatis  atque  fructuum  rubrorum  ,arelY  foliated.  Notopleura  aeipiatoriana  is  similar 

auraritiaeorumve  pyrenis  dorsiventralitercomplanatiscris-  to  /V.  leucantha  (K.  Krause)  C.  M.  Taylor;  N.  lat- 
in longitudinal]  in  pagina  dorsali  et  marginihus  incrassatis      cantha  differs  in  its  capitate  inflorescences  that  are 

subsessile  or  borne  on  peduncles  up  to  I  cm  long. 
munitis  disiinguitur. 

Terrestrial  herbs  or  subshrubs  to  35  cm  talk  un- I 'a nit) pes.      VAA    \I)()K.    INupo:    Panjue   National    Ya- 

branched;  stems  pilosulous  or  villosulous,  usually       s"m'«  P»z<>  petrolero  Daiini  2.  (X)°55'S,  76°]  I'W.  Cerdn  & 
becoming  glabrescent  with  age.  Leaf  blades  elliptic 

Hurtado  .18 10  (MO);  canton  Archidona,  area  al  surcste  del 

i  «>    ,x   w  o    n  i  Volcan  Sumaco,  carretera  Hollfn— Loreto,  km  65,  Huati- 
lo  obovate,  o— 1()  X  ,1—M  cm,  at  apex  acute,  at  base  ,      /Wio,-/w  7-00U>u    ,,    ,    ,    .r>z:7  tutrw        .  -     \ 1  COCna,  00  Id  S,  i  i  ZH  w.  Hurtado  2Aot  (VIO);  canton   \r- 
euneate   to  obtuse,   drying   papyraceous,  adaxially       chidona,  Huiruno,  al  pie  del   Volcan  Sumaco,  carretera 

glabrous,  abaxiallv   moderately   to  densely   pilosu-       Hollin-Loreto,  5  km  al  SO  de  Loreto,  00°43'S,  77°20'W, 
Ions  or  villosulous  and  apparently  paler;  secondary 

veins  7  to  II  pairs,  extending  to  near  margins;  pet- 

ioles 1—3  em  long,  pilosulous  or  villosulous  becom- 

ing glabrescent;  stipules  with  sheath  1—2.5  nun 

long,  truncate  to  broadly  triangular,  entire,  pilosu- 

lous or  villosulous  becoming  glabrescent,  with  in- 

terpeliolar  appendage  conical,  to  I  mm  long.  Inflo- 

Hurtado  2687  (MO);  canton  Orellana,  carretera  y  oleo- 

ducto  de  Max  US  en  construccinn.  Km  l().  00°33'S, 
7o°31'\\.  Hurtado  A052  (MO).  Sueumbios:  canton  Lago 
Agrio,    Dureno,   comunidad    imlfgcna    (lolan.    00°02'S, 
76°42'W,  Cerdn  217  (MO);  along  Rfo  Aguarico,  3-5  mi. 
upstream  from  Santa  Cecilia,  Duke  16062  (MO);  Santa 

Cecilia,   near   \\    end   of  airplane   runway.   MucBryde  it* 
I  hirer  1287  (MO). 

rescences ;  pseudoaxillaiy,  pilosulous  or  villosulous,      Noiopleura    a^re^ata   (Standi.)    C.    M.   Taylor, 
comb.    nov.    Basionym:   Psychol ria   aggregata 
Standi..  Coi.tr.  U.S.  Natl.  Herb.  18:  128.  1916. 

branched,  with  peduncle  3.5-10  cm  long,  (lowering 

portion  pyramidal  to  rounded,  1—3  X  1.5—4  cm, 
with  developed  secondary  axes  produced  at  1  to  2 

nodes,  with  3  or  sometimes  2  secondary  axes  pro- 
duced at  hasalmosl  node;  bracts  triangular,  acute, 

entire,  those  subtending  secondary  axes  2-7  mm 

long,  flora]  bracts  1.2—.'?  mm  long;  flxnjuers  sessile  in 
glomerules  of  5  to  15,  with  hypanthium  pilosulous, 

ca.  0.5  mm  long;  calyx  limb  pilosulous,  0.5-2  mm 

long,  5-lobed  for  V2-3A  its  length,  lobes  narrowly 
triangular;  corolla  slenderly  funnelforni,  externally 

and  internally  glabrous,  tube  ca.  4  mm  long,  lobes 

5,  triangular,  ca.  1  mm  long,  abaxially  smooth;  sta- 

mens and  stigmas  not  seen.  Infrueiescences  similar 

to  inflorescences;  fruits  ellipsoid,  (>— H  X  4.5—5.5 
nun.  red  to  orange,  with  stipes  to  1.5  nun  long; 

pyrenes  2,  dorsiventralb  flattened,  dorsal  surface 

smooth  with  1  low,  sharp, 

ridge  and  thickened  margins. 

T\  PK:  Panama.  Chiriqui:  between  Alto  de  las 

Palmas  y  Cerro  de  la  llorqueta,  2100—2208  m. 

10  Mar.  1911,  //.  Pittier  3264  (holotype,  US- 077655). 

Costa  Rica  to  northwestern  Colombia,  common 

in  Central  America  but  infrequently  collected  in 
Colombia. 

agosttnti 

central,    longitudinal 

Habit  at.    distribution,    and   phenology.      Central 

Notopleura    a^ostiuii    (Steyerm.)    C.    M.    Taylor, 

comb.     nov.     Basionym:    Psychoiria 

Steyerm.,  Mem.  New  York  Hot.  Card.  23:  551. 

1072.  TYPE:  Venezuela.  Aragua:  on  Pico  Per- 

iquito.  trail  above  Pittier  monument  to  summit. 

Parque  Nacional  "H.   Pittier/'   1250-1600  m. 
I  Sep.  10()0.  J.  1.  Steyermark  <t*  G.  Agostini  8 
(holotype,  NY  not  seen). 

Venezuela. 

eastern  Kcuador,  in  wet  forest  at  200-620  in;  col-       Notopleura  alliens  (].  M.  Taylor,  sp.  nov.  T\  PK: 

lected  in  flower  in  November,  in  fruit  in  February- 
Way  and  November. 

This  species  is  distinguished  by  its  low  stature, 

its  relatively  small  leaves  that  are  usually  pilosu- 

lous or  villosulous  on  the  abaxial  surface,  its  stip- 
ules with  sheaths  broadly  triangular  to  truncate,  its 

Kcuador.  Carchi:  mountains  K  and  \K,  along 

slope    of    mountain    ENE    of    Rafael    Q ici    yuiiKii  s 
mountain  finca  and  above  Rfo  Verde  including 

top  of  mountain.  00°52'N,  78°07'W,  1870- 
2100  in,  3  Dec.  1087,  W.  S.  floorer  2260  (ho- 

lotype, M()-<1388879).  Figure  2A-I). 
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Figure  2.      A-I).  Notopleura   albens  C.    M.  Taylor,   based   on   Hooter  2260.   — A.   Branch   with   inflorescence.  — B. 

Portion  of  inflorescence  with  young  fruits.  — C.   Flower,  partially  dissected.  — I).   Portion  of  inflorescence  with  young 

flower  hud.  F-G,  Notopleuru  callejasii  C.  M.  Taylor,  based  on  Callejas  et  al.  10733.  — F.  Stipule.  — F.  Cymule  from 
inflorescence,  with  flower  after  corolla  has  fallen  off.  — G.  Young  fruit.  H-J,  Notopleura  iridescens  C.  M.  Taylor,  based 
on  Foster  9231.  — II.  Portion  of  branch  with  inflorescence  and  infiuctescence.  — I.  Stipule.  — J.  Dried  fruit.  A.  II  to 

me  scale;  C,  D  to  same  scale;  E,  l\  G,  I,  J  to  same  scale. 

Haec  species  a  eongeneris  stipula.um  la.ninis  inlerpe-  Terrestrial  herbs  to  I  m  tall,  sometimes  creeping, tiolaribus  expansis  fimbriatis,  lamina  foliari  subtus  alben-  i  L     i         L\  .     •  •  ■    •  #       /• 
,  .,      .     .   ,,  .  unbrancheu,  with  vegetative  portions  glabrous,  hut 

te  sine  nervns  secundams  manifest  is,  lniiorescentiae  ax-  . 

ibus    patentibus    valde   dichasialibus    atque    pyrenis   sal       blades ;  elliptic,  5.5-11  X   1 .8-5.5  cm,  at  apex  acute 

to  slightly  acuminate,  al  base  acute  to  cuneate,  <lry- angustis  ca.  4  X  2  mm  distinguitur. 
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Taylor,  comb.  nov.  Basionym:  Psychotria  aneu- 

rophylloides   Steyerm.,    Mem.    New    York    Rot. 

Card.  23:  547.   1972.  TYPE: 
Venezuela.  far- 

ing subcoriaceous  to  chartaeeous,  abaxially  whit-  Venezuela. 

ened;  secondary  veins  not  evident;  petioles  1—3  cm 

long;  stipules  with  sheath  reduced,  interpetiola rap-      Notopleura  aneuropliylloides  (Steyerm.)  C.  M. 

pendage  laminar,  triangular  to  ligulale,  2—4  mm 

long,  caducous,  deeplv  fimbriate.  Inflorescences 

pseudoaxillarv.  glabrous  to  puberulous,  paniculate, 

with  peduncle  5.5-9  cm  long,  flowering  portion  py- 
ramidal to  rounded.  5-6  X  4—10  cm.  with  devel- 

oped secondary  axes  produced  at  2  to  3  nodes, 

these  2  per  node,  these  and  minor  axes  widely 

spreading,  strongly  dichasial;  bracts  narrowly  tri- 

angular, acute,  entire  or  ciliolate,  those  subtending 

secondary  axes  5—7  mm  long,  floral  bracts  2-3  mm 

long;  flowers  subsessile.  with  hvpanthium  glabrous, 

ca.  I  mm  long:  calw  limb  glabrous,  ca.  0.8  mm 

long,  shallowlv  5-Iobed,  lobes  broad  I  v  triangular; 

acuy:  en  la  fila,  Cerro  La  Chapa,  norte  de  Nir- 

gua,  1200-1360  m,  I  I  Mar.  1967,  ./.  A.  Stey- 

ermark  &  G.  Hunting  97655  (holotype,  VKN 
not  seen). 

Vei 
lezue la. 

INotopIeura  angustissima  (Standi.)  C.  M.  Taylor, 
comb.  nov.  Basionym:  Psychotria  macrophylla 

var.    ansustissima    Standi.,    Publ.    Held    Mus. 

corolla  in  bud  inlundibuliform,  white,  externally 

and  internally  glabrous,  tube  ca.  3  mm  long,  lobes 

ca.  1  mm  long,  triangular,  abaxially  with  conical 

appendages  to  0.3  mm  long;  stamens  inserted  just 

above  middle  of  corolla  tube,  anthers  ca.  0.8  mm 

Nat.   Hist.,  Bot.  Ser.  22:  203.    1940.  TYPE: 

Panama.   Darien:   Cana-Cuasi  Trail,   N   slope, 
5500  It.,    16  Mar.   1910,  M  E.   Terry  &  R.    1. 

Terry  1597  (holotype,  F). 

Kastern    Panama   and   presumably  adjacent   Co- 

long,  positioned  at  mouth  of  tube;  stigmas  ca.  0.8  ]om|Ha.    This  species  has  been  included  by   recent 

mm  long,  positioned  just  below  anthers.  Infructesc-  authors  (e.g.,  Steyermark.  1972)  in  Notopleura  ma- 
ences   similar  to  inflorescences;  fruits   narrowly  el-  crophylla,  but  with  more  material  available  now   \. 
lipsoid  to  lanceoloid,  ca.  4X2  mm,  mature  color 

angustissima   can   be  seen   to  have   red   Fruits  and 

unknown;   pyrenes  2.   hemispherical    in  cross  see-       dorsallv  smooth  pvrenes  thai  are  hemispherical  in 
III' 

lion,  doisal  Mil  lace  smooth.  cross  section,  and  appears  more  closely  related  to 

Habitat,    distribution,    and  phenology.      North-       /V.  siggersiana   (Standi.)  C.   M.  Taylor  and  several 

western   Ecuador,  in  wet   forest  at   1350-2  100  m;       other  species  with  these  same  fruit  characters, 
collected  in  (lower  in  December,  in  (mil  Novem- 

ber-January. 

This  species  is  distinguished  by  its  stipules  with 

expanded,  fimbriate,  inlerpetiolar  laminas  2—4  mm 

long,  its  leaves  whitened  on  the  abaxial  surface  and 

with  the  secondary  veins  not  visible,  its  inflores- 

cences with  the  axes  strongly  dicha>ial  and  spread- 

ing, and  its  relatively  narrow  pyrenes  ca.  4X2 

mm.  This  species  is  similar  to  Notopleura  callejasii 

C.  M.  fax  lor;  \.  callejasii  dillers  in  its  longer  calyx 

limbs,  3—4.5  mm  long.  The  specific  epithet  refers 
to  the  whitened  undersides  ol  the  leaves. 

Paratypes*  ECUADOR.  Carchi:  trail  from  Rafael 

Qui ikI fs  mountain  finca  above  Ri'o  Verde,  00°52'N, 
:a°()8'\\.  Hoover  &  Wormlej  I7()l  (MO);  above  gorge  in 

river  draining  medium  Golondrinas,  00°52'N,  78°t7'\\. 
Hoover  225f>  (MO):  trail  to  Pailon  encampment,  Cualpf 

(lliieo  area  of    \\\;i  Reserve,  00°58'\.  78°I6'W,  Hoover  et 
aL  3626  (MO). 

Notopleura  anoinolliyrsa  (K.  Schum.  c\  Donn. 

Sm.)  G.  M.  Tavlor.  comb.  nov.  Rasionvm:  Psy- 

chotria  anomothyrsa  K.  Schum.  &  Donn.  Sm.. 

Bot.  Caz.  (Crawfordsville)  35:  3.  1903.  Psy- 

chotria   macroph ylla   subsp.  anomothyrsa   ( K. 

Schum.    &    Donn.    Sm.)   Steyerm.,    Mem.    New 

York  Bot.  Card.  23:  563.   1972.  TYPK:  Cua- 

teniala.  Alta  Yerapaz:  Cubilquitz,  350  in.  Dec. 

1900.   von    Tuerckheim    7909  (holotype.    US- 
943471   not  seen,  microfiche:  isotypes,  (111  not 

seen,  MO  (s.n.),  US  not  seen). 

Central  Mexico  to  northern  Peru.  This  name  has 

been  included  by  recent  authors  (e.g.,  Steyermark, 

1972)  in  Notopleura  macrophylla.  but  closer  study 

shows  that  this  name  applies  to  a  distinct  species: 

see  the  discussion  under  V.  macrophylla.  below. 

Notopleura  aneurophyUa  (Statu II.)  C.  M.  Taylor.      Notopleura  ara|nM.llsi„  (Steyerm.)  C.  M.  Ta>l«r. 
comb.  nov.  Basionym:  Psychotria  araguensis 

Steyerm.,  Mem.  New  \ork  Hot.  Card.  23:  551. 

1972.  TYPK:  Venezuela.  Aragua:  selvas  del 

Km  Grande,  Parque  Naeional,  14  Sep.  1946. 

T.  Lasser  2047  (holotype,  VKN  not  seen). 

comb.  nov.  Rasionvm:  Cephaelis  aneurophyUa 

Standi.,  Publ.  Field  Columbian  Mus.,  Bot.  Ser. 

8:  63.  1930.  Psychotria  aneurophyUa  (Standi.) 

Steyerm.,  Mem.  New  York  Bot.  Gard.  23:  546. 

1972.  TYPK:  Venezuela.  Aragua:  between  Ma- 

racay  and  Choroni,  750  m,  12  Dec.  1856,  A. 

Fendler  1979  (holotype,  K). \ enez 
:uela. 
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Notopleura    eullejasii    C.    M.    Taylor,    sp.    nov.       Notopleura  camponutans  (I)vvver  &  M.  V.  Ilav- 

T\  PE:  Colombia.  Antioquia:  municipio  Yal- 

divia,  vereda  San  Fermfn,  sftio  "Alto  de  Ven- 

tanas"  (municipio  Yarumal),  en  la  vfa  que  con- 
duce al  municipio  dc  Briceiio.  2  km  NK  dc  la 

via     Medellm-Valdivia,     7°05'N,     75°32'W, 
1900-21 00  m,  18  Sep.   1992,  R.  Callejos,  C. 

Taylor,  F  J.  Roldan  &  A.   Gomez  10733  (ho- 

lotype,  HCA-83354).  Figure  2E-G. 

( 

I  lace  species  a  Notopleura  alliens  C.  M.  Tavlor  limbo 

calycino  3—4.5  mm  longo  distinguitur. 

Hemiepiphytic,  suffrutescent  herbs,  unbranched, 

with  vegetative  portions  glabrous.  Leaf  blades  ellip- 

tic to  elliptic-oblong,  8.5—14  X  4—6.5  cm,  at  apex 

acuminate,  at  base  euneate  to  obtuse.  (Irving  char- 

taceous;  secondary  veins  not  or  hardly  evident:  pet- 

ioles 1-2  cm  long;  stipules  with  sheath  reduced, 

interpetiolar  appendage  laminar,  lanceolate  to  tri- 

angular. 12—14  mm  long,  caducous,  deeply  fimbri- 

ate. Inflorescences  pseudoaxillary,  glabrous  to  pu- 
berulous,  paniculate,  with  peduncle  ea.  7  cm  long, 

branched  portion  pyramidal  to  rounded,  ca.  6X11 

cm.  with  developed  secondary  axes  produced  at  3 

nodes,  these  2  per  node;  bracts  narrowly  triangular 

to  ligulale,  acute  to  acuminate,  entire  or  ciliolate, 

i\en)  C.  M.  Taylor,  comb.  nov.  Basionym: 

Cephaelis  camponutans  Dvvver  &  M.  V.  I  lav- 
den,  Ann.  Missouri  Bot.  Card.  55:  35.  1968. 

Psyehotria  camponutans  (Dwyer  cK  M.  V.  Hay- 
len)  Hammel,  Selbyana  12:  139.  1991.  TYPE: 
Panama.  Panama:  Cerro  Jefe,  J.  I).  Dwyer  <SL 

G.  Ganger  7346  (holotype,  MO  not  seen:  iso- 

type,  F). 
Cephaelis  gauge ri  Dwyer.  Ann.  Missouri  Bot.  Card,  67: 

71.  Ic)o0.  Svn.  nov.  T\  PK:  Panama.  Panama:  Cerro 
Jefe.  near  junction  of  roads  to  Cerro  Jefe  and  Alios 
de  Pacora,  18  Dec.  1974,  S.  Mori  &  J.  Kallunki 

M79  (holotype.  MO-224077). 

Costa  Rica  to  central  Panama. 

I I those  subtending  secondary  axes  5— i  i  mm  long, 

floral  bracts  1—3  mm  long; flowers  subsessile  in  cy- 
mules  of  3(to  5),  with  hypanthium  glabrous,  ca.  1 

mm  long:  calyx  limb  glabrous,  3—4.5  mm  Ion 4*    5- 

Notopleura    capacifolia    (Dwyer)    C.    M.    Tavlor. 

comb.    nov.    Basionym:   Psyehotria   eapaeifolia 

Dwyer,    Ann.    Missouri    Bot.    Card.    67:    353. 

1980.  TYPE:  Panama.  Bocas  del  Toro:  Boiivik, 

500-1200  ft.,  13  Apr.  1968.  /  //.  Kirkbride, 

Jr.  &  J.  Duke  601  (holotype.  MO-2623361: 

isotype,  MO-2263363). 

Psyehotria  dosboeensis   Dwyer.    Ann.   Missouri    Rot.  Card. 
67:  370.  1980.  Svn.  nov.  TYPE:  Panama.  Veraguas: 
valley  o(  Rio  Dos  Rooas  on  road  between  Alio  Piedra 

(above  Santa  Ve)  and  Calovehora,  350— KM)  m.  2(> 
II    Croat    27427   (holotype,    M0- 2216290). Aug.     1974.    T. 

Costa  Rica  to  Peru. 

,   i      i  c  w  ..     i        aii  i    *  •  i  Notopleura   ehapeusis   (Steverm.)   C.    VI.   Tavlor. 
lobeci  tor  ca.  lA  its  length,  lobes  narrowly  triangular,  r  .  .  . 
acute  to  acuminate:  corolla,  stamens,  and  stigmas 

not  seen.  Infrueteseences  similar  to  inflorescences; 

fruits  ellipsoid.  4—8  X  4—6  mm.  bright  red:  pyrenes 
2,  hemispherical  in  cross  section,  dorsal  surface 
smooth. 

Habitat,  distribution,  and  phenology.  Known 

only  from  the  type  collection,  in  wet  montane  forest 

at  1900-2100  m  in  northwestern  Colombia;  col- 
lected in  immature  fruit  in  September. 

This  species  is  distinguished  by  its  leaves  with 

the  secondary  veins  not  or  hardly  visible,  its  stip- 

ules with  expanded,  strongly  fimbriate  laminar  ap- 
pendages, its  inflorescences  with  spreading  axes 

and  well-developed  bracts,  and  its  calyx  limbs  ea. 
4.5  mm  long.  It  is  similar  to  Notopleura  albens  of 

northwestern  Ecuador:  A/.  albens  differs  in  its  calyx 
limb  only   about   0.8  mm   long.  The   name  honors 

comb.  nov.  Basionym:  Psyehotria  ehapeusis 

Steyerm.,  Mem.  New  York  Bot.  Card.  23:  552. 

1972.  TYPE:  Venezuela,  \aracuv:  al  norte  i\i- 

Nirgua,  Cerro  La  Chapa.  1200-1400  in.  9-10 
Nov.  1967,  ,/.  1.  Steyermark.  G.  Bunting  &  G. 

Wessels-Boer  100217  (holotype,  VEN  not seen). 

Venezuela. 

Notopleura  cinciiialis  C.  M.  Taylor,  sp.  nov. 

TYPE:  Peru.  Amazon  as:  provincia  Condorcon- 
qui.  distrito  El  Cenepa,  region  Nororiental  del 
Maranon,    Rio    Cenepa,   comunidad   Tutino, 

04°33\S,  78°l<rW,  450  m,  22  Nov.   1993,  R. 
Vdsquez,  G.  Diaz.  J.  Mostaeero,  F  Mejia  &  J. 

Ampam  18503  (holotype,  M 0-5206807).  Fig- 

ure 3  A— C. 

Ilaec  species  a  congeneris  foliis  pubescentia  pilosula 

Bicardo  Callejas.  professor  at  the  University  of  An-       villosulave  tectis,  inflorescentia  axihus  secundariis  cincin- 
.•  I        l     ,       •    .       I  li  *ii  nalibus  praedila  nedunculo  sal  bievi  insidente  atque  frue- 
liociuia  and  a  botanist  whose  work  lias  greatly  ad-  •  n  .  ■• 

tuuin    niaturilale    alhoriim    pvrenis    dorsivenlraliter  com- 
vanced  our  knowledge  of  the  flora  of  the  Neotropics,      p]analis  rns(a   longitudinal*  in   pagina  dorsali   munitis 
and  of  Antioquia  Department  in  particular.  distinguitur. 
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Figure  3.     A-(l.  iSotopleura  cincinalis  (..  M.  Taylor.  — A.  Portion  of  stem  with  stipule.  — 15.  Portion  of  inflorescence 

with  Mower  buds  and  voung  fruits.  — C.  Dried  fruit.  l)-(i.  Notopleura  steyermarkiana  C.  M.  Taylor.  — I).  Portion  of 
V.  VI 

ower. 
(/    Dried    fruit.    H— J,   !\otoplenm stem  with  stipule.  — K.  Portion  of  inflorescence  with  flower  buds.  — 

triaxillaris  C.  M.  Taylor,  — II.  Portion  of  stem  with  stipule.  — I.  Portion  of  inflorescence  with  (lower  buds.  — J.  Dried 

fruit.  All  to  same  scale.  A  based  on  Vdsquez  et  al.  1850,'i;  \\  based  on  Kayap  521:  C  based  on  Ancueuh  67:  I).  1  based 
on  Kesslcr  2589;  E,  G  based  on  lAesner  &  Gonzdlez  9817;  II,  I  based  on  Foster  <K:  Smith  9126:  J  based  on  Schunke 

Vigo  10158. 

Terrestrial  herbs  or  shrubs  to  1  m  tall,  apparently       bracts   triangular,   acute,  entire,   those  subtending 

unbranched;  steins  pilosulous  or  villosulous  usually       secondary  axes  3—8  mm  long,  floral  bracts  1—2  nun 

ft 

long;  flowers  sessile,  borne  singly  or  in  glome  rules 

ly   so.  20—30   X   9-11.5  cm,  at  apex  shortly  acu-  of  2  to  3,  with  hypanthium  villosulous  or  pilosulous, 

initiate,  at   base  euneate  to  rounded,  drying  mem-  ca.  0.5  mm  long,  turbinate;  calyx   limb  pilosulous 

branaeeous    to    papyraceous,    on    both    surfaces  or  villosulous.  0.5—0.8  mm  long,  shallow  ly  5-lobed, 

sparsely    to    moderately    pilose   or   villosulous   but  lobes  triangular;  corolla  in  bud  slenderly  infundib- 

more  densely  so  on  principal   veins,  abaxially  ap-  uliform.   white,  externally    glabrous  except    pilosu- 

parently  paler;  secondary  veins   13  to  17  pairs,  ex-  Ions  or  puherulous  on  lobes,  internally  glabrous  ex- 

cept pilosulous  just  above  middle  of  tube,  tube  to tending  to  near  margins  or  usually  uniting  in  a  dis- 

tinct submarginal   vein  especially  in  distal  part  of      5.5  mm  long,  lobes  to  1  nun  long,  triangular,  a  little 

blade*;  petioles  2.5—7.5  cm  long,  villosulous  or 
ul 

P' 

thickened    abaxially    near   apex;    stamens    inserted 
I osulous, h< lal 

usually    hecommg    glaDrescenl;    stipules       just  below  mouth  of  corolla  tube,  anthers  ca.  1  mm 

with    sheath    3—5    mm    Ion";,    broadly    rounded    to long,    probably   exserted;   stigmas  ca.    1    mm    long. 

broadly  triangular,  entire  or  ciliolatc.  pilosulous  or  position  at  anthesis  unknown.  Infructescences  simi- 

lar to  inflorescences;  fruits  ellipsoid,  1.5—5  X  I 

mm.  white;  pyrenes  2,  dorsiventrally  flattened,  dor- 

sal surface  flat  with  1  low,  sharp,  central,  longitu- 

dinal ridge  and  margins  thickened. 

villosulous,  subcoriaceous,  deciduous,  with  inter- 

peliolar  appendage  to  5  mm  long,  conical,  fimbri- 

ate, glandular,  caducous.  Inflorescences  pseudoax- 

illary.  villosulous  or  pilosulous.  paniculate,  with 

peduncle  0.8—5.5  cm  long,  branched  portion  py- 

idal,  2—0   X    1.5—6.5  cm,   with   well-developed ram Habitat,  distribution,  and  phenology. 
Southern 

secondary  axes  produced  at  3  to  4  nodes,  these  2        Kcuador  to   northern    Peru,    in   wet    forest   al    250- 
1000  in;  collected  in  flower  in   March,  in  fruit   in 

March,  July,  October,  and  November. 

per   node,   cincinnoid.    with   flowers   or  glomerules 

separated    and    apparently    alternate    along    them: 
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This  species  is  distinguished  by  its  pilosulous  to  erules;  fruits  ellipsoid  to  subglobose,  5— 6  X  4.5-5 

villosulous  leaves,  its  inflorescences  with  relatively  mm,  at  maturity  red  to  orange;  pyrenes  2.  hemi- 

sliort  peduncles  and  the  secondary  axes  cincinnoid,       spherical  in  cross  section,  dorsal  surface  smooth. 

its  fruits  that  are  white  at  maturity,  and  its  pyrenes 

that  are  dorsiventrally  flattened  with  a  longitudinal 

central  ridge  on  the  dorsal  surface  and  thickened 

margins.  The  specific  epithet  refers  to  the  form  of 

the  secondary  inflorescence  axes. 

Paratypes.      KCUADOK.  Zamora— Chinchipe:  canton 

Habitat,  distribution,  and  phenology.  Central 

eastern  Kcuador  to  central  Peru,  in  wet  forest  at 

250— 1 200  m;  collected  in  flower  bud  in  January. 

October,  and  December,  in  fruit  in  February,  Oc- 
tober, and  December. 

Ibis  species  is  distinguished  by   its  villosulous 

Nangarilza,  Rio  Nangaritza,  Pachicutza,  cainino  al  hito  de       or  pilosulous  young  growth,  its  truncate  unappcn- 

Pachicutza,  4°()7'S,  7»°H7'W,  Palacios  et  al  8213  (MO).       (jao;e(|  stipule  sheaths  0.5-2  mm  long,  ils  congested PKRU.  Amazonas:  alrededor  de  la  comunidad  Kusu.  Rfo 

INumpatkin,  Ancuash  M  (MO),  Kayap  521  (MO);  al  lado 
de  Cenepa,  Kayap  1258  (MO). 

Notopleura  congesta  C.  M.  Taylor,  sp.  nov. 

TYPK:  Ecuador.  Napo:  canton  Archidona,  lal- 
das  al  S  del  volcan  Sumaco,  carretera  Hollfn 

inflorescences  with  the  flowers  borne  in  one  or  usu- 

ally  three  to   five  glomerules,   its   bracts  2— fi   mm 
long,  its  red  to  orange  fruits,  and  its  pyrenes  thai 

are  hemispherical  in  cross  section  and  smooth  on 

I  he  dorsal  surface.  The  specific  epithet  refers  to  the 

glomerulate  to  capitate  inflorescence  arrangement. 

Loreto,     Km     31,     eomuna     Challua 

00°bVS,  77°36'W,  1200  m,  8-17  Jan.  1980, 

A.  Alvarado235  (holotype,  MO-3905983).  Fig- 
ure 1 II,  I. 

Y  Tins  new  species  is  similar  to  Notopleura  siggersi- 
ana  (Standi.)  C.  M.  Taylor  of  Central   America:  /V. 

siggersiana  differs  in  its  truncate  to  broadlv  round- 

ed stipule  sheaths  3-5  mm  long  and  ils  leaves  (>- 
I  1  cm  wide.  Vegetatively  N.  congests  is  also  similar 

Haee  species  a  congeneris  surculis  puhescentia  villo-  to  A.  acuta:  A.  acuta  differs  in  its  always  capitate 

sula  pilosulave  tectis,  stipulis  0.5-2  mm  longis,  inflores-  inflorescences,  its  black  fruits  borne  on  stipes  to  5 
centia  congesta  (lores  in  (1  vel)  3-5  glomerulos  et  brae  teas  mm  .  am,  j|s  (|orsiventraIly  flattened  and  Ion- 2—8  mm   longas  gerente,  lobulis  corollinis  exappendicu-  ..       .  .       . 

latis  atque  fnictuum  mat uri tale  rubrorum  aurantiacorumve  gitudmally  ridged  p
yrenes. 

pyrenis  in  sectione  transversal i  semicircularibus  in  pagina 
dorsali  laevihus  distinguitur. 

Terrestrial  herbs  or  shrubs  to  1.8  m  tall,  appar- 

Paratypes.  ECUADOR.  INapo:  cant6n  Archidona,  lal- 
das  al  S  del  volcan  Sumaco,  carretera  Hollfn— Loreto,  Km 

31,  eomuna  Challua  Yacu,  00°43'S,  77°36'W,  Alvarado 

169  (MO);  Pavamino,   Reserva   Floristica  ME1  Chuncho", ently  unbranched;  stems  densely  villosulous  to  pi-  00°30'S,  77°or\\,  Ceron  et  al  2291  (MO):  along  road 
losulous  often  becoming  glabrescent.  Leaf  blades  between  Raeza  and  Lago  Agrio.  Croat  19199  (MO);  car- 

elliptic   to   obovate,    14-29    X    4-10   cm,   at   apex       retera  Hollfn-Loreto,  Km  40-50,  00°43'S,  77°36'W,  Hur- 

acute  to  acuminate,  at  base  acute  to  attenuate,  dry-       t(ld<>  87<)  <M()>:  ™  2  iroch™> ,}a  ,m;a  ■  'M){)  '"  *J  rfn ,      .    „        ,  Challua  \   la  otra  a    1(K)  m  \\.  Ilurtado  1230  (MO).  Suc- 
lii":  membranaceous  to  papyraceous,  a<  axiallv  gla-  ,,      '   ,        u\         •       •>    -      •         ,  c        c fe  *     l  ■  J  °  imihios:  along  Rio  Aguaneo,  .5-;^  mi.  upstream  irom  San- 
brous  to  sparsely   puberulous,  abaxially   pale  and       la  c«M-ilia,  Duke  16073  (MO).  PERU.  Amazonas:  prov. 
moderately    to    densely    villosulous    or    pilosulous;       Bagua,  43  km  (by  road)  INK  of  Chiriaeo.  Harbour  4510 

(MO).  I'aseo:  prov.  Oxapampa,  Piehis  Valley.  Santa  Rosa 
de  Chivis,  Ribs  Nochos,  9  km  SW  of  Puerto  Bermtidez  on 

secondary  veins  7  to  9  pairs,  extending  to  near  mar- 

villosu- 

s  or 
gins;  petioles  1-4  cm  long,  pilosulous 

lous;  stipules  with  sheath  0.5—2  mm  long,  truncate 

to  broadly  rounded,  densely  pilosulous  or  villosu- 

lous, generally  persistent,  without  interpeliolar  ap- 

pendage. Inflorescences  pseudoaxillary,  pilosulous 

or  villosulous,  capitate  to  paniculate,  nodding,  with 

peduncle  3—4  mm  long,  flowering  portion  capitate 
and  hemispherical  or  branched  with  3  to  5  capitula 

or  glomerules,  5-8  X  8-10  mm;  bracts  triangular, 

acute,  the  outermost  4-8  mm  long,  floral  bracts  2 

new  highway,  1()°20'S,  74°58'W,  Faster  8586  (MO). 

Notopleura  cuiuliiiaiiiurcuiia  C.  M.  Taylor,  sp. 

nov.  TYPK:  Colombia.  Cundinamarca:  bosque 

nuboso  de  San  Miguel,  2700  m,  17  die.  1050. 

L  E.  Mora  799  (holotype,  COL-94247).  Figure 
4A-C. 

Mace  species  a  Notopleura  siggersiana  (Standi.)  C.  M. 

Taylor  inflorescenlia    1—5  glomerulos  eapitulave  gerente. 

7  mm  longo  distinguitur. 
A            i           n                     -l      •     i    j       *i         i       r     i  limbo  calycino  ca.  1.5  mm  longo  atque  luho  corollino  5— 
4  mm  long; flowers  sessile,  in  hud  with  calyx  limb       n  ,  v  t.    n        ■ 

shallowly    5-lobed,    1-1.5    mm    long,    and    corolla 

lobes  5,  abaxially  with  linear  appendages  ca.  0.3  Terrestrial  herbs  or  shrubs  to  2  m  tall,  apparently 

mm   long.   Infructescences  similar  to  inflorescences  unbranched;  stems  glabrous.  Leaf  blades  elliptic  to 

except   more  expanded,  with  peduncles  to   1.5  em  somewhat  lanceolate,  15-17   X   5.5-8  cm,  at  apex 

long,  fruiting  portion   to    1.5    X   5  cm,   sometimes  acuminate,   at    base   cuneate   to   attenuate,   drying 

becoming  branched  with  3  to  5  capitula  or  glom-  papyraceous  to  chartaceous,  adaxially  shortly  and 
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Figure  4.     A-C, \otopleura  cundinamareana  C.  M.  Taylor,  based  on  Hucrtas  X 

(Uimargo 

5 1 M. \.   Portion  of 

stem  with  stipule.  — B.  Calyx.  — C.  Pyrene,  ventral  (adaxial)  view.  — I).  \otof>leura  lanosu  C.  M.  Ta\lor,  branch  with 
inflorescence,  based  on  Silverstone-Sopkin  el  at.  4lM>H.  A.  C  to  same  scale. 

stiffly  hirsutulous,  abaxially  hirsutulous  to  hirsute  eel.   Infructescences  similar  to  inflorescences;  fruit 

and  usually  paler;  secondary  veins  0  to   12  pairs,  ellipsoid   to  subglobose,  ca.  5   mm   diam.,   mature 

usually  extending  to  unite  weakly   to  clearly  with  color  unknown;  pyrenes  2.  hemispherical,  dorsallv 

margins;  petioles  2.5-4  em  long,  sparsely  hirsutu-  smooth. 
Ions  to  glabrous;  stipules  with   sheath   truncate  to 

broadly  triangular.  5-7  nun  long,  membranaceous, 

entire,  glabrous,  with  interpetiolar  appendage  1.5 

Habitat,    distribution,    and    phenology.       In    wet 

montane  and  cloud  forest  at   1900-2870  in  in  (ain- 

2  mm  long,  conical,  apparently  glandular  adaxially       <linamfr<a  IV|>"rtmenl  of  the
  Cordillera  Oriental  of 

and  sometimes  this  glandular  portion  extending  up 

on  sheath   immediately  distal   to  appendage.  Infl 

rescences  pseudoaxillary,  glabrous  or  pedtincles  hir- 

Colombia;  collected  in  flower  in  June*  and  October, 

in  I  in  it  in  June  and  September. 

This  species  is  distinguished  by  its  combinalior 

cal     interpetiolar    appendages,    its    inflorescences 

capitate  or  with  2  to  5  capitula  or  glomerules,  in 

sutulous,  erect  to  deflexed.  capitate  to  paniculate,  °f  hirsutulous  ,()  hirsute  leaves  an(l  glabrous  ste
ms, 

with  peduncle  1-8.5  cm  long,  (lowering  portion  py-  i,s  stiPules  with  well-develop
ed  sheaths  with  coni- 

ramidal,  2.5—1.5  X  2.5-6.5  cm.  capitate  or  with  2 

to  5   glomerules   or  capitula.   usually    with   only    I 

node,   this   producing  3   secondary  axes,  2   longer  xhv  lalUT  case  wi,h  three  unequal  secondary  a
xes 

and    I   shorter;  bracts  narrowly  triangular  to  lance-  Induced  at  the  basal  node,  its  calyx
  limbs  2.5-5 

mm   long,  its  corolla   lubes  5—6  mm   long,  and   its 

hemispherical    pyrenes    that    are    smooth    dorsal K. 

olate  or  ovate,  acute  to  acuminate,  entire  or  ciliate. 

ii lose  subtending  secondary  axe h s   15-25  mm   long 

and  united  at  the  base,  those  in  the  glomerules  or       NotoPleura   cundinamareana   is   similar  to  N.  
 sig- 

eapilula  5-10  mm   long;  flowers  sessile,  with   hy-      &™™>™\  N-  siggensiana  differs  in  its
  inflorescences 

panthium  turbinate,  ea.   1.5  mm  long,  glabrous;  ca- 

lyx limb  glabrous,  2.5-5  mm  long,  5-lobed  nearly       ™8<  snial1^  glomerules  of  flowers,  its  calyx  limbs 

to   base,   lobes   narrowly   triangular,   acute;   corolla 

with  several  orders  of  branching  and  more  nuiner- 

while,  slenderly  funnelform.  glabrous  throughout, 

lube  5—6  mm  long,  lobes  5,  deltoid,  ea.  1.5  mm 

long,  abaxially  smooth;  anthers  in  apparent  short- 

styled  form  ea.    1.2  mm   long,  exserted;  stigmas  in 

0.5-1  mm  long,  and  its  corolla  tubes  ca.  3  mm  long. 

The  specific  epithet  refers  to  the  region  where  the 

type  was  collected. 

Paratypes.     COLOMBIA,  Cundinamarca:  municipio 
de  Sibate,  vereda  Paloquemao,  Huertas  &  Camargo  5168 

apparent  long-styled  form  ca.  0.3  nun  long,  exsert-       (COL);  Cerro  Quininf,  Idrobo  5360  (COL);  vereda  Agua 
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Bonita.  alrededores  de  la  casa  de  la  Yirgen,  Alio  de  San 
Miguel.  Orozco  &  Linares  1757  (COL);  San  Miguel. 
Schneider  665  (COL). 

V enezue 

la. 

Notopleura  deeurrens  (Steyerm.)  C.  M.  Taylor, 

comb.  nov.  Basionym:  Psychotria  decurrens 

Steyerm..  Mem.  New  York  Hot.  Gard.  23:  549. 
1972.  TYPE:  Venezuela,  \aracuv:  arriba  do 

San  Felipe,  Sierra  de  Aroa,  Cerro  Negro,  en 
las  cabeceras  afluentes  del  Rfo  Coeorotico, 

I  100-1250  in,  13  Nov.  1967, ./.  A.  Steyermark 

&  G.  Wessels-Hoer  100391  (holotype,  VEN  not 

Notopleura  liomliirensis  C.  M.  Taylor,  sp.  nov. 
TYPK:  Honduras.  Cortes:  ca.  30  km  above  Rio 

de  Cusuco,  along  trail  from  new  park  station 

building  to  Cerro  Cusuco,  ea.  23  km  W  of  San 

Pedro  de  Sula,  ca.  16  km  S  of  Cuyamel. 

Parque  Naeional  Cusuco,  L5°30'N,  88°13'W, 
1640  m,  19  Mar.  1993,  R.  Evans  1468  (holo- 

type, MO-4591067).  Figure  5A-C. 

seen). 

Yen ezue la. 

Haec  species  a  congeneris  infloreseenlia  infructescenc- 
iaque  pedunculo  sat  longo  insidentibus,  vagina  stipulari 

1.5—2  nun  longa  atque  pyrenis  in  sectione  transversali 
semieircularibus  in  pagina  dorsali  laevibns  distingnilnr. 

Notopleura    discolor    (Grisel).)    C.    M.    Taylor, 

comb.  nov.  Basionym:  Psychotria  uliginosa  var. 

discolor  Grisel).,  Fl.  Brit.  W.  hid.  Islands  3  10. 

Terrestrial  herbs  or  shrubs  to  2  in  tall,  apparently 

unbranchcd:  stems  glabrous,  Ijeaj  blades  elliptic  to 

somewhat  ovate,  15—29  X  6.5-15  cm.  at  apex  acu- 
1861.  Psychotria  discolor  (Griseb.)  Rolfe,  Kew       minate.    at    base   obtuse,    drying    membranaceous. 

Bull.   1893:  258.  1893.  SYNTYPES:  Jamaica. adaxiallv  glabrous,  abaxially  densely  puberulous  to 

Dominica,  St.  Lucia,  Trinidad,  not  cited  (K  not       pilosulous  quickly  becoming  glabrescent;  seeond- 
seen 

)
.
 Psychotria  caribaea  lib.,  Synih.  Ant.  7:  436.  1913.  S\  l\- 

TYPES:   Guadeloupe.    In    Bains-Jannes   (le   long  du 

arv  veins  8  to  12  pairs,  generally  extending  to  unite 

at  least  weakly  with  margins;  petioles  3—10  cm 

long,  puberulous  quickly  becoming  glabrescent; 

les   with   sheath    1.5-2   mm    long,   truncate   to canal  de  Monterean),  Malouba  (coulee  de  la  Rax  hie-        Stipu 

a-l)ejeuiier),  Capesterre  (hois  de  environs  dn  Grand-       broadly  rounded,  entire,  glabrous,  membranaceous, 
Ktang).  in  sylvis  humidis  Grande  Deconverte.  Trois       sometimes  with  conical  interpetiolar  appendage  to 
Khieres.    100-900  m,  Diiss  2768  (not  seen).   Dom- 

inica. In  sylvis  prope  Landat,  Jan,  Eggers  1012  (not ca.    1    mm   long.   Inflorescences  pseudoaxillary.  pu- 

seenVi^  (rot       berulous  to  pilosulous,  paniculate,  with  peduncle 

seen).  Martinique.  In  Ravine  de  la  Montague  Pelee,       {5-23  mm  long,  branched  portion  pyramidal,  3-1  1 
Nov.,  Hahn  602  (not  seen);  in  montibus  Case-Pilote       X  3-16  cm,  with  developed  secondary  axes  at  2  to 
et  Case-Navaire,  in  sylvis  Bamboii-goiiverneur,  pro- 

pe Fontaine  Ahsalon,  in  Camp  de  L'Alma.  in  sylvis 
Lorrain.  Diiss  601  (not  seen). 

Jamaica  and  the  Lesser  Antilles. 

4  nodes,  2  per  node;  bracts  entire,  those  subtending 

secondary  axes  lanceolate  to  narrowly  triangular.  2— 

6  mm  long,  acute,  floral  bracts  deltoid  to  ovale,  I— 

2  mm  long;  flowers  sessile  and  subsessile  in  glom- 
erules  or  congested  cy mules  of  3  to  7,  with  hypan 

Notopleura  dukei  (Dwyer)  C.  M.  Taylor,  comb.  thium  glabrous,  ca.  1  mm  long;  calyx  limb  glabrous, 

nov.  Basionym:  Psychotria  dukei  Dwyer,  Ann.  0.8-1  mm  long,  5-lobed  for  ca.  Vi  its  length,  lobes 
Missouri  Bot.  Card.  67:  371.  1980.  TYPE:  deltoid;  corolla  iiifundibuliform,  white,  externally 

Panama.  Darien:  Casi-Cana  Trail  on  Cerro  and  internally  glabrous,  tube  5.5-7  mm  long,  lobes 

Campamiento.  E  of  Tres  Bocas,  headwaters  of  5,  3-3.5  mm  long,  triangular,  abaxially  smooth:  sta- 

Rfo  Coas,  29  Apr.  1968,  ./.  //.  Kirkbride,  Jr.  &       mens  inserted  just  above  middle  of  tube,  anthers 

./.  4.  Duke  1245  (holotype,  MO-216265). ca.  2  Dim  long,  held  at  mouth  of  tube;  stigmas  ca. 

1   mm  long,  exserted.  In/ructescences  similar  to  in- 
Panama.  Dwyer's  original  circumscription  of  this  a                                          n                           i    i    »     oo •               &                              [                .  florescences  except  usually  more  expanded,  to  22 

species  included  one  paratvpe  specimen  (Mori  &  A      f    •        ,,•        •  i       %    r    w    r   ,„,„    mi(m.u 
1                                                    ...  cm  wide;  fruits  ellipsoid,  ca.  5   X   r>  mm.  mature 

Kallunki  375(K  cited  as  "Mori  et  al.")  that  actually  ,           i  '                            0    ■    ̂   •     i      •     i  •     t  ,.,_, '                                            '                        J  color  unknown;  pyrenes  2.  hemispherical  in  cross 
represents  Notopleura  longissima. section,  dorsal  surface  smooth. 

Notopleura  fernandezii  (Steyerm.)  C.  M.  Taylor. Habitat,    distribution,    and  phenology.      Central 

comb.    nov.    Basionvm:   Psychotria  fernandezii  Guatemala  to  Honduras,  in  wet  forest  at  1548-1810 

Steyerm.,  Mem.  New  York  Bot.  Gard.  23:  554.  m;   collected    in    flower   in    February,    March,   and 

1972.    TYPE:    Venezuela.    Yaracuy:    Pitiguao.  June,  in  fruit  in  May. 

camino  a  Aroa,  1600  m.  Jan.   1950,  B,  Trujillo  This   species   is   distinguished   by   its   relatively 

&  Fernandez  766  (holotype,  MAR  not  seen).  long  peduncles,  its  stipule  sheaths  1.5-2  mm  long. 
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Figure  5.     A-C,  Notopleura  hondurensis  C.  M.  Taylor,  based  on  Evans  1468.  — A.  Portion  of  stein  will)  stipules. 
B.  Portion  of  inflorescence  with  immature  fruit.  — C.  Flower  at  anthesis.  D-K  Notopleura  nepokroeffiae  C.  M.  Tavlor. 
— I).  Portion  ol  branch,  showing  ad  axial  leaf  surface  and  inflorescence  with  young  fruits.  — F.  Portion  of  inflorescence, 
with  flower  buds  and  flower  at  anthesis.  — F.  Dried  fruit.  I),  F  based  on  Hammel  7413;  F  based  on  Knapp  et  ul.  2093, 

(/-J,  Notopleura  submarginalis  C.  M.  Taylor.  — (',.  Stipule  from  node  at  stem  apex.  — II.  Portion  of  stem  with  stipule 
fallen,  second  node  down  from  stem  apex.  — I.  Portion  of  inflorescence  with  flower  buds  and  flower  at  anthesis.  — J. 
Dried  fruit.  (i,  II.  J  based  on  Churchill  5775:  I  based  on  Knapp  4988.  A.  B,  C,  (i,  H,  I,  J  to  same  5-mm  scale:  F.  F 
lo  same  5-mm  scale. 

and  its  pyrenes  that  are  hemispherical  in  cross  sec-       fers   in   its   pyrenes   with   3-5   narrow   longitudinal 

lion  and  smooth  on  the  dorsal  surface.   Phis  species       ridges   on    the   dorsal    surface,   and   /V.   siggersiana 

ltli  Notopleura  ma-       differs  in  its  stipules  with  sheaths  3-5  nun  long  and 
has  beer l  con fused 

pre  vi 

iousl 
V   Willi 

crophvlla  and  A.  siggersiana;  N.  macrophylla  dif-       its  pilosulous  pubescence  on  the  vegetative'  parts. 
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The   specific   epithet   refers   to   the  country   where       sessile,  with  hypanthium  glabrous,  ca.  0.5  mm  long: 

most  of  the  specimens  were  collected. 

Paratypes.  GUATEMALA.  Baja  Verapaz:  Nino  Per- 
dido,  Cerro  Verde,  Lundell  &  Contreras  21 101  (MO). 

HONDURAS.  Comayagiiu:  Cerro  Azul  Meambar.  on 
ridge   leading   to   the   peak,    10.5   km   K   of    La  go    Yojoa, 

14°48'N,  87°53'W,  Thomas  618  (LAP.  MO).  Co  pan:  S 
slopes  of  Cerro  Azul,   12  km  NK  of  Florida,  Cerro  Azul 

calyx  limb  glabrous,  0.5—0.6  mm  long,  shallowly  5- 
lobed,  lobes  triangular;  corolla  in  bud  tubular  to 

somewhat  infundibuliform,  apparently  white,  exter- 

nally glabrous,  internally  glabrous  except  for  a 

densely  pilosulous  ring  near  middle  of  tube,  tube 

ca.  5  mm  long,  lobes  5,  ca.  1  mm  long,  triangular. 

m   .•       l  i)    I     iron/^    onorrMv;   Tl  o   M  -,    0/tn  abaxiallv  smooth;  stamens  inserted  lust  above  mn  - 
National   Park.   15  06  l\,  oo  55  w,   I  nomas  cv  Mejta  249  %     J  J 
(LAP.  MO).  Cortes:  a  amhos  lados  del  sendero  a  Cerro  ('le  of  tube,  anthers  ca.  0.8  mm  long,  held  at  mouth 

Canliles.  20  km  al  0  de  San  Pedro  Sula,  Parque  Naeional  of  tube.  Injructescences  similar  to  inflorescences  or 

Cusueo,  15°:*0'N,  88°14'W,  Mejta  328  (LAP.  MO.  TEFH). 

6- 

15°12'N,  87°35'W,  Liesner  26571  (MO). 

often  somewhat  more  expanded,  with  peduncle  to 

5.5  cm  long  and  often  becoming  thickened  distal ly: 

fruits  ellipsoid,  7—8  X  5—6  mm,  red,  with  stipes  to 

iv    .      i  i  /q»  \   r     \/i     v    i  5  mm  long;  pvrenes  2,  dorsiventrally  flattened,  dor- iNotopleura    hiiiiiensis    (hteyerm.)    C    M.    I  ay  lor,  ... 
sal  surface  flat  with   1  or  3  low,  sharp,  longitudinal 

ridges. 
comb.    nov.    Basionym:    Psychol ria    humensis 

Steyerm.,  Mem.  New  York  Bot.  Card.  23:  548. 

1972.  TYPE:  Venezuela.  Sucre:  entre  La  La-  Habitat,  distribution,  and  phenology.  Amazonian 
guna  y  Roma,  NO  de  Irapa,  Cerro  de  Ilumo,      southern  Colombia  to  northeastern  Peru,  in  wel  for- 

PeninsuladeParia,  800-1000  in.  5  Mar.  1066.      esU  generally  at  115-210  m  except  to  1400  m  in 
y.  A.  Steyermark  95075  (holotype,  VKIN   not 
seen). 

Venezuela. 

Notopleura    iridescens    C.    M.    Taylor,    sp,    nov. 

Colombia;  collected  in  flower  in  January.  February. 

September,  and  October,  in  fruit  January,  May, 

June— August,  and  November. 
This  species  is  distinguished  l>\   its  leaves  with 

the  secondary  veins  not   or  hardly  visible  on   the 

TYPE:  Peru.  Huanuco:  Pachitea,  Codo  de  Po-      ataxia!  leaf  surface,  its  truncate  to  broadly  trian- 

zuzo,  forested  alluvial  fan  floodplain  of  Rio  Po-       gular  stipule  sheaths,  and  its  pedunculate,  capitate 

zuzo  after  it  emerges  from  mountains,  trail  \\ 
j 

to  subcapitals  inflorescences.  It  lias  been  confused 

of  settlement  to  forested  lower  montane  slopes.  previously  with  Notopleura  plagiantha:  ,V.  plagian- 

9°40'S,  75°28'W,  500-1000  m.  17  Oct.  I0»2.  lh"  differs  in  its  stipules  with  expanded  interpelio- 

R.   H.    Foster  9231   (holotype.   MO-3004162).       lar  laminas  and  its  leaves  with  tl 
la. i<*  seconoarv  veins 

Fig.  2H-J. 

I  lace  species  a  Notopleura  plagiantha  (Standi.)  C.  \1. 
Taylor  foliorum  nerviis  secundariis  abaxialiler  hand  vel 
vix  manifests,  stipulis  truneatis  tuhularibus  atq 
rescentia  capitata  subcapitatave  sessili  pednnciilatave  dis- 

ue  in    o- 

clearly  evident  on  the  abaxial  surface.  The  abaxial 

leaf  surface  of  N.  iridescens  reportedly  has  a  "sil- 

very-shiny" or  "iridescent'"  surface;  the  specific  ep- 
ithet refers  to  this  feature. 

tiuguitur. Parol] pes.      COLOMBIA.   Putumavo:   nmnicipio  Vlo- 
coa,  corregimiento  de  San  Antonio,  vereda  Alto  Campu- 

Terrestrial  herbs  or  shrubs  to  0.8  m  tall,  appar-       <ana-  ,IM(a  ha  Mariposa.  L°12'N,  76°38'W.  Betancuret  al ,,  .  i      ,       .  ii  .  ,.  5250  (COL.   MO),  Franco  et  al.  5447  (COL,  MO).   KC- 
entlv    unhranched;   stems   glabrous   to   puberulous.       ,,.,'.,       *  ,    ,  •    ,   ,.      .    T  ,    ,        .  ,, 
Leaf  blades  elliptic  to  elliptic-oblong,  10-27  X  4— 
10  cm.  at  apex  deltoid  to  acute  or  a  little  obtuse, 

at  base  cuneate  to  acute,  drying  papyraceous,  gla- 

brous, abaxially  paler;  secondary  veins  not  or  hard- 

ly visible,  approximately  10  to  1  1  pairs;  petioles  1- 

7  cm  long,  glabrous;  stipules  with  sheath  1-2  mm 

long,    truncate    to    broadly    triangular,    entire,   gla- 

DADOU.  Napo:  behind  Hotel  Jaguar,  1  hr.  down  Rfo 

Napo  by  canoe  from  Misahnallf,  I)  Arcy  14028  (MO);  can- 
ton Aguarico,  Reserva  Ltnica  Huaorani.  Maxns  Road  and 
Ii 

pipeline    conslruction    project.    Krns    60—61,    ()()°47'S, 
76°26'W,  Pitman  255  (MO,  QCNE).  Pastaza:  canton  Pas- 

taza.  po/.o  petrolero  "Corrientes"  de  UNOCAL,  ()l°43'S, 
76°49'W,  Gudifto  540  (MO);  via  Auca,  115  km  al  S  de 
Coca.  10  km  al  S  de  la  frontera  Napo-Pasta/a.  cerca  del 
rfo  Tigiiino,  carretera  de  PK  I  RO-CAN  Al)  \  en  const  rue  - 

brous,    coriaceous,    with    thickened    midrib   some-  (ion-  l°15'S,  76  55'W,  Hurtado  &  Neill  1554  (MO):  Rfo 
*;...       ™*~«  i;~„  t     »L~  :.,.          «■    i                    i           »i  ■  Curaray,  eostado  sur,  f  rente  a  las  lacunas  Patoamo,  Neill times  extending  to  the  mterpetiolar  appendage,  this  v  n  ,     ■     rumiwtw  u<    r            o\           -     i    ■     i  i ,                     .                -                                i         ii  *  rataews  6810  (MO);  Kio  Curarav.  2  horas  no  anajo  del 
conical,  to  1  mml(>ng.//!//or^ce//ce.sps(u.(l()ax.llary,  |)Ue|)|()  Curaray,  en  ja  |)oea  {M   rf()   Namovacu,    l°24'S, 
glabrous,  capitate  to  subcapitate.  with  peduncle  0-  76°45'W,  Palacios  &  Neill  610  (MO);  canton  Pastaza,  pozo 
6  mm  long,  head  ovoid  to  hemispherical,  8-20  mm 

diam.;   outermost   bracts   lanceolate   to   ovate,   5—7 

mm    long,   acute,  entire,   with   margins  frequently  .  ,    ,    ,    ,                     lQr^c   -toowvw    lui 
n                                                         o                 i            J  muiiidad  de  Kampaensa,  4  55  b,   /o  l()  \\,  h.   Rodriguez 

somewhat  involute,  floral  bracts  ligulate  to  oblan-  579  (Mo).   Lore  to:   provincia   Alto   Amazonas,  Andoas 
ceolale,  3-7  mm   long,  obtuse  to  rounded;  flowers  (margen   izquierda  del  Rfo  Pastaza).  Canif)amento  OXI. 

petrolero  "Ramfrez",  20  km  al  S  de  la  pohlacion  de  Cur- 
aray,   1°32'S,    76°51'W,   Zak   &   Espinoza   5269   (MO). 

PLKU.  Amazonas:  provincia  Bagua,  distrito  hnaza.  co- 
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2°55'S,  76°25'W,  Vdsquez  &  Jaramillo  1920  {WO):  pmv-      triangular,  acute,  unequal  in  length  on  an  individ- 
incia  Alto  Amazonas,  Andoas,  2°55'S,  76°25'W,  Vdsquez  i   #»  :r   #     •      i  i        *i;  *   .        .11  1. o    i  11     ,-»-  /m*Vw  1  xi  im'  Mower,  eihate  lo  densely  cihale;  corollas,  sta- 
X'  Jaramillo  4535  (MO);  provincia  Loreto,  carretera  Nau- 

ta-Iquitos,  4°29'S,  73°35'\V,  Vdsquez  2225  (MO);  provin- 
cia Loreto.  Naula,  lii'o  Maranon,  4°29'S,  73°35'W,  Vdsquez 

Ji:  Jaramillo  3443  (MO);  pro\incia  Mavnas.  Nejjro  Urco, 

Rfo  Napo.  3°00'S,  73°28'W,  Gentry  &  Emmons  39575 
(MO);  provincia  Maynas,  caserfo  Alianza.  RfoTamshiyaeu, 

mens,   and   stigmas   not   seen.   Infructescences and 

fruits  not  seen. 

Habitat*    distribution,    and  phenology.      North- 

1°05'S,   72°58'W,   Gentry  et  al.   29336  (MO);   provincia       western  Colombia,  in  wet  forest  at   1910-2100  in; 

May nas.   Explorer's   Inn.   Rfo    \mazonas  <a.  2   km   \\    of       collected   in  young  Mower  laid  in  August  and  S< 
Indiana.  3°30'S,  73°()3'W,  Gentry  el  al,  54595,  55971,       temher. 

>l  *- 

P 

61789,  65790  (MO).  Grdndez  et  al  3654  (MO).  Vdsquez 

&  Jaramillo  16931  (MO);  Santa  Maria  de  Nanay,  Quebra- 
da  Yarina,  I  dsquez  X  Jaramillo  12224  (MO).  Oxapampa: 

Palcazu,  l{fo  Alto  Iscozacin,  Oznz.  I()°I()'S,  75°I6'\\,  Fos- 
ter &  d'Achille  9959  (MO). 

Thi 
is  species  is  ( 

lisl 

nig 

uislied  by  its  villous  to  lan- 

ose  pubescence  on  all  the  vegetative  parts,  its  trun- 

cate unappendaged  stipule  sheaths,  its  peduncu- 

late, capitate  to  subcapitate  inflorescences,  and  its 

relatively  long  calyx  limbs.  The  specific  epithet  re- 
Noloplema  lanosa  C.  M.  Taylor,  sp.  nov.  T\  PE:       fers  t()  the  distinctive  pubescence,  which  is  unusual 

Colombia.  Choco:  municipio  de  San  Jose  del       jn  Notopleura, 

Palmar,  Cerro  del  Torra,  vertiente  oriental,  tro- 

cha  arriba  del  hclipuerto,  bos(iue  nublado  pri-  n      t  romuoTA     n       '  1     c 11  '  raratype.     LOLOMnlA.    (Jioco:    municipio   de    San 
mario,   1910-2160  m,   1   Sep.   1988,  l\  A.  Sil-       Jos6  del  Palmar,  Cerro  delTorrd,  vertiente  oriental,  entre 
rerstone-Sopkin.  !\'.  Paz.  R.   T.  Gonzalez,  J.  E.       el   helipuerto  \    la  mesa.  Silver stone-Sopkin  et  al.  4849 
Ramos.  /,  //.  Ramos  &  A.  Ilenao  4968  (holo-      (CUVC,  MO). 

type,   MO-4993720;   isotype,   CUVC).   Figure 
11). 

Mace  species  a  congeneris  omnihus  partibus  pubeseen- 
tia  villosa  lanosave  l<*<*l is,  stipnlis  lubularibus  atque  inllo- 
rescentia  capitata  subcapitatave  pedunculata  distinguitur. 

Terrestrial  herbs  to  0.5  in  tall,  unbranched;  stems 

villous  to  lanose  with   Irichomcs    1-2.5  mm   long. 

Leaf  blades  elliptic  to  ovate.  7—8.5  X  4-5  cm,  at 

apex  acute  to  slightly  acuminate,  at  bast1  obtuse  to 

truncate,  drying  papyraceous,  abaxiallv  paler,  on 

both  surfaces  moderately  to  densely  lanose  with  Iri- 

chomcs 1-2.5  mm  long,  adaxially  trichomes  some- 
limes  arranged  in  groups  apparently  associated 

with    vein   a  rentes,   abaxiallv   trichomes  sometimes 

organized  in  groups  following  principal  veins;  sec- 

ondary veins  9  to  10  pairs,  extending  neatly  to  mar- 

gin, frequently  looping  to  form  a  submarginal  vein 

closely  set  to  margin;  petioles  1.5—3  cm  long,  vil- 

lous to  lanose;  stipules  with  sheath  3—4  mm  long. 

persistent,  truncate,  entire,  membranaceous,  sub- 

hyaline  except  green  and  opaque  along  midrib  on 

each  interpetiolar  section,  villosulous  to  glabres- 

cent  throughout  but  with  pubescence  denser  on 

midrib,  without  interpetiolar  appendage.  Inflores- 

cences pseudoaxillary,  moderately  to  densely  villous 

to  lanose.  dellexed,  capitate  to  subcapitate.  with  pe- 

duncle 5—12  mm  long,  head  turbinate,  10— II  X 

15—20  mm;  bracts  narrowly  triangular  to  narrow  l\ 

lanceolate,  .'{-II  mm  long,  acute,  ciliate;  flowers 
sessile,  with  hypanthium  villose  lo  villosulous.  ca. 

0.3  mm  long;  calyx  limb  green,  externally  villosu- 

lous, internally  glabrous,  3—4  mm  long  on  an  in- 
dividual flower,  5-lobed  for  ca.  Vi  its  length,  lobes 

INolopleiira  lateralis  (Steyerm.)  C.  M.  Taylor, 

comb.  nov.  Basionym:  Psychotria  lateralis 

Steyerm.,  Britlonia  33:  391.  1981.  TYPE: 
French  Cuiana.  Soinmel  des  Monts  Galbao.  a 

10  km  an  SO  de  Said.  650  m.  <)  Mar.   1975,  ./ 

./.  de  Granville  2360  (holotype,  VEN  not  seen) 

French  Guiana. 

Notopleura  lateriflora  (Standi.)  C.  1M.  Taylor, 

comb.  nov.  Basionym:  Psychotria  lateriflora 
Standi.,  Publ.  Field  Columbian  Mus.,  Bot.  Ser. 

7:  100.  1930.  TYPE:  Colombia.  Valle:  above 

La  Cumbre,  Cordillera  Occidental,  1800-2200 

m,  14-19  May  1922.  E.  R  Killip  5591  (holo- 

type. US-  1  1205731   not  seen,  microfiche). 

Western  Colombia  to  Fcuador. 

IMolopleuru    latistipula    (Standi.)    C.    M.    Taylor, 

comb.  nov.  Basionym:  Cephaelis  latistipula 

Standi.,  J.  Wash.  Acad.  Sci.  18:  281.  1928. 

Psychotria  cartagoensis  Ncpokroeff.  in  Burger 

&  Taylor.  Fieldiana.  Bot.  ...s.  33:  239.  1 993. 

nom.  nov.  TYPE:  Costa  Rica.  Carlago:  vicinilv 

ofOrosi,  30  Mar.  1921,  P.  C.  Standley  39695 

(holotype,  US- 11 53 168). 

Costa  Rica. 
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Notopleura  leucaiitlia  (K.  Krause)  C.  M.  Taylor, 

comb.  nov.  Basionym:  Urogoga  leucantha  K. 

Krause,  Bot.  Jahrb.  Syst.  40:  345.  1908. 

Cephaelis  leucantha  (K.  Krause1)  Standley, 
Field   Mus.   Nat.   Hist.,   Bot.   Ser.    11(5):    190. 

1936.  Psychotria  ferreyrae  C.  M.  Taylor,  Mon- 
ogr.  Syst.  Bot.  Missouri  Bot.  Card.  45:  1258. 

1993.  TYPK:  Peru.  Huanuco:  proviueia  llu- 

malies,  inter  Monzon  et  Huallaga,  600—700  m, 
Sep.,  Weberbauer  3668  (holotype,  B  destroyed 

photo  (F  Rockefeller  neg.  #754)  MO). 

Colombia  to  Bolivia. 

1964,  C.  jdtiva  &  C  Epling  735  (holotype,  NY  not seen). 

Mexico  to  Bolivia  and  the  Guianas.  Notopleura 

macrophylla  has  been  considered  one  of  the  most 

common  species  of  this  group  and  by  far  the  most 

morphologically  variable  by  previous  authors  (e.g.. 

Steyermark,  1972).  As  recently  circumscribed,  this 

name  has  been  applied  to  plants  of  Notopleura  with 

die  following  combination  of  characters:  well-de- 

veloped stipule  sheaths  with  conical,  succulent,  in- 

lerpetiolar  appendages;  pseudoax diary,  peduncu- 
late,    paniculate    inflorescences    with    the    bracts 

relatively  small  and  not  covering  the  flowers;  flow- 

INotopleura    loiigipediuiculala    (I)wyer)    C.    M.  ers  borne  singly  or  in  groups  of   two  to  three  on 

Taylor,  comb.   nov.   Basionym:  Psychotria  Ion-  dichasial  to  monochasial  axes;  calyx  limbs  1.5  mm 
gipedunculata    Dwyer,    Ann.    Missouri    Bot.  long  or  shorter;  white  corollas;  and  fruits  that  are 

Card.  67:  389.   1980.  nom.  illeg.,  not  P  Ion-  usually  white  with  two  pyrenes.  This  group  of  plants 
gepedunculata    (Gardn.)    Muell.    Arg.,    1881.  shows  notable  morphological  variation  in  other  fea- 
Psychotria   longipedumuloides   C.    M.   Taylor.  lures,  and  a  distribution  from  central  Mexico  to  Bo- 

Kieldiana,  Bot.  n.s.  33:  257.   1993,  nom.  nov.       I i v  i a  and  Venezuela  at  sea  level  through  high  mon- 
tane forest. TYPK:   Panama.   Veraguas:  valley  of   Rio   Dos 

Bocas,  15.6  km  NW  of  Santa  Fe,  road  between 

Kscuela  Agrfcola  Alto  Piedra  and  Calov6bora, 

150-550  m.  31  Aug.  1974.  T.  B.  Croat  27621 

(holotype,  MO-2203532). 

Panama  to  Ecuador. 

As  Steyermark  (1972)  noted,  the  original  proto- 
logue  of  Notopleura  macrophylla  is  problematic  in 

some  details.  Il  comprises  both  a  description  and  a 

figure,  and  unfortunately  these  two  elements  are  in- 
consistent with  each  other  in  details  including  some 

that  are  diagnostic  for  species  of  Notopleura.  One 

Notopleura   longfcwima   (Standi.)   C.    M.   Taylor.      of  the   inconsistencies  is  in  the  form  of  stipules. 

comb.  nov.  Basionym:  Psychotria  longissima 
Standi.,  Publ.  Field  Columbian  Mus.,  Bot.  Ser. 

7:  102.   1930.  TYPK:  Colombia.  Yalle:  Cordo- 

which  are  described  as  "interfoliaceae.  supraxilla- 

res,  parvae,  semiamplexicaules,  iinidentatae," 
while  thev  are  illustrated  as  ovate,  acute  to  acu- 

ba,  80-100  m,  6-8   May    1922,  E.   P   Killip      minate,    interpetiolar    laminas    that    are    half   the 

5134  (holotype,  US-1  140557;  isotypes.  GH  not       lenSth  of  the  petioles.  The  petioles  are  described 
seen.  \Y    not  seen). 

Panama  to  western  Colombia. 

Notopleura  iiiaerophylla  (Ruiz  &  Pav.)  C.  M. 

Taylor,  comb.  nov.  Basionym:  Psychotria  ma- 
crophylla Ruiz  &  Pav.,  Fl.  peruv.  2:  56,  t.  202, 

fig.  a,  subfigs.  1-8.  1799.  TYPE:  Peru.  In  IV- 
ruviae  Andium  nemoribus  versus  Pillao  ad  Is- 

cutunam  tractum,  Ruiz  &  Paeon  s.n.  (holotype, 

presumably  VIA  not  seen;  isotype,  15  destroyed 

photo  (Rockefeller  neg.  #  480)  MO). 

as  "bipollicans"  or  ca.  5  cm  long,  so  these  stipules 
are  relatively  very  long  for  Psychotria.  The  stipule 

illustrated  does  not  resemble  am  known  species  of 

Notopleura,  though  it  is  quite  similar  to  the  stipules 

of  P.  amplifrons  Standi.  (Psychotria  subg.  Psycho- 
tria), a  montane  Andean  species  that  has  relatively 

large  leaves  and  paniculate  inflorescences  that  are 

often  displaced  to  pseudoaxillary  in  fruit.  Another 

internal  conflict  in  the  protologue  off!  macrophylla 

is  in  the  length  of  the  inflorescences,  which  are 

described  as  "longitudine  petiolorum"  (an  unusual 

formulation,  which  apparently  means  "equal  to"  but 
Psychotria  albacostata   Rusby.   Descr.  S.  Amer.  PL    138.       suggests  that  possibly  a  word  is  missing),  while  the 

1920.    Psychotria    macrophylla    subsp.    albacostata  fjgure  S|1()WS  ,|,e  peduncles  to  be  longer  than  the (Rusby)  Sleverm.,   Mem.   New    York   Hot.  Gard.  2l\:  .   i              ,     .       ,           ,      ,           .          f    ,       .    a 

562.  1972.  TYPE:  Colombia.  Ma^lalena:  Las  Nubes,  *,etloles  and  lhe  bra
nched  P<>'ll<>"  <>'  *<"  "»»<»™- 

vicinity  of  Santa  Marta,  910-1666  m,  5  Dee.  1808,  cence  to  be  about  four  times  as  long  as  the  petioles. 
//.  //.  Smith  1806  (holotype,  IN Y  not  seen;  isotype.  Also,  as  noted  by  Steyermark  (1972).  the  fruits  of 

MO- 1 24226).  p    macrophylla   are  described   as   "obscure   viola- Psychotria  macrophylla  subsp .  anomothyrsa  fo.  tomentella  „     ,  .   ,    .           ,  .           .     ,                 r          ,  . 
"     ...               ./        m       v    i    i>  .   /'i   o)   r,  a    to™  crd*    which  is  problematic  because  lust,  this  name 

Steyerm.,  Mem.  New  York  bot.  Card.  2.Y.  564.  10/2.  l 

Syn.  nov.  TYPK:  Kcuador.  Lsmeraldas:  Km  360  on  lias   always   been    ap|)lied    to    plants   with    white   or 

Ouito-San  Lorenzo  railroad,  San   Lorenzo,   12  July  orange  fruits,  and  second,  no  species  of  \otopleura 



500 Annals  of  the 

Missouri  Botanical  Garden 

an*  yet  known  with  violet  fruits  (those  off?  amplif-       dorsally  with  one  or  three  low  ridges,  is  found  from 

rons  are  red).  Steyermark  (1972:  561—563)  did  not       central  Mexico  to  central  Peru; 

consider  this  color  description  important  and  con- /V.   angustissima,    with    relatively    narrow    leaves. 

eluded   that    perhaps  it   was  based  on  the  color  of  red   fruits,  and   pyrenes  that   are  hemispherical   in 

dried  fruits,  although  no  dried  specimens  o(  Nolo-  cross  section  and  dorsally  smooth,  is  found  in  ex- 

plcura  have  so  far  been  seen  with  fruits  of  this  col-  treme    eastern    Panama    and    presumably    adjacent 
or.  and  none  were  cited  by  Steyermark.  Considering  Colombia; 

this  fruit  color  problem  together  with  the  other  in-  •  /V.  hngissinut.  with  stipules  with  expanded  in- 

ternal conflicts,  it  seems  likely  that  this  protologue  terpetiolar  laminas  and  calyx  limbs  3-4  mm  long, 
was   based  on  specimens  or  observations  of  more  js  found  from  Panama  to  western  Colombia; 
that i  one  species. 

iV.  I  on  gi pedunculate^  with  stipules  with  expand- 

With  more  collections  now  available  from  west-       ec|  interpetiolar  laminas  and  calyx  limbs  i— 1.5  mm 
em    South    America    and    in    particular    Peru,    the 

plants  included  in  Psychotria  nuwrophylhi  by  pre- 

vious authors  can  be  seen  to  comprise  several  dis- 

tinct   species.    The    name    is   applied    here   to   the       Notopleura  maeropodantlia  (Standi.)  C.  M.  Tay- 

long.  is  found  from  Panama  to  Ecuador. 

plants  that  match  the  photo  of  the  isotype  speci- 

men, which  also  constitute  most  of  the  plants  to 

which  Steyermark  (1972)  applied  this  name. 

The  total  range  of  plants  previously  included  in 

P.  macrophylla  is  here  separated  among  the  species 
listed  below.  The  svnonvms  listed  bv  Steyermark 

(1972)   are    here   distributed    among   these   various 

species,  except  for/?  nicotianifolia  M.  Mart.  cK  Gal. 

(Bull.  Acad.  Roy.  Bruxelles  11:  229.  1844),  which 

has  been  treated  bv   more  recent  authors  (e.g.,  Lor- 

ence,  1999)  as  Hqffhutnniu  nicotianifolia  (M.  Marl. 

&  Gal.)  L.  O.  Wins.,  and  //.  striata  Rusby  (Descr. 

IN.  Sp.  S.  Amer.  PL  134.  1920),  which  belongs  to 

Notopleura  but  the  identity  of  which  is  not  entirely 

clear.  (Many  species  of  Hoj/mannia  have  succulent, 

divergent,  interpetiolar  stipules  thai  resemble  the 

interpetiolar  stipule  appendages  of  species  ol  No- 

topleura,  especially  on  dried  specimens.) 

/V.  macrophylla,  with  relatively  large  leaves  with 

the  tertiary  venation  usually  noticeably  well  devel- 

oped, white  fruits,  and  pyrenes  that  are  triangular 

to  somewhat  inflated  in  cross  section  with  one  cen- 

tral ridge,  is  found  from  northwestern  Colombia  to 

Venezuela  and  Bolivia; 

lor,  comb.  nov.  Rasiouym:  Psychotria  macro- 

podantha Standi.,  Publ.  Field  Columbian 

Mus.,  Hot.  Ser.  7:  103.  L930.  TYPK:  Colombia. 

Santander:    Rfo   Surata    valley,   above   Surata, 

2000-2300  m,  5-6  Jan.  1927,  E.  P  Killip  & 
A.   C.   Smith   16631   (holotype,   US-1352355; 

isotype,  NY    not  seen). 

Colombia. 

Notopleura  inarginala  (Henth.)  Bullock.  Kew 

Bull.  13:  88.  1058.  Uasionym:  Cojfea  margin- 

ata  Benth..  PI.  hartweg.  193.  1845.  Psychotria 

harticegii  llenth..  Vidensk  Mcddel.  Nat.  Foren. 

Kjoebenhavn  1852:  37.  1852,  not  Psychotria 

margin  at  a  Sw..  1788.  Psychotria  hartwegiana 

Standi.,  Publ.  Field  Columbian  Mus.,  Hot.  Ser. 

7:    100.   1930.  uom.  superfl.  TYPK:  Colombia 

Cauca:  ascent   to   Paramo  de  (iuanacas.  Har- 

tweg 1059  (holotype,  K). 

Colombia  to  central  Keuador. 

N.  steyermarkiana.  with  leaves  and  pyrenes  gen-       Notopleura    inicavensis    (Standi.)   C.    M.    Taylor, 

erally  similar  to  those4  ol  A.  macrophylla  but  with 

red  to  orange  fruits,  is  found  in  the  Andes  in  Ven- 
ezuela, Colombia,  and  Keuador; 

/V.  anomothyrsa,  with  relatively  narrow  leaves, 

corolla  lobes  that  are  abaxially  appendaged,  and 

mature  pyrenes  that  are  strongly  dors  i  vent  rally  flat- 

tened and  dorsally  3— 5-ridged,  is  found  from  south- 
ern  Mexico  to  northern  Peru,  and  as  circumscribed 

comb.  nov.  Ilasionvin:  Psychotria  micayensis 

Standi.,  Publ.  Field  Columbian  Mus.,  Rot.  Ser. 

7:  105.  1930.  TYPK:  Colombia.  Cauca:  La 

Callera,  Micay  Valley,  1200-1500  m,  20-30 

June  1922,  E.  P.  Killip  7760  (holotype,  US- 
1  140025). 

Costa  Rica  to  Peru.  The  inflorescence  bracts  en- 

here  does  not   include  the  plants  treated  bv  Stev-  large  and  darken  markedly  as  the  fruits  develop,  so 

ermark  as   Y.  macrophylla  subsp.  anomothyrsa  be-  the  infructescences  are  visually  striking  and  quite 

cause  Steyermark  misinterpreted  this  name;  different  in  appearance  from  the  inflorescences.  He- 

/V.     tolimensis.     with     relatively     narrow     leaves,  canst1  of  this  variation,  sometimes  flowering  speci- 

corolla  lobes  that  are  abaxially  smooth,  and  mature  mens  have  not  been  recognized  as  the  same  species 

pyrenes  that  are  hemispherical  in  cross  section  and  as  fruiting  specimens. 
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Notopleura    microbracteata    (Steyerm.)    C.    M.       flat  with   1   low,  sharp,  central,  longitudinal  ridge 

Taylor,  comb.  nov.   Basionym:  Psychotria  mi-       and  margins  thickened. 

crobracteata  Steyerm..  Brittonia33:  391.  1981. 
Habitat,    distribution,    and  phenology.      North- 

TYPK:    French    Guiana.    Sommet    des    Monts      western  Costa  Rica  to  western  panama,  in  wet  for- 
Galbao  a  10  km  au  SO  de  Saul,  650  m,  9  Mar.  |;i()()_2450  m;  collected  in  flower  in  March 
1975.  ./.  J.  de  Granville  2362  (holotype,  VKN 

not  seen;  isotypes,  CAY  not  seen,  P  not  seen). 

French  Guiana. 

Notopleura  nepokroeffiae  C.  M.  Taylor,  sp. 
nov. 

June,  in  fruit  in  November. 

This  species  is  distinguished  by  its  leaves  with 

well-developed  submarginal  veins,  its  calyx  limbs 

1.2-2  mm  long  and  deeply  lobed,  its  corollas  with 

the   lobes   abaxially   appendaged,   its   white  fruits. 

TYPK:  Panama.  Chiriquf:  Palo  Alto,  4.5  km  and   its  do
rs.yentraUy  Battened   pyrenes  with  one 

NE  of  Boquete,  along  western  branch  of  Rfo  dorsa1'  centra^
  longitudinal  ndge.     he  specific  ep- 

Palo  Alio.  6300  ft.,  24  May  1979,  B.  Hammel  W**  »<>»<>'
»  Mol|y  Nepofaoeff,  who  has  stnd.ed  A«- 

7413   (holo.vpe.    MO-3014780;   isotype,   MO-  ̂ pleura,  particularly  in  Central  America.  I  Ins  new 

3796484).  Figure  5D-F. species  is  similar  to  N.  submarginalis  and  N.  ca- 

ifolia;    N.    submarginalis    differs    in    its    larger 

Haec  species  a  congeneris  foliis  nerviis  suhmarginali-       leaves   with    rounded    to   obtuse   apices,    its    larger 

has  bene  evolutis  praeditis,  limbo  calycino  1.2-2  mm  Ion-       panicles  borne  on  longer  peduncles,  its  calyx  limbs 

0.8-1.5  mm  long  that  are  only  shallowly  lobed,  and 

its  corolla  lobes  that  are  smooth  abaxially;  N.  ca- 

g<>  prolnnde  lobulato,  lobulis  corollinis  appendiculatis 

atque  fruetuum  maturitate  alborum  pyretiis  dorsi ventral i- 

ter  complanatis  crista  longitudinal i  in  pagina  dorsali  mun- 
itis  (listingnitiir. 

if 

domerules  of  two  to  three  along  cincinnoid  inllo- 
rescenee 

Terrestrial  herbs  or  shrubs  to  1  m  tall,  apparently 

unbranched;  stems  glabrous.  Leaf  blades  elliptic  to 

usually  oblanceolate.  17-30  X  7-14.5  cm.  at  apex 

acute  to  usually  acuminate,  at  base  cuneate  to 

acute,  drying  papyraceous,  glabrous  or  when  young 

sometimes  abaxially  pustulose,  abaxially  apparent- 

ly paler;  secondary  veins  16  to  22  pairs,  uniting  in  aj  2093  (MO),  Knapp  &  Schmaizel  4812  (MO);  vicinity 

a   well-developed   submarginal   vein;   petioles    1-5       of  Cerro  Punta.  above  Guadalupe,  8°50'N,  82°35'W,  Afc- 

axes    and    its    subtruncate    to    shallowly 

lobed  calyx  limbs  0.5-0.8  mm  long. 

Paratypes.     COSTA   MCA.  Puntarenas:  Montevcnlc 

Biological  Reserve,  L0°18'30"N,  84°48'W,  Kiehn  880316- l/l   (MO).    PANAMA.   Chiriqin:   S  slopes  of  Cerro  Pate 

Macho  along  Km  Palo  Alto,  8°47'S,  82°22'W,  Knapp  et 

cm  long,  glabrous;  stipules  with  sheath  2-3  mm 

long,  truncate,  entire,  glabrous,  subcoriaceous,  with 

interpetiolar  appendage  10-16  mm  long,  oblanceo- 

Pherson  9387  (MO);  sendero  a  la  lagnna.  por  el  camino  a 

Culebra,  Bajo  Mono,  Bo(|uete,  Montenegro  &  Cuevas  1 154 
(MO.  PMA). 

late,    succulent,    somewhat    flattened    and    winged.       Natop,eura  paie8liliae  (Standi,   ex   Steyerm.)  C. 

Infl 

glabrous  to  puberulous,  paniculate,  with  peduncle 

4_8.5  cm  long,  branched  portion  pyramidal.  2-6.5 

X  3-7  cm,  with  developed  secondary  axes  at  ca.  3 

nodes,  these  2  per  node:  bracts  triangular  to  lan- 

ceolate, acute  to  acuminate,  entire,  those  subtend- 

6-1 
ft 

with  hypanthium  glabrous,  ca.  0.8  mm  long,  hemi- 

spherical; calyx  limb  glabrous,  1.2-2  mm  long.  5- 

M.  Taylor,  comb.  nov.  Basionym:  Psyehotria 

palest  inae  Standi,  ex  Steyerm.,  Acta  Biol.  Ve- 

n,7,.  4:  98.  fig.  48.  1964.  TYPK:  Colombia. 

Choco:  Rio  San  Juan,  cercanfas  de  Palestina, 

5-50    m,    12-14    Mar.    1944,   J.    Cuatrecasas ■ 

16931  (holotype,  F  not  seen;  isotype,  US- 
2772235  not  seen,  microfiche). 

Panama  to  western  Colombia.  Steyennark  s  orig- 

inal description  of  the  stipules  of  this  species  as 

lobed  for  Vi-Va  its  length,  lobes  triangular;  corolla  simply  "bilobed"  does  not  agree  with  the  stipules 

tubular-infundibuliform,  white,  externally  glabrous.  of  the  specimens  studied,  which  are  united  into  a 

internally  glabrous  except  for  a  pilosulous  ring  just  sheath   with  a  central,  succulent,  acute  or 
 shortly 

below  mouth  of  tube,  tube  ca.  7  mm  long,  lobes  5,  bifid  interpetiolar  appendage. 

ca.  3  mm  long,  triangular,  abaxially  with  a  conical 

appendage  to  1  mm  long;  stamens  inserted  at  mouth 

of  corolla  tube,  anthers  ca.  1.2  mm  long,  exserted: 

stigmas   ca.    0.8   mm    long,    positioned    just    below Inf. 

fi 

pyrenes  2.  dorsiventrally  flattened,  dorsal  surface 

Notopleura  panantensis  (l)wyer)  C.  M.  Taylor, 

comb.  nov.  Basionym:  Montamaru  panamensis 

Dwyer,  Ann.  Missouri  Bot.  Gard.  67:  286,  lig. 

62.  1980.  TYPE:  Panama.  Chiriquf:  Cerro 

Horqueta,  5500  ft.,  20  July  1968,  J.  I).  Dwyer 

&  B.  Lallathin  8792  (holotype,  MO-2163225). 
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Psyehotria  xerococcoides  Dwver.  Aim.  Missouri  Hot.  Card. 
()7:    III.    1980.  Syn.  nov.  TYPE:  Panama.   Darien: 
derm  Tacareuna   massif  between  summit   ramp  on 
uesh'inmost  ridge  and  Pico  Tacareuna.   1650-1800       *°  ,V(':   Pyr^nes  2,   bemispherica]    in  cross  section, 
in,  22  Jul)    1976,  .4.   Gentry.   //.  Ledn  &  L   Forero       dorsal  surface  smooth. 

ences  similar  to  inflorescences  or  sometimes  more 

expanded;  fruits  subglobose,  5-7  mm  diam..  orange 

16924  (holotype,  MO-2165KK)). 
Habitat,    distribution,    and    phenology.      A  ma- 

Costa  Rica  to  Panama.  These  names  were  pub-       zonian  S()U|hern  Colombia  I 
0  southeastern  Peru,  in 

wet  forest  al   1-525  m:  collected  in  (lower  and  fruit 
generally  concurrently  throughout  the  year. 

lished  simultaneously,  but   no  differences  are  evi- 

clen!  between  their  type  specimens  except  the  leal 

blades  are  somewhat  larger  on  tlu.t  of  \hm,unwns  This  new  species  is  distinguished  by  its  stipule 
pa,unm-ns,s.   (Tie  nan.e  M.  parmmensis  is  here  cho-  sheatns  q.5-1.5  nan  long,  its  floral  bracts  1-2  mm sen  because  ..  has  been  the  subject  of  more  study  |onft  its  ,om,|;|  ,obes  wi|h  sh()r|  u||axiu|             .. and  discussion.  .««„:■                              i  r     •.            1  •                        i ages,  its  orange  to  red  fruits,  and  its  pyrenes  (hat 

are  hemispherical   in  cross  section  and  smooth  on 

NotopK  lira    parasi^rrsiana    C.    M.    Taylor,    sp.  the  dorsal  surface.  It  has  previously  been  confused 
nov.  TYPK:  Peru.  Madre  de  Dios:  provincia  de  with  Notopleura  siggersiana;  N.  siggersiana  differs 
Tambopala.  comunidad   nativa   Infierno,  entre  in  its  pilosulous  or  villosulous  pubescence  on  the 
llcrmosa   Chica   y    Laguna   Cococha,   20   Nov.  vegetative  structures,  its  leaves  (6)1  1-1 7  cm  wide. 
I 988.  C.  Diaz  &  M.  Alexiades  3129  (holotype,  its   stipule   sheaths  3-5   mm    long,   and    its   floral 
M 0-3 707782).  Figure  6G- 1. 

Haec  species  a  congeneris  vagina  stipulari  0.5-1.5  mm 
longa,  hraeteis  floral  ibus  1-2  mm  longis,  lobulis  corollinis 
hreviappendiculatis  alque  fructuum  maturitate  rubrorum 
aurantiacorumve  pyrenis  in  sectione  transversal]  semicir- 
cularibus  in  pagina  dorsali  laevibus  distinguitur. 

Terrestrial   herbs  or  subshrubs  to  2  m  tall,  ap- 

>f 
bracts  2-8  mm  long.  The  specific  epithet  refers  to this  similarity. 

Paratypes.     COLOMBIA.    Amazonas:    municipio   de 
Leticia,  Paixjue  Nacional  Natural  Amacayacu,  Centra  \d- 
ministrativo  Mala-Mata  de  INDKKENA,  trocha  que  con- 

duce de  Mala-mala  al  sector  de  Amacayacu,  3°47'S, 
7()°15'\\,  Rudas  et  al  2879  (COL.  MO);  Paitjue  Nacional 
Natural    Amacayacu.    3°45'S,    70°15'W,    Vdsquez    rf    id. 

4- 

>iaaes       i2658  (MO).  I'KRU.  Loreto:  IW.  Mavnas.  uueluada  d 
■  »  1 

I  apex        Iahuayo.   near  Tamashiyaco,  Croat   19578,    19816  (both 
acute  to  acuminate,  at  base  acute  to  attenuate,  dry-       MO):  Km  Napo  near  entrada  de  Isla  Inayuga,  Croat  20545 

ing  membranaceous,  ad  ax  i  ally  glabrous,  abaxiallv       <M())=  4  km  ,mm  Mishaua.  Rfo  Nanay.  Ksiaeion  Binktgica 

moderately  to  densely  puberulous  becoming  gla- 
Callicehus,  3°55'S,  73°35'W,  tentry  et  aL  13X0.1  (MO). 

.  ,.  .  -  .       -        10       .  -  Vdsquez  et  aL  2786  (MO):  caserfa  Alianza.  Kfo  Tamashi- 
b.cseent,  secondary  veins  7  to   12  pairs,  extending       yacu,  4°()5'S.  72°58'W,  Gentry  et  al.  29315  (MO):  M,s- 
nearly  to  margins;  petioles    1-8  cm   long,  glabrous       hana.  Kfo  Nanay  lialfwa>  between  Iquitos  and  Santa  Marfa 

or  usually  puberulous  becoming  glabrescent;  slip-       (,e  Nanay,  3°50'S,  73°30'W,  Gentry  et  al.  31732  (MO). 
ules    with    sheath    0.5-1.5 mm    long,    rounded    to 

Gentry  &  Emmons  38781  (MO),  Solomon  .1592  (MO);  \i- 

I  ..       ii      *   •  i  .•  11  '  .         ,  cinitv  of  Iquitos.  Rerilla  3723  (MO);  Nauta  carretera  Nau- 
broadly   triangular,  entire,  glabrous  or  puberulous  ...i/,,,;,     '  Kill   r    4cW«    7WJw  v    l ,  ii  i         .  ujuiios.    Km   o,  4  £9  >,    /.5  .5.-)  Vv,    \as(/uez  <V  Areralo 
becoming  glabrescent,  subconaceous,   with   inter-  8973  (MO);  carretera  Iquitos-Nauta,  Km  32,  Vdsquez  & 
petiolar  appendage  conical,  to  2  mm   long,  cadu-  JaramUlo  7850  (MO);  Allpahuayo,  Km  20  Iquitos-Nauta 

cous.    Inflorescences   pseudoaxillarv.   puberulous   to  [road],  ea.  35  km  SW  of  Iquitos,  3°50'S,  73°25'W.  Centr\ 
pilosulous,    paniculate,    with    peduncle    1-5.5   en 
long,  branched  portion  pyramidal.    1-1.5  X    |-| 

i 
et  al.  56019  (MO);  21   km  al  S  de  Iquitos,  Kstacion  L\- 
perimental  del  Institute*  de  Investigaciones  de  la  Amazon- 

ia  Peruana  (HAP),  Allpahuayo,  4°10'S,  73°30'W,  Pipaly 
cm,  with  developed  secondary  axes  at  2  to  3  nodes;       et  al.    12193  (MO),   12261   (MO),   Vdsquez  &  JaramUlo 14073  (MO).   16638  (MO);  Quebrada  Sucursari.  N  side 

tributary   of  Rfo    Napo.   3°15'S,    72°55'W,   Gentry  et   al. 
12663  (MO),  31157  (MO);  region  de  Amazonas,  (list ri I o 

bracts    narrowly    triangular    to    lanceolate,    acute. 
2-8 

ral  bracts  I n Las  Amazonas.  (|tifl>ruclu  Sucursari,  ExplorNapo  Camp. 
Uachapa,  3°18-2()'S.  72°55'\\.  Pipoly  et  aL  13761  (MO), in  cvmules  of  2  to  .">.  with  hypanthium  glabrous  or 

puberulous,  ca.  I  nun  long;  calyx  limb  glabrous  or  139.15  (MO).   13767  (MO).   14137  (MO).   14503  (MO)! 
puberulous,    ().ii-\    mm    lon<;.    sliallowlv    5-lobed  '4537  (MO),  Vdsquez  &  JaramUlo  3825  (MO).  Vdsquez  el 

lobes  triangular;  corolla  slenderly  infundibuliform!  f  i™*'  ̂ iiS^VJi.1^  Req"T  *%**?"* 
white,  externally  puberulous  to  glabrous,  tnternally  (MO);  |{,(|u,„a.  carretera  Requena  a  Ya<,uerana,  5°05'S, 73°5()'W.  r«.w/i/«  /.'«)/  (MO).  Madre  <lr  Dios:  Tam- 
long,  triangular,  abaxially  with  a  conical  to  linear  I ><>| >^i t i>  Nature  Reserve,  junction  of  Rfo  l,;l  Torre  v  Rfo 

appendage  0.2-0.6  mm  long;  stamens  inserted  in  Tambopato,  Swamp  Trail,  L2°50'S,  69°17'W,  Q-nlry  & 
iintier  iv.ri  nf  h.lw.  ...,it,    .  i  •)  i  JaramUlo  57589  (M0);  provincia  Manu.  Mann  Park,  Co- 

up •<  pari  ol  tube  anthers  ca.  1.2  mm  long,  ex-  chaCashu  uplands,  11'45'S,  71°0()'\\.  VlW«  5H7H  ,MO». serted;  stigma  ca.  I  mm  long,  exserted.  Infructesc-  <>()M  (MO);  Tambopata  Wildlife  Resen-e.  30  km  S  of 

glabrous,  tube  ca.  7  mm  long,  lobes  .">.  ca.  2  mm 
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Finnic  6. 
      A-C.  Notopleura  pilosula  C.  M.   lav  lor.  —A.  Portion  of  stem  with  stipule.  — B.  Portion  of  inflorescence 

willi  flower  buds.  — C.  Dried  fruit.  A,  II  based  on  McPherson  12216:  C  based  on  Hummel  el  al.  16574.  D-K  Notopleura 

scarlatina  C  M.  Taylor.  —I).  Portion  of  stem  with  stipules  at  apex  and  next  proximal  node.  —  K.  Portion  of  inflorescence 

with  flower  buds.  — F.  Dried  fruit.  D,  K  based  on  PaUuios  3062;  F  based  on  Neill  &  Ceron  7567.  G-I,  Notopleura 

parasiggersiana  C.  M.  Taylor.  —  G.  Portion  of  stem  with  stipule.  — H.  Flower  at  anlhesis.  —I.  Portion  of  inlruetescence 

with  dry  fruit.  G,  H  based  on  Diaz  &  Alexiades  3129;  H  based  on  Knapp  8250.  J-M,  Notopleura  pyramulatu  (..  \
1. 

Taylor.  —I.  Portion  of  branch  with  inflorescence.  — K.  Portion  of  stem  showing  stipules  at  stem  apex  and  next  proximal 

node.  —I..  Immature  inflorescence.  — M.  Dried  fruit.  .1.  M  based  on  Cogollo  el  al.  5003;  K,  L  based  on  Fernandez  A. 

el  al.  9621.  A.  I).  E,  F.  G,  1,  K.  L,  M  to  same  scale;  P.  C  to  same  scale. 
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Puerto  Mal.lona.lo,  12»15'S,  6<H7'W.  Y„u„g  &  Straiton       NotopIeura  pilosilla  (;.  M.  Tavlor,  sp.  „ov.  TYPK: J.)0    (,Y|U).     I   asm:     nmvmci;i    <)\;lli;inih:i       Piiortn    I   ucriiri-i  „  .  .  *  f I  anama/Colombia  Border.  Daricn/Chocd: 

Parque  Nacional  del  Darien,  near  gold  mine 

at    headwaters    of    N    branch    of    Rio    Pocuro, 

slopes  of  Cerro  Tacarcuna,  ca,  0  km  N  of  Cerro 

Mali,   8°09'N.    77°15'W,   27   Oct.    1987,    B. 
Hummel,  (,.  de  Nevers  &  H.  Herrera  16571  (ho- 

lotype, MO-3616358).  Figure  6A-C. 

llaec   species   a   congeneris   pubescentia   pilosula,   sti- 

258  (MO).  Pasco:  provineia  Oxapampa,  Puerto  Laguna, 

I0°18'S,  75°I()'W,  Smith  8405  (MO).  San  Marl.'..:  La- 
mas, Convento,  (rail  to  Nuevo  Lamas,  Km  68  of  Tarapolo- 

Yurimagua  road,  Knupp  7950  (MO).  8250  (MO);  provineia 
Marisral  Caceres,  distrito  Tocache  Nuevo,  quebrada  de 
Cascarilla  (NE  de  Puerto  Pi/ana),  Schunke  V.  6571  (MO): 
provineia  Mariseal  Cdeeres,  distrito  Tocache  Nuevo,  cam- 

iuo  a  Santa  Rosa  (margen  derecha  del  no  Mishallo), 
Schunke  I.  6747  (MO);  provineia  Mariseal  Caceres.  dis- 

trito Tocache  Nuevo,  Caiiutillo.  NO  de  la  carretera  mar- 

ginal, a  28  km  de  Tocache,  Schunke  I.  718,'i  (MO);  prov. 
Mariseal  Caceres.  distrito  Tocache  Nuevo.  quebrada  de  pulis  ei 

Canulo,  cerca  a  la  Chacra  de  Lizardo  Aliaga.  Schunke  V.  florescentia  hracleis  1-2  mm  longis  munila  glomerulus  2- 

10935  (MO),  cerca  a  la  Chacra  del  Sr.   Victor  Ar^valo       vel  «*-floms  gerente,  fructuum  maturitate  rubrorum  pyrenis 
Silva,  Schunke  I.   12/21  (MO).  in  sectione  transversali  semicircularihus  in  pagina  dorsali 

laevihus  distinguitur. 

ireum  eaulem   in  vaginam  truncatam  connalis,  in- 

Notopleur.    patria   (Standi.   &    Steyerm.)   C.    M  Terrestrial  herbs  or  shrubs  to  2  m  tall,  apparently 

Taylor,  eo.nl,  nov.  Hasionym:  I'.svchotria  patria  u"Ur«"<U"\  
stems  pilosulousbeeo.nir^  glahres- 

cfa„ji    x,    o    <t  v    \  ,.  „   .    OQ    .,,.  cent.  Ira    blades  elliptic  to  rather  broad  \   so.   Id 
Nandley  c\ Mcyerin.,  rieldiana,  Rot.  28:  601.  QQ        _  l  n  . 
Iqcq    Tvi)i:.  v.  i       Ui'j      a      i        ii  •'«  x   '-'•»  cm.  at  apex  acute  to  usually  acuminate. rJo.5.   n  I  l\:  Venezuela.  Menda:  Quebrada  de  ,  .     .  ,J 
I  nu  cj' ,l        ,    i    ,  fD,    n  ,    CYV/    r  at  base  acute  to  cuneate,  drying  membranaceous  to Los  Caliches,  tributary  of  Rio  Canaima.  S\V  of  ..... 

Canagua,    1950-2135  m,  9  May    1911,  ./.  A. 

Stcyermark  561 1 1  (holotype,  K). 

Venezuela. 

Steyennark    also    described    one    variety   of  this 

species,  which  is  provisionally  recognized  here: 

papyraceous,  on  both  surfaces  moderately  to  dense- 

ly pilosulous;  secondary  veins  9  to  15  pairs,  ex- 

tending weakly  to  margins  or  sometimes  looping  to 

interconnect  in  distal  part  of  blade;  petioles  3-7 

cm  long,  pilosulous;  stipules  with  sheath  3-5  nun 

long,  truncate,  entire,  pilosulous  becoming  glabrcs- 

cent,  membranaceous,  usually  deciduous  after  dis- 

talmost  2  to  3  nodes,  with  interpetiolar  appendag* 

xi    .       i  .    •  .  .     /o  n  ̂         conical.   1-2.5  mm  long,  caducous,  apically  shortlv 
INolopb  lira  patria  var.  tovarensis  (Steyerm.)  C.       9    •>  i   i     j      #   /#       .  ,,  ., 

M.  Taylor,  comb.  nov.  Rasionym:  Psychotria 

patria  var.  tovarensis  Steyerm.,  Mem.  New 
York  Rot.  Card.  23:  554.  1972.  TYPE:  Vene- 

zuela. Aragua/Distrito  Federal  Border: 

hacia  Rovar,   1700  111,   1    May   1969,  L.  Ariste- 

pica 

guieta  712V  (holotype.  NY  not  seen;  isotype,      .    Q.         .     ,  .     ,    \  ,      n  -    ,  0 
1/rM  \  bracts    suborlncular    to    ovate,    0.5-1.2 VKN  not  seen). 

2- 3-lobed.  Inflorescences  pseudoaxillary,  pilosu- 

lous, paniculate,  with  peduncle  1.5-10  cm  long, 

branched   portion   pyramidal.  3.5-8*5   X   5-8  cm. 
with  developed  secondary  axes  at  2  to  3  nodes,  2 

per  node:  bracts  subtending  secondary  axes  trian- 

gular  to   lanceolate,    1-3    mm    long,   acute,   floral 

long, 

mm 

fl 

Vein v.ue la. 
2  to  3.  the  glomcrules  well  separated  along  inflo- 

rescence axes;  hypanthium  glabrous  to  pilosulous. 

0.8-1    mm    long;   calyx   glabrous,    limb   0.8-1    mm 

xj    .       ,  /r.  ,     „      ..      rr     .  long,  truncate  to  shallowly  5-lobcd.  lobes  triangular 
IMotopIeiira     perparva    (l)wver)    C.     M.     lavlor.       .     1         „  ,,     .    /    ...     ,.f  .  .        n 

.  n     •  i»       ■        .  "  lo  broadlv  so;  corolla  inlundibubform.  white,  cxtcr- 
comb.  nov.  Rasionym:  Psychotria  perparva 
Dvvyer,  Ann.  Missouri  Rot.  Ganl  67:  411. 

1980.  TYPK:  Panama.  Daricn:  Cerro  Tacar- 

cuna massif  between  summit  camp  on  west- 

ernmost ridge  and  Pico  Tacarcuna.  1650-1800 

m.  22  July  1976,  A.  Gentry.  II.  Iron  &  L  F 

em  16921  (holotype,  MO-24 16828;  isotype, 
MO-2  116827). 

nally    densely    villosulous   or   pilosulous   becoming 

glabrescent,    internally    glabrous,    tube   ca.   4 mm 

or- 

long,  lobes  5,  ca.  2.5  nun  long,  triangular,  abaxiallv 

smooth;  stamens  inserted  in  upper  part  of  tube,  an- 

thers ca.  1.2  mm  long,  exserted;  stigmas  not  seen. 
Infructescences   similar   to   inflorescences  or  some- 

fi 
to 

4-4.5  x  4-5 

Kastern  Panama  and  presumably  in  adjacent  Co- 

lombia. This  species  is  known  only  from  the  tvne. 

spherical  in  cross  section,  dorsal  surface  smooth. 

Ha  hit  at.    distribution,    and  phenology.       Kxtremt 

a   fruiting  specimen  collected   in  a   nnlabb    poorly       eastern   Panama  to  northwestern  Colombia,  in  wet k. town  region forest  at  600-1600  m:  collected  in  flower  in  Maid 1 
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July  and  October,  in   fruit  in  January,  April,  July, 
and  November. 

Mus..  But.  Ser.  8(3):  193.  1930.  Syn.  nov.  TYPE: 
Peru.  Lore  to:  Pebas,  on  the  Amazon  River,  27  J 1 1 1  > 

1929,  II  Williams  1803  (holotype,  F-604504). 

Hot.  Card.  55:  34.  1968.  Syn.  nov.  TYPK:  Panama. 

Darien:  Cerro  Pirre,  N.  Bristan  575  (holotype,  MO- 1961511). 

This  species   is  distinguished   by   its  pilosulous       cejmaelis  bristanii  Dwyer  &  M.  V.  Hayden,  Ann.  Missouri 
pubescence,  its  stipules  with  truncate  sheaths  and 

conical,  two-  to  three-lobed,  interpetiolar  append- 

ages (these  are  often  difficult  to  discern  on  herbar- 

ium specimens),  its  inflorescences  with  lloral  bracts 

0.5-1.2  mm  long,  its  flowers  in  glomerules  of  two 

to  three,  its  red  fruits,  and   its  pyrenes  that  are      Notop|eura  pyramidata  C.   M.  Taylor,  sp.  nov. hemispherical   in  cross  section  and  smooth  on  the 

Nicaragua  to  Peru. 

dorsal  surface.  The  specific  epithet  refers  to  the 

characteristic  pubescence  found  on  the  vegetative 

parts  of  the  plant.  This  new  species  has  been  con- 

fused with  Notopleura  siggersiana;  N.  siggersiana 

differs  in  its  lanceolate  to  ovate  bracts  2-6  mm  long 

that  completely  enclose  the  flower  buds  and  its  in- 

florescences with  a  more  densely  congested  ar- 

rangement. 

TYPK:  Colombia.  Antioquia:  municipio  de  Ur- 

rao.  Parque  Nacional  Natural  "Las  Orquf- 

deas",  Sector  Calles,  margen  izquierda  de  la 

Quebrada  El  Guago  y  margen  derecha  del  Km 

Calles,   6°32'N,   76°19'W,    1350-1  150   m,   6 

July  1991,/!.  Gogol  Jo,  J.  G.  Ramirez,  C.  Builes, 

M.  Villa  &  0.  Alvarez  5003  (holotype,  MO- 

4345872;  isotype,  JAUM).  Figure  6J-M. 

Haee  species  a  eongeneris  inflorescentia  pedunculata. 
Faratypes.  PANAMA.  Darien:  Serra.ua  de  Pirre.  (.a[)ilaUu  pyrami(|ali  evlindriea  ovoideave  atque  pvrenis  in 

along  ascent  of  Serrania  de  Pirre  above  Cana  Gold  Mine  se(.tione  tninsvrrsali  semieireularibus  in  pagina  dorsal, between  Rio  Cana  and   Rfo  Asueha   Ruido,  (.rout  .i77.il 

(MO),  37823  (MO);  middle  slopes  on   W  side  of  Cerro 

Pirre.  Croat  68927  (MO);  Cerro  Pirre,  ridge  lop  near  Ran- 

laevibus  distinguitur. 

Terrestrial    herbs    or    shrubs    to    3    m    tall,    im- 
eho  Plastieo.  Folsom    1267  (MO):  Cerro   Pirre,  valley  be-        ,  ,       ,  u         l  *  11         1 

n.  ,  II.         i     tri  nov       branched:   stems   puberulous   to   villosuJous  some- 

times becoming  glabrescent.  Leaf  blades  elliptic  to 
tween  Pirre  and  next  most  southerly  peak.  Folsom  4483 

(MO);  ridgetop  area  N  of  Cerro  Pirre.  between  Cerro  Pirre 

and  Raneho  Plastieo,  Folsom  et  al.  6338  (MO);  Cana- Altos        elliptic-oblong,   15-38.5  X  4-16  cm,  at  apex  acute 
de  [Nique.  trail   up  ridge  between  Rio  Setegantf  and  Rfo 

Alio  Tuira  (camino  a  Paleton),  SK  of  goldmine  camp  and 

airstrip.  Foster  14130  (MO,  PMA);  Cuasi-Cana  Trail  be- 
tween Cerro  Campamento  and  La  Ksealera  to  paramo  h  ol 

Ties  Roeas,  Kirkbride  &  Duke  1326  (MO);  Pirre  Massif. 

Alturas  de   Nique.  above  Cana   mine,   7°45'N.   77°40'\\. 
McPherson   12216  (MO).  PANAMA/COLOMBIA   Border. 

to  somewhat  acuminate,  at  base  cuneate  to  acute, 

drving  membranaceous,  adaxially  moderately  or 

sparsely    puberulous    to    villosulous,    often    more 

Darien/Choco:  top  of  Cerro  Mali,  Gentry  &  Mori  13671 

(MO);  Alto  de  Nique,  southernmost  peak  of  Cerro  Pirn- 
Massif.  Gentry  et  al.  28669  (MO). 

Notopleura    pla^iantha    (Standi.)   C.    M.   Taylor, 

comb.    nov.    Basionym:    Cephaelis  plagiantha 

densely  so  along  margins,  abaxially  moderately  to 

densely  villosulous,  paler;  secondary  veins  12  to  10 

pairs,  usually  extending  to  unite  with  margins;  pet- 

ioles 1-3.5  cm  long,  puberulous  to  villosulous;  stip- 

ules with  sheath  4-12  mm  long,  truncate,  entire, 

glabrous  to  usually  puberulous  or  villosulous.  mem- 

branaceous, on  each  interpetiolar  portion  with  a  tri- 

angular thickened  center  region  and  a  conical  ap- 

Standl.,  Field  Mus.  Nat.  Hist.,  Rot.  Ser.  11(5):       pendage    to    1.5    mm    long   inserted    near   base   of 

190.  1936.  Psychotria  plagiantha  (Standi.)  C. 

M.   Taylor,    Monogr.    Syst.    Hot.    Missouri    Hot. 

sheath.    Inflorescences    pseudoaxillary.    capitate    to 

subcapitate,  with  peduncle   1.2-6.5  cm  long,  head 

Gard.  45:    1258.    1993.  TYPK:   Peru.   Loreto:       pyramidal  to  cylindrical  or  ovoid,  15-25  X   15-22 

Florida,  Rfo  Putumayo,  at  mouth  of  Rfo  Zu- 

bineta,  200  in,  Mar.-Apr.  1931,  G.  Klug  2045 

(holotype,  F-641376;  isotype,  MO- 1 005002). 

Panama  to  Bolivia. 

Notopleura  polyphobia  (Donn.  Sm.)  C.  M.  Tay- 

lor, comb.  nov.  Basionym:  Psyehotria  polyphle- 
bia    Donn.    Sm.,    Bot.    Gaz.    33:    253.    1902. 

TYPK:  Costa  Rica.  Limon:  Suerre,  Llanuras  de 

Santa  Clara.  300  in.   Apr.    L896,  ./.    D.   Smith 

mm:  bracts  green,  villosulous,  the  outermost  lan- 

ceolate to  ovate,  5-8  mm  long,  obtuse  to  acute, 

ciliolate  to  entire,  floral  bracts  narrowly  triangular 

to  lanceolate,  4—8  mm  long,  obtuse  to  acute; J loners 

sessile  or  subsessile  with  pedicel  or  stipe  to  1.5 

mm  long:  hypanthium  glabrous,  ca.  1  mm  long:  ca- 

lyx limb  glabrous,  with  tube  ca.  2  mm  long,  lobes 

5.  narrowly  triangular  to  linear,  ca.  1  mm  long,  sep- 

arated by  concave  sinuses,  acute,  often  ciliate;  co- 

rolla tubular  to  a  somewhat  infundibulifonn.  <rreen- 

ish  white,  externally  glabrous,  internal l\    glabrous 
6854  (lectotvpe.  selected  by  Lorence  (1990).  ..  ..       ,  .  ,  mi       r 

^*\m,*    .     i  no  njorAnN  except  for  a  pilosulous   ring  just  above  middle  ol 

tube,  tube  ca.  6  mm  long,  lobes  5,  ca.  2  mm  long. 
LIS-943508;  isolectotype,  US-943509). 

Psyehotria    bullatifolia   Standi.,    Publ.    Field   Columbian       triangular,   abaxially   smooth;   stamens   inserted    in 
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mouth   of  tube,   anthers  ca.    1    mm   long,   partially       Notopleura    scarlatina    C.    M.    Taylor,    sp. 
exserled;  stigmas  not  seen.  Infructescences  similar 

to  inflorescences  or  often  a  little  more  expanded,  to 

no\. 

5  X  4.5  cm;  fruits  ellipsoid,  5-6  X  4—5  mm,  orange 

to  red:  pyrenes  2,  I lemi spherical  in  cross  section, 
dorsal  surface  smooth. 

TYPK:  Ecuador.  INapo:  Kstacion  Biologica  Ja- 

tun  Sacha,  01°04'S,  77°37'W,  450  m,  6-14 

Oct.  1988,  W.  Palacim  3062  (holotype.  MO- 

3678902).  Figure  6D-F. 

Habitat,   distribution,   and  phenology.     Nor 
western  to  central  Colombia,  in  wet  forest  at  1095 

I  lace  species  a  congeneris  partihus  vegetativis  glahris 

■  puberulisve,  vagina  stipulari  l-.'i  nun  longa,  bracteis  flor- 
III™  i  ■  i  i        i     ."\  i  •  iii>  ii>      i  ■ «  i. 

alihus   1-1.2  nun  longis,  lobulis  corollinis  appendicular 
atque  Irucluum  maturitate  ruhrorum  aurantiacoruinve  pvr- 

1800  m  in  the  Cordillera  Occidental,  to  3020  in  in        enis   in   sections   transvereali   semieirenlarihus  in  pagina 

the  Cordillera  Oriental;  collected   in  young  (lower 
dorsali  laevihus  distinguitur. 

in  July.  November,  and  December,  in  fruit  in  Jan- 

uary, March-May,  and  July. 
Terrestrial   herbs  or  subshrubs  to  2   m   tall,  ap- 

parently unbranched;  stems  glabrous  to  puberulous. 
This  species  is  distinguished  bv  its  tubular  trim-       /,.///     /,       ir    ,•     ,        ii-    ,-       ii  on   o?  ̂   o 

.      ,        ,  .  ,  tecy  h/ades  elliptic  to  elliptic-oblong.  20— 2 <    X  8 

12.5  cm.  at  apex  shortly  acuminate,  at  base  cuneate 

to  attenuate,  drying  papyraceous,  adaxiallv  gla- 

brous, abaxially  puberulous  to  glabrescent;  second- 

ary veins  8  to  11  pairs,  generally  extending  to  unite 

eatc   stipule   sheaths,   its   pedunculate,   capitate   to 

subcapitate.  pyramidal  to  cylindrical  or  ovoid  inflo- 

rescences, and   its  pyrenes  that  are  hemispherical 

in  cross  section  and  smooth  on  the  dorsal  surface. 

(IftU (loin. 

Paratypes.     ( A  )\  X  )M  HI  A.    Antioquia: 
*  ♦ 

I  he  specific  epithet  refers  to  the  distinctive  inflo-  wi||l  margins;  pelio|es  2_5  cm  long,  glabrous  or  pu- 
rescence  shape,  which  is  found  in  several  species  berulous;  stipules  with  sheath  1-3  mm  long.  Irun- 
of  l\otopleura  but  is  particularly  striking  in  N.  pyr-  cale  lo  |m)il(||v  roll„ded,  entire,  glabrous  to  puber- 

ulous, subcoriaceous.  usually  deciduous  after  dista 

1  to  3  nodes,  with  interpetiolar  appendage  conical, 

ca.  1.5  mm  long,  entire  to  shortly  bifid.  Inflores- 

cences  pseudoaxillary,  moderately   to  densely   pu- 

(>°;*2'N.  7o°"l<>'\\.  Cogo'lh&Ra^  berulous.  paniculate,  with  peduncle  2-1  1  em  long. 
17868  (J  AIM,  MO),  margen  izquierda  del  rfo  Calles.  Pi-  branched  portion  pyramidal,  3-1  I  X  2-12  cm,  with 

poly  et  al.   17126  (JAUM,  MO);  Parque  Nacional  Natural  developed  secondary  axes  at  3  to  4  nodes.  2   per 

"Las  Orqufdeas",  Sector  Venados  arriba,  margen  izquierda  node;   bracts   triangular  to  ovate,  acute  to  obtuse, del    no   Venados.  (VMI'N,   7()°1<)'W,   Cogollo  et   al   3415 

(J  A  I'M.   MO);  trail  from  Kncarnaeion  to  Parque  Nacional 
Natural  "Las  Orquideas,"  western  slope  of  Cordillera  Oc- 

municipio    de 

Urrao.  zona   liinotrofe  del    Parque   Nacional   Natural  "Las 

O k j 1 1 \ < leas",  Vereda  dalles,  margen  derecha  del  rfo  Calles. 

entire  to  ciliolate,  those  subtending  secondary  axes 

2-4  mm  long,  floral  bracts  1-1.2  mm  long;  flowers 

eidenial.  Gentry  &  Renterta  21572  (M0);  municipio  Fron-      sessile  to  subsessile,  with  hypanthium  glabrous  to 

lino,  vereda  Venados,  Parque  Nacional  Natural  "Las  Or-        puberulous.  ca.  0.8  mm  long;  calw   limb  glabrous 
quideas",   quehrada    Las    Manzanares,  6°3I'IV   76°18'\\. 
Pipoly  et  al  18190  (JAUM,  MO),  182X7  (JAUM,  MO); 

margen  izquierda  del  no  Venado,  6°32'N.  76°1<)'W,  Pipoly 
et  al.  18165  (J  \UM,  MO);  sitio  La  Miquera.  entre  Ann- 

ales  y  rfo  Venados,  o°33'N,  76°19'W,  Pipoly  et  al.  18298 
(JAUM,  MO).  Norte  de  Santander:  municipio  de  Her- 
ran,  Parque  Nacional  Natural  Tama,  sector  Orocue,  haeia 

el    \lt<>  de  IVsehre,  Lozano  el  al.  552/  (COL).  Kisaralda: 
municipio    de     Mistrato,    corregimienlo    de    Jeguadas, 

to  puberulous,  0.2-0.5  nun   long,  truncate  to  5- 
lobed  for  ca.  Vi  its  length,  lobes  deltoid,  ciliolate; 

corolla  in  bud  infundibuliform,  white,  externally 

glabrous  to  puberulous,  internally  glabrous,  lube  to 

5.5  mm  long,  lobes  5,  to  1.5  mm  long,  triangular, 

abaxially  smooth;  stamens  inserted  above  middle  of 

corolla   tube,   anthers   ca.    1.2    mm    long,   exserled; 

5°26'N,  76°()2'W,  Betaneuret  al.  3226  (COL.  MO);  nmn-  Sli^mas  ra\  '    m,n  lon&  linea,;  Positioned  at  mouth 

icipio  Mistrato,  entre  los  corregimientos  de  Geguadas  y  °*  ,u,)(>-  In/ructescences  similar  to  inlloreseences  or 
Puerto  de  Oro.  selva  de  Pisones.  Fernandez  \.  et  al.  9621  sometimes  more  expanded;  fruits  ellipsoid   to  sub- 

(C.OL,  HI' A).  globose,  5-5.5  X  4—5  mm,  red  to  orange;  pyrenes 
2,    hemispherical    in    cross    section,   dorsal    surface 
smooth. 

[Notopleura    saulensis    (Steyerm.)    C.    M.    Taylor, 
comb.    nov.    Basionym:    Psychotria    saulensis Habitat,  distribution,  and  phenology.  Know  n 

Steyerm.,  Rrittonia  33:  395.  1981.  TYPE:  only  from  the  type  locality,  in  wet  forest  at  400- 

Krench  Guiana.  Sommet  Moots  Calhao  a  10  450  m;  collected  in  (lower  and  fruit  generally  con- 

km  an  SO  de  Saul,  050  m,  0  Mar.    1075.  J.  ,/.        currently,  in  January,  June,  and  October. 

de  Granville  2361   (holotype,   VKN   not   seen; 

isolype,  CA^    not  seen). 

French  (iuiana,  perhaps  to  Bolivia. 

This  species  is  distinguished  by  its  glabrous  or 

puberulous  vegetative  parts,  its  stipule  sheaths  I- 

3  mm  long,  its  floral  bracts  1-1.2  mm  long,  its 

abaxially   smooth   corolla    lobes,   its   red    to  orange 
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fruits,  and   its  pyrenes  that  are  hemispherical  in  with  sheath  3-5  nun  long,  truncate  to  rounded  or 

cross  section  and  smooth  on  the  dorsal  surface.  The  broadly  triangular,  entire,  glabrous,  suhcoriaccous, 

specific  epithet  refers  to  the  red  color  of  the  mature  deciduous,  with  interpetiolar  appendage  conical,  t 

fruits.  This   new   species   has   been  confused   with 3  mm  long.  Inflorescences  pseudoaxillary,  glabrous 

long,  and  its  flowers  borne  in  congested  glomerules 

and  enclosed  by  bracts  2-8  mm  long. 

Poroiypes.      ECUADOR.  Napo:  Estacion  Biol6gicaJa- 

tun  Sacha.  8  km  no  ahajo  <le  Puerto  Misahuallf.  l°()4'S, 

Notopleura  siggersiana  of  Central  America:  N.  sig-  to  densely  puberulous,  paniculate,  with  peduncle 

gersiana  differs  in  its  pilosulous  or  villosulous  pu-  2-6.5  cm  long,  branched  portion  pyramidal,  3-17 

bescence  on  vegetative  parts,  its  stipules  3-5  mm       X  5-15  cm,  with  developed  secondary  axes  at  2  to 

4  nodes,  these  2  or  3  per  node,  dichasial  usually 

becoming  cincinnoid  with  age;  bracts  triangular, 

acute,  entire,  those  subtending  secondary  axes  0.5- 

2  mm  long,  floral  bracts  ovate  to  suborbicular.  acute 

mi^7cerdn&  Iguago  ',468  (MO),  Hedin  140  (MO),  to  rounded,  0.5-1.5  mm  long,  usually  paired  and 
Miller  et  al.  2164  (MO),  AW//  &  Cerdn  7567  (MO).  fused  at  \mse;  flowers  subsessile,  borne  singly  or  in 

glomerules  of  2,  with  hypanthium  puberulous,  ca. 

Notopleura  siggersiana   (Standi.)   C.   M.   Taylor,  0.5  mm   long,  cylindrical   to  turbinate;  calyx  limb 

comb.   nov.    Rasionym:  Psychotria  siggersiana  puberulous,   ca.   0.8   mm    long,   shallow!)    5-Iobed. 
Standi.,  J.  Wash.  Acad.  Sci.  15(13):  289.  1925.  lobes  triangular;  corolla  infundibuliform,  white  or 

TYPE:  Costa  Rica.  Limon:  vicinity  of  (uiapi-  cream,  externally   puberulous,   internally  glabrous 

les,  300-500  m.   Mar.   1924,  P.   C.   Standley  except  villosulous  at  stamen  attachment,  tube  ca.  3 

37210  (holotype,  US-]  153058). 

Psychotria  morii  Dwyer,  Ami.  Missouri  Hot.  Gard.  67:  400. 

1980.  TYPE:  Panama.  Veraguas:  1  1  km  from  Escue- 
la   Agrfcola   Alto  de   Piedra,  along   Rfo   Dos   liocas, 

mm  long,  lobes  5,  ca.  1.5  mm  long,  narrowly  tri- 

angular, abaxially  smooth;  stamens  inserted  just 

above  middle  of  tube,  anthers  ca.  1.2  mm  long, 

positioned  at  mouth  of  tube:  stigmas  ca.  0.8  mm 

Atlantic  slope.  15  Nov.  1974,  S.  Mori  &  J.  Kallunki       long,  exserted.   Infructescences  similar  to  inflores- 
3139  (holotype,  MO-2W2202). 

Mexico  to  northwestern  Colombia. 
cences:  fruits  ellipsoid,  6-9  X  5-7  mm.  orange  to 

red:  pyrenes  2.  when  young  dorsiventrally  flattened 

with  dorsal  surface  smooth,  at  maturity  somewhat 

Notopleura  standleyana  (Steyerm.)  C.  M.  Taylor,       inflated,   triangular  to  umbonate   in   cross
  section. 

dorsal    surface   flat    with    1    usually   poorly   marked 

longitudinal  ridge,  margins  not  thickened. 

Habitat,  distribution,  and  phenology.  Venezuela 

to  southern  Colombia  and  Ecuador,  in  wet  forest  at 

1000-2700  m:  collected  in  flower  and  fruit 

throughout  the  year,  usually  concurrently. 

This    species    is   distinguished    by   its   relatively 

large  leaves  with  the  secondary  veins  usually  unit- 
Notopleura  sieyermarkiana   C.    M.   Taylor,   sp.      ed  into  a  clearly  evident  submarginal  vein,  its  »tip- 

nov.   TYPE:    Venezuela.   Yaracuay:   Sierra   de      ules  with  short  sheaths  and  conical  interpetiolar  ap- 

Aroa.  Cerro  Negro,  8  km  SW  of  San  Felipe,       pendages,    its    inflorescences    with    the    flowers 

comb.  nov.  Basionym:  Psychotria  standleyana 

Steyerm.,  Fieldiana,  Bot.  23:  607.  1953. 

TYPK:  Venezuela.  Merida:  Montana  de  San  Ja- 

cinto on  N  side  of  Rio  Chama,  opposite  Me- 

rida, 1675-2195  m,  19  May  1944,  J.  A.  Stey- 
ermark  56681  (holotype,  F). 

Venezuela. 

10°17'N,  69°0rW,    1200-1800  m,    1-2   Apr. 
1980,  R.  Liesner  &  A.  Gonzalez  981  7  (holotype. 

MO-2877481).  Figure  3D-C. 

Haec  species  a  Notopleura  macrophylla  fructuum  ma- 
turitate   rubrorum   aurantiacorunivc   pyrenis   laevibus   in 

sectione  transversali  plerumque  triangularihus  umbonatis- 
ve  distinguitur. 

Terrestrial    herbs    or    shrubs    to    3 m tall. 

1111— 

subsessile  and  generally  separated  on  dichasial 

branches  that  become  cincinnoid  with  age,  its  red 

to  orange  mature  fruits,  and  its  pyrenes  that  are 

smooth  and  al  maturity  generally  triangular  to  um- 
bonate in  cross  section.  The  specific  epithet  honors 

Julian  Steyermark,  who  worked  extensively  on 

South  American  Rubiaceae.  Notopleura  steyermar- 

kiana  is  very  similar  to  N.  macrophylla;  N.  macro- 

7  mm  long,  its  while  fruits,  and  its  pyrenes  with  4 

to  5  low.  slender,  longitudinal  ridges  on  the  dorsal 

branched;   stems  glabrous.  Leaf  blades  elliptic  to  phylla  differs  in  its  corollas  with  slender  tubes  5 

elliptic-oblong,  20-31   X  9-17  cm,  at  apex  acute 

to  usually  acuminate,  at  base  cuneate  to  rounded. 

drying  papyraceous,  glabrous  or  puberulous;  sec-  surface.    Steyermark    (1972:    561-565)   treated   N. 

ondarv  veins  15  to  26  pairs,  uniting  in  a  submar-  macrophylla  and  A.  sieyermarkiana  as  subspecies 

ginal  vein  at  least  in  distal  part  of  blade;  petioles  of  Psychotria  macrophylla.  because  he  considered 

2.8-15  cm   long,  glabrous  or  puberulous;  stipules  the  pyrene  shape  and   fruit  color  that   distinguish 
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these  laxa  to  be  less  important  than  leaf  shape  and  Haec  species  a  congeneris  folds  grand i bus  nerviis  sub- 

size,  which  he  used  to  circumscribe  P  macrophylla.  marSinalil)US   l)('Mr  evolutis   praeditis,   inflorescentia  ad \,   .      i                                 /  .                         ,,                            ,  apices  axiuni  (lores  in  glnmcrulis  eerente  nedunculu  bene 
nlotopleura  steyermarkiana  generally  corresponds  lo  i   .     ■     -i     •      r     i          i             i    i-           i 

'                   -                            n               J               r  evoluto  msnlenle,  liuiho  eahcino   L— 1.5  mm  longo  atque 

the    plants   Steyermark    called    "Psychotria   macro-  frucHium    alborum    pxreuis    dorei ventral  iter   complanatis 
phylla    subsp.   albaeostata    (Kusby)   Steyerm.,"   but  crista  longitudinali  in  pagina  dorsali  munitis  distiuguitiir. 
the  type  collection  ol  P.  albacostata  belongs  to  N. 

macrophyUa  as  circumscribed  here. 

Pamtypes.  COLOMBIA.  Narifio:  Reserve  Natural  La 

Planada.  a  7  km  de  Chum  unes,  l°l()'N,  77°58'W,  de  Re- 
navides  8969  (MO).  Puliimayo:  municipio  Mocoa,  cor- 
rcgimiento  de  San  Antonio,  vereda  Alto  (lumpucana,  finca 

Terrestrial  shrubs  or  subshrubs  lo  1  in  tall,  ap- 

parently unbranched;  stems  glabrous  to  puberulous 

usually  becoming  glabreseent.  Leaf  blades  elliptic 

to   broadly   elliptic,  23-32    X    16-24  cm.   at    apex 
acute  to  rounded,  at  base  cuneale  to  truncate,  dry- 

La  Mariposa,  I°I2'N,  76°38'VV,  Fernandez  I.  et  al.  1075V       big  papyraceous,  on  both  surfaces  glabrous  lo  pu- 
(COL,  MO).  ECUADOR.  El  Oro:  hacienda  Buenaventura,       berulous,    abaxiallv     apparently     paler;    secondary 

Kessler2589  (MO),  2637  (MO).  Napo:  \rclndonaCant6n,  ' 
carretera  llollfn- Loreto,  Km  25,  Sector  Challua  Yacu,  fal- 

das  al  S  del   Volcan  Sumaco.    10I5'S.  77°38'W,  Cerdn  X'        ulous    l<>    ̂ rlal)rous;    stipules    with    sheath    3-5    mm 

Hurtado  6492  (MO);  Canton  Kl  Chaco,  Proyeeto  Hidroe-       long,  truncate  to  broadly  triangular,  entire,  glabrous 
lectrieo  Coca,  Punto  ST3,  margen  derecha  del  Rfo  Quijos, 

ea.  10  km  al  S  de  Keventador,  (M)°l  I'S,  7703<)'\\.  Palacios 
5938  (MO).  VENEZUELA.  Without  locality,  Fendler  545 
(MO).  Aragua:  along  road  from  Maracav  lo  Chor 

submarginal   vein;  petioles  2.5-7  cm   long,  puber- 

to  puberulous,  subcoriaceous,  caducous,  with  m- 

terpetiolar  appendage  to  6  mm  long,  conical,  stout, 

shortly  fimbriate.  Inflorescences  pseudoaxillarv.  pu- 

berulous to  pilosulous.  paniculate,  with  peduncle 

7-20  mm  long,  branched  portion  pyramidal  lo 

broadly  so,  6-15  X  5.5-24  cm,  with  developed  sec- 

S<>r^  ^ZcZ'\Z^\l   ondafy axes  al  3  to  5  no(,es' 2  \n:v  node;  hrar,s 
Palma,   12.5  km  above  Humocaro  Alio.  <)°37'N,  70°()4'W, 
Croat  60635  (MO).  Triijillo:  distrilo  de  Bocono,  Ouara- 

macal,  20  km  al  K  de  bocono,  9°I4'N,  70°l  I'W,  Armani 
et  al.  5212  (MO);  distrilo  de  bocono.  Cerro  Ouaramacal, 

camino  Mos(|uev-casen'o  Ouaramacal,  vertieulc  noroestc. 

oni.  near 

Km  23.  ca.  I  km  N  of  summit  (Alios  de  Choronf),  9°21'N, 
67°24'W,  Cnxa  51507  (MO);  distrilo  Girardot.  Panpie  Na- 
cional  Henri  Pittier(Rancho  Grande),  La  Cumbre  de  Kan- 

cho  Crande  trail,  I0°2I'N,  ()7°.W\\.  Daridse  et  al.  16712 

acute,    ciliolate,    puberulous    to   villosulous.    thos< 

subtending  secondary  axes  triangular  to  lanceolate. 

2-10  mm  long,  floral  bracts  ovate.  2-3.5  mm  long; 

flowers  sessile   in  glomerules  of  5  lo    II.  with   hv- 

9°1()'N,  70°U'%  SurghsetaL  15812  (MoTroR^-'T^       panlhium  glabrous  to  puberulous.  turbinate,  ca.    I 
acuay:  distritos  Nirgua  y  San  Felipe,  Serram'a  Santa  Ma-       mm  long;  calyx  limb  glabrous  or  puberulous,  0.8- 
rfa-Cerro  La  Chapa,  cumhre,  al  K  de  la  pica  Nirgua-Las        1.5  mm  long,  very  shallowly  5-lobed,  lobes  rounded 
Marias,   1()°I5'N,  68°33'W,  Meier  3246  (MO);  distrilo  de 
Bolfvar,  entre  Las  Parchitas,  Tierra  Fria  v  Ojo  de  Agua, 

l()°20'N.  68°57'W,  Ortega  &  Smith  2497  (MO);  distrilo 
de  Urachiche,  al  N  de  Urachiche,  a  lo  largo  de  la  carretera 
entre    Ituenos   Aires  y   Ouamales,   parte  occidental   de   la 

Sierra   de    Aroa,    10°14'N,   69°0r\V.   Steyermark   et   al 
114093  (MO.  VEN). 

lo  broadly  triangular;  corolla  infundibuliform.  white 

lo  cream,  externally  glabrous  or  puberulous,  inter- 

nally glabrous  except  pilosulous  al  mouth,  lube  ca. 

5  mm  long,  lobes  5,  ca.  2  mm  long,  triangular, 

abaxially  smooth;  stamens  inserted  just  above 

mouth   ol   corolla   tube,   anthers   ca.    1.2   mm    long, 

INotopleura  nuliiiiihric-ala  (Steyerm.)  C.   M.  lay-       exserted'  s,i^n,i,s  not   seen.
  Injructescences  simila. 

lor,  comb.  nov.  Basionym:  Psychofria  subitn- 

bricata  Steyerm.,  Ann.  Missouri  Bot.  Card.  74: 

400.  1087.  TYPK:  Venezuela.  Miranda: 

Parque  Nacional  Cuatopo,  a  lo  largo  del   Rfo 

Santa  Cruz  de  Rfo  Crande.  lado  ()  de  la  car- 

retera.,    al     SK     de     L 
OS 

A I 

pe 

s 10°04'45"N, 

to  inflorescences;  fruits  ellipsoid,  ca.  7X6  mm, 

white;  pyrenes  2,  dorsivent rally  flattened,  dorsal 

surface  flat  with  1  low,  sharp,  central,  longitudinal 

ridge  and  margins  thickened. 

Habitat,    distribution,    and  phenology.      Western 

Panama,  in  wet   forest  at    1000-1300  in;  collected 

in  flower  in  February-July,  in  fruit  in  September 

This  species  is  distinguished  by  its  relatively 

large  leaves  with  well-developed  submarginal 

veins,  its  inflorescences  with  well-den  eloped  pe- 

duncles and  the  flowers  arranged  in  glomerules  al 

INotopleura  submarginal  is  C.  M.  Taylor,  sp.  nov.  the  ends  of  the  axes,  its  calyx  limbs  0.8-1.5  nun 

TYPK:  Panama.  Chiriquf:  ridge  8  km  N  of  Los  long,  its  white  fruits,  and  its  pyrenes  thai  arc  dor- 

Planes  de  llornito.  IKHK  Fortuna  Hydroelec-  sivenlrally  flattened  with  a  central  longitudinal 

trie  Project,  8°45'IN,  82°12'W,  L250-1300  m,  ridge  on  the  dorsal  surface  and  thickened  margins. 
0   May    1082,  S.   Knapp  498H  (hololype,   MO-       The  specific  epithet  refers  to  the  distinctive,  well- 

()()°20';i(r\V,  400  m,  31  Oct.  1081.  ./.    1.  Stey- 
ermark &  H.  Manara  125483  (holotype,  VEN 

not  seen). 

Venezuela. 

3041787).  Figure  5G-J. developed  submarginal  leaf  veins.  This  new  species 
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is  similar  to  Notopleura  capacifolia  and  N.  nepok- Venezuela  to  northeastern  Brazil  and  Amazonian 

roeffiae;  N.  capacifolia  differs  in  its  inflorescences      Colombia.  For  additional  synonymy,  see  Steyermark 

s  b 
singly 1 with  the  (lowers  borne  singly  or  in  giomeruies  o 

two  to  three  along  cincinnoid  axes  and  its  subtrun- 

ules  of      (1972). 

cate  to  shallowly  lohed  calyx  limbs  only  0.5-0.8  Notopleura  terepaimensis  (Steyerm.)  C.  M.  Tay- 

lor, comb.  nov.  Basionym:  Psychotria  terepai- 

mensis  Steyerm.,  Mem.  New  York  Hot.  Gard. 

23:  565.  1972.  TYPK:  Venezuela.  Lara:  Tere- 

paima,  1450  m,  2  Jan.  1954,  B.  Trujillo  1955 

(holotype,  MAR  not  seen). 

Venezuela. 

mm  long,  while  A',  nepokroejjiae  differs  in  its  usu- 

ally smaller  leaves  that  are  sharply  acuminate  at 

the  apex,  its  inflorescences  with  smaller  panicles 

borne  on  shorter  peduncles,  its  calyx  limbs  1.2-2 

mm  long  and  lobed  for  Vi  or  more  of  their  lengths, 

and  its  corolla  lobes  abaxially  with  well-developed 

conical  appendages. 

Paratypes.  PANAMA.  Cliiriqui:  vicinity  of  Gulaca 
ca.  8.5  mi.  from  Planes  de  llornito.  ha  Fortuna  on  road 

to  dam  site,  Antonio  5070  (MO);  Fortuna  Dam  area,  along 

Quebrada  Bonito  to  E  of  road.  8°45'N,  82°13'W,  Churchill 
et  al  4732  (MO).  4756  (MO);  Fortuna  Dam  area.  Quebra- 

da Bonito  to  N  of  reservoir.  8°TVN,  82°13'W,  Churchill 
5775  (MO);  Fortuna  Dam  area,  between  Quebrada  Los 

Chorros  and  Quebrada  Hondo,  to  N  of  reservoir,  8°45'N, 
82°14'W,  Churchill  &  Churchill  6178  (MO);  along  road 
between  Gualaca  and  Fortuna  dam  site.  8.3  mi.  NW  of 

Los  Planes  de   llornito.  8°44'N,  82°16'W,  Croat  49967 
(MO);  along  road  between  Fortuna  Lake  and  Chiriqui 

Grande,  4.5-5  km  N  of  dam  over  Fortuna  Lake,  8°43'N, 
82°17'W.  Croat  &  Grayum  60042  (MO);  Vi  km  NF  of  Que- 

brada de  Arena,  draining  into  Rfo  Chiriquf.  Carretera  del 

Oleodueto.  IRHE  Fortuna  Hydroelectric  Project,  8°4(>'N, 
82°12'W.  Knapp  et  al.  4052  (MO);  forest  behind  Vivero       Notopleura  tolimeiisis  (Wenihani)  C.  M.  Taylor, 

Notopleura  theseeloaiitha  (Steyerm.)  C.  M.  Tay- 

lor, comb.  nov.  Basionym:  Psychotria  thesce- 

loantha  Steyerm.,  Ann.  Missouri  Bot.  Gard. 

75:  347.  f.  13.  1988.  TYPK:  Venezuela.  Ama- 

zonas:  departamento  Rio  Negro,  upper  Cafio 

Baria,  "swampy"  area  between  Rio  Mawarin- 

uma  and   headwaters  of  Rio   Baria,  00°52'N, 
66  I.VW.    130   in.  26   Mar.    1984.   R.   Liesner 

16934  (holotype,  MO-3393681). 

Colombia  to  Ecuador  and  Venezuela. 

Forestal,  9  km  N  of  Los  Planes  de  Hornito,  IKHK  Fortuna 

Hydroelectric    Project.   8°45'N,   82°12'W,   Knapp   et   al. 
4092  (MO):  Chiriquf  border  along  Continental  Divide  on 
Carretera  del  Oleodueto  ca.  1  km  N  of  Quebrada  Arena. 

IRHE  Fortuna  Hydroelectric  Project.  8°46'N,  82°12'W, 

Knapp  5095  (MO);  forest  behind  Vivero  Forestal  de  Bo- 

comb,  nov.  Basionym:  Psychotria  tolimensis 

Wernham,  Bull.  Misc.  Inf.  Kew  191  1:  68. 

191  1,  TYPE:  Colombia.  Tolima,  Pitalito,  Mar. 

(fl),  Sprague  237  (holotype,  K). 

qucte,  12  km  IN  of  bos  Planes  de  Hornito,  IRHK  Fortuna       Psychotria  vktoriae  Dwyer,  Ann.  Missouri  Bot.  Gard.  53: 
108.    1966,    nom.    illeg.,    not    Ps.    vktoriae   Standi. Hydroelectric  Project,  8°4,VN,  82°12'W,  Knapp  &  Vodicka 

5554  (MO);  10  km  N  of  Los  Planes  de  llornito,  IKHF 

Fortuna  Hydroelectric  Project.  Knapp  &  Vodicka  561/ 

(MO);  Continental  Divide  above  Quebrada  Arena,  Carre- 
tera del  Oleodueto,  IRHF  Fortuna  Hydroelectric  Project. 

Knapp  &  Vodicka  5651  (MO). 

(1930).  Syn.  nov.  TYPE:  Panama.  Chiriquf:  Hoquete, 

Collins  Finca.  Aug.  1964,  Sr.  XL  \.  Harden  164  (ho- 

lotype, PMA;  isotype,  MO-187156A). 

Central  Mexico  to  Peru.  This  species  has  been 

_T                                       .      ,~    xt  m  v    r     M     T     ,  included  by  previous  authors  in  Psychotria  macro- INotopleura   sucrensis   (Steyerm.)   C.    M.    laylor,  ,,,..,                ■       i    i         \       r    i- 
,                  o                   '  d      i    t                   „.;.  Piy hi,  hut  with  more  detailed  studv  of  this  group 

comb.    nov.     Basionym:    Psychotria    sucrensis  I  l.yi     >                                                i      Y     •                 i- 

Steyerm.,  Mem.  New  York  Bot.  Gard.  23:  547.  of  specim
ens  it  can  he  seen  to  be  distinct,  as  di- 

1972.   TYPK:    Venezuela.   Sucre:   laderas  que  ̂ ssed  under R  macrophyUa.  I  he  holotvpc  and  iso- 

miran  hacia  La  Roma  e  Irapa.  en.re  la  cumbre  type  collectio
ns  of  P  victonae  were  both  mistaken  y 

y  La   Laguna,  NO  de  Irapa.  Cerro  de  Humo,  deposited
  at   MO;  the  holotvpc  has  more  recently 

Peninsula  de  Paria.  1060-1273  m.  3  Mar. 

1966.  ./.  .1.  Steyermark  94956  (holotype.  VEN 

not  seen). 

Venezuela. 

Notopleura  tapajozensis  (Standi.)  Bremek.,  Kec. 

Trav.  Bot.  Neerl.  34:  290.  1934.  Basionym: 

Psychotria  tapajozensis  Standi..  Publ.  Field 

Columbian  Mus.,  Bot.  Ser.  8:  215.  1930. 

TYPK:  Brazil.  Para:  San  Gabriel,  Kio  Tapajoz, 

Jan.    1916.  Kuhlmann  1458  (holotype,  B  not 
seen). 

been   sent   to   PMA,   while  the   isotype  remains  at 

MO. 

Notopleura  tonduzii  (Standi.)  C.  M.  Taylor,  comb, 

nov.  Basionym:  Psychotria  tonduzii  Standi.,  J. 

Wash.  Acad.  Sci.  15(13):  287.  1925.  TYPE: 

Costa  Rica.  Cartago:  La  Estrella,  26-27  Mar. 

1924,   P.    C.    Standley  39461    (holotype,    US- L 153160). 

Nicaragua   to   Panama.  This   species  has  some- 
times been  confused  with  Notopleura  aggregata. 



510 Annals  of  the 
Missouri  Botanical  Garden 

[Notopleura    triaxillaris    C.    M.    Taylor,    sp.    nov.       in  flower  in  February,  May,  June,  and  October,  in 
T\  PE:  Peru.  Pasco:  Oxapampa  Province.  Pal-       fruit  in  February,  May,  and  October. 
eazu  valley,  Rfo  San  Jose  in  llie  Kfo  Chuchur- 

ras  drainage,    I0°09'S.   75°20'W,  600  m.    1 2 

This  species  is  distinguished  by  its  truncate  to 

rounded   stipule  sheaths  2.5-5  mm   long,   its  rela- 

May   1983.  I).    V.  Smith  3942  (holotype,  MO-       lively  large  inflorescences  with  2  or  usually  3  sec- 
ondary axes  produced  at   the  basahnost   node,  and 

its  dorsiventrally  flattened  pyrenes    1—5.5  nun  Ion 

3392740).  Figure  3H-J. 

Haec  species  a  eongeneris  vagina  stipulari  truncata  ro-  .  . 
tundalave  2.5-5  mm  longa.  inHorescentia  sal  grandi  axes  and  Wlth   '   central  longitudinal  ridge  on  the  dorsal 

secundarios  duos  vel  plerunHjuc  ties  ad  nodum  imum  par-  surface.  The  specific  epithet  refers  to  its  distinctive 

\5  mm  longis  dorsiventraliter com-  inflorescence  arrangement  with  3  secondary  axes  at 
id. ill  in  pagina  dorsali  munilis  (lis-  ii,„   i...  ,.,1,,,..  .   .,     i    .  »i  •     r     ,  •        i        r  j   • 1    r  the  basahnost  node;  this  feature  is  also  found  in  a 

lew  other  species  of  Notopleura  (e.g.,  /V.  aequato- pl 4^ gitu 
tinguitur. 

Terrestrial    shrubs    to    2    m    tall,    probably    tin-       riana,  N.  cundinamarcana). 

branched:  stems  pilosulous  or  villosulous  beeoniin; 
r 

0 
10-32  X   10-15.5  cm,  at  apex  acute  to  slightly  acu- 

Paratypes.      ECUADOR.  Napo:  canton  Archidona,  f'al- 
das  al   sin   del    Vnlcan  Suinaeo.  carretera   llollm    Loreto, 

initiate,  at  base  acute  to  obtuse  or  subtruncate,  dry-       Km   ,a  Huamanf,  00°LVS.  77°36'W,  Alvarado  2A  (MO): carretera  1 1  oil  in- Loreto,  Km  10-50.  alrededores  de  la  co- 

munidad  Huamanf  y  del  Rio  Pucuno,  00°43'S,  77 °36'W, 
Hurtado  869  (MO).  PERU.  Amazonas:  pmvineia  de  bal- 

ing membrana ceous  or  papyraceous,  on  both  sur- 

faces glabrous  or  sparsely  to  moderate!)  pilosulous 

or  villosulous:  secondary  veins  12  to  15  pairs,  ex- 

tending to  near  margins  or  often  looping  to  form  a 

ua.  distritode  I  ma/a.  Yamavakat,  Nororiental  del  Marafion 

KENOM.    alrededor  de    la   quebrada   de    kusu.    I55'S. 

distinct   submarginal   vein   in  distal   pari   of  blade:       7**° ' l)' ̂    Quipuscoa  241  (M0),  Huanuco i  hills  E  of  Tin- go  Maria.  Croat  21133  (MO):  La  Divisora,  divide  between o 
'IV petioles  1.5-5.5  cm  long,  pilosulous  or  villosulous 

becoming  glabrescent:  stipules  with  sheath  2.5-5 

nun  long,  truncate  to  broadly  rounded,  entire,  sub- 

coriaceous,  glabrous  or  villosulous  to  pilosulous  of-       Schunke  1.  9947  (MO).  10158  (MO).  Loreto:  provincia de  Coronel  Portillo,  distrito  de  Padre  Ahad,  la  eumhre  de 

Hugo  Mana  and  Aguyatia,  Cordillera  A/ul.  Gentry  ei  al. 
41436  (M0):  provincia  de  Leoncin  Prado.  distritode  Rupa 
Rupa,   al    K   de   Tingo    Maria,   eerea   al    Cerrn   Ouemado, 

ten  becoming  glabrescent.  generally  deciduous  al- 

ter   distalmost    2    to    3    nodes,    with    interpetiolar 

appendage  conical,  to  3  mm   long,  entire  to  bifid, 

la  Divisora.  Schunke  V.  9856  (MO).  Paseo:  Oxapampa 
Province,  Palea/u  valley,  Rfo  Cacazu,  a  few  km  above 
confluence  with  Rfo  Rocaz,  near  guanlpost  on  road  in  eon- 

caducous.   Inflorescences  pseudoax.llary,  pilosulous       slmrli()n  l0  ,>uerlo  |{ermude/..  Foster  &  Smith  9426  (MO), or  villosulous,  paniculate,  with  peduncle  6-19  cm 

long,  branched  portion  pyramidal,  5.5-13  X   7-20 

cm,  with  developed  secondary  axes  at  5  to  7  nodes,      Notopleura  uberta  (Standi.  &  Steyerm.)  C.   M. 2  or  usually  3  per  node,  these  subequal  or  I  short- 

er; bracts  narrow  ly  triangular,  acute,  ciliolate,  those 

subtending  secondary  axes  2-5  mm  long,  floral 

bracts  1-2  mm  long:  flowers  sessile,  separated  or 
in  glomerules  of  2,  usually  with  arrangement  sub- 

secund  along  inflorescence  axes,  with  hypanthium 
glabrous  or  pilosulous,  ca.  0.5  mm  long:  calvx  limb 

glabrous  to  pilosulous,  ca.  I  mm  long,  subtruncate 

to  shallowly  5-lobed,  lobes  broadly  triangular;  co- 

rolla    tubular-inlundibuliform.    greenish    white    or 

Taylor,  comb.  nov.  Hasionym:  Psychotria  liber- 

to  Standi,  ox  Steyerm..  Fieldiana.  Hot.  28:  608. 

1953.  TYPE:  Venezuela.  Tachira:  near  and 

bordering  Ouebrada  de  Palmar,  al  foot  of  Par- 

amo de  Tama,  2  km  above  Bentania  and  7  km 

above  Villapaez,  2500  m,   14  July   1944,  J.  A. 

Steyermark  57255  (holotype.  F). 

Venezuela 
i 

white  to  cream,  externally  glabrous,  internally  gla- 

brous except  barbate  in  throat,  lube  ca.  4  mm  long. 

lobes  5,  ca.  I  mm  long,  triangular,  abaxially  smooth 

or  sometimes  a  little  thickened:  stamens  and  stig- 

$ 

fi 

Notopleura  uliginosa  (Sw.)  Hremek.,   Kec.  Trav. 

Hot.  Neerl.  31:  290.  1931,  Basionym:  Psycho- 
trio  uliginosa  Sw.,  Prodr.  43.  1788.  Uragoga 

uliginosa  (Sw.)  Kunlze,  Revis.  gen.  pl.  2:  963. 
1891.  TYPK:  Jamaica.  Swartzs.ru  (holotype,  S 
not  seen). pyrenes  2,  dorsiventrally  flattened,  dorsal  surface 

smooth  except  with  I  low,  sharp,  central,  longitu- 

dinal ridge  and  margins  thickened. 
Mexico    and    the     Antilles    to    Bolivia    and    tl 

Habitat,    distribution,    and  phenology.       Ecuador       Guianas.  Lor  additional  synonymy,  see  Steyermark 
and   Peru,   in  wet  forest  at  300-1600  m;  collected       (1972:  558). 

ic 
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Notopleura   wilburiana   (Dwyer)   C.    M.   Taylor,      Notopleura  su I >#.  Viscagoga  (Bail I.)  C.  M.  Taylor, 

comb,  nov.  Basionym:  Psychotria  wilburiana 

Dwyer,  Ann.  Missouri  Bot.  Gard.  67:  440. 

L980.  TYPE:  Panama.  Veraguas:  valley  of  Rfo 

Dos  Bocas,  11-13  km  beyond  Agricultural 

School  at  Santa  Ke,  350-500  m,  25  July  1974. 

T.  B.  Croat  25745  (hololype,  MO-2232437). 

Panama  to  Ecuador.  Dwyer  originally  described 

comb.  nov.  Basionym:  Uragoga  sect.  Viscago- 

ga  BailL,  Adansonia  12:  227.  1879.  Psycho- 
tria ser.  Viscagoga  (Baill.)  Steyerm.,  Mem. 

New  York   Bot.  Gard.  23:  560.    1972.  TYPE: 

Uragoga  grosourdieana  Baill.  =  Notopleura 

guadalupensis  (DC.)  C.  M.  Taylor. 

Plants    succulent    to    strongly    so,    epiphytic    or 

the  hvpanthium  as  ca.  3  mm  long,  the  calyx  teeth  sometimes  terrestrial  growing  in  saturated  soils; 

as  6,  the  corolla  tube  as  ca.  3  mm  long,  and  the  stems  usually  branched,  often  climbing  or  clam- 

stipules  as  •"imbricated,"  but  these  conditions  have  bering.  Stipules  united  around  the  stem  into  a  trun- 

nol  been  reconfirmed.  The  type  specimen,  which  cate,  tubular  sheath,  with  interpetiolar  appendage 

was  the  only  collection  cited  by  Dwyer,  has  no  ma-  conical  to  reduced  or  absent.  Inflorescences  pseu- 

ture  corollas  so  the  corolla  tube  measurement  is  doaxillary  or  terminal;  calyx  limb  4-  to  5-lobed; 

questionable,  and  the  only  dissection  now  attached  corolla  4-  to  5(6)-lobed.  Fruit  red  becoming  black 

at  maturity;  pyrenes  2  to  6.  in  cross  section  hcmi- 
J  '        ml to  it   is  of  a  young  developing  fruit.  The  long  hy- 

panthium  he  described — species  of  Notopleura  oth-       spherical  to  somewhat  dorsi  ventral  I  y  flattened  when 

erwise  have  hypanthia  0.5-1.2  mm  long — is  here 

interpreted  to  be  a  young  fruit.  All  of  the  flowers 

seen  have  only  5  calyx  lobes,  so  the  source  of  that 

observation   is  not  clear.   And,  the  stipules  of   this 

species  have  interpetiolar  laminas  that  an1  com- 

planate  with  respect  to  each  other,  though  they 

overlap  vertically  along  the  stem  so  this  may  be 

what  Dwyer  meant  by  "imbricate." 

2  or  triangular  when  3  to  6.  on  the  abaxial  face 

smooth  or  with  shallow  longitudinal  ridges,  on  the 

adaxial  face  smooth  or  with  a  central   longitudinal 
ridge. 

About  10  species,  Mexico  and  the  Antilles  to  the 

Guianas,  Brazil,  and  Bolivia,  in  wet  formations  Iron 

sea  level  to  montane  forest. 

Kw  to  Species  of  Notopleura  si  bg.  Viscagoga 

la.      Leaves  12-40  X  3-30  nun,  with  the  secondary  veins  hardly  or  usually  not  at  all  evident  when  dry. 

2a.      Leaves  elliptic  to  ohlaneeolate,  obtuse  to  rounded  at  apex;  inflorescences  sessile  to  suhsessile    
 

       N.  mentmensis 

2I>.      Leaves  elliptic  to  narrowly  lanceolate,  acute  at  apex:  inflorescences  evidently  pedunculate. 

3a.      Leaves  elliptic  to  broadly  elliptic  or  lanceolate.  7-30  nun  wide,  usually  not  marked!)  paler  ahax-
 

ially  when  dry     .         -       AT.  guadalupensis  (p.p.) 

31).      Leaves  narrowly  elliptic.  3-8  mm  wide,  often  markedly  paler  ahaxially  at  least  when  dry    

       N.  maxonii 

Leaves   15  X    10  mm  or  larger,  with  the  secondary   veins  usualU  evident  when  dry. 

la.      Calyx  limb  with  margin  truncate  to  sinuate             N.  multiramosa 

lb.     Calyx  limb  with  margin  lohed. 

II i 

5a. Fullv  developed  (mil  with  I  to  o  pyrenes. 

6a.      Inflorescences  pyramidal  in  profile,  with  axes  well  developed  and  spreading  at  90°  or  wider 

V  pithecobia 6b. 
from  each  other                

Inflorescences  con  mbiform-rounded   in  profile,  with  axes  well  to  poorly  developed  and  a 

cendine  at  less  than  90°. 

s- 

t'd. 

7b. 
Leaves  2.5-5  X   1.5-2.5  cm;  Cuba            \.  guad(iluf>ensis  subsp.  tetrapyrena 

Leaves   1-8  X  2-3.5  cm;  Central  and  South  America. 

Vegetative  branches  without  a  leafless  stipule  sheath  at  their  bases;  calyx  limbs 

ca.  1  mm  long,  puberulous      -       —      A.  eptphytica 
81)       Vegetative  branches  without  or  often  with  a  leafless  stipule  sheath  at  their  bases; 

8a. 

calyx  limbs  ca.  0.5  mm  long,  glabrous  except  ciliolate  on  margins /V.  peperomiae 5b. Fully  developed  fruit  with  2  pyrenes. 

9a.      Calyx  lobes  triangular  to  narrowly  so.  acute  to  acuminate,  0.5-1.5  mm  long;  corolla  6-,
   mm 

long     -                A    rmssa 

9b.     Calyx  lobes  broadly  triangular  and  obtuse  to  deltoid,  to  0.8  mm  long;  corolla  3-5  mm 
 long. 

10a.    Calyx  limb  entire  and  corolla  externally  smooth        A',  guadalupensis  (p.p.) 

lOb.    Calyx  limb  ciliolate  or  corolla  externally  papillose-puberulous. 

I  la.   Calyx  limb  ciliolate  and  corollas  externally  smooth           N.  aligera 

I  lb.   Calyx  limb  entire  and  corollas  externally  papillose-puberulous  ......     A.  perpapillifera 
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INolopleura    aligera    (Steyerm.)    C.    M.    Taylor, 

comb.  nov.  Basionym:  Psychotria  aligera  Stey- 

3  Mar.  1 920.  P.  C  Standley  &  ./.  Valeria  50863  (ho- 
lotype, l!S- 1 306503). 

eim,  Mem.  Ne*  York  Hot.  Card.  23:  572.  fig.       Psycl%™  r"^  ̂ nr    lot',    ̂ ^  ̂   ™!!? 
7^      IQ79     TYPlY     V  I        R    \>  i  MUS"    Bo1"    Sen    7(l):    l07-    ])Ml    S>n'    llov-    IVIK /.*.    Iv<z.    I  i  I  K:   Venezuela.  Bolivar:  cumbre  ~  "      "  '     ~  " 

of  La  Esealera,  Hio  Uiri-yuk,  Alio  Kfo  Cuyuni, 

KMM)  rn.  20-21   Aug.   1962,  /*.    l/,/^//re,  7.  A. 

(Colombia.  Bolfvar:  below  Paramo  de  Clia(|iiifto,  Cor- 
dillera Occidental,  2800-3100  m,  24  Feb.  1918,  F. 

W.  Pennell  H/I?  (holotype,  NY  not  seen,  microfiche). 
•  ■  i  ■  a   *  _  _         _     _        _ 

Steyermark  &  C  K.  Maguire  46872  (holotype,      '^'''J^  ^"J^™1!""'  .MT' 
NY    nol    seen    microfiche;    isotype,    VKN    not 
seen). 

Southeast  Venezuela  and  Guyana. 

Notopleura  erassa  (Benth.)  C.   M.  Taylor,  comb 

nov.    Basionym:    Psychotria    erassa    Benth.,   J. 

Mot.  Ser.  7:  100.  1930.  Syn.  nov.  TYPE:  Bolivia,  La 

Paz:  North  Yungas,  Polo-Polo,  near  Coroico,  I  100  m, 
Oct.-Nov.  1912.  0.  Bwchtien  5767  (holotype,  US- I  I  77800). 

Nicaragua  to  Bolivia  and  infrequent  in  the 

Guianas  and  Venezuela.  This  species  is  more 

broadly  circumscribed   here  than   by  previous  au- 

Bot.   (Hooker)  3:  227.    1841.  TYPE:  "British       t,lors"   lhe  ,)lan,s  are  variable  '»  particular  in  leaf 

Ciiiaim"  |  Venezuela |.   Amazonas:   Maracoaaca  size  a,ld  shafH%  ,,ut  ,l(>  ('lear  Paltems  are  apparent 

[Marawaca],  Schomlmrgk  s.n.  (holotype.  K).  In  ,his  variation  S()  several  names  are  
here  synon- 

ymized.  No  material  of  Psychotria  dudleyi  Steyerm. 

Psychotria  erassa  lo.  alba  Steyerm.,  Ann.  Missouri  Hot.  (Phytologia  3 1 :  227.  1975)  has  been  seen,  but  Stey- 
Gard    71:   331.    1984.   TYPE:    Venezuela    bolivar:  ermark  considered  this  similar  to  P  cpiphytica  and I  lar,  Maci/.ode  Cliimanta,  sector  centro-NR  del  Chi-  #,            •       ,      /•            i                      •    •         ,.          r" 

manta-.epui,  cabeceras  oriental  del  Cafto  Chiman-  ''  s™"met™*>  an<l  ,l  ■«  provisionally  re
ferred  here 

ta,  5°I8'N,  62°09'\X,  2000  rn,  26-29  Jan.   1983,  ./. 
I.   Steyermark,   0.    Iluher  &  Carreno   128062  (holo- 

type, VKN  not  seen). 

Psychotria   erassa   lo.   angustior  Steyerm.,   Ann.    Missouri 
Bot.  Gard.  71:  331.  1984.  \\  PE:  Venezuela,  bolivar: 
Piar,  Macizo  de  Chiinanta,  sector  oriental  del  Chi- 

maiita-lepui.  cabeceras  del  afluente  dereeho  superior 

del  bio  Tirica  ("Carlo  del  CrilhO,  5°18'N.  62°03'W, 
2450  rn,  7-9  Feb.  1983,  ./.  4.  Steyermark,  0.  Iluher 
&  Carreno  12X992  (holotype,  VKN  not  seen). 

Venezuela  and   the  Guianas.  Steyermark  distin- 

I also. 

Notopleura  guadalupensis  (DC.)  C.  M.  Taylor, 

comb.  nov.  Basionym:  hmmthus  guada/upen- 

sis  DC..  Prodr.  4:  294,  1830.  Psychotria  guad- 

alupensis  (DC.)  Howard,  J.  Arnold  Arbor.  47: 

139.  1966.  TYPK:  Guadeloupe,  Hcrtcro  s.n. 

(not  seen). 

Antilles  and  Mexico  lo  northern  South  America: 

.  Notopleura  guadalupensis  subsp.  guadalupensis  is 
pushed      sychotna  erassa  lo.  alba  Steyerm.  by  its       l()UM(,    |n   lhe   Lrssr|.   An[^s     h)f.  il(|(|iti(ma,   syn. 
>duiu  es,  axes  of  the  mflorescence,  pedicels,  ca-       ollymy,  see  Steyermark  (1972).  Steyermark  (1972) 
lyx  and   hypanthium,  and   fruit  completely  white." 

and    P.    erassa    fo.   angustior  Steyerm.    by    its   "leaf 
blades    narrowly    lanceolate    or   elliptic-lanceolate 

and  0.5-1.2  cm  wide."  However,  these  characters 
all    vary    continuously    and    without    correlation    to 

recognized    four   s ubspecics    of  /V.    guadalupensis, 

which  he  distinguished  as  follows: 

.. 

1.    Calyx  |limb|  suhtruncalc.  the  minute  projections 
0. 1   mm  Ion*!;  or  less 

each  other,  so  these  forms  are  not  eonsid 

onomically  meaningful  here. 

erec 

I  tax- 

I. 

Notopleura  cpiphytica  (K.  Krause)  C.  M.  Taylor, 

comb.  nov.  Basionym:  Psychotria  cpiphytica  K. 

Krause.  Verb.  Bot.  Ver.  Prov.  Brandenburg  50: 
108.    1908.  TYPK:  Peru.  Lorelo:  in  der  Cerro 

de  Kscalero,  I  100  m,  Mar.  1903,  E.  lie  6692 

(bolotvpe,  B  not  seen,  photo  (K  Rockefeller 
neg.  #462)  MO). 

Psychotria  semimetralis  K.  Krause,  Nolizbl.  Bot.  Gait.  Ber- 

lin-Dahlem  8:  102.  1922.  Syn.  nov.  TYPE:  Peru. 
Lorelo:    au(    den     Bergen    osllich    von    Moyobamha 
zwischen  Harllaubgehclz,  15-1600  m,  1901.  Weher- 
hauer  475/  (holotype,  B  not  seen). 

Psychotria  orehidearnm  Standley,  J.  Wash.  Acad.  Sci.   18: 

     Psychotria  guadalupensis  subsp.  tetrapyrena 
Calyx    [limb |    with    manifestly    developed    lobes 0.2-1 .5  mm  long. 

2.  Calyx  |liml>|  and  hypanthium  together  1.5- 
1.6  mm  long:  calyx  |limb]  0.7-0.8  mm  long, 
the  lobes  0.2-0.4  mm  long:  inflorescence  2- 
3.5  cm  long,  2-7  cm  wide   

      P.  guadalupensis  subsp.  venezueliea 

2.      Calyx  |limh|  and  h\  panlliium  together  2— 2.8 
mm   long:  calyx  |limh|    1-1.5  mm  long,  the 
lobes  0.2-1.5  mm  long;  inflorescences  1-2 
cm  long,  1.5-3  cm  wide. 
3.     Corolla  6—7  mm  long   

P.  guadalupensis  subsp.  guadalupensis 
3.      Corolla  2.5—4  mm  long 

     P.  guadalupensis  subsp.  grosourdyana" 

These   (our  subspecies   are   provisionally   r 

nized  here,  though  there  appears  to  be  greater  var- 
eeog- 

276.   1928.  Syn.  nov.  TYPE:  Costa  Rica.  Heredia:       iation  among  and  on  individual  plants  in  calyx  limb 

Cerros  de  Zurquf,  NK  of  San  Isidro.  2000-2100  m.       length  and  inflorescence  size  than  Steyermark  saw. 
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Notopleura    guadalupensis    subsp.    grosour-      Notopleura  multiramosa  (Steyerm.)  C.  M.  Taylor, 

dieana  (Baill.)  C.  M.  Taylor,  comb.  nov.  Bas- 

ionym: I  ragoga  grosourdieana  Baill.,  Adan- 
sonia  12:  227.  1879.  Psychotria  pendula 

subsp.  grosourdieana  (Baill.)  Urb.,  Symb.  Ant. 

1:  445.  1900.  Psychotria  guadalupensis  subsp. 

grosourdieana  (Baill.)  Steyerm.,  Mem.  New 

York  Bot.  Card.  23:  570.  1972.  TYPE:  Puerto 

Rico.  Lares,  Grosourdy  s.n.  (holotype,  P  not 
seen). 

comb.  nov.  Basionym:  Psychotria  multiramosa 

Steyerm.,  Mem.  New  York  Bot.  Gard.  23:  568. 

1972.  TYPE:  Guyana.  Sboulder  of  E  flank, 

above    Thompson     Camp,     Mt.     Ayanganna, 

1418-1525  m,  10  Aug.  1960,  S.  S.  Tillett,  C. 

L  Tillett  &  R.  Boyan  45079  (holotype,  NY  not seen). 

Guyana  and  southeastern  Venezuela 
i 

Puerto  Rico  and  the  Lesser  Antilles.  This  name       Notopleura  peperomiae  (Standi.)  C.   M.  Taylor. 

has  been   unnecessarily  "corrected"  by  some  au- 

thors to  "grosourdyana." 

Notopleura  guadalupensis  subsp.   tetrapyreua 

(Urb.)  C.  M.  Taylor,  comb.  nov.  Basionym:  Psy- 

chotria pendula  subsp.  tetrapyreua  Urb.,  Symb. 

comb.   nov.    Basionym:   Psychotria  peperomiae 

Standi.,  Contr.  U.S.  Natl.  Herb.  18:  132.  1962. 

TYPE:  Panama.  Chiriquf:  top  of  Gerro  de  la 

Horqueta,  2265  m,  18  Mar.  1911,  //.  Pittier 

3235  (holotype,  US-677632  not  seen,  micro- 
fiche). 

Ant.    1:  445.    1900.  Psychotria  guadalupensis       p     hotria    orchidearum    suhsp.   persedens    Dwyer.    Ann. 
subsp.  tetrapyreua  (Urb.)  Steyerm..  Mem.  New 
York  Bot.  Gard.  23:  570.  1972.  TYPE:  Cuba. 

Pinal  de  Santa  Ana,  800  m,  Wright  249  (ho- 

lotype, B  not  seen). 

Gentral  America  and  the  Antilles. 

Missouri  Hot.  Gard.  67:  47.  1980.  Syn.  nov.  TYPE: 

Panama.  Panama:  Cerro  Campana  at  2.~>00  It.,  7  Feb. 
1969,  E.  L  Tyson  5331  (holotype,  MO- 1973872). 

Gosta  Rica  and  western  Panama.  This  is  the  most 

commonly  collected  epiphytic  Notopleura  species 
in  southern  Gentral  America. 

(Notopleura   guadalupensis   subsp.   venezueliea 

(Stevenn.)  G.  M.  Taylor,  comb.  nov.  Basionym: 

Psychotria  guadalupensis  subsp.  venezueliea 

Steyerm.,  Mem.  New  York  Bot.  Gard.  23:  570. 

1972.  TYPE:  Venezuela.  Ara^ua:  Rancho 

Grande,  Parque  Nacional  II.  Pittier,  Nov. 

1962,  G.  Agostini  &  M.  Farinas  30  (holotype, 

VEN  not  seen). 

South  America. 

Notopleura  perpapillifera  (Steyerm.)  G.  M.  Tay- 

lor, comb.  nov.  Psychotria  pendula  subsp.  trin- 

it crisis  Urb.,  Symb.  Ant.  1:  447.  1900.  Basion- 

ym: Psychotria  perpapillifera  Steyerm.,  Mem. 

New  York  Bot.  Gard.  23:  571.  1972.  not  Psy- 
chotria trinitensis  Urb.,  1913.  TYPE:  Trinidad. 

Grueger  s.n./Hot.  Gard.  Herb.  3127  (holotype. 
B  not  seen). 

Trinidad.  Tobago.  Venezuela,  and  Guyana. 

Notopleura  maxouii  (Standi.)  G.  M.  Taylor,  comb, 

nov.    Basionym:    Psychotria    maxonii    Standi., 
Proc.  Biol.  Soc.  Wash.  37:  53.  1924.  TYPE: 

Costa  Rica.  Carta^o:  Santa  Clara  de  Gartago, 

20  July  1903,  W.  R.  Maxon  *  A.  D.  Harvey 

8250  (holotype,  US-1 180093). 

Costa  Rica  and  Panama. 

Notopleura  pitheeobia  (Standi.)  G.  M.  Taylor, 

comb.  nov.  Basionym:  Psychotria  pitheeobia 

Slandley,  Publ.  Field  Columbian  Mus.,  Bot. 

Ser.  8(3):    187.    1930.    TYPE:  Costa  Rica.  La 
Pa  I  ma,    1550    in, 15    An-.    1898,  A. 

Tond 
u 

12432  (holotype,  B  not  seen;  isotype,  US). 

Costa  Rica  to  Ecuador.  The  name  Psychotria  kil- 

lipii  Standi.  (Publ.  Field  Columbian  Mus.,  Bot.  Ser. 

Notopleura  uierumeusis  (Steyerm.)  C.  M.  Taylor,  7:  99.  1930)  may  apply  to  this  species,  but  the 

comb.  nov.  Basionym:  Psychotria  merumensis  material  seen  is  inadequate'  for  conclusive  identi- 

Stcycrni.,  Mem.  New  York  Bot.  Gard.  23:  574,  fication  of  its  identity, 

fig.  76.  1972.  TYPE:  Guyana.  Upper  Mazaruni 

River    Basin,    trail   along   SE    ridge,    Merume       Literature  Cited 

Mountain.  Partang  River,  1110  m,  4  July 

1960,  S.  5.  Tillett,  C.  L.  Tillett  £  R.  Boyan 

43996  (holotype,  NY  not  seen). 

Gu vana 

Andersson.  L  &  J.  II.  E.  Rova.  1999.  The  r/>.vl6  intron 

and  the  phylogeny  of  the  Ruhioideae  (Rubiaceae).  PI. 

Sysl.  Kvol.  21  1:   161-186. 
Bremekamp,  C.   E.   B.    1934.   Notes  on  the   Uubiaeeae  of 

Surinam.  Rec.  Trav.  Hot.  Need.  31:  248-30H. 
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Bullock.  \.  A.  l()58.  Nomenclature!  notes:  V.  On  the  tvp- 
ifieation  d  the  generic  name  Notopleura  (Rubiaceae). 
Ken  Bull.  13:  88. 

Lorenee,  I).  |W<).  A  Nomenclator  of  Mexican  and  Central 
American  Rubiaceae.  MonogT.  Syst.  Rot.  Missouri  Bot. 
(iard.  73:  1-177. 

Nepokroeff,  M.    I<><>7.  Systematic*  of  the  Tropical  Shrub 
Genus  Psyehotria  L.:  Origins,  Speciation.  and  Breedin 
Systems    in    Hawaii.    Ph.D.    Dissertation,   University  of 
\\  isconsin- Madison. 

  .  B.  Bremer  &  K.  J.  Svtsma.  1(>(>().  Reorganization 

Notopleura  filarial  upensis  (DC.)  C.  M.  Taylor* 
Notopleura  ̂ iiarialupensis  subsp.  grosoimlieana 

(Baill.)  C.  M.  Taylor* 
Notopleura  guadalupensis  subsp.  tetrapyrena  (lib.) 

CM.  Taylor* Notopleura  g:uadalupcnsis  subsp.  veiiezuelica 

(Steyerm.)  C.  M.  Taylor* Notopleura  liomliircnsis  C.  M.  Taylor 
Notopleura  liuuiensis  (Steyerm.)  C.  M.  Tavlor 
Notopleura  iridescens  C.  M.  Taylor 
Notopleura  lanosa  CM.  Taylor 

of  the  genus  Psyehotria  and  tribe  Psycholrieae  (Rubi-  Notopleura  lateralis  (Steyerm.)  C,  M.  Taylor 
aceae)  inferred  from  ITS  and  rfcrL  sequence  data.  Syst.  Notopleura  lateriflora  (Standi.)  C.  M.  Tavlor 
Bot.  21:  5-2 1.  Notopleura  latistipula  (Dwver)  C.  M.  Tavlor 

Stevermark,  J.  A.   I(>72.  Psyehotria.  In:  B.  M.  Maguire  &  Notopleura  leueautlia  (K.  krause)  C.  M.  Taylor 
Notopleura  longipetluiiculata  (Dwyer)  C.  M.  Tavlor 
Notopleura  loiiifissima  (Standi.)  C.  \1.  Taylor 

Taylor.  C.  M.    IW(>.  Overview  of  the  Psycholrieae  (Rubi-        Notopleura  maeropliylla  (Ruiz  &  Pav.)  C.  M.  Tavlor 
aceae)  in  the  Nootropics.  Opera  Bot.  Belg.  7:  201-270.        Notopleura  maeropodantlia  (Standi.)  C.  VI.  Tavlor 

Collaborators,  Mora  of  the  Guayana   Highlands.  Mem. 
New  Wk  Bot.  Gard.  23:  400-717. 

\ppendix   I.      List  of  Names  and  Svnonyms  of 
\otopleura 

Notopleura  marginata  (Benth.)  Bullock 

Notopleura  maxonii  (Standi.)  C.  M.  Tavlor* 
Notopleura  merumensis  (Steyerm.)  C.  \1.  Tavlor 
Notopleura  mieayensis  (Standi.)  C.  M.  Taylor 

.* 

Accepted  names  are  presented  in  Bold.   Members  of       Notopleura  micro  brae  teat  a  (Steyerm.)  C.  \1.  Tavlor 

subgenus  Mseagoga  arc  indicated  with  an  asterisk*.  Scv-        Notopleura  iiiultiramosa  (Steyerm.)  C.  VI.  Tavlor* 
era!    synonyms    listed    below   are   taken    from   Stevermark        Notopleura  nepokroeffiae  C.  M.Taylor 

(l(>72)  but  not  treated  in  detail  in  this  manuscript. 

Cephaelis  bristanii  Dwver  =  N.  polyphobia 
Cephaelis  earn ponulans  Dwyer  &  M.  V.  Ilavden  =  N. 

eainpoiiutaus 

Cephaelis  gaugeri  Dwyer  =  N.  campoiiiilans 
Cephaelis  latistipula  Standi.  =  N.  latistipula 
Cephaelis  leueantha  (Standi.)  K.  Krause  =  N. 

leueautlia 

Cephaelis  plagiantha  Standi.  =  N.  plapantha 
Coj/ea  marginala  Benth.  =  N.  marginata 

HqffmanrUa  striata  Rusbv  =  \otopleura  sp.  (s 
discussion  under  \.  maeroplnlla) 

Loranthus  guadalupensis  1X1.  =  N.  guadalupensis* 
Montatnans  panamensis  Dwyer  =  N.  paiianiensis 
Notopleura  acuta  C.  M.  Taylor 

Notopleura  aequatoriana  C.  M.  Taylor 
Notopleura  a^re^ata  (Standi.)  C.  M.  Taylor 
Notopleura  agostinii  (Steyerm.)  C.  M.  Taylor 
Notopleura  alliens  C.  VI.  Tavlor 

Notopleura  aligera  (Steyerm.)  C.  M.  Tavlor* 
Notopleura  aiieurophylla  (Standi.)  C.  \1.  Tavlor 

Notopleura  palestinae  (Standi,  ex  Steyerm.)  C.  M. 

Taylor 
Notopleura  paiianiensis  (Dwyer)  C.  VI.  Tavlor 
Notopleura  parasiggersiaua  C.  M.  Tavlor 
Notopleura  patria  (Standi.  &  Steyerm.)  C.  M.  Taylor 
Notopleura  patria  var.  tovarensis  (Steyerm.)  C.  VI. 

Taylor 

Notopleura  peperomiae  (Standi.)  C.  M.  Tavlor* 
Notopleura  perpapillifera  (Steyerm.)  C.  M.  Tavlor* 
Notopleura  perparva  (Dwyer)  C.  M.  Tavlor 
Notopleura  pilosula  C.  M.    Tavlor 

Notopleura  pitliccohia  (Standi.)  C.  M.  Tavlor* 
Notopleura  plagiantha  (Standi.)  C.  M.  Tavlor 
Notopleura  polyphlebia  ( Donn.  Sm.)  C.  M.  Tavlor 
Notopleura  pyraninlata  C.  M.  Tavlor 
Notopleura  saulensis  (Steyerm.)  C.  M.  Taylor 
Notopleura  scarlatina  C.  VI.  Tavlor 
Notopleura  siggersiana  (Standi.)  C.  M.  Tavlor 
Notopleura  stamlleyaiia  (Steyerm.)  C.  M.  Tavlor 
Notopleura  steyerinarkiana  C.  M.   Tavlor 
Notopleura  suhinihrirata  (Steyerm.)  C.  M.  Tavlor 
Notopleura  siihuiarginalis  C.  VI.    Tavlor 

Notopleura  aneuropliylloides  (Steyerm.)  C.  M.   Tavlor  Notopleura  sucrensis  (Steyerm.)  C.  M.  Taylor 
Notopleura  august isshua  (Standi.)  C.  M.  Taylor 
Notopleura  aiioiuotliyrsa  (K.  Schum.  «X    Donn.  Sm.) 

C,  M.  Taylor 

Notopleura  araguensis  (Steyerm.)  C.  VI.  Tavlor 
Notopleura  eallejasii  C.  VI.    Tavlor 

Notopleura  eanipoiiutaiis  (Dwyer  &  M.  V.  I  lav  den)  C. 
M.    Tavlor 

J 

Notopleura  capacifolia  (Dwyer)  C.  M.   Tavlor 
Notopleura  eliapensis  (Steyerm.)  C.  VI.   Tavlor 
Notopleura  eineinalis  C.  M.    Tavlor 
Notopleura  cougesta  C.  M.    Tavlor 

Notopleura  erassa  (Benth.)  C.  VI.  Tavlor* 
Notopleura  ciiudinainarcaiia  C.  M.   Tavlor 
Notopleura  deciirrens  (Steyerm.)  C.  M.  Tavlor 
Notopleura  discolor  (Griseb.)  C.  M.   Tavlor 
Notopleura  dukei  (Dwyer)  C,  M.  Taylor 
Notopleura  epiphytica  (K.  Krause)  C.  VI.  Tavlor* 
Notopleura  fernandezii  (Steyerm.)  C.  M.  Taylor 

Notopleura  tapajozensis  (Standi.)  Bremek. 
Notopleura  tcrepaiiucusis  (Steyerm.)  C.  M.  Tavlor 
Notopleura  theseeloantha  (Steyerm.)  C.  M.  Tavlor 
Notopleura  tolinieusis  (Wernham)  C.  VI.  Taylor 
Notopleura  lomluzii  (Standi.)  C.  M.  Taylor 
Notopleura  Iriaxillaris  C.  M.  Taylor 
Notopleura  uberta  (Standi.  &  Steyerm.)  C.  M.  Tavlor 
Notopleura  uliginosa  (Sw.)  Bremek. 
Notopleura  vvilbiiriana  (Dwyer)  C.  M.  Tavlor 

Psyehotria  aggregata  Standi.  =  N.  a^re^ata 

'   hotri 

Is  ye 

a  agostinii  Steyerm.  =  N.  a^ostinii 
Psyehotria  a/hacostata  Kusbv    =  N.  maeropliylla 
Psyehotria  aligera  Steyerm.  =  N.  aligera* 
Psyvhotria  aniplinoda  Steyerm.  =  N.  tapajozensis 
Psyehotria  aniplinoda  var.  ayangannae  Steyerm,  = 

tapajozensis 
Psyehotria  aneurophylla  (Standi.)  Steyerm.   =   N. aneiiropliyTa 

N. 
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Psychotria  aneurophylloides  Steyerm.  =  N. 
aneurophylloides 

Psychotria  anomothyrsa  K.  Schum.  &  Donn.  Sm. 

anomothyrsa 

Psychotria  araguensis  Steyerm.  = 

N. 

IN.  arague 

Psychotria  buUatifolia  Standi.  =  IN.  polyphlehia 

Psychotria  camponutans  {\)w\rv  &  \1.  \.  Hawlen) 

llammel  =  N.  camponuti 

Psychotria  capacifolia  Dwyer  =  IN.  capacifolia 
Psychotria  caribaea  Urb.  =  IN.  discolor 

Psychotria  cartagoensis  Nepokroefl  =  IN.  latistipula 
IN.  chapensis 

N.  era * 

Psychotria  chapensis  Steyerm.  — 
Psychotria  crassa  Benl h.  =  IN.  crassa 

Psychotria  crassa  fo.  alba  Steyerm. 

Psychotria  crassa  In.  angustior  Steverm.  =  IS,  crassa* 

Psychotria  decurrcns  Steyerm.  =   IN.  decurrens 

Psychotria  discolor  (Griseb.)  Kolle  =  IN.  discolor 

Psychotria  dosbocensis  Dwyer  =  N.  capacifolia 

Psychotria  dudleyi  Steyerm.  =  Notopleura  sp.*  (see 
discussion  under  N.  epiphytica) 

Psychotria  dukei  Dwyer  =   IN.  dukei 

Psychotria  epiphytica  K.  Krause  =  IN.  epiphytica* 
Psychotria  fernandezii  Steverm.  =  IN.  feraandezii 

Psychotria  ferreyrae  C.  M.  Taylor  =  IN.  leucaiilha 

Psychotria  guadalupensis  (DC.)  Howard  =  IS. 

guadalupensis* 
Psychotria  guadalupensis  suhsp.  grosourdieana  (Baill.) 

Steverm.  =   IN.  guadalupensis  suhsp. 
li * 

grosoiiraicaua 

Psychotria  guadalupensis  suhsp.  tetrapyrena  (Urb.) 

Steverm.  =  N.  guadalupensis  suhsp.  tetrapyrena* 

Psychotria  guadalupensis  suhsp.  venezuelica  Steyerm.  = 

IN.  guadalupensis  suhsp.  venezuelica* 

Psychotria  hartuegiuna  Standi.  =  N.  margiuata 

Psychotria  hartwegii  Beuth.  =  IS.  margiuata 

Psychotria  humensis  Steyerm.  =  N.  Iiuineiisis 

Psychotria  killipii  Standi.  =  Notopleura  sp.*  (see 
discussion  under  ,\.  pithecobia) 

Psychotria  lassula  Standi.  =  N.  epiphytica 
* 

Psychotria  laevis  DC. IN.  uliginosa IN. 

N. 

Psychotria  laeris  var.  angustijolia  Bentli.  = 
uliginosa 

Psychotria  lateralis  Steyerm.  =  IN.  lateralis 

Psychotria  lateriflora  Standi.  =  N.  lateriflora 
Psychotria  longipedunculata  Dwyer  (noni.  illeg.) 

longipedunculata 

Psychotria  longipedunculoides  C.  M.  Taylor  =  IN. 
longipedunculata 

Psychotria  longissima  Standi.  =  IN.  longissima 

Psychotria  macrophylla  Ruiz  &   Pa  v.  =  IN.  macrophylla 
Psychotria  macrophylla  suhsp.  albacostata  (Rusby) 

Steyerm.  =  N.  macrophylla 
Psychotria  macrophylla  var.  angustissima  Standi 

N. 

angiistissima 

Psychotria  macrophylla  suhsp.  anomothyrsa  (K.  Schm.  cK 

Donn.  Sm.)  Steyerm.  =  IN.  anomothyrsa 

Psychotria  macrophylla  suhsp.  anomothyrsa  fo. 

tomentella  Steverm.  =   IN.  macrophylla 

Psychotria  macropodantha  Standi. 

macropodantha 

Psychotria  maxonii  Standi.  = 

N. 

IN.  maxonii* 

:* 

Psychotria  meruniensis  Steyerm.  =  N.  merumensis 
Psychotria  micayensis  Standi.  =  N.  micayeiisis 

Psychotria  microbracteata  Steyerm.  =  IN. 
mierobracteata 

Psychotria  morii  Dywer  =  N.  siggersiana 

Psychotria  multiramosa  Steverm.  =  N.  multiramosa* 

Psychotria  nicotian \ 'folia  M.  Mart.  &  Gal.  = 
Hoffmaiinia  nicotiaiiifolia  (M.  Marl.  &  Gal.)  L.  0. 

Wins. 

Psychotria  orchidearum  Standi.  =  N.  epiphytica* 

Psychotria  orchidearum  suhsp.  persedens  Dwyer  =  N. 

peperomiae* 
Psychotria  palestinae  Standi,  ex  Steyerm.  =  IN. 

palestinae Psychotria  paramorum  Standi.  =  N.  epiphytica* 

Psychotria  parasitica  Sw.  (nom.  illeg.)  =  N. 

guadalupensis* Psychotria  patria  Standi.  &  Steverm.  =  IN.  patria 

Psychotria  patria  var.  torarensis  Steyerm.  =  IN.  patria 
var.  lovarensis 

Psychotria  pendula  (Jacq.)  Urb.  =   IN.  guadalupensis* 

Psychotria  pendula  suhsp.  grosourdieana  (Baill.)  I  rb.  = 

N.  guadalupensis  suhsp.  grosourdieana* 
Psychotria  pendula  suhsp.  tetrapyrena  I  rb.  =  N. 

guadalupensis  suhsp.  tetrapyrena* 
Psychotria  pendula  suhsp.  trinitensis  Urb.  =  IN. 

perpapillifera* Psychotria  peperomiae  Standi.  =  N.  peperomiae* 

Psychotria  perpapillifera  Steyerm.  =  IN.  perpapillifera* 

Psychotria  perparva  Dwyer  =  N.  perparva 

Psychotria  Phytolacca  DC.  = 

Psychotria  pithecobia  Standi.  =  IN.  pilhecobia* 

Psychotria  plagiantha  (Standi.)  C.  M.  Taylor  =  N. 

plagiantha Psychotria  polyphlehia  Donn.  Sm.  =   IN.  polyphlehia 
Psychotria  saulensis  Steverm.  =  N.  saiilensis 

Psychotria  semimetrulis  K.  Krause  =  IN.  epiphytica* 

Psychotria  siggersiana  Standi.  =  N.  siggersiana 

Psychotria  standleyana  Steyerm.  =  N.  standlcvana 

Psychotria  subimbricata  Steyerm.  =  N.  siihimhrieata 

Psychotria  sucrensis  Steyerm.  =  N.  sucrensis 

Psychotria  tapajozensis  Standi.  =  N.  tapajo/ensis 

Psychotria  terepaimensis  Steyerm.  =  N.  terepaimeiisis 

Psychotria  thesceloantha  Steyerm.  =  N.  theseeloantha 

Psychotria  tolimensis  Wernham  =  N.  lolimeiisis 

IN.  uliginose 

Psychotria  tonduzii  Standi.  =   IN.  toudimi 

Psychotria  uberta  Standi.  &  Steyerm.  =  N.  uherta 
Psychotria  idiginosa  Sw IN.  uliiriiiosa 

Psychotria  uliginosa  var.  discolor  Griseb.  =  IN.  discolor 
Psychotria  victor i a c  Dwver  (nom.  die")  =  N.  tolimensis 

=   IN.   w  ilhuriaiKl 
Psychotria  wilburiana  Dwyer  = 
Psychotria  xerococcoides  Dwyer 

Uragoga  grosourdieana  Baill.  = 

suhsp.  grosourdieana* 

Uragoga  leucantha  K.  Krause  : 

Uragoga  uliginosa  (Sw.)  Kuntze  = 
Vise  aides  pendulum  Jacp.  =  IN.  ̂ u 

'■   V   panameiisis 

\.  guadalupciisis 

IN.  leiicanlha 
=  N.  uliginosa 

adal 

upensis* 
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THE  RENAISSANCE  OF  THE 
APOCYNACEAE  S.L.:  RECENT 

ADVANCES  IN  SYSTEMATICS, 
PHYLOGENY,  AND 
EVOLUTION: 

INTRODUCTION1 

Mary  E.  Endress2  and 

W.  Douglas  Stevens* 

Abstract 

Since  Robert  Brown  split  the  Asclepiadaceae  out  of  Jussieu's  Apocynaceae  nearly  2(K)  years  ago,  these  two  groups 

have  traditionally  been  maintained  as  two  separate  but  closely  related  families,  despite  some  dissention  among  spe- 

cialists. Over  the  past  15  years,  a  wealth  of  new  data,  especially  that  generated  by  molecular  and  cladislic  studies, 

supports  earlier  results  based  on  morphology,  that  the  traditional  classification  is  artificial  in  various  aspects  and  at 

several  hierarchical  levels.  In  many  cases  convergence  and  classifications  based  mainly  on  a  single  character  have  long 

led  us  astray,  and  in  part,  we  have  been  reluctant  to  relinquish  long-cherished  ideas.  However,  the  biggest  changes  are 

due  to  new  concepts  such  as  chides,  monophyly,  and  paraphyly,  which  were  not  around  in  Brown's  day,  and  which  have 
fundamentally  changed  the  way  we  perceive  taxonomie  relationships  today.  The  collection  of  papers  presented  here  are 

based  on  the  papers  and  posters  presented  at  the  symposium  "Involution  and  Phylogenetics  of  the  Apocynaceae  s.l.," 
a  part  of  the  16th  International  Botanical  Congress  held  in  1999  in  St.  Louis,  Missouri.  They  provide  a  representative 

cross  section  of  the  most  recent  findings,  touching  on  all  higher  taxonomie  levels,  and  based  on  a  variety  of  different 

techniques,  of  this  complex  and  fascinating  group. 

Key  words:      Apocynaceae,  Asclepiadaceae.  clade,  classification,  monophyly,  paraphyly,  phylogeny,  systematica. 

In  contrast  to  Jussieu's  (1789)  original  all-inclu-       of  the  relationship  between  the  Apocynaceae  and 

Asclepiadaceae,  after  having  stagnated  for  at  least sive  delimitation  of  the  Apocynaceae,  until  just  a 

few  years  ago  the  Asclepiadaceae  (and  sometimes  50  years,  lias  become  a  hot  topic  for  phylogenetie 

also   the   Periplocaceae)   were   treated   as   separate1  and  evolutionary  investigations.  Just  in  the  past  live 

families.  With  the  application  of  cladistic  and  mo-  years  great  strides  have  been  made  in  elucidating 

lecnlar  approaches  to  plant  systematics,  the  study  the  phylogeny  of  the  group. 

1  We  thank  the  contributors  for  their  involvement  in  the  symposium  and  all  their  hard  work  and  cooperation  in  the 

assembling  of  the  symposium  proceedings.  Victoria  Hollowell  provided  guidance  and  support  at  every  phase,  for  whiol 

we  arc  grateful.  Thanks  also  go  to  the  reviewers,  whose  critiques  improved  the  papers. 
8008 

3  Missouri  Botanical  Garden,  P.O.  Box  299,  St.  Louis,  Missouri  63166,  U.S.A. 

Ann.  Missouri  Bot.  Gard.  88:  517-522.  2001. 
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The  forerunners  of  this  resurgence  of  interest  in  ed  the  amalgamation  of  the  two  families.  In  addi- 

the  relationships  between  the  Apocynaceae  and  the  tion.  weaknesses  in  the  traditional  classification  of 

Asclepiadaeeae  were  two  papers,  neither  of  which  Apocynaceae  s.  str.  were  indicated.  One  of  the  most 

was  focused  on  the  Apocynaceae  s.l.,  hut  hoth  of  notable  results  was  the  position  of '  Alstonia.  as  the 
which  contained  a  cladistic  analysis  of  Apocyna-  basahnost  taxon  in  the  Apocynaceae1.  which  was  the 

ceae  and  Asclepiadaeeae  based  on  morphological  hrsl  well-supported  crack  in  the  veneer  of  the  Ira- 

characters.  Hoth  papers  included  only  nine  ingroup  dilional  classifications  of  Apocynaceae  s.  str.,  all  of 

taxa,  together  with  Loganiaceae/Gentianaeeae  or  which  considered  the  syncarpous  Carisseae  to  be 

Loganiaceae  alone  as  the  nutgrnup.  The  earlier  of  at  ihe  base  (>'  the  family.  Acokanthera  and  Picral- 

the  two.  by  Wanntorp  (1988),  pointed  out  that  Apo-  inui  (both  Carisseae  in  traditional  classifications). 

cynaceae  s.  str.  are  paraphyletic,  and  thus  proposed  on  ''le  other  hand,  came  out  significantly  higher  on 

inclusion   of    Asclepiadaeeae   within    Apocynaceae. 

In  addition,  it  questioned  Schumann's  (1895)  inter- 

the  tree. 

Swarupanandan  et  al.,  also  in  I ()%.  published 

pretation  of  pollinium  orientation   in   Aselepiada-      a  classification,  which  incorporated  new  morpho- 

ceae,  underscoring  doubts  raised  earlier  by  I)e-  logical  characters,  such  as  whether  there  was  a 

meter  (1922)  and  Safwat  (1962).  Schumann  (1895)  distinct  style  between  the  ovaries  and  the  style- 

considered  the  taxa  with  pendent  pollinia  (the  As-       head,  and   the  location  of  attachment  of  pollinia 

clepiadeae)  to  be  the  most  primitive  in  the  Ascle-       to  caudicles  (rather  than   the  orientation  of  the 

piadoideae,  and  those  with  erect  pollinia  as  the  PC)Hinia,  as  in  earlier  classifications).  They  pro- 

"crowning  glory"  of  the  entire  lamiK.  In  contrast.  Posed  a  controversial  new  subdivision  of  the  As- 

in    Wanntorp s'(l<)88)   analysis,   the  Asclepiadeae      clepiadaceae,  which  recognized  three  tribes:  Se- camoneae,  Stapelieae  (=  Ceropegieae),  and 

Asclepiadeae.  Marsdenieae  were  included  in  Sta- 

pelieae, and  Gonolobeae  were  included  in  Ascle- 

came  out  as  the  crown  clade,  suggesting  that  erect 

orientation  of  pollinia  is  ancestral,  rather  than  de- 

rived,  and  that  pendent  orientation  is  an  apomorph) 

of  the  Asclepiadeae.  making  them  the  most  derived       P""1™'-   ̂ riplocoideae  were  excluded  from  As- 

tribe  (,1  the  asclepiads.  This  position  is  supported       d<kl>'ada(  eae   and   treated   as   a   s
eparate   family. 

in  the  contribution  b\   Liede  (2001  )  in  this  volume. 
Most   subsequent  analyses  support   the  inclusion 

The  second    paper,   by  Judd   et   al.   (1994),  also       of  Gonolo
beae  in  Asclepiadeae  and  do  not  refute 

recognized  that  the  Apocynaceae  s.  sir.  are  para- 

phyletic and  proposed  amalgamation  of  Apocyna- 

ceae  and    Asclepiadaeeae    in   order   to   make    the 

group  monoph)  letic.  In  addition,  this  was  the  first 

[taper  to  suggest  that  the  congenitally  syncarpous 

ovary  in  Carissa  max  not  be  the  ancestral  condition 

in  the  family,  as  had  been  proposed  in  all  tradi- 

tional classifications  (e.g..  Schumann,  1895;  Leeu- 

wenberg,  1994),  This  hypothesis  was  confirmed  for 

Acoktuitliem    two    years    later   based    on    molecular 

including  Marsdenieae  in  Ceropegieae,  whereas 

the  relationships  of   Periploeoideae  remain  unre- 
Ived. soivec 

The   next   paper  to  suggest   that   all   was  not    rosy 

in  the  traditional  classifications  of  Apocynaceae  s. 

sir.  was  that  by  Kndress  et  al.  (IWO).  which  was  a 

combined  analysis  including  rhel,  and  ///,//K  se- 

quences, as  well  as  48  morphological  characters  for 

14  genera  of  Apocynaceae  s.  str.  and  several  out- 

group  genera  from  various  families  of  the  Gentian- 

ales.  The   results  of   this  study   agreed  overall   with 

(Sennblad  &    Bremer.    IWf>)  as  well  as  combined       ,i  <•  c        M    »        ,  ■>         *    nnn,^ '  those  ol  Sennblad  and  Bremer  ( IW6). 
morphological  and  molecular  (Kndress  el  al.,  1W6) 
( late i 

In  1998  Sennblad  et  al.  published  a  paper  fo- 
cused on  the  Wrighlieae  (sensu  Leeuwenberg, 

1W4),  in  which  sequence  data  of  the  rbel,  gene  and 
The  first  important  paper  contributing  toward  the 

rebirth  of  the  Apocynaceae  s.l..  and  dealing  explic-  25  morphological  characters  for  21  ~taxa~of  Apocy- itly  with  the  family,  was  thai  l.y  Sennbla<l  ami  Bre-  naceae  S.L  were  Hadistically  analyzed.  The  results 
mer  ( 1996),  which  was  based  on  sequence  data  of  8Ugge8te,|  ,|iat  in  the  classification  »f  Apoevnaceae 
(he  r/«'|,  gene  lor  21  taxa  of  Apoevnaceae  s.l.  Tli< s.   str.    by    Leeuwenberg   (I*)')!),    not    only   are   tli« 

results  of  this  study  indicated  that   the  Asclepia-  Wrighlieae  and  its  subtril.es  paraphyletic.  hut  so 
daceae  are  nested  within  the  Apoevnaceae.  !{«•(-  an.  a]|  0f  tne  other  tri|M.s  of  higher  Apocynoideae. 
ognition   ol    Asclepiadaeeae  as  a   separate  family  As  in  their  previous  paper  (Sennblad  &   Bremer, 
would  result  in  a  paraphylelic  Apocynaceae.  Fur-  1996),  Periploca  grouped  nith  taxa  of  the    \poc\- 
Iher.  even   monophvK   of  the  traditional   Asclepia-  noidcae,   rather  than   with  Sevanume  (Asclepiada- 
daceae  was  questioned,  since  Parquetina  (=  Perip-  ceae).  Perhaps  most  surprising  of  all  was  the  po- 
loca)    (Periploeoideae)    came    out    as    sister    to       sil ion  of  Baissea  (Apocynoideae)  as  a  sister  grou| 

) 

Prestonia  (Apocynoideae).  The  authors  recommend-      to  S ecamone. 
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Focusing  on  the  basal  clades  of  the  former  As-  an  opportune  time  for  a  symposium  on  Apocyna- 

clepiadaceae,  Civeyrel  et  al.  (1998)  studied  46  taxa  ceae  s.L,  in  which  systematists,  employing  various 

using  the  gene  matKm  and  then  compared  the  phy-  disciplines  and  working  on  different  suhfamilies  or 

logeny  obtained  with  palynological  characters  that  tribes  or  with  taxa  from  different  geographic  re- 

have  traditionally  been  used  to  delimit  subfamilies  gions,  could  come  together  and  present  their  results 

and  tribes.  In  this  phvlogeny  Asclepiadaceae  (in-  and  exchange  ideas.  The  goals  were  to  achieve  a 

eluding  Periplocoideae,  Secamonoideae,  and  As- 

clepiadoideae)  were  monophyletic.  However,  none  lv  specialized  flowers  and  to  develop  a  more  col- 
of  the  crucial  taxa  of  the  higher  Apocynoideae  were  laborative  effort  toward  a  consensus  classification 

included,    thus    reducing   the   significance   of    this  ()(  ||ie  group. 

analysis  as  to  predicting  whether  or  not  the  tradi-  Progress  has  been  made  in  our  efforts  to  come 
tional  Asclepiadaceae  are  monophyletic.  Within  the  L1|)  wjth  a  consensus  classification.  Most  specialists 
Aselepiadoideae,  Fockea  was  found  to  be  sister  to  jn  (|ie  famj|y  now  accept  the  five  subfamilies  given 

the  rest  of  the  Aselepiadoideae,  supporting  recog-  in    Endress    and    Bruyns    (2000):    Rauvolfioideae. 

better  understanding  of  the  evolution  of  these  high- 

nition  of  Fockeeae  as  a  separate  tribe  of  Asclepia-  Apocynoideae,    Periplocoideae,    Secamonoideae. 
doideae,  as  had  been  proposed  previously  by  kunze  an()   Aselepiadoideae.  We  are  aware  that   the  first 
et  al.  (1994)  based  on  morphological  evidence.  The  lW()  subfamilies  are   paraphyletic.   but   until   more 

analysis   also   showed    that   parallelisms   have   oc-  rlaia  are  available,  recognition  of  these  two  subfam- 
curred  in  a  number  of  the  palynological  characters       aieg  geems  {()  be  |h(k  most  pru(]ent  avenue  to  follow, 
traditionally  used  to  delimit  tribes.  |?as(k(|  ()n   ||le  ana]yses  presented   in  this  volume, 

In  2000  Sennblad  and   Bremer  expanded   their       |Jhi  Secamonoideae  could  also  be  interpreted  as  a 
original  rftcL-based  study  from  1996  to  include  77 

taxa  of  Apocynaceae  s.l.  The  results  were  very  sim- 

ilar to  their  previous  r/VL  analysis.  The  six  includ- 

tribe  of  the  Aselepiadoideae.  However,  the  Seca- 

monoideae are  characterized  by  a  number  of  dis- 

tinctive morphological  characters,  and  it  might  be 
ed  taxa  of  Periplocoideae  formed  a  clade  with  the  .  ,  hem  [q  fl  ̂   ̂   m(|re  inl()rma_ 
three  taxa  of  the  Echiteae  (higher  Apocynoideae), 

lion  is  available.  Tribal  delimitation  is  more  prob- 
whereas  Bais.se  a  (higher  Apocvnoideae)  was  inter-       .  .   n      .       ,  .     ,.i   ,,.  ̂ .i/-,,  • 

\   °  *      J  l    a     l     •    i  ■        lematic,  especial l\    in  the  two  basalmost  suhtami- 
calated   between  Secamonoideae  and  Asclepiadoi-       ,.         0  w    •  i  a   a  ■  i  Tl      i..;k™ 

1  lies.  Kauvolfioideae  and  Apocynoideae.    I  he  tribes 
deae.  Cibirhiza  (the  other  genus  of  Fockeeae)  came 

out  as  sister  to  the  rest  of  the  Aselepiadoideae,  pro- 

viding additional  support  for  recognition  of  the  tribe 
Fockeeae. 

Most  recently,  Liede  and  coworkers  (e.g.,  Liede, 

2001:  Liede  &  Timber,  2000;  Liede  et  al.,  in  press) 

have  focused  on  the  subtribal  classification  within 

the  large  tribe  Asclepiadeae,  which,  judging  by  the 

results  of  these  papers,  is  also  sorely   in   need  of 
revision. 

It   seems  clear  now   that   the  Apocynaceae  and 

Asclepiadaceae  are  best  united  into  a  single  family. 
D  .     .1  ii-ii  .  |   .         denieae  bv  Kndress  and  Bruvns  (2000).  recognition 
Ke|)eatedlv.   morphological   characters  assumed   to  •  J       )  '  ,  .        i, 

presented  in  Kndress  and  Bruyns  (2000)  for  these 

two  basalmost  subfamilies  (nine  tribes  in  Rauvol- 

fioideae and  five  tribes  in  Apocynoideae)  are  cur- 

rently the  best  that  we  have.  Both  Periplocoideae 

and  Secamonoideae  are  probably  best  left  without 

delimitation  into  tribes  at  present.  Aselepiadoideae, 

which  are  by  far  the  largest  subfamily,  are  consid- 

ered to  comprise  four  tribes:  Fockeeae,  Marsden- 

ieae.  Ceropegieae,  and  Asclepiadeae  (including 

Gonolobeae).  Although  the  two  genera  of  the  Fock- 

eeae (Cibirhiza  and  Fockea)  were  included  in  Mars- 

be  stable  have  turned  out  to  be  parallelisms,  with of   Fockeeae  as  their  own  tribe  is  supported  in  all 

the  result  that  long-standing  taxa  are  no  longer  val-      analyses  of  as
clepiads  presented   in  this  volume. 

Other  interpretations  of  tree  topologies  within  the 

Aselepiadoideae 
id,  or  traditionally  recognized  taxa  have  been  found 

to  be  grades  rather  than  clades  (Goyder,  1999).  A 
cou Id    be    the    inclusion    of   the 

new  classification  of  Apocynaceae  s.l.  was  recently      Marsdenieac  in  the  Ceropegieae  (as  p
roposed  by 

published  by   Endress  and   Bruyns  (2000),  which       Swarupanandan  et  al.,  1996).
  Conversely,  the  Gon- 

olobeae could  be  reinstated  as  a  separate  tribe.  He- recognized  five  subfamilies:  Rauvolfioideae,  Apo- 

cynoideae, Periplocoideae,  Secamonoideae,  and  '<>w  the  tribal  level  the  situation  is  far  too  ne
bulous 

Aselepiadoideae.    The    delimitation    and    relation-  l<>  attempt  to  provide  a  unified  classification,  thoug
h 

ships  among  the  tribes  therein  are  still  unresolved,  1  iede  continues  to  work  on  the  relationships  in  t
he 

as  is  the  position  of  Periplocoideae  (i.e..  the  ques-  large   tribe   Asclepiadeae   (Liede.   2001:    Liede   & 

tion  of  monophyly  of  Asclepiadaceae).  Timber.  2000;  Liede  et  al.,  in  press). 

The   16th  International   Botanical  Congress  held  The  seven  papers  that  follow  are  the  result  of  the 

in  August  of  1999  in  St.  Louis.  Missouri,  was  thus  symposium,  entitled  "Evolution  and  Phylogenetics 
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of  the*  Apocynaceae  s.l."  In  these  papers,  suhlam-       volfioidcae,  and  support  for  the  recognition  of  Ton- 
ilics  and  tribes  follow  this  classification  outline:  dnzia.  The  classification  published  by  Kndress  and 

Bruyns  (2000),  and  the  large  phylogenetic  analysis 

of  Apocynaceae  s.l.  by  Potgieter  and  Albert  (2001) 

published  in  this  volume,  did  not  take  place  in  iso- 

lation but  evolved  through  reciprocal  exchange  of 

information.  In  large  part  the  classification  of  En- 

dress  and  Bruyns  (2000)  was  made1  more  natural 

due  to  the  inclusion  of  (at  that  time  unpublished) 

results  of  the  study  by  Potgieter  and  Albert  (2001), 

generously  provided  by  the  authors. 

RAUVOEEIOIDEAE  Kostel. 

Alstonieae  (].  Don 

Vinceae  Duby 

Willughbeieae  A.  DC, 
Tabernacmontaneae  G.  Don 

Melodineae  ().  Don 

Hunt erieae Mi 

Plume rieae  K.  Mey. 

Carisseae  Dumort. 

Alyxieae  (/.  Don 

APOCYNOIDEAE  Burnett 

Wrightieae  (*.  Don 

Maloueticae  Miill.-Arg. 

Apocyneae  Bchb. 
Mesechileae  Miers 

Echiteae  Bartl. 

PERIPLOCOIDEAE  K.  Br.  ex  Endl. 

SECAMONOIDEAE  Endl. 

ASCLEPIADOIDEAE  R.  Br.  ex  Burnett 

Eockceae  Kunze,  Meve  &  Liede 

Marsdenieae  Benth. 

Ceropegieae  Orb. 

Asclepiadeae  (K.  Br.)  Duby 

The    second    paper,    by    Venter   and    Yerhoeven 

(2001),   focuses  on   the  Periplocoideae.   Although 

small  in  number  of  species  (only  ,'J  I  genera  and  181 
species),   the   poorly   known    Periplocoideae  are  at 

present  the  most  enigmatic  group  of  the  Apocyna- 

ceae s.l.  in  terms  of  their  systematic  position.  In 

terms  of  complexity  they   fall   somewhere  between 

the  Apocynoideae  and  the  Secamonoideae.  Periplo- 

coideae have  always  been  the  odd  man  out  because 

their  translator  structure  appears  so  different  from 

that   of  the   higher  asclepiads,   although    there  are 

actually  more  similarities  in  the  translator  structure 

of  the  two  groups  than  may  be  apparent  at  first  sight 

(Schick,  1982;  Kndress,  in  press).  Their  systematic 

position  in  the  Apocynaceae  s.l.  remains  uncertain: 

either  they  are  the  basal  clade  of  the  traditional 

The  first  paper,  by  Polgieter  and  Albert  (2001),  Asclepiadaceae,  or  the)  form  a  clade  separate  from 
probes  the  phylogenetic   relationships  of  the  Apo-       the   Secamonoideae    +    Asclepiadoideae,    but    also 

cynaeeae  s.l.,  using  plastid  genome  sequences  of  nested  in  the  higher  Apocynoideae.  In  their  paper 
the  trn\.  intron  and  trn\*-V  spacer.  This  represents  Venter  and  Yerhoeven  (2001)  provide  an  overview 
the  most  comprehensive  phylogenetic  study  of  the       of  the  subfamily,  including  new  synonymies  and  a 
Apocynaceae  s.l.  to  date,  including  sequences  for  key  to  the  genera;  a  cladistic  analysis  based  on 

152  accessions  (75  Apocynaceae  and  48  Asclepia-       morphological  characters  is  also  presented. 
daccae),  and  representatives  of  all  subfamilies  and In  the  third  paper,  Yerhoeven  and  Venter  (2001 ) 

tribes   recognized   in    Kndress  and   Bruyns  (2000).  compare  pollen  morphology  of  Periplocoideae,  Se- 
This  work   was  undertaken  mainly  to  address  the  camonoideae,   and    Asclepiadoideae.  Traditionally, 

lack   of  adequate  sampling  in  earlier  studies,  es-  Periplocoideae   were   distinguished    from   Secamo- 

pecially  with  regard  to  the  basal  most  clades  in  the  noideae  and  Asclepiadoideae  by  having  pollen  in 
family.   The   results    in    most   cases   are   similar  to  tetrads,  whereas  the  other  two  subfamilies  have  pol- 
those  in  the  previous  studies  by  Sennblad  and  Bre-  linia.   Recently,  however,  the  authors  have  shown 

mer  (1006,  2000),  Sennblad  et  al.  (1008),  and  Civ-  that  some  genera  of  Periplocoideae  also  have  their 
eyrel   et   al.   (1908),   but    provide  better  resolution,  pollen  coalesced  into  pol linia  (Ac rhoeven  &  Venter. 
especially   within   the   Kauvolfioideae,  and   for  the  1008).  In  their  current  paper  more  taxa  are  added 

placement  of  several  genera,  whose  systematic  po-  to  the  list.  Each  anther  in  Periplocoideae  still  has 

sition  has  been  in  dispute  (e.g.,  Haplophyton,   Vol-  four  pollen  sacs  (the  ancestral  state  in  the  family) 
Irsia,   Microplumerin,  hixoplutneria).  Surprises  in-  and  thus  in  genera  with  pollinia,  four  pollinia  are 
elude  the  number  of  additional  taxa  at  the  very  base  produced    in   each   anther,   as    in   Secamonoideae. 

of  the  tree,  below  Alstonia,  which  was  the  basalmost  This  distinguishes   Periplocoideae  and  Secamono- 

genus  in  the  family  in  earlier  analyses  (Sennblad  ideae  from  the  Asclepiadoideae.  in  which,  during 

&   Bremer,   1996,  2000;  Kndress  et  al.,   1006;  Civ-  evolution,  the  two  dorsal  pollen  sacs  in  the  anther 

eyrel  et  al.,    1008),  demonstration  of  polyphyly  of  have  been  lost,  so  that  each  anther  only  produces 
the    Carisseae,    Plumerieae,    and    Alyxieae    sensu  two  pollinia.  The  pollinia  in  Periplocoideae  are  also 

Leeuwenberg  (1994),  evidence  for  the  multiple  evo-  similar  to  those  in  Secamonoideae  in  that  they  are 
lution  of  seed  wings  in  various  tribes  of  the  Rau-  not    covered    by   an   outer   pollinium    wall,   but   are 
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composed  merely  of  agglutinated  tetrads.  There  are,  the  Periplocoideae  have  arisen  independently  from 

however,  differences  between  the  two  groups  in  the  those  in  the  higher  asclepiads.  In  addition,  there  is 

internal  structure  of  the  pollinia.  Poll inia  in  Ascle-  support   for  two  separate4  origins  of  pollinia  within 

piadoideae,    in    contrast,    are   composed    of  single  Periplocoideae.  as  proposed  in  Verhoeven  and  Ven- 

grains,   covered    by   an   outer   polliniuin   wall.    The  ter's  (200 1)  contribution. 
onlv  exception  known  is  Forked,  which  has  pollinia  The  sixth  paper,  by  Albers  and   Mevc  (2001),  is 

similar  to  those  found  in  Secamonoideae  and  Peri-  a   karyological  survey  of  the  traditional   Aselepia- 

plocoideae.  The  unresolved  position  of  Periplocoi-  daceae,    including   chromosome    numbers    (or   200 

deae    in    Apoevnaceae    s.l.    raises    the    question    of  taxa  published  for  the  first  time.  The  basic  chro- 
mosome  ii uml >er  01  x I I  I    was  foi'nd   in  96%  ol whether    pollinia    have    evolved    independently    in 

Periplocoideae  and  again  in  the  Secamonoideae  +  the  taxa  investigated,  with  no  deviations  from  this 

Asclepiadoideae  or  whether  they  are  homologous  in  number  found  in  Periplocoideae  or  Secamonoideae. 

these  two  groups.   Results  presented  in  this  paper  A  general  trend  of  decreasing  size  of  karyotypes  is 

suggest  that  pollinia  may  have  arisen  twice  within  described,  with  the  largest  karyotype  lengths  found 

the  Periplocoideae  alone. in  the  basal  groups  and  the  smallest  in  the  Ascle- 

The  fourth  paper,  by  Civeyrel  and  Rowe  (2001),  piadeae.  which  is  presumed  to  be  the  most  derived 

explores    phvlogenetic    relationships    between    and  tribe  in  the  Asclepiadoideae. 

within  Hie  genera  of  Secamonoideae.  as  well  as  with  In  the  seventh  paper.  Liede  (2001)  assesses  the 

other  subfamilies,  based  on  the  plastid  gene  mcUK.  subtribe    Astephaninae    (Asclepiadeae)    based    on 

With  onlv  seven  recognized  genera  and  under  200  tmT-L  and  trnL-F  spacer  and  trnL  intron  sequene- 
than  half  of  which  be  I 

species,  more  man  nan  01  wnicn  oeiong  to  me  ge- 
to  tl es.    The    traditional    delimitation    of  the    tribe   was 

nus    Secamone,    Secamonoideae    are    the    smallest       based  on  the  lack  ol  a  slaminal  corona.  Twelve  rep- 

suhfamilv  of  Apoevnaceae  s.l.  Like  the  Periplocoi- resentatives  of  the  Astephaninae.  as  traditionally 

deae.  ihe  Secamonoideae  are  restricted  to  the-  Old  circumscribed,  were  analyzed.  The  taxa  were  found 

World  and  are  also  poorly  collected.  Madagascar  is  to  fall  into  two  main  clades.  One  ol  them,  the  As- 

the  main  center  of  speeiation  and  contains  half  the  tephaninae  clade.  contains  only  the  Old  World  gen- 

known  genera  and  species.  Secamonoideae  exhibit  era  Astephanus  s.  str.,  Microloma,  and  Oticinema. 

characteristics  that  are  a  mosaic  of  those  from  As-  The  New  World  taxa  previously  included  in  the  ge- 

clepiadoideae  on  the  one  hand,  and  the  more  basal  nus  Astephanus,  in  contrast,  come  out  in  the  unre- 

subfamilies  of  Apocynaceae  s.l.  on  the  other,  and lated   Mclastehninae  clade.  The  other  main  clade, 

are  thus  one  of  the  crucial  groups  in  understanding       the  Tylophorinae  clade,  comprises  seven  former  As- 

the  relationships  within  the  faniil\ tephaninae  genera.  This  study  shows  that  a  corona 

weight  on  any  one  character. 

In  the  fifth  paper,  Fishbein  (2001)  plots  various  has  been  lost  at  least  twice  within  die  taxa  studied 

scenarios  of  diversification  of  two  key  characters  in  and   underscores  the  danger  of  placing  too  much 

the  former  Asclepiadaceae,  the  pollinari  11111  and  the 

corona,   onto   a    phvlogenetic    framework    based   on  The  papers  presented  here  are  a  testimony  to  the 

sequences  of  the   plastid   gene  nialK.   One  of  the  progress  made  in  our  understanding  of  the  phylog- 

most  difficult  tasks  in  the  Apocynaceae  s.l.  is  dis-  eny  and  evolution  of  the  Apocynaceae  s.l.,  but  they 

tinguishing  homology    from   convergence.    A    major 

focus  of  continued  dispute  is  the  assessment  ol  ho-  need    of  further   work.    Foremost    among   these,   at 

mology  of  various  types  of  coronas.  The  analyses  higher  taxonomic  levels,  is  the  taxonomic  position 

presented  here  suggest  that  evolution  of  pollinaria  of  the  Periplocoideae.  This  subfamily  is  the  key  to 

has  been  relatively  conserved,  whereas  evolution  of  determining   whether  or   not   the   former  Asclepia- 

also  serve  to  highlight  areas  thai  are  still   most   in 

coronas,    especially    gynostegial    coronas,    which  daceae  are  monophyletic.  Much  work  also  remains 

characterize  the  Asclepiadoideae,  is  marked  by  ra-  to  be  done  in  elucidating  phvlogenetic  relationships 

diation  and  diversification.  Since  a  gynostegial  co-  among  the  genera  of  the  Periplocoideae.  Molecular 

rona  is  taken  to  be  the  ancestral  state  in  Asclepia-  evidence  would  be  a  welcome  addition  to  the  mor- 

doideae,  its  absence  in  any  taxa  in  this  subfamily  phological   data   available.    Within   the   Kauvolfioi- 

t   be  considered  to  be  derived.    In   this  study,  deae   and    Apocynoideac   the   relationships  among 

independent   loss  of  the  corona   is  shown   to  have  the  tribes  are  still   vague,  and   the  placement  and 

taken    place   twice   within   the   Asclepiadeae  alone, 

and  other  instances  of  loss  are  mentioned  for  this  ma.   Phylogenetic  relationships  between   Apocyno- 

llllis 

significance  of  taxa  such  as  Baissea  remain  an  enig- 

tribe.  The  findings  are  supported  by  those  of  Liede ideae  of  the  Old  World  and  those  of  the  New  World 

(2001).    Rased   on   the   phylogenetic    reconstruction       are     uncharted     waters.     Within     Asclepiadoideae, 

presented  here,  it  is  most  probable  that  pollinia  in       most  work  still  remains  to  be  done  in  Marsdenieae 
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and  Aselepiadeae.  In  Marsdenieae,  major  difficul-       Lceuwenberg,  A.  J.  M.    1991.  Taxa  of  the  Apocynaceae 

ties  still  exist  as  to  generic  limits;  in  addition,  the  abow  ̂ *™\*  IT'1'1'  ̂   ?  ̂V?™  °J/'M«E£ ....         r   ..         ,  .    ~  .  ceae,   WW  III.    VVageningen   Agric.   Univ.   rap.  91(3): 
relationship   ol    Marsdenieae  and   Leropegieae  re-  45-00 

mains  uncertain.   In  the  large  tribe  Aselepiadeae,  Liede,  S.    2001.    Subtrihe  Astephaninae  (Apocynaceae- 
mnch   work   remains  to  be  done  at   all   taxonornic  Asclepiadoideae)  reconsidered:  New  evidence  baaed  on 

levels:  work  on  the  composition  and  delimitation  of  cpDNA  spacers.  Ann.  Missouri  Hoi.  Gard.  
88:  057-668. 

subtribes  is  desirable,  and  there  are  large,  presum- 

ably  heterogeneous  genera  that   need   to  be  sorted 

out.  Kor  a  student  interested  in  working  on  the  sys- 

tematica of  a   fascinating  group  and   not   afraid  of      " 

complexity,  mam  opportunities  await. 

  &  A.  Timber.    2000.    Sarcostemma   R.  Br.  (Apo- 

cynaceae- Asclepiadoideae) — A   controversial  generic 
circumscription    reconsidered:    Evidence   from   trnlrF 

spacers.  PI.  Syst.  Kvol.  225:   133-1  10. 
  ,    A.   Timber  &   J.   Schneidt.    Molecular  considcr- 

I  iterature  Cited 

A I  hers,   K.  «!C    U.    Mew.    2001.     A    karyological   survev  ol 

Asclepiadoideae,   IVriplocoideae.  and   Secamonoideae, 

and  evolutionary  considerations  within  Apocynaceae  s.l. 
Ann.  Missouri  Bot,  Gard.  88:  621-050. 

(avevrel.  L  <X  N.  I  {owe.  2001.  Phylogenetic  relationships 

ul  Secamonoideae  based  on  the  plastid  gene  ma(hn  mor- 
phology, and  biomechanics.  Ann.  Missouri  Hot.  Gard. 

88:  583-602. 

  ,  A.  Le  Thomas.  K.  Ferguson  &   M.  Chase.    1998. 
Critical  reexamination  ol  palynological  characters  used 

lo  delimit  Asclepiadaceae  in  comparison  to  the  molec- 

ular phylogenv  obtained  from  plastid  malK  sequences. 

Molec.  Phylogenet.  Kvol.  9:  517-527. 

Demeler,   k.     I(>22.     Vergleichende    Asclepiadeensludien. 
Flora  I  15:  130-170. 

Kndrcss,  M.  K.   2001.    Apocynaceae  and   Asclepiadaceae: 

United  thev   stand.  Ilasellonia  8:  (in  press). 

  cK  P.  Rruvns.   2000.    A  revised  classification  of  the m 

\pocynaceae  s.l.  Bot.  Rev.  ( Lancaster)  00:    1-50. 

ations  on  the  Tylophorinae  K.  Schum.  (Apocvnaceae— 
Asclepiadoideae).  Kdinburgh  J.  Bot.  (in  press). 

Potgieter,   K.   &    V.   A.    Albert.    2001.    Phylogenetic   rela- 

tionships within  Apocynaceae  s.l.  based  on  trn\.  intron 

and  tn\\,-Y  spacer  se(|uences  and  propagule  characters. 
Ann.  Missouri  Rot.  Gard.  88:  523-510. 

Salwat,  K  M.  1902.  The  floral  morphology  ol \  Sentmone 

and  the  evolution  of  the  pollinating  apparatus  in  Ascle- 

piadaceae.  Ann.  Missouri  Bot.  Gard.   10:  05-120. 

Schick,  R.  1082.  Zur  Morphologic.  Kntwieklung.  Kein- 
struklur  und  Kunktion  des  Translators  von  IWiploca  L. 

(Asclepiadaceae).  Trop.  Subtrop.  Pllan/.enwelt  10:  513- 553. 

Schumann.  K.  1895.  Apocynaceae  and  Asclepiadaceae. 

In  A.  Engler  &  K.  Prantl  (editors).  Die  natiirlichen 

Pllanzenlamilien  4(2):   100-300.  Kngelmann.  Leipzig. 
Sennblad,  R.  &  R.  Bremer.    1000.  The  familial  and  subfa- 

milial  relationships  of  Apocynaceae  and  Asclepiada- 
ceae evaluated  with  r/wL  (lata.  PL  Svst.  Kvol.  202:  153- 

175. 

  ,  R.  Sennblad.  S.  Nilsson.  L.  (aveyrel,  M.  Chase, 
S.  Iluvsmans.  K.  (iralstrnin  &  R.  Rremer.  1990.  A  phv- 

logenelic  analysis  of  Apocynaceae  s.  sir.  and  some  re- 

lated la\a  in  (fcntianales:  A  multidisciplinary  approach. 

Opera  Rot.  Relg.  7:  59-102. 

Kishheiri.  M.  2001.  Evolutionary  innovation  and  diversi- 

fication in  the  flowers  of  Asclepiadaceae.  Ann.  Missouri 
Rot.  Card.  88:  603-023. 

Goyder,  I).    1009.  The  Asclepiadaceae — A  figment  of  our 

  &    .  2000.  Is  there  a  justification  for  dif- 
ferential a  priori  weighting  in  coding  sequences?  A  case 

studv  from  r/>cL  and  Apocvnaceae  s.l.  Svst.  Riol.  49: 
101-113. 

  ,  M.  K.  Kndrcss  cK   R.  Rremer.    1008.    Morphology 
and    molecular    dala    in    phylogenetic    fraternity — The 

trihe  Wrightieae  (Apocvnaceae)  revisited.   Amer.  J.  Rot. 

85:  1143-1158. 
Swarupanandan.  k.,  J.  K.  Mangalv.  T.  K.  Sonny.  K.  Kish- 

orekumar  &  S.  (maud  Rasha.  1990.  The  sublamilial 

and   tribal   classification  of   the  familv   Asclepiadaceae. 

Rot.  J.  Linn.  Soc,  120:  327-300. 

imagination?  Pp.  300-317  in  J.  Timherlake  &  S.  Kalivu        Venter.  II.  J.  T.  tN.    R.  L.  Yerhoeven.   2001.    Diversity  and 
relationships  within  the  IVriplocoideae  (Apocvnaceae). 
Ann.  Missouri  Bot.  Gard.  88:  550-508. 

Judd,   W.   S..    R.    W.   Sanders   &    M.   J.    Donoghue.     1091,        \erhoeven,    R.    L.    «K    II.   .1.   T.    Venter.     1008.     IVIIinium 

(editors),  African    Plants:    Biodiversitv.  Taxonomv  and 

Uses.  Royal  Botanic  Gardens,  Kevv. 

Angiosperm   familv    pairs:    Preliminary  phylogenetic 
analyses.  Harvard  Rap.  Rot.   1(5):   1-51. 

Jussieu,   A.   L.  de.     1780.    Genera   Planlarum.   Ihrissanl. 
Paris. 

Kunze,  II..  U.  Meve  &  S.  Liede.    1994.   Cibirhiza  alber- 
siana,  a  new  species  of   Asclepiadaceae.  and  establish- 

ment of  the  trihe  Kockceae.  Taxon   13:  367-376. 

structure   in   IVriplocoideae  (Apocvnaceae).  Gran  a  37: 
l-l  1, 

  &    .  2001.  Pollen  morphology  of  the  IVr- 
iplocoideae. Secamonoideae,  and  Asclepiadoideae 

(Apocynaceae).  Ann.  Missouri  Rot.  Gard.  88:  500-582. 

Wannlnrp,  H.-E.  1088  |  1080).  The  genus  Ylirmloma  (As- 

clepiadaceae). Opera  Bot.  98:  1-69. 



PHYLOGENETIC 
RELATIONSHIPS  WITHIN 
APOCYNACEAE  S.L.  BASED 

ON  trnL  INTRON  AND  trnL-F 
SPACER  SEQUENCES  AND 

PROPAGULE  CHARACTERS1 

Kurt  Potgieter2  and  Victor  A.  Albert* 

Abstract 

Relationships  within  Apocynaceae  s.l.  (Apocynaceae  s.  sir..  Periplocaceae,  and  Asclepiadaceae)  were  investigated 

by  maximum  parsimony  analysis  of  morphological  and  molecular  sequence  data.  Sequences  of  the  plastid  trnL  intron 

and  trnL-F  spacer  for  i  52  accessions  for  representatives  of  all  major  tribes  were  included  in  this  study:  96  9£  of  these 

sequences  represent  new  data.  Two  outgroups  were  selected  from  the  closely  related  Uoganiaceae.  The  total  evidence 

matrix  incorporated  trnL  intron  and  trnL-F  spacer  sequences,  insertion/deletion  information,  and  p  top  a  gule  characters. 

The  phviogenetic  hypothesis  derived  from  this  data  set  was  used  to  evaluate  the  most  current  classification  systems 

and  was  also  used  to  investigate  trends  in  seed  dispersal.  Apocynaceae  s.l.  are  a  strongly  defined  monophyletic  group, 

a  finding  that  should  be  reflected  in  taxonomic  treatments.  The  recognition  of  three  of  the  five  subfamilies  proposed  b\ 

Endress  and  Bruyns  in  2000  is  supported  by  the  monophyletic  IVriplocoideae,  Secamonoideae.  and  \sclepiadoideae, 

whereas  the  paraphvletic  KauvoKioideae  and  Apocynoideae  are  not  supported.  The  precise  position  of  the  IVriplocoi- 
deae, however,  remains  unclear.  Traditional  tribal  delimitations  were  less  congruent  with  our  total  evidence  phvlogeuv. 

The  evolution  of  seed  comas  and  enhanced  long-distance  dispersal  within  the  Apocynaceae  s.l.  prokibb  contributed 

to  accelerated  cladogenesis,  ultimately  giving  rise  to  the  majority  of  the  extant  genera  within  the  family.  Pin  logeographic 

analysis  of  our  data  provides  some  evidence  for  a  Gondwanan  origin  of  the  family. 

Key  words:     Apocynaceae,  Asclepiadaceae,  Gentianales.  Periplocaceae,  trnL  intron,  trnXA  spacer. 

The  Apocynaceae  Jussieu  (1789)  are  a  large  and  !>:  Endress  &  Bruyns.  2000).  The  Asclepiadaceae 

distinct  (lade  of  the  Centianales  with  nearly  4800  and  Periplocaceae  represent  (  lades  showing  par- 

species  distributed  among  480  genera  (Mabberlev.  ailed  phviogenetic  trends  toward  reproductive  syn- 

1997;  Struwe  et  al..  1994,  1998).  The  above  nuin-  organization  (Sennblad  &   Bremer,   1996:  Civeyrel 

hers  represent  Apocynaceae  sensu  lato,  which  in-  et  al.,  1998).  Following  the  work  of  Brown  (1810) 

v  com- 

cludes  the  previously  recognized  families  Asclepia-  and   Schlechter  (1905),  the   morphological!) 

daceae  and  Periplocaceae  (l)emeter,  1922;  Safwat,  plex  Asclepiadaceae  and  Periplocaceae  have,  until 

1962;  Stevens.   1975;  Struwe  et  al.,   1994;  Judd  et  recently,    been    separately    maintained.   There   has 

al.,   1094;  Thome.   1992;  Struwe  et  al..   1998;  Civ-  been  recent  interest  in  clarifying  the  phviogenetic 

eyrel  et  al.,  1998;  Potgieter  &  Albert,  1997.  1998a,  relationships  of  the  Apocynaceae,  Asclepiadaceae, 
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and    IVriplocaeeae   (Juclcl   et   al.,    1994:   Civcvrel.      nv\  isolation,  sequencing,  ami  alk;nmkm 

I9(>();  Kndress  el  al.,  199(>;  Sennblad  &  Bremer, 
1996;  Sennblad  et  al.,  1WJ5),  hut  in  most  of  these 

studies  many  relevant  laxa  were  not  considered, 

and  thus  the  monophyly  of  the  Apoc)  naceae  s.l.  has 

nol  heen  adequately  tested.  The  only  comprehen- 

sive survey  published  to  dale  that  has  included  al 

least  one  laxon  from  all  recognized  tribes  of  the 

Apoeynaeeae  s.l.  is  the  doctoral  thesis  of  Sennblad 

(1997)  and  the  paper  based  thereon  (Sennblad  <!< 

Bremer,  2000).  In  their  analysis,  however,  support 

values  lor  many  eludes  were  very  low,  so  that   re- 

lationships   among    ciades    were 

DNA  was  extracted  according  to  two  protocols:  a 

silica  milk  method  (Strnwe  el  al..  1998)  and  a  mod- 

ified potassium  ethyl  xanthogenate  (PEX)/urea  pro- 

cedure (after  Jhingan,  1992).  Both  methods  remove 

secondary  compounds  thought  to  interfere  with 

PCK  amplification.  The  silica  milk  extraction  meth- 

od is  basically  a  scaled  down  version  of  the  stan- 

dard CTAU  (hexadecv  III  imctln  lammonium  bro- 

mide)  DNA  extraction  method  (Doyle  &  Doyle, 

1987),  but  the  final  step  in  DNA  isolation  and  pu- 
rification is  based  on  DNA:  silica  affinity  (Boom  el 

poorly    resolved.       d      |W().  Savolainen  e(  a|  %   |()()5)  aM(|  n()|  [)recip. 
ilation. Moreover,  the  precise  placements  of  the  Asdepia- 

daceae  and   IVriplocaeeae  ciades  are   in  conflict  The  ,mL_F  region  ()f  ,,„.  pkstid  genome  wa8 
among  ,-x.shng  phylngenetie  trees.  The  phyloge-  amplified    using   standard    PCR    parameters   ac- 
netic  reconstruction  presented  hen-  includes  rep-  cording  l(,  Taberlel  el  al.  (1991).  Bovine  serum resentat.ves  ol  all  recognized  tribes  of  the  entire  .,||„imj„  (BS.\.  0.01%)  was  included  in  the  |»CH 
Apoeynaeeae  clade.  and  with    152  taxa,  is  nearly  re(.i|)e  lo  r;l(.j|j,a,e  ||1(.  likelihood  of  PCR  product. 
double  the  number  of  taxa  included  in  the  Sen..-  The  PCH  primers  correspond  to  the  forward  "," 

our 

(CGAAATC(;(;t\<; ac(;ctac(;)  and  -v  <<;<;t- 

"d" 

le   reverse 

jor  infrafamilial  groups,  arc  represented.  Six  inor- 

ii 

blad  and  Bremer  (2000)  analysis.  In  addition. 

analysis  is  based  on  molecular  as  well  as  morpho-       TCAAGTCCCTCTATCCC)    and    tl 
logical  data.  Therefore  it  represents  the  most  com-      (GGGGATAGAC^iCACPKiAAC)  and  "f"  (ATT- 
prehensive  phylogenetic  investigation  published  to      T(;A ACTGGTCACACGAG)  primers  (Taberlet  et 
date  on   Apoeynaeeae  s.l.  a|..  |99l).  Every  attempt  was  made  toamplifv  the 

Our  cladislic   analysis  of  the   Apoeynaeeae   s.l.  enlire  trnl.-V  region  using  primers  "c"  and  "f," 

uses  both  molecular  (trnL  intron  and  JraL-F  spacer)  but   when  this  was  not   possible,  separate  "c-d" 

sequence   and   morphological    propagule  character  and  "e-P  amplifications  were  conducted,   \mpli- 
data  lo  estimate*  phylogenetic  relationships  within  fixation   products  were  purified   in  a  preparatory 
the   family.   One   hundred   and    fifty-two  accessions  low-melt  agarose  gel  (Fisher  Biotech)  and  re-am- 

(113  genera,  146  species),  representing  all  the  ma-  plified   prior  to  sequencing   reactions.   Cycle  se- 
quencing   was     performed     with    either    fluoro- 

phological  characters  related  to  seed  dispersal  were  chrome-labeled    or    dKhodamine    dideoxy    chai 
combined   with    the   molecular   matrix.  These   mor-  terminators.  The  cycle  sequencing  products  were 

phologieal    characters    were    included    in    order    to  cleaned    using   Princeton   Separations  Cenlri-Sep 

generate  hypotheses  of  character  evolution  and  to  100  columns  (wvvw.biorescarchoulinc.com,  lol- 

examine  how  propagule-related  features  correlate  lowing  the  manufacturer's  protocol)  and  evaluat- 
wilh  Asclepiadaceae  and  IVriplocaeeae  clade  di-  e(l  w^1  a  IVrkin  Klmer  Applied  Biosystems  Mil 

versification.  A  brief  cladislic  biogcographic  inter-  ̂ l  automated  sequencer  and  software.  Se- 

pretation  of  this  group  is  finallx   presented.  quence  alignments  for  phylogenetic  analysis  were 

initial!)    done  in  Sequenehei  3.0  followed  by  vi- 
sual estimation. 

I'orty-eiglil  binary  insertion/deletion  characters 
were  assigned  to  account  for  structural  (insertion/ 

deletion)  information  (Table  I).  The  lrn\.  (UAA)  .V 

and  ambiguous  regions  of  sequence  were  excluded 

Plant  material  used  for  DNA  extraction  was  ob-       from   maximum   parsimony   analysis  and   from   the 

global   alignment   of   151    sequences   (available  on 

M  \nni  als  and  Methods 

SPECIES  SAMPLED  AM)  SOI  KCKS  ()|     IM.WT 

MATERIAL 

MORPHOLOGIC  \l.  DATA 

tained  from  field,  botanical  garden,  and  herbarium 

sources  (Appendix    I),  field-  and  garden-collected       request). 

specimens  were  dried  and  stored  in  silica  gel  prior 

to  DMA   isolation.  Krom  herbarium  specimens,  ca. 

0.5  cm2  of  plant   tissue   was   removed   and   either  Fruit   and   seed   characters   related   to  dispersal 
stored  in  plastic  tubes  or  used  immediately.  Plant       mode  (Table  2)  were  obtained  from  primary  litera- 
parts  used   included  leaves,  flowers,  and  seeds.  ture  sources  (denoted  by  *  in  the  reference  section), 
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Table  I.     Sequence  insertion/deletion  characters  thai  were  scored  from  the  total  Apocynaceae  s.l.  irnl.  inlron  and 

InA.-V  spacer  alignment  (availal)lc  on  request).  The  indel  #  lists  the  number  and  the  range  provides  the  exact  location 

of  the  gap  in  the  linal  alignment  lor  the  contiguous  inlron  and  spacer. 

Indel  # 

I 

2 

3 

4 

5 

6 

7 

8 
9 

10 
I  I 

12 

13 

14 

15 
16 

lni\.  inlron 

IJange  (bp) 

73  &  88 

122-126/1 41-1  II 

130-1 10 

127-140 
135-1  I  ( ) 

134-140 
133-140 

152-157 
1 65 

235-211 

233-253 

28 1 -286 
291-300 
505-507 

531 

501-570 

Indel  # 
17 

18 

19 

20 
21 

22 

23 

24 
25 

26 

27 

28 

29 

Range 
Ihp) 

307-310 
3 1 1 -3 1 4 

382- 1 70 

299-3(  K ) 

301-302 
293-302 

321-:i27 

344-367 
354-359 
388 

425- 1 38 

477-185 

5(  K I 

Indel  # 

30 

31 

32 

33 34 

35 

36 37 

38 39 

40 

41 

42 43 

44 

45 

lrn\,-V  spacer 

Range  (bp) 

667-672 

706-722 

73 1 -739 
786-841 
824-1219 

873-878 

819 
838-4  513 

883- 101 1 

923-936 
921-936 

92 1 -936 
982-99 1 
986-991 

1026-1047 
1 053- 1  ( )78 

Indel  # 

46 47 

48 

Range  (bp) 

1019-1057 

I  I  14-1  I  16 

I  189-1 191 

as  well  as  from  personal  observations.  Interpreta-  than  3  trees  longer  than  an  arbitrarily  low  "dummy" 
lion  of  character  stales  taken  from  the  literaliire      tree  length  per  replicate,  MULPARS  activated,  and 

and/or  from  herbarium  material  was  problematic  TI1K  branch  swapping.  Following  this  initial 

given  the  state  of  the  material  and  the  lack  of  com-  search,  the  shortest  trees  obtained  were  amplified 

prehensive  propagule  studies  of  the  group  as  a  in  number  by  swapping  on  trees  in  memory  (using 

whole.  Since  a  large  number  of  sources  were  con-  Nearest-Neighbor  Interchange  or  NN I  branch  swap- 

sulted,  character  definitions  were  nol  consistent  ping)  until  a  limit  of  1000  Irees  was  reached;  only 

among  these  authors.  Our  morphological  data  set  most  parsimonious  trees  were  saved.  These  tree 

was.  however,  verified  by  consultation  with  M.  En-  amplifications  were  performed  in  order  to  approxi- 

dress,  J.  Zarucchi,  and  W.  I).  Stevens.  Definitions       mate   asymptotically   all    possible    non-polylonious 

resolutions  permitted  by  ihe  data  (Sanderson  & 

Doyle,  1993).  Strict  consensus  trees  of  the  1MN1- 

swapped  Irees  were  constructed  to  summarize  com- 

ponents shared  among  all  primary  trees.  Support  for 
....  i        i        i  ,         .         i  .1  ■  -       it.         particular  groups  was  evaluated   using  parsimony 
Hie  molecular  data  set  and  the  combined  data       »'  ^       ■  •   ■         T      • .  •     /        ill  ,\  .a  ;     ,  ,  i  ,,v       jackknife  without  character  weights  (ranis  el  al.. 

matrix  (available  upon  request)  were  subjected  to      J  ...... 

of  characters  and  their  states  largely  follow  Endress 

et  al.  (1996). 

t>in  i.ogknktk:  a  in. ma  sis 

phvlogenetic  analysis.  The  molecular  matrix  con- 1996).  One  thousand  jackknife  replicates  ("emulate 

sisteel  of  the  trnh  intron,  tmL-F  spacer  nucleotide      Jac"  <>»>  with  branch  c
apping  (and  5  random  ad- 

sequence  (see  Table  3  for  sequence  eharacteris-      dition  orders  per  repl
icate)  were  performed  using 

tics),  and  binary  insertion/deletion  characters  (Ta- PAl  P.    Only    groups    with    jackknife    frequency    ol 

i 

ble  1).  The  combined  matrix,  however,  consisted  of  ™%  or  greater  are  considered  to  ha
ve  support  (see 

both  the  molecular  and  the  morphological  propa-  Farris  ̂   al.,  1996):  63%  or  higher  parsimony  jack- 

gule  matrices  so  that  considerations  of  morpholog-  knife  frequencies  represenl  the  equivalenl 
 of  one 

ieal  evolution  could  be  made  within  the  context  of  uncontradicted  synapomorphy  (Farris  et  al..  1996; 

all  available  data  (see  Luckow  cK  Bruneau,  1997).  Struwe  et  al.,  1998).  Character  evolution  was  stud- 

Each  matrix  was  analyzed  using  Fitch  parsimony  ied   with    MaeClade  3.0  (Maddison   &   Maddison, 

(Fitch,  1971)  as  implemented  in  PA  UP  4.0.0d64 

(Swofford,   1998).   The  following  options  were  used 

1992).  Character  optimizations  on  strict  consensus 

trees  were  made  using  the  "bard  poly  torn  y"  option. 

to  find  the  shortest  trees  that  were  spread  over  sev-  which  assumes  that  every  branch  of  a  polylomy  has 

eral  disjunct  optima  or  islands:  100  replicates  of  acquired  a  character  state  independently  from  the 

random  sequence  addition  order,  saving  no  more       others.  For  counts  of  numbers  of  particular  char- 
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Table  2.  Propagule  character  matrix  for  genera  within  Apocynaceae  s.l.  Propagule  and  geographic  character  opti- 
mization was  performed  I > 1 1 1  is  nol  provided.  Geographic  distribution  pertains  to  species  or  genera  where  applicable: 

this  character  was.  however,  not  included  in  the  actual  phylogenetic  analysis  hut  is  provided  here  for  completeness. 

P 

Hon  yiui in  snperha 
St r\ clinos  tomentosa 
[r oka  nth era  o 

ppositifolia 
Xcokanthera  rotundata 
\llamanda 
Mstonia  boonei 

•Myxia  Imxijolia 
imsonia  oriental  is 
\msonia  lahernaemontana 

\pocvnum  androsaemifolium 
\pocynum  cannabinum 

\s<lt'f)i(ts  < urassavica 
\selepias  syriaca 
\sclepias  tnherosa 

\spidosperma  mist  rale 

[spidosperma  cuspa 

ispidosperma  desmanthum 

\  s p  i ( I osperma  megalocarpon 
\spidosperma  in  \  ristieifolium 

Aspidospcrma  pyrifolium 

Aspidosperma  (juehraeho-hlanco 
llaissea  leonensis 

Beaumont in  grandiflora 
Bonafousia  siphilitica 
(Uilli  eh  Hi  a  ha  iter  i 

(!a  I  of  top  is  proeera 
Carallumo  crenulatt 

(la rail iima  gerstneri 
(larissa  hispinosa 

la: 

I 

sa  earanaas Ca  ris. 

Catharanthus  rose  us 

(lerhera  man  gluts 
(lerlu TQ   Ot loll (III) 

C.erberiopsis  candelabra 

Ceropt'gia  sandersoni 
( Ihoiwmorpha  fragrant 
Condylocarpon  amazonicum 
Condylocarpon  sp. 
Couma  macrocarpa 

Cry  ptolepis  ohlongifolia 

Cryptoste gui  grandiflora 
Cycladenia  humilis 

Cvnanchum  sp. 

Dischidia  bengalensis 
Ditassa  sp. 

Dregca  sinensis 

Duvalia  elrgans 
Duvaliandra  diascoridis 

Echidnopsii  cereiformis 

Echidnopsis  dammanniana 
Ei  hiirs  umbellata 

Fockea  cylindrica 
Fockea  edulis 

Seed 

Kxooarp   Mesocurp 

cricaip 

sclerifi-   presenta 
ration  (ion 

II (I 0 

0 

0 

0 

0 

0 
o 

(i 

(i 

i) 

0 

I) 

0 

0 

0 

0 

(I 

II 

0 

0 

I) 

0 

0 

(I 

(I 

(I I) 

I) I 

I 

1 

(I II 

II (I 

(I 

I) 0 

0 

0 

(I 

II 

(I 

(I 

I) I) 

0 

(I 

(I 

II 

(I I 

I 

I 

0 

0 

1 
II 

0 

0 

0 

(I 

0 

II (I 

(I 

I) 0& 
0 

0 

0 

II 

I) 

I 

I 

I) 

0 

0 

I 

I 

I) 0 

I) 

I) 0 

0 

(I 

(I 

I 
I) 

0 

0 

0 

0 

0 

(I 0 

0 

0 

0 

0 

0 

0 

2 

I) 
II 

0 
I) 

0 

2 

0 

0 

(I 

(I 

(I 

(I 
0 
1X2 

KK2 

2 

1X2 

1&2 
1X2 

0 
I&2 

0 

0 

0 

(I 

(I 

0 

0 

0 
1&2 

1&2 

1X2 

0 

0 

II 
0 
1X2 

0 

0 

0 
0 

L&2 
0 

ii 
() 

0 

(I 

I) 

(I 

0 (1X2 

2 

2 

0 

0 

0 

(I 

(I 

(I 

0 

0 

0 

0 

(I 

0 

(I 

(I 
(I 

I) 

(I 
0 

0 

I 

1 

(I 

(I 

I) 

2 

2 

0 

0 

(I 

(I 

(I 

(I 

(I 
(I 

2 

0 

(I 

(I 
(I 

0 

0 

0 

0 

0 

0 

(I 

II 

(I 

(I 

Seed 

in. ii  "in 

I 
1X2 

2 

2 

1 

2 
0X2 

2 

2 

2 

2 

2 

2 

2 

I 

I 

I 

2 

2 

2 

(I 

0 

0 

1 

2 

2 

2 

2 

2 

2 

2 

Seed coma 

I 

I 

I 

I 

I 
(I 

I 

] 

1 

2 

2 

2 

2 

2 

I 

I 

I 

1 

1 

I 

I 

2 

2 

1 

I 

2 

2 

2 

I 

I 

I 

1 

1 

1 

2 

2 

I 

I 

I 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Dislriliiilion 

0 

0 

1 
I 
0 

I 

5 

0 

1 IX  7 

(> 

0 

(I 

II 

(I 

0 

0 

I) 

I 
0X2X  I 

0 

2X  5 

I 

I 

I 

2 :$X  I 

I 

i 

I 2X  3 

0 
0 

0 

I 

2 

2 

X2X.JX  I*- 5*6 

I A  5 

0 

5 

! 

I 

I 

I 
( )&  C)X  7 

I 

I 
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Table  2.      Continued. 

Pericarp 

selerifi- 
Exocarp  Mesoearp    cation 

Seed 

presenta- 
tion 

Seed 

margin 
Seed 
coma Distribution 

Forked  sinuata 

ForsterotuQ  corymbosa 
Frerca  indtca 

0                0            0 

0              0           o 

0              0           o 

0 

0 

0 

I 

2 

1 

2 

2 

2 

1 

7 

2 

Funtumia  elastica 

Ga  hi  ( topi  i  or  a  crass  ifolia 

Geissosperm  urn  hi  ere 

Com  pilocarpus  physocarpus 

Gomphocarpus  sp. 

Gonolobus  patens 

llaplophyton  crooksii 

Himatanthus  sp. 

Himatanthus  tarapotensis 

Holarrhena  pubescens 
Ho  va  austral  is 

Huernia  keniensis 

Hunteria  umbel  lata 

Isonema  smeathmanni 

Ixicmellea  aculeata 

Landolphia  incerta 

Ixixoplumeria  haehniana 

Lepin iopsis  tenia t crisis 

Macoitbea  guianensis 

Man dei  ilia  sp. 
Ma rsden ia  amori/n ii 

Masca  renh  asia  a  rborescens 

Matelea  sp. 

M  clod  in  us  monogynus 
Micholitzia  obcordata 

Microplumeria  a  noma  la 

Molongum  lax  urn 
Man  dia  whiteii 

\eisosperma  nakiana 
Nerium  oleander 

Ochrosia  elliptica 

Ophionella  arena t a 

Orbea  variegata 
Orbeanthus  hardvi 

Oxystelma  bornouense 

Pachycarpus  sp. 

Pacouria  guianensis 

I'arsonsia  eucalyptophyila 
Peltastes  peltatus 
Pentalinon  lutewn 

Periploca  graeca 

Petopentia  natalensis 

Ph  ilibertia  gilliesii 

Piaranlhus  geminatus 
Picralima  nitida 
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Table  3.     Sequence  characteristics  of  the  plastic  trriL  intron  and  tm\-V  spacer  sequence  for  members  of  the  Apo- 
cynaceae s.l. 

Sequence  characteristic 

Nucleotide  sites  (l>p) 

Total  length  (without  gaps) 

No.  aligned  positions  (with  gaps) 

No.  (%)  ambiguous 

No.  (c/c)  constant 

No.  (%)  autapomorphic 

No.  (c/c)  phvlogeneticallv  informative 

Length  variation  (bp) 

No.  of  unambiguous  alignment  gaps 

No.  (size  range)  of  deletions 

No.  (size  range)  o(  insertions 

No.  of  gaps  phvlogeneticallv  informative 

No.  (c/()  of  point  gaps 

Sequence  divergence  (c/<) 

G  +  C  (c/()  content  (range,  mean) 

Ts/Tv  ratio  (range) 

trnlj  intron 

range  (348-496) 
mean  =  481 

625 
58  (9.3) 
319(51) 

95  ( 1 5.2) 
1 53  (24.5) 

51 
13(1-89) 

16(1-21) 
29 
13224(15.1) 

0.2-12.2 

range  (35.9-39.9) mean 
36.9 

1.27-1.28 

trnlj-Y  spacer 

range  (246-378) 
mean 

610 
1 64  (26.9) 

214(35.1) 

75(12.3) 

157(25.7) 

322 

52 

I  1  (6-396) 
8(1-14) 

19 

19000(27.7) 
0-17.6 

range  (33.9-37.8) 

r> 

mean 35.3 

1.07-1.08 

acter    state    transformations,    only    unambiguous       molecular  and  morphological  data  further  supports 

events  were  included  (excluding  outgroup  taxa). 

Kksi  lis  and  Discussion 

the  usefulness  of  including  morphological  charac- 

ters in  this  analysis.  As  would  be  expected,  the 

addition  of  the  few  representative  morphological 

characters  did  not  significantly  influence  parsimony 

MOLECULAR  and  COMBINED  MOLKCULAK-  jackknife  support,  except  for  the  Neisosperma/Och- 
MORPHOLOGICAL  PHYLOGENY  ms^  (.,a(|e  where  supporl  increased  from  <50  to 

Parsimony   analysis  of  the  molecular  and  com-  73%.   The   other  sizable   difference  
 in   support   is 

bined  matrix  yielded   132/120  most  parsimonious  seen  at  the  very  base  of  the  tree 
 for  the  genus  As- 

trees  of  length   1218/1294  steps  (including  aula-  pidasperma  (<50/63).  These  large
  changes  in  sup- 

pomorphies  and  uninformative  characters)  and  en-  P°ri  argue  for  the  continue
d  recognition  of  ̂ as- 

semble consistency  (CI)  and  retention  (RI)  indices      per  ma and Ochrosia and perhaps 

\\ 

1C (Funis,   1989)  of  0.53/0.52  and  0.89/0.89,  re-  re-examination  of  circumscriptions
  for  these  genera 

spectively.   A  strict  consensus  was  computed  after  (see  Feeuwenberg  (1994)  for  difference  o
f  opinion, 

the  132/120  initial  trees  were  amplified  to  a  max-  and  Potgieter  (1999)  for  the  examination  of  the  ge- 

imiini  of  1000  (Fig.   1).  Values  that  pertain  to  the  rms  Aspidosperma). 

analysis  of  the  molecular  data  (number  of  trees, Parsimony  jackknife  values  demonstrate  strong 

CIs,  RIs,  jackknife  support)  always  appear  first  in  support  for  the  basic  internal  structure  of
  the  tree, 

hold;  those  that  apply  to  analysis  of  the  combined  Notably,  (1)  the  monophyly  of  Apocynaceae  s.l.  is 

data  follow.  supported    by    100/100%   of  the  jackknife   repli- 

The  phylogenies  derived  from  the  molecular  and  cates:   similar   branching   order  was   seen   for  the 

combined  data  are  similar  in  both  strict  consensus  analysis  of  a  small  number  (II)  of  representative 

structure  and  jackknife  support.   A  single  incon-  members  of  Apocynaceae   using  trnL  spacer  se- 

gruency  involves  a  weak  association  between  Ran-  quences  together  with  Gentianaceae  and  Rubiaceae 

volfia  and  Tonduzia  (55/<50%).  Other  variations  as  outgroups  (Struwe  el  al.,   1998);  (2)  the  genus 

flight  differences  in  tree  resolution  (Figs.  Aspidosperma  and  its  allies  are  sister  to  the  rest  of 
I involve  s 

L  2,  indicated  by  dashed  nodes) — the  strict  eon-  Apocynaceae  in  94/96%  of  replicates;  (3)  the  ge- 

sensns  of  the  molecular  matrix  is  slightly  less  re-  mis  Alstonia  s.  sir.  (i.e.,  excluding  Tonduzia),  in 

solved  than  that  for  the  combined  analysis.  The  in-       turn,  is  the  sister  group  to  the  rest  of  the  family  at 

creased     resolution     obtained     by combining    tin 95/97%;  (4)  the  fleshy-fruited  genera  Acokanthera 
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Figure  I  (pp.  .r>.'i<)-r>:S2).     Strict  consensus  of  1000  equally  parsimonious  lives  (1218/1294  steps)  lor  the  molecular I//71I.  nitron  and  Irnl.-V  spacer  nucleotide)  matrix  and  the  combined  molecular  and  morphological  (six  nronagule  char- )1  f    ft     1    I  
f      "* 

data  sets.    Ihe  separate  matrices  are  available  from  the  first  author  upon  request.  Jackknife  support  values  are 
indicated  as  the  first  value  below  the  nodes  for  the  tree  generated  from  the  molecular  data  alone — the  second  value 
represents  jackknife  support  for  the  combined  data  matrix:  black  arrows  denote  support  for  a  given  node  when  space 
was  limited.  Dashed  nodes  are  used  to  indicate  additional  structure  seen  in  the  combined  data  set,  e.g.,  USeisaspeimtL 

■     ~    W 

Ochrosia),  {Catharanthm-Tonduzia),  {Melodinus-Pleiocarpa)n  (Plumeria),  {Skytanthus-Cerbera),  and  the  Gomphocarpus 
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clacle],  whereas  dashed  vertical  lines  indicate  additional  structure  in  the  molecular  data  set  [(Peltastes-Prestonia), 

(Marsdenia,  Telosma)].  The  only  structural  dissimilarity  occurred  in  a  relatively  unsupported  portion  of  the  tree  in  the 

leeular  clade  consisting  of  [Rauvolfia  (Laxoplumeria,  Tonduzia)\.  Consistency  (CI)  and  retention  (HI)  indices  for  the moiee 

molecular  data  set  and  the  combined  data  set  were  0.53/0.52  and  ©•89/0.89,  respectively.  The  subfamilial  and  tribal 

classifications  sensu  Leeuwenherg  (1994)  and  Swarupanandan  el  al.  (1996)  are  compared  with  this  phylogenetic  tr 
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Aspidosperma  pyri folium 

Aspidosperma  quebracho- bianco 
Aspidosperma  australe 
Aspidosperma  megalocarpon 
Alstonia  boonei 
Couma  macrocarpa 
Lacmellea  aculeata 

Landolphia  incerta 
Pacouria  guianensis 
Saba  comorensis 

Willughbeeae 

Macoubea  guianensis 
Molongum  laxum 
Tabernaemontanafloribunda 
Tabernanthe  iboga 
Callichilia  barteri 

Voacanga  africana 
Bonafousia  siphilitica 
Tabernae montana  sp. 
Tabernae  montana  citrifolia 

Tabernacmontaneae 

100/100 

87/87 

tNeisosperma  nakiana Ochrosia  elliptica 

llipt 

Rauvolfia  bal ansae 
Rauvolfia  serpentina 
Rauvolfia  serpentina 
Catharanthus  roseus 
Vinca  difformis 
Vinca  minor 

Vinceae 
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Alstonieae 

100/100 

52/<50 

Laxoplumeria  baehniana 
Tonduzia  longifolia 
Tonduzia  stenophylla 

Amsonia  tabernaemontana]VmceaG 
Amsonia  oriental  is 

Thevetia  peruviana 
100/1 00  ■ —  Thevetia  peruviana 

Plumerieae 

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinii 

100/100 
98/98 

78/80  _ 

86/84 

Melodmus  monogynus  \  Melodineae 

70/73 

92/86 

100 

Hunteria  umbellata 
Picralima  nitida 
Pleiocarpa  mutica 

Condylocarpon  amazonas 
Condylocarpon  sp. 

Alyxia  buxifolia 

Lepiniopsis  ternatensis 
Plectaneia  stenophylla 
Plectaneia  stenophylla 

Hunterieac 

Alyxieae 

A 
Figure  2  (pp.  533-535).  Strict  consensus  of  1000  equally  parsimonious  trees  (1218/1294  steps)  for  the  molecular 

(trnh  intron  and  trnL-F  spacer  nucleotide)  matrix  and  the  combined  molecular  and  morphological  (six  propagule  char- 

acters) data  sets.  The  separate  matrices  an'  available  from  the  first  author  upon  request.  Jackknife  support  values  are 

indicated  as  the  lirst  value  below  the  nodes  lor  the  tree  generated  from  the  molecular  data  alone — the  second  value 

represents  jackknife  support  lor  the  combined  data  matrix;  black  arrows  denote  support  for  a  given  node  when  space 
was  limited.  Dashed  nodes  are  used  to  indicate  additional  structure  seen  in  the  combined  data  set.  e.g.,  [(Neisosperma, 

Ochrosia),  (Catharanthus-Tonduzia),  (Melodinus-Plriocarpa).  (Plumeria),  (Skytanthus-Cerbem),  and  the  Gomplwcarpus 
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A 
67/63 

95^96 
76/78 

97/97 

llllllllilllliillllllllllllllllllllillliiiiimiiiiiin 

94/97 

99/10 

Allamanda  sp. 

Himatanthus  tarapotensis 
Himatanthus  sp. 
Plumeria  alba 
Plumeria  obtusa 

Skytanthus  acutus 

Plume  rieae 

Pteralyxia  kauaiensis  |  Alyxieae 

Plumerieae 

98/100 
Carisseae 

8^86 

81/7 

100/1 

Thevetia  ahouai 

Cerberiopsis  candelabra 
Cerbera  manghas 
Cerbera  odollam 
Carissa  bispinosa 
Carissa  carandas 
Acokanthera  oppositifolia 
Acokanthera  rotundat 

Wrightia  foment os a 
Galactophora  crassifolia]  Mesechiteae 
Isonema smeathmanni  Jwrightieae 

Mandevilla  sp.  fa"M(^echiteae Nerium  oleander 

Strophanthus  gratus Wrightieae 

62/63 
c Cycladenia  humilis\  Echiteae 

Forsteronia  corymbosa     1  Apocyneae 

100/1  (X) 
J~  Pentalinonlutea 

Pentalinon  lutea 
Echiteae 

81/78 76/75 

59/61 
90/91 

Mascarenhasia  arbores 
Funtumia  elastica 
Holarrhena  pubescens 
Echites  umbeUata 
Parsons  ia  eucalyptophylla 
Prestonia  mollis 

Malouetieae 

55/<5o|~  Peltastes  peltatus 
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5^57 

Prestonia  quinquangidaris^ 

Cryptolepis  oblongifolia 
Crypt  ostegia  grandiflora 
Periploca  graeca 
Ischnolepis  natalensis 
Mondia  whieti 
Stomatostemma  monteiri 
Urceola  rosea 

99/99 Apocyn 

foli 

grandifl 
Trachelospermumjasminoides 
Chonemorpha  fragrans 
Chonemorpha  fragrans 
Chonemorpha  fragrans 
Baissea  leonensis 
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clade)   whereas   dashed   vertical    lines   indicate  additional   structure   in   the   molecular  data  set  [(Peltastes-Prestonia), 
(MarsderUa,  Telosma)].  The  only  structural  dissimilarity  occurred  in  a  relatively  unsupported  portion  of  the  tree  in  the 
molecular  elade  consisting  of  \Rauvolfia  (Laxoplumeria,  Tonduzia)].  Consistency  ((II)  and  retention  (Kl)  indices  lor  the 
molecular  data  set  and  the  combined  data  set  were  0.53/0.52  and  0.89/0.89,  respectively.   The  suhfamilial  and  tribal 
classification  sensu  Endress  and  Uruyns  (2000)  is  compared  with  this  phvlogenetic  tree. 
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B 
84/86 

88/88 C Secamone  glaberrima Secamone  oleaefolia 
SECAMONOIDEAE 

92/95 

86/87 Marsdenieae 

70/66 
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92/93 

86/841 

57/57 
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9579^ 
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"C 

94/95 

96/98 

53/54 

81/37= 

100/100 
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75/75 

75/76 
77/75 

Fockea  cylindrica 
Fockea  edulis 
Fockea  simiata 
Ditassa  sp. 

Philibertia  gilliesii 
Twee  diet  caerulea 

Gonolobus  pate  ns 
Mate  lea  sp. 

Sarcostemma  mulanjense 
Sarcostemma  stolonifera 
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Cynanchum  sp. 
Vince  tox icum  hirundinaria 
Vincetoxicum  nigrum 

Calotropis  procera 

Asclepias  curassavica 
Asclepias  syriaca 
Asclepias  tuberosa 
P  achy  car  pus  sp. 
Gomphocarpus  physocarpus 
Gomphocarpus  sp. 

Dischidia  bengal  ens  is 

Hoy  a  austral  is 
Micholitzia  obcordata 

Drege a  sinensis 
Marsdenia  amor  i  mi  i 
Telosma  cordata 

Ceropegia  sandersoni 
Frerea  indie  a 

Duvaliandra  dioscoridis 

Echidnopsis  cereiformis 

Echidnopsis  dammanniana 

•  Ophionella  arcuata 
•  Trichocaulon  treibneri 
-Duvalia  elegans 

•  Stapelia  leendertziae 
-  Caralluma  crenulata 
'  Tromotriche  revoluta 
-Huernia  keniensis 
•  Orbeanthus  hardyi 
•  Orbeavariegata 

-  Caralluma  gerstneri 

•Stapelia  revoluta 
-  Tavaresia  grandiflora 
>  Tridentea  longipes 

Piaranthus  geminatus 
Piaranthus  geminatus 

Stapelia  pegle  re 
Stapelia  schinzii 
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Figure  2.      Continued. 
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and   Carissa   are   resolved  as  sister  genera  to  the  showed  the  Periploeaeeae  and  Aselepiadaeeae  to 

"higher"   Apocynaccae,  Periploeaeeae,  and   Ascle-  he  sister  taxa.  with  members  of  the  Eehiteae  {Pres- 

piadaeeae    in    i\\/~t7r/(    o(    replicates:    and    (5)    the  to/iia),    Apoeyneae     (Apocynum),    and     Wrighteae 
Apoevnoideae.  Periploeaeeae,  and  Aselepiadaeeae-  (Beauniontia)  forming  a  more  hasal  (lade.  Hot  li  o( 

elade  is  supported  as  monophvletie  in    100/100%  these    resolutions   cannot    he    simultaneously   cor- 

ol    jackknife    replicates,   as   are    die    Periploeaeeae  reet.  and.  indeed,  our  analysis  ol  characters  (rom 

and    Aselepiadaeeae    themselves    (100/100%    and  the  (ml.  intron  and  the  trnh-Y  s|)acer  region  (Fig. 

H\/i\()(/(  of  jackknife  replicates,  respectively). 1)  echoes  the  need   for  further  information  to  re- 

IIIK  APOCYN ACEAE  SENSU  STRICK)    \M 

IWRANIYLETIC  TO  THE   ASCLEPIAD ACE AE  AND   THE 

riKirioc  \ce  \e 

The   non-monoi)h\  Iv   of    1 1 1 «     traditionall 
\    mam- 

tained  Apocynaccae  s.  sir.,  with  respect  to  the  Per- 

iploeaeeae and  the  Aselepiadaeeae4,  is  increasing- 

ly  heing   recognized.    For  example,   MacFarlane's 
lution  and  distribu- 

*  evo 

(1933:   15)  treatise  on  the 

tion  of  both  families  included  the  explicit  state- 

ment that  "the  extremely  complex  and  highly 
evolved  flower  of  Aselepiadaeeae  can  he  traced  to 

have  originated  by  graded  progressive  stages  from 

the  simpler  ones  of  higher  Apocynaeeae."  Recent 
cladistic  analyses  using  morphological  (Judd  et 

al.,  1 994;  Struwe  et  al..  1991)  and  molecular  (Civ- 

eyrel, 1 996;  Civeyrel  et  al.,  1998;  Sennblad,  1997; 

Sennhlad  &  Bremer,  1996,  2000;  Sennblad  et  al.. 

1998)  data  have  supported  the  contention  that  As- 

elepiadaeeae1 and  Periploeaeeae  are  derived  from 

within   a    larger,   monophvletie   Apocynaccae.    The 

data  presented  here  (Fig.  I)  add  further  support 

to  the  naturalness  of  the  Apocynaccae  sensu  lato 

by  demonstrating  that  the  Periploeaeeae  and  As- 

elepiadaeeae form  monophvletie  clades  derived 

(rom  within  the  higher  Apocynaccae.  We  therefore 

recognize  that  the  Apocynaccae  s.l.  consist  of  the 

subfamilies  Periplocoideae.  Seeamonoideae,  and 

Aselepiadaeeae  based  on  monophylv.  hut  Apoev- 

noideae and  especially  Kauvolfioidcae  are  decid- 

edly paraphvletic  as  delimited  by  Fndress  and 

Bruyns  (2000).  Our  data  therefore  do  not  support 

recognition    of     Apoevnoideae    or    Rau\ olfioideae. 

Fither  the  well-supported  tribes  can  be  main- 

tained or  main  new  subfamilies  should  be  recog- 

nized (Sennhlad,  1997;  Civeyrel  et  al..  1998).  We 
(eel,  however,  that  additional  evidence  is  needed 

solve  this  ambiguity. 

St  UTKim    CAMSSINAK:  THE  SISTER  GROl  V  TO 

IIICMKK    AI'OO  NACKAK 

The  condition  of  congenital  syncarpy  in  tribe 

Carisseae  sensu  Leeuwenherg  (1994)  is  polyphy- 

letic  (Fig.  1).  The  genus  Melodinus  (suhtribe  Mel- 

odininae)  and  the  genera  Hunteria,  Picralima,  and 

Pleiocarpa  (suhtribe  Pleiocarpinae  sensu  Leeu- 
wenherg,  1994:  marginally  monophvletie  in  78/ 

iH)c/r  of  jackknife  replicates)  form  part  of  a  tri- 
chotomy    at     two     nodes     less     derived     (Fig.     I). 

■U'okanthera  and  Carissa  (suhtribe  Carissinae  sen- 
su  Leeuwenherg.  1991)  form  a  strong  group  (98/ 

100%)  that  is  supported  (8  1/77%)  as  sister  to  the 

rest  of  the  higher  Apocynaccae  (including  the  Per- 

iploeaeeae and  Aselepiadaeeae).  This  is  in  agree- 

ment with  findings  of  other  recent  molecular  stud- 

ies (Sennblad  &  Bremer,  1996;  Fndress  el  al., 

1996:  Civeyrel  et  al.,  1998).  Indeed.  Acokanthera 

and    Carissa    were   considered    congeneric    by    Pi- 

chon    (1948).    These    fleshy-fruited    genera    with 

plain    style-heads    and    non-synorganized    anthers 

have  previously  been  considered  among  the  most 

plesiomorphic  taxa  of  "Carisseae"  and.  indeed, 
the  Apocynaccae  as  a  whole  (Fndress  et  al.,  1996; 

Leeuwenherg,  1994).  Phylogenetic  evidence  from 

rbcL  and  matK  data  also  refutes  a  hasalmost  po- 

sition of  the  relatively  unspecialized  "Carisseae,* 
but  neither  gene  discerns  the  position  ol  suhtribe 

Carissinae  as  sister  to  the  derived  clades  of  the 

Apocynaceae  s.l.  (Civeyrel,  1996;  Sennblad  & 

Bremer,  1996). 

tmh  INTKON   AND  tm\-Y   SPACER  COMPARISON  TO 

recent  fin  loc;knetk:  ideas 

The  strict  consensus  tree  from  parsimony  anal- 

before  such  major  classification  changes  are  made.       ysis  of  tmh  intron  and  /r/iL-F  spacer  sequence 

Sennblad  and  Bremer's  (  l(>(>(>.  2( KM))  phylogenetic       and  propagule  characters  for  the   Vpoeynaceae  s.l. 
discrepancies    with    the    Fndress    and analysis   based    on    the   rbcl.  gene   suggested   that  highlights 

Periploeaeeae  arc  most  closely  related  to  members  Bruyns  (2000)  hypothesis  (Fig.  2).  In  this  tree  trib- 

of  tribes  Kchiteae  {Prcstonia  and  Mandevilla)  and  al  delimitations  in  subfamily  Rauvolfioidcae  sensu 

Apoeyneae     { Apocynum).     The     Aselepiadaeeae  Endress  and   Bruyns  (2000)  are   well   supported. 

were,  in  turn,  resolved  as  the  sister  group  of  this  except  for  the  following  difference  (Fig.  2,  p.  533): 

elade.    In    contrast.   CivcyrePs   (1996;   Civeyrel   et  the    Alstonieae    is    polyphyletie — Tonduzia    was 

al..     1998)    results,    based    on    the    matK    locus,  grouped  with  Alstonia  in  tribe  Alstonieae.  In  con- 
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genera.   Rather,  both   Tonduzia  and   Laxoplumer- 

trast,  the  genera  Tonduzia  and  Laxoplumeria  ap-  clade  is  Alstonia  s.  str.  (Alstonieae;  supported  by 
pear  to  he  weakly  associated  with  tribe  Vinceae,  95/97%  of  jackknife  replicates).  The  genus  Ton- 

which  is  in  turn  paraphyletic.  with  Amsonia  group-  duzia.  which  has  been  synonymized  with  Alstonia 

ing  with  Thevetia  peruviana  (Fig.  2,  |>.  533).  Ad-  (Piehon,   1947a;  (Gentry,   1983)  and  maintained  in 
ditionally,  the  Alyxieae  appear  to  he  polyphyletic:  the  latest  monograph  in  Alstonia  (Sidiyasa.  1998) 

Pteralyxia  (Alyxieae)  is  strongly  associated  with  was   recognized   by   Endress   and    Bruyns   (2000). 

Thevetia  ahouai  (76/75%),  which  in  turn  is  firmly  who.  however,  placed  both  Alstonia  and  Tonduzia. 

nested    within    the    Plumerieae   (Fig.   2.    p.    534).  as  well  as  the  poorly  known  genus  Laxoplumeria. 

Note,   however,   that    the   genus    Thevetia   is   poly-  in    tribe    Alstonieae.    In    contrast,    in    the    present 

phyletic   in   this  phylogenetic  tree;  this  could   be  phylogenetic  study,  there  is  no  support  for  a  close 

interpreted  as  support  for  recognition  of  Cascabela  relationship  between  Alstonia  and  the  latter  two 

as  a  genus  distinct   from   Thevetia.    These  results 

require  further  study  as  the  position  of  T  peruvi-  ia — both    from    tropical    America — appear   to    be 
ana  conforms  to  the  expected  position  in  studies  weakly   associated    with    tribe    Yinceae.    i.e..   in   a 

by  Sennblad  and   Bremer  (1996)  and   Kndress  et  more  derived  position  than  the  African  and  Asian 

al.  (1996).  Apocynoideae  have  very  little  resolu-  Alstonia  (Fig.  2).  As  noted  above,  the  group  tra- 

tion  and.  although  weakly  supported,  the  position  ditionallv  held  as  most  plesiomorphic.  the  Caris- 
of  subfamily  Periplocoideae  appears  to  be  nested  seae,   is   syncarpous,   but    is   also   highly   derived 

within   it  (Fig.  2.  p.  534).  Subfamily  Secamono-  (Fig.  2.  p.  534).  Members  of  tribes  Carisseae  and 

ideae,  represented  by  Secamone,  is  well  supported  Alstonieae  share  relatively  unspecialized  flowers 

(Fig.   2,   p.   535),   as   is   the    Asclepiadoideae.   the  that    have    a    uniformly    receptive    and    secretory 

most    highly   derived   subfamily   (Fig.   2.   p.   535).  style-head  and  non-synorganized  stamens.  Species 

The   tribe   Marsdenieae  is   polyphyletic,   with   the  of  Haplophyton  and  Vallesia  have  a  vertically  dif- 

genus  Fockea  representing  the  basalmosl  clade  of  ferentiated    style-head,    with    basal    stigmatic    re- 
t he    Asclepiadoideae    and    the    Dischidia.    Ilova.  gions    (characteristic    of   most    Apocynaceae   s.l.). 

e  sis- 

Yloreover,  Haplophyton  has  stamens  that  are  con- 

vergent  over  the  style-head   as  do  more  derived 

2.  [).  535).  Recognition  ol  the  tribe  Fockeae  (kun-       members  of  the  family,  e.g..  Allamanda.  Rauvoljia. 

Micholitzia,  Dregea,  Marsdenia,  Telosma  clad 

ter  to  the  Ceropegieae.  the  most  derived  tribe  (Fig. 

ze  et  al..  1994)  is  supported  (Fig.  2.  p.  535). and   most   species  of    Tabernaeinontana  (Endress, 

The  remaining  discussion  largely  follows  the  1986:  Fndress  et  al.,  1996;  Leeuwenberg.  1991: 

classification  system  sensu  Fndress  and  Bruyns  Pichon,  1950b:  Potgieter.  unpublished).  Alstonia 

(2000)  as  it  is  more  congruent  with  our  phyloge-  s.  str..  on  the  other  hand,  displays  a  vertically  dil- 

netic  results  (Fig.  2)  than  other  current  systems.         ferentiated  style-head  without  convergent  stamens 

(Fndress  el  al.,  1996).  Therefore,  style-head  spe- 
cialization and  the  beginnings  ol  synorganization 

appear  to  have  evolved   in   parallel   among   lower 
I  UK   IIASAL  CI.ADKS  Ol-    INK  ATOCYNACKAK 

Analysis  of    both   the   molecular  and    the  com- 
bined data  matrix  provides  strong  support  for  the 

chides   of    the    Apocynaceae   s.l..    becoming   fixed 

among  the  higher  clades,  but  with  a  notable  re- 

basahnost  chides  of  the  Apocynaceae  s.l.  Previous  versal   in   the  tribe  Carisseae.  The  molecular-de- 

molecular  studies   that   used  rbcL  and   matK   se-  rived  relationships  of  the  Apocynaceae  s.l.  to  out- 
quence    (Civeyrel,    1996;    Endress    et    al..    1996;  group  taxa  remain  unclear  using  both  trn\,  intron 

Sennblad  &  Bremer,   1996;  Civeyrel  et  al..   1998)  and  trnL-V  spacer  sequences  (Struwe  et  al..  1998: 
identified   the  genus  Alstonia   s.   str.   as   the   most  pers.  comm.)  as  well  as  data  from  the  matK  and 

plesiomorphic  lineage,  but  important  taxa  from  the  rhc\,  regions  (Civeyrel.,  1996:  Civeyrel  et  al..  1998: 

Plumerieae    and    Alyxieae,    namely  Aspidosperma  Fndress  et  al.,   1996;  Sennblad  &    Bremer,   1996). 

and   allies,  were  not   included   in  their  analyses.  The  Loganiaceae  genera  Gardneria,  Strychnos,  and 

The  results  of  this  study  show   that  a  clade  com-  listeria   appear  to   be   morphologically   similar  in 

prising  Aspidosperma,    Geissaspermam,    Microplu-  that  they  have  flattened  seeds  with  a  central  hilum 

meria,  Haplophyton,  Strempeliopsis,  and  Vallesia  is  (Leeuwenberg  &  Leenhouts,  1980;  Struwe  el  al.. 

sister  to  the  rest  of  the  family  (Fig.  2.  p.  533;  both  1994)   in   common    with   the   genus  Aspidosperma 

the  clade  and  its  basal  position  are  supported  by  (Alstonieae1). 
100/100%  and  94/96%  of  jackknife  replicates, 

respectively).  These  genera  belong  to  the  Alston- 

ieae (Fig.  2.  p.  533).  In  keeping  with  earlier  ino- 

KYOLLTION  OF  PKOI'AGUI.K  CHARACTERS 

Most  examinations  of  character  evolution  in  I  lie 

lecular  results,  the  next  most  basal  taxon  after  this       Apocynaceae  s.l.  have  centered  on  issues  related 
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to  floral  evolution,  i.e..  synorganization  and  s|)e-  Mesocarp  is  the  differentiated  ovary  wall,  ex- 

cialization  of  the  androecial  and  gvnoeeial  struc-  eluding  the  inner  and  outer  layers  (endocarp  and 

lures  (e.g.,  Kndress  et  al..  1990;  Kndress.  1994;  exoearp.  respectively).  Dry  mesocarp  is  plesiom- 

Fallen,  1986;  Judd  et  al.,  1991;  Kunze,  1990,  orphie  for  the  Apoeynaeeae  s.l.,  whereas  fleshi- 

1993,  1996;  Nilsson  et  al.,  1993;  Salwat,  1962).  ness  has  heen  derived  independently  multiple 

While  floral  complexity  does  increase  with  in-  times  within  this  elade  (Table  2).  Fleshy  mesocarp 

creasing  phylogenelic  derivation  (Civeyrel,  1996;  is  known  horn  the  early -branching  Vallesia  and 

Kndress  et  al.,  1996;  Sennhlad  <!\  Bremer,  1996),  Geissospermunt  (Alstonieae),  the  relatively  early- 

associated  traits  (related  to  synorganization  and  branching,  syncarpous  W  illughbeeae  (Couma,  Pn- 

specialization)  are  by  no  means  fixed  until  the  up-  couria.  Saba,  Laemellea.  and  Ijindolphia),  the  Ta- 

permosl  branches  of  the  Apocynoideae  (i.e.,  above  beruaemontaneae  (lade  (most  ol  which  are 

the  Carisseae)  arc  reached.  This  is  readily  appar-  apocarpous  except  lor  members  of  the  former  Ani- 

ent when  floral  characters  are  optimized  onto  our  belanieae),  Rauvolfia  (including  both  syncarpous 

molecular  trees  (unpublished  results)  and  is  clear  and  apocarpous  species),  !\eisosperrna  and  Och- 

Irom  our  discussion  here4  of  parallel  trends  of  syn-  rosia  (Vinceae).  the  more  derived  and  syncarpous 

organization  and  specialization  in  the  basalmost  genus  Melodinus  of  the  Melodineae,  the  apocar- 

clades  of  Apoeynaeeae  s.l.  Indeed,  with  members  pons  Hunlcrieae  (Hunteria.  Picralima.  and  Pleio- 

of  the  Apoeynaeeae  s.l.  bearing  the  most  complex  carpa),  some  syncarpous  (Lepiniopsis)  as  well  as 

flowers  of  any  dicotyledonous  angiosperm  (En-  apocarpous  (Alyxia.  Pteralyxia)  Alvxieae,  and 

dress  et  al.,  1983;  Kndress,  199-1),  to  do  full  jus-  Cerbera  and  Thevetia  (Plumerieac),  the  syncarpous 

tiee  to  the  issue  of  floral  character  evolution  will  Carisseae  (Aeokanthera  and  Carissa)  and  Thevetia 

ahouai,  which  in  this  analysis,  shows  a  weak  re- 

lationship with  Amsonia  (Vinceae).  Fleshy  meso- 

carp, which  has  been  used  as  a  taxonomic  char- 

studied  attributes  ol  the  Apoeynaeeae  s.l.,  a  sub-  acter  to  unify  Carisseae  in  traditional 

jeet  that  has  not  heretofore  received  such  atten-  classifications  (e.g..  Leeuwenberg,  1994).  is  clear- 

ly inconsistent  with  the  phylogenetic  placement  of 

characters,  is  presented.  Several  fruit  and  seed  the  various  syncarpous  clades  assigned  to  thai 

characteristics,  likely  correlated  with  dispersal  tribe.  Fleshiness  probably  correlates  more  with 

mode,  have  been  used  in  traditional  classifica-  ecological  traits,  e.g..  dispersal  syndrome,  than 

lions,  but  with  the  exception  of syncarpy  (Kndress 

et  al..  1996;  Sennhlad  <!C  liremer.  1990).  their  phy- 

require   many   additional   ontogenetic   studies   be- 

yond those  that  have  so  far  been  performed. 

Instead    ol    focusing    on    these    most    popularly 

lion,     the     phylogenetic    correlates    of     propagule 

logenctic  and  evolutionary  significance4  has  not  yet 

been  explored. 

Most  members  of  the  (icntianales  have  svnear- 

pons    ovaries,    but    apocarpy    is    common    among 

with  anything  else. 

Kndocarp  in  the  Apoeynaeeae  is  primitively 

non-sclerified  (Table  2).  Selcrification  of  the  en- 

docarp is  often  associated  with  drupe  develop- 

ment. Sclerificd  endocarp  appears  to  have  been 

derived    in    the   Apoeynaeeae   s.l.   six   times   inde- 

Apocynaceae  s.l.  and  is  the  rule  for  Loganiaceae  pendently    (Table    2),    sometimes,    though    not    al- 

genera  Mitrasacme  and  Mitreola,  which  are  api-  ways,  in  correlation  with  fleshy  mesocarp.  Of  the 

callv  apocarpous  (Conn  cK  Broun,  1996;  Kndress  basal  genera,  Strempeliopsis.  Haplophyton,  Micro- 

ti al.,  l9iV.\:  Fallen,  1983b,  1986:  Slruvve  et  al..  plumeria,  Aspidospernut.  and  Alstonia  have  dry 

1994).  Analysis  of  data  from  plastid  genes,  //w/k,  fruit.  Vallesia  has  a  fleshy  drupe,  and  Geissosper- 

rbeL,  and  JraL-F  (Civeyrel.  1906;  Sennhlad  &  ////////  has  a  fleshy  fruit,  best  described  as  a  berry; 

Bremer.  1990;  Civeyrel  et  al..  1998;  Sennhlad,  and  both  Neisosperma  and  Ochrosia  have  a  fleshy 

1997;  Sennhlad  &  Bremer,  2000;  this  paper,  Fig.  mesocarp.  The  dry.  stringy  lasers  in  some  genera. 

2),  indicates  that  apocarpy   is  the  plesiomorphic  e.g.,  Neisosperma,  are  outgrowths  of  the  endocarp; 

stale  for  the   Apoeynaeeae  S.l.  (see  above  and  En-  the    mesocarp.    however,    is   fleshv    and    rots   awa\ 

dress  el  al.,  1990).  In  the  Gentianaceae  at  least,  relatively  quickly,  leaving  the  thick  endocarp  out- 

congenital  syncarpy  is  thought  to  be  a  prerequisite  growths  that  form  a  thick,  dry  covering  that  serves 

(or  the  development  of  fleshy  fruits  (Struwe.  1999).  for  long-distance  dispersal.  The  endocarp  of  As- 

In  the  Apoeynaeeae  s.l..  on  the  other  hand,  fleshy  pidosperma  and  Vallesia  (Alstonieae  sensu  Kn- 

fmits  arc  known  among  both  congenital  I  v  syncar-  dress  &  Bruyns,  2000)  and  \eisosperma  and  Och- 

pous  as  well  as  apocarpous  taxa.  Fleshy  fruits  are  rosia  (Vinceae  sensu  Kndress  cK  Bruyns,  2000)  is 

often  associated  with  animal-mediated  dispersal  sclerificd.  Syncarpous  Lepiniopsis  and  hemi-svn- 

syndromes,  and  are  evaluated  within  a  phyloge-  carpous  Rauvolfia  serpentina  as  well  as  the  apo- 

netic  context.  carpous  Alvxieae  and  Plumerieae  (sensu  Kndress 
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&  Bruyns,  2000)  have  fleshy  drupes  with  a  seler-  ferent  opinion  and  for  further  discussion).   As  a 
ified  endocarp;  Skytanthus  and  Cerberiopsis  have  rule,  the  seeds  of  members  of  the  Aselepiadoideae 

dry  and  fibrous  mericarps,  and  Alyxia  has  fleshy  have  a  very  narrow  flat  margin  that  has  sometimes 

drupe-like   articles,   which   are   detached,   single-  been   called   winged,   but    homology    to   the   large, 

seeded  portions  of  moniliform  follicles  (Middlclon,  well-defined  wings  in  other  parts  of  the  family  is 

2000).  Notably,  taxa  of  the  fleshy-fruited  Carisseae  uncertain.   This  character  has   been   secondarily 

have  a   non-sclerified   endocarp.   Sclerilication  of  lost  in  a  number  of  species  in  the  following  gen- 

the  endocarp  is  a  specialization  not  well  correlated  era:  Matelea,  Oxystelma,  Gomphocarpus,  and  Hoya 

with  the  bearing  of  fleshy  drupes,  as  some  scleri-  (Stevens,  pers.  comm.). 

lied  taxa  are  certainly  not  drupaceous  (e.g.,  Aspi-  The  seed  coma  is  primitively  absent  in  the  Apo- 

cynaceae s.l.  (Table  2).  The  character  state  "ill- 

defined   comas"  refers  to  seed  margins  that  sur- 

dosperma). 
Seed   presentation   in   the   Apocynaceae  s.l.   is 

primitively  naked,  i.e.,  without  a  distinct  aril  and       round    the    entire    seed    margin,    are    of    uniform 

not  embedded  in  a  well-developed  pulp  (Table  2). 
The  transition  from  naked  seeds  to  seeds  embed- 

ded   in    pulp   appears    to    have   occurred    several 

length,  and  are  filiate.  Ill-defined  comas  have 

been  defined  as  wings,  but  without  thorough  on- 

togenetic   investigation    these    classifications   are 

limes  unambiguously  within  the  Apocynaceae  s.l..  subject  to  interpretation;  in  this  context,  Alstonia, 

whereas   the   transformation   from   arillate   to  em-  Tonduzia,  and  Laxoplumeria  have  ill-defined  co- 

bedded-in-pulp  has  only  occurred  three  times  in-  mas.   Well-defined  seed  comas  have  localized  ar- 

dependently.  The  transition  from  naked  to  arillalc  eas   that   are   highly   pubescent;  this  character  is 

is  never  unambiguous  on  the  molecular-only  tree  present  in  the  Apocynoideae,  Periplocoideae,  Se- 

(not  shown),  but  very  likely  occurred   in   the  an-  camonoideae,   and   the   Aselepiadoideae.   A   well- 

cestor  of  the  Tabernaemontaneae  clade.  Indepen-  defined  seed  coma  appears  to  have  been  derived 

dent  origins  of  fruit  pulp  have  occurred  in  Geis-  from  an  immediate  ancestor  with  the  syncarpous, 

sospermum    (Alstonieae),    Couma    through    Saha  fleshy-fruited   members  of  the  Carisseae  (Carissa 

and    Acokanthera),   although    this    relationship   is 

Melodinus  (Melodineae),  Hunterieae,  and  the  Car-  only  moderately  supported  by  a  jackknife  value  of 

isseae.  The  arillate  and  pulp-embedded  states  are  81/77%  (Tig.  2,  p.  534).  The  potential  transition 

partly   correlated    with   mesocarp  fleshiness,  con-  from  a  syncarpous  fruit  with  seeds  embedded   in 

forming  to  the  syndrome  of  features  favoring  ani-  flesh)   pulp  to  an  apocarpous  fruit  with  greatly  in- 

(W  illughbeeae),  Molongum  (Tabernaemontaneae), 

mal-mcdiated  seed  dispersal. creased  numbers  of  small  seeds  with   both  wings 

The  seed  margin  is  primitively  winged  to  naked  and  a  well-defined  coma  was  unexpected.  The 

in  the  Apocynaceae  s.l.  (Table  2).  Wing  homology  fleshy-fruited  condition  is  most  likely  autapomor- 
is  difficult  to  establish  in  phylogenetically  basal  phous  for  the  Carisseae.  Given  that  most  of  the 

and  derived  taxa.  The  question  whether  seed  family  has  seeds  with  well-defined  comas,  the  evo- 
lution of  this  character  can  be  used  to  hypothesize 

the  derivation  of  four  of  five  extant  subfamilies  via 
wings  of  the  genus  Aspidosperma  (basal)  are  ho- 

mologous to  those  found  in  the  subfamilies  Seca- 

monoideae  and  Aselepiadoideae  remains  undecid-       radiative  expansion. 
ed,  but  these  features  were  treated  as  homologous The  production  of  small  seeds  with  a  coma  may 

in  this  study.   Independent  origins  of  seed  wings  have    been    the    evolutionary    step    necessary    for 

have  occurred   multiple  times   in   the  subfamilies  cladogenesis/speciat ion   through    increased   dis- 

Rauvolfioideae,  Periplocoideae,  and  the  Asclepia-  persal  and  exposure  to  new  habitats.  As  a  likely 

doideae.  Members  of  the  genus  Aspidosperma  (Al-  result  of  coma-mediated  seed  dispersal,  the  Apo- 

stonieae)  have  the  largest  winged  seed  of  the  Apo-  cynaceae  s.l.  are  found  worldwide, 

cynaceae  s.l.,  and   include  both   non-circumalate 
and    circumalate    seed.    The    wings    oi    riumena f   PI 

stonia    (see    Leeuwenberg,    1994)    for   a   differing 

Geography  in  the  Apocynaceae  s.l.  appears  to 

be  primitively  Gondvvanan  (South  America,  Africa, 

seeds  (Plumerieae)  are  non-circumalate,  while  and  the  Indian  Ocean  Basin)  from  non-additive 

those  of  Strempeliopsis  (Alstonieae),  Tonduzia  |/1/-       optimization  of  area  states  (see  Ross  &  Scotese, 
1988,  and  I  nternehr  et  al.,  1988,  for  discussion 

opinion],  Plectaneia,  and  Cerberiopsis,  although  on  tectonic  models;  Ronquist,  1994;  see  Albert  & 

subject  to  different  interpretation,  were  treated  as  Struwe,  1997,  for  an  example  of  area  optimiza- 

having  incompletely  circumalate  winged  seeds.  Of      tion).  This  is  useful  information  for  estimating  the 

the  members  of  the  Periplocoideae,  members  of  age  of  origination  for  the  genus  Aspidosperma  and 

the  genus  Mondia  have  narrow  seed  wings  (pers.  its  close  neotropical  associates,  which  must  then 

obs.;  see  Swarupanandan  et  al.,   1996,  for  a  dif-       have   had   a   western   Gondwanaland   distribution. 
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Future  research  could   he  directed  al   integrated 

morphological  and  molecular-developmental  stud- 

ies o(  both  pollination  and  seed  dispersal  traits  to 

better  understand  the  origins  and  mechanistic  ex- 

tents of  hoth  parallel  and  innovative  reproductive 

evolution  in  this  large  angiosperm  family. 
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DIVERSITY  AND 
RELATIONSHIPS  WITHIN 
THE  PERIPLOCOIDEAE 

(APOCYNACEAE)1 

//.  J  oh  an   T.    Venter2  and 
Rudolf  L.   Verhoeren 

:
'
 

Ahstk  \ci 

Morphological  di\ersit\  and  phvlogenetic  relationships  in  tin  IVriplocoideae  arc  ana  I  \  zed.  Most  of  iht*  species  of 
this  subfamily  inhabit  tropical  or  subtropical  forests  and  savannas  as  wood)  climbers,  wood)  shrubs,  epiphytes,  or 
herbaceous  genphstes.  The  flower  is  complex  and  has  evoked  into  man)  forms,  always  incorporating  a  corolline  corona. 
interstamm.il  corona-like  nectaries,  and  stamens  fused  with  the  stvle-head  into  a  Kynosteinum.  Pollen  is  borne  in  tetrads. 

less  often  as  pollinia.  which  are  shed  onto  s path U late  translators  that  are  secreted  in  grooves  around  the  periphery  of 

tin*  style-head.  I'h\  logenetic  relationships  among  the  IVriplocoideae  genera  are  analyzed  cladistieally  using  morpho- 
logical characters,  inainb  ol  the  flower.  This  analysis  reveals  one  larger  clade  and  two  smaller  clades.  Kleven  new 

generic  synonyms,  six  new  specific  synonyms,  and  fifteen  new  species  combinations  are  required  within  the  subfamily. 
\  ke\    to  the  genera  of  the  IVriplocoideae  is  included. 

Kc\   words:      Apocv  naceae,  generic  ke\.  morphological  diversity,  nomenclatnral  corrections.  IVi  iplocoideae,  phv  log- 
em. 

The  IVriplocoideae  (Apocynaceae)  are  restricted       eies),  Pentopetia  Decne.  (21  species)  (klackenberg. 

lo  die  Old  World,  in  Africa,  Madagascar,  Europe,       1999),  and  Periploca  L.  (13  species)  (Venter.  1997). 

Asia,  and    Australia,   mainly    in   tropical   and   snb- Tl ie  < 
I  i  ffi 

erence hetw een   most ii rui  ml 

an< 

1  tl 14 

genera   and   ca.    190  species  given   by    Venter  and tropical    regions,   with   the   majority  of  the  species 

found  in  tropical  evergreen  rainforest,  tropical  sea-  Yerhoeven  (1997)  in  their  classification  of  the  snb- 

sonal  (monsoon)  forest,  and  tropical  woodlands  (sa-  family  is  because  a  number  of  little  known  genera, 
vamias)  (Venter  el  al.,  1990a;  Venter,  1997;  Venter  most  of  them  monotypic  and  from  Asia,  have  been 

c\   Verboeveri,  1996a).  A  small  number  ol  taxa.  e.g.. 

Raphionacme  galpinii   Schltr.   and   R.    hirsuta    (E.  been  placed   in  synonymy  by   klackenberg  (1997, 

Mey.)  I>.  A.  Dyer,  inhabit  the  grasslands,  and  a  few  1998,    ]999)   and    another    II    genera   are   svnonv- 

put    into   svnonymv    since    then.    Two   genera    ba\e 

sly    in 
'  genus  previously   incorrectly  syn- 

ll taxa  are  lound   in  desert  and  semi-desert  habitats  mized  here  (on< 

(e.g.,  the  three  species  of  Ectadium  E.  Mey.,  Pcrip-  onymized  and  corrected  here)  (Appendices  2  &  l\). 
loca    aphylla     Decne..    P.    visciformis    (Vatke)    K.  During  the  same  time  14  new  species  have  been 

Sebum..    Raphionacme    hacnelii    Venter    &     R.    L  added  (klackenberg.    1997.    1998.    1999;  Venter  cK 

Verb.,  and  R.  namihiana  Venter  &  R.  L.  Verb.  (Yen-  Verhoeven,  1909.  2000).  a  number  of  existing  ones 

ter,  1997;  Venter  &  Yerhoeven.  1986b,  1996b;  Yen-  hav«*  been  placed  in  synonymy  (Klackenberg  1997. 

tor  et  al..    1990b)).   Interestingly,  no  IVriplocoideae  1998.   1999).  and  another  6  are  synom  mized  in  the 

inhabit    tbe   South    African   Cape    Floral    Kingdom  present  article  (Appendix  3).   Fifteen  new  combi- 

vvith  its  winter  rainfall.  However,  a  few  species,  e.g.,  nations  are  validated  herein  (Appendix  l\). 
Periploca  angustifolia  Labill.  and  P.  gracilis  lioiss.. 

\\( 

mmIv 

occur  in  the  Mediterranean  macchia  of  North  Africa       climbers  of  moist  or  drier  forests  or  savanna,  such 

I'he    majority    of    periplocoid     taxa    are 

and  Kurope  (Venter,   1997). as  Riickollia  Venter  &  K.  L.  Verb,  in  Africa  (Venter 

Al  present  the  IVriplocoideae  comprise  31  gen-  &  Verhoeven,  1994b).  Cryptolepis  (in  pari)  in  Africa 
era  and   WW   species.  Most  of  tbe  genera  comprise  and   Asia,   and   Gymnanthera    K.    Br.    in    Asia   and 

only  a  few  species.  The  largest  genera  are  Rap/lion-  Australia    (Forster,    1991).    Some   of  the   (limbers. 

acme  II arv.  (37  species),  Cryptolepis  K.  Br.  (27  spe-  e.g.,   Mondia    Skeels   and    Tacazzca    Decne.,    both 

'The  University  ol  the  lice  Slate.  Hloemfontein,  and  the  National  Research  foundation.  Pretoria,  are  thanked  for 
their  financial  support  toward  the  re\  ision  of  the  IVriplocoideae.  We  also  extend  thanks  to  the  herbaria,  mentioned 
under  Materials  and  Methods,  for  the  use  of  their  specimens  and  libraries,  to  Konvay  Roodl,  who  carried  out  the 
eladistical  anabsis,  and  to  J  oh  an  Spies  for  his  comments  on  the  resultant  cladogram.  We  are  deepb  grateful  to  Man 
Kndress  lor  her  valuable  comments  and  assistance. 

"Department  of  Botany  and  Genetics,  University  of  the  Free  State.  P.O.  box  XV).  Bloemfontein.  South  Africa. venterhj@sci.uovs.ae.za. 

Ann.  Missouri  Hot.  Gaud,  tttt:  550-568.  2001. 
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widely  spread  over  Africa,  are  large  lianas  extend-  out  with  an  Olympus  SZ-Iyf  Stereo  Microscope,  a 
ing   into   (lie   forest   canopies  of   tropical    rain  and  Zeiss  Light   Microscope,  and  a  Jeol  Winsem  6100 

swamp   forests.   Finlaysonia  obovata  Wall,   is   re-  Electron  Microscope, 
stricted  to  mangrove  forest  in  Asia  and  Australia.  The  outgroup  taxa  for  this  study,  Apocynum   L. 

Some  genera,  such  as  Cryptolepis  (in  part)  and  Pc-  and  Parsonsia   R.   Br.,  were  chosen  as  two  of   the 

riploca    (in    part),    are    erect    or   straggling   shrubs  putatively  closest   relatives  of   the   Periplocoideae, 

found  in  semi-arid  habitats  in  northern  Africa  and  among  the  Apocynoideae,  Apocynaceae  (Nilsson  et 
western  Asia.  The  erect  shrub  Kctadium  occurs  in  al.,   1993;  Sennblad  &  Bremer,   1996;  Sennblad  et 

true  desert  in  southwestern  Africa.  Baroniella  Cos-  al.,   1998;  Sennblad  &   Bremer,  2000;  Potgieter  & 

tantin   &   Gallaud  (found   in   Madagascar  and   the  Albert,  2001  this  volume). 

Mascarenes),    Camptocarpus    Decne.    (endemic    to 

Madagascar)  (Klackenberg,  1997,   1998),  and  Ra-  MORPHOLOGY 

phionacme  Harv.  (from  Africa  and  Arabia)  are  suf- 
(ruteseent  taxa,  the  first  two  genera  small  forest 

climbers  and  the  latter  genus  mostly  herbaceous 

gcophytes  found  in  open  seasonal  swamps,  grass- 

lands, savannas,  semi-desert,  or  I  rue  desert.  Epis~ 
temma9  which  has  three  species,  and  Sarcorrhiza, 

which  is  monotypic,  are  epiphytes  in  tropical  for- 
ests of  Africa. 

Periplocoideae  are  never  dominant  in  the  plant 

communities  where  they  occur,  although  lianas  like 

Mondia  and  Tacazzea  may  be  conspicuous  because 
of  tl .  Tl 

Thirty-nine  characters  were  coded  and  scored  for 

the  33  genera.  The  characters  are  based  on  pooled 

results  of  all  species  in  the  genus,  with  the  most 

common  character  states  being  coded  for.  We  feel 

this  approach  is  no  more  susceptible  to  artifacts 

than  is  the  exemplar  method,  especially  given  the 

fact  thai  more  than  50%  of  all  genera  contain  only 

I  or  2  species,  and  only  four  (Cryptolepis,  Pento- 

petia.  Pe riploca,  and  Raphwnaeme)  contain  more 

than  10  species,  so  that  most  genera  are  reasonably 

homogeneous.  Where  ambiguities  in  coding  arose, 
these  are  discussed  in  the  section  on  Character 

States. 

w  \nsis 

leir  size,  ine  taxa  are  often  widely  distributed, 

but  large  numbers  of  individual  plants  seldom  oc- 

cur.   The    exception    is    Crypt ostegia    grandiflora 

Koxb.  ex  R.  Br.  of  Madagascar,  which  has  become 

common  in  disturbed  situations  in  Madagascar.  In 

Queensland,  Australia,  it  has  become  a  major  nox-  The  31  taxa  of  the  ingroup  plus  the  two  outgroup 

ions  weed  of  grazing  lands  (Marohasy  &    Forster,  taxa  were  included  in  the  matrix,  which  was  sub- 

1991).  sequently   analyzed    using   parsimony    methods.    A 

The  aim  of  the  present  article  is  to  describe  the  cladistic  analysis  was  carried  out  using  PAUP(Phy- 

unique  characteristics  of  the  Periplocoideae.  to  up-  logenotic     Analysis     Using     Parsimony)    version 

date  their  nomenclature,  to  provide  a  key  to  the  31       4.0bla  (Swofford,    1998).  Searches  for  islands  ol 

genera  acknowledged,  and  to  analyze  the  phyloge-       most    parsimonious    trees    were   conducted    as    de- 

netic  relationships  among  these  genera  cladistical-       scribed  by  Katz-Downie  et  al.  (1999).  The  lengths 
I  v. 

M  \  ikk i  \t,s  and  Methods 

I  WON   SAMPLING 

of  the  shortest  trees  were  determined  by  generating 

100  heuristic  searches  using  random  addition  starl- 

ing trees,  with  tree  bisection-reconnect  ion  (TBR) 

branch  swapping  and  MULPARS  selected,  but  sav- 
ing no  more  than  one  of  the  shortest  trees  from  each 

then  initiated  again,  saving  no  more  than  one  tret 

Roots,    stems,    leaves,     inflorescences,    flowers.  search.  These  trees  were  then  used  as  starting  trees 

fruit,  and  seed  of  the  Periplocoideae,  representing  for  TBR    branch    swapping   (with    MULPARS   and 

all  31  genera  currently  recognized  in  the  subfamily,  steepest    descent    selected).    The    strict    consensus 

were  investigated.  As  very  little  fresh  or  spirit  ma-  from  the  obtained  trees  was  then  saved  as  topolog- 

terial  was  available,  dried  flowers  from  herbarium  ical  constraint  (Catalan  et  al..  1997).  One  hundred 

specimens  were  rehydrated  for  analysis  by  soaking  (100)   random  order  entry  replicate  searches  were 

the  flowers  in  a  hot,  but  not  boiling,  weak  solution 

of  dishwashing  liquid  for  5  to  15  minutes  depend-  from   each   search.    In   this  analysis,  however,  only 

ing  on  the  thickness  and  compression  of  the  flower  trees  that  did  not  fit  the  topological  constraint  were 

parts.    Material    from    the    following    herbaria    was  saved.   No  additional   minimum   length   trees  were 

studied:  ABD,  B,  BIT  I  .  BM.  BOL  BR,  BRI,  COI,  found,  which  indicates  that  the  strict  consensus  tree 

E,  FT,  G,  GRA,  K,  L,  LAE,  LINN,  LISC,  M,  MO,  adequately   summarizes   available   data.    Bootstrap 

NBG,  Nil.  NU.  OXF,  P,  PRE,  QRS,  S,  SRGH,  UPS.  values  were  calculated  from  100  replicate  analyses 

W,  WAG.  WIND,  and  Z.  Examination  was  carried  using  a  heuristic  search  strategy,  simple  taxon  ad- 
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dition  sequence,  and  \\i\\  branch  swapping  with  Raphionacme  f I anaganii  Schltr.  and  Ischnolepis  na- 

all  characters  equally  weighted.  Owing  to  the  rel-  talensis  (Schltr.)  Venter  both  from  the  Kwazulu-Na- 

atively  large  size  ol  the  data  set  and  the  many  re-  tal  Province  in  South  Africa.  Climbers  are  not  re- 

sultant minimal  length  trees,  a  maximum  tree  limit  stricted  to  moist  environments,  however.  Some,  like 

of  KM)  trees/replicate  was  set.  One  tree  was  held  the  two  Huckollia  species  in  northeastern  Africa 

during  each  step  with  the  steepest  descent  and  (Venter  &  Verhoeven,  1994b),  inhabit  dry  savanna, 

MULPAKS  options  in  effect.  Decay  values  were  others  subdesert  to  desert  scrub,  e.g.,  Cryptolepis 

calculated  by  increasing  the  tree  length  according-  voluhilis  (Half,  f.)  Schwartz  on  Socotra  Island  off  the 

ly,  following  the  methods  of  Bremer  (19BB)  and  horn  of  Africa  (Balfour,  \iii\i\)  and  PeriphcQ  hv- 

Donoghue  el  al.  (1992).  Heuristic  searches  were  daspidis  Kale,  of  western  Asia  (Venter,  1997).  Al- 

conducted  using  100  replicate  analyses,  TBK  though  less  common,  (Meet  shrubs  are  found  as 

branch  swapping,  and  MUIPABS  selected.  Decay  well,  e.g..  Cryptolepis  stefaninii  Chiov.  in  north- 

values  could,  however,  only  be  calculated  up  to  one  eastern  Africa,  the  leafless  Periploca  aphylla  Dec 
step  due  to  insufficient  memory.  ne.  and  P.   risciformis  (Vatke)   K.  Schum  in  north- 

*!•- 

Bkshlts 

Mom'iini.<><;> 

Hoots.      The   root    is  the   least   known  org 

eastern    Africa    and    Arabia,    Einlaysonia    curtisii 

(King  &   Gamble)   Venter  in  eastern    Asia,  Ischno- 

lepis graminifolia  (Costantin  cK  (lalland)  Klack.  in 

Madagascar   (klackenberg,    1999),   and    the   three 

n  of  the       species  of  Ectadium  in  the  Namib  Desert  in  south- 

Periplocoideac.  However,  it  is  known  that  roots  are  western    Africa   (Venter  et   al.,    1990b).   Two   small 

unmodified   in  some  taxa  (e.g.,  Ectadium,   Crypto-  trees,    Cryptolepis    arhuscula    (Radcl.-Sm.)    Venter 

lepis,  and  Periploca),  while  in  others,  such  as  Man-  (Radcliffe-Smith,    1971)    and    Decalepis   sal ici folia 
dia,  hchnolepis  Jum.  &    II.   IVrrier,  Raphionacme,  (Bedd.   ex    Benth.   &    Hook,   f.)    Venter  (Beddome, 

Sacleuxia  Baill.,  and  Schlechterella  K.  Schum.,  tu-  1876),  are  found  on  Socotra    Island  and   in    India, 

herons    roots   are    found.    These    roots   are    usually  respectively.   Raphionacme  and  Schlechterella  are, 

more  or  less  cylindrical,  but   in  Raphionacme  the  in    general,    herbaceous,    erect    or    climbing    geo- 

single  tuber  is,  with  a  few  exceptions,  uniquely  tur-  phytes,   and    inhabit    grassland,   savanna,   and   dry 

nip-shaped.  The  second  autlmr  (Verhoeven,  unpub-  scrub.    Epiphytic   taxa  are   ran4  and  occur  only    in 
lished  results)  investigated  the  tuber  of  Raphion-      two  genera,  Epistemma,  with  three  species,  and  the 
acme  procumhens  Schltr.  anatomically  and  found  monotypic  Sarcorrhiza.  all  of  which  have  succulent 

thai  the  crown  of  the  tuber,  from  which  the  aerial  stems,  a  unique  feature  in  the  subfamily  (Bullock. 

stems  arise,   has   typical   stem   anatomy,   but    lower        1962;  Field  &    Hall,   1982;  lluber,    1989).  The  two 

largest  genera,  Cryptolepis  and  Raphionacme,  also down  the  tuber  exhibits  root  anatomy. 

The  tubers  of  some  taxa  are  used  as  medicine,  exhibit  the  widest  range  of  adaptations  to  different 
such   as  those  of   Mondia   whitei  (Hook,   f.)  Skeels  environments,  from  moist   forest  to  savanna,  semi- 

for  abdominal   ailments,   poor  appetite,   schistoso-  desert  scrub,  true  desert,  and  also  grassland  in  the 
rniasis,  as  an  aphrodisiac,  etc.  (Hutchings  et  al.,  case  of  Raphionacme. 

1996),  and  the  "strongly  vanilla  scented"  roots  of 
(IZZl 

The    stem    typically    has    brownish    to    purplish 

bark,  which  may  be  glabrous,  hairy,  or  verrucose. 

ock,  1955),  Chemical  tests  on  the  tuber  of  Raphion-  However,  a  few  genera  (e.g.,  Batesanthus,  Epistem- 
acme  galpinii  Schltr.   look  promising  for  anti-viral  ma,   Ischnolepis.   Phyllanthera   Bltime,  and  Sarcor- 

and  ant i -cancerous  properties  (pers.  comm.,  J.  Har-  rhiza)   have  a   maroonish.  grayish  glossy,  wax-like 
ington).  Two  alkaloids,  cryptolepine  and  isocrypto-  and  (laky  bark. 

lepine,  extracted  from  the  roots  of  Cryptolepis  san-  Leaves.      The  plnllolaxis  of  the  leaves  is  opposite 
guinolenla  (Lindl.)  Schltr.  show   inhibitory  activity  in  all  taxa,  but  in  a  few  instances  also  fascicled,  as 

against   the   human   malaria   parasite,  Plasmodium  in  Cryptolepis  arbuscula  and  C.   intricata  (half,  f.) 

falciparum  (Grellier  et  al.,   1996).  Venter  of  Socotra  and   Ischnolepis  of  Madagascar. 

Stems.      The  climbing  habit   is  the  most  common.  Interpetiolar  stipules  occur  (collar-like  with  frills  in 

Mondia  and  Tacazzea,  both  African  tropical  and  Mondia  and  collar-like  with  swollen  teeth  and  red- 

subtropical  taxa,  are  lianas  with  sterns  up  to  20  m  dish  collelers  in  Batesanthus  IN.  K.  Br.),  but  in  the 

long  and    IS  cm  in  diameter  (Venter  et  al.,   1990a;  majority   of  species  only  a  line  marks  the  position 

Venter,  pers.  obs.  in  Mondia)  climbing  into  the  can-  of  the  interpetiolar  stipules.  A  large  proportion  of 
opies  of  riverine  and  swamp  forest.  However,  climb-  the  laxa  has  collelers  in  the  leaf  axils.  The  petiole 

ers  also  occur  in   forest   undergrowth,  e.g..  Baron-  often  has  collelers  that  may  also  be  scattered  along 
iella     in     Madagascar    (Klackenberg,     1997),    and  the  main   vein  of  the   lamina  (e.g.,  Tucazzea).  The 
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lamina  is  always  simple  and  can  get  to  be  relatively  obovate  sepals  and  in  Raphionacme  galpinii  Sehltr. 

large,  as  in  Batesanthus  (up  to  16  X   II  em),  Mon-  with  its  relatively  long  aeieular  sepals).  Solitary  or 

diu  (up  to  24  X  20  cm),  Omphalogonus  (up  to  14  paired,  inconspicuous,  narrowly  elliptic,  elliptic  or 

X    1  1  em),  and  Periploca  nigrescens  Afz.  (up  to  16  suborbicular   colleters    are    inconsistently    present 

X    1  I   em),  to  small  as  in  Periploca  aphylla  (3-12  between   the  sepals  and    petals,   both   solitary  and 

X    1—5   mm.   when   its  early  deciduous   leaves  are  paired   colleters   alternating   with    the   sepals.   The 

present).    The  leaf  lamina  is  variously  shaped  but  colleters  are  rarely  conspicuous  as  in  Omphalogon- 
mostly  more  or  less  ovale  with  an  acute  to  cuspidate  us  calophyllus  Baill.,  where  they  are  relatively  large 

apex,    margin   always   entire,   surface   usually   gla-  and   suborbicular  in   shape   (Venter  ei    Verhoeven, 

brous,  but  may  be  hairy  as  in  Tacazzea.  even  prick-  1996a). 
Iv  [Batesanthus  talbotii  S.  Moore),  or  it  may  have The  corolla  lobes  are  dextrorse  I  y  contorted  in  the 

uniquely  shaped,  from  round  to  elongated,  hairy  bud.  The  only  exception  known  is  llemidesinus  K. 

stomatal  crypts  spread  over  the  lower  surface  (Fa-  Br.,  which  has  valvate  aestivation  (Endress  cK 

tadium;  Venter  et  al.,  1990b).  The  leaves  are  mostly  Bruyns,  2000).  The  corolla  is  differentiated  into  a 

mesomorphic  and  dorsiventral.  but  may  be  isobi-  lower  and  an  upper  tube.  The  lower  corolla  tube, 

lateral  in  arid  environments,  for  example  in  Ra-  which  encircles  the  upper  half  ol  the  semi-inferior 

phionacme  hirsuta  where,  in  more  favorable  cli-  ovaries,  is  composed  of  the  congenital!)  fused  prod- 

mates,  the  leaves  are  typical  I  v  dorsiventral,  but  in  nets  of  the  corolla,  stamens,  and  nectaries.  The  up- 

arid  areas  exhibit  isobilateral  anatomy.  A  reddish  per  corolla  tube,  in  contrast,  is  formed  through  the 

mucro  on  the  apical  tip  of  the  lamina  is  unique  in  postgenital  fusion  of  just  the  corolla  alone  (see  also 

a  group  of  nine  Cryptolepis  species  found  in  arid  Nishino,  1082;  Sennblad  et  al..  I W8.  for  additional 

parts  of  Somalia  in  northeastern  Africa,  and  Socotra  details  on  congenital  vs.  postgenital  corolla  tube 

Island  and  Yemen  in  Arabia  (Venter  &  Verhoeven,  formation).  The  stamens  and  nectaries  are  thus  epi- 
1999). petalous.  and  the  lower  tube  cannot  be  receptacular 

thev  may  be  compound  dichasia  with  lateral  mono- 

Inflorescences.      Inflorescences  are  cymose  and  may  in   origin   as  alleged   by    Kun/e  (1990).  The   lower 

be  simple,  bearing  few  (lowers  per  inflorescence,  or  corolla  tube  is  present   in   all   taxa  and  is  distin- 

guished  from  the  upper  part  of  the  corolla  at  the 

chasial   branches  and   numerous  flowers,  or  a  cv-  level  of  the  nectaries.  The  remainder  of  the  corolla 

mose  panicle  with  numerous  flowers  may  occur  as  above  the  lower  tube  may  be  fused  into  a  distinct, 

in  Mvriopteron.  Streptocaulon,  and  Tacazzea.  Paired  shorter  or  longer,  upper  tube  or  the  upper  tube  may 

bracts  occur;  mostly  they  are  small  and  inconspic-  be  indistinct  or  ver\  short  with  only  the  free  corolla 

nous,   but  are  sometimes  conspicuous  as  in  Cryp-  lobes  above  the  nectary  level. 

tolepis  sanguinolenta  (I audi.)  Sehltr.  and  Telectad- 

iuni  dongnaiense  Pierre. 
A  comparison  of  the  floral  structure  in  Periplo- 

coideae with  that  o\  Apocynurn  androsaemijoliuni  L. 

Flowers.  Flower  structure  is  highly  complex.  The  and  Parsonsia  straminea  V.  Muell.  of  the  sister  sub- 

presence  of  a  corolline  corona,  corona-like  nectar-  family  Apocynoideae  reveals  a  similar  lower  corolla 

ies.  fusion  of  the  stamens  and  style-head  into  a  gy-       lube,  but  with  the  difference  that  it  is  composed  of 

nostegium.  and  pollen  borne  in  tetrads  or  pollinia       onl\    the    stamens    and   corolla    tube.   The  •nectary 
that  are  shed  onto  translators,  all  combine  to  create       lobes  are  free,  arising  from  the  flower  base. 

a  flower  adapted  to  complex  animal  pollination. Most  of  the  genera  in  the  Periplocoideae  have  an 

The  flower  is  bisexual,  actinomorphic,  pentam-  indistinct   upper  corolla  tube,  and  the  flowers  are 

erous  (except  for  the  bicarpellate  gynoecium),  and  thus  rotate  01  subrotate.  e.g..  in  Atherandra  Decne., 

semi-epigynous.  Flowers  of  different  genera  vary  in  Firdaysonia  Wall..  Phyllantliera,  Mondia,  Periplo- 

length  from  about  6  cm  in  Cryptostegia  grandiflora  ca,    Tacazzea,    etc.    Genera    with   a    broadly    bowl- 

(Marohasy  &  Forster,  1991)  to  3  mm  in   Maclaudia  shaped  upper  tube  belong  to  this  group  and  result 

felixii  Venter  &  K.  L.  Verb.  (Venter  &  Verhoeven,  in  a  subrotate  corolla  as  in  Epistemma  and  F  inlay- 

1994a)  and  1  mm  in  Firdaysonia  wallichi  (Wight)  sonia  curtisii  (King  &  (iambic)  Venter.  In  those  gen- 

Venter.  The  majority  of  taxa  have  flowers  less  than  era   with   a   distinct    upper  corolla   tube  it   may   be 

campanulate  as  in  Cryptolepis  and  Raphionacme, 

The  sepals  are  usuall)  uniform  and  inconspicu-  cylindrical  as  in  Gymnanthera,  or  urceolate  as  in 

ous,  free  or  connate,  glabrous  or  hairy,  usually  nar-  Telectadiiun  Baill.  and  Pentopetia  urceolata  Klack. 

rowly  ovate  to  ovate  or  triangular,  and  green  to  pur-  (Klackenberg,  1999).  The  corolla  tube  is  rarely  re- 

plish.  In  general  the  sepals  have  little  taxonomic  flexed  (turned  inside  out  below  the  corolla  lobe  si- 
value,  but  are  distinctive  in  a  small  number  of  taxa  nuses)  as  found  in  Baseonema  Sehltr.  &  Rendle  and 

(e.g.,  Zygostelma  berUharnii  Benth.  with  its  unique  Batesanthus  N.  K.  Br.,  the  reflexion  being  more  or 

10  mm  long. 
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less   level    with   the   nectaries  and   the  coronal   an-       are    borne   toward    the   middle   of   a   distinct    upper 

nulus.  corolla  tube,  or  in   Fctudium,   Gymnanthera,    \Ui- 

The  inside  of  the  lower  tube  is  always  glabrous,       claudia  Venter  &  R.  L  Verb.,  and  Raphionacme  the 

the  upper  tube  is  normally  also  glabrous,  but  it  may       corona  lobes  arise  at  the  mouth  of  a  distinct  corolla 

be    papillose    (Phyllanthera    and    Omphalogonus       tube.  Pentopetia  and  Stomatostemma  N.  K.  Mr.  have 

Baill.)  or  hairy  (Pentopetia).   Vertical   ridges  ("sta-       their  corona  lobes  in  the  petal  sinuses.  The  corona 

initial   ((•el"  ol   Kndress  &    Bruyns,  2000)  may  run       may    be   concealed    within    the   corolla    lube    (e.g., 
Cryptolepis  and  Cryptostegia)  or  it  may  be  exserted 

from   it   (Gymnanthera,   Raphionacmc.   and   Sehle- 

clovvn   the   length  ol   the  tube  as   in   Raphionac m e . 

Vertical,  groove-like  cavities  are  unique  in   Telec- 

t  odium.  In  Cryptolepis,  Cryptostegia.  Gymnanthera,  chterella). 
Pentopetia   (at    least    in    P.    androsaemifolia    Decne.  Corona  lobe  form  varies  among  genera  and  even 

and   P.   albicans  (Jum.   cK    II.   Perrier)   Klack.),  I\a-  among  species  within  genera  (Venter  et  aL  1990a); 

phionacme,  and   Telectadium  shallow   or  deep  nee-  it  may  be  entire  (Tacazzea),  bisegmentcd  (Periplo- 

tary   pockets  are  present   in  the  corolla  just  above  ca),  Irisegmented  (Periploca.  Raphionacme),  or  tri- 

the  nectaries,  which  in  these  genera  are  not  lobular  partite  (Raphionacme).  Its  shape  may  be  cordate  to 

but  shelf-like  and  often  small. 

»/•_ 

et 

renilorm    (Mondial),    ovale    (Finlaysonia    khasiana 

Corolla  lobes  are  usuallv  glabrous  adaxially,  but  (Kurz)  Venter,  Tacazzea  rosmarinifolia  (Decne.)  N. 

they    may    be    hairy    (Finlaysonia,    Periploca,    and  K.  Br.)  to  suborbicular  (Decalepis),  linear  (Saeleux - 

Pentopetia).    darkly    spotted    and/or    with    coronal  ia.   Perip/oea  gracilis   lioiss.).  filiform  (  \therandra. 

swelling  (BuckoUia  and  Sarcorrhiza)  or  with  a  cor-  Ischnolepis,  Myriopteron,  Streptocaulon,   Tacazzea), 
onal   trough   (Periploca)  near  their  inner  bases  or,  club-shaped    (Cryptolepis),    match-like    (Stomatos- 

rarely,  the  adaxial  surface  may  be  papillose  (Om-  temma),  or  radiating  ridges  (Omphalogonus,  Tel 
phulogonus     and     Phyllanthera).     The     petals    are  tadium).   The  apex  of  the  corona  lobe  mav  be  entire 

white,  green,  creamy-yellow,  pinkish,  maroon,  pur-  (Ischnolepis.    Pentopetia.   Sarcorrhiza).   bifid   (Perip- 

ple,  blue,  yellow,  orange,  or  red,  the  last  three  col-  loca    gracilis,    Sacleuxia),    or    variously    branched 
(both    Schlechterella    species.    Periploca    nigrescens 

The    corona    consists    of    corolline    lobes,    out-  Afzel.).  The  most  common  type  of  lobe  found  in  a 

growths  of  the  corolla  tube  alternating  with  the  co-  large  proportion  of  the  taxa  is  the  simple  filiform 

rolla    lobes.    Kunze  (1990)   regarded   these  corona  lyp<\ 

lobes  as  having  been  evolved  from  colleters  at  the  The  corona  lobes  are  variously  colored,  often  of 

inner  base  of    the   petals.    If  true,  a  second   set   of 

ore  more  common  in  Madagascar  and  Asia. 

a  color  contrasting  with   that   of  the  corolla   lobes. 

corona   lobes,   found   in   the  petal   sinuses  of   Cryp-  for  instance  purple  corona  lobes  and  bright  green 

tolepis  oblongifolia  (Meisn.)  Schltr.  and  C  producta  corolla   lobes   as   in   Raphionacme   relutina   Sehltr. 

IN.  E.  Br.,  is  unlikclv  to  have  evolved  from  colleters.  The  corona  lobes  arc.  furthermore,  mostly  glabrous. 

If  the  corolla  itself  has  the  potential  to  initiate  this  but    may   be  papillose  (e.g.,  Periploca  angustijolia 

second  set  ol  corona  lobes,  could  the  same  not  be  Labill.)  or  hairy  (e.g.,  Pentopetia  dasynema  Choux 

true  of  the  first  set?  and  Periploca  hydaspidis   Kale.).  The  corona  lobes 

The  corona  may  arise  at  various  positions  inside  may  also  be  much  reduced  or  absent  as  in  Baron- 

the  corolla  tube,  but,  as  stated  above,  always  alter-  iella,  Baseonema.  Hatesanthus,  and  Phyllanthera. 

natc  to  the  corolla  lobes.  This  contrasts,  for  exam- I ■  i  most  of  the  taxa  the  corona  lobes  are  free  from 

pie,  with  Apocynum  androsaemifolium  of  the  Apo-  one  another,  but  they  mav   be  fused  together  in  an 
cvnoideae     where    the    corona     lobes    are    borne  annulus  outside  the  stamens  as  in  Haroniella  and 

opposite  the  petals.    In   IVriplocoideae,  the  corona  Camptocarpus  (Klackenberg,   1097.   1998)  and  in  a 

lobes,  furthermore,  arc  always  borne  above  the  sta-  few   species  of  Raphionacme  (R.  e.xcisa  Schltr..  R. 
mens,    whether  directly   above   them   or  distanced  kuhangensis  S.  Moore,  and  R.  utilis  !N.  K.  Br.). 

from  them.  In  rotate  flowers  with  an  indistinct  up- As  stated  above,  an  additional  corolline  corona 

per  corolla  lube,  such  as  in  Atherandra,  Decalepis  may.  in  rare  cases,  be  present  outside  and  above 

Wight  &  Am.,  Finlaysonia,  Hemidesmus.  Mondia,  the  corona.  In  Cryptolepis  oblongifolia  and  C.  prod- 

Periploca.  and  in  subrotate  flowers  with  a  broadly  acta,  in  addition  to  the  typical  corona  lobes  placed 

bowl-shaped  upper  corolla  lube,  such  as  in  Fpis-  lower  down  in  the  corolla  tube,  pockets  (fusion  of 
temma,  Finlaysonia  curtisii,  and  Zygostelma  the  corolla  tube  with  the  basal  adaxial  faces  of  two 

Benth..  the  corona  lobes  arise  directly  above  the  adjacent  petals)  sometimes  occur  at  the  petal  si- 

stamens,  which  arc  nearlv  level  with  the  nectaries  nuses,  and  short  filiform  corona  lobes  inconsistently 

at  the  apex  of  the  lower  corolla  tube.  In  Cryptolepis.  arise  from  the  apical  margins  of  these  sinus  pockets. 

Omphalogonus,   and    Telectadium   the  corona   lobes  The  stamens  arise  opposite  the   sepals  and   are 
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always  inserted  below  the  outer  corona  lobes,  at  (Atherandra),  or  depressei I  ovate  (Mondia).  In  a  few 

various  positions  within  the  corolla  tube  (Endress  taxa,  e.g..  Cryploslegia,  Raphionacme  grandiftora 

&  Bruvns,  2000.  Figs.  2—7).  Stamen  insertion  on  N.  K.  Br.,  and  Telectadium,  callosities  occur  at  the 

the  corolla,  as  compared  with  corona  insertion,  is  anther  bases.  Hairy  anthers  are  diagnostic  for  Ar- 

an important  diagnostic  character  in  the  IVripIo-  tadiunu  Pentopetia^  and  Periploca.  Glabrous  an- 

coideae.  In  rotate  flowers  with  an  indistinct  upper  thers  are  typical  for  most  of  the  27  species  ol  Cryp- 
corolla  tube  both  stamens  and  corona  are  located  lolepis,  but  hairy  anthers  do  occur  in  C.  ehurrtea 

just  above  the  level  of  the  nectaries  (e.g..  Ather-  (Pichon)  Venter  and  occasionally  in  C.  stefaninii 

andra,  Xlondia.  Myriopteron,  Taeazzea,  and  Zygos-  Chiov.   In  Omphalogonus  the  anthers  are  also  oc- 

telnid).  In  genera  with  a  distinct  upper  corolla  tube  casionally  hairy. 

stamens  and  corona  may  both  occur  at  the  mouth  In  the  majority  of  the  genera  (with  the  exceptions 

(Gymnanthera    and    Raphionacme    (Kndress    &  of  Baroniella  and  Camptocarpus),  in  all  taxa  where 

Bruyns,  2000,  Figs.  2,  5).  and  Schlechterella) or  the  die  corona  is  not  distanced  from  the  stamens,  the 

stamens  may  be  near  or  at  the  base  of  the  upper  bases  of  the  staminal  filaments  are  fused  outwardly 

corolla  lube  and  the  corona  around  the  middle  of  with  the  corona  lobe  bases  to  create  staminal  feet 

the  tube  (Cryptolep  is  (Kndress  & Bruyns,  2000,  Fig.  (Kndress  &  Bruyns,  2000,  Figs.  2,  3.  4;  Korster. 

6C,    I))),   or  at   the   mouth   (Ectadium   (Kndress  &  1989,   Fig.   7)  These  staminal   feet   may   be   fused 

Bruyns,  2000,  Fig.  6A,  B)  and  Maclaudia  (Venter  laterally   with  one  another  into  an  annulus  outside 

&  Verhoeven,  1994a)),  or  in  the  sinuses  (Pentopetia  die  nectaries  (Korster,  1993.  Kig.  1),  or  die  staminal 

(Klackenberg.     1999.    Kig.    8)    or    Stomatost e m ma  feet  may  be  fused  laterally  with  die  nectaries  as  in 

(Venter  &  Verhoeven,   1993,  Kig.   10B.  or  Kndress  Baseonema  and  Tacazzea.  In  Hemidesmus  a  unique 

&  Bruyns,  2000.  Kig.  7A,  B)).  However,  Pentopetia  fusion  of  die  staminal  feet,  staminal  filaments,  nec- 

is  an  exception  to  the  rule:  in  all  of  its  21   species  tary  lobes,  and  style  occurs,  creating  a  closed  tube 

the  corona  lobes  consistently  arise  in  the  petal  si-  around  die  style  with  5  nectary  pockets  on  die  out- 

uuses.    but    the    depth    of  the    upper   corolla    tube  side  of  die  tube  (Kjidress  &  Bruyns,  2000.  Kig.  Oil), 

varies  from  indistinct  to  distinct  with  the  stamens  Another  unique  fusion  of  the  stamens  with  the  nec- 

arising   from   the  level   of  the   nectaries   to   in   the  laries  is  found  in  Phyllanthera  (e.g.,  Phvllanthcm 

grayi  (P.  I.  Korst.)  Venter;  Korster,  1990.  Kig.  3). 

Superficially  this  fusion  resembles  that  found  in 

Hemidesmus,    but    there   are   differences.    In    Phvl- 

and  anther,  the  latter,  in  all  but  one  genus,  being  lanthera  the  nectary  lobes  are  fused  laterally  into 

fused  with  the  style-head.  The  exception  is  llemi-  a  tube,  but  the  fusion  is  incomplete,  as  5  slits  are 

desmus,  in  which  the  filaments  are  fused  to  the  left  opposite  the  staminal  leet.  This  tube  is.  fur- 

style-head  and  the  anthers  thus  elevated  above  the  thermore,  fused  at  its  apex  to  die  style  and  at  its 

style-head.  The  anthers  always  connive  over  the  bottom  to  the  staminal  feet,  but  not  to  the  staminal 

style-head  with  their  connective  apices  touching,  filaments,  as  found  in  Hemidesmus.  The  end  result 

seldom  agglutinated,  as  in  Decalepis  and  Hemides-  of  this  fusion  is  a  conical  nectary  tube  around  the 

mus.  An  anther  comprises  two  anther  locules,  each  style,  with  5  apertures  that  give  access  to  die  cavil) 

mouth    of    the    upper    corolla    tube    (Klackenberg. 

1999). 

The  stamens  are  simple,  consisting  of  filament 

with  two  thecae,  in  which  pollen  is  borne  in  tetrads  between  style  and  nectary  tube.  In  contrast  to  Hem- 

or  in  pollinia.  In  contrast  to  the  Apocynoideae  and  idesmus,  and  the  rest  of  the  Periplocoideae.  where 

Asclepiadoideae  no  lignified  tissue  occurs  in  the  the  nectar  is  exposed,  in  Phyllanthera  there  is  no 

margins  of  the  anthers,  nor  do  the  anthers  extend  indication  that  nectar  is  produced  on  the  outside  of 

into  a  swallow-tailed  base,  and  thus  no  guide  rails  die  nectary  tube.  Rather  it  is  produced  inside  the 

are    present     in    the    Periplocoideae    (Kndress    &       nectary   tube  and  must  be  collected  from  the  gyn- 
oecial  cavity  through  the  slits  in  die  nectary  tube. 

Staminal    coronal    appendages,    as    can    be    ob- 

pendage  is  small  and  lobular  or  deltoid  in  most  of       served  in  die  Asclepiadoideae.  do  not  occur  in  die 

the  genera   (e.g.,   Cryptolepis,    Periploca,   Raphion-       Periplocoideae,  although  fusion  of  the  staminal  fil- 
aments with  the  corona  lobes  and  sometimes  also 

Bruyns,  2000).  The  anther  connective  extends  be- 

yond the  thecae  as  an  apical  appendage.  This  ap- 

aeme,  Streptocaulon)*  but  it  may  be  enlarged   into 

colorful  oblong  (Finlaysonia  khasiana  and  E  ohor-  the  nectary  lobes  may  result  in  staminal  feet,  which 

ata  Wall.),  lance-like  (Atherandra  acuminata  Dec-  may  be  oblong  (Raphionacme  excisa)  or  lobular  to 

ne.).  or  foliar  (Phyllanthera   Blume)  bodies  (Sclui-  deltoid  (Finlaysonia  ohovata  Wall.;  Korster.   1990. 

mann.  1895.  Kig.  63 A,  B.  D).  The  anther  varies  in  Kig.  3)  in  shape,  and  which  may  be  interpreted  as 

shape  from  ovate  to  narrowly  triangular  in  most  of  a  type  of  staminal  corona. 

the  taxa,  but  may  be  hastate  (Cryptostegia),  oblong  Pollen  tetrads  are  found  in  24  of  the  Periploeoi- 
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dene  genera,  representing  157  (87%)  of  the  species,  which  they  are  pubescent.  The  style(s)  may  vary  in 

as   compared    to   7   genera   with   21    species   (13%)  length   from   nearh    absent   in   Cryptolepis,   Cryptos- 

with  pollinia  (Verhoeven  &  Venter.  1008.  2001  this  tegia,  and  Decalepis  to  relatively  long  in  (lymnanth- 

volume).  01  the  genera  with  pollinia,  5  (Decalepis,  era,  PhyllarUhera,  and  Raphionacme,  and  stylarfu- 

Einlaysonia,  Gymnanthera,  Hemidesmus.  and  Strep-  sion  ma\   begin  just  above  the  ovaries  or  closer  to 

tocaulori)  are  from  Asia  and  Australia.   The  other  2,  the   style-head.   The  compound   style   is   uniformly 

Episternma  and  Schlechterella,  are  restricted  to  Af-  terete  and  glabrous,  except  in  Raphionacme  exciSQ 

Schltr.  where  it  is  furrowed  and  hairy.  The  style- 

genera  with  pollinia  are  found.  The  pollinia  (Venter  head  is  more  or  less  pentagonal  in  cross  section. 

&  Verhoeven,  1008)  are  elongate  or  more  or  less  and  three  zones  are  discernahle.  namely  upper, 

round  in  shape  and  are  loosely  agglutinated.  Both  marginal,  and  lower  /ones.  Apart  from  being  pen- 

tetrads  and   pollinia   have  3   to  (>   pores   per  grain 

throughout  the  subfamily,  e\ce| )t  in  H<tseonema  (tet-  shape,   size,  and    length,   even   within   genera.  The 

rads),    Raphionacme    (tetrads),    and    Schlechterella  style-head   is   normal l>    broadl)    ovoid   to  ovoid  or 

rica.  In  Madagascar  and  the  Mascarene  Islands  no 

tagonal.    the    style-head    varies    considerably    in 

(pollinia)  where  8  to   If)  pores  per  grain  occur. conical,  but  may  be  cylindrical  as  in  Raphionacme 

lobes  alternating  with  the  stamens  as  in   Tacazzea 

pendix    I).    In   all   genera    with    rotate   or  subrotatc 

Interstaminal.    antepetalous    lobes    or    nectaries  excisa,   very  narrowly  conical  as  in  Atherandra,  or 

(Kunze,   1000)  arise  from  the  apex  of  the  lower  co-  obconical   as   in   Decalepis.   The  apex  of  the  stvle- 

rolla    tube.    These    nectaries    may    be    conspicuous  head    is    normally   acute   or   round,   but    it    may   be 

Rattened  (Decalepis)  or  bifid  (Periploca  somaliense). 

pedicellata  k.  Schum.  where  they  encircle  the  style,  The  translators,    which   are   formed   of  hardened 

or  they  may  be  shelf-like  or  rim-like  and  less  con-  secretions  of  the  style-head,  arc  embedded   in   its 

spicuous    as    in    C.rxptolcpis    and    Raphionacme,    or  upper  surface  and  margin.  Translators  arc  basically 

they  may  be  tubular  around  the  style  as  in  llemi-  spathulate  in  shape  with  a  sticky  disc  (viscidium) 

(lesmus  (also  see  nectary  pockets,  character  33.   \p-  (on   the  lower  zone  of  the  style-head),  a  stipe  (on 

margin    and    upper   /one   of  the    style-head),   and    a 

flowers   where   the   upper  corolla   lube   is   indistinct  scoop-like  receptacle,  onto  which  the  pollen  is  shed 

or  at   most   bowl-shaped  and  the  stamens  exposed.  (on  the  upper  zone  of  the  style-head)  (Verhoeven  & 

the  nectars    lobes  are  lobular  (although  differently  Venter,    1007).    Five    translators    arc    secreted    per 

shaped  in  different  laxa)  and  fused  laterally  to  the  style-head,  and  lhe\  alternate  with  the  anthers  (Fn- 

staminal   feet.  Twenty-one  of  the  3]    genera  of  the  dress  &   Bruyns.  2000.  Fig.  6(i)  in  such  a  wa\   that 

IVriplocoideae  III   this  description — all  of  them  in  the  pollen  tetrads  or  pollinia  from  two  adjacent  au- 

the  Atherandera-c lade,  except  for  Pentopetia.  In  the  ther  locules  are  shed  onto  the  same  translator  re- 

group ol  genera  with  a  distinct  upper  corolla  tube  ceptacle.  The  translators,  in  particular  the  reeep- 

Iwo  conditions  occur  as  far  as  the  nectaries  arc  con-  lades,  vary  considerably  in  shape  from  elliptic  to 

cerned.  In  that  group  where  the  stamens  are  present  narrowly    elliptic    with    virtually    no   stipe   present 

ie  (e.g.,   Baroniella,    Cryptolepis,    Ectadium,   and   Is- in  the  corolla  tube  mouth  or  exserted  from  it 

Gymruwthera-clade   (Gymnaruhera,    Raphionacme,      chnolepis  (Endress  cK  Bruyns,  2000.  Fig.  3F.  F))  to 
rhomboid  (Tacazzea  (Venter  el  aL,  1990a,  Fig.   I  hi 

with   the  stamens  (and  corona)  to  the  corolla  tube       or  with  distinct  stipe  (Raphionacme  (Verhoeven  & 

and  Sclcchtcrclla) — the  nectaries  have  not  migrated 

mouth,  but  can   be  seen  as  nectary  shelves  at   the Venter.   1007,  Figs.    17-10)).  The  translators  of  tin 

apex  ol  the  lower  corolla  lube  (Endress  &    Bruyns,  genera  with  pollinia  are  more  complex  in  structun 

2000,  Fig.  3C  just  above  the  ovary).  In  the  second  and   shape   with   the  receptacle  hollow.  The  trans- 

group  ol  genera  {Cryptolepis,   Cryptostegia,  Ectad-  lator  of  Hemidesmus   is   unique   in   being   bent   z- 

ium,    Maclaudia,    Omphalogoniis,    Stomatostemma.  shaped   with  a  cup-like  receptacle   into  which  the 

and  Teleradium)  the  stamens  are  more  or  less  level  pollinia  snugly  fit  (Kndress  &   Bruyns,  2000.  Fig. 

with  the  nectaries,  which  are  also  shelf-like  (Kn-  61).  I n  Decalepis  the  translator  receptacles  resemble 
dress  vK   Bruyns,  2000,  Fig.  6B.  F.  alternating  with  the  hollow  receptacle  of  a  spoon,  and  these  lit  into 

the  staminal  feel  encircling  the  top  half  of  the  ova-  live  hemispherical   hollows  on   the  flat   upper  zone 

ries).  ol  the  style-head.  Swarupanandan  et  al.  (1900)  re- 

The  gytwec ium  is  apocarpous  and  consists  of  two  garded  gynoecium  structure  as  important  for  higher 

subspherieal,  semi-inferior  ovaries,  the  two  styles  level  classification  in  the  Asclepiadoideae  (IVriplo- 
o(  which   unite  further  up  into  one  compound  style  eoideae  excluded),  but  as  far  as  the  IVriplocoideae 

that    terminates    in   a   dilated   style-head   (stigmalic  are  concerned,   the  gynoecium   is,   in   general,   too 

head).  The  ovaries  are  glabrous  in  all  taxa  except  variable  within  a  genus  to  be  of  importance4  in  clas- 

iii  Sacleuxia   tuberosa   (E.    A.    Bruce)   Bullock,   in  sification  above  species  level. 
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At  the  generic  level  the  position  of  the  gynoste-       based  on  the  data  matrix  (Table  1),  consisting  ol  33 

taxa  and  39  characters  (Appendix   1),  is  shown  in giuni  in  relation  to  the  corolla  is  more  consistent 

than  that  of  the  pistil.  In  (lowers  that  are  rotate  or  Kigure   1.  The  ingroup  is  well  supported  as  mono- 

subrotate    (e.g..    Finlaysonia,    Mondia,    Periploca,  phyletic  with  bootstrap  and  decay  values  of  91% 

Streptocaulon,  Tacazzea,  etc.)  the  upper  corolla  tube  and  >   1,  respectively.  There  is  support  of  >  50% 

is  virtually  absent.  In  these  types  of  flower  and  in  lor  three  clades. 

flowers  with  a  bowl-shaped  upper  corolla  tube  the The  first,  the  Atherandra-clade  (denoted  by  A  in 

gynostegium  is  completely  exposed  above  the  co-  Fig.    1),   has  a   bootstrap  support   of  69%,  and    is 

rolla.   In   those   taxa   with   a  distinct   campanulate,  characterized    by   a    gynostegium    that    is   exposed 

trumpet-shaped,  cylindrical,  or  urceolate  upper  co-  from  the  corolla  (character  38).  Within  this  clade, 

rolla  tube  the  gynostegium  is  concealed  deep  within  Tacazzea  and  Mondia  are  successive  sisters  to  the 

the  tube  as  in  Ectadium,  Cryptolepis,  Cryptostegia,       remainder,  which   form  a   polytomy  of   18  genera 

and  Teleradium,  or  the  gynostegium  is  situated  in       within  which  two  subclades,  neither  with  support 

the  corolla  tube  mouth  or  is  exserted  from  it  as  in 

Gymnanthera,  Raphionacme,  and  Schlechterella. 

The  follicles  are   usually  paired,  although  only       to    Madagascar    and    the    Mascarenes,    are    distin- 

>  50%.  are  recognizable.  The  ZJaro/ue//a -subclade 

of  only  Baroniella  and  Camptocarpus,  both  endemic 

guished  by  having  their  corona  lobes  fused  into  an one   may  develop  as   is  the  case   in   Raphionacme 

galpinii  Schltr.   and   R.  palustris   Venter  &    R.    L  annulus  around  and  outside  the  stamens  (character 

Verb.   (Venter  &   Verhoeven,    L986a).  The  follicles  16). 

arc  mostly  divergent  and  may  be  erect  or  pendu-  The  second   subclade  divides   into  two  smaller 

lous,   variably  so  within   genera.  The  follicles  are  subclades.  The  first  of  these  is  comprised  ol  the 

mostly  narrowly  ovoid  (cigar-shaped)  with  an  acute  sisters   Baseonema   and    Batesanthus,    two   African 

to  acuminate  apex,  but  may  be  narrowly  cylindrical  genera    characterized    by    the    absence    ol    corona 

(Periploca  graeca  L),  narrowly  cylindrical  with  sin-  lobes  (character  18)  and  the  presence  of  a  reflexed 

uate    margins    (Baroniella,    Camptocarpus),    ovoid  corolla  (character  10)  with  95%  support,  and  these 

with    a    long    apiculate    apex    {Tacazzea    apiculata  subtended   by   Phyllanthera,    but    this   genus   sup- 

Oliv.),  keel-shaped  {Raphionacme  namibiana  Yen-  ported  by  <  50%.  The  inclusion  of  the  Asian  Phyl- 

ter  &  R.  L  Verb,  and  Firdaysonia  obavata),  or  with  lanthera  was  unexpected,  but  may  be  supported  by 

unique  longitudinal  membranous  wings  (as  in  My- ihe    absence   of  corona    lobes    (character    18)   and 

are  thus  adapted  to  wind  dispersal,  floating  on  air 

riopteron).  However,  follicle  shape  may  be  variable  same  type  of  bark  (character  5).  The  second  smaller 

within  genera,  e.g..   Tacazzea  apiculata  (apiculate)  subclade  of  Epistemma,  Ischnolepis.  Sacleuxia,  and 

and  T  conferta  (cigar-shaped).  Sarcorrhiza — found   in   Africa   [Ischnolepis  also   in 

Kach  follicle  contains  numerous  seeds.   The  seed  Madagascar) — has  <  50%  support,  and  these  gen- 

structure    is    rather    uniform,    being    compressed,  era   are   characterized    by    the    presence   of    tubers 

mostly  obliquely  ovate  to  oblong-ovate  to  elliptic  (character  2)  and  a  maroonish  grayish,  glossy,  flaky 

with  a  mieropylar  coma  of  silky   hairs.  The  seeds  stem  bark  (character  5). 

The  second  clade,  with  >  50%  bootstrap  sup- 

with  the  aid  of  the  coma.  There  are  two  known  ex-  port,  is  the  Cryptolepis ;-clade  (denoted  by  8  in  Fig. 

ceplions.  One  is  Raphionacme  namibiana  of  the  1),  having  a  bootstrap  value  of  66%.  This  clade  is 

semi-desert  of  southwestern  Africa,  which  has  ape-      comprised    of  only    Cryptolepis    and    Cryptostegia. 

ripheral  ring  of  hairs  (Venter  &  Verhoeven.  1086b)  These  two  genera  are  characterized  by  having  a  dis- 

that  do  not  seem  to  be  an  adaptation  to  floating  in  tincl  corolla  tube  (character  9),  their  gynostegia  are 

the  air.  but  perhaps  to  be  blown  along  the  ground  concealed  in  the  corolla  tube  (character  38),  and  a 

surface.  The  other  exception  is  the  Asian  Finlay-  unique  swelling  between  stamens  and  corona  lobes 

sonia  ohorata.  which  inhabits  mangrove  swamps.  is  common  (character  20).  Successive  sister  genera 

The  seeds  of  this  species  have  annular  membranous  to  this  clade  are  Maclaudia,  Ectadium,  and  Ro- 

wings with  hairy  margins,  which  possibly  let  the  matostemma,  which  have  a  distinct  corolla  tube 

seeds  float  on  water;  they  are  also  the  largest  seeds  (character  9).  gynostegium  concealed  in  the  corolla 

in  the  subfamily.  tube  (character  38),  and  corona  lobes  arising  at  the 

corolla  mouth  or  in  the  corolla  lobe  sinuses  (char- 
acter 13). 

The  third  clade  (denoted  by  C  in  Fig.  I),  with 

i 

Phylogknktic  Analysis 

Parsimony  analysis  yielded  80  shortest  trees,  50%  bootstrap  support,  includes  three  genera:  the 

each  154  steps,  consistency  index  (CI)  =  0.51,  re-  sisters  Raphionacme  and  Schlechterella,  supported 

tention  index  (Rl)  =  0.62.  The  strict  consensus  tree       by  97%,  and  these,  together  with  their  successive 
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Table  I.     Data  matrix  for  cladistic  analysis  of  the  Periplocoideae.  (Characters  =  1-39;  character  stairs  =  0-5;  ? 

=  character  slate  inapplicahle;  oulgroup  genera  =  Parsonsia  and  Apocynum.) 

[therandra 

Baroniella 

Baseonema 

BatesanthiL v 

Buckollia 

Camptocarpus 

Cryptolepis 
(Irvpto&tegia 
Decalepis 
Ectadium 

Epistemma 
Finlaysonia * 

Gymnanthera 
1 1  c  n  lidesmus 

hchnolepis 

Maclaudia 
\lon<l ia 

Wvriopteron 

() 

I 

"'/ 

thalogonus 
'entopetia 

I 'crip/oca 

Phrllanthen 

Raphionacme 
Sacleuxia 

i 

S arcon 1 1  iz a 

Schlechterella 

Stomatostemma 

Streptocaulon 
Tacazzea 
Telectadium 

Zygostelma r arsons  ia 
\pocynum 

000000  04  0000  02  0  02100000111002  0110  022010 
10100004  000  0  02  02  0000001001002  0100011011 
000100  03  010002  0030000000010021110  021010 
00011003010002003000000001002  0110  021010 
000000  04  000102  001100000001002  0110021010 
10100014000002  01110  00100010  02  01 10021011 
000000001000100001210010010020111110000 
00000001100031000141001001002  0111110000 
01200004000002  0  022000  02  001004  0110022010 
2000000110  002100010000101111201100100  00 
3  00  011040010  02  0011300  00  0010040110011010 
000  000  04  0000  02  0  021000010010030110  02  2010 
00000001100021001100102  0010040101123130 
00000004  0000  02  002100003  0010040122223  02  0 
212010  04  000002  001100000001002  0110  021010 
00000  02  0100  021000100001001002  0110010000 
01220  02  4000002001200010011002  0110010010 
0000002  40000020021000000010  02  0110  02  1010 
000000001020100002  40000001112  0111121000 
10000000101031000  1000  00001012  010002103  0 
000  000040012  02101100001001102  0110021010 
00001004  002  002  003070003121002013  0322  02  0 
423  000001000210011001000010021101121130 
21210004000  002  001 14  00100010020100021010 
31201104  000102  00110  000  00010  02  0110021010 
123000001000210112501000010  031101121130 
0000002  01000310  0013  0000001002  0111111000 
0  0000024000002  002100010001003  0110022  010 
000  000240000  02  001140001001002  0110010010 
200000  02101010000100100  0010020101121000 
00000004  000002102100001001002  0110022  010 
000000001000?7?????0 00 00000000000 00 7000 
200000001000100000000000000010000007000 

sister,  GymnafUhera,   with  a  support  of  83%.  The       pollination  through  a  variety  of  Corolla  forms,  de- 
genera  in  this  dado  have  a  distinct  corolla  tube 

(character  <)).  which  may  he  eampanulate  or  trum- 
pet-shaped (character  8).  and  corona  lobes  and  gv- €         7  _ 

grees  of  corolla  fusion,  presence  of  variously  struc- 
tured corolline  coronas,  and   morphological  svnor- 

ganizations   and    fusions   between    the  corona   and 

noslegium  in  the  mouth  of  the  corolla  tube  (char-       parts   of  the   androecium.   formation   of  a   gynoste- 
acters     I  3     and     :i7).     The     remaining    genera,      gium,  intricate  pollen  translators,  and  the  formation 
Omphalogonus,    Pentopetia,    and    Telectadium.    are       ()f  ,)0|]en  tetrads  or  pollinia.  The  seeds  of  the  Per- unresolved. 

Discussion  \ni>  Conclusions 

Even  though  the  Periplocoideae  are  a  relatively 

iploeoideae  are,  with  perhaps  one  exception,  adapt- 

ed to  wind  dispersal. 

N.  K.  Brown  (1<)()2.  I<)<)1)  placed  much  emphasis 
on  the  distinctness  or  indistinctness  of  the  corolla 

small  entity  as  far  as  number  of  ta\a  is  concerned,      lll')r  m  separating  the  genera  of  the  Periplocoideae. 

they  occur  widespread  over  a  considerable  part  of  Venter  and  Verhoeven  (1997)  followed  his  example 

the  world  in  a  variety  of  niches,  in  swamp  forest,  iUU'  based  their  tribal  classification  on  the  absence 

rainforest,  mangrove  forest,  savannna,  grassland.  or  presence  of  the  upper  corolla  tube.  However,  this 

semi-desert,  and  desert  scrub,  and  exhibit  a  variety  assumption  proved  to  be  wrong,  and  it  eventually 
ol  growth  forms,  from  lianas  to  shrubs  and  trees  to  became  clear  that  the  corolla  is  much  more  variable 

sulfrulescent  climbers  and  herbaceous  geophytes  to  within  a  genus  than  previously  surmised.  The  co- 
epiphytes.  The  (lower  is  complex,  adapted  to  animal  rolla  lube  may  be  distinct  in  some  species,  but  in- 
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Parsons i a 

Atherandra 

Baroniella 

Camptocarpus 

Baseonema 

Batesanthus 

Phyllanthera 

Epistemma 
Ischnolepis 

Sacleuxia 

Sarcorrhiza 

Buckollia 

Decalepis 

Finlaysonia 

Hemidesmus 

Myriopteron 

Periploca 

Streptocaulon 

Zygostelma Mondia 

Tacazzea 

Mad  audi  a 

A 

Ectadium 

Cryptolepis 

Cryptostegia 

Stomatostemma 

Gymnanthera 

Raphionacme 
Schlechterella 

Omphalogonus 

B 

C 

Pentopetia 

Telectadium 

Apocynum Strict   consensus   tree  of   the   Periplocoideae  genera   using   PALP,   based   on  the  data  matrix   (Table    1 ). 

consisting  of  IV.i  taxa  and  IV)  characters.  Length  of  most  parsimonious  trees  =  154;  number  of  most  parsimonious  trees 

Figure    1. 

80;  consistency  index  (CI)  =  0.51;  retention  index  (Kl) 
0.62. 
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distinct    in  oilier  species  of  the  same  genus.  The 

Madagascar!  endemic.  Pentopetia  with  21   species 

(Klackenberg,  1999),  and  the  much  smaller  Schle- 

chterella  of  eastern  Africa  with  2  species  (Venter  & 

Verhoeven,  1998),  in  particular,  illustrate  this  phe- 
nomenon. 

In  the  phvlogenetic  analysis  presented  here,  the 

Brown.  !N.  K.    I<>()2.    Aselepiadeae.  ///  W.  T.  Thiselton- 
Dyer,    Mora    of  Tropical    Africa   4:    23.V2.11.    Lovell 
Keeve,  London. 

  .     P)0I.     Aselepiadeae.   ///    W.   T.   Thiseltondher. 
flora  Capensis  4:  520.  Lovell  Keeve,  London. 

Kullock,  A.  A.   1955.  Notes  on  African  Asclepiadaceae, 
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lively  well  supported,  the Atherandra-clade,  includ- 

ing 20  genera,  die  Cn/>/o/e/>/.s-clade,  with  2  genera, 

and  the  Gyninanihera-clade^  with  .'J  genera.  The 
placement  ol  the  remainder  of  the  genera  is  lenu- 

monophvlv  of  the  IVriplocoideae  is  well  supported.      r.  .  '    "Vl    ,,    w    *    .    .,        v   u    (,   tu     ,      , .,*.*,  Catalan.  M.  I..  h.   A.   Kellogg  a    K.  (,.  Olmslead. 
hut  relationships  among  the  31  genera  are.  for  the  Phylogeny  of  Poaceae,  suhiamily   Pooideae  based  on 
most  part,  poorly  resolved.  Three  clades  are  rcla-  chloroplasl  ndhF  gene  sequences.  Molec.  IMnlogenei. 

EvoL  8:  150-106. 
Donoghue.   VI.  J..   R.   (;.   Olmslead.  J.    K  Smith   &  J.   I). 

Palmer.    1992.    Phvlogenetic  relationships  of  Dipsacales 
based  on  rbcL  sequences.  Ann.  Missouri  Bot.  Card.  79: 
33.V345. 

ous.  The  three  tribes  as  delimited   l>\    Venter  and       Endress,  M.  E.  &  P.  V.  Hruvns.   20(H).    \  revised  classi- 
hcation  of  the  Apocynaceae.  s.l.  Hot.  Rev.  (Lancaster) 
(>(>:   1-56. 

Field,  I).  V.  &  J.  B.  Mall.    1982.  Epistemma,  a  new  genus 

of  Periplocaceae  from  West  Africa.  Kew  Bull.  .'*7:  I  17- 120. 

Korsler.  P.  I.    1989.    Notes  on  Asclepiadaceae.  I.    \uslro- 
haileva  3:   !()<>— 133. 

:    1990.    Notes  on   Asclepiadaceae.  2.  Auslrnhail- 

Verhoeven  (1997)  are  not  supported. 

I) espite   the  generally    poor  support    values,   the 

phvlogenetic  analysis  presented  here  (Fig.  1)  pro- 
vides a  platform  upon  which  future  studies  in  the 

suhiamily  may  build.  One  of  the  exciting;  results  of 

our  analysis  is  that  it  suggests  that  pollinia  have 

probably  evolved  more  than  once  in  the  IVriplo- 

coideae. Five  of  the  genera  with  pollinia  (l)ecalepis, 

Epistemma,  Finlaysonia,  Hemidesmiis,  and  Strep- 
tocaulon)  belong  to  the  Atherandra-clade,  whereas 

Gymtumthern  and  Schlechterella  belong  to  the  Gym- 

w//////e77/-clade.  Parallel  evolution  of  pollinia  in  two 

eya  3:  27.V289. 
.    1991.   A  laxonomie  revision  of  C,ym n anthem  R. 

Hi.  (Asclepiadaceae:  Periplocoideae)  in  Australia.  Aus- 
tral. S\st.  Hot.  1:  563-569. 

.    1993.   Conspectus  of  Crypto lepis  R,  Br.  (Ascle- 
piadaceae:   IVriplocoideae)   in   Maleisia.   Austrohailesa 

( 

4:  67-73. 
lades  ol   Periplocoideae  is  also  supported  by  (lis-       rJi'       pi     d  v    Mn     ■         r    i*  i 

'      .  '  '  •;  WreNier.  I'..  L.  Kannararnanana.  \.  Millerions.  L.  Deharo, 
tinct  differences  in  the  pollen  grain  apertures  in  the 

two  groups  (Verhoeven  &  Venter.  2001).  and  ques- 
tions the  homology  of  pollinia  in  Secamonoideae 

and   Asclepiadaceae. 
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sanguinolen t a .  Phytotherapy  Kes.  10:  .5  17-321. 
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and  complex  group  of  taxa,  which   led  to  the  de- 

scription of  a  large  number  of  monotypic  or  small       Mulchings.  A..  A.  II.  Scott.  (;.  Lewis  &  A.  B.  Cunning- 
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r   ,      .'   .    .        .  ,  ,      i  A-  v-   lr-oUsk\.  M.  (,.  Pimenov.  H.  Lee  &  S.  R.  Downie. 
present  revisron  ol  the  IVriplocoideae  is  the  first  to  |(>W.    T()wards   a    ,no|r(.u|ar   phylogeny   of  Apmceae. 
be  done  on  a  global  scale.  For  the  first  time  all  taxa  subfamily   Apioideae:  Additional   information  from  nn- 
could  be  compared  and  their  relationships  studied. 

As  a  eonsecpience.  this  required  a  number  of  syn- 

onymies of  genera  and  species,  and  also  new  com- 

binations, the  newest  of  which  arc  presented  in  Ap- 

pendices 2  and  ,'J  herein.  The  key  to  the  genera, 
presented  in  Appendix  4.  is  also  the  first  global  key 
for  the  Periplocoideae. 
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3 — epiphytes 
4 — erect  herbs 

2.  Tuber  presence  and  shape 0 — absent 

I — present  and  cylindrical  to  subspherical 
2 — present  and  turnip-shaped 

3.  Growth  mode 

0 — perennial  without  tubers 
1 — suffrutescent  without  tubers 

2 — perennial  with  tubers 
3 — suffrutescent  from  a  tuber 

4.  Interpetiolar  stipules 

0 — interpetiolar  line 

1 — interpetiolar  collar  inflated  and  dentate 

2 — interpetiolar  collar  with  frills 
Stipules  or  outgrowths  in  the  region  where  stipules 

would  normally  occur  are  common  in  several  families  of 

the  Gentianales.   In  the  Apocynaceae,  the  most  common 

*     ,  /i>     ■    I  .« \   C    \r-;...,r.  I    u..»    m.  ̂ i\_        type  of  outgrowth  is  just  a  line  or  ridge  between  the  pet- 
matostemma  (Periplocaceae).  h.  African  J.  not.  ,vJ:  Mf—        /i  r>  j  *->  i 
56. ioles,  and  is  thus  often  called  an  interpetiolar  ridge  or  line, 

K iruiA        m     I       r     r  r   :;  and  is  generally  assumed  to  be  homologous  to  stipules. 
.    1994a.    Maclauilui  Jeuxu,  a  new  ge-  t->  j  r>  i 
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mibia. S.  African  J.  Bot.  62:  316-320. 

  .     1997.    A   tribal   classification  of  the & 

5.  Stem  bark 

0 — bark    brownish   or  purplish   and   glabrous,   hairy, 
and/or  verrucose 

I — bark    maroon i si i    grayish,    glossy,    wax-like,    and 

flaky 

6.  Stem  succulence 

0 — sterns  not  succulent 
I — stems  succulent 

Inflorescence: 

7.  0 — inflorescence  with   I   to  10  flowers  and  racemose- 

Peri  plocoideae  (Apocynaceae).  Taxon  46:  705—720. 
  «V    .    1998.    A  taxonomic  revision  of  Schlc- 

like 
I I-  to   10-flowered  and  umbel-like 

chterelld   (Periplocoideae,  Apocynaceae).  S.   African  J. 

Bot.  64:  350-355. 

— inflorescence 

2 — inflorescence  many  flowered  and  panicle-like 

Corolla 

& .    1999.    A  new  species  of  Cryptolrpls  8.   Corolla  shape 
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0 — eampanulate 

I — trumpet-shaped 
2 — ureeolate 

3 — reflexed 

4 — rotate 
0.   Corolla  fusion 

0 — corolla  fused  up  to  the  nectary  level 
I — corolla  fused  to  above  the  nectan   level 

10.    Corolla  lube  reflexion 

0 — lube  not  reflexed  below  the  corolla  lobe  sinuses 

I — tube  reflexed  below  the  corolla  lobe  sinuses 
Reflexion   of    the   corolla   lube   means   that   a  distinct 

corolla  tube  is  folded  back  on  itself  below  the  sinuses  of 

the  corolla  lobes  at  the  level  of  the  stamens  and  nectaries. 

This  unusual  condition   is  diagnostic  for  the  two  African 

endemic  genera,  Basionema  and  Batesanthus,  but  other- 

wise unknown  in  Periplocoideae. 

I  I .    (Iorolla,  inside  vesture 

0 — glabrous 
I — hairv 

2 — papillate 
12.    Petal  adaxial  base 

0 — without  a  coronal  swelling  or  shute 

I — with  a  coronal  swelling 
2 — with  a  coronal  shute 

A  coronal   swelling  is  a  thickened  region  of  coronal 
tissue  on   the   surface  of  the  corolla   lobe  at   its   base.   A        Stamens 

coronal  shute  is  a  canal  formed  of  coronal  tissue  on  the 

Corolla  lobe  at  its  base.  Both  types  form  part  of  the  priman 
combine  corona. 

(trona C 

1 3,    Corona  position 

0 — borne  just  above  level  of  nectaries 
I — borne  Inward  middle  of  corolla  tube 

2 — borne  at  mouth  of  corolla  tube 

3 — borne  in  sinuses  of  petals 
II.   Corona  exposure 

•once. ilcd  in  corolla  tube 

I — exserled  from  corolla  tube  mouth 

2 — exposed  from  rotate  or  reflexed  corolla 
If).    Corona  lobe  segmentation 

0 — lobes  unsegmented  at  their  bases 

1 — lobes  segmented  at  their  bases 
l(>.   Corona  annular  lusion 

0 — lobes  free  from  one  another 

I — lobes  fused  with  one  another  into  an  annulus  out- 

side stamens,  lobes  alternating  with  corolla  lobes 
2 — lobes  fused  with  one  another  into  an  annulus  out- 

side stamens,  lobes  opposite  the  corolla  lobes 
17.  Corona/staminal  fusion 

0 — corona  lobes  free  from  stamens 

I — corona    lobes   fused    to   base  of  stamens,   without 
forming  oblong,  hemi-globose  or  deltoid  stamina! 
feet 

2 — corona  lobes  fused  to  base  of  stamens  into  oblong. 

luslraled  by  them  therein.  Despite  its  name,  the  starniual 

foot  is  not  merely  an  enlarged  basal  region  of  the  stamen. 

Rather,  it  is  formed  by  elements  from  both  stamen  and 

corona  combined,  and  is  thus  a  complex  and  verv  labile 

new  structure  without  a  counterpart  in  most  plant  families. 

18.    Corona  lobe  in  allernipctalous  position 0 — absent 

I — lobes   filiform,   linear,   horn-shaped,   awn-shaped. 

peg-like,  or  club-shaped 
2 — lobes  ovale,  ligulale.  cordate,  or  hooded 

10.    Corona  lobe  apex 0 — acute 

I — round 
2 — clavate 

3 — emarginate I— bifid 

•~) — Irifid  to  penlafid 

20.    Swelling  between  corona  lobe  foot  and  starniual  foot 
0 — absent 

I — present 

In  Cryptolepis  and  Crrptostegia  the  corona  lobes  (at 
middle  of  corolla  tube)  are  distanced  from  the  stamens  (at 

base  of  corolla  tube).  The  region  on  the  inner  surface  of 
the  corolla  tube,  between  a  corona  lobe  and  the  stamen 

directly  below  it,  is  marked  by  narrowly  elliptic  swellings. 

21 .  Stamen  position 

0 — borne  at  level  of  or  just  above  nectary  lobes 

I — borne  distinctly  above  level  of  nectan  lobe's 
22.  Starniual  filament 

0 — anthers  borne  on  filaments 
I — anthers  subsessile 

23.  Anther  attachment  with  stvle-head « 

0 — anthers  united  with  upper  side  of  stvle-head 

I — anthers  united  with  margin  of  stvle-head 
2 — anthers  united  with  underside  of  stvle-head 
3 — filaments  united  with  stvle  head 

■ 

Not  only  whether  or  not  anthers  are  united  with  the 

style-head,  but  also  how  and  exactly  where  they  arc  at- 
tached, is  an  important  character  in  much  of  the  Apocv- 

naeeae.  Whereas  in  some  subfamilies  the  manner  of  at- 

tachment is  diagnostic  for  larger  assemblages  (e.g..  tribes), 

in  Periplocoideae  this  is  not  the  case. 

24.  Anther  connective  appendage  length 

0 — short,  less  than  half  as  long  as  the  anther 

1 — as  long  as  or  longer  than  the  anther 
25.  Anther  connective  appendage  size  and  shape 

0 — tiny,  knob-like  to  triangular 

I — at  least  as  long  as  the  anther,  awn-like 

2 — at  least  as  long  as  the  anther,  foliose 
26.  Anther  selercnchymatous  guide  rail 

0 — present I — absent 

Selercnchymatous  guide  rails  are  morphologicallv  and 

hemi-globose  or  deltoid  starniual  feet,  with  lobes        histologically  specialized  regions  that  develop  laterally  on 
the  anthers,  and  the)  plav  an  important  role  in  the  com- 

plex pollination  mechanism  of  the  Apocynaceae.  The  mas- 
sive and  rigid  guide  rails  of  adjacent  anthers  function  like 

a  track  to  guide  the  pollinator's  leg  or  mouth   parts  into 

present  at  apex  or  lateral  side  of  the  starniual  feet 

3 — corona  lobes  fused  to  base  ol  stamens  into  oblong, 

hemi-globose  or  deltoid  starniual  feet,  without  any 
lobes  present  on  stamina!  feel 

Corona   structure    is   complex    in    Periplocoideae.    \l-        the  narrow  entrance  to  the  pollination  chamber  that   lies 
though   in  some  genera  the  corona   lobes  arc  not  closely        beyond.   Selercnchymatous   guide   rails  are  characteristic 
associated  with  the  stamens,  in  most  the  free  corona  lobe 

arises  from  an  enlarged,  thickened  bulge  near  the  base  ol 
the  starniual  filament.  This  enlarged  region  was  termed  the 

for  Apocynoideae,  Secamonoideae,  and  Asclepiadoideae, 
but    are  absent    from    Periplocoideae.  The  very  different, 

more  open,   pollination  mechanism   in   Periplocoideae  re- 

"slaminal  foot"  bv    Kndress  and  liruyns  (2000),  and  is  il-        quires  that  the  pollinator  have  easy  access  to  the  nectar- 
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ies.  in  which  massive  sclerenchy matous  guide  rails  Mock- 

ing the  entrance  In  the  nectar  would  not  he  compatible. 

r i . Anther  thecae  vesture 

0 — glabrous 
I  — hairy 

28.  Anther  connective  appendage  vesture 

0 — glabrous 
1 — hair) 

29.  Pollen  type 

0- 

s  ingle-grained 
I 

30. 

—tetrads  with  inner  walls  double  and  non-perlorate 

2 — tetrads  with  inner  walls  thinner  and  perforate 

3 — loosely  agglutinated  elongate  pollinia 

1 — loosely  agglutinated  rounded  pollinia 

Pollen  pores 

0 — single  pollen  grains  3-6-porate 

I — single  pollen  grains  8— 16-porate 
31.   Nectarv  tvpe 

0- 

I 

nectaries  arising  from   floral   base, 

lobes  encircling  the  ovary 

nectaries   arising   from   corolla   tube   as 

shelves  alternating  wi 

as   a    ring   of 

lobes 

or 

ith  the  stamens 

The  nectaries  found  in  Periplocoideae  are  always  as- 
sociated with  the  corolla  lube  or  the  staminal  leet.  whereas 

nectaries  in  Apoeynoideae.  when  present,  are  associated 

with  the  ovary,  often  being  fused  to  it  at  the  base. 

32.  Nectary  fusion 

( ) — free 

1 — fused  lateralis  to  staminal  feet  forming  a  staminal/ 

nectary  annulus 

2 — fused  laterally  to  staminal  feet  and  filaments,  and 

apicallv    also   to  style,   forming  a  solid   staminal/ 
nectarv  lube  around  style 

3 — fused  laterally,  but  incompletely,  with  one  another,       ;j<; 

and  at   their  bases  also  to  staminal   feel  and  api- 

cally  to  style,  forming  a  nectary  lube  with  5  slits 

around  style 

33.  Nectary  pockets 
0 — absent 

1 — corolline  at  base  of  corolla  tube  and  alternating 

with  stamens 

2 — alternating  with  the  stamens  on  a  lube  of  fused 

staminal  feet  and  nectaries,  encircling  the  style 

In  those  genera  with  a  distinct  corolla  tube,  e.g..  Ra- 

phionacme,  the  5  nectary  lobes  are  altered  into  5  shelves 

or  transverse  ridges  near  the  bottom  of  the  corolla  tube. 

Directly  above  each  shelf  a  shallow  or  deeper  indentation 

is  found  in  the  corolla  lube,  which  we  call  the  nectary 

pocket.  In  Hemidesmus,  unique  nectary  pockets  are  cre- 

ated between  the  staminal  feet  and  the  stvle  through  fu- 

sion of  staminal  feet,  staminal  filaments,  nectaries,  and 

style  into  a  tube  with  5  indentations  or  nectary  pockets. 

Nectar  collects  in  these  pockets  from  the  nectary  shelves 

or  nectarv  tube. 
- 

34.    Nectary  shape 
0 — lobular 

1— shelf-like 

2 — tubular  around  style  and  without  slits 

3 — tubular  around  style  and  with  slits 
35.  Pollen  translator 

0 — absent 

1 — present,  without  stipe 

2 — present,  with  stipe 

The  translator  is  one  of  the  key  innovations  in  the 

higher  Apocynaceae.  The  translator  is  a  device  for  the 

transport    of    pollen    en    masse.     Translators    are    formed 

around  the  periphery  of  the  style-head  in  five  grooves 

lined  with  secretory  cells  alternating  with  the  adnate  sta- 
mens. The  translators  are  not  cellular,  but  are  formed  from 

the  viscous  secretions  ol  the  stvle-head.  and  onlv  become 

firm  with  desiccation.  The  translator  of  Periplocoideae  is 

typically  differentiated  into  three  regions:  an  upper  recep- 
tacle upon  which  pollen  is  shed,  a  stalk  (slipe)  in  the 

middle,  and  a  sticks  disc  (viscidium)  at  the  base,  which 

slicks  the  translator  onto  the  pollinator.  In  most  Apoey- 

noideae style-head  secretions  remain  viscid  and  do  not 

harden  into  translators.  In  Apocynum,  however,  the  secre- 

tions harden  into  a  tacky  band  in  the  space  between  ad- 

jacent stamens,  which  have  been  called  translators  (Nils- 
son  et  al..  1993:  Kndress  et  al..  1 996).  We  do  not  consider 

these  undifferentiated  bands  to  be  homologous  to  the  com- 

plex, differentiated  translators  found  in  Periplocoideae. 

however.  Therefore,  translators  are  coded  as  absent  from 

\poc\num  here. 

36.  Pollen  translator  receptacle  shape 

0 — flat    and    narrowly  elliptic,  narrowly  ovate  or  ob- 

long, not  or  very  little  folded 

1 — flat  and  broadly  ovate,  broad 

ed,  usually  horn-like 
2 — hollow  and  spoon-like 

3 — hollow  and  cup-like 

37.  Gynostegium  position 

0 — borne  just  above  nectarv   level 

1 — borne  high  up  in  corolla  tube 

\  gynostegium  is  formed  bv  a  union  of  the  androe- 

cium  and  the  gynoecium  that  takes  place  during  devel- 

opment. In  Apocynaceae  the  gynostegium  is  formed 

through  the  union  of  the  anthers  with  the  specialized  gy- 

noecium apex  (style-head). 

\ 
- 

obovate  and  fold- 

Gynostegium  exposure 
() — concealed  in  corolla  tube 

I — exposed  just  above  base  of  rotate  or  reflexed  co- rolla 

2 — exposed   and   elevated   high   above 

flexed  corolla  on  still-like  filaments 

3 — exserled  from  corolla  tube  mouth 

39.    Follicle  structure 

0 — cylindrical  and  not  constricted 
I — cylindrical  and  constricted 

2 — broadly  keel-shaped 

rotate    or 

and  stvle 

re- 

\lTI.\l)l\  2. 

Generic  Conspectus  of  Periplocoideae.  Drafted 

from  Appendix  3  ion  Taxonomic  Novelties 

Atherandra  Decne.,  in  DC,  Prodi.  8:  497.  1844.  TYPE: 

Atherandra  acuminata  Decne.  2  species. 
liuroniella  Costantin  &  Gallaud.  Ann.  Sci.  Nat.  But.,  ser. 

9,  6:  354.  1908.  TYPK:  Baroniella  ccunptocarpoides 
Costantin  &  Gallaud.  7  species. 

Baseonema  Schltr.  &  Hendle,  J.  Hot.  34:  97.  1890. 

TYPK:  Baseonema  gregori  Schltr.  cK  Rendle.  1  spe- 
cies. 

Katesaiitlius  N.  E.  Br..  Hooker's  Icon.  PL:  t.  2500.  1886. 
T\  PK:  Batesanthus  purpureas  N.  K.  Br,  4  species. 

Buckollia  Venter  &  R.  L.  Verh.,  S.  African  J.  Bot  60: 

97.   1994.  TYPK:  Buckollia  volubilis  (Schltr.)  Venter 

&   R.  L.  Verh.  Schltr.  2  species. 

*  Represents  a  taxonomic  novelty  herein. 
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<  amplocarpiis    Decne.,   in   DC,   Prodr.  8:  493,    1844.       Streptocanlon  Wight  &  Am.,  in  Wight,  Contr.  Hot.  India: 

TYPE:  (Uunptocarpns  maiiritianus  (Lam.)  Deem*.  9  64.  1834.  TYPK:  Streptocaulon  kleinii  Wight  X  Arn. 
species. 

Ci  \  ptolepis  B.  Br.,  Asclcpiadeae:  69.  1810.  \\  I'll:  (Cryp- 
tolepis buchananii  Boem.  Si  Schult.  27  species. 

Mangenotia  Pichon* 
Cryptostegia   K.   Br.,   Bot.   Reg.  5:   742,  t.  435.    1819. 

5  species. 
Tacanea  Decne.,  in  DC,  Prodr.  8:  492.   1841.  TYPE: 

Tacazzea  venosa  Decne.  5  species. 

Zacateza  Bid  I  nek* 

TYPE:  (Wyptmtegia  grandijlora  Ro\l>.  ex  B.  Br.  2 

species,  3  varieties. 
Decalepis  Wight  i!i  Arn.,  in  Wight,  Contr.  Bot.  India:  64. 

1834.  TYPE:  Decalepis  hamiltonii  Wight  &  Arn.  4 

species. 
Utleria  Bedd.  ex  Benth.  A   Hook,  f.* 

Kctadiuni   E.   Mey.,  Comin.   PI.   Afr.   Anstr.:    188.    1838. 
TYPK:  Ectadium  virgatnm  E,  Mey.  3  species. 

Kpisteiiima  I).  V.  Field  &  J.  B.  Hall,  Kew  Bull.  37:  117. 

1082.  TYPK:  Epistemma  assianum  I).  V.  Field  &  J. 
B.  Hall.  3  species. 

Fiiilaysonia  Wall.,   PI.   Asiat.   Bar.  2:  48,  t.    162.    1831. 

Tclcctadhim  Baill.,  Bull.  Mens.  Soc.  Linn.  Paris  2:  801. 

\IW).  TYPE:  Telectadium  edule  Baill.  3  species. 
Zy^ostclnia  Benth.,  in  Bentham  &   Hooker  I..  (Jen.  PI.  2: 

740.    1876.  TYPK:  Zygostelma  benthamii  Baill.    I 

species. 
■ 
\iTKi\nix  3. 

TYPK:  Finlaysonia  oborata  Wall.  7  species. 

Atherolepis  Hook.  I.* 

Gongylosperma  King  iK  (iambic* 

Hanghomia  (iagnep.  &  Theninl.* 
Meladcrma  Kerr* 

Sielmacrypton  Baill.* 
(, vim. antliera  |{.  Br.,  Prodr.:  464.  1810.  TYPK:  Gym- 

nanthera  nitida  B.  Br.  2  species. 
Ileniidesiiiiis  R.   Br.,   Asclepiadaceae:  45.    1810.  TYPK: 

Hemidesmns  indicus  (L.)  Schult.    I    species,  2  sub- 

species. 
Isclmolepis  Jura.  &    II.    Perrier,   Bev.   (Jen.    Bot.  21:   53. 

I(X)0.  TYPK:  Isclmolepis  tuberosa  Jum.  X  H.  Perrier. 
2  species. 

Pet  open  tia  Bullock* 
Maclamlia  Venter  &  B.  L  Verh.,  J.  Linn.  Soc.,  Bot.   I  15: 

57.   1994.  TYPK:  Madaudia  felixii  Venter  &  B.  L. 
Verh.  I  species. 

Momlia  Skeels,  U.S.D.A.  Bur.  PI.  Imlustr.  Bull.  223:  45. 

191  I.  TYPK:  Mondia  whitei  (Hook.  (.)  Skeels.  2  spe- 
cies. 

Myriopleron  Griff.,  Calcutta  J.  Nat.  Hist.  4:  385.  1844, 

TYPK:  Myriopleron  panic ulatum  Griff.  I  species. 

INOMKINCLATURAL  NOVELTIES  WITHIN   PeKIN.OCOIM.  \K. 

Cryptolepis  B.  Br.,  Asclepiadeae:  69.  1810.  TYPK:  Cryp- 
tolepis buchananii  Boem.  &  Schult. 

Mange  not  in  Pichon,  Bull.  Soc.  Bot.  France  101:  216. 

1954.  Syu.  nov.  TYPK:  Mangenotia  eburnea  Pi- chon. 

Cryptolepis  eburnea  (Pichon)  Venter,  comb,  nov.  Bas- 
ionym:  Mangenotia  eburnea  Pichon,  Bull.  Soc,  Bot., 
France  101:24-6.  1951.  TYPK:  Ivory  Coast.  Abidjan, 
Adiopodoume,  G-M.   Mangenot  .*.//.,  anno   19511071 

06  (holotype,  P  not  seen):  Ivory  Coast.  Abidjan,  For- 

est t'Abouabou,  t.  ./.  M.  beeuwenberg  4235  (neotype, 
here  designated.  P!;  isoneolvpes.  BR!,  WA(i!).  [Pi- 

chon (1954)  indicated  the  Paris  Herbarium  (P)  as 

depository  for  the  holotype  specimen  of  M.  eburnea. 
hut  the  present  first  author  could  not  find  it  there. 

As  no  isotypes  were  found  elsewhere,  and  as  it  is 
unclear  whether  the  sketches  accompanying  the  type 

description  were  drawn  from  the  holotype,  a  neotype 
is  declared  here  for  this  ta\on.| 

The  flowers  ol  (Cryptolepis  and  Mangenotia  are  similar 

in  structure  with  short  clavate  corona  lobes  arising  some 

distance  above  the  stamens,  and  with  characteristic  swell- 

ings between  the  corona  lobes  and  stamens.  However,  in 

Cryptolepis  the  corolla  tube  is  shorter  than  the  corolla 

lobes  and  the  stamens  are  usually  glabrous,  while  in  Man- 
genotia  the  corolla  lube   is   longer  than  the  corolla  lobes 

Oiiiphalogoni.s   Baill.,   Bull.   Soc.    Mens.    Linn'.    Paris  2:        an(l  ,he  slamens  *™  hairy-  Th«'s«'  differen
ces  do  not  merit 

812.  1890.  TYPK:  Omphalogonus  calophyllus  Baill.       genen<  d,slinct,on  m  lh<*  'Vriploco
ideae. 

I  species. 
IVntopetia  Decne.,  in  DC.,  Prodr.  8:  500.   1844,  TYPE: 

Pentopetia  androsaemifolia  Decne.  21  species. 
IVriploca  L,  Sp.  PL:  21  I.  1753.  TYPK:  Periploca graeca 

L.  13  species. 

Pliyllanlhera  Blume,  Bijdr.:    1048.    1826-1827.  TYPK: 
Phylhinthera  bifida  Blume.  8  species. 

Penlanura  Blume* 

Streptomanes  k.  Sebum.* 
Raphionacme  llarv.,  London  J.  Bot.  I:  22.  1842.  TYPK: 

Raphionacme  divaricata  llarv.  37  species. 
Sacleuxia  Baill.,  Hist.  PI.  10:  265.  1890.  TYPK:  Sacleux- 

ia  salicina  Baill.  2  species. 

Sarcorrhiza   Bullock,  Hooker's  Icon.  PL:  t  3585.    1002. 
T\  PK:  Sarcorrhiza  epiphytica  Bullock.   I  species. 

Schleclitcrella    K.    Sebum.,    in    Kngler   cv    Prantl,    Nat. 

Decalepis  Wight  <K    Arn.,  Contr.   Bot.   India:  64.    1834. 
TYPE:  Decalepis  hnmiltonii  Wight  &  Arn. 

Utleria  Bedd.  ex  Benth.  &  Hook,  f..  Gen.  PI.  2:  743.  1876. 

Syn.  nov.  TYPK:  lltleria  salicifolia  Bedd.  ex  Benth. 
&   I  look.  f. 

Decalepis  salicifolia  (Bedd.  ex  Benth.  &  Hook.  ('.)  Ven- 
ter, comb.  nov.  Basionym:  Utleria  salicifolia  Bedd. 

ex  Benth.  &  Hook.  (..  Gen.  PI.  2:  743.  1876.  TYPK: 

India.  Madras,  A\  //.  Beddome  5.'i  (hololvpe.  K!). 

Ovate-like  corona   lobes,  an  obconical  st\le-head  with J 

flat  apex  containing  translator  hollows,  and  pollen  in  pol- 
linia  are  characteristic  for  Decalepis.  Utleria  displays  sim- 

ilar floral  characteristics. 

Finlaysonia  Wall.,  PL  Asiat.  Bar.  2:  18.  I.  162.  1831. 
PYPK:  Finlaysonia  oborata  Wall. 

Plluiizriifaiii.,  In,l«-x  2-4:  462.  1899.  TYPE:  Schle-      Atlu-mlepis  Hook,  f..  Hooker's  Icon.  PI.:  t.  433.  Dec.  1883. chterella  africana  (Schhr.)  K.  Sebum.  2  species. 

Stoiiiatosteiiima  IN.   K.   Br.,  in  Thiselton-Dyer,  Kl.  Trop. 
Afr.  4:  252.    19()2.  TYPK:  Sarcostemma  monteiroae 

(Oliv.)  IN.  E.  Br.  2  species. 

Syn.  nov.  TYPK:  Atherolepis  uallichii  (Wight)  Hook.  f. 
Gongylosperma  King  &  (iambic,  J.  Asiat.  Soc.  Bengal,  Pt. 

2,  Nat.  Hist.  74:  510.  1908.  Syn.  nov.  TYPK:  Gon- 
gylosperma enrtisii  King  *.K  (iambic. 
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Hanghomia   Gagnep.   &  Thenint.   Hull.  Soc.   Bot.   France        Mrladerma  deciduum   Kerr.   Kevv   Bull.    1 938:    I  17.    1938. 

83:  392.   1936.  Syn.  nov.  TYPE:  Hanghomia  mar- 

seillii  Gagnep.  (X  Then i til. 

Meladerma  Kerr,  Kevv  Bull.   1938:  445.   1938.  Syn.  nov. 

T\  PE:  Mrladerma  puberal  urn  Kerr. 

Stelmacrypton  Baill.,  Bull.  Mens.  Soc.  Linn.  Paris  2:  812. 

1889.   Syn.   nov.   TYPE:  Stelmacrypton  khasiunum 

(Kurz)  Baill. 

Finlaysoiiia  walliehii  (Wight)  Venter,  comb.  nov.  Bas- 

ionvm:  Hemidesmus  walliehii  Wight.  Contr.  Bot.  In- 

dia: 63.  1834.  Atherolepis  walliehii  (Wight)  Hook.  I.. 

Fl.  Brit.  India  4(10):  8.  June  1883.  TYPE:  [Burma|. 

in  collibus  Prome,  N.  Wallkh  8245  {aselep.  106)  (ho- 

lotype. K-W  !:  isotype,  K!).  1 1 n  the  protologue  of  Hem- 

idesmus walliehii  the  type  is  indicated  as  "Wallieh 

aselep.  106"  but  it  is  not  to  he  found  at  K.  or  else- 
where. Fortunately,  in  the  Wallieh  Herbarium  (K-W  ). 

under  the  above  species  name,  then1  is  a  specimen 

8245  with  "aselep.  106"  written  on  the  sheet.  In  the 
general  collection  at  K.  specimen  8245  is  considered 

to  be  the  type  ot  Atherolepis  walliehii  |=  Hemidesmus 

walliehii   Wight],  and   we  follow    this   indication  as 
correct.] 

Finlaysoiiia  picrrei  (Costantin)  Venter,  comb.  nov.  Bas- 

i 

r 

ionvm:  Atherolepis  pierrei  Costantin,  in  Lecomte.  Fl. 

Gen.  [ndo-Chine  4:  29.  1912.  TYPE:  Thailand.  Prov. 

Bien-hoa,  Bao-chiang,  Pierre  4Mb  (leetotype,  here 

designated.  P!;  isoleetotypes,  B\l!.  P  6  sheets!,  K  2 
sheets!). 

Finlaysoiiia  curtisii  (King  &  Gamble)  Neuter,  comb. 

nov.  Basionym:  Congylosperma  enrtisii  King  & 

(Finable,  J.  Asiat.  Soc.  Bengal,  Pt.  2,  Nat.  Hist.  74: 

510.  TYPE:  Thailand.  Pang-nga,  Poongah.  C.  Curtis 

2591   (holotype,  CAL?;  isotype,   K!i.   |Cr<»rge   Kin 

was  superintendent  ol  the  Calcutta  Botanic  Garden 

in  India,  and  James  Svkes  (iambic  was  a  British  lor- 

ester  and  botanist  in  India  (Stalleu  &  Cowan,  1976. 

1979).  As  the  type  specimen  at  the  Kew  Herbarium 

(K)  is  not  indicated  as  the  holotype,  we  assume  that 

the  holotype  is  at  the  Calcutta  Herbarium  (CAL)  but 

have  not  seen  it.  In  light  ol  this  uncertainty  we  re- 

frain  from  designating  the  Kew   specimen  as   leeto- 

type ol  the  species.] 

Finlaysoiiia   lanuginosa    (Ridley)    Venter,    comb,    nov, 

Basionym:  Gongylosperma  lanuginosa  Kid  ley,  J. 

Asiat.  Soc.  Straits  59:  135.  1911.  TYPE:  Malaya. 

Lankawi  Island,  near  Dayong  Bonting.  C.  Curtis 

2663  (holohpe.  SING?:  isotype,  K!?).  [The  same  rea- 

soning as  above  is  true  for  the  holotype  ol  this  spe- 

cies, as  Henry  Nicholas  Ridley  was  Director  ol  the 

Botanic  Gardens  ol  Singapore  when  he  published  G. 

lanuginosa  (Staileu  cK  Cowan.  1983).  The  situation 

is  further  complicated  by  the  fact  that  the  specimen 

at  K.  indicated  as  type  of  the  species,  is  without  an) 

collector's  number,  but  from  the  same  localit\.| 
Finlaysoiiia  insularum  (King  &  (/amble)  Venter,  comb, 

nov.  Basionym:  Gymnanthera  insularum  King  e* 

Gamble.  J.  Proc.  Asiat.  Soc.  Bengal  74:  514.    1907. 

Meladerma  insularum  (King  &   (/amble)   Kerr,   Kew 

Bull.  1938:  445.  1938.  TYPE:  Malaya,  Kedah,  small 

islands  near  Langkawi.  C.  Curtis  5684  (holotype, 

CAL?;  isotype,  K!).  |See  discussion  about  the  Cal- 

cutta Herbarium  under  Finlaysonia  curtisii. \ 

Syn.  nov.  TYPE:  Thailand.  Chiengmai,  Ban  Pa  Sak, 
Kerr  2854  (leetotype.  here  designated.  K  sheet  1!; 

isoleetotypes.  B\l!.  K  sheet  2!).  |\ot  one  ol  the  two 

type  specimens  at  K  was  designated  as  holotype:  a 

leetotype  is  thus  called  for.] 

Finlaysoiiia  kbasiana  (Kurz)  \ enter,  comb.  nov.  Bas- 
ionym: Pentanura  khasiana  Kurz,  in  Hook.  f..  Fl. 

Brit.  India  4:  4.  1885.  Stelmacrypton  khasiana  (Kurz) 

Baill..  Bull.  Mens.  Soc.  Linn.  Paris  2:  812.  1889. 

TYPE:  India.  Khasia  Mountains,  Kurz,  commis- 

sioned from  Dr.  King,  anno  03/1883  (leetotype,  here 

designated,  K!):  Khasia  Mountains,  3—4000  It.,  com- 
missioned from  HBC,  anno  08/78  (syntype.  K!): 

Khasia  Mountains.  J.  I).  Hooker  <K:  T.  Thomson,  anno 

1859  (syntypes,  BM!.  P!).  |The  type  data  provided 

with  the  protologue  of  Pentanura  khasiana  is  not 

very  clear,  namely:  "Khasia  Mts.  alt.  3-1000  ft..  J. 

I).  II.  &  T.  T..  Kurz."  The  collections  indicated  are 
confusing.  Two  sheets  arc  present  in  the  type  file  ol 

Pentanura  khasiana  in  the  Kew  Herbarium  (K).  Kurz 

certainU    did    not    collect    them,    neither   did    J.    I). J 

Honker,  but  the  two  sheets  were  commissioned  from 

the  collectors  Dr.  Kitig  and  HBC.  We  have  little 

doubt  that  the  sheet  commissioned  from  Dr.  King  is 

one  of  the  syntypes,  and  the  "3-4000  ft."  written  on the  second  sheet,  commissioned  Irom  HBC.  indicates 

that  this  is  another  syntype  sheet.  However,  there  is 

no  specimen  of  J.  D.  II.  &  T.  T.  in  the  type  file  ol 

the  Kew  Collection,  but  such  a  specimen,  collected 

b\  J  .1).  Hooker  &  T  Thomson!,  exists  and  is  filed 

under  Stelmacrypton  khasiana  in  the  British  Muse- 
um Herbarium  (BM).  also  in  the  Paris  Herbarium 

(P).  and  this  must  be  the  missing  syntype. 

Hanghomia  marseillii  Gagnep.  &  Thenint..  Bull.  Soc.  Bol. 

France  83:  392.  1936.  Syn.  nov.  TYPE:  Laos.  Re- 

gion Xieng-Khonang.  Plateau  Tran-Ninh,  M.  Andre 
s.n.  (holotype.  P!). 

Periploca  acuminata  Rahman  &  Wilkock,  J.  Linn.  Soc, 

Bot.  I  10:  373.  1992.  Syn  nov.  TYPE:  Bangladesh. 

Svlhet  Tamabil-Jaflong  Hills,  Rahman  di  Hossain  56 

(holotype,  ABD!:  isotypes,  BM!.  K  2  sheets!) 

Finlaysonia.  Atherolepis.  Gongylosperma,  and  Melader- 

ma have  in  common  an  exposed  gynostegium  from  a  rotate 

or  saucer-shaped  corolla,  their  staminal  leet  swollen  and 

these  topped  by  corona  lobes,  and  their  pollen  lused  into 

pollinia  instead  ol  into  tetrads. 

Iseliuolepis  J n in.  &    II.   Peirier,   Rev.  Gen.   Bol.  21:  53. 

1909.  T\  PF:  Ischnolepis  tuberosa  Jum.  &  II.  Peirier. 

Petopentia  Bullock.  Kew  Bull.  1954:  32.  1951.  Syn.  nov. 

TYPE:  Petopentia  natalensis  (Schltr.)  Bullock. 

Iseliuolepis    natalensis    (Schltr.)    Venter,    comb.    nov. 

Basionym:     Petopentia     natalensis     Schltr..    J.     Bot. 

Loud.  32:  257.  1894.  Tacazzea  natalensis  (Schltr.)  !\l. 

F.   Br.,  Fl.  Cap.  4:  514.    1907.  Petopentia  natalensis 

(Schltr.)  Bullock.  Kew  Bull.  1954:362.  1954.  TYPE: 

South    Africa.    Kwazulu-Natal,    Isipingo.    Wood   s.n. 

(holotype,  K!). 

Although  separated  widely,  Ischnolepis  in  Madagascar 

and  Petopentia  in  South  Africa,  there  exists  a  conspicuous 

and   characteristic   similarity   in   the  flowers  ol   these  two 

Meladerma  puherulum  Kerr.  Kew  Bull.  1938:  447.  1938.  monotypic  genera.  Their  corollas  are  rotate  and  greenish 

Syn.  nov.  TYPE:  Thailand,  Prachuap.  Put  285  (ho-  yellow,  having  narrow  1\  triangular  corolla  lobes  with  acute 

lotype,  K!;  isotype,  L!).  apices  and  rather  thick  texture.  Vegetatively  both  genera 
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possess  subterranean  tubers  and  a  peculiar  wax-like,  ma- 
roon ish  stem  hark. 

PhyDantbera  Biume,  Bijdr.:   IOir>.   Ui2(>-ia27.  TYPE: 
Phyllanthera  bifida  Blume. 

Pentanura    Illume,   Miis.    Bot.    I:    1 2.").    1850.   Syn.   nov. \\  PL:  Pentanura  sumatrana  Blume. 

Streptomanes  K.  Schum.,  in  Schumann  &  Lauterbach. 
NachtrMge.  Fl.  Schutzgeb.  Sttdsee:  352.  1905.  Syn. 

nov.  TYPE:  Streptomanes  nymanii  K.  Schum.  |  In- 
correct 1\   synonymized   with  Cryptolepis  by   Forster 

(1990). 

Pliyllantliem    «rravi   (K    I.    Forst.)    Venter,   comb,    nov. 

Basionym:  Cryptolepis  gray i  F.  I.  Korst.,  Austrobail- 
eya  3:  279.  1990.  TYPE:  Australia,  Tolga  Scrub,  H. 
Cray  1561,  1979/1 1/09  (holotvpe.  QRS!;  isotype, 
BRH). 

I'liyllanllici  a  lancifolia  (P.  I.  Korst.)  Venter,  comb.  nov. 
Basionym:  Cryptolepis  lancifolia  P.  I.  Forst.,  Blumea 
35:   381.    1991.  TYPE:    New   Guinea.    Irian  Jaya, 
Okwalimkan  River  headwaters.  Ridsdale.  Ilcnh  & 

Galon:  NGF-MWh    1907/08/1  7  (holotype,  L!;  iso- 
i>pe.  I  \K  not  seen). 

I'li\  llanlliern  multiiiervosa  (F.  1.  Lorsl.)  Venter,  comb. 
nov.  Basionym:  Cryptolepis  multinerrosa  F.  I.  Forst.. 

Vuslrohaile\a   I:  70.   1003.  T\  PF:  Papua  \ew  (iuiu- 

ea.  Southern  Highlands  Province,  near  Waro  Air- 

strip. 1/.  Jacobs  9287,  1973/10/14  (holotype,  U;  iso- 

types,  L!,  CVNB  X  LAL  not  seen). 

IMiyllanlliera  papillata  (F.  I.  Forst.)  Venter,  comb.  nov. 

Basionym:  Cryptolepis  papillata  F.  I.  Forst..  Austro- 
baileya  3:  277.   1990.  TYPE:  Papua  New  Guinea. 
Morohe   District.    Bulolo   Valley.   Partep  Creek.   Lae- 

wau  road.  J.  S.    Womersley  NGF-7821,   1995/09/00 
(holotype,  BRI!;  isotypes,  L!,  B0  &   K  not  seen). 

Phyllanthera  sumatrana  (Blume)  Venter,  comb,  nov. 

Basionym:  Pentanura  sumatrana  Blume.  VI us.  Bot. 

1:  125.  1850.  TYPE:  Herb.  Lugd  Bat.  898.  169-54 
(holotype,  U). 

IMiyllantlirra  iiyiuanii  (K.  Schum.)  Venter,  comb.  nov. 

Basionym:  Streptomanes  nymanii  K.  Schum..  in 

Schumann  &  Lauterbach,  Nachtrage  Fl.  Schutzgeb. 

Siidsee:  352.  1005.  Cryptolepis  nymanii  (K.  Schum.) 

F.  I.  Forst..  Austrobaileya  3:  275.  1990.  TYPF:  Kai- 

ser-VV  ilhemslaml  (Papua  New  (Guinea),  Stephansort, 
E.  ().  1.  \vman  1020  (holotype,  B  destroyed;  lec- 

totype. here  designated,  I  PS,  isotypification  l>\  Lor- 
sler.   1990). 

Streploeaulon  ciimingii  ( Turcz.)  Vill..  in  Blanco.  Fl.  I'i- 
lip..  ed.  3.  Nov.  App.:  132.  1877.  Tripolepis  cumingii 
Turez,  Bull.  Soc.  Imp.  Naturalistes  Moscou  21:  251. 
1818.  TYPE:  Phillipines,  Prov.  Pangasanan,  Luzon 

(l.ucon).  (Aiming  102.')  (MVV  ?);  Albav.  Luzon.  Cum- 
ing 1024  (MM!.  kx2!.  Px2!.  WX3!).  |Turczanino* 

indicated  only  Cuming  1025  as  tvpe  with  his  pro- 

tologue  of  Tripolepis  cumingii.  However,  Cuming 

1024  is  regarded  as  type  o(  the  species  in  all  the 

herbaria  indicated  above.  Vs  we  were  unable  to  ob- 

tain the  type  (mm  the  Moscow  Herbarium,  we,  at 

present,  indicate  no  holo-.  leclo-  or  neolectoh  pe 
specimen  lor  S.  cumingii]. 

Streploeaulon  eorymbosum  (Elmer)  Elmer,  Lead.  Philipp. 

Bot.  10:  3504.  1038.  Syn.  nov.  \nodendron  eor- 

ymbosum  Klmer.  Lead.  Philipp.  Bot.  2:  512.   1008. 

T\  PF:    Philippines.    Luzon,   Elmer  8408   (holot\pe. 

PNIL';  isotypes,  <;!.   K!).  [Many  of  Adolph   Daniel 

Edward  Elmer's  types  art*  housed  in  the  Philippine 
National  Herbarium  (PNH)  in  Manila  (Slalleu  & 

(lowan,  1976),  and  as  he  described  his  new  species 

in  a  Philippine  journal  one  can  expect  the  holotype 

to  be  at  PNH.  However,  as  yet  we  have  had  no  op- 

portunity to  search  for  it  at  PNIL| 

Streploeaulon   wallichii   Wight.  Contr.   Bot.   India:  65. 

1834.  T\  PE:  Malaya.  Penang  cK  Singapore,  Wallieh. 

aselep.  n.  124  (lectotype.  here  designated.  K!:  iso- 
lectotype,  k!). 

Streptocaulon  baumii  Decne..  in  l)(!..  Prodr.  8:  496.  LSI  I. 

Syn.    nov.     \\  PF:    Philippines.    Manilla,    Hai/m    X 

Perrottet  (holotype,  P  not  seen):  Puum.  anno  18321 

02/08  (neotype,  here  designated,  P!).  [The  specimen 

Baum,  anno  1832/02/08.  mav  indeed  be  the  holo- 

type,  but  as  uncertainty  exists,  we  rather  declare1  it 
a  neol\  pe  lor  the  species. | 

Tacazzea  Decne.,  in  DC,  Prodr.  8:    102.    LSI  I.  TYPE: 

Tacazzea  venosa  Decne. 
Zaeateza  Bullock.  Kew   Bull.   1051:  361.   1051.  Svn.  nov. 

\\  PL:   Zaeateza  pedicellata   (k.   Schum.)    Bullock 
[basionvm:   Tacazzea  pedicellata    K.  Schum..   in   En- 

gler,  Bot.  Jahrb.  17:  115.  1893].  TYPES:  Democratic 
Republic  ol  the  Congo.  Munsa,  Monbullu-land. 
Schueinfurth  3483  (holotype,  B  destroyed:  lectotype, 

here  designated,   K!):  Sclucein/urth  3488  (switype, 

K!). 

Bullock  (1051)  separated  Tacazzea  pedicellata  from  Ta- 
cazzea   because   ol    its    long-pedicelled,   smaller   inllorcs- 

cences  and  its  elliptic  leaves  with  patent  venation.  How- 
ever, the  (lowers  ol  Tacazzea  and  Zaeateza  are  similar.  We 

do  not   regard   Bullock's  distinctions  as  \alid   reasons  for 

Phyllanthera,  Pentanura.  and  Streptomanes  display 
similar  flowers  with  rotate  corollas,  swollen  stamina!  feet 

lacking  am   corona   lobes,  nectaries  fused   into  a  conical        sef>arating  *»  species  as  a  genus  from  Tacazzea. 

nectary  tube  around  and  with  the  style,  prominent  anther 

apices,  and  pollen  in  tetrads.  The  four  species  described        AlMM.NDIX    I. 

under  Cryptolepis  also  belong  to  Phyllanthera  as  the)  have 

the  same  peculiar  Moral  structure. 

Streptocaulon  Wight  &  Am..  Contr,  Bot.  India:  OL 

1831,  TYPE:  Streptocaulon  Ideinii  Wight  &  Am., 

lectotype  here  designated.  [Wight,  when  he  de- 

scribed Streptocaulon.  did  not  indicate  a  generilvpe, 

but  he  added  descriptions  of  six  new  Streptocaulon 

species.   The   first   species   listed    was  Streptocaulon 

tomentosum  W  ight,  but  as  this  is  a  synonym  of  Strep- 

tocaulon jurentas  (Lour.)  Men.,  wc  designate  the  sec- 

ond  listed  species,  Streptocaulon  kleinii.  as  the  ge- 
nerilvpe. | 

Key  to  the  Gkimkka  <>k  the  Periplocoideae 

I.  (/vnoslcgium  enclosed  and  concealed  within 
the  corolla  lube            2 

1'.  (iynostegium  exposed  from  short-tubed  co- 
rolla (corolla  usually  rotate),  or  gynostegium 

in  mouth  of.  or  exserted  from,  corolla  with 

distinct  lube              0 

2(1).         Flowers    large.    3-6   cm    long   and    5-0    cm 
diam.  (Madagascar)      Cryplostegia 

2'.  Mowers  small,  less  than  2  cm  long  and  less 
than  3  cm  diam            3 
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3(2). 

3'. 
4(3). 

4'. 

5(3). 

5'. 

0(5). 

6'. 

7(6). 

7'. 

8(5). 

8'. 

Corolla  sub- he  mi  spherical  to  urceolate        4 

Corolla  campanulate  to  cylindrical    ....     5 

Corolla  sub-hemispherical  lo  urceolate  with  5 

deep  vertical  cavities  (eastern  Asia)  ..    Tdeetadium 

Corolla  urceolate,  without  any  cavities  (Mad- 

agascar)        Pent  opct  id 
Corona  in  mouth  of  corolla  tube  or  in  sinuses 

o(  petals            6 

Corona   arises   lower  down    in   corolla   tube, 

mostly  around  the  middle  of  the  tube        8 

Corona  in  sinuses  of  the  petals:  lobes  club-  or 

matchstick-like  (southern  Africa)  ..    Stomatostenuna 

Corona  in  corolla  mouth,  just  below  petal  si- 
nuses; lobes  acieular  or  corniculate       7 

An  erect  shrub  with  pale  green  to  yellow.  8- 

12  mm  long,  trumpet-shaped  corolla  (south- 
western Africa)        Ectadium 

A  climber  with  very  small,  dark  red.  2—3  mm 

long,  campanulate  corolla  (West  Tropical  Af- 

rica)           Maclaudia 

Inside  of  corolla  tube  and  adaxial  side  of  pet- 

als papillate;  corona  of  vertical  ridges,  with 

hooded  apices,  radiating  into  the  corolla  tube 

cavity,  without  a  spongy  swelling  between  co- 

rona lobe  base  and  stamen  base  (tropical  Af- 

rica)           Omphalogonus 

Inside  of  corolla  lube  and  adaxial  side  of  pet- 

als glabrous;  corona  lobes  clavate.  filiform  or 

acieular,  almost  always  with  a  spongy  pad 
between  corona  lobe  base  and  stamen  base 

(Africa.  Arabia,  and  Eastern  Asia)  ..    Cryptolepis 
Pollen  in  pollinia               10 

Pollen  in  tetrads              16 

16'. 

10'. 

11(10) 

9(1). 

9'. 
10(9).      Corona  lobes  fused   into  an  annulus  outside 

the  stamens  (eastern  Africa)       Schlechterella 

Corona  lobes  not  fused  into  an  annulus  out- 

side the  stamens               1  1 

Corolla  tube  conspicuous  and  cylindric  with 

stamens  and  corona  lobes  arising  from  the 

corolla  tube  mouth  (eastern  Asia  to  Austra- 

lia)            Gymnanthera 

Corolla   tube   bowl-shaped   to   indistinct  and 
rotate               12 

12(11).    Inflorescence  a  multi-flowered  eymose  pani- 

cle (eastern  Asia)       Streptocaulon 

12'.  Inflorescence  a   I— 10-f lowered  cyme          13 
13(12).    Petals  \ abate  in  bud;  interstaminal  nectary 

lobes  fused  into  a  tube  around  the  style,  cre- 

ating 5  pockets  between  the  style  and  sta- 
mens (southern  Asia)           Hemidesmus 

Petals  contorted  in  bud;  interstaminal  nectaries 

11'. 

13'. 

14(13) 

14'. 

15(1  1).    An  epiphyte;  corolla  tube  with  5  radial  ridg- 
es;   corona    lobes    with    dilated    hairy    apex 

15'. 

(tropical  Africa)         Epistemma 

A  climber  with  roots  in  the  ground;  corolla  with- 

out  radial   ridges;  corona   lobes  not   dilated  at 

apex,  not  hairy  (Asia  to  Australia) Finlaysonia 

16(9).      An  epiphytic  plant  with  aerial  tubers  (tropi- 
cal Africa)             Sarcorrhiz 

17(16). 

17'. 

18(17). 

18'. 

Climbers,  shrubs,  or  herbs  anchored  in  the 

ground,  if  tubers  present  then  subterranean 

or  on  ground  surface         17 

Corona  lobes  absent,  at  least  opposite  the  se- 

pals         18 

Corona  lobes  present  opposite  the  sepals  ....  22 

Anthers  with  their  connective  apices  con- 

spicuously erdarged  and  hood-shaped,  ovate, 

or  strap-shaped;  nectary  lobes  fused  together 
in  form  of  a  conical  tube  with  slits;  tube 

fused  to  the  style  at  its  apex  (Southeast  Asia) 

          Phyttanthera 
Anther  connective  apices  not  enlarged  as 

above;  nectarv  lobes  free  from  one  another 

and  free  from  the  style          19 

19(18).    An  undulating  coronal  annulus  present  out- 
side the  staminal  filaments,  and  with  corona 

lobes  opposite  the  petals  (Madagascar) 
Huron  id  la 

19'. 

20'. 

Bases  of  staminal  filaments  and  corona  lobes 

fused  into  staminal  feet,  these  staminal  feel 

fused  together  into  an  annulus  outside  the 

nectary  lobes,  or  the  staminal  feet  and  nec- 

tary lobes  fused  together  into  an  annulus  ....  20 

20(19).    Erect   shrubs;   flowers   very  small,  2—3   mm 

long  and  less  than  5  mm  diam.  (eastern  Af- 

rica)        Savleuxia 

Climbers;  flowers  larger,  from  5-20  mm  long 
and  8-30  mm  diam            21 

Staminal  feet  fused  laterally  with  one  another 

into  a  circular  coronal  annulus.  nectary  lobes 

fused  to  inner  base  of  coronal  annulus;  stem 

bark  maroon ish  grayish,  glossy,  flaky,  wax-like 

and  glabrous  (tropical  Africa)      Batesanthus 

Staminal  feet  and  nectary  lobes  fused  into  an 

undulating  coronal  annulus;  stem  bark  brown 

and  hairy  (eastern  Africa)        ....    Haseonema 

22(  I  7).    Corona  lobes  fused  into  an  annulus  outside  the 

stamens,  or  staminal  feet  fused  laterally  into  a 

coronal  annulus  on  a  reflexed  corolla  tube        23 

21(20) 

21'. 

23(22) 

24'. 

not  fused  ;imnnd  the  style,  not  forming  anv 

pockets  between  the  style  and  stamens          14 

Style-head  with   a   flat  or  concave  apex  on 

which  5  hemispherical  hollows  include  the 

receptacles  of  the  pollen  translators  (south- 
ern Asia)            Decalepis 

Style-head  apex  deltoid  or  rounded,  withoul 

any  hemispherical  translator  hollows          15       25'. 

Corona  lobes  not  fused  into  an  annulus  outside 

the  stamens;  staminal  feet  not  fused  into  a  cor- 

onal annulus  on  a  reflexed  corolla  tube        25 

Corolla  tube  reflexed;  staminal  feet  fused  lat- 

erally into  an  annulus;  stem  bark  maroonish 

grayish,  glossy,  flaky  and   wax-like  (tropical 
Africa)              Batesanthus 
Corolla  tube  not  reflexed,  corona  lobes  fused 

into   an   annulus  outside   the   stamens;   stem 

bark  not  as  above       21 

24(23).    Krect  suffrutescent  herbs  (tropical  Africa) 
23'. 

25(22) 

       Raphionacme 

Woody    suffrutescent    climbers    (Madagascar 

and  the  Ylascarene  Islands)        Camptocarpus 

Inflorescences    multi-flowered    eymose   open 

panicles,  or  dense  spike-like  to  glol 
icles             26 

Inflorescences  with  1-10-flowered  cymes  ....     30 
giooose  pan- 

20(25).    Interpetiolar  collar  with  green   frills  or  red- 

20'. 

dish  colleters  present            27 

Only  interpetiolar  lines  may  be  present,  red- 
dish colleters  may  also  be  present        28 

27(20).    Interpetiolar  collar  with  green  frills;  flowers 

large.     15-25    mm    diam.,    follicles    smooth 

27'. 

(tropical  and  subtropical  Africa)       Mondia 

Interpetiolar    collar    with    reddish    colleters; 
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Mowers  small,  up  to    10  nun  diam..  follicles 

winged  (eastern  Asia)        Myriopten 

28(26).    Erecl  or  climbing  herbaceous  tuberous  geo- 

phytes;  flowers  in  globose  or  spike-like  pan- 

m 

2K'. 

29(28).   Stamens  hairy  (Africa,   Arabia.   Kurope.  and 

2<V. 
Asia)      Periploca 
Stamens   glabrous   (tropical   and   subtropical 
Africa)         T( acazzea 

30(25).   Corona  lobes  arise  in  petal  sinuses  (Mada- 

30'. 

gascar)             Pentopetia 
Corona  lobes  arise  from  the  corolla  tube        31 

31(30).   Apical    appendages    of    anther   connectives 
combined   into  a  long  lance-like  cone  above 

31'. 

the  style-head  (Asia)       Atherandra 
Vpical    appendages    of    anther    connectives 
short    and   comment    into  a   round   or  acute 
cover 

32(31).    Erecl     or    climbing    herbaceous    geophytes, 

rarely  woody  perennial  climbers;  corolla  tube 

32'. 

icles  (tropical  and  southern  Africa)    

           Raphionacme 
Perennial  climbers  or  erect  shrubs;  inflores- 

cences of  multi-flowered  open  panicles          29        33'. 

campanulate  to  cylindrical  with  the  stamens 

and  corona  lobes  arising  from  tin-  tube  mouth 

(Africa  and  Arabia)      Raphionacme 

\\ood\    perennial   climbers  or  erect   shrubs; 

corolla  rotate  with  tube  nearly  indistinct        33 

33(32).   Stamens  hairy  (Africa.  Arabia.   Kurope,  and 

Asia)        Periploca 
Stamens  glabrous           31 

31(33).    Petals  yellow  inside,  narrowly  triangular  with 

sharp  apex  (southern  Africa  and  Madagascar) 

      hchnolepis 

Petals  pink,  maroon,  or  pink-whitish  inside. 
apices  round         35 
An  erecl.  tuberous  shrub  with  small  flowers 

2-3   mm   long;  ovary   may   be  hairy  (eastern 
Africa)      Sacleuxia 

Climbers  with  flowers  5-10  mm  long;  ovaries 
labrous       36 

34'. 

35(3  1) 

35  . a 

36(35).   Corona    lobes    filiform    with    undivided   apex 
a 

above  stvle-head          32        30'. 

(eastern  Africa)        Huekolli 

Corona  trifid.  middle  segment  acicular,  erecl 

and  shorter  than  the  curved  lateral  segments 

(eastern  Asia)       Zygostelma 
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Abstract 

Among  Apocynaceae  the  Periplocoideae  are  distinguished  Irom  the  Seeamonoideae  and  Aselepiadoideae  by  the 

presence  of  free  tetrads  or  pollinia,  which  are  shed  onto  spoon-shaped  translators  alter  anlhesis.  The  Secamonoideae 
are  distinguished  from  Aselepiadoideae  by  having  lour  pollinia  attached  to  a  translator,  rather  than  two  pollinia  as  in 

Aselepiadoideae.  In  the  Periplocoideae4  the  exine  consists  ol  a  tectum  and  a  granular  stratum.  In  Secamonoideae  the 
exine  consists  of  three  layers:  an  outer  tectum,  subtended  by  ii  well-developed  granular  layer,  which  is  followed  by  a 
foot  layer.  In  the  Aselepiadoideae  the  exine  consists  of  a  tectum  (distal  exine  layer),  a  thin  granular  layer,  and  an  inner 
foot  laver. 

Key  words:      Apocynaceae.  Aselepiadoideae.  Periplocoideae,  pollen  morphology.  Secamonoideae. 

tinguisbed    from    Aselepiadoideae   by    having   four 

The  Periplocoideae,  Secamonoideae,  and  Ascle-  with   Index  Nomina m   Supra genorieum  Plantaram 

piadoideae  can  be  classified  as  subfamilies  of  the  Vascularium     (see    J.     Reveal's    website:     <http:// 
Asc  lepiadaceae  (Liede  &  Albers.  1WI).  or  they  matrix. nal.iisda.gov:8080/star/suprageneriename. 

can  be  classified  as  subfamilies  of  an  extended  html>).  In  the  present  paper  the  tribe  Fockeeae  is 

Apocynaceae  formed  by  the  amalgamation  of  \po-  maintained.  Palynologieally  the  Periplocoideae  are 

cvnaceae  and  Asc  lepiadaceae  (Sennblad  &  Bremer,  distinguished  from  Secamonoideae  and  Asclepia- 

1996;  Endress  &  Bruyns,  2000).  Three  tribes  have  doideae  by  the  presence  of  tetrads,  or  free  pollinia 

been  recognized  in  the  Periplocoideae:  Periploceae,  (in  7  genera;  Verhoeven  &  Venter,  1998a.  1998b: 

Gymnanthereae.  and  Cryptolepideae  (\enler  &  Ver-  Venter  &  Yerhoeven,  2001),  which  are  shed  onto 

hoeven,  1997),  though  more  recent  studies  suggest  translators  at  anthesis.  The  Secamonoideae  are  dis- 

that  these  may  not  be  natural  groups  (Venter  &  Ver- 

hoeven, 2001  this  volume).  Hie  Secamonoideae,  pollinia  attached  to  a  translator,  as  opposed  to  two 

with  only  nine  genera  (klackenberg,  in  press),  are  pollinia  in  Aselepiadoideae.  In  the  Secamonoideae 

not  subdivided  into  tribes,  whereas  in  the  Ascle-  and  Aselepiadoideae,  at  the  last  stage  of  pollinar- 

piadoideae  five  tribes  are  often  recognized:  Fock-  ium  development,  when  the  anther  wall  dehisces, 

eeae.  Marsdenieae,  Stapelieae,  Gonolobeae,  and  the  pollinium  comes  into  contact  with,  and  becomes 

Asclepiadeae  (Liede  tK  Albers.  1994).  In  some  re-  attached  to,  the  translator  apparatus  (Kunze.  1994: 

cent  studies  the  Gonolobeae  are  nested  within  the  Omlor,  1996;  Civeyrel  et  al.,  1998).  The  pollinium 

Asclepiadeae,  and  are  thus  not  recognized  as  a  sep- 

arate tribe  (Liede,  1997:  Potgieter  &  Albert.  2001  Secamonoideae  and  Aselepiadoideae  the  pollinium 

this  volume).  Recently  the  families  Ase lepiadaceae  remains  in  the  anther  locule  until  the  poll i milium 

and  Apocynaceae  were  grouped  together  into  one  is  removed  by  the  pollinator.  In  the  Periplocoideae 

family,  the  Apocynaceae  s.l.  (Endress  &  Bruyns,  the  translator  is  attached  to  the  pollinator  1>\  means 

2000).  Endress  and  Bruyns  (2000)  reduced  the  of  an  adhesive  disc,  while  in  the  Secamonoideae 

tribes  of  the  Aselepiadoideae  to  three  by  abandon-  and  Aselepiadoideae  it  is  a  clasping  mechanism. 

is  not  released  from  the  anther  at  this  stage.  In  the 

ing  fockeeae  and  placing  it  in  the  tribe  Marsden- Pollinia  of  different  genera  and  species  vary  in 

ieae,  and  abandoning  Gonolobeae  and  placing  it  in  morphological   respects.   Galil   and   Xeroni   (1969). 

the  Asclepiadeae.  Further,  because  of  the  priority  El-Gazzar    and    Ham/a    (1973),    El-Gazzar   et    al. 

rule,   the   name   Ceropegieae  was  adopted   for  the  (1974),  Schill  and  Jakel  (1978).  Dannenbaum  and 

tribe  formerly  known  as  Stapelieae,  in  compliance  Schill  (1991),  Nilsson  et  al.  (1993).  and  Civeyrel 

1  The  financial  support   from  the  National   Research   Foundation  and  the  University  of  the  Free  Slate  is  grateful  1> 
acknowledged.   Ml  the  herbaria  mentioned  are  thanked  for  the  kind  loan  ol  their  specimens. 

2  Department  of  Botany  &  Genetics,  University  of  the  Free  State,  P.  0.  Box  339,  bloemlontein  9300.  South  Africa. 

Ann.  Missouri  Hot.  Gakd.  88:  569-582.  2001. 
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Table   1.     Pollinarium  and  polliniuni  characters  of   Periplocoideae,  Secamonoideae.  hocked,  and  Asclepiadoideae 

(excl,  Fockea),  The  definition  of  pollinariuin  is  taken  Imm  Kudress  (l()()l:    172)  as  the  "apparatus  for  the  transport  of 

pollinia  (the  pollinia  included).*'  In    \selepiadoideae  (excl.  Forked),  the  characters  "exine"  and  "distal  walls"  refer  to 
the  polliniuni  wall. 

Periplocoideae Secamonoideae 
Fork 
ochea Asclepiadoideai 

(excl.  Forked) 

Manner  ol  attachment      Viscidium  (adhesive        Corpuseuluiii 

to  pollinator 

Number  of  pollinia 

per  anther 
Polliniuni  wall 

( iomposition  of  pollin- 
iuni 

Kxine 

Distal  walls  (exine 

and  inline) 

Proximal  walls  (e\in< 

and  inline) 

disc) 

4  (loose  pollinia) 
Absent 

4 

Absent 

Tetrads Tetrads 

2-layered  (tectum  and     3-lavered  (tectum. 

granular  stratum) 
w(kll-developed 

granular  layer  and loot  layer) 

3-lavered 
l-lavered 

3-layered 
2-lavered 

Corpuseulum 

2 

Absent 

Tetrad? s 
.'{-layered  (tectum, 

thin  granular  layer 
and  fool  layer) 

4-layered 

2-layered 

Corpuseulum 

2 

Present 

Single  grains 
3-layered  (tectum, 

thin  granular  layer 
and  fool  layer) 

4- 1  a 

yere< 

i 

Not  applicable 

(1W4,  1995)  provided  an  overview  of  polliniuni  tents  of  One  inicrosporangium  (pollen  sac),  forming 

and/or  pollinariuin  structure  in  the  family.  The  pur-  one  pollen-unit.  Kndress  (1994:  472)  defined  pol- 

pose  of  this  study  is  to  provide  information  eon-  linarium  as  the  "apparatus  for  the  transport  of  pol- 
cerning  the  polliniuni  and  polliniuni  wall  structure       linia  (the  pollinia  included)  as  occurring  in  Asele- 

piadaeeae     and     Orchidaceae."     A     massula     is 
of  the  three  subfamilies  according  to  our  own  ob- 

servations, and  is  not  meant  to  be  a  comprehensive       considered  to  be  a  pollen  unit  larger  than  a  polvad. 

palvnological  study. 

M  VIKUI  Al,  AM)   MlTHODS 

Tetrads  and  pollinia  were  obtained  from  herbar- 

ium specimens  and  fresh  material  collected  in  the 

field.   Herbaria   from   which   material   was  obtained 

are  BLFU,  BM,  BR,  K.  L,  MO,  Nil.  P,  PRE,  SHCAl 

WA(*,  and   WIND.  Specimens  investigated  are  in- 

dicated in  Appendix   I . 

but  not  the  entire  product  of  one  mierosporangium 

(pollen  sac).  Accordingly,  each  anther  in  the  Peri- 

plocoideae produces  four  free  pollinia.  not  massu- 

lae,  as  was  reported  by  Nilsson  et  al.  (199,'J).  The 
terminology  used  for  the  walls  of  llie  polliniuni  and 

tetrads  (Yerhoeven  &  Venter,  1998a)  is  as  billows: 

The  distal  walls  are  the  tetrad  walls  that  face  to- 

ward the  outside  (circumference)  of  the  polliniuni. 

The  proximal  walls  are  the  walls  that  separate  let- 

M.         i       II      .     i  ■     .1      r    i  i           c       i        i  o               rads  on  the  inside  of  the  polliniuni.  The  inner  walls alerial  collected  in  the  held  was  fixed  and  How-  .  ...    

ers  obtained  from  herbarium  specimens  were  re- 

hydrated  in  \Wt  phosphate-buffered  glutaraldehyde. 

I* or  scanning  electron  microscopy  (SEM)  pollinaria 
were  removed  from  flowers  in  100%  ethanol.  The 

pollinaria  were  air  dried  and  mounted  on  stubs  us- 

ing double-sided  tape,  coaled  with  gold,  and  ex- 

amined with  a  Jeol  W  iiisem  6400  microscope  at  5 

kV.    For   transmission    electron    microscopy    (TKV1) 

are  the  walls  that  separate  individual  pollen  grains 

of  a  tetrad.  See  also  Table  1  for  additional  details 

of  pollinaria  and  pollinia  characters. 

Results 

ri.mri.o<:oii>K\K 

file  Periplocoideae  are  characterized  bv  having 

the  pollinia  were  postfixed  in  2c/(  osmium  telroxide.  tetrads  or  free  pollinia,  which  are  shed  onto  cone- 

stained  with  0,5%  urany  I  acetate,  dehydrated  in  an  shaped    or  spoon-like   translators,   each   of  which 

alcohol    series,   and   embedded    in   Spurr's   low-vis-  consists  of  an  adhesive  disc  (by  which  the  translator 
cosily  resin.  Sections  were  stained  with  urany]  ac-  sticks  to  the  pollinator),  a  stalk  and  an  adhesive- 

etate.  followed  by  lead  citrate,  and  examined  with  lined  receptacle  (onto  which  the  tetrads  or  pollin- 
a  Philips  CM    100  electron  microscope  at  (>0  kV. ium  is  shed  al  antbesis).  as  exemplified  by  Finlay- 

Pollinium    morphology   is  as   described   by   Ver-       sonia  Wall.  (Kig.    I  A).  The  five  translators  present 

hoeven  and  Venter  ( IW4a).  A  polliniuni  is  the  con-       in  a  Raphionacme  llarv.  flower  are  positioned  be- 
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Figure    I.      A.   Firdaysonia  khasiana.  Translator  showing  adhesive  disc  (AD),  stalk  (S),  and  receptacle  (U). 

— B. 

Raphionacme  
hirsuta.  

Translator  
positioned  

between  
anthers  

(removed)  
in  a  groove  on  stigmatie  

head.  — C.  Crypt olepis 
albicans.  Bhomboidal  tetrad.  — I).  Raphionacme  madiemis.  Rhomboidal  tetrad.  — E.  Raphionacme  hirsuta.  Section  ol 

wall  showing  tectum  (T),  granular  stratum  (G),  and  inline  (I).  — F,  Raphionacme  palustris.  Inner  wall  showing  wall 

bridge  (arrow),  tectum  (T),  granular  stratum  (G),  and  inline  (I).  Scale  bars:  A  &  B  =    100  |xm;  C  =  20  fxm;  I)  =    10 
|xm:  K  <X   F 1   |xm. 
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Figure  2.      A.   li.  Camptocarpus  linearis. — A.  Section  of  wiill  showing  tectum  (T).  granular  stratum  ((>).  foot  layer 
(F),  and  inline  (I).  — B.  Section  of  acelolvzed  tetrad  showing  outer  and  inner  wall  of  tetrad.  (1,  I).  Hemidesmus  indicus. 
— C.  Pollinium.  — I).  Section  of  pollinium  showing  tetrads,  distal  (l)\\  ).  proximal  (PW),  and  inner  wall  (l\V).  Scale 

hats:    \   =  ()..">  fim;  B  =   1   |Xm;  C  &    I)  =    10  jxm. 

Iwcen  the  anthers,  with  the  stalk  lilting  in  a  groove 

on  the  stigmalie  head  (Fig.   115).  Translator,  tetrad. 

A.  Dyer.    The  inner  walls  separating  the  individual 

grains  of  the  tetrad  have  the  same  structure  as  the 

and   pollinium   morphology   of*  IVriplocoideae  have  exterior  wall,  consisting  of    tectum,  granular  slra- 
been   described   by   Schick   (1982),   Kun/e  (1993),  turn,  and  inline.  The  walls  are.  however,  not  con- 

INilsson  el  al.  (1993),  Verhoeven  el  al.  (1989),  and  tinuous,  hut  interrupted  by  wall  bridges  consisting 

Yerhoeven    and    Venter    (1988,    1993,     1994a,    b,  of  intine  and  a  granular  stratum  (Fig.  IF)  as  seen 

1997.    1998a,   b).  The  tetrad   and   pollinium   mor-  in    Raphionacme  palustris    Venter  &    R.    L.    Verb, 

phology   of    the    Periplocoideae   will    be   discussed  Camptocarpus  Deene.  (Fig.  2A,  li)  differs  from  oth- 

very  bricfb   lor  the  purpose  of  this  paper  (see  also  er  IVriplocoideae  genera  in  thai  the  exine  consists 

Table   I).    The  ealymmale  tetrads  are  generally  ar-  of  a  tectum,  granular  stratum,  and  foot   layer.  The 
ranged   rhoinboiclally   or  decussately;  however,  te- 

tragonal, tetrahedral,  linear,  and  T-shaped  arrange- 

ments are  also  present  in  some  genera.  The  number 

inner  walls  consist  of  a  granular  layer,  which  on 
both  sides  is  subtended  bv  a  foot  laver  and  intine, 

Seven  genera  of   Periplocoideae  have  pollen  co- 

ol pores  varies  from    I  to  ()  in  most  genera,  such  as  herenl  into  pollinia.  rather  than  tetrads,  al  anlhesis. 

Cryplolepis  R.  Br.  (Fig.  1C).  Raphionacme,  however.  They  are  Decalepis  Wight  &  Am.,  Epistemma  I).  V. 

has  8  to  l()  pores  per  pollen  grain  (Fig.  ID).  In  all  Field  cv  J.  R.  Hall.  Firdaysonia  Wall..  Gymnanthera 
the  genera   the  exine  is  smooth  and  consists  of  a  R.    Br..    Hemidesmus    R.    Br.,    Schlechterella    K. 

distal    stratum    (tectum)   subtended    b\    a   granular  Schum.,  and  Streptocaulon   Wight   &   Arn.   In   taxa 

stratum  (Fig.  IE)  as  seen  in  ft  hirsuta  (F.  Mey.)  R.  with    pollinia.    such    as    Hemidesmus    indicus    (L.) 
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hi    all    genera   except    Schlechterella,    the    tetrads 

Sell u It.,   each   anther   produces   four  free   pollinia  are   thus  characterized    by   having  five   pollinaria, 

(Fig.  2C).  The  pollinia,  while  in  the  anther,  are  not  each   of  which   consists  of   two   pollinia,   each   at- 

attached  to  a  translator.   However,  by  anthesis  the  tached  to  the  corpusculum  by  a  caudicle  (Fig.  4A- 

pollinia  are  shed  onto  the  adhesive-lined  receptacle  I)).  The  polliniiun  consists  of  single,  ina|)erturate 

of  the  translator.  The  polliniuni  is  not  covered  by  a  pollen  grains  and  is  surrounded  by  a  polliniuin  wa 

polliniiun  wall;  it  consists  of  loosely  coherent,  bill  (Fig.  4E,  F).   flic  pollinia  show  a  great  variation  in 

not  fused,  tetrads  (Fig.  21),  Table  1).  The  distal  wall  form,  varying  from  oblique-obovate  in  Aselepias  cur- 

exine  is  smooth  and  consists  of  an  outer  compact  assavica    L.    (Fig.    4A),    hemispherical    in    Matelea 

stratum  (tectum),  subtended  by  a  granular  stratum.  brevicoronata  (B.   L  Rob.)  Woodson  (Fig.  4B),  ob- 

long in  Microloma  sagittatum  (L.)  K.  Br.  (Fig.    \(.) 

forming  a  polliniuni  exhibit  a  marked  reduction  in  to  reniforin  in  Stapelia  gigantea  IN.  E.  Br.  (Fig.  41)). 

the  number  of  pores  in  the  distal  wall  (Fig.  2C;  see  In  Stapelia  gigantea,  an  cxtrapollinial  appendage, 

also   numerous  SEMs  and  TEMs   in   Verhoeven  &  called  a  wing  (El-Gazzar  &   Hamza,  1973),  is  pre- 

Venter,   1998a,   1998b).  The  proximal  wall  has  the  sent  along  one  side  of  the  polliniuni  (Fig.  4D).  The 

same   exine   stratification    as   the   distal    wall.   The  genus   Fockea   Endl.    (Fockeeae),   however,   differs 

proximal   wall    is,  however,  thinner  than  the  distal  from  the  other  tribes  in  that  the  polliniiun  consists 

wall  and  pores  are  also  present  (Verhoeven  &  Veil-  of  calymmale  tetrads,  which  are  coherent,  but  not 

ter,  1998a).  The  inner  wall,  with  wall  bridges,  con-  fused,  and   is  not  surrounded  by  a  polliniuni  wall 

sists  of  a  tectum,  granular  stratum,  and  inline.  The  as  shown  in  F  angustifolia  K.  Sebum,  and  F.  sin- 

exception    is    Finlaysonia    Wall.,   where    the    inner  uata   (E.   Mey.)   Druce  (Fig.   5A,   8,  Table   1).  The 

wall  only  consists  of  a  granular  stratum  and  inline  translator  consists  of  a  corpusculum.  which  isclear- 

(Verhoeven  &   Venter,   1998a). 

SKC AMONOIDE  \K 

The  Secamonoideae  are  characterized  bv  having 

five  pollinaria,  each  of  which  consists  of  lour  pol- 

linia attached  to  the  translator.  In  Perrillaea  venen- 

ata (Hai  11.)  Klack.  the  four  pollinia  are  sessile  on 

t lie  translator,  and  in  Secamone  gerrardii  llarv.  ex 

Itenlh.  the  lour  pollinia  are  attached  to  a  single 

rather  indistinct  caudicle  (or  dorsal  process,  Kunze, 

199.5)  (Fig.  3  A.  B).  The  manner  in  which  the  pol- 

linia are  attached  to  the  translator  is  especially  var- 

iable in  this  subfamily,  and   is  covered  in  detail   in 

Iv  divided  by  a  longitudinal  cleft.  On  the  ventral 

part  of  the  corpusculum  adhesive  material  is  pre- 

sent, which  spreads  out  to  form  two  lateral  adhesive 

pads  (Fig.  5A).  The  two  pollinia  are  each  attached 

to  the  upper  region  of  the  corpusculum  by  a  short 

obscure  caudicle  (or  dorsal  process,  Kunze,  1993). 

The  wall  structure  of  the  tetrads  forming  the  pol- 

liniuni differs  as  to  the  distal  and  proximal  walls. 

The  distal  wall  consists  of  a  tectum  (distal  exine), 

thin  granular  layer,  foot  layer,  and  inline  as  seen  in 

F.  multiflora  K.  Sebum.  (Fig.  5C).  The  proximal 

walls  between  individual  tetrads  are  separated  by 

a  space  and  consist  only  of  a  granular  exine  layer 

subtended  by  an  intine  (Fig.  51)).  The  inner  walls. 
Civevrel   (1996:  Civevrel  &    Kowe.  2001    this  \ol-  .        .     ,.   .  ,     ,         .         f  ,  ,.  . 
*  .....  r  ,  separating  individual  grains  of  a  tetrad  from  each nine).    I  he  polliniiun  consists  of  calvmmate  tetrads.  .  .         r  .  .  .  ,     , 

\  '  r         i  i   •  other,  consist  ol   a  granular  exine  layer  subtended which  are  coherent  but  not  lused.  and  is  not  sur- 

rounded by  a  polliniiun  wall  (Fig.  3C,  Fable  1).  The 

distal  tetrad  wall  consists  of  three  layers:  an  outer 

tectum,   well-developed  granular  layer,  and  a  fool 

layer  subtended  bv  an  intine  (Fig.  .'JD).  Pores  were         i      •     ■  •       A      i      •    i   •  i  11  7  •     -i ,  .       i  rp,  clcpiadeae   in    Asclepiadoideae  all   have  a   similar 

bv  an  inline.  The  granular  layer  is  not  continuous 

bul  is  interrupted  by  intine  bridges  (Fig.  5D).  No 

pores  were  observed  in  either  distal  or  proximal  walls. 

The   tribes    Marsdenieae.   Ceropegieae,  and    As- 

not  observed  in  either  distal  or  proximal  walls.  The 

proximal   walls   between   tetrads  consist   onlj    of  a 
polliniuni  wall  structure.  The  polliniuni  wall  as  in 

Cynanchum  ellipticum  (Harv.)  R.  A.  Dyer  consists granular  exine  layer  subtended  by  an   intine  (Fig.         r  ,  ..       .       .        ,  ,         .  .  ,       i 
f  J  .        .......  of  a  tectum  (distal  exine  layer),  a  thin  granular  lay- 
3E).  The  inner  walls,  separating  individual  grain? 

of  a  tetrad  from  each  other,  consist  of  a  granular 

exine  layer  subtended  by  an  intine  (Fig.  3F).  The 

granular  exine  layer  is  not  continuous  but  is  inter- 

rupted by  intine  bridges  (Fig.  3F,  arrow). 

er.  a  loot  layer,  and  intine  (Fig.  6A).  The  tectum 

(distal  exine  layer),  granular  layer,  and  foot  layer 

together  form  the  ectexine.  The  granular  layer- 

varies  from  well  developed  in  Ceropegia  stapeliijor- 

rnis  Haw.  (Fig.  615),  to  weakly  developed  in  Gym- 

nema  sylrestre  (Retz.)  R.  Br.  ex  Schultes  (Fig.  6C). 

where  it  is  present  as  a  discontinuous  line.  In  As- 

In  the  Asclepiadoideae  each  of  the  five  anthers       clepiadoideae   examined   the   tectum   (distal   exine 

produces  two  pollinia,  which  develop  from  the  two       layer)   is  usually   thicker  than  the  foot   layer  (Fig. 

ventral   (fertile)  pollen  sacs.  The  Asclepiadoideae      6A).  In  Stapelia  L  and  Ceropegia  L  (Ceropegieae) 

\SCLKIM  \I)()II)K\K 
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Figure  .'*.     Secamone  gerrardiL  — A.  Pollinarium  with  four  pollinia. 
K.  Pollinarium  showing  indistinct  caudich 

(dorsal  process)  (DP),  — C,  Section  of  part  of  pollinium  showing  tetrads.  — I).  Distal  tetrad  wall  showing  tectum  (T). 
granular  inlratcclum  (G),  foot  layer  (F),  and  intine  (I).  — K.  Proximal  walls  between  tetrads  showing  granular  exine 
layer  (arrow)  subtended  hy  intine  (1).  — F,  Inner  wall  consisting  of  granular  exine  laser  (G),  inline  (I),  and  wall  bridges 
(arrow).  Scale  bars:    \  &    B  =    KM)  |xm:  C-F  =    1   pan. 

the  tectum  (distal  exine  layer)  is  thinner  than  the      gantea  and  Matc/ca  reticulata  (Engelm.  ex  A.  Gray) 
loot  layer  (Fig.  (>K  D).  The  inner  walls  separating      Woodson  (Fig.  61),  K).  Tytophora fianaganii  Schltr. 
individual    pollen    grains   are   characterized    by    a      (tribe  Asclepiadeae)  differs  front  the  other  genera 

granular  layer,  which  forms  the  separation  layer.  On investigated.    Its    pollinium    wall   consists  of  colu- 

eaeh   side  of  the   granular   layer  a   loot    layer  and       mellae  and   a   very    thin   foot    layer,   whirl 

intine  are   present   as  shown   here   by  Stapelia  gi-       tended  by  intine  (Fig.  6K). 

I    IS    su 

b- 
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Figure   I.      A-D.  Pol  I  inarm.  — A.  Asclepias  curassavica.  — H.  Matelea  brevicoronata. 

gigantea.    K,    K   Section   of  pollinia  showing  single   pollen   grains.  — 

ellipticum.  C — caudicle.  (A) — corpuseulum,  P — pollinium.  Scale  bars:  A— K 

I).   Si  ape  Ha 
Cynanchum 

— C.  Microloma  sagittatum. 

K.   Xysmalobium  undulatum.  - 

l«
 

1 00  |xm;  V  —  00.0  ujii. 

subtended  by  a  granular  stratum,  varies  little  within 

the  Periplocoideae  tetrads  and  pollinia.  The  inner 

walls,  which  separate  individual  pollen  grains  of  a 

tetrad,  have  the  same  structure  as  the  exterior  wall. 

grains  in  contrast  to  only  4  to  6  pores  in  the  other       The  walls  are' 
 however<  thinner  and  more  in^ular 

genera.  Tetrads  of  Raphionaeme,  having  numerous       m  appearance  than 
 the  outer  walls.  In  Camptocar- 

DlSCUSSION 

Tetrad  morphology  is  very  similar  throughout  the 

Periplocoideae.  Raphionaeme  is  the  only  genus  that 
can he    distinguished    by    its    multiporate    nollen I 

pores,  con Id   he  regarded  as  more  advanced   than pus  the  structure  of  the  walls  differs  from  the  other 

genera  with  4  to  6  pores  (Nilsson  et  aL  1993).  hut  genera  in  that  the  exine  consists  of  a  tectum,  gra
n- 

a  detailed  phvlogenetic  analysis  would  need  to  he  ular  stratum,  and  foot  layer  (Verhoeven  &  Venter, 

carried  out  in  order  to  determine  this.  The  exine  1994a).  The  inner  walls  also  differ  from  the  general 

structure,   consisting   of  a   solid    stratum    (tectum)       structure  in  that  the  tectum  is  absent.  This  inner 
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Figure  5.     Fockea. \.  F.  angustifolia.  IVIIinarium  showing  corpusculum  (CO)  and  adhesive  pads  (AP). 

i j.  a: 

sinuata.  Section  of  pollinium  showing  tetrads.  — C.  F.  multiflora.  Two  adjoining  tetrads  with  distal  walls  showing  tectum 
(T),  granular  layer  (G),  fool  layer  (F).  and  inline  (I).  — I).  F.  sinuata.   Proximal  walls  (P\\  )  between  tetrads  and  inner 
walls  (l\V).  Scale  burs:  A  &   \\  =    100  |xm;  C  =   1   nan:  I)  =  5  fjtin. 

wall,  consisting  o(  a  granular  layer,  which  on  both  that  make  up  a  pollinium  are  multi-porate.  The  only 

sides   is  subtended   by   a   loot   layer  and   inline,  is  other  genus  of  lVriplocoideae  with  multi-porate  tet- 

similar  to  the  walls  surrounding  the  individual  pol-  rads  is  Raphionacme,  suggesting  a  relationship  be- 

len  grains  in  Aselepiadoideae  pollinia.  While  this  tween  these  two  genera.  Indeed  Schlechterella abys- 

wouhl  suggest  that  Camptocarpus  is  palynologically  sinica  (Chiov.)  Venter  &  R.  L  Verb,  was  previously 
more  advanced   than   the  other  ta\a  of  Periploeoi-  included   in  the  genus  Raphionacme  (Verhoeven  & 

deac,  its  floral   morphology   is  otherwise  unremark-  Venter.    1988)    or   sometimes    as    a    separate   genus 
able    (Venter    &    Verhoeven,     1997;     Klaekenberg, 

1998),  as  is  its  position  in  molecular  studies  (div- 

eyrel  et  al.,  1998). 

Triodoglossum   Hullock.  which  is  a  newer  synonym 

of  Schlechterella.  Results  of  molecular  analyses  also 

suggest  a  (lose  relationship  between  Schlechterella 

An  interesting  correlation,  which  has  not  re-  and  Raphionacme  (Civeyrel  el  al..  1998).  The  pres- 
ceived  due  attention  to  date,  is  the  reduction  in  the  ence  of  pollinia  composed  of  multi-porate  tetrads 

number  of  pores  in  the  distal  walls,  and  the  pres-       in  Schlechterella,  as  opposed  to  nearly  inaperturate 
ence  of    pollinia.    Whereas   in    lVriplocoideae  ta\a  tetrads  in  other  genera,  suggests  that  pollinia  may 
with  pollen  as  loose  tetrads  the  average  number  of  have  arisen  twice  within  lVriplocoideae. 

pores  per  pollen  grain  is  4  to  (),  in  the  Asian  (and  Pollinia    in    lVriplocoideae   and    Secamonoideae 

Australian)  genera  in  which  the  tetrads  are  coher-  are  similar  in  that  the  pollinium  consists  of  tetrads 

cut  into  pollinia.  the  distal  wall  of  the  pollen  tetrads  and  is  not  covered  by  a  pollinium  wall,  as  it  is  in 

is  inaperturate  or  only  vestigially  porate  (Civeyrel,      the  Aselepiadoideae  (Table   I).  However,  the  wall 
1996).  The  only  genera  of  lVriplocoideae  from  Af-  structure  of  the  tetrads  forming  the  pollinium  dif- 

rica  with   pollen   tetrads  coherent   into  pollinia  are  fers  in  the  two  subfamilies.   In  the  lVriplocoideae 

Schlechterella    K.    Schum.    and    Epistemma    I).    V.  the  wall  consists  of  a  tectum,  granular  stratum,  and 

Field  &  J.  H.  Hall.  In  contrast  to  all  other  pollinia-  inline.  The  structures  of   the  distal  and   proximal 
bearing  lVriplocoideae.  in  Schlechterella  the  tetrads       walls    are    morphologically     similar;    however,    the 
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Figure  6.  — A.  Cynanchum  ellipticum.  Pollinium  wall  showing  ledum  (distal  exine  layer)  (T),  granular  layer  ((i), 

fool  laver  (F),  and  inline  (I).  — B.  Ceropegia  stapeliiformis.  Pollinium  wall  showing  well-developed  granular  layer. — C. 

Gymnema  sylvestre.  Pollinium  wall  showing  weald)  developed  granular  laver  ((>).  — I).  Stapelia  gigantea.  Pollinium 
showing  thick  foot  layer  (F)  and  granular  layer  (G),  which  forms  separation  Liver  between  individual  pollen  grains. \\a 

— F.  Matelva  reticulata.  Inner  wall  separating  individual  pollen  grains.  On  each  side  of  the  granular  layer  a  fool  layer 

(F)  and  inline  (I)  are  present.  — F.  Tvlophora  flanaganiL  Pollinium  wall  showing  columellae  (C).  thin  loot  layer  (F). 

and  inline  (I).  Scale  bars:  A-C,  F  cK  F  =   I  (xm:  I)  =   l()  |xm. 

proximal  walls  are  thinner.  In  the  Secamonoideae,  layer)  subtended  by  an  inline.  The  outer  tectum  can 

as  represented  hen*  by  Secamone  R.  Br.,  the  distal  also  be  present  as  a  double  layer  (Civeyrel,  1995). 

walls   have   a   three-layered   exine  structure  (outer  The  proximal   walls  between  tetrads  are,  however, 

tectum,  well-developed  granular  layer,  and  a  foot  reduced  and  only  consist  of  a  granular  exine  layer 
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subtended  by  an  inline.  In  ihe  Secamonoideae  Tylophora,  as  well  as  pollinia  ol  oilier  genera  ol  As- 

there  is  thus  a  reduction  in  wall  layers  in  the  inner  clepiadoideae.  requires  further  studies, 

walls,  whereas  in  Periplocoideae  the  inner  walls  The  general  pollinium  structure  of  the  genus 

have  all  the  layers  (tectum,  granular  layer,  and  in-  Forked  differs  from  thai  found  in  other  Asclepiadoi- 

tine)  and  are  only  thinner  than  the  distal  wall.  The  deae  in  thai  the  pollinium  consists  of  tetrads  and. 

reduction  in  inner  wall  layers  in  Secamonoideae  further,  it  is  not  covered  by  a  pollinium  wall;  in  ad- 

was  also  observed  b\  Civeyrel  (1005)  and  Yerhoev-  dition.  the  attachment  of  pollinium  lo  corpusculum 

en  and    \ enter  (1004a)   in  Pervillaea    Deene.  The  is  not  by  a  well-developed  caudiele.  However,  the 

reduction  of  wall    layers  in   the  inner  walls  of  St-  distal  tetrad  wall  of  Forked  shows  the  typical  distal 

eamonoideae  is  similar  to  that  observed  in  Forked  pollinium  wall  structure  of  Aselepiadoideae  (tectum, 

( Asclepiadoideae.  Kockeeae).  The  reduction  in  wall  thin  granular  layer,  and  foot  layer).  The  pollinium  in 

layers  from  Periplocoideae  to  Secamonoideae  sup-  Forked   is  very  similar  to  that  in  Secamone  of  the 

ports  a  more  advanced  position  ol  the  tatter  at  the subfamily    Secamonoideae.    In    both    the    pollinium 

base  of  the  Aselepiadoideae,  as  has  been  found  in       consists  of  tetrads  and  is  not  covered  by  a  pollinium 

various  independent   studies  (Sennblad  cK    Bremen       ualL  a,ul  in  1,(,,n  *c  i,mer  walls  are  reduced.  The 
pollinia  in  the  two  genera  differ  only  in  the  structure 

of  the  distal  wall  in  that  the  granular  layer  is  well 

developed  in  Secamonoideae  and  thin  in  Forked  (Ta- 

ble 1).  All  these  characters  support  a  position  for 

Forked  intermediate  between  Secamonoideae  and 

the  more  advanced  Asclepiadoideae.  This  position  is 

1996;  Civeyrel   et   al..    1998:   Potgieter  &    Albert. 

2001).    It    is  also   interesting  that   the  subfamilies 

Periplocoideae  and  Secamonoideae  as   well  as  the 

regarded  as  primitive,  are  re- 
tribe  Fockeeae.  a 

stricted    to   the   Old    World.    In    the    Periplocoideae 

pollen   mother  cell  division   is  of  the  simultaneous 

type  (Safwat.  I<X>2)  just  as  it  is  in  the  Apocynaceae.  slll»lM»1<*<l  '>>  in
dependent  studies  of  translator  on- 

to Secamone  tin-  pollen  mother  cell  division  is  also  loSenv ,K,mze-  l993)  as  vve"  i,s  modular  phylogenj 

of  the  simultaneous  tv,,e.  agreeing  in  this  respect  °,,,ai,le(l  ,mm  *™\"""
™  "'  ,Mrtl'  """K  (Civeyrel  et 

with  that  of   Apocynaceae  s.  sir.  and  Periplocoideae 

(Safwat.  1962). 

al.,   I 008)  and  trnL  (Potgieter  &  Albert.  2001). 

Nilsson  (1990)  studied  pollen  ol \  Holarrhena  pu- 

■     ,i       \     i  j  •  ]         ,i  II-   •  i       beseem  (Buch. -I lam.)  Wall,  ex  (i.  Don.  pointing  out 
In  the   Asclepiadoideae  the  pollinium  is  covered  ...  '  n 

by  a  pollinium  wall,  and  single  pollen  grains,  which 

lack  apertures,  are  present.  In  the  Asclepiadoideae. 

two  successive  meiotic  divisions  produce  linear  tet- 

rads (Safwat.  1002).  The  single  grains  develop  as 

linear  tetrads  but  the  cells  round  off  and  cannot  be 

identified  as  tetrads  (Dannenbaum  &  Schill,  1991). 

The  pollinium  wall,  also  referred  to  as  pollinial  pel- 

licle (Swarupanandan  et  al..  1996),  envelope  (Vijay-  i 

araghavan  &   Shukla.    1976),  or  ectexine  (Dannen- 

baum &  Schill,  1001).  consists  of  a  tectum  (distal 

exine  layer),  thin  granular  layer,  foot  layer,  and  in- 

line. The  tectum  (distal  exine  layer),  granular  layer,       „„,  t  r  #r      «„;,■       •    *   ■    Z     :     .i       i>     :    i  i ^  cent   ol   the   exine   structure   in   the   Periplocoideae. 

the  similarity  between  pollen  grains  of  Holdrrheno 

(Apocynaceae:  Plumerioideae)  and  those  of  certain 

laxa  of  the  Apocynaceae:  Apocynoideae,  e.g.,  Alaf- 

id.  Pleioreros.  Later  Holdrrheno  and  related  genera 

(subtribe  llolarrheninae)  were  transferred  to  the 

Apocynoideae  for  several  reasons,  including  corolla 

lobe  aestivation,  differentiation  of  anthers,  pollen 

morphology,  relationship  between  gynuecium  mid 

roecium,  comose  seeds,  and  secondary  cliem- 

istry,  by  Kndress  et  al.  (  1000).  The  exine  in  Holdr- 

rheno and  Ala fia  (also  in  Apocynoideae)  consists  of 

a  tectum  subtended  b\  a  granular  stratum  reminis- 

and  loot  layer  together  form  the  ectexine.  Individual 
In   Kopsia  floiido    Plume  (Rauvolfioideae)   Nilsson 

grains  are  separated  from  each  other  hy  a  thin  gran-  (|  W())  observed  an  ,.xim.  sll|K|jvided  into  two  strata 
ular  layer,  winch  is  flanked,  on  both  sides,  by  the  ,n  .,  discontinuous  [ine  0f  osmiophilic  substance. 
l<.ot  layer  and  mime.  Tylophora  flanaganii  in  Ascle-      This  exine  structure  is  very  simi|;ir  to  ,|1(.  |)0||illium piadeae  dillers  from  the  other  genera  investigated. 

Instead  ol  a  solid  distal  exine  subtended  bv  a  man- 

ular  layer,  columellae  are  present  and  the  foot  layer 

is  present  as  a  very  thin  laser.  Tylophora  1\.  Br.  is  a 

wall  of  the  Asclepiadoideae.  based  on  a  number  of 

phvlogenetic    reconstructions,    these    similarities 

must,  however,  be  considered  as  parallelisms. 

In  the  family  Apocynaceae  s.L  there  is  a  phy- 

heterogeneous  assemblage  (Liede,  1996)  of  about  50  logenetic  line  of  development  that  is  reflected  in 
species  (Victor  et  al.,  2000).  Schill  and  Jake]  (1078)  |M)||rn  structure.  The  evolutionaiy  trends  thai  can 
observe! I  a  wide  spectrum  of  pollinium  wall  sculp-       be  followed  are  3-  or    1-colporale  grains  (Rauvol- 

turing  in  Tylophora,   varying  from  teetate-perforate,       fioideae),  which  are  more  primitive  than  the  3-por- 
ate  grains   in    Apocynoideae.  Tetrads  consisting  of lo  semitectate,  to  intectate.   At   this  stage  it   is  not 

clear  how  the  pollinium  structure  of  Tylophora  flan-       loosely  attached  grains  in  Apocynum  L  s.l.  (Nilsson 
aganii  relates  to  that  of  the  other  Asclepiadoideae.       et  al.,   1903)  (Apocynoideae)  can  be  regarded  as 
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more   advanced    than   3-porate   grains.    Within   the  on   a   single  dorsal    plate   (Knnze.    1 993).  The   two 

Periploeoideae  the  tetrads  ol  Raphionacme,  having  pollinia  per  pollinarium  are,  however,  characteristic 

numerous   pores,   could    he   regarded   as   more   ad-  for   the    Asclepiadoideae.    The   exine    structure    in 

vanced   than  tetrads  of  genera   with  4   to  6  pores  Fockea  is  also  very  similar  to  that  found  in  the  rest 

(Nilsson  el  al..   1993).  Pollinia  (observed  in  7  gen- 

era  of    the    Periploeoideae:   Decalepis.    Fpislemma. 

of  the  Asclepiadoideae. 

The  presence  of  all  the  wall  layers  in  proximal 

Finlaysonia,    Gymnanthera,    Hemidesmus,   Schle-       and  inner  walls,  together  with  the  tetrads  coherent 
into  a  pollinium  that  does  not  become  attached  to chterella,   and  Streptocaulon)  can   be   regarded  as 

more   advanced   than   single   tetrads.   Cenera   with  a  translator  during  ontogeny,  could  be  interpreted 

pollinia,  however,  do  not  group  in  the  same  clade  as  support  for  an  independent  evolution  of  pollinia 

(Venter  &    Verhoeven,  2001).  Genera  with  pollinia  in  the  Periploeoideae  from  that  in  Secamonoideao 

are  also  not   necessarily   more  advanced  in  flower  and  Asclepiadoideae.  It  is  also  interesting  to  note 

structure.    Hemidesmus   shows   the    most   advanced  that  the  individual  grains  in  tetrads  of  Camptocar- 

condition  in  the  valvate  corolla  lobe  aestivation,  an-  pus  (Periploeoideae),  as  well  as  the  single  grains  of 

Kopsia  ftavida,  have  an  exine  wall  structure  very 

minal  tube  (Nilsson  et  al.,  1993;  Endress  &  Bruyns,  similar  to  that  of  the  individual  pollen  grains  in  the 

2000).  Of  the  Periploeoideae  with  pollinia.  the  mul-  Asclepiadoideae   pollinium,   showing   that    the   ge- 

ti-porate  tetrads  in  the  pollinium  of  Schlechterella  netic  information  for  this  type  of  wall  structure  is 

differ  significantly  from  the  nearly  inaperturate  tet-  also  present  in  the  more  primitive  groups, 

rads  in  the  pollinia  of  all  other  taxa  studied.  This 

suggests  that  pollinia  may  have  arisen  twice  within  Literature  Cited 

tilers  postgenitally  fused  into  a  ring,  and  the  sta- 

the  Periploeoideae:  once  in  Asia,  and  once  in  Al-       ̂ -j 
nca. 

If  the  type  of  pollinium  and  translator  (which  to- 

gether form  the  pollinarium)  in  Asclepiadoideae  are 

considered  the  most  advanced,  trends  of  develop- 

ment in  that  direction  can  be  observed  beginning 

already  in  the  Apocynaceae  s.  str.,  especial  I  v  \poc- 

ynum,  in  which  tetrads  are  shed  onto  a  simple 

sticky  band-like  translator  (Nilsson  et  al.,  1 003).  In 

the  Periploeoideae  the  pollinia  are  free,  consist  of 

tetrads,  and  the  distal  walls  are  inaperturate  oronl) 

vestigiallv    porate.    Pores  are.   however,   present    in 

proximal  walls.  Correlated  with  the  appearance  of 

an  inaperturate  distal  wall  is  a  reduction  in  proxi- 
mal wall  thickness.  In  the  Seeamonoideae.  where 

the  pollinarium  has  four  pollinia,  the  pollinia  are 

attached  to  a  translator,  which  varies  from  consist- 
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1996:  Klackenberg,  1995a.  b).  to  corpusculum  with 
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Appendix  I.     Taxa  examined. 

Taxon 

Pcriplocoideae 

Baroniella  camptocarpoides  Costantin  &  Gallaud 

Baroniella  linearis  (Choux)  Bullock 

Base  one  ma  camptocarpoides  Che  nix 
Baseonema  lineare  Choux 

Camptocarpus  acuminatum  (Choux)  Venter 

[as  Tanulepis  acuminata  (Choux)  Choux] 

Camptocarpus  linearis  Deene. 

| as  Tanulepis  linearis  (Deene.)  Choux 

Camptocarpus  mauritianus  (Lam.)  Deene. 

[as  C.  bojeri  J  urn.  &  11.  Perrier| 

Camptocarpus  semihastatus  (Deene.)  Klack. 

| as  Harpanema  acuminatum  Deene.  | 

Camptocarpus  sphenophyllus  (Baker)  Venter 

[as  Tanulepis  sphenophylla  Half.  (.  ex  Baker] 

Cryptolepis  albicans  J  urn.  &  H.  Perrier 

Cryptalepis  grandidieri  Koxb.  ex  R,  Br. 

Crypt  ostegia  grandiflora  \\.  Br. 

Cryptostegia  madagascariensis  Bojer  ex  Deene. 
Curroria  decidua  Planch,  ex  Benth. 

Curroria  macrophylla  A.  K.  Smith 

Curroria  migiurtina  (Chiov.)  Bullock 

Curroria  rolubilis  (Schltr.)  Bullock 

Decalepis  arayalpatkra  (J.  Joselh  &  V.  Chandras) 
Venter 

Decalepis  ha  mil ton ii  Wight  &  Arn. 

Decalepis  nervosa  (Wight  &  Arn.)  Venter 

Decalepis  salicifolia  Bedd.  ex  Benth.  &  Hook.  f. 

| as  Utleria  salicifolia  Bedd.  ex  Benth.  &  Hook.  (. 

F  inlay  sonia  curtisii  (King  &  Gamble)  Venter 

|as  Congylosperma  curtisii  King  &  Gamble] 

Finlavsonia  insularum  (King  &  Gamble)  Venter 

| as  Meladerma  insularum  King  &  Gamble 

Finlavsonia  khasiana  (Kurz)  Venter 

|as  Stelmacrypton  khasianum  (Kurz)  Bail).] 

Finlaysonia  maritima  Backer  ex  K.  Heyne 

Finla ) sonia  obovata  Wal  I . 

Finlavsonia  pierrei  (Costantin)  Venter 

|  as  Atherolepis  pierrei  Costantin 

Conocrvpla  grevei  Baill. 

Cymnanfhera  nitida  R.  Br. 

Harpanema  acuminatum  Deene. 

Hem  ides  m  us  in  die  us  (L.)  Schult. 

Ischnolepis  tuberosa  Jum.  &  H.  Perrier 

M on dia  ecornuta  (IN.  K.  Br.)  Bullock 

Mondiu  whitei  (Hook,  f.)  Skeels 

Pentopetia  atidrosaemifolia  Deene. 

Periploca  acuminata  Rahman  &  Wileock 

Periploca  aphylla  Deene. 

Periploca  graeca  L. 

Periploca  sepium  Bunge 

Periploca  riscijormis  (Vatke)  Schum. 

Petopentia  natalensis  (Schltr.)  Bullock 

Raph  ion  acme  abyss  inica  Chiov. 

Raphionacme  hirsuta  (E.  Mey.)  B.A.  Dyer 

Raphionacme  madiensis  S.  Moore 

Raphionacme  palustris  Venter  &  R.  L.  Verh. 

Schlechterella  africana  (Schltr.)  K.  Schum. 

Voucher  information 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &   Venter  (1994a) 

Verhoeven  &  Venter  ( 1 994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1993) 

Verhoeven  &  Venter  (1993) 

Verhoeven  &  Venter  (1993) 

Verhoeven  &  Venter  (1993) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &   Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1998a) 
Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1993) 

Verhoeven  &  Vernier  (1993) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  &  Venter  (1994b) 

Verhoeven  &  Venter  (1994b) 

Verhoeven  &  Venter  (1994b) 

Verhoeven  &   Venter  (1994b) 

Verhoeven  &  Venter  (19941)) 

Verhoeven  et  al.  (1989) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1988) 

Verhoeven  &  Venter  (1988) 

Verhoeven  &  Venter  (1988) 

Verhoeven  &  Venter  (1998b) 
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Appendix  I.     Continued. 

Taxon 

Streptocaulon  baumii  Deene. 

Streptocaulon  cumingii  (Turcz.)  V  ill. 
Streptocaulon  extensum  W  ighl 

Streptocaulon  jure nt as  (Lour.)  Men*. 
[as  S.  griff ithii  Hook.  1. 
[as  S.  tomentosum  Wight] 
Streptocaulon  kleinii  Wight  cK  Am. 

Streptocaulon  sylvestre  W  ight 
Tocazzea  apiculata  Oliv. 

Tanulepis  acuminata  Choux 
Tanulepis  linearis  (Decne.)  Choux 

Tanulepis  sphenophylla  Half.  f. 
Seeamonoideae 

Pervilleo  venenata  hail  I. 

|  as  Menahea  venenata  Dai  1 1. 1 
Secamone  gerrardii  llarv.  ex  Benth. 

Asclepiadoideae.  Fockeeae 

Fockea  angustifolia  K.  Sehum. 

Fockea  mult  i  flora  k.  Sehum. 

Fockea  sinuuta  (F.  Mev.)  Dmee 

Asclepiadoideae.  Marsdenieae 
IJregea  macro ntlia  Klotzseh 

Gymnema  sylvestre  (Retz.)  R.  Br.  ex  Schulu 

'S 

Asclepiadoideae,  Ceropegieae 
Caralluma  speeiosa  N.  K.  Brown 

Ceropegia  stapeliiformis  Haw. 

Hoodia  gordonii  (Masson)  Sweet  ex  Deem 

St  a  pel  ia  gigantea  N.  K.  Br. 

Vsclepiadoideae,  Aselepiadeae 
\sclepias  curassai  tea  L. 

C)nanchum  ellipticum  (llarv.)  R.  A.  Dyer 

Clossoncma  recoil ii  K ranch. 

Matelea  brericoronata  (B.  L.  Rob.)  Woodson 

M.  reticulata  (Engelm.  ex   V.  Cray)  Woodson 
Microloma  sagittatum  (L.)  R.  Br. 

Pentarrhinum  insipidum  F.  Mev. 

Tylophora  jlanaganii  Schltr. 

\\smalobium  undulatum  (L.)  W.  T.    \ itoi 

Voucher  inforrnalinn 

Verhoeven  &  Venter  (1998a) 
Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  ( I  998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  &  Venter  (1998a) 

Verhoeven  et  al.  (1989) 

Verhoeven  &  Venter  (1994a) 

Verhoeven  cK   Venter  (1991a) 

Verhoeven  <.K  Venter  (1994a) 

Verhoeven  &  Venter  (1994a) 

SOUTH  AFRICA.  Kwa/u In- Natal:  Eshowe,  27/ 
10/1962,  //.  J.  T.  Venter  645  (BLFU). 
SOUTH  AFRICA.  Northern  Province:  Sout- 

pansberg,  20/10/1984,  N.  Jacob  son  3409 

(PRE). 

SOI  Til  AFRICA.  V1pu.nala.iga:  Marble  Hall, 
27/1  I    1972,  Vorster  *  Jackson  2/60  (PRE). 

NAMIBIA.  Okaruwizu.  08/ 1 0/1 900.  Giess  & Wiss33IO  (PRE). 

SOUTH  AFRICA.  Northern  Cape:  Britstown, 
I  1/03/1988,  L  Smook  6854  (PRE). 

NAMIBIA.  Ftosha  Came  Park.  No  date.  K.  7)7- 
ne)   1131  (PRE). 

SOUTH  AFRICA.  Northern  Province:  Messina, 
08/01/1974,  (7.  K.  Thcron  2965  (PRE). 

TANZANIA.  Lake  Manvara  National  Park.  25/ 

03/1968,  Greenway  &  Kanuri  13244  (PRF). 
SOUTH  AFRICA.  Fasten,  Cape:  Jansenville,  / 

12/1953,  II  Stevens  I  (BLFU). 
NAMIBIA.  Ochta.  24/10/1981.  //.  /.  T.  Venter 

8628  (BLFU). 

SOUTH  AFRICA.  KwaZulu-Natal:  Mtunzini. 
10/03/1965,  //.  J.  T.  Venter  1830  (BLFU). 

SOUTH  AFRICA.  Free  State:  Bloemfontein,  -/ 
05/1993,  ft.  />.  Verhoeven  614  (BLFU). 

SOUTH  AFRICA.  kuaZulu-Nalal:  Mtuhaluha, 
20/05/1968,  //.  ./.  7:  Venter  4749  (BLFU). 

ETHIOPIA.  Road  Dagahour  to  Jijiga.  19/03/ 
1941.  0.   West  5433  (PRF). 

U.S.A.  Texas,  Prinzie  218  (MO). 
U.S.A.  Texas.  Prinzie  230  (MO). 

SOUTH  AFRICA.  Western  Cape:  Vredendal. 
08/OB/1977,  A.  leRoux  2155  (PRF). 

SOUTH  AFRICA.  Mpumalanga:  Middellnirg, 
16/10/1968,  G.  A.  Theron  1875  (PRF). 

SOUTH  AFRICA.  KwaZulu-Natal:  Port  Shep- 
stone,  27/00/1907.  R.  Strey  5789  (PRF). 

SOUTH  AFRICA.  Gauteng:  Randburg,  01/1 1/ 
1970.  /,  Liebenberg  8528  (PRF). 
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Abstract 

Relationships  between  Secamonoideae  and  their  closest  relatives  in  Apoeynaceae,  as  well  as  genera  and  species 

within  the  subfamily,  have  been  examined,  using  a  molecular  phylogeny  with  the  plastic!  gene  matK.  Our  molecular 

results  show  that  Secamonoideae  form  a  monophvletic  group.  Delimitations  of  genera  are  also  discussed  together  with 

die  evolution  of  pollinarium  and  biomechanical  characters  within  species.  The  patterns  of  pollinial  organization,  as  well 

as  change  in  growth  forms,  are  mapped  onto  a  phylogenetic  tree  obtained  from  the  plastid  gene  matK,  all  of  which 

together  significantly  contribute  toward  a  better  understanding  of  the  evolution  of  the  Apoeynaceae  s.l. 
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rently   little   phylogenetic 

1994:  CivevreL  1990;  Klarkenberg,  1990b;  Omlor, 

1996;    Sennblad    &    Bremer,    1996;    Klackenberg, 

The   Secamonoideae   (Endlieher,    1838)   are   the  closely  lo  basal    Apoeynaceae  s.  str.  and   IVriplo- 

smallest    subfamily   of  the   former  Asclepiadaeeae  eoideae    than    to    Asclepiadoideae    (Omlor,    1996). 

sensu  strieto  with  only  7  widely  accepted  genera  Many  characters  have  been  proposed  for  delimita- 

and  less  than  200  species.  It  is  the  sister  group  of  tion  of  the  Secamonoideae,  but  they  frequently  oc- 

tbe  Asclepiadoideae,  which  are  by  far  the  largest  cur  outside  the  subfamily  as  well.  For  example,  Se- 

subfamily   of  the   Apoeynaceae   s.l.   There   is  cur-  camonoideac  have  simultaneous  mierosporogenesis 

information  about  Seea-  (Safwat,     1962)    together    with    pollen    in    tetrads, 

monoideae    (Safwat.    1962;    Nicholas   &    Baijnath.  which  are  rectangular  or  T-shaped  and  similar  to 

the  few   basal   Apoeynaceae  with  pollen  in  tetrads, 

as  well  as  the  tetrads  found  in  Periplocoideae  (Nils- 

1997;  Civeyrel  et  aL   1998).  This  paper  uses  ad-  son  et  al..   1993;  Verhoeven  &  Venter.  1993.  1994. 

ditional  data  to  examine  relationships  between  Se-  1998.  2001   this  volume).  In  contrast,  apomorphic 

camonoideac  and  their  closest  relatives,  and  locus-  Asclepiadoideae  have  successive  microsporogene- 

es  on  the  relationships  between  genera  and  species  sis  and  linear  tetrads  (Safwat,  1962;  Puri  &  Shiam. 

within  the  subfamily  itself.  In  addition,  the  study  1966;  Bruyns  &  Forster,  1991).  Nevertheless,  pol- 

presents  observations  on  pollinarium  characters  as  len  in  rectangular  tetrads  has  also  been  described 

in    the   genus  Forked   (Asclepiadoideae)  (Civeyrel. 

in  the  group.  1996).  although  details  concerning  microsporogen- 

The  systematic  position  of  Secamonoideae  based  esis  for  this  genus  are  lacking.  As  in  all   Apocy- 

on    morphological    characters    is   complicated    be-  naceae  (Endress  et  al.,  1983),  a  structurally  defined 

cause  some  characters  appear  to  link  them   more  compitum    has   been   found    in   Secamonoideae.   A 

well  as  biomechanical  changes  in  growth  form  wilb- 

1  We  thank   Man    Kndress  and  Doug  Stevens  for  the  invitation  to  participate  in  the  symposium  "Evolution  and 

Phylogenetics  of  Apoeynaceae  s.l."  at  the  XVI  International  Botanical  Congress.  We  also  thank  the  director  of  the  Pare 

Zoologique  et  liotanique  de  Tsimbazaza  and  the  director  of  ANGAP  in  Madagascar.  We  are  particularly  grateful  lo  Mrs. 

Faramalala,  Mrs.  Rakotovao.  Mr.  Rapanarivo.  Mr.  Raiainantanansoa,  and  Mr.  Ranaivojaona  for  the  help  they  provided 

during  the  two  held  seasons  in  Madagascar  (1994  &   1999).  This  research  was  supported  l>\  a  grant  from  the  Kuropean 

Community  in  the  program  Human  Capital  and  Mobility  (KRBCHBICT-<«()5f>l)  for  the  field  trip  of  1994.  and  by  the 

Percy  Sladen  fund  (Linnean  Society.  London)  for  1999  to  L.  Civeyrel.  We  thank  Mark  Chase,  Tony  Cox,  and  John 

Kreudenstein  for  support  and  advice;  Anette  de  Bruijn  for  technical  assistance  in  the  laboratory  of  Molecular  Systematica 

at  Kew;  and  Samuel  Bonin  for  assistance  in  the  field. 

2  Laboratoire  d'Ecologie  Terrestre,  Rat  IV   R3.   11»  route  de  Narbonne,  UPS,  Toulouse  31062  cedex    1.  France. 
civeyrel@ciet.fr. 

3  Botanique  el  bioinformatique  de  ['architecture  des  planted,  UMR  5120,  Boulevard  de  la  Lironde-TA4()/PS2.  34398 

Mont  pel  lier.  France,  rowe@isem.univ-montp2.fr. 

Ann.  Missoi  m  Bor.  Gaud.  88:  583-602.  2001. 
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compitum   is  the  unified  pollen  lube  transmitting  cies,     which     occur     mainly      in      Madagascar 

trad,  which  allows  the  distribution  of  pollen  tubes.  (Klackenberg,  1992a),  Africa  (Goyder,  1992),  and 

In  the  Apocynaceae,  when4  the  overwhelming  ma-  Asia  (Forster  &  Harold,  1989;  Klackenberg, 

jority  ol  species  are  apocarpous,  a  special  type  of  1992b).  Toxocarpus  with  almost  40  species  occurs 

compitum  is  formed  through  the  postgenital  fusion  mainly  in  Asia,  as  does  Cenianthus  with  16  Asiatic 

of  the  carpel  apices,  allowing  pollen  that  has  been  species  (Klackenberg,  1995a).  The  other  four  gen- 

deposited  only  on  one  side  to  be  distributed  to  both  era,  PerviUaea  (Klackenberg,  1995b),  Secamonopsis 

carpels  (or  in  the  case  of  the  higher  poll  iniurn- bear-  (Civeyrel  &  Klackenberg,  1996),  Calypt  ran  them 
ing  Apocynaceae,  a  single  inserted  polliuium  to  (Klackenberg,  1996a;  Klackenberg,  1997),  and  7K- 

distribute  pollen  tubes  into  both  ovaries)  (Kndress  rhosandra  (Friedman,  1990)  are  restricted  to  Mad- 

el  al.,  1983;  Kun/e,  1991).  Secamonoideae  have  agascar  or  to  the  Mascarene  Islands,  with  less  than 

been  reported  t<>  lack  a  true  style  (Swarupanandan  10  species  each.  The  main  center  of  endemism  is 

el  al.,  1996),  but  there  is  a  true  style  above  the  Madagascar,  where  half  of  the  known  species  and 

carpels  in  PerviUaea  and  Calyptranthera,  both  of  genera  occur,  followed  by  southeast  Asia  and  Af- 
whieh     belong    to    this    subfamily    (Ornlor,     1996; 

Klackenberg,  1997).  Upwardly  directed,  sterile  pla-  Malagasy  genera  of  Secamonoideae,  e.g.,  Seca- 
eenlal  margins  are  found  in  Secamone,  but  also  in  mone,   especially  the  S.   cristata  group  (S.  cristata 
Mandevilla  (basal   Apocynaceae),  whereas  in  most  and  its  four  subspecies,  as  well  as  S.  bosseri  and  S. 

basal  Apocynaceae,  Periplocoideae,  and  Asclepia-  polyantha),  PerviUaea,  and  Secamonopsis,  show  a 
remarkable   range  of  growth   habits,   from   erect   to 

(Woodson  &   Moore,   1938;  Safwat,   1962;  Nicholas  partially  procumbent,  small-bodied  shrubs  to  larg- 

ev    Haijnath,     1994).    A    critical    reexamination    of  er-hodied  twining  lianas.   Phylogenetic  analysis  of 

lirowns  (IHIO)  |)alynological  characters  has  led  to  Secamonoideae  offers  the  opportunity   to  analyze 
the  proposal  of  a  new  set  of  diagnostic  pollinium  changes  in  growth  habit  during  the  evolutionary  ra- 

eharacters  (Civeyrel  et  al.,  1998),  which,  at  present,  diation  of  this  group  of  plants  in  Madagascar,  par- 
are  the  only  characters  that  reliably  define  the  sub-  ticularly  with  reference  to  changes  from  lianoid  to 

family   Secamonoideae.    Members  of  the  Secamo-  shrubby  habits.  The  former  Asclepiadaceae  are  a 

rica. 

doideae  tin*  sterile  margins  are  directed  downward 

noideae  can  be  distinguished  from   Periplocoideae  predominantly  lianoid  family,  but  previous  analyses 

and   Asclepiadoideae  by  "having  20  pollinia,  with  have   demonstrated    reversals   from    lianoid    growth 
their  inner  walls  reduced,  and  which  are  connected  forms   to   self-supporting   habits   (Civeyrel,    1996). 
to  a  translator  apparatus  composed  of  a  corpuscu-  Biomechanics!  and  anatomical  studies  have  been 

him  and  one  (or  rarely  two)  caudicula,  in  addition  recently  carried  out  to  characterize  different  plant 

to    various    degrees    of  staminal    synorganization"  growth  forms  and  to  critically  assess  the  develop- 
(Civeyrel  et  al.,  1 998:  523).  Pollinarium  characters,  mental   characters   that   underlie   changes   in   stem 

especially   the  combination   of  number  of  pollinia  mechanics  (Rowe  &  Speck,   1998;  Speck  &   Howe. 
and  the  way  they  are  attached  to  the  translator  ap-  1999).  For  the  Secamonoideae  we  were  interested 

paratus,  remain  the  most  valuable  characters  to  dis-  in  changes  in  growth  form,  in  particular  transitions 
tinguish  this  group.   In   Asclepiadoideae  there  are  from  climbing  forms  to  self-supporting  species.  We 
only  10  pollinia,  which  become  attached  to  the  cau-  also  wanted  to  see  whether  the  mechanics  and  un- 

diculae  of  the  translator  apparatus  during  ontogeny,  deriving  anatomical  development  would  be  similar 

whereas   in    Periplocoideae   the  20   pollinia,   when  for  lianas  of  different  species,  and  how  historical 
they  are  present,  are  not  attached  to  the  translator  developmental    constraints   might    have   influenced 
apparatus    via   caudiculae,    but    are    shed    onto    it,  the  evolution  of  growth  forms.  Our  initial  investi- 
which  is  very  distinctive. 

Th 
gat  ion  of  the  Secamonoideae  presented  hen'  illus- 

trates   the    differences    in    biomechanics!    behavior 

n 

recognized  genera  (Secamone,  Toxocarpus,  Cenian-  between  two  species  of  Secamonopsis  also  included 
thus,  PerviUaea,  Secamonopsis,  Calyptranthera,  and  irr  the  phylogenetic  analysis,  with  one  represented 

Trichosandra)  and  under  200  species,  arc  restricted  by  a  self-supporting  shrub  and  the  other  a  twinin_ 
to  the  Old  World  tropics.  There  are  also  two  genera  liana.  Our  preliminary  analysis  represents  a  basis 
ol  uncertain  taxonomic  position,  i.e.,  Goniostemma  for  examining  the  developmental  homologies  inl- 

and Schistocodon.  The  monotypic  African  genus  derlying  the  lianescent  growth  forms  within  the 

Rhynchostigma  lias  recently  been  put  into  synon-  group  and  for  investigating  those  sporadic  switches 

ymy  under  Secamone  (Klackenberg,  in  press).  Se-  to  self-supporting  growth  forms  within  a  predomi- 
camone  is  the  largest  genus  with  more  than  80  spe-  nantly  lianoid  group. 
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The  Secamonoideae  also  show  a  range  of  inter-  et  aL,   1 999;  Thiv  et  aL,  1999;  Wang  et  al.,  1999; 

esting  synorganizations  in  their  flowers.  In  the  for-  Yokoyama  et  ah,  2000)  because  of  its  suitable  rate 

mer  Asclepiadaceae,  there  is  an  unusual  synorgan-  of  mutation  and  resolution  for  infrafamilial  relation- 

ization  between  floral  parts  and  also  between  organs  ships.  The  plastid  gene  matK  (Liere  &  Link,  1995; 

of  different  categories  (Kndress,  1990,   1996).  En-  Neuhaus  &  Link,  1987;  Sugita  et  aL,  1985;  Wolfe, 

dress  (1990)  has  described  synorganization  as  the  1991;  Wolfe  et  aL,    1991,    1992)  is  a  single-copy 

intimate   structural    connection   of  two   or   several  gene  of  approximately   1530  base  pairs  in   length, 

neighboring  structures  to  form  a  functional  system  situated  in  the  large  single-copy  region  of  the  chlo- 

or  apparatus.  In  Secamonoideae  there  is  a  special  roplast.  The  plastid  gene  matK  has  been  previously 

kind  of  synorganization  that  occurs  between  poll  in-  used    to   assess   the   complex   relationships   within 

ia  and  the  translator  apparatus,  as  well  as  within  Apocynaceae  (Kndress  et  aL,  1996;  Civeyrel,  1990; 

pollinia  (Civeyrel,  1994,  1996).  The  pollinarium  of  Civeyrel  et  aL,   1998),  and  this  new  set  of  molec- 

Secamonoideae  is  composed  of  four  pollinia  con-  ular,    morpho-palynological,   and    biomechanical 

nected  to  the  translator  apparatus,  which  in  turn  is  characters  should  help  to  resolve  the  relationships 

made  up  of  a  corpusculum  and  one  or  two  caudi-  and  shifts  in  reproductive  morphology  and  growth 

cula.  Two  caudicula  have  been  observed  in  Scca-  habit  outside  and  inside  the  subfamily  Secamono- 

(CiveyrcL     1991).    dnianthus    (Civeyrel,  ideae  with  other  groups  of  Apocynaceae  sensu  lato. 

1996),  and  Secamonopsis  (Civeyrel,  1996;  Civeyrel  Indels  have  been  shown  to  be  useful  in  phylo- 

&  Klackenberg,  1996;  Omlor.  1996).  The  four  pol-  genetic  reconstruction.  Indels  in  coding  regions  are 

linia  belonging  to  one  pollinarium  are  each  derived  generally  useful  to  circumscribe  lineages  and  de- 

from  a  different  pollen  sac  coming  from  one  theea  fine  evolutionary  trends  (Hilu  &  Alice,  1999).  In 

each  of  two  adjacent  anthers  and  are  attached  to  the  plastid  gene  matK,  indels  occur  quite  frequent- 

the  translator  apparatus,  which  is  secreted  by  the  ly  and  some  are  phylogenetieally  informative  (John- 

stigma  head.  This  is  the  most  common  form  of  syn-  son  &  Soltis,  1994,  1995;  Steele  &  Vilgalys,  1994; 

Plunkett  et  aL,   1996,   1997;  Xiang  et  aL,    1998; 

clepiadaceae  (Fig.  IA).  In  some  taxa  of  the  Seca-  kron  et  aL,  1999). 
monoideae  there  is.  additionally,  a  special  type  of 

synorganization  between  pollinia  from  the  same  an-  M  ATKRIALS  AND  Mkthods 

ther  (intrapollinial    synorganization)   (Lig.    LB),   as 

well  as  synorganization  between  pollinia  from  ad- 

jacent anthers  (interpollinial  organization;  Lig.  1C). 

Synorganization  within  pollinia  of  an  anther,  and 

mone 

organization  found  in  most  taxa  of  the  former  As- 

\1  VIKIU  XLS 

Ten  sequences  belonging  to  the  Secamonoideae 

are  published  here  for  the  first  time  and  added  to 

especially  this  special  type  of  synorganization  of  the  46  sequences  of  Gentianales  and  Solanales  pre- 
pollinia  from  the  pollen  sacs  of  different  anthers  vi()USly  published  (Civeyrel  et  al.,  1998;  Endress  et 

constitute  the  only  record  of  this  sort  of  synorgan-  a|  ̂   1995)  Table  1  provides  information  on  these 
ization  in  the  angiosperms. 

ink  ei.vsiii)  <;knk  matK 

taxa,  their  voucher  specimens  and  source,  as  well 

as  EMbL  accession  numbers  for  new  sequences. 

The  family  Apocynaceae  constitutes  the  ingroup 

with  taxa  from  Solanaceae,  Kubiaceae,  Logani- 

Systematists  use  cladistic  analyses  to  study  re-  areae,  an(|  Onlianaceae  forming  the  outgroup.  In 
lationships  among  taxa  but  also  to  observe  char-  |()r  former  Asclepiadaceae,  represetitatives  of  all 
acter  evolution  (Sibley  &  Ahlquist.  198,;  Mickev-  subfamilies  and  tribes  were  included, 
ich  &  Weller,  1990).  Changes  in  morphological 

characters  on  a  cladogram  may  also  be  evaluated 

simply  by  mapping  characters  onto  molecular  phy- 

logenies,  or  observed  directly  in  analyses  combin-       DNA  preparation.      Detailed    protocols   used   have 

been  published  by  Civeyrel  et  al.  (1998)  and  will 

gene  frequently  used  in  phylogenetic  reconstruction  only  be  summarized  here.  Total  DNA  was  extracted 

in  recent  years  has  been  matK  (Steele  cK  Vilgalys,  using  the  2X  CTAH  protocol  of  Doyle  and  Doyle 

199  1;  Johnson  &  Soltis.  1994,  1995;  Johnson  et  al.,       (1987).  DNA  was  precipitated  using  ethanol  or  pro- 

1990;  Liang  &  Hilu,  1996;  Plunkett  et  aL,  1996;      pan-2-ol,  and  proteins  were  removed  with  SKVAC 

Ml.  I  MODS 

ing  molecular  and   morphological  characters.  One 

Soltis  et   al..    1996;    Hilu   &   Liang,    1997;   Marios, 

1997;  Plunkett  et  al.,  1997;  Sang  et  aL,  1997;  Mat- 

(24:1,  chloroform  and  isoamyl  alcohol).  DNA  was 

purified  by  ultracentrifugation  on  a  CsCl-ethidium 

bromide   gradient   (1.55   g/ml).   Double-stranded sumoto  et  aL,   1998;  Xiang  et  al.,    1998;   Hilu   & 

Alice,  1999;  kron  et  aL,  1999;  Les  et  al..  1999;  Li       products  of  matK  were  amplified  from  total  DNA 
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Table  2.  Kxternal  and  internal  primers  (or  matK.  The  heuristic  search,  1000  replicates  of  random  taxon- 

boldfaced  letters  represenl  multiple  bases  present  in  the  additions,  and  TBR  swapping.  Two  separate  phases 
primer  sequences:  K  represents  the  base  C  T,  M  repre-       were  per(ormed:  the  first  one  with   1000  replicates. sents  the  base    \  C  and  Y  represents  the  base  C  T. 

PRIMER SEQUKNCK 

IrnK  3914F 

matK  -8F 

/wi/K  17  IK 

ma*K  17  IK 
matK  503F 
roa*K  503R 
/w//  K  681F 

/wi/k  <XM)F 
matK   1309K 
matK   1628R 

/™k  -2R 

GGG  GTT  GCT  AAC  TCA  ACG  G 
AAT  TTC  AAA  TGG  AAG  AAA  TC 
TGT  GAA  ACG  TTT  AAT  TAA  TC 
CGA  KTA  ATT  AAM  CGT  TTC  AC 

TCG  CTA  TTG  GGT  AAA  AGA  TGC 
GCA  TCT  TTT  ACC  CAA  TAG  CG 
GTG  AAT  ACG  AAT  CYA  TTT  TC 
TGG  AAA  TTT  TAC  CTT  GTC  AA 
GAC  TTT  CTT  GTG  CTA  GAA  CT 
CAT  GCT  ACA  TCA  ACA  TTT  CAG 
AAC  TAG  TCG  GAT  GGA  GTA  G 

using  one  ol  the  IrnK  primers  in  combination  with 

ail   internal   primer  (list   given  in    Table  2).   Direct 

sequencing  of  the  double-stranded   PCR   products 
, ,,     .      r        I  ti   •        .i      T       n        n  cm  t        :         swapping  (nearest-neighbor  interchange)  but  hold- 
was  performed  using  the    lac     Dye  Peoxv-      lernn-  1 1      *->  \  &  e>  / 

with  complete  swapping  on  all  trees  accumulated 

in  the  replicates  (which  should  have  found  all  trees 

at  that  length);  the  second,  successive  approxima- 

tions weighting  (hereafter  SW;  Karris,  1969),  with 

characters  reweighted   according  to  their  rescaled 

consistency  index  (RC)  based  on  the  best  lit  of 

characters  on  any  ol  the  trees.   Reasons  for  using 

SW  have  been  explained  in  a  previous  paper  (Civ- 

eyrel  et  al.,  1998).  Rounds  of  re-weighting  were 

repeated  until  the  tree  length  did  not  change  in  two 

consecutive  iterations.  Confidence  in  specific 

clades  of  the  resulting  topology  was  estimated  by 

bootstrap  analysis.  The  following  settings  were 

used:  1000  replicates,  keeping  bootstrap  frequen- 

cies from   1   to  100%,  which  were  compatible  with 

the  50%  majority  rule  consensus  tree,  simple  ad- 

dition of  taxa,  sampling  characters  with  equal  prob- 

ability but  applying  weights  (from  SW),  and   NNI 

nator  Cycle  Sequencing  Kit.  Kxcess  dye  terminators ing  only  25  trees  per  step.  All  illustrated  trees  use 

  "       .      i  ..  •  ,  „  /^      .  •       .      .  •  i  iv         llie    ACCTRAN    optimization.   The   base   weight   of were  removed  using  Centn-sep  spin  columns.   I)i-  .        .      ., 
reel  sequencing  was  performed  on  an  A  HI  373  A 

DNA  sequencer,  and  sequences  were  edited  using 

the  programs  Sequence  Navigator®  and  Auto- 

Assembler®  (Applied  Riosy  stems,  Warrington, 

Cheshire4). 

1000  applied  in  SW  was  removed  for  tree  presen- 

tation. 

\\  \l.vsis 

For  this  study  all  but  an  average  of  the  first  50 

bases  at  the  5'  end  of  matK  were  sequenced  (our 

primers  were  not  located  so  that  we  could  accu- 

rately determine  the  sequence  near  the  forward 

PCR  primer).  In  all  cases,  sequences  were  aligned 

visually  against  the  published  Solarium  tuberosum 

L.  sequence  (KMRI ,-/ 1  I  74  1,  I)u  Jardin,  unpub- 

lished) (aligned  matrix  available  from  author  upoi 

request).  Alignment  was  straightforward;  the  lengtl 

of  the  individual  matK  sequences  varied  between 

1509  and  1551  bp,  and  there  were  24  insertions 

and  deletions  (indels),  which  are  in  triplets  (involv- 

ing 3  to  21  bp).  Indels  often  consisted  of  the  rep- 

etition ol  a  sequence  of  base  pairs  present  just  be- 

i 

i 

eOLLIINAKIKM   PREP  AR  ATIOIS 

Samples  examined  are  from  the  herbarium  col- 

lection at  the  Royal  Rotanieal  Gardens,  Kew,  from 

the  author's  alcohol  collection,  and  from  fieldwork 

in  Madagascar.  Pollinaria  were  removed  from  (low- 

ers under  a  dissecting  microscope,  transferred  to 

100%  ethanol,  air  dried  on  stubs,  and  coated  with 

platinum  using  a  Ralzers  Sputter  Coater  SPI)  050. 

Kntire    flowers   were   prepared    for   observation    by 

critical-point  drying  in  a  Ralzers  CPI)  030;  tissues 

were  dehydrated  in  a  graded  ethanol  series,  trans- 

ferred to  acetone  and  to  the  CPI),  and  then  ob- 

served with  a  Hitachi  S2400  scanning  electron  mi- 
croscope (SKM). 

mOMKCIIWICS    AM)    ANATOMY 

fort ic    indel    itself.    Seven    of   these    indels    are 

Measurements  of  flexural  stiffness.  El  (Newtons 

limes  square  meters:  Nm2),  structural  Young's  mod- 

ulus, E  (Mega  Newtons  per  square  meter:  MNm~2). 
phylogenetically  informative,  and  two  are  homopla-  and  axial  second  moment  of  area,  /  (nun1),  of  Se- 

sious  (occurring  in  two  distant  genera).  None  of  the  camonopsis    microphylla    and    S.    madagascariensis 

indels  were  coded  in  the  analysis,  but  inserted  re-  were  taken  during  fieldwork  in  Madagascar  in  April 

gions  were  retained  and  coded  as  missing.  In  total.  1999  near  Tulear  (23°24'S,  43°47'K).  Flexural  stiff- 
the  matrix  was   1653  bp  long  with  443  potentially  ness  represents  the  tangible  resistance  to  bending 

parsimony-informative  characters  (27%).  of  a  structure  and  is  the  product  of  the  structural 

Cladistic   analysis   was   performed    using    PA  UP  Young's  modulus  and  the  axial  second  moment  of 
3.1.1.  (Swolfortl,   1993)  with  the  following  options:  area.   Structural    Youngs   modulus   is  a   value   that 
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Figure  2. Strict  consensus  tree  of  the  25  most  parsimonious  trees  obtained  with  the  successive  weighting  analysis. 

Bootstrap  \ allies  are  shown  below  the  branch.  Abbreviations:  APO.  Apoevnoideae;  RAU,  Rauvolfioideae;  PER,  Peri- 

plocoideae;  SEC,  Secamonoideae;  and  ASC,  Asclepiadoideae;  *  denotes  branches  not  present  in  the  unit  weighted 
strict  consensus  tree.   This  follows  the  classification  published  by  Endress  and  Rruyns  (20(H)). 

describes  the  elastic  mechanical  properties  of  ma-       flexible  materials  have  low  Young's  moduli,  whereas 
terials   and   is   currently   used   for  describing   and stiffer  materials  have  higher  moduli.  Stem  segments 

comparing  quantitatively  changes  in  mechanical  from  basal  to  distal  parts  of  plants  were  pruned 

properties  of  plant  stems  during  ontogeny  (Rowe  &  from  living  plants  and  submitted  to  mechanical 

Speck,   1998;  Speck  &  Rowe,  1999):  compliant  or       bending  tests   within   several   hours  of   being  cut. 
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Figure  .'*.  Aliened  sequences  of  the  plastic!  gene  matk  showing  the  three  main  pin  logeneticalh  informative  indels 
A.  B,  and  C.  Numhers  indicate  position  of  nucleotides  that  arc  numhered  consecutively  from  5'  to  3',  dashes  indicate 
gaps,  question   marks  an   unresolved  sequence  as  for  Allamanda   vathartica.   and   hold   sequences  repeat   underlined 

sequences.  The  sequences  were  replaced  l>\  a  line  of  asterisks  (**)  for  the  outgroup  taxa  where  thej  were  present. 
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Indel  B 

Taxon 

66666666666666666666666666666666666666666666666666  66666 
44444  55555555556666666666777  77777778888  88888  8  9999999999 
5678  901234  5678  9012  34  56789012  34  5678  901234  5  678  9012  34  5678  9 

Riocreuxia  burchellii 

Pentarrhinum  insipidum 
Dregea  sinensis 
Pergularia  daemia 
Vincetoxicum  nigrum 

Tyiophora  indica 
Araujia  sericifera 
Gonolobus  xanthotrichus 

AAAGAAAACCAGAAAGAAAACCAGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 

AAAGAAAACT   TTTTTAACAAAAGGAACTCTAAAA 
AAAGAAAACCAGAAAGAAAACCAGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 

Matelea  quirosii 
Fockea  capensis 
Secamone  bosseri 

S.  cristata  ssp. 
S.  sparsiflora 
S.  uncinata 
S.  elliottii 
S.  geayi 
S.  falcata 
S.  buxifolia 
S.  minutifolia 
S.  ecoronata 

S.  parvifolia 
S.  volubilis 
Pervillaea  venenata 

P.  phillipsonii 
Secamonopsis  microphylla 
Se.  madagascariensis 
Hemidesmus  indicus 

Raphionacme  welwitschii 
Schlechterella  abyss inica 

Cryptostegia  grandiflora 
Periploca  graeca 
Camptocarpus  mauritianus 
Allamanda  cathartica 
Nerium  oleander 

Apocynum  androsaemif olium 
Beaumontia  grandiflora 
Strophanthus  divaricatus 
Acokanthera  oblongi folia 
Alstonia  scholaris 

Chilocarpus  suaveolens 
Kopsia  fruticosa 
Molongum  laxum 
Picralima  nitida 
Plumeria  rubra 

AAAGGAAATC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAATCC 
AAAGAAATCC 
AAAGAAAACT 
AAAGAAAACC 

densiflora   AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 

Rauvolfia  mannn 
Tabernaemontana  divaricata 

Thevetia  peruviana 

GGTTTTCATTTTTTAACAAAACGAAATCTAAAA 
AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
AGTTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
AGCTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
AGTTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
TGTTTTCTTTTTTTAACAAAAAGAAATCTAAAA 

AGTTTTCATTTTTTGACA   

AGTTTTC ATTTTTTAACA   

  AAA   AAA 

AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 

AAAGAA   C   AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
AAAGAAAACC AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 

AAAGAAAACC   AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 

AAAGAAAACC   

AAAGAA   C- AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 

  AGTTTTCATTTTTTA   AAAAGAAATCTAAAA 
  TGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
  TGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
  AGTTTTCGTTTTTTAACAAAAAGAAATCTAAAA 
  AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
  AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
  AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
  AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 

AAAGAAAACC   AGTTTTC  AT  TTTTTAACAAAAAGAAATCTAAAA 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 
AAAGAAAACC 

AAAGAAAACC 

AGGTTTCATTTTTTAACAAAAAGAAATCCAAAA 
AGGT T T C AT T T T T T AAC AAAAAG AAAT C C AAAA 
AGGTTTCATTTTTTAACAAAAAGAAATCCAAAA 
AGGTTTCATTTTTTAACAAAAAGAAATTCAAAA 
AGGTTTCGTTTTTTAACA 

AGGTTTCATTTTTTAACA 

AAA 
TUVA 

999^99999997979999'?'P9'?'P'?'>999 

AAARAAAACC 
AAAGAAACCC 
AAAGAAARCC 
AAAGAAAACC 
AAAGAAACCC 
AAAGAAACCC 
AAAGAAACCC 
AAAAAAACCC 
AAAGAAAGAC 
AAAGAAAGCC 
AAAGAAACCC 
AAAGAACCCC 
AAAGAAAGTC 
AAAGAACCCC 

  AAA 
  AAA 

AGTTTTCATTTTTTAACAAAAAGAAATYCAAAA 

AGKTTTCATTTTTTAACA 

GGTTTTCTTTTTTTAACA 

AGTTTCAATTTTTTAACA 
AGTTTTTATTTTTTAACA 
AGTTTTTCTTTTTTAACA 
GGTTTTGATTTTTTAACA 
AGTTTCGATTTTTTAACA 
AGTTTTTATTTTTTAACA 

AAA 
AAA 
AAA 
AAA 
AAA 
AAA 

GGTTTTGCTTTTTTCACA   AAA 
AGTTTGGATTTTTTAACA 
AGTTTTTCTTTTTTAACA 

AAA 
AAA 

GGTTTTGATTTTTTAACAAAAATAAATCCAAAA 

CGCTTGGATTTTTTAACA AAA 

Gentianales  outgroups 
Solanum  tuberosum 
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+******•+* 
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Figure  3.     Continued. 

Representative  axis  segments  were  selected  from  tance  of  the  tested   stems  and   weight   increments 

the  entire  plant  in  order  to  observe  trends  in  me-  were  varied  according  to  the  size  and  bending  re- 

chanical    properties   all   over   the   stern   system   for  sistance    of   the    material    selected    (see    Howe    & 

both  shrub  and  liana.  The  bending  tests  were  car-  Speck,   1996;  Speck  &   Howe,   1999).  Segments  of 

ried  out  on  a  steel  frame  bending  apparatus  in  the  each  tested  stem  were  retained  in  FAA  for  analom- 

close  vicinity  of  the  collected  sample.  Span  (lis-  ical  and  developmental  analyses  of  plant  axes. 
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Resi  its 

IMIYI.OCKNKIIC  ANALYSIS 

The  unit  weight  analysis  of  the  complete  data  set 

pollen  walls  between  fused  pollinia  has  also  been 

observed  (Civeyrel,  1995). 

Pollinium  insertions  have  been  examined  in  Se- 

camone  geayi  and  in  S.  buxifolia.  In  Secamone  bux- 

resulled  in  600  trees   1679  steps  long,  with  a  con-       lfolia  on|y  a  f)arl  ()f  lhe  pollinarium  was  inserted 

sisteney  index  of  CI  =  0.642  (0.530  excluding  un- 
into  the  pollination  chamber,  and  sometimes  only 

informative  characters)  and  a  retention  index  of  HI       one  [><>Hinium,  whereas  in  Secamone  geayi  the  en- 

0.730.   The  successive4  weighting  analysis  result- 
lire  pollinarium  was  inserted. 

ed  in  25  trees  1  107  steps  long  (base  weight  of  1000 

applied    in    Successive    Weighting,   SW,    removed),       BIOMKCIIANICAL  RESULTS  OF  A  SECAMONOII)  SHIUH 

with  a  consistency  index  of  CI  =  0.867  (0.725  ex-       A1Nil)  NANA 
eluding  un informative  characters)  and  a  retention 
index  of  \{\ 0.000.  The  strict  consensus  tree  of 

the  unit  weighting  analysis  and  from  the  successive 

weighting  are  almost  identical;  only  four  branches 

at  the  base  of  the  tree  are  not  present  in  the  unit 

weighting  analysis.  Therefore,  comments  in  the  dis- 
cussion will  be  based  only  on  the  strict  consensus 

tree  (Fig,  2)  of  the  SW  analysis.  In  this  analysis 

three  indels,  occurring  in  several  taxa  (Fig.  3),  have 

been  examined  as  putative  molecular  markers  for 

this  phytogeny.  They  are  usually  repetitions  (rep- 
resented in  bold)  of  an  adjacent  sequence  (with  this 

adjacent  sequence  underlined)  (Fig.  3). 

Both  Secamonopsis  madagascariensis,  a  twining 

liana,  and  S.  microphylla,  a  shrub,  show  reductions 

in  Youngs  modulus  of  the  stem  during  ontogeny. 

Plant  ontogeny  is  depicted  here  as  increasing  stem 

diameter  as  indicated  by  the  increase  in  /,  second 

moment  of  area,  in  Figure  6.  Young  distal  stages  of 

S.  microphylla  show  relatively  high  values  of  E  for 

the  stem  of  just  over  5100  MINrn  2;  this  value  drops 

during  ontogeny  to  around  2000  MNm2.  The  drop 

in  Young's  modulus  during  ontogeny  is  more 
marked  in  the  twining  liana  S.  madagascariensis; 

young  distal  stages  show  values  of  just  over  2000 

MNm  2  and  this  is  followed  by  a  drop  to  as  low  as 

just  over  300  MNm  2  in  the  oldest  sample  mea- sured. 

Discission 

STRICT  CONSENSUS  TRKE 

roi.l.INARIUM  STRUCTURE  AND  INSERTION 

The  morphology  of  non-acetolyzed  pollinaria  of 
Secamonoideae  was  examined  and  morphological 

differences  were  observed  in  pollinia,  corpusculum, 

and  caudicula  (Civeyrel,  1994,  1996),  as  well  as 

pollinia  insertion.   The  corpusculum  is  coffee  bean-  The  three  subfamilies  of  the  former  Asclepiada- 

shaped,  with  a  more  or  less  narrow  slit  facing  the       ceae  are  monophyletic,  with  Secamonoideae  as  sis- 

pollinator,  lhe  back  of  the  corpusculum  is  more  or       ter  group  of  the   Asclepiadoideae  (Fig.  2).   Ascle- 
less  spongy  with  perforations  of  different  sizes;  the      piadoideae  and    Periplocoideae  are  both  strongly 

front  is  generally  more  compact  with  a  verrucate  or       supported,  each  with  a  bootstrap  value  of   100%; 
smooth   surface.   There  are  one  or  two  caudicula lhe  Secamonoideae  are  supported   by  a  bootstrap 

bearing  the  pollinia;  when  there  is  only  one  cau-  value  of  82%.  The  composite  group  formed  by  the 
diculum,  it  can  be  hemispherical  (Fig.  4A,  H,  G)  three  subfamilies  of  the  former  Asclepiadaceae  is 

or  elongated  (Fig.  41),  C,  K)  and  with  lhe  pollinia  less  well  supported  with  a  bootstrap  value  of  only 

almost  sessile  on  the  back.  In  some  cases  the  cor-  69%.  The  monophyly  of  the  former  Asclepiadaceae, 
pusculum  is  surrounded  by  a  caudiculum  without  which    is   only    poorly    supported    here,    has    been 

a  distinct  shape  bearing  four  fused  pollinia  (Figs.  much  questioned  in  recent  years  (Sennblad  &  Hre- 
4F,  H,  I.  SA,  R,  0.  F).  When  two  caudicula  are  mer,  1996;  Sennblad  et  al.,  1998;  Sennblad  &  Brc- 
present,  they  are  either  short  (Figs.  II?,  5F)  or  long  mer,  2000;  Polgieter  &  Albert.  2001   this  volume) 

(Fig.  5C,  G),  and  bear  a  pair  of  fused  pollinia.  The  and  is  far  from  being  resolved.  The  systematic  po- 
samples  examined  included  pollinia  arranged  in  all  sition  of  the  Periplocoideae,  however,  is  beyond  the 

possible    configurations    of    synorganization.    They  scope  of  this  paper.  Here  we  will  focus  on  the  re- 
may  be  disposed  all  around  the  caudiculum  (Fig.  lationships  within  Secamonoideae. 

4A,  B,  C,  G)  or  tiered  in  pairs  when  there  is  no Within  Secamonoideae  five  groups  are  strongly 

pollinial  synorganization  (Fig.  41),  F).  They  are  supported  by  bootstrap  values  above  90%  (Fig. 

fused  in  pairs  when  there  is  intrapollinial  synor-  2).  These  groups  are:  (1)  Secamonopsis,  (2)  /Or- 
ganization (Figs.  IB,  5C,  F,  G)  or  in  a  unit  of  four  villaea,  (3)  the  two  species  belonging  to  the  Se- 

in  the  case  of  intra-  and  interpollinial  synorgani-  camone  cristata  group  sampled  here  (S.  cristata 
zation  (Figs.  4F,  H,  I.  5A,  B,  I),  F).  A  reduction  of  subsp.  densiflora  and  S.  bosseri),  and  two  groups 
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Figure  4.      Pollinaria  of  Secamone,  SEM  photos.  — A.  5.  sparsifiora.  — B.  S.  iiniciala.  — C.  S.  buxifolia.  — I).  S, 
parvifolia.  — K.  S.  elliottiL  — V.  S.  geayi.  — (t.  S.  falcata.  — II.  S.  ecoronata.  — I.  S.  minuti flora.  Voucher  specimens 
are  cited  in  Tahle  1. 

and  Australasia  it  will  he  difficult  to  assess  t lie 

origin  of  the  Madagascan  species. 

within  the  remainder  of  the  Sec  am  one  (lade,  (4)       cies   from   the   African   mainland   and   from   Asia 

S.  sparsifiora  and  S.  unciata,  and  (5)  S.  minuti- 
folia  and  S.  ecoronata.  There  is  no  strong  support 

for  the  position  of  Secamone  volubilis,  endemic  to 

Reunion  Island.  The  oidy  African  Secamone  in- 
cluded in  this  study,  S.  parviflora,  is  associated 

with   the   poorly   resolved   (lade  of  Malagasy  Se- 

INDKLS 

A  six-base  insertion  from  l>p  I  L95  to  1200  char- 

camone.   Unless  more  sampling  is  done  on  spe-       acterizes  the  Asclepiadoideae  group  (with  the  no- 
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Figure  5. 
Sccarnonopsis 
Secanwrwpsis 

Pollinaria  of  Secamonoideae,  SKM    photos.  — A.   Pervillea  venenata, 

marfagascarie/isis.   — I).   Sevanume  bosseri.   — K.   Secanwrw  crislala. 

microphylla.  Voucher  specimens  are  cited  in  Table  I. 

— It.  Perrillea  phillipsonii. 

F.   Genianthiis  laurijolius. 
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table  exception  of  Pergularia  daemia),  and  lias  not  and  S.  microphylla  (Fig.  5C,  G),  or  Genianthus  laur- 
been  found  in  any  other  Apocynaceae  or  among  the  ifolius  (Fig.  5F).  Interpollinial  synorganization  has 

outgroup  taxa  (Fig.  3,  C  region).   Within  this  six-  a   much   narrower  distribution;   it   has   been  found 

pair  base  insertion  there  is  only  one  change4:  in  the  only   in   Madagascar  and  does   not  extend  beyond 

basal  taxa  Fockea,  Riocreuxia,  and  Dregea,  a  G  (2'-  this  island,  not  even  in  the  Mascarenes  or  the  Com- 
deoxyguanosine)  is  found  on  position  1197,  replac-  oro  Islands.  It  occurs  in  three  different  genera:  Per- 

ing  the  C  (2 ' -deoxycytidine)  found  in  all  other  taxa.  villaea  (Civeyrel.  1996:  klackenberg,  1996b)  and 
This  insertion  could  be  useful  for  identifying  pos-  CalyptrarUhera  (see  Klackenberg,  1996a.  1997, 

sible  members  of  the  Aselepiadoideae,  such  as  ster-  1998,  for  illustration  of  pollinarium),  both  endemic 

ile  herbarium  specimens  within  the  family  Apocy-  to  Madagascar,  and  in  some  species  of  the  widely 

naceae,  which  contains  between  4000  and  6000  distributed  genus  Secamone  (Civeyrel,  1994).  Un- 

fortunately, we  do  not  have  sequences  for  all  spe- 
cies of  PerviUaea.  and  those  of  Calyptranthera  are 

species 

Another  interesting  indel  that  we  have  been  in- 

vestigating is  actually  a  series  of   indels  found  in  yet   to  be  sequenced.   Klackenberg  (1996b),  how- 

the  nuitK  region  from  639  to  696  bp  (Fig.  3,  B  ever,  has  suggested  that  Calyptranthera  is  the  sister 

region).  It  has  been  found  in  all  the  former  Ascle-  group  of  the  genus  Perrillaea,   where  all   the  ex- 

piadaceae,  with  the  exception  of  two  taxa  belonging  amined  species  have  interstaminal  synorganization. 

to  the  Secamone  cristata  group  and  two  species  of  We  have  mapped  the  distribution  of  this  character 

Periplocoideae    in    Periploca    and    Camptocarpus.  onto  our  molecular  tree  (Fig.  7A)  to  estimate  char- 
species    in    Madagascar. acter    evolution    among This  insertion  has  also  been  found  in  two  unrelated 

taxa   in   the   basal   Apocynaceae:   Beaumontia   and       Based  on   die  phylogeny  presented  here,  pollinial 

synorganization    has    evolved    twice    within    this Tabernaemontana.  Looking  closely  at  the  base  com- 

position of  this  insertion,  it  can  be  seen  that  in  all  group,  since  Perrillaea  lies  outside  of  the  group  of 

Periplocoideae  and  in  Beaumontia  and  Tabernae-  Secamone.  It  can  also  be  seen  that  only  one  type 

montana,  there  is  a  C  at  position  695,  whereas  of  pollinial  synorganization  occurs  for  each  of  our 

there  is  a  T  (2'-deoxythymidine)  for  all  Secamo-  well  supported  groups  within  Secamonoideae.  This 
noideae  and  Aselepiadoideae.  In  this  same  region  has  to  be  confirmed  by  more  sampling  within  the 

two  small  indels  (bp  651-653)  have  been  found  in  genus  Secamone.  however. 

two  species  of  the  genus  Secamone:  S.  ellioltii  and One  way  to  view  the  evolution  of  pollinial  syn- 

5.  minutifoliu.  There  are  also  two  insertions  (bp  organization  is  to  relate  it  to  pollination  and  pollin- 

656-666)  in  two  taxa  belonging  to  different  tribes  ium  insertion.  We  have  started  to  examine  polli- 

of  the  Aselepiadoideae  in  Riocreuxia  (Ceropegieae)       nation    in    different    species    exhibiting    different 

and  Dregea  (Marsdenieae). degrees  of  synorganization.  For  species  without  pol- 

not  in  Secamone  rolubilis  from  the  Mascarenes. 

SYNORGANIZATION 

The  third  indel,  and  probably  the  most  interest-  linial  synorganization  such  as  in  the  Madagascan 

ing  one  for  our  study,  is  a  nine  bp  deletion  (bp  1  18—  species  Secamone  buxifolia  (Fig.  4C),  we  have  not- 

126)  that  has  only  been  found  in  the  Madagascan  ed  that  when  there  is  an  insertion  by  an  insect,  only 

Secamone  clade  including  the  African  species,  but  one  pollinium  is  inserted,  either  alone,  or  some- 
times -till  attached  1<>  die  translator  apparatus. 

Kunze  (1991)  has  also  demonstrated  this  with  Se- 

camone alpinii.  The  reverse  occurs  in  species  such 

as  Secamone  geayi  (Fig.  4F).  another  Madagascan 

The  type  of  pollinium  synorganization  between  species,  with  interpollinial  synorganizalion,  where 

the  contents  of  different  pollen  sacs  we  have  de-  we  have  seen  that  the  entire  pollinarium  (i.e.,  all 

scribed  in  Secamonoideae  is  not  known  lo  occur  four  pollinia  and  the  translator)  is  inserted.  Fused 

anywhere  else  in  the  angiosperms.  A  comparison  of  pollinia  with  intrapollinial  synorganization  are  very 

the  geographic  distribution  of  this  character  has  strongly  glued  together,  and  in  Secamone,  for  ex- 

shown  that  intrapollinial  synorganization  is  much  ample,  it  is  almost  impossible  to  separate  the  pol- 

more  widespread  than  interpollinial  synorganiza-  linia  from  the  corpusculum  without  breaking  them. 

tion.  Intrastaminal  synorganization  is  found  in  taxa  The  fusion  observed  may  reduce  the  risk  of  losing 

in  both  Asia  and  Africa  and  Madagascar,  and  oc-  pollinia  during  transport.  Hut  since  all  four  pollinia 

curs  in  Secamone,  Genianthus,  Perrillaea.  Seca-  are  fused  into  a  unit,  it  also  means  that  such  a  unit 

monopsis  (Civeyrel,  1996),  Toxocarpus,  and  Calyp-  can  only  be  distributed  once.  Conversely,  free  pol- 

tranthera.  In  general  this  feature  is  linked  with  two  linia  (i.e.,  with  neither  intrapollinial  nor  interpol- 

caudicula  such  as  in  the  pollinaria  of  Secamone  linial  synorganization)  can  be  distributed  among  up 

deivevrei  (Fig.  IB),  Secamonopsis  madagascariensis      to  four  different  flowers.  When  no  pollinial  synor- 
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(K)  is  plotted  against  axial  second  nioment  of  area  (/)  of  stems  samj)led  throughout  the  plant  bodv.  Both  the  shrub  (.S. 

microphylla)  and  liana  (S.  madagascaiiensis)  show  a  decrease  in  E  during  ontogem  which  is  characteristic  of  wood) 
lianas  (Speck  &   Kowe.  1999). 

ganization  is  present,  however,  the  risk  of  losing  lianeseent  (onus  at  least  live  times  within  the  Se- 

pollinia  during  transport  may  he  high,  as  pollinia  eamonoideae  for  the  examples  investigated  herein 

are  sometimes  only   loosely  attached  to  the  trans-  (Fig.  7B).  In  the  genus  Secamonopsis,  S.  madagas- 
lator  apparattis  (Civeyrel,  1996)  and  can  easily  fall  cariensis    is    a    twining    liana    with    stiff  searchers 

from  it  (Friedmann.  1990).  Pollination  success  for  (young  stems)  and  flexible  basal  stages;  Secamon- 
flowers  with  mtrapollinial  synorganization  might  be opsis  microphylla  is  a  small  semi-erect  shrub.    I  In 

and  this  would  be  interesting  to  investigate. 

moMKCII  WICS 

intermediate  between  these  two  extremes  in  terms      phytogeny    suggests    that    the    "self-supporting" 
of  pollinia  loss  and  numbers  of  dowers  pollinated.       growth  form  here  is  derived  within  the  lianeseent 

group.  As  expected,  the  liana  species  shows  a  typ- 
ical drop  in  the  value  of  E  (Youngs  elastic  modulus) 

for  the4  stem  during  ontogeny  as  has  been  doeu- 

1 1 1  addition  to  studying  reproductive  traits  during  mented  for  a  variety  of  woody  lianas  (Kowe  & 

the  evolution  of  this  group,  we  have  begun  to  in-  Speck,  1996:  Speck  &  Kowe,  1999).  What  is  sur- 

corporate  biomechanical  studies  for  investigating  prising  here  is  that  the  shrub  actually  shows  a  drop 

evolution  of  growth  forms.  Distribution  of  plant  i"  stem  elastic  modulus  during  ontogeny  as  well, 

growth  forms  mapped  onto  the  molecular  tree  sug-  Phis  appears  to  explain  the  remarkable  habit  of  this 

gests  that  self-supporting  shrubs  have  evolved  from       shrub,  in  which  older  branches  are  semi-recumbent 

Figure  7.  — A.  Pollinia]  synorgani/alion.  — B.  Biomechanical  aspects.  Characters  mapped  onto  the  strict  S\V  anal- 
ysis consensus  tree  of  the  25  most  parsimonious  trees  obtained  with  the  successive  weighting  analysis.  Bootstrap  values 

are  shown  ahoxe  the  branches. 
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and  Iran  against  each  other  or  along  the  ground 

with  the  more  rigid  younger  branches  oriented  ver- 

tically. Interestingly,  the  values  of  E  for  the  shrub 

are  higher  than  the  liana,  and  this  may  also  reflect 

the  difference  between  the  mechanics  of  the  shrub- 

like form  and  the  liana.  Initial  observations  of  the 

anatomy  of  the  two  plants  indicate  that  the  shrub 

has  a  much  denser  wood,  fewer  and  smaller  vessels, 

and  a  relatively  narrow  band  of  compliant  outer 

secondary  phloem  and  bark  compared  with  the  li- 

ana. Ongoing  investigations  will  quantify  the  con- 
tribution of  each  tissue  to  the  mechanics  of  the 

stem   during  ontogeny;   it   will   then   be  possible  to 

Civeyrel,  L.  1094.  Variation  and  evolution  of  pollen  t\pes 

in  the  genus  Secamone  (Asclepiadaceae,  Secaruouo- 

ideae).  Compt.  Rend.  Acad.  Sri.  Paris  317:  I  159-1  165. 

  .     1005.    Pollen  morphology  and  u  It  restructure  of 

the  genus  Secamone  in  Africa.  Pp.  207—215  in  A.  \a* 
Thomas  &   E.   Roche  (editors).  2nd  Symposium  on  Af- 

rican  Palynology,  Tevuren.   Belgium.   Puhl.   Occas.  Cl- 
FEG  31,  Orleans. 

  .     1000.    Phylogenie  des   Asclepiadaceae,  Appro- 

ehe  Palvuologique  et  Moleculaire.  Ph.D.  Thesis,  I'niv- ersit£  Monlpellier  II.  (Unpublished.) 

  &  J.  Klackenherg.    \i)iH).   A  second  species  of  the 
genus  Secamonopsis  (Asclepiadaceae).   Novon  (>:    III 
IK). 

  .  A.   I.e  Thomas.   I.   k.   herguson  c\    VI.   \V.  Chase. 

I00K.    (Critical   reexamination  ol   palynological  eharae- 
determine  more  exactly  which  developmental  traits  ters  used   to  delimit    Asclepiadaceae  in  comparison  to 

cause  the  mechanical   patterns  observed  and  thus  the  molecular  phylogeny  obtained  from  plastid  matK &  &  a  1  1  K         «  ■  _    -              .__    

.plain,   for  example,   why    the   "shrub-like"   plant 

has  retained  a  basically  lianescent  mechanical  sig- 

nal.  Further  investigations  will  also  sample  addi- 

sequences.  Molec.  Phvlogenel.  Kvol.  0:  517—527. 
Doyle.  J.  J.  &  J.  L  Dovie.    1987.   A  rapid  DNA  isolation 

procedure  for  small  quantities  of  fresh  leaf  tissue.  Ph\- 

tochem.  Hull.   19:   I  1-15. 
tional  genera  from  the  Secamonoideae,  particularly        Kndlicher,   S.     1838.    Genera   plantarum.    Asclepiadeae: 

in  terms  ol  assessing  shrub-like  or  self-supportin 

habits  derived  from  within  a  largely  lianescent 

clade.  Plant  growth  forms  have  been  common  char- 

acters in  phylogenetic  analyses  with  character 

states  assigned  to  trees  or  shrubs  or  herbs,  and  so 

on.  However,  growth  forms  themselves  are  el  earl) 

complex  aspects  of  a  plants  life  history  and  are  the 

result  of  a  complex  array  of  developmental  traits. 

We  hope  that  both  biomechanical  and  anatomical 

approaches  combined  with  phylogenetic  techniques 

as  outlined  here  may  provide  a  means  of  determin- 

ing the  underlying  developmental  processes  in  the 

evolution  of  different  growth  forms. 

586-599.  V.  Heck,  Vienna. 

Endress,  M.  &   P.  Hruvns.    2000.    A  revised  classification 

of  the  Apocynaceae  s.l.  Hot.  He  v.  (Lancaster)  66:  1-56. 

  ,    H.    Semihlad.    S.    Nilsson,    L.    (aveyrel,    M.    W. 

Chase,  S.  Huysmans,  K.  Grafstrom  &  H.  Hremer.    1006. 

\  phylogenetic  analysis  of  the  Apocynaceae  s.  sir.  and 
some   related   taxa   in  Gentianales.  a   multidisciplinan 

approach.  Opera  Hot.  Helg.  7:  50-102. 
Kndress,  P.  K.  1000.  Pattern  of  floral  construction  in  on- 

togeny and  phylogeny.  Biol.  J.  Linn.  Soc.  39:  153-175. 

  .     1006.     Diversity   and    K\olutionar\    Biology   of 
Tropical  Flowers,  Cambridge  Univ.  Press,  Cambridge. 

  ,    M.   Jenny   &    M.    K.    Fallen.     1983.    Convergent 

laboration  of  apocarpous  gynoecia  in  higher  advanced 

dicotyledons  (Sapindales,  Malvales,  Centianales).  Nor- 
dic J.  Hot.  3:  293-300. 

h  arris.  J.  S.  1060.  A  successive  approximations  approach 

to  character  weighting.  Syst.  Zool.   18:  374-385. 

( 

The  Secamonoideae  have  retained  some  ances- 

tral characters  such  as  four  pollinia  per  stamen  and 

a    ndatively   simple   translator  apparatus   in   which        Forster,  P.  I.  &  k.  Harold.    1080.   Secamone  H.  Hr.  (  \s- 

the  pollinia  are  only  weakly  attached  to  the  trans-  clepiadaceae,  Secamonoideae)  in  Australia.  
Auslrobail- 

lator,  which  help  us  to  understand  the  evolution  of 

the  reproductive  system  of  the  entire  family  Apo- 
cynaceae.   The    Secamonoideae    have    also   evolved 

some  unique  characters  among  angiosperms  such 

as  pollinial  synorganization.  which  links  together 

pollen  from  different  pollen  sacs  and  anthers.  With 

their  distribution  of  many  endemic  taxa,  and  their 

remarkable    specialion    in    Madagascar,   a    detailed 

phylogenetic  study  of  the  Secamonoideae  also  en- 

ables ns  to  study  some  fundamental  aspects  of  plant 

evolution,   such   as   changes   in   reproduction   and 

overall  growth  form. 
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Abstract 

Evolutionary  innovation  is  an  important  mode  of  morphological  diversification.  Because  explicit  phylogenetic  analyses 
are  lacking  for  most  evolutionary  innovations,  the  patterns  of  origin,  diversification,  and  homoplasy  of  innovations  are 
poorly  understood.  Asclepiadaceae  are  a  large  angiosperm  family  characterized  by  a  suite  of  putatively  novel  features 
that  contributes  to  extreme  floral  complexity  and  diversity.  In  this  paper,  I  use  a  preliminary  phylogenetic  hypothesis 
for  Asclepiadaceae  to  explore  the  patterns  of  diversification  in  two  novel  floral  characters,  the  pollinarium  and  the 
corona.  The  presence,  number,  and  orientation  of  pollinia  and  the  presence  and  form  of  coralline  and  gvnostegial 
coronas  are  analyzed.  Comparison  of  the  histories  of  these  structures  suggests  a  contrast  between  relatively  conserved 
evolution  of  pollinaria  and  labile  evolution  of  coronas.  I  examine  prior  homology  assessments  of  pollinaria  and  coronas 
and  evaluate  the  sensitivity  of  evolutionary  reconstructions  (o  errors  in  homology  assessment.  These  analyses  poinl  to 
crucial  areas  where  additional  ontogenetic  studies,  interpreted  in  a  phylogenetic  context,  are  required.  This  is  partic- 

ularly true  in  the  phylogenetic  assessment  of  the  homology  of  corolline  and  gvnostegial  coronas.  I  also  investigate  the 
sensitivity  of  evolutionary  reconstructions  to  phylogenetic  uncertainty,  and  find  this  source  of  error  to  be  slight. 

Key  words:  Apocynaceae,  Asclepiadaceae,  character  evolution,  corona,  diversification,  innovation,  novelty,  phylo- 
genetic uncertainly,  pollinia. 

Innovation  is  considered  a  central  process  in  the       elties  and  the  evolutionary  lability  of  novelties  fol- 
m  « 

owing  their  origin. 

arising  from  several  features  that  are  rare  or  un- 

evolutionary    origin    of   morphological    diversity  1 

(Mayr,  I960;  Eieni,  1974;  Nitecki,  1990).  Although  Species   of  Asclepiadaceae   (including   Periplo- 
the  precise  meaning  of  evolutionary  innovation  may  caceae)   comprise   a   large   clade   of  Apocynaceae 

vary  from  author  to  author,  it  generally  refers  to  the  sensu  lato  (Judd  et  al.,   1999;  Endress  &   Bruyns, 

appearance  in  a  descendant  of  a  new  structure  that  2000)  that  is  notable  for  extreme  floral  complexity 

differs  "more  than  quantitatively"  from  its  ancestral 

morphology  (Mayr,  1960:  351).  "Key"  innovations  known    outside   of  Apocynaceae   s.l.    Three   floral 
have  attracted   special  attention,  because  of  their  structures   merit   particular  attention   due   to   their 

purported  role  in  accelerating  the  rate  of  species  complexity  and  limited  distribution  among  angio- 

diversification   (Mitter  et  al.,   1988;  Farrell  et  al.,  sperms:  pollinarium,   gynostegium,    and   corona. 
1991;  Hodges,  1997).  Despite  keen  interest  in  the  Each  of  these  structures  has  been  identified  as  a 

role  of  evolutionary  innovations  in  diversification,  distinctive  feature  of  Asclepiadaceae,  although  the 

there  has  been  remarkably  little  progress  in  under-  presence  of  homol 

standing  the  ontogenetic  bases  of  the  origins  of  nov-  nostegia  and  coronas)  in  non-asclepiad  Apocyna- 

ogous  structures  (particularly  g) 

gv- 

1  harry  Hufford  suggested  the  investigation  of  evolutionary  novelties  in  asclepiad  flowers.  I  thank  Laure  Civeyrel  un- 
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with  Mary  Endress  and  Shelley  McMahon  about  corolla-androecium  synorganization  and  coronas  were  particularly 
illuminating.  The  comments  of  Man  Endress,  Shelley  McMahon,  Ashley  Nicholas,  and  Victoria  Hollowell  substantially 
improved  the  final  version  of  the  manuscript.  I  thank  Jens  Klackenberg  for  bringing  his  work  on  Camptocarpus  to  my 
attention.  I  am  also  grateful  to  Doug  Sol t is  and  Pam  Soltis  for  supporting  my  molecular  systematica  research.  Students 
in  the  Soltis  lab,  especially  Mark  Mort,  generously  assisted  in  optimizing  techniques  for  obtaining  nuitK  sequences.  I 
am  grateful  to  Chuck  Cody,  Washington  State  University,  for  maintaining  research  collections  and  to  Chris  Davitt  and 

Val  Lynch-Holm,  WSU  Electron  Microscopy  Center,  for  expert  assistance.  Permission  lo  destructively  sample  herbarium 
specimens  from  WS  is  gratefully  acknowledged.  I  thank  Mary  Endress  and  Doug  Stevens  for  the  invitation  to  participate 

in  the  symposium  "Evolution  and  Phylogenetics  of  Apocynaceae  s.  1."  at  the  XVI  International  Botanical  Congress. 
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crar    has    been    discussed    (Fallen,    1986;    kunze,        L993).  Coronas  have  been  the  subject  ol  structural 

1990;  Nilsson  et  al.,  1993;  Judd  et  al.,  1994;  Senn-       and  developmental  studies  (e.g..  Krye,   1902;  Hof- 

blad  &  Bremer,  1996;  Kndress  cK  Ibuyns,  2000). mann  &  Specht,  1986;  Kunze,  1990.  1993b.  1997; 

or  legs  (Fishbein  &  Venable,  1996),  and  producing. 

The  pollinarium  (Bookman,  1981)  of  most  Ascle-  reviewed  in  Kndress,   1991),  and  hypotheses  nj  ho- 

piadaceae    is   composed   of   two  or  more  pollinia,  mology    and    transformation    among    corona    types 

each  of  which  contains  all  of  the  microspores  of  a  have  been  presented  (kunze,  1990;  Liede  <K  kunze, 

single  anther  loculc  embedded   in  a  hard   matrix,  1993).  Coronas  have  also  been  studied  with  respect 

and  a  translator  apparatus,  which  develops  from  a  to  their  functions  in   pollination  (Wanntorp,   1971; 

stigmatic  secretion  and  mechanically  attaches  the  kunze.    1991,    1997;   Kndress,    1994).  These  f'unc- 

pollinia   to  a   pollinator  (Corry,   1883;   Krye,    1902;  tions  include1  providing  optical  cues  to  pollinators 

Salwat,   1962;  Schill  &  Jakel,  1978;  kunze,  1993;  (Kndress,  1994),  guiding  insects  into  the  proper  po- 

Swarupanandan  et  al..  1996).  Pollinarium  structure  sition   for   pollinia   removal   and    insertion    b\    me- 

has  been  the  most  important  and  consistently  used  chanically    positioning   proboscides   (kunze.    1991) 

character  lor  the  delimitation  of  major  groups  (sub- 

families   and     tribes)    of    Asclepiadaceac    (Brown,  conveying,    and    storing    nectar    ((/alii    &    Zeroni. 

1811;    Kndlicher,    1838;    Decaisne,    1844;    Schu-  L 965;  Kunze,  1990,  1997).  However,  the  evolution 

mann,   189.");  Bosatti.   1989;  Swarupanandan  et  al.,  of  these  structures  has  not  been  studied  in  an  ex- 

1996;  Civeyrel  et  al.,  1998).  Studies  of  the  devel- 

opment and  mature  structure  of  pollinaria  have  Analysis  of  the  evolution  ol  corona  morphology 

been  carried  out  by  (lorry  (1883),  five  (1902),  Saf-  is  hampered  by  uncertainty  regarding  the  homology 

wat  (1962),  Schill  and  Jakel  (1978).  kunze  (1993).  of  corona  structure  and  position  across  Asclepia- 

Civeyrel  (1991),  and  Verhoeven  and  Venter  (1997,  daceae.  Although  coronas  have  been  the  subject  of 

1998a,  b,  2001  this  volume).  The  evolution  of  the  intensive  study,  the  conflicting  interpretations  of 

structure  of  pollinaria  has  been  discussed  by  Safwat  previous  workers  are  surely  the  result  of  the  excep- 

(1962),  Wanntorp  (1988),  kunze  (1993,  1995a),  tional  diversity  of  forms  and  the  seemingly  fluid 

Judd  et  al.  (1994),  Sennblad  and  Bremer  (1996),  association  of  coronas  with  corolla  and  androecium 

Swarupanandan  et  al.  (1996),  and  Civeyrel  et  al.  in  closely  related  taxa  (e.g.,  Schumann,  1895; 

(1998). 

plicitly  phylogenetic  context. 

The  gynostegium   is  composed   of    the   poslgeni- 

Woodson,   1941;  Good,   1956;  llofmann  <X  Specht, 

1986;  kunze.   1990;  Liede  &   kunze.   1993;  Nilsson 

tally  united  stamens  and  carpels  of  the  flower.  The  el  al.,  1993).  Liede  and  kunze  (1903;  see  also  kun- 

five  stamens  are  typically  connate  throughout  their  ze,  1990).  echoing  Woodson's  (1941)  and  Good's 

length  and  joined  by  their  anthers  to  the  apex  of  (1956)  attempts  to  bring  consistency  to  the  deserip- 

the  united  styles.  However,  the  filaments  are  free  tions  of  coronas  across  Asclepiadaceac1,  concisely 

in  Periplocoideae  (Judd  et  al..  1994;  Swarupanan-  reviewed  the  uncertainties  and  discrepancies  of 

dan  et  al.,  1996).  Kxcept  for  Periplocoideae.  the  past  treatments  and  presented  a  typological  frame- 

encircling  anthers  completely  block  access  to  the  work  for  corona  description.  In  addition,  they  pre- 

stigmatic  regions,  except  lor  narrow  slits  through  sented  a  hypothetical  transformation  series  linking 

which  pollinia  must  enter  to  effect  pollination  their  four  basic  corona  types  (Liede*  &  kunze, 

(kunze,  1991).  Thus,  pollinaria  and  gynostegia  1903.  Fig.  I).  In  their  descriptive  system,  a  fun- 

each  exhibit  a   high  degree  of  synorganization  be-  damental  distinction  was  drawn  between  coronas  of 

combine    derivation     ("coralline"    and    "annular" 

both  structure  and  function  (Corry.    1883;   Fallen.  types)  and  stamina  I  derivation  ("staminal"  and  "in- 

1986;  Kndress,   1991).  The  evolution  of  the  gynos-  terstaminal"  types).  This  distinction  was  previously 

tegium  has  been  well  studied,  particularly  with  re*-  emphasized     by    Good     (1956).     kunze    (1995b) 

spec!  to  intermediate  forms  present  in  related  Apo-  emended  this  system  by  recognizing  the  dorsal  an- 

cynaceae  (fallen.   1986;  see  also  Wanntorp.   1988;  ther  appendages   of  some   Gonolohinae   as   a   filth 

Iween  androecium  and  gynoecium.  with   regard   to 

Judd  et  al.,  1994). type4  ol  corona.  The  transformation  series  presented 

The  corona  is  composed  of  one*  or  more  whorls  by  Liede  and  kunze  (1993)  implicitly  assumed  ho- 

of structures  attached  to,  or  located  between,  the  mology  among  their  corona  types,  yet  their  discus- 

corolla  and  androecium.  Coronas  are  exceedingly  sion  of  particular  coronas  explicitly  rejected  the  ho- 

diverse  in  Asclepiadaceac;  they  may  be  expressed  mology  of  different  types.  As  recognized  by  kunze 

as  rings,  scales,  pads,  or  cups,  often  with  several  (1990;  Liede  &  kunze,  1993),  developmental  stud- 

highly  elaborated  components  present  in  the4  same  ies  would  provide  crucial  data  for  homology  as- 

flovver  (kunze,  1990.  |995b,  1997;  Liede  &  kunze.  scssment  (Kaplan.  1984). 
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Phyl and osmetic    and    ontogenetic    studies    are    re- Thc  phylogenetie  hypothesis  used  for  the  anal- 

quired  to  more  robustly  assess  the  homology  among       ysis  of  floral  evolution  was  derived  from  published 

and  unpublished  analyses  of  chloroplast  walk  se- the  various  structures   termed   "corona"   in    Ascle- 

eise- 

piadaceae  (ef.  Hufford,  1990a,  b).  In  this  paper,  I  quences  (Civeyrel  et  al.,  1998;  Civeyrel  &  Fish- 

analyze  the  evolution  of  the  corolline,  staminal,  and  bein.  unpublished  data).  The  particular  phylogeny 
interstaminal  types,  in  order  to  focus  on  the  origin  on  which  the  analyses  were  conducted  resulted 

and  early  diversification  of  coronas  in  Asclepiada-  from  a  preliminary  analysis  of  partial  matK  se- 

ceae.  For  convenience,  I  group  staminal  and  inter-  quences  using  maximum  parsimony  (Fig.  1).  Anal- 

stamina]  coronas  (Liede  &  Kunze,  1993)  into  "gy-  yses  of  complete  sequences,  voucher  information. 
nostegiaP  coronas,  in  order  to  emphasize  and  and  methodological  details  will  be  published  el 
explore  the  homology  between  coronas  that  appear 

to  be  of  staminal   and  coralline  derivation  (Schu-  which   they   belong   (after   Liede   &    Albers,    1994; 

mann,  1895;  Good,  1956;  Kunze,  1990).  Of  the  co-  Liede,   1997)  are  reported   in  Table   1.   Outgroups 
rona  types  of  Liede  and  Kunze  (1993;  Kunze,  1990,  were  chosen   from   among   the  closest    relatives  of 

1995b),  annular  and  dorsal  coronas  arc  of  restricted  Asclepiadaceae  in  Apocynaceae  s.l.  (Civeyrel  et  ah, 

distribution  among  apparently  derived  taxa  (espe-  1998).   Sensitivity   of  reconstructions   of  character 

cially  genera  nested  within  Gonolobinae  and  Cer-  evolution  to  a  specific  phylogenetie  hypothesis  was 

where.    Species    sampled    and    the    higher    taxa    to 

opegieae)  and  are  not  considered  here investigated  by  examining  another  published  pi 

iv- 

I  use  a  preliminary  phylogenetie  hypothesis  for  logeny   based  on  chloroplast   r6cL  sequence  dala 

Asclepiadaceae  to  investigate  the  origin  and  diver-  (Scnnblad  &   Bremer,   1996).  Consideration  of  this 

sification  of  pollinaria  and  coronas.  The  evolution  hypothesis  is  important  because  of  the  non-mono- 

of  the  gynostegium  was  achieved   in   large  part   in  phyly  of  Asclepiadaceae  in  the  published  analysis 
apocynaceous  ancestors  of  Asclepiadaceae  (Fallen,  of  rbcL  sequences  (Sennhlad  &  Bremer.  1990;  i.e., 

1986)  and   will    not   be  addressed   here.    Lor  polli-  Periplocoideae  are  placed  in  a  clade  with  non-as- 

naria    and    coronas    I    ask    the   following   questions  clepiad  Apocynaceae,  rather  than  as  sister  to  Se- 

about  the  evolution  of  these  structures:  (1)  Where  camonoideae  +  Asclepiadoideae;  see  also  Potgieter 
in  the  phylogenetie  history  of  Asclepiadaceae  did  &  Albert,  2001   this  volume), 

pollinaria  and  coronas  originate?  (2)  What  are  the 

patterns  of  diversification  and  homoplasv   in  polli-  Rksi  LIS  AM)  DISCUSSION 

naria  and  coronas?  and  (li)  What  are  the  sensitiv- 

ities of  evolutionary  reconstructions  to  uncertainties 

about  homology  and  phylogenetie  accuracy? 

Materials  and  Methods 

Structural  data  were  gleaned  from  the  literature 

ORIGIN   AND  DIVERSIFICATION  OF  POM  J  MA 

The  evolution  of  pollinia  in  Asclepiadaceae  has 

been  relatively  conservative  with  regard  to  the  pres- 

ence and  number  of  pollinia  (Fig.  2).  Little  homo- 

plasv was  required  for  evolutionary  reconstructions 

based    on    several    schemes    of   weighting   changes 

and  based  to  a  lesser  extenl  on  my  own  observa-  among  character  states  (0,  2,  or  4  pollinia  per  sta- 
tions. Character  states  were  coded  for  exemplar  men).  Assuming  equal  transition  probabilities  im- 

taxa  sampled  for  a  preliminary  phylogenetie  anal-  plies  one  or  two  origins  of  pollinia,  outside  of  Per- 

ysis  (Tables  K  2;  L  Civeyrel  &  M.  Fishbein,  tin-  iploeoideae.  It  is  equally  parsimonious  to  infer  that 
published  data).  Thorough  study  of  character  states  pollinia  originated  once  in  the  common  ancestor  of 

present  in  larger  clades  was  used  to  assess  whether  Asclepiadoideae  and   Secamonoideae  or  indepen- 

the  coding  of  exemplars  accurately  reflected  ances-  dently  in  these  subfamilies.  Under  the  former  sce- 
tral   states  of   larger  clades.  The  coding  of  coronal  nario,   the  ancestral   pollinia   number  could  be  in- 

characters  owes  much   to  the  careful  observations  ferred  with  equal  parsimony  to  be  two  or  four  per 

of  Kunze  (1990,   1995b.   1997)  and  Endress  (Nils-  stamen,   with   either  a  subsequent   change  to  four 
son  et  al.,   1993;  Endress  &   Bruyns,  2000).  and  to  pollinia  in  Secamonoideae  or  two  pollinia  in  Ascle- 

the    conceptual    framework    of    Liede    and     Kunze  piadoideae.  respectively.  Under  the  second  scenar- 

(1993;  Kunze,   1990).  Characters,  their  stales,  and  io.  pollinia  of  Asclepiadoideae  and  Secamonoideae 

a  discussion  of  character  coding  are  presented  in  would  be  convergent  and  not  phvlogenetically  ho- 

Table  3.    The  evolution  of  pollinaria  and   coronas  mologous  (Patterson,  1982).   However,  the  unique- 
ness of  the  asclepiad  pollinium  among  angiosperms 

formations  under  the  criterion  of  maximum  parsi-  and  the  similarity  between  pollinia  of  Seeamono- 
mony,  as  implemented   in   MacClade,  version  3.05  ideae  and  Asclepiadoideae  (Safwat,  1962;  Schill  & 

(Maddison  &   Maddison,  1992).  Jakel.   1978;  Civeyrel,  1994;  Civeyrel  et  al..   1998; 

was  analyzed  bv  reconstructing  die  history  of  trans- 
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Table  1.      Taxa  studied  and  their  suprageneric  classification  (after  Liede  &  Alhers.   1994;  Liede,   1997;  el.  Kndress 

&  Bruyns.  2000). 

Species 

Ingroup 

Camptocarpus  mauntianus  (Lain.)  Decne. 

Cryptostegia  grandifiora  R.  Br. 

Hemidesmus  indie  us  (L.)  R.  Br.  ex  Schnlt. 

Periploca  graeea  L. 

Raphionacme  weheitsehii  Schltr.  &  Rendle 

Schlechterella  abyssinica  (Chiov.)  Venter  &  R.  L.  Verh. 

Pervillaea  venenata  (Baill.)  klack. 

Secamone  bosseri  Klack. 

Secamone  parti  folia  (Oliv.)  Bullock 

Secamone  volllbilLs  (Lam.)  Marais 

Secamonopsis  rnadagascariensis  J  urn. 

Fockea  cape ns is  Kndl. 

Disc  hi  dia  formosana  Maxim. 

Dregea  sinensis  llemsl. 
Marsdenia  edulis  S.  Watson 

Marsdenia  laxiflora  Donn.  Sm. 

Stephanotis  floribunda  Brongn. 
Frerea  indicu  Dalzell 

Huernia  cf.  thuretii  Cels 

Riocreuxia  burchellii  K.  Schum. 

Asclcpius  aspenda  (Decne.)  Woodson 

\s<  lepias  subaph\lla  Woodson 

Aselepias  rirletii  K.  Kouru. 

Aselepias  zanthodacryon  (L.  B.  Sm.)  Woodson 

I'ergtdaria  daemia  (Forssk.)  Chiov. 

Tylophora  indica  (Burm.  I.)  Merr. 

\ in< etoxicurn  nigrum  (L.)  Moench 

Gonolobus  arizonicus  (A.  Gray)  Woodson 

Gonolobus  sp.  nov.  all.  uniflorus  IIBK 

Gonolobus  x a n t  hot  rich  us  Brandegee 

Matelea  sp.  nov.  all.  parti  folia  (ToiT.)  Woodson 

Malelea  quirosii  (Standi.)  Woodson 

Schubertia  grandifiora  Mart.  cK  Zucc. 

Cynanchum  laeve  (Michx.)  IVrs. 

Cynanchum  palmer i  (S.  Watson)  S.  F.  Blake 

Cynanchum  ulahense  (Knglem.)  Woodson 

I'cnlarrhinum  insipid  urn  K.  Mey. 
Sarcostcmma  clausum  (Jaccj.)  Schult. 

[raujia  sericifera  Brot. 

Morten  ia  odarala  (Hook.  &  Am.)  Li  i  id  I. 

Outgroup 

[poeynum  androsaenu/ohuni  L. 

Strophanthus  diraricatus  (Lour.)  Hook.  &   A  in. 

.i 

Subfamily  ( Tribe;  Subtribe) 

Periplocoideae 
Periplocoideae 

Periplocoideae 

Periplocoideae 

Periplocoideae 

Periplocoideae 
Secamonoideae 

Secamonoideae 

Secamonoideae 

Secamonoideae 
Seci 

uiiono idea* 
Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

piadoideae 

sec 
\ 

Asclepiadoideae 
Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 
Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Asclepiadoideae 

Kockeeae) 

Marsdenieae) 

Marsdenieae) 

Marsdenieae) 

Marsdenieae) 

Marsdenieae) 

Ceropegieael>) 
Ceropegieae) 
Ceropegieae) 

Asclepiadeae;  Asclepiadinae) 

Asclepiadeae;  Asclepiadinae) 

Asclepiadeae;  Asclepiadinae) 

Asclepiadeae;  Asclepiadinae) 

Asclepiadeae;  Asclepiadinae) 

Asclepiadeae;  Astephaninae*) 

Asclepiadeae;  Astephaninae' ) 
Asclepiadeae;  Gonolohinae) 

Asclepiadeae;  (ionolobinae) 

Asclepiadeae;  ( ionolnbinae) 

Asclepiadeae;  (ionolobinae) 

Asclepiadeae;  Conolobinae) 

Asclepiadeae;  (ionolobinac) 

\sclepiadeae;  Metastelminae) 

Asclepiadeae;  Metastelminae) 

Asclepiadeae;  Metastelminae) 

Asclepiadeae;  Metastelminae) 

Asclepiadeae:  Metastelminae) 

Asclepiadeae;  ()x\  petalinae) 

Asclepiadeae;  Oxy  petalinae) 

"Reported  as  Triodoglossum  abyssinicum  (Chiov.)   Bullock   by  Civeyrel  el  al.  (I(>98);  included   in  Raphionucme  by 
Venter  and  \crlioc\cn  (1997);  see  Venter  and  Verhoeven  (1998). 

'•  Ceropegieae  Orb.  has  priority  over  Stapelicae  Decne.  and  should  be  adopted  as  the  tribal  name  (J.  Reveal.  Index 
Nominum   Supragenerorieum   Plantarum    Vaseularium.   <liltp://inatrix.nal.us(la.g()v:B()B()/stai7supra^<Mieri(iiame.html>, 
consulted  1 1  Febnian  2000). 

*  Removed  from   Astephaninae  1>\   Liede  (2001   this  volume). 
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in  Table  3. 

Taxon I      2     3a    31)    4a    4b 

Table  2.  Matrix  of  character  states  of  pollinia  and  co-  at  the  time  of  origin.  The  number  of  pollinia  per 
ronas  lor  the  taxa  in  Table  1.  Character  names,  state  stamen  is  a  direct  consequence  of  the  number  of 
names,  and  discussion  of  character  coding  are  presented       fertj]e  amher  iQCU|es   (SafwaU   19c2;   Svvarupanan- 

dan  et  al.,  1996).  As  in  most  angiosperms,  all  Apo- 

cynaceae,  except  Asclepiadoideae,  have  four-locu- 
lar  anthers.  The  inference  of  an  ancestral  number 

of  two  pollinia  per  stamen  would  require  a  less  par- 
simonious reversal  from  two  anther  locules  to  four 

in  Secamonoideae,  rather  than  retention  of  the  an- 

cestral condition.  Thus,  a  single  origin  of  pollinia 

in  the  common  ancestor  of  Asclepiadoideae  and  Se- 

camonoideae, in  which  four  pollinia  were  produced 

by  four-locular  anthers,  is  strongly  favored  over  al- 
ternate hypotheses.  According  to  this  scenario, 

presence  of  pollinia  is  a  synapomorphy  of  Ascle- 
piadoideae +  Secamonoideae  and  reduction  from 

four  to  two  pollinia  per  stamen  is  a  synapomorphy 

of  Asclepiadoideae  (Judd  et  al.,  1994).  It  should 

also  be  noted  that  pollinia  of  some  Secamonoideae 

may  be  united,  giving  the  appearance  of  one  or  two 

pollinia  per  pollinarium,  but  this  condition  is  clear- 
ly  derived  and  secamonoid  anthers  are  invariably 

four-locular  (Civeyrel,  1994;  Civeyrel  et  al.,  1998; 

Camptocarpus 

Cryptostegia 
Hemidesmus 

Periploca 

Raphionacme 
Schlechterella 

Pervillaea 

Secamone  bosseri 

Seca  mon  e  pa  rvifolia 
Secamone  volubilis 

Secamonopsis 
Fockea 
Disc  India 

Dregea 
Marsdenia  edulis 

Ma rsdenia  laxiflora 
Stephanotis 
F 

Hu 

Hi 

0     0  10      0  1 

0     0  110  0 
10  110  0 

0     0  11      0  0 

0  0  10      0  1 

1  0  10  0  1 

12  0  0  1  1 

12  0     0      11 

1  2  1  1  J  1 

12  0  0  1  1 

12  1111 

2  2  0  0  2  2 

2      2  0     0      1  1 
2 v 0      0      11 

2      2      0      0      1       I 

2      0      0      1       1 9 

rerea 

errua 

ocreuxia 

Asclepias  asperula 

Asclepias  subaphylla 
Asclepias  virletii 

Asclepias  zanthodacryon 

Pergularia 

Tylophora 
Vincetoxicum 

Gonolobus  arizonicus 

2  2      0  0  1  1 

2  2      0  0  2  2 

2  2      0  0  2  2 

2  2      0  0  2  2 
2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 
2  10  0  2 

Gonolobus  sp.  nov.  aff.  uniflorus    2       10      0      2      2 
Gonolobus  xant  hot  rich  us 2      10      0      2      2 

Matelea  sp.  nov.  aff.  parvifolia       2       10      0      2      2 
Mat clea  quirosii 
Schubertia 

Cynanchum  laeve 

Cyna  rich  urn  palrneri 

Cyna rich u rn  utahense 
Pentarrhinurn 

Sarcostemma 

Araujia 
Morren  ia 

Apocynum 
Strophanti!  us 

2  10  0  2  2 
2  10  0  2  2 

2  1      0  0  J  1 

2  10  0  2  2 

2  1      0  0  0  0 

2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 

2  10  0  2  2 

Kndress  &  Bruyns,  2000). 

Pollinia  have  been  reported  from  as  many  as 

seven  genera  of  Periplocoideae  (Schill  &  Jakel, 
1978;  Nilsson  et  al.,  1993;  Verhoeven  &  Venter, 

1994,  1998a,  b,  2001;  Venter  &  Verhoeven,  1997; 

Endress  &  Bruyns,  2000),  although  these  have 

been  reduced  to  six  genera  in  the  most  recent 

classification  (Venter  &  Verhoeven.  2001  this  vol- 

ume). The  rigorous  comparative  study  of  the  pol- 
len morphology  of  asclepiads  by  Verhoeven  and 

Venter  (1998b,  2001)  summarizes  the  salient  sim- 

ilarities and  differences  among  pollinia  of  Peri- 

plocoideae, Secamonoideae,  and  Asclepiadoideae. 

Pollinia  of  Periplocoideae  and  Secamonoideae  re- 
tain two  ancestral  features  that  are  modified  in 

most  Asclepiadoideae  (with  the  notable  exception 

of  Fockea  Knell.):  production  of  pollen  tetrads  and 

the  absence  of  a  pollinium  wall.  However,  pollinia 

of  Periplocoideae  lack  a  derived  feature  common 

0     0      11      0     0         b)  all  examined  Secamonoideae  and  Asc  lepiadoi- 

0      0      11      0      0         deae — the   reduction   of  the    inner  wall    layers  of 
pollen  tetrads.  Among  Periplocoideae  bearing  pol- 

linia, all  genera  are  Asian,  except  African  Schle- 

Verhoeven  &  Venter,  2001)  suggest  that  the  hy-  chterella  K.  Schum.  (syn.  Triodoglossum  Bullock), 
pothesis  of  a  single  origin  of  pollinia  is  to  be  fa-  which  differs  in  producing  multiporate  tetrads 
vored.  Any  step  matrix  in  which  the  origin  of  pol-  (Verhoeven  &  Venter,  J998a).  This  difference  led 
linia  is  less  likely  (no  matter  how  slightly)  than  a  Verhoeven  and  Venter  (2001)  to  predict  that  the 

change  between  two  and  four  pollinia  per  stamen       origins  of  pollinia  in  Asia  and  Africa  were  inde- 
i\ ivors  a  single  origin  of  pollinia. pendent.    From    the    foregoing    observations,   one 

Consideration  of  the  structure  of  anthers  in  Per-       may  draw  the  following  conclusions  regarding  the 

iplocoideae  and  non-asclepiad  Apocynaceae  favors       phylogenetic  homology  of  pollinia  of  asclepiads: 
the  reconstruction  of  four,  rather  than  two,  pollinia       (1)   pollinia   of  Asclepiadoideae   and    Secamono- 
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Table  3.  Character  names,  state  names,  and  discussion  of  character  coding.  All  characters  are  treated  as  unordered 

in  evolutional)  reconstructions  using  maximum  parsimonv.  The  effect  of  relaxation  of  this  assumption  for  character  I 

is  discussed  in  the  text. 

1.  Number  of  pollinia   per  stamen:    none   (0),   four  (I),  two  (2).    Pollen   morphology   of  Aselepiadaceae   has  been 

surveyed  and  summarized  by  Brown  (181  I),  (lorry  (1883),  Schill  and  Jakel  (1978),  Swarupanandan  el  al.  (1996), 

Civeyrel  (IW1;  Civeyrel  et  al.,  1998),  and  Verhoeven  and  Venter  (1998b,  2(X) I).  Coding  of  the  number  of  pollinia 

is  unambiguous  for  Asclcpiadoideae  and  Seeamonoideae.  Pollen  grains  of  IVriploeoideae  are  typically  shed  in 

tetrads.  However,  pollinia  have  been  reported  (Schill  &  Jakel,  1978;  Verhoeven  <!x  Venter,  1994,  1998a,  1998b, 

2(K)1;  Venter  Ox  Verhoeven,  1997).  These  pollinia  differ  from  those  of  Asclcpiadoideae  and  Seeamonoideae  in 

their  softer  consistency  and  well-developed  inner  walls  of  the  tetrads  (Kndress  &  Rruyns,  2(M)0:  Verhoeven  <!( 

Venter,  2001).  However,  pollinia  of  IVriploeoideae  are  similar  to  those  of  the  Seeamonoideae  and  Fockea  (As- 

clcpiadoideae) in  consisting  of  tetrads  and  lacking  a  distinct  pollinium  wall  (Verhoeven  &  Venter,  2001).  With 

the  limited  sampling  of  IVriploeoideae  in  the  present  study,  pollinia  are  reconstructed  as  independently  derived 

in  IVriploeoideae  (in  Hemidesmus  and  Schlechfercllu)  and  remaining  Aselepiadaceae.  Two  origins  ol  pollinia  were 

hypothesized  lor  IVriploeoideae  bv  Verhoeven  and  Venter  (2001).  with  one  origin  putatively  homologous  to  the 

pollinia  of  Seeamonoideae  and  Asclcpiadoideae.  However,  the  sparse  distribution  ol  genera  containing  pollinia 

across  the  recognized  tribes  of  IVriploeoideae  (Venter  &  Verhoeven,  1997)  suggests  that  multiple  origins  (and 

perhaps  even  losses)  of  pollinia  might  be  inferred.  A  more  refined  understanding  of  the  phytogeny  ol  IVriplo- 

eoideae will  undoubtedly  yield  important  insights  into  the  homology  and  evolution  ol  their  pollinia. 

2.  Position  of  attachment   of  translator  to  pollinia:   pollinia  absent  (0),  attachment   apical  (1),  attachment   basal  (2). 

Translator  attachment  of  IVriploeoideae  is  coded  as  absent,  because  the  mechanism  in  this  subfamily  is  via  adhesion, 

following  Mower  maturation.  This  condition  differs  substantiallv  from  Seeamonoideae  and  Asclcpiadoideae.  in  which 

attachment  of  pollinia  to  the  translator  occurs  much  earlier  in  development,  by  a  different  mechanism  (Brown.  181  I ; 

Salwat,  1962;  kunze  199.};  Swarupanandan  el  al.,  1990).  The  classic  division  of  Asclcpiadoideae  into  three  tribes 

was  based  on  the  orientation  of  the  pollinium  relative  to  the  translator:  pendent,  horizontal,  or  erect  (brown.  181  I: 

Kndlicher,  1838).  Subsequently,  this  division  was  challenged  as  artificial  due  to  imprecision  m  the  description  ol 

the  point  of  attachment  of  translators  to  pollinia  (Woodson.  1941;  Swarupanandan  et  al..  1996).  I  have  coded  the 

orientation  of  the  pollinium  relative  to  the  translator  following  Swarupanandan  et  al.  (  l(>9(>).  although  their  homology 

criterion  has  recently  come  under  question  (Kndress  cK  Bruyns,  2000). 

3a.        Combine  corona:  absent  (0).  present  (I).  The  definition  of  this  character  follows  the  description  of  Liede  and 

Kunze  (1993;  see  also  Kunze.  1990;  INilsson  el  al..  1 993).  The  primary  homology  criterion  is  topological.  Corolline 

coronas  are  composed  of  live  distinct  elements  positioned  on  the  corolla,  proximal  to  and  radiallv  aligned  with 

the  corona  sinuses.  This  definition  explicitly  excludes  annular  coronas,  which  are  composed  ol  united  segments, 

or  are  unsegmented  (Woodson,  1941;  Good.  1950:  Liede  &  Kunze.  1993).  Character  state  coding  differs  from 

that  of  character  3b  only  for  IVriploeoideae.  Several  genera  of  this  subfamily  have  contradictory  or  ambiguous 

descriptions  of  the  position  of  corona  elements  (i.e..  corolline  vs.  gynostegial;  Kunze.  1990;  Nilsson  et  al..  1993; 

Klackcnberg.  1998).  In  coding  character  3a,  I  have  assumed  that  corolline  coronas  are  present  in  all  IVriplo- 

eoideae that  have  coronas,  following  the  observations  of  Kunze  (1990)  and  Klackcnberg  (1998).  Other  laxa  were 

coded  based  upon  the  observations  of  Hooker  (1883),  Woodson  (1941),  Sundell  (1981).  Rosatli  (1989).  Kunze 

(|9<M>.  1907).  Klackcnberg  (1992a,  1992b.  1995),  Li  et  al.  (1995).  Civeyrel  and  Klackcnberg  (1990),  Korster 

(|90(>).  liede  (1996),  and  personal  observations. 

3b.        Corolline  corona:  absent  (0),  present  (I).  Coding  of  this  character  is  identical  to  thai  in  character  3a.  except  that 

Raphionacme,  SchlechtereUa,  and  Camptocarpus  are  coded  as  lacking  corolline  coronas.  Coronas  in  these  genera 

arc  assumed  to  be  positioned  on  the  gynostegium.  as  observed  by  Nilsson  el  al.  (1993)  in  Raphionacme. 

la.        Cynostegial  corona:  absent  (0).  composed  of  free  stamina!  segments  (1),  composed  ol  united  slaminal  and  inter- 

Staminal  segments  (2).  The  definition  of  this  character  follows  Liede  and  Kunze  (1993;  see  also  Kunze.  1000). 

Dorsal  anther  coronas  of  Gonolobinae  (Kunze,  1995b)  are  specificallv  excluded.  Cvnostegial  coronas  include 

those  coronas  that  are  attached  to  the  stamina!  column,  but  not  the  corolla.  In  cases  where  the  corona  is  attached 

to  both  the  androecium  and  corolla,  a  gynostegial  corona  is  coded  as  present  if  the  attachment  to  the  column  is 

clearly  much  greater  than  to  the  corolla.  Ambiguous  cases  in  IVriploeoideae  are  treated  with  separate  codings, 

as  in  characters  3a  and  3b.  In  character  la.  all  IVriploeoideae  are  coded  as  lacking  gynostegial  coronas  (el. 

character  3a;  Kunze.  1000;  Klackcnberg,  1998).  Gynostegial  coronas  have  been  subdivided  into  those  composed 

of  live  distinct  segments  aligned  radiallv  with  the  slaminal  filaments  and  lacking  anv  discernible  union  among 

segments  ("staminal")  and  those  composed  of  segments  that  are  united  al  least  basallv.  sometimes  forming  a 

cylinder  around  the  gynostegium.  and  often  with  apically  free  segments  that  are  in  positions  both  aligned  with 

the  filaments  and  alternating  with  them  ("united  slaminal  and  interstaminal'").  These  latter  coronas  may  achieve 

a  high  degree  of  complexity,  appearing  to  be  constructed  of  multiple  whorls  ol  segments  (e.g.,  Frereu.  Cerope- 
iiieae).  Observations  are  based  on  the  sources  listed  in  the  discussion  of  character  3a. 

lb.        Gynostegial  corona:  absent  (0).  composed  of  free  staminal  segments  (I),  composed  ol  united  slaminal  and  inter- 

staminal segments  (2).  Coding  of  this  character  is  identical  to  that  in  character   la.  except  that  Raphionacme, 

Schlechterella,  and  Camptocarpus  are  coded  as  possessing  gynostegial  coronas  composed  ol  Iree  slaminal  seg- 

ments, as  observed  by  INilsson  el  al.  (1993)  in  Raphionacme. 
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ASCLEPIADEAE 

CEROPEGIEAE 

Araujia 

Gonolobus  aff  uniflorus 
Gonolobus  arizonicus 
Schubertia 
Gonolobus  xanthotrichus 

Matelea  quirosii 
Matelea  aff  pa  rvi  folia 
Sarcostemma 

Cynanchum  utahense 
Cynanchum  palmeri 
Morrenia 

Vincetoxicum 

Tylophora Pentarrhinum 

Cynanchum  laeve 
Asclepias  zanthodacryon 
Asclepias  virletii 
Asclepias  asperula 
Asclepias  subaphylla 

Pergularia 
Riocreuxia 
Frerea 
Huernia 
Dischidia 

Marsdenia  edulis 
Dregea 

Stephanotis 
Marsdenia  laxiflora 
Fockea 

Secamone  bosseri 

Secamone  parvifolia 
Pervillaea 

Secamonopsis 
Secamone  volubilis 
Camptocarpus 
Periploca 

Cryptostegia 
Hemidesmus 

Raphionacme 
Schlechterella 

Apocynum 
Strophanthus 

Figure  l.  Phylogenetic  hypothesis  of  broad-scale  relationships  in  Aselepiadaceae  based  on  maximum  parsimony 
analysis  of  partial  and  complete  nuitK  sequences  (L.  Civeyrel  &  M.  Kishbein.  unpublished;  el.  Civeyrel  et  al.,  \9{)H). 
Subfamilial  and  tribal  membership  is  indicated  for  groups  supported  as  clades.  Asclepiadoideae.  consisting  of  Ascle- 
piadeae,  Ceropegieae,  Marsdonieae.  and  Fockceae.  are  monophyletic,  but  are  not  labeled. 

MARSDENIEAE 

FOCKEEAE 

SECAMONOIDEAE 

PERIPLOCOIDEAE 

ideae  are   likely  homologous;  and   (2)   pollinia  of  pollinia  of  Periploeoideae  are  not  reconstructed  as 

some  or  all  Periploeoideae  may  be  homologous  to  homologous  with  those  of  other  asclepiads.  If  cur- 

those  of  other  asclepiads;  however,  the  imperfect  rent  taxonomy  (Venter  &  Yerhoeven,  1997)  reflects 

understanding  of  the  phylogeny  of  Periploeoideae  phylogenetie  history,  it  appears  that  pollinia  may 

at  present  prevents  assessment  of  this  hypothesis.  have  evolved  independently  on  several  occasions 

With   the   limited   sampling  in   the  present   study,  in    Periploeoideae,   based    on    the   distribution   of 
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Figure  2.  Maximum  parsimom  reconstruction  of  the  evolutionary  history  of  pollinia  number,  based  on  llie  cladogram 

in  Figure  I.  Character  states  are  treated  as  unordered  with  equal  transition  probabilities  among  stales.  Ancestors  and 

branches  reconstructed  as  equivocal  arc  inferred  with  equal  parsimony  to  be  lacking  pollinia  or  to  possess  two  or  four 

pollinia  per  stamen.  Additional  reconstructions  found  with  alternate  transition  probabilities  arc  discussed  in  the  text. 
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pollinia  among  putatively  isolated  genera  in  each  ieae,  and  Ceropegieae.  A  single  change  from  basal 
of  the  three  recognized   tribes.   If  pollinia  among  to  apical   translator  attachment   is  inferred   in   the 

most  Periplocoideae  are  homologous,  then  multi-  ancestor  of  Asclepiadeae;  no  reversals  are  apparent 
pie  reversions  to  free  tetrads  must  be  inferred.  The  among  the  representatives  of  this  large  tribe.  Thus, 
contrast  between  the  lability  of  pollen  aggregation  no  homoplasy  is  evident  in  the  single  most  parsi- 
in   Periplocoideae  and  fixity   in  remaining  ascle-  monious  reconstruction.   It  should  be  noted,  how- 

piads  is  noteworthy.  Future  studies  evaluating  the  ever,  that  the  sparse  sampling  in  the  present  study 
phylogenetic  homology  of  pollinia,  the  number  of  may  obscure  homoplasious  convergence  to  apical 
gains  (and  losses?),  and  possible  selective  advan- 

tages would  be  of  great  interest. 

attachment  among  clades  coded  as  uniformly  basal 

or  (more  likely)  reversal  to  basal  attachment  in  As- 

Pollinium  orientation  has  been  used  as  a  diag-       elepiadeae  (Endress  &  Bruyns,  2000).  A  rigorous 
nostic  character  for  suprageneric  taxa  recognized       basis  for  assessing  the  homology  of  ambiguous  cas- 

within  Asclepiadoideae  (e.g.,  Kndlicher,   1838;  re-       es  would  be  a  comparative  ontogenetic  study  of  pol- 
vievved   in    Rosatti,    1989;   Swarupanandan.    1996:       linaria  (cf.  Safwat,  1962:  Kunze,  1993). 
Civeyrel  et  al.,  1998).  Often,  three  tribes  have  been 

recognized  defined  by  erect  (Marsdenieae;  note  that 

this  group  has  received  a  variety  of  tribal  names), 

horizontal   (Gonolobeae),  and   pendulous  (Asclepi- 

ORIGIN   AM)   DIVKIiSIKICAIION  OK  CORONAS 

Corolline   coronas.      Corolline    coronas    are   de- 

adeae)  pollinia.  Ceropegieae  (Stapelieae  of  most  fined  by  structural  and  topological  criteria:  (1)  thev 
modern  authors,  e.g.,  Liede  &  Albers,  1991).  which  are  composed  of  live  distinct  segments:  and  (2)  they 
are  often  recognized  as  an  additional  tribe,  share 

erect  pollinia  with   Marsdenieae.   However,  the  di- 

are  positioned  on  the  corolla,  aligned  with  the  si- 

nuses of  the  limb  (Good,  1956;  Kunze,  1990:  Nils- 

and  presented  refined  categories,  emphasizing  the 

agnostic    value   of  pollinia   orientation   was   ques-  son  et  al.,  1993).  My  analysis  of  corolline  coronas 
tioned  due  to  the  presence  of  intermediate  or  seem-  explicitly  excludes  annular  coronas  (Liede  &  Kun- 
ingly    discordant    orientations    of   some    species.  ze.    1993),  which  are  conspicuous  in  a  number  of 

especially   in   (Jonolobineae  (Woodson,   1941;   Ro-  Gonolobinae  and  Ceropegieae,  but  do  not  appear  to 
satti,  1989:  Kunze,  19951):  Liede,  1996:  Swarupan-  be  homologous  (see  Endress  &  Bruyns.  2000,  for  a 
andan  et  al..   1996;  Civeyrel  et  al.,  1998;  Endress  contrasting  interpretation).  Corolline  coronas  have 

&   Bruyns,  2000).  Swarupanandan  et  al.  (1996)  re-  been  considered  to  be  prevalent  in  Periplocoideae. 
evaluated  this  partitioning  of  pollinium  orientation  but    very   uncommon   in   Asclepiadoideae   (Kunze, 

1990:  Liede  &  Kunze,  1993;  Nilsson  et  al.,  1993). 

importance  of  the  orientation  of  the  anther  locule  They  have  been  reported  from  Secamonoideae,  but 
and    the    position   of  attachment   of  the   translator.  their  distribution  in  this  subfamily   has  been  little 

Thus,  the  horizontally  oriented  pollinia  of  Gonolo-  discussed  (Safwat.   1962;   Kunze.    1990).  Corolline 

beae  have  morphologically  equivalent  translator  at-  coronas  are  also  found  widely  among  non-asclepiad 

tachments   as   the   pendulous   pollinia  of  Asclepi-  Apocynaceae   (Kunze,    1990;    Endress   &    Bruyns. 
adeae.    Swarupanandan    et    al.    (1996)    advocated  2000).  The  taxonomic  distribution  of  enrol  I  i 

ronas  has  suggested  that  they  are  ancestral  in    \s- 

translator  is  attached  to  the  part  of  the  pollinium  clepiadaceae  (Good,  1956:  Kunze.   1990;  Liede  & 

positioned  apically  or  basally  in  the  locule.  I  have  Kunze,   1993).   Although   most   Periplocoideae  are 

adopted  these  criteria  for  analyzing  the  evolution  of  described  as  having  corolline  coronas,  some  genera 

pollinium  orientation,  bearing  in  mind  the  excep-  possess  coronas  that,  while  similar  in  form,  appear 
lions  noted  by  Endress  and  Bruyns  (2000).  Also,  I  to  be  more  closely  associated  with  the  stamens  than 

have  treated  the  very  different  adhesive  attachment  the   corolla,    e.g.,    Raphionacme    Harv.    (including 

of  pollinia  to  translators  in  Periplocoideae  as  non-  Schlechterella)  and  Finlaysonia  Wall.  (Kunze,  1990: 

ne  co- 

using    multiple    criteria    to    evaluate    whether    the 

homologous  (see  Table  3). Nilsson  et  al.,   1993;  Forster,   1996;  Venter  &   Ver- 

\s  with  pollinia  number  per  stamen,  the  evolu-  hoeven,  1997;  see  also  Endress  &  Bruvns.  2000). 

tion  of  the  position  of  translator  attachment  is  re-  In  Raphionaeme,  ambiguity  is  due  to  the  attach- 

conslructed  to  have  been  conservative  (Fig.  3).  As-  ment  of  the  corona  segments  near  the  point  of  di- 
suming  that  pollinia  originated  once  in  the  common  vergence   of  stamens   and    corolla    (Kunze,    1990; 

ancestor   of  Secamonoideae    and    Asclepiadoideae  Nilsson  et  al.,  1993).  To  account  for  this  ambiguity, 
(see   above),   the   ancestral    point   of  attachment   is  two  codings  of  the   presence  of  corolline  coronas 

unambiguously  reconstructed  to  be  basal.  This  ori-  among  Periplocoideae  were  explored  (Tables  2,  3). 
entation  is  retained  in  Secamonoideae  and  several  In  character  3a,  I  coded  the  coronas  of  all  cxem- 

lineages  of  Asclepiadoideae:   Fockeeae,   Marsden-  plars  of  Periplocoideae  as  being  corolline.  as  im- 
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Figure  .'{.  Maximum  parsimony 
pollinium.  based  on  the  cladogram 
bilities  among  stales. 

reconstruction  of  the  evolutionary  history  of  position  of  translator  attachment  to  the 

in  Figure   I.  Character  stales  are  treated  as  unordered  with  equal  transition  proba- 
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plied  by  Kunze  (1990).  In  character  3b,  I  coded  all  er  it  occurred  in  the  immediate  ancestor  of  Asele- 

exemplars  of  Periplocoideae  with  ambiguous  corona  piadoideae      or      the      common       ancestor      of 

position  (Raphionacme,  Schlechterella,  Camptocar-  Aselcpiadoideae  and  Seeamonoideae).    Kurt  her,  it 

pus  Decne.)  as  lacking  corolline  coronas  (but  pos-  cannot  be  determined  whether  any  or  all  corolline 

sessing  gynostegial  coronas;  see  below). coronas    present    in    Seeamonoideae    are    retained 

Parsimony  reconstruction  of  the  evolutionary  his-  from  the  plesiomorphic  presence  in  Periplocoideae 

tory  of  corolline  coronas,  assuming  their  uniform  and  non-asclepiad  Apocynaceae,  or  represent  one 

presence  in  Periplocoideae  (character  3a),  requires       or  more  instances  of  regaining  lost  coronas.  A  hint 

that   corolline  coronas  are  not    homologous   in  Se- little  homoplasy  (Fig.  4).  The  common  ancestor  of 

Asclepiadaceae   is   inferred   to  possess  a  corolline  camonoideae  and   Periplocoideae  is  that  corolline 

corona,  which  is  a  retained  plesiomorphy  present  coronas  of  Seeamonoideae  (and  similar  coronas  of 

in   related    Apocynaeeae  (cf.   Good,    1956;   Kunze,  Asclepiadoideae)    are    invariably    described    as 

1990;  Liede  &  Kunze,   1993).  This  ancestral  cor-  "pads,"  "ridges,"  and  "cushions"  (Kunze,  1990;  Li 
olline  corona  is  retained  in  Periplocoideae,  and  no  el  al.,  J995;  Forsler,    1996),  rather  than  as  scales 

and    filaments    typical    of    Periplocoideae    (Kunze, 

sampled   taxa.    Loss  of   the   corolline  corona   may  1990;  Nilsson  et  al.,  1993;  Klackenberg,  1998).  Al- 
have  occurred  at  least  once  in   Periplocoideae,  as  though   positioned   similarly,  structural  differences 

they  have  been  reported  to  be  lacking  in  three  un-  place  the  homology  of  these  coronas  in  doubt. 

losses  of  corolline  coronas  are  inferred  among  the 

sampled  genera  (Baseonema  Schltr.  &  Rendle,  Bar- Allowing  for  the  absence  of  corolline  coronas  in 

onlella  Costantin  &  Gallaud,  Phyllanthera  Blume;  some  Periplocoideae  (character  3b,  Tables  2,  \\)  re- 

Venter  &  Verhoeven,  1997).  However,  Klackenberg  suits  in  greater  ambiguity  in  ancestral  slate  recon- 

(1997)  has  interpreted  the  corona  in  lliese  genera  structions  and  a  higher  level  of  homoplasy  (Fig.  5). 

to  be  a  unique  corolline  form  in  which  the  segments  The  presence  of  a  corolline  corona  in  the  ancestors 

occur  in  a  novel  position  aligned  with  the  corolla  of  Asclepiadaceae,  Periplocoideae,  Seeamonoideae, 

lobes.  If  interpreted  correctly,  such  coronas  would  and  Asclepiadoideae  +  Seeamonoideae  is  equivo- 

represent  a  distinct   form   not  easily   homologized  cal  in  each  case.  This  greater  degree  of  uncertainty 

with  corolline  or  other  gynostegial  forms. is  due  entirely  to  variation  in  the  presence  of  cor- 

Ascle piadoideae  uniformly  lack  corolline  com-  olline  coronas  among  Periplocoideae.  As  a  result, 

nas  (but  see  reports  of  secamonoid-likc  ridges  in  it  is  equally  parsimonious  to  infer  that  those  Peri- 

several  genera  of  Marsdenieae  in  Hooker,  1883;  plocoideae  with  corolline  coronas  have  retained 

Good,  1956;  Kunze,  1990;  Goyder,  1994;  Li  et  al.,  them  from  non-asclepiad  relatives,  or  that  they  have 

1995;  Korster,  1996).  Whether  this  absence  is  syn-  evolved  convergently.  Again,  sampling  may  affect 

apomorphic  for  Asclepiadoideae  is  equivocal,  due  whether  the  presence  of  a  corolline  corona  is  most 

to  equally  parsimonious  reconstructions  of  the  com-  parsimoniously  inferred  to  be  plesiomorphic  or con- 

rnon   ancestor  of  Asclepiadoideae  and   Secamono-  vergent.    Because    most    genera    of   Periplocoideae 

ideae.  The  ambiguity  arises  because  of  variation  in  have  coronas  that  are  clearly  of  the  corolline  type 

the  presence  of  corolline4  coronas  among  Secamo-  (Kunze,   1990;  Nilsson  et  al.,  1993;  Venter  &  Ver- 

noideae  (Safwat,  1962;  Kunze,  1990;  Klackenberg,  hoeven,    1997),  it   is  possible  that  additional  sam- 

1992a,  b,  1995;  Li  et  al.,  1995;  Giveyrel  &  Klack-  pling  would  favor  reconstructions  in  which  Periplo- 

enberg,   1996;  Forster,   1996).  Two  of  the  five  ex-  coideae  retain  an  ancestral  corolline  corona.  Such 

emplars  of  this  subfamily  are  coded  as  possessing  a  scenario  implies  at  least  two  independent  losses 

corolline  coronas.    The  phylogenetic  placement  of  of  corolline  coronas  within  Periplocoideae  (Fig.  5). 

these  exemplars  results  in  an  equivocal  reconstruc-  in  addition  to  the  putative  cases  discussed  above. 

lion  of  corolline  corona   presence  in   the  common Gynostegial   coronas.      Gynostegial    coronas   ex- 
ancestor  of  Seeamonoideae,   which    results   in   the  hibit  a  far  greater  range  of  diversity  of  form  than 

ambiguity  deeper  in  the  phylogeny.  Thus,  sampling  corolline  coronas.  My  use  of  "gynostegial"  corona 
of  Seeamonoideae  plays  a  crucial  role  in  the  infer-  follows    Liede   and    Kunze    (1993)   and    is    largely 

ence  of  whether  Seeamonoideae  or  Asclepiadaceae  equivalent  to  the  "true"  corona  of  Woodson  (1941) 

+  Seeamonoideae  ancestrally  possessed  a  corolline  and    the   "staminal"   corona  of  Schumann    (1895), 
corona.   It  is  not  possible  at  this  time  to  predict  Good  (1956),  and  Kunze  (1990).  I  coded  gynoste- 

whether  more  complete  sampling  would  favor  the  gial  coronas  as  exhibiting  two  basic  forms:  separate 

presence  or  absence  of  corolline  coronas  in  these  staminal  segments  (Fig.  6)  and  united  staminal  and 

ancestors.  Thus,  the  exact  point  in  the  phylogeny  interstaminal    segments    (Fig.    7).    Although    Liede 

where  the  loss  of  the  corolline  corona  in  Asclepia-  and    Kunze  (1993)  distinguished   staminal  and  in- 

daceae  occurred  cannot  be  determined  (i.e.,  wheth-  terstaminal  corona  segments  as  fundamentally  dis- 
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Figure  5. Maximum  parsimony  reconstruction  of  the  evolutionary  history  of  corolline  coronas,  based  on  the  clacl- 
ogram  in  Figure  1  and  the  coding  of  character  3b  (Tables  2,  3). 
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line!  types  (i.e..  as  different  from  one  another  as  lack  of  gynostegial  corona  in  the  common  ancestor 

each  is  from  eorolline  coronas),  there  are  three  rea-  of  Asclepiadoideae  +  Secamonoideae  less  parsi- 

sons  to  prefer  treating  these  types  as  homologous,  monious  than  the  presence  of  either  type  of  gynos- 

differing  simply  through  elaboration  in  adjacent  tegial  corona.  Thus,  weighting  the  origin  of  the  gy- 

sectors  of  the  flower.  First,  interstaminal  segments       nostegial   corona   greater  than   transitions   between 

free  stamina]  and  united  staminal  and  interstaminal 

forms  supports  the  single  origin  of  gy nostegial  co- 

are  almost   always   united   with   staminal  segments 

(Liede   &    Kunze,   1993).   Second,   there  are   many 

»  co- 

rona is  equivoca i. 

taxa  (e.g..  Cynanchum   L;  Liede  &  Kunze.    1993;  ronas  in  the  common  ancestor  of  Asclepiadoideae 

Kndress  cK  Bruyns,  2000)  in  which  the  corona  is  and  Secamonoideae,  although  the  form  of  tin 

tubular,  with  little  elaboration  in  the  staminal  or 

interstaminal  sectors.  Third,  coronas  with  inter-  Coronas  of  united  staminal  and  interstaminal 

staminal  segments,  but  lacking  staminal  segments,  segments  are  restricted  to  Asclepiadoideae,  and  are 

never  occur  (Liede  &  Kunze,  1993).  Rather  than  inferred  to  be  the  ancestral  corona  form  in  the  sub- 

suggesting  that  there  are  two  distinct  gynostegial  family  (Fig.  8).  Although  the  reduction  to  two  an- 

corona  types,  the  distribution  of  corona  forms  (Kun-  ther  locules  has  long  been  noted  as  a  swiapomor- 

ze.  1990.  1995b,  1997;  Liede  &  Kunze.  1993)  im-  phy  of  this  subfamily  (see  above),  the  importance 

plies  that  homologous  gynostegial  coronas  simply  of  the  form  of  the  gynostegial  corona  has  been  less 

vary  in  the  degree  to  which  elaboration  is  manifest  appreciated.  Within  Asclepiadoideae.  there  is  a  low 

in    the    interstaminal    sector.   The   only  ontogenetic  level   of   homoplasy   in  gynostegial  coronas,  amonj 
r 

data  bearing  on  this  question  (Kndress  &    Bnmis,       sampled  taxa.  Most  importantly,  the  tribe4  Marsden- 

2000)  are  consistent  with  the  interpretation  adopted        ieae  is  characterized  by  a  corona  composed  of  dis- 

here.  Regardless  of  how  these  coronas  are  allocated line!  staminal  segments  (Fig.  6).  Although  this  co- 

into  types,  the  evolutionary  analysis  presented  here       rona  type  is  shared  with  Secamonoideae,  the  most 

allows   for  explicit   evaluation   of    the   homology   ol        parsimonious   inference  is  that  it  is  convergent   in 

interstaminal  and  staminal  coronas  and  the  pattern       these  clades,  rather  than  phylogenetieally  homolo- 
ol  their  diversification. 

gous.  Thus,  a  gynostegial  corona  of  distinct  stami- 

As  with  the  analysis  of  eorolline  coronas,  rceon-  nal  segments  appears  as  a  synapomorphv  of  Mars- 

si  ruction  of  the  evolutionary  history  of  gynostegial  denieae.  It  is  noteworthy  that  Sw arupanandan  el  al. 

coronas  depends  on  the  assessment  of  the  corona  (1990)  could  find  no  morphological  s\  napomorphy 

type  of  IVriplocoideae.  I  begin  by  assuming  that  all  for  Marsdenieae.  which  they  submerged  under  Sta- 

eoronas  of  IVriplocoideae  are  eorolline.  as  in  char-  pelieae  (=  Ceropegieae).  Convergence  ol  staminal 

acter  3a,  and  that  gynostegial  coronas  are  absent  coronas  in  Marsdenieae  and  Secamonoideae  also 

(character  4a,  Tables  2,  3).  Under  this  scenario,  the  refutes  Kunze "s  ( 1995a)  hypothesis  that  staminal 
common  ancestor  of  Asclepiadaceae  is  inferred  mm-  coronas  are  homologous  and  plesiomorphie  in  these 

ambiguously  to  lack  a  gynostegial  corona  (Fig.  8).  groups. 

Two  instances  of  homoplasy  are  indicated  in  the f 

■I'll 

ie  time  ol  origin  ol  the  gynostegial  corona,  now- 
ml a.  I 

as  convergent   with   those  of   Marsdenieae  and   Se- 

Tl 

ever,  is  ambiguous.  Asclepiadoideae  are  inferred  to  tribe   Asclcpiadeae,  among  sampled   taxa.   Cynan- 

possess  a   gynostegial   corona  ancestrally,   but    the  chum   laere   (Miehx.)   Pers.   possesses   a   corona   of 

presence  of  this  corona  type  in  the  common  ances-  distinct  staminal  segments,  which  must  be  regarded 

tor    of     Asclepiadoideae    and    Secamonoideae    is 

equivocal.   It  is  equally   parsimonious  to  infer  that  camonoideae.    Such    coronas    are    not    uncommon 

this    ancestor    lacked    a    gynostegial    corona,    pos-  among    members   of  subtribe    Metastelminae   (e.g., 

sessed   a  corona  of  distinct   staminal   segments,  or  Metastelma  R.  Br.).  Al  this  lime,  it  is  unclear  how 

possessed   a  corona  of  united   staminal   and    inter-  many  such  instances  ol  convergence  will  be  dem- 

staminal   segments.    Phis  ambiguity  arises  because  onstrated   in   Asclcpiadeae.  because  of   the  limited 

the  lineages  descending  from  this  ancestor  are  in-  sampling  in  the  present  study.  Cynanchum  utahense 

(erred  to  have  evolved  different  gynostegial  corona  (Kngelm.)  Woodson  lacks  a  corona  entirely;  this  is 

types:  the  ancestral  corona  type  of  Asclepiadoideae  clearly  a  reversal   to  the  absence  of  a  gynostegial 

is    composed    of    staminal    and    interstaminal    seg-  corona  found  in   IVriplocoideae  and  non-asclcpiad 

ments,  but  that  of  Secamonoideae  is  composed  only  Apocynaceae.  Other  instances  of  the  absence  of  a 

ol  staminal  segments  (Fig.  8).  Any  step  matrix  that  gynostegial  corona  are  well  known  in  Asclcpiadeae, 

weights  the  gain  of  gynostegial  coronas  greater  (no  especially  in  subtribe  Aslephaninae  (e.g.,  Aste- 

matler  how   slightly)  than  transitions  between  (lis-       phanus  R.  Br.). 

linel  staminal  coronas  and  united  staminal  and  in- Recoding  some  IVriplocoideae  as  possessing  a 

terstaminal  coronas  would  make  the  inference  of  a       gynostegial  corona  (character  4b.  Tables  2.  '.\)  re- 
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Figure  H.  Maximum  parsimony  reconstruction  oi  the  evolutionary  history  of  gynostegial  coronas,  based  on  the 

cladogram  in  Figure  I  and  the  coding  ol  character  4a  (Tables  2,  3).  Character  states  are  treated  as  unordered  with 

equal  transition  probabilities  among  slates.  The  ancestor  ol  and  branch  leading  to  Secamonoideae  +  Asclepiadoideae 

is  reconstructed  with  equal  parsimony  to  be  lacking  a  gynostegial  corona,  possessing  a  corona  ol  free  staminal  segments. 

or  possessing  a  corona  ol  united  staminal  and  interstaminal  segments.  The  ancestor  of  and  branch  leading  to  Seca- 

monoideae  is  reconstructed  as  equivocal  because  ol  the  polytomy  present  in  the  strict  consensus  of  most-parsimonious 

trees  (MI'Ts).  \ll  resolutions  ol  secamonoid  phylogem  present  in  the  Mlyls  result  in  reconstruction  ol  the  ancestor  as 
possessing  a  corona  ol  Iree  staminal  segments.  Additional  reconstructions  found  with  alternate  transition  probabilities 
are  discussed  in  the  text. 
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suits  in  ambiguity  concerning  the  ancestral  absence The  evolutionary   reconstructions  based  on  the 

of  a  gynostegial  corona  in  Asclepiadaceae,  and  in-  matK  phylogeny  are  robust  to  the  non-monophyly 
Iroduces   additional    homoplasy  among   Periplocoi-  of  Asclepiadaceae.  For  both  pollinia  characters,  the 
deae  (Kig.  9).  The  presence  of  gynostegial  coronas  phylogenetic    placement   of  character   transforma- 

in  some   Periplocoideae  permits  with  equal  parsi-  lions  is  identical  for  topologies  in  which  Asclepia- 
mony   die  common  ancestor  of   Asclepiadaceae  to  claceae  are  monophyletic  or  polyphvletic.  Because >.... 

ml 

I'enpiocoioeae leae   retain   ancestral   characteristics  oi either  lack  a  gynostegial  corona  or  possess  one  of 

distinct  staminal  segments;  a  corona  of  united  sta-       non-asclepiad  Apocynaceae,  placemenl  of  Periplo- 
minal  and  intcrstaminal  segments,  however,  is  less coideae  as  sister  to  these  lineages  does  not  alter 

parsimonious.  Similarly,  it  is  equally  parsimonious  inferences  about  character  evolution.  However,  Hie 

to  infer  that  the  ancestor  of  Periplocoideae  lacked  phylogenetic  relationships  among  unsampled  Peri- 

a  gynostegial  corona  or  possessed  one  of  distinct  plocoideae  are  unknown,  and  could  support  an  ear- 
lier origin  of  pollinia  in  the  common  ancestor  of staminal  segments.  II  such  a  corona  was  absent  in 

curred.    Because    taxa    bearing   ambiguous    corona 

die  ancestor  of    Periplocoideae,  then  independent  Asclepiadaceae,    if  asclepiads    are    monophyletic. 

derivation  is  implied  within  the  subfamily  (Fig.  9).  Hypotheses  of  the  pattern  of  corona  evolution  arc 

II   a  gynostegial   corona   was  ancestral   in   Periplo-  also  insensitive  to  phylogenetic  uncertainty,  {/' per- 
coideae,  then  one  or  more  losses  must  have  oe-  iplocoid  coronas  are  assumed  to  be  uniformK  cor- 

olline  (characters  3a.  la).  However,  polyphyb  ol 

types  may  be  oversamplcd  in  this  study  (see  above),  Asclepiadaceae  does  affect  reconstructions  of  co- 

further  sampling  of  Periplocoideae  may  support  the  rona  evolution  when  gynostegial  coronas  arc  coded 

convergent  evolution  of  gynostegial  coronas  in  this  as  occurring  in  some  Periplocoideae  (characters  3b, 

subfamily,  if  they  indeed  should  be  coded  as  gy-  4b).  Under  this  scenario,  polyphyly  of  Asclepiada- 
nostegial  (Kunze,  1990;  Nilsson  el  al.,  1993;  En-  ceae  has  no  effect  on  the  inference  of  character 
dress  &   Bruyns,  2000). 

v\\\  l<h, i:\jktk:  SENSITIVITY 

evolution  in  Secamonoideae  and  Aselepiadoideae. 

Periplocoideae,  however,  are  unambiguously  in- 
ferred to  ancestrally  possess  a  corolline  corona,  as 

in  reconstructions  of  character  3a.  As  a  result,  the 

The  evolutionary  scenarios  inferred  here  from  gynostegial  coronas  of  Periplocoideae  are  unambig- 
maximum  parsimony  reconstructions  are  specific  to  uously  inferred  to  represent  convergence  with  co- 
the  preliminary  phylogeny  derived  from  analysis  of  ronas  of  Asclepiadoideae  and  Secamonoideae. 

partial  matK  se(|iiences  (L.  Civeyrel  &  M.  Fishbein,  Thus,  polyphyly  of  Asclepiadaceae  docs  not  intro- 

unpublishcd  data).  Errors  in  the  estimation  ol  pin-  duce  new  hypotheses  of  character  evolution;  it 
logeny  may  lead  to  errors  in  estimates  of  timing,  mere  In  limits  the  parsimonious  reconstructions  of 

location,  and  degree  of  homoplasy  in  character  evo-  corona  evolution  under  a  single  scenario,  in  which 
lution  (see  Ackerly  &  Donoghue.  1998.  for  a  robust  some  periploeoid  coronas  are  interpreted  to  be  g\ - 
analysis  of  phylogenetic  sensitivity).  An  analysis  of  nostegial. 

rbch  sequence  data  suggested  that  Asclepiadaceae 

as  circumscribed  here  are  polyphyletic  (Sennblad 

&  Bremer,  1996).  All  hough  support  for  the  poly- 

phyly of  Asclepiadaceae  found  with  rbclj  sequences  The  exquisitely  complex  flowers  of  Asclepiada- 
(Sennblad  cK  Bremer,  1996)  was  much  weaker  than  ceae  are  templing  subjects  for  the  study  ol  in  no- 
support  for  the  monophyly  of  Asclepiadaceae  found  vation  and  diversification.  Complexity  is  due  in  part 

with  matK  (Civeyrel  et  al.,  1998:  L.  Civeyrel  &  M.       to  the  unusually  high  degree  of  structural  and  func- 

CONCLUSIONS 

Fishbein,   unpublished  data),  sampling  is  poor  in       tional  synorganization  between  tl 

both  dala  sets  and  alternate  topologies  should   be 

ie  am Iroeci um and 
lified     I 

gynoecium.    as    exempiuico     ny     tne     poiunarium. 

Il 
considered.  A  recent  study  employing  a  different,  Complexity  is  due  also  to  elaborate  diversification 

non-coding  region  ol  chloroplast  l)\A  and  broader  ol  the  corona.  Pollinaria  and  coronas  are  distinctive 

sani[)ling   reported   non-monophvlv   of   Asclepiada-       features  of  Asclepiadaceae  that  potentially    repre- 
ceae  (Potgieter  &  Albert,  2001).  Thus,  I  have  eval-  sent    innovations   integral   to   the   radiation   of  this 
uated    most    parsimonious    reconstructions    of    the  clade.     The    phvlogenetieally    explicit    approach 

evolution  ol  pollinia  and  corona  characters  assum-  adopted  in  this  paper  provides  a  preliminary  anal- 

ing  a  closer  relationship  of  Periplocoideae  to  non-  ysis  of  the  timing  and  patterns  of  diversification  of 
asclepiad  Apocynaceae  than  to  the  remainder  of  these  structures,  as  well  as  an  assessment  of  the 

Asclepiadaceae  (Sennblad  &  Bremer,  1996;  Potgie-  level  ol  homoplasy.  Although  homology  assessments 
ter  &  Albert,  2001). and   evolutionary   reconstructions   for   these  struc- 
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Ki^inc  ().  \1;i \ i niiirn  parsimom  reconstruction  ol  the  evolutionary  histor\  ol  gynostegial  coronas,  based  on  the 
eladogram  in  Figure  I  and  the  coding  ol  character  lb  (Tables  2.  .\).  Character  stales  are  treated  as  unordered  with 

equal  transition  probabilities  among  slates.  The  ancestor  ol  and  branch  leading  In  Secamonoideae  +  Asolepiadoideae 

is  reconstructed  with  equal  parsimom  to  be  lurking  a  gvnostegial  corona,  possessing  a  corona  of  free  staminal  segments. 

or  possessing  a  corona  ol    united   staminal  and   interstaminal   segments.    The  ancestor  ol  and   branch   leading  to  Seca- 

monoideae is  reconstructed  as  equivocal  because  of  the  polytomy  present  in  the  strict  consensus  of  most-parsimonious 
trees  (MITs).   All   resolutions  ol  secamonoid  phvlogem    present   in  ihe  MPTs  result  in  reconstruction  o!  the  ancestor  as 

possessing  a  corona  of  free  staminal  segments.  The  ancestor  of  and  branch  leading  to  Aselepiadaceae  is  reconstructed 

with  equal  parsimom   to  be  lacking  a  gynostegial  corona  or  possessing  a  corona  ol  free  staminal  segments;  a  corona  ol 

united  staminal  and  interstaminal  segments  is  less  parsimonious. 
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tines  have  been  presented  in  the  past,  rigor  has The    evolution    of   coronas    appears    to    exhibit 

been  limited  by  the  lack  of  an  explicit  phylogenetic  greater  diversification  with  more  extensive  homo- 

hypothesis  (Woodson,  1941;  Good,  1956;  Kunze,  plasy  than  that  of  pollinaria.  The  presence  of  cor- 

1990,  1995a;  Liede  &  Kunze,  1993;  Swarupanan-  olline  coronas  is  variable  in  Secamonoideae  and, 

dan  et  al.,  1996;  Endress  &  Bruyns,  2000)  or  min-  perhaps,  Periplocoideae.  This  variability  requires 

imal  taxon  sampling  and  attention  to  topological  that  convergence  and/or  losses  have  occurred  in  the 

ambiguity  and  homology  decisions  (Wanntorp,  history  of  corolline  coronas.  Similarly,  evolutionary 

1988;  Judd  et  al.,  1994).  Admittedly,  taxon  sam-  reconstructions  of  the  presence  and  form  of  gynos- 

pling  in  the  present  study  is  still  inadequate  to  fully  tegial  coronas  require  considerable  homoplasy.  The 

explore  the  range  of  corona  evolution  of  Asclepia-  inference  of  evolutionary  lability  depends  largely 

daceae  and  the  origin  of  pollinia  in  Periplocoideae,  on  homology  assessment.  Under  some  scenarios, 

subjects  still  ripe  for  further  investigation.  the  origin  of  subfamilies  and  tribes  may  be  marked 

Pollinaria  and  coronas  exhibit  contrasting  evo-  by  large  changes  in  corona  morphology  witli  no 

lutionary  patterns.  The  pollinarium  is  a  novel  fea-  subsequent  homoplasy  (e.g.,  the  synapomorphic 

ture  of  Asclepiadaceae  that  has  undergone  relative-  loss  of  corolline  coronas  in  Asclepiadoideae).  In 

ly  conservative  evolution  with  comparatively  little  other  cases,  homoplasy  is  inferred  regardless  of  ho- 

diversification.  Reconstructions  of  the  evolutionary  mology  assessment,  as  in  the  convergence  and  loss 

history  of  polliniurn  number  per  flower  and  position  of  gynostegial  coronas  of  Asclepiadeae.  The  greater 

of  translator  attachment  show  little  homoplasy.  degree  of  homoplasy  in  coronas  than  pollinaria  in- 

Shifts  in  the  number  and  orientation  of  pollinia  cor-  vites  inquiry  into  adaptive  explanations.  One  could 

respond  to  the  origin  of  major  clades,  as  largely  speculate  that  the  greater  functional  diversity  of  co- 

reflected  in  classifications  of  the  family  (Brown,  ronas  plays  an  important  role.  The  sole  (unction  of 

1811;  Endlicher,  1838;  Decaisne,  1844;  Schu-  pollinaria  is  the  transfer  of  male  gametes.  Coronas 

mann,  1895;  Liede  &  Albers,  1994;  Liede,  1997;  may  participate  in  the  attraction,  reward,  and  po- 

sitioning of  pollinators   (Wanntorp,    1974;    Kunze, 

evolved,  no  reversals  or  losses  are  inferred  to  have  1991,  1997;  Endress,  1994). 
Endress    &    Bruyns,    2000).    Once    such    changes 

occurred,  except  lor  Periplocoideae.  Pollinia  in  this Unlike  pollinaria,  corolline  coronas  ol  Asclepia- 

subfamily  exhibit  additional  diversity  in  the  mor-  daceae  appear  to  be  plesiomorphic  features  present 

phology  of  the  constituent  pollen  grains  (Verhoeven  in    related   non-asclepiad    Apocynaceae.    However, 

&  Venter,  2001).  More  thorough  sampling  of  Peri-  gynostegial  coronas  are  potentially  a  novel  structure 

plocoideae  in  phylogenetic  studies  is  necessary  to  of  Asclepiadaceae.  Gynostegial  coronas  appear  to 

evaluate  the  level  of  convergence  and  reversal  in  adopt  a  novel  position  in  the  flower.  Different  evo- 

the  evolution  of  pollinia.  Comparative  studies  that  lutionary  scenarios  have  been  proposed  (cf.  Kunze, 

contrast  the  conservative  evolution  of  pollinia   in  1990),  under  which  (1)  gynostegial  coronas  are  a 

Secamonoideae    and    Asclepiadoideae    with    the  structure  sui  generis  of  Asclepiadaceae  and  are  not 

greater  lability  in  Periplocoideae  may  be  useful  in  homologous  with  corolline  coronas,  or  (2)  gynoste- 

evaluating  Riedls  (1978)  concept  of  evolutionary  gial  coronas  are  derived  from  corolline  coronas.  Ev- 

burden  (see  also  Donoghue,  1989)  as  it  applies  to  idence  for  both  hypotheses  was  presented  by  Kunze 

asclepiad  flowers. 

A  further  caveat  pertains  to  the  scale  at  which 

pollinarium  evolution  is  studied.  I  have  discussed 

the  difficulties  encountered  in  prior  attempts  to  de-  corona  types  in  a  linear  transformation  series,  but 

scribe  polliniurn  orientation  (Woodson,  1941;  Ko-  also  stated  that  some  corona  types  are  not  homol- 

satti,  1989;  Kunze,  1995b;  Liede,  1996;  Swarupan-  ogous.  Circumstantial  support  for  the  second  sce- 

andan  et  al.,  1996;  Civeyrel  et  al.,  1998).  By  nario  comes  from  the  rarity  of  instances  in  which 

adopting  homology  criteria  that  are  more  easily  as-  corolline  coronas  and  gynostegial  coronas  are  pre- 

sessed  across  Asclepiadaceae  (Swarupanandan  et  sent  in  the  same  flower  (cf.  Eigs.  4,  5,  8,  9),  al- 

al.,  1996),  1  have  incompletely  addressed  the  ex- 

tensive variation  that  led  to  difficulties  in  homology  tions  (Good,  1956;  Safwat,  1962;  Kunze,  1990; 

assessment  in  the  past.  Careful  study  of  variation  Klackenberg,  1995;  Li  et  al.,  1995;  Eorster,  1996). 

in  polliniurn  shape  and  anther  orientation  in  a  phy-  Kunze  (1990)  noted  the  presence  across  Asclepia- 

(1990),  who  concluded  that  gynostegial  coronas 

were  non-homologous  with  corolline  coronas.  Liede 

and   Kunze  (1993)   indicated   homology  among  all 

though    Secamonoideae   provide    important    excep- 

logenetic   framework,   including   much   more   thor-  daceae  of  a  basal  synorganized  zone  during  flower 

ough  taxon  sampling,  is  required  to  assess  the  la-  development.  Endress  and  Bruyns  (2000)  proposed 

bility  of  pollinarium  characteristics  not  studied  in  the  homology  of  this  zone  across  Asclepiadaceae, 

the  present  investigation.  interpreting  the  zone  as  neither  corolline  nor  sta- 
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mi ikiI  and  suggesting  llial  at  least  some  corolline 

and  gvnostegial  coronas  may  develop  from  this  re- 

gion oi  zonal  growth.  Like  homology  assessment  of 

corolline  and  gyimstegial  coronas,  accurate  evalu- 

ation of  the  novelty  ol  the  gynoslegial  corona  re- 

quires ontogenetic  study  in  a  phvlngenetic  frame- 

work (Hufford,  1995,  1996a,  l>).  The  importance  of 

ontogenetic  studies  as  a  basis  (or  homology  assess- 

ment (set*  Kaplan.  |9{>|)  was  recognized  in  Kun/es 

(1990)  assessment  of  corona  evolution  and  in  the 

work  of  Endress  and  Bruyns  (2000).  In  addition. 

phylogenetic  analysis  permits  evaluation  of  phvlo- 

genetie  homology,  assessment  of  homoplasy.  and  in- 

ference of  ontogenetic  transformations  (Hufford, 

IOOS,  1996a,  hi.  These  analytical  properties  pro- 

vide the  strongest  basis  for  assessing  the  patterns 

and  mechanisms  ol  morphological  evolution  and 

should  guide  future  studies  of  innovation  and  di- 

versification of  asclepiad  flowers. 
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A  KARYOLOGICAL  SURVEY 
OF  ASCLEPIADOIDEAE, 
PEKIPLOCOIDEAE,  AND 
SECAMONOIDEAE,  AND 
EVOLUTIONARY 
CONSIDERATIONS  WITHIN 

APOCYNACEAE  S.L.1 

Fockc  Albers1  and  Ulrirh  Mere* 

Ailstk  act 

The  chromosome  numhers  of  672  species  oul  of  740  taxa  of  the  Apocynaeeae  in  the  suhfamilies  Asclepiadoideae, 
Periploeoideae,  and  Seeamonoideae  were  either  determined  or  extracted  from  the  literature.   The  chromosome  numbers 

ol  2()<>  taxa  are  published  here  for  the  first  time,  and  a  further  139  new  counts  confirm  or  complete  previously  published 
chromosome  numbers.  The  basic  chromosome  number  .v  ------- 
taxa   investigated.    Deviations  from  % 

1  I  is  found  to  be  predominant,  occurring  in  ca.  (><V#  of  tin 
I  I  are  absent  in  IVriplocoideae  and  Seeamonoideae,  but  some  variation  is 

present  in  Asc  lepiadoideae.  A  reduction  of  the  karvotype  to  X  =  10  is  known  onlv  in  the  advanced  tribe  Asclepiadeae. 

where   it   is   important    in   the  Old   World   sublribe   Aslephaninae  (Microloma),  as' well  as  in  the  New    World  subtribes Metastelminae  {Funastrurtu  Orthosia,  Philibertia,  and  GruebaehieUa)  and  Oxypetalinae  {Araujia  and  Tneedia).  An  in- 
crease (x  =  12.  Lt,  I  I)  was  found  onlv  rarely  and  sporadically  in  the  subfamily  Asclepiadoideae.  About  f>%  of  the 

species  (77r  of  the  taxa)  investigated  are  found  to  be  polyploid.  The  majority  of  such  taxa  are  tetraploid  with  2//  =  44; 
only  a  few  are  hexaploid  or  higher.  The  data  cm  chromosome  number  and  size  presented  in  this  paper  are  interpreted 
in  relation  to  the  systematic  position  and  geographical  distribution  of  the  taxa  investigated.  On  the  average  karyotype 
size  diminishes  from  rather  large  chromosomes  in  the  IVriplocoideae  to  the  smallest  karvotype  length  in  the  presumed 
most  advanced  tribe  of  the  Asclepidoidoae.  the  Asclepiadeae.  Reduction  in  the  basic  chromosome  number  is  regarded 
as  only  a  rather  recent  step  in  genome  evolution  within  Asclepiadeae.  which  has  been  taken  place  in  parallel  in  the 
Old  and  New  Worlds.  Finally,  eomparision  with  data  available  for  the  Apocynaeeae  s.  str.  (Apocv  noideae  and  Rauvol- (ioideae)  is  presented. 

Key  words:      Apocynaeeae,  Asclepiadoideae,  chromosome  number,  chromosome  size,  evolution.  IVriplocoideae.  poly- ploidy, Seeamonoideae. 

According  l<>  I  In*  most  recent  classification,  the 
Apocynaeeae  comprise  the  subfamilies  Apocyno- 

bigbly   evolved  group  being  nested  within   Apocy- 

naeeae s.  str.,  and  thus  must  be  included  in  Apo- 

ideae,    Rauvolfioideae,   IVriplocoideae,  Secamono-  eynaceae  for  the  family  to  be  monopbvletic  (Olm- 
i<lea<\  and  the  Asclepiadoideae  (Endress  & Bruyns,  stead    et   al.,    1993;   Sennblad    &    Bremer,    1996). 

2000).  Of  these,  the  IVriplocoideae  (cf.  Schleebter,  Approximately  400  genera  of  Apocynaeeae  contain 

1905;     Venter,     1997)    and     the     Asc  lepiadoideae  about    4300    species.    All    subfamilies    except    tb 
(Brown,  1810;  Bruyns  &  Forster,  1991)  have  often small   Seeamonoideae  (9  genera,  ca.    170  species; 

been    treated    as    separate    families    Periplocaceae  Klackenberg.  in  press)  have  been  split  into  tribes 
Scbltr.  and  As<  lepiadaceae  B.  Br.  in  the  past.  Mow-  and  subtribes  established  mainly  on  morphological 
ever,   present    molecular  data  support  earlier  mor-  reasoning.    IVriplocoideae.   which    is  characterized 

pbological    insights   that   the  most   natural   classili-  by   several    monotypic   genera,   comprises  only   ca. 
cation  is  to  treat  the  group  as  a  single  family,  and 

that    the    subfamily    Asclepiadoideae    is    the    most 

180  species  distributed  among  31   genera  (Venter 

&   Verboeven,    1997,  2001    this  volume).  Asclepia- 

1  We  are  very  much  indebted  to  the  many  people  and  institutions  that  provided  us  with  plant  material  over  the  years, in  particular,  Jerry  liaracl  (Klemington,  NJ),  Peter  bruyns  (Cape  Town.  RSA),  Karoo  Botanic  (iarden  (Worcester.  RSA), 
John    Lavranos  (Louie,   Portugal),  Sigrid   Liede  (Bavreuth.   FRG),   luge   IVhlemann   (Windhoek,   Namibia),  and   Darrel 

Howes  (Mutare,  Zimbabwe).  Simone  Kngel.   Mathilde  Frond,  Ball'  Huesmann,  and   Bjorn  Niggemann  (all   Miinster) contributed  with  chromosome  measurements  and  technical  assistance  to  parts  of  the  work.  The  clients  in  improving  our 
manuscript  made  by  two  anonymous  referees  and  Victoria  Hollowell  (St.  Louis,  M0),  but  especially  by  the  first  editor 
ol  this  volume.  Mary  Kndress  (Zurich.  Switzerland),  are  gratefully  acknowledged.  This  long-term  studv  was  funded  by the  Deutsche  Foreeluingsgemeinsehafl  (AL  218/1-1,  218/2-1). 

2InMilul  fur  Botanik,  Westf.  Wilhelms-UniversitMt  Miinster,  Schlossmann  .*i  481  V)  Miinster.  Germany. 
1  Lehrsluhl  fur  Lflanzensystematik,  Universital  Bayreuth.  95-140  Uavreuth.  Germanv 

Ann.  Missouri  Bot.  Gard.  88:  624-6.%.  2001. 
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doideae  encompasses  ca.  190  genera  (for  more  de-  vouchers  of  a  single  taxon  are  given  here.  In  ad- 

tails  see:  "Tribal  disposition  of  Periploeoideae  and  dition,  vouchers  for  chromosome  measurements 

Asclepiadoideae  genera,"  <http://www.uni-bayreuth.  that  are  based  on  plants  with  already  published 
de/departrnents/planta2/>)  and  more  than  2500  spe-  chromosome  numbers  are  included  in  Appendix  1. 

cies.  Relationships  within  this  subfamily  are  most  This  material  is  marked  by  an  asterisk  (*).  For  the 
accurately  represented  by  four  tribes:  the  basal  different  calculations,  we  considered  literature  data 

Fockeeae,  the  Marsdenieae,  the  Ceropegieae  Orb.  as  far  as  possible,  except  for  information  that  was 

(this  name  replaces  the  up  to  recently  used  but  either  unreliable  or  doubtful  (e.g.,  for  invalid  and 

younger  name  Stapelieae  Decne.;  cf.  Endress  &  dubious  taxa,  presumably  wrong  counts,  etc.). 

Bruyns,  2000),  and  the  Asclepiadeae,  which  prob-  Chromosome  numbers  published  without  voucher 

ably  is  the  most  advanced.  The  latter  is  subdivided  provenance  have  been  excluded  as  well,  since  the 
997 

volume). 

s       chance  of  including  numbers   being  attributed   to 

incorrectly  determined  plants  increases  consider- 
Many  studies  have  demonstrated  the  taxonomic       ably  using  undocumented  material. 

value  of  chromosomal  information  in  the  plant  king- Information   on    Apocynoideac    and    Kauvolfioi- 

dorn  in  general  (Stebbins,   1971;  Lewis,   1980).  In       deae  is  mainly  based  on  Van  der  Laan  and  Arends 

Asclepiadoideae,  however,  due  to  the  dominance  of  (1985).  Information  on  Apocynaceae  s.l.  is  supple- 

2n   =   22  and  a  "small"  chromosome  size,  chro-  mented  by  data  extracted  from  Darlington  and  Wy- 

mosomal  data  have  been  little  used.  Only  rarely  has  lie  (1955),  Fcdorov  (1974),  and  various  volumes  of 

karyology,  in  particular  polypoidy,  been  utilized  to  the  Index  to  Plant  Chromosome  Numbers  edited  by 

support  taxonomic  conclusions  or  phylogenetic  con-  Ornduff  (1967),  Moore  (1973,  1974,   1977),  Gold- 

siderations  (Meve,  1995a,  1997a).  The  study  pre-  blatt  (1981,  1984,  1985,  1988),  and  Goldblatt  and 

sented   here  is   the   result  of  a  long-term   project,  Johnson  (1990,  1991,  1994,  1996,  1998). 

which   was  initiated   by   the  late  (i.   Reese  (Kiel), 

with    chromosome    counts    for    stapeliads    (Reese,  METHODS 

1971;   Reese  &   Kressel,    1967)  and  continued   by 

us.  A  summary  of  the  previous  literature  and  a  first Chromosome    numbers    and    chromosome    sizes 

overview  were  given  by   Albers  (1983),  and  many  were  established  from  adventitious  root  tip  squash 

of  the  further  counts  have  been  published  in  Albers  preparations.   Ten    mitotic   metaphase   plates   from 

(1974,  1975,  1976,  1977,  1981),  Albers  and  Delfs  different  root  tips  of  each  sample  were  investigated, 

(1983),  Albers  and  Austmann  (1987),  and  Albers  though  ten  plates  were  not  available  in  ca.  one  third 

et  al.  (1988,   1990).   In  the  last  20  years  we  have  of  the  samples  due  to  the  lack  of  actively  growing 

mann,  1993). 

emphasized  karyotype  length  investigations  in  ad-  root  tips.  The  root  tips  were  prepared  as  follows: 

dition  to  the  mere  chromosome  counts,  and  with  the  pre-treatment  in  0.002  M  hydroxyquinoline  for  4 

standard  use  of  well-documented  voucher  material.  hr.  at  20°C  (Tjio  &  Levan,  1950);  fixation  in  Car- 

We  expanded  the  study  to  all  tribes  of  1  lie-  Ascle-  noy's  solution  for  24  hr.  at  20°C;  staining  in  car- 

piadoideae  (cf.  Albers,  1983;  Albers  et  al.,  1993;  mine  for  24  hr.  at  60°C  (Snow,  1963).  For  eytolog- 
Meve,  1999),  as  well  as  to  Periploeoideae  and  Se-  ieal  investigation  a  Leitz  Orthoplan  microscope  was 

camonoideae  (Appendix  1).  In  addition,  research  used.  The  total  lengths  of  all  chromsomes  in  the 

included  measurements  of  the  l)N  A  content  (Hues-       genome   were   measured   on    maximally  contracted 

chromosomes  on  the  basis  of  camera  lucida  pencil 

drawings.    Control    (digital)    measurements   of  the 

karyotype  length  were  done  by  using  the  Leitz  Or- 
thoplan   microscope    in    connection    with    a    Leica 

Quantiment   500  (software  OWIN).   Measurements 

The  data  gathered   and  used   in   this   paper  re-       of  the   mean   value,  standard  deviation,  and  error 

garding   Periploeoideae,   Secamonoideae,   and    As-       were  part  of  the  Leica  program, 

clepiadoideae  are  based  mainly  on  our  own  inves-  For   fixations   of  Feulgen   cytophotometric   mea- 

tigations.  Appendix  1  summarizes  our  recent  surements  of  relative  2C  I)N  A  content  Carnoy's  so- 

findings  and  includes  two  types  of  data:  first  chro-  lution  was  used  (24  hr.,  4°C)  after  pretreatment  with 
mosome  counts  for  taxa,  which  are  unmarked,  and       0.002M   hydroxyquinoline  for  4  hr.;  ten  fixed  root 

Matkrial  and  Mktiiods 

MATERIALS 

counts  confirming  previous  chromosome  numbers,       tips  from  each  taxon  were  hydrolyzed  in  5M   IICI 

preceded  by  a  hatch  symbol  (#).  Where       for  80  min.  at  20°C,  washed  in  distilled  water  for 
whicl l  are 

the  same  chromosome  number  was  counted  for  dif-       10  min.,  and  stained  in  Feulgen  reagent  for  80  min. 

ferent  geographic  regions,  sometimes  two  different       at  room   temperature.  The  washed   root   tips  were 
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Table  I.  Number  and  distribution  <>f  karyologieally  known  species,  subspecies,  and  varieties  in  Periplocoideae, 
Seeamonoideae,  and  Asclepiadoideae  (number  of  karyologieally  known  genera  in  parentheses  following  the  tribal 
names). 

(lhromosom< 

number 

2n 

2n 

2n 

2n 

=  18 
=  20 
=  22 
=  21 

2n  =  2<> 
In 

2n 

2n 

2« 
10 

II 

2//  =  ()(. 

2n  = 
Jin 

ca. 

ca. 

132 
I .")  I 

I'KUII'I.OCO-     SKCAMONO- 
IDKAK 

(1.0 

27 

I 

1 1 )  K  A  K 

Secumoneae 
(1) 

:t 

I 

Fockeeae 

(2) 

6 

ASCLKI'IADOIDKAK 

(7) 

20 

C57) 

lod 

I 

5 

I 

Marsdenieae       (ieropegieae       Aselepiadeae 

(41) 

3 
15 

1 3 1 2 

I 

I 

I 

4 

I 

I 

deviate  from  ihis.  Among  the  deviant  Na.se  numbers 

<>l  a  Zeiss  scanning  microscope  photometer  (SMI* 

incubated  in  \?>c/<  acetic  acid  for  10  min.  Then  only 

the  dark-stained  ti|»s  were  squashed  and  the  telo-      x  =  10  (Fig.  3C)  is  the  most  frequent  (ca.  2.5<7r  of 
phases  (2C  l)N  A  content)  were  studied  with  the  aid       the  studied  species),  followed  by  x  =  0  (ca.  0..TO 

of  the  studied  species),  and  the  sporadic  increasing 

05)  using  the  two  wavelength  method  published  by       deviates  x  =   12.  13.  and  II  (Table  I). 
In  our  analysis  of  the  distribution  of  the  basic 

chromosome  number  a  =  11  in  the  asclepiad  sub- 

published  by  Crcilhuber  (1986).  The  DNA  values  families,  tribes,  and  subtribes  neither  the  Periplo- 
were  obtained  on  the  basis  of  optical  density.  This  coideae  nor  the  Seeamonoideae  contained  any  de- 
was  converted  to  pg  according  to  Patau  (1952).  1/-  viating  numbers  (Table  I,  Kig.  2,  Appendix  1).  The 

Hum  tepa  (2C  DNA  content  =  33.5  pg  [Bennett  &  same  situation  is  found  in  the  basal  Asclepiadoi- 
Smith,   I97(>|)  was  taken  as  standard. 

Ornstein  (1952)  and   Patau  (1952),  and  the  wave- 

lengths \  max.   =   575  tun  and  \/2   =  510  nm  as 

Results 

UIHOMOSOMK  \t  MIIERS 

leae  tribes  Fockeeae  and  Marsdenieae.  the  large 

Ceropegieae,  and  also  in  Aselepiadeae  in  the  sub- 

tribes  Gonolobineae,  Asclepiadinae,  and  Tylopbor- 

inae  (Table  1.  Kig.  2,  Appendix  1).  All  known  de- 

viating   numbers are    scattered    among    tin irec 

Karvological   information  for  672  species,  repre-       Aselepiadeae  subtribes  Astephaninae,  Metastelmi- 

senting  ca.  24r/r.  of  the  three  subfamilies  Asclepia-       nae.  and  Oxypetalineae  (Table   1,  Appendix   I).  No 
doideae,  Periplocoideae,  and  Seeamonoideae  in  101 taxonomic  subunit   above  generic   level    is  cbarac- 

gencra,  representing  ca.  447r,  and  belonging  to  740       terized  by  a  basic  number  deviating  from  a   =    II. 
but  single  genera  like  Microloma  (Kig.  3C)  and  Fu- 

nastrum,  except  E  crispum  (cf.  Appendix  1),  share 

appear  with  locality  data  and  vouchers  in  the  com-       exclusively  x    =    10   chromosomes   (Albers   et    al., 
pilation    of   Appendix    1    (unmarked),   together  with 

taxa  altogether  is  summarized  in  Table  1.  The  chro- 

mosome numbers  of  200  taxa  are  new  to  science  and 

1993). 

new  counts  confirming  or  completing  earlier  counts 

(preceded  by  #).  For  all  counts,  also  including 

previously  published  chromosome  numbers  of  both 

our  and  foreign  counts,  consult  the  expanded  version 

ron  N.oim 

of  Appendix    1    under w  w  w 

15  iologie/botanik/Ag  Albers.  htm>     or     <http://www. 

uni-bayrcuth.de/departments/planta2/>. 
The  basic  chromosome  unmix 

t  x 

In  the  Periplocoideae  and  Seeamonoideae  poly- 

ploidy  occurs  only   as   autoploidy,   as   simple  dou- 

bling of  2/i  =  22  (Table  1).  These  genomes  with  2// 

=  44  arc  only  known  from  a  few  Raphionacme  spe- 

I  1  is  by  far      cies  (Kig.  2A),  Periploca  visciformis,  and  from  one 

the  most  predominant  number  in  Asclepiadoideae,       individual  of  Secamone  parviftora  (Appendix  1). 
Periplocoideae.  and  Seeamonoideae  (Table   1;  Kig. Approximately  6%  of  the  species  in  tl 

le  asc 

\sclc- 

2);  only  ca.  3.5%   of  the  studied  species  and  taxa       piadoideae  arc  polyploids  (Tabic  1).   Polyploidy  is 
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known  to  occur  in   17  genera  and  is  based  on  x  =  possessing  secondary  constrictions  with  satellites  is 

11.  except  for  the  single  determination  of  2n  =  40  the  rule  as  shown  in  Figure  2 A  for  Raphionacme 

for  Tweedia  brunonis  (Asclepiadeae,  Oxypetalinae,  hirsuta,  and  in  Albers  (1983:  fig.  2a,  p.  797)  for 

Appendix    1).   Some  85%   of  these  polyploids  an*  Brack ystelma   dinteri   Schltr.    lleterochromatic   re- 

tetraploid  (2/?  =  44)  and  12%  are  hexaploid  (2//  =  gions,  which  have  an  affinity  for  Giemsa  C -handing 

66).  The  remaining  instances  of  polyploi*ly  include  stain  are  consistent!)   located  on  both  sides  ol  the 

dodecaploidy  (2n   =    132)  in  the  stapeliad  Caral-  centromere  (Albers,  1983:  fig.  2b,  c)  and  are  there- 

luma   burchardii   subsp.    burchardii   (Ceropegicae)  lore  of  poor  taxonomic  value.  However,  the  size  ol 

(Meve,    1995a)   and   deeatetraploidy    in   the   twiner  chromosomes    varies   considerably    throughout    the 

Tylophora  anomala  N.  E.  Br.  (Asclepiadeae,  Tylo-  subfamilies  and  tribes  studied  (Figs.  1  and  2). 

phorinae)  (Meve,   1999).  The  latter  taxon  also  in-  Single  chromosome   length   varies  from   ca.   0.6 

eludes  the  highest  number  ever  found.  2n   =    154.  |xm  (sometimes  less)  to  1.7  |xm  (in  rare  cases  more 

in  an  isolated  cytotype  on  Mt.  Cameroon,  whereas  than  2.0  |xin)  comparing  the  tribes  and  subfamilies 

the  frequent  East  African  representative  of  this  spe-  (Fig.    1).   Within  a  single  karyotype   the  chromo- 

cies  is  hexaploid  with  2/?   =  66  (Meve.  1009).  The  somes  are  comparatively  similar  in  size.  Only  rarely 

majority  of  polyploids  are  present  in  the  tribe  Cer-  were  heterogeneous  karyotypes  found  where  chro- 

opegieae,  where  9.3%  of  the  species  (8.3%  of  the  mosome  sizes  varied  considerably  (e.g..  Microloma 

taxa)  were  found  to  be  polyploid  (Table  1,  Fig.  l\\i).  incanum:  min.  0.68 — max.  1.12  [xm,  Fig.  3C;  llcl- 

Stem-succulent  stapeliad  genera  like4  Duvalia,  Or-  erostemma  herberti:  min.  0.8 — max.  1.1  |xm.  Meve, 

feeo,  and  Stapelia  have  especially  high  percentages  unpublished).  In  other  cases,  just  one  pair  of  chio- 

of  polyploid  taxa  (cf.   Albers  &   Meve.   1991).  The  mosomes  is  ca.  30%   larger  than  all  the  remaining, 

genus  Duvalia  in  southern  Africa,  in  particular,  is  similarly   smaller  chromosomes   (e.g.,   Glossonema 

a  classic  example  of  a  polyploid  complex  including  boveanum,  Pentarrhinum  insipidum)  (Appendix  1). 

several   tetraploids  and   two  hexaploids,  and  con-  The   chromosomes   of   polyploid    taxa    are    usually 

tributes  considerably  to  the  understandin 
i_r  o 

f 

phv 

smaller-  than  those  of  diploid  ones.  This  behavior  is 

logenv  and  biogeography  of  Duvalia  and  the  Afri-       repeated  in  infraspecific  polyploid  units,  individu- 

can    stapeliads    in    general    since    polyploidy    is   a       als,  or  mixoploid  tissue. 

uni-directional  event  (Meve,  1997a) Some   general   tendencies  at   subfamilial.  tribal. 

Infraspecific  polyploidy  is  comparatively  rare  in  and  subtribal  level  can  be  recognized.  However,  it 

the  groups  investigated.  We  did  not  find  it  in  Per-  should  be  kept  in  mind  that  sample  sizes  vary  con- 

iplocoideae,  and  only  once  in  Secamonoideae  {Se-  siderably.  This  is  so  because  most  species  arc  rare- 

camone  parviflora,    Appendix    1).    In   Asclepiadoi-  ly  collected  at  all,  are  difficult  to  transplant  I  mm 

deae,  especially  Ceropegieae,  it  is  less  rare,  but  can  the  wild,  and  set  seed  only  sporadically.  Only  spe- 
be  restricted  to  individuals  (cf.  Huernia  keniensis,  cies  with  succulent  stems  (stapeliads),  tubers  (e.g.. 

Appendix    1).    Also,    mixoploid    individuals    occur  Raphionacme).  etc..  are  well  represented  in  collec- 

with  single  sections  of  the  root  tip  merislem  being  lions,  whereas  the  majority  of  species  in  all  three 

polyploid   instead  of  diploid  (e.g..  Carattuma  ad-  subfamilies  are  lianas  or  herbaceous  vines  without 

scendens  var.  gracilis:  Fig.  3B,  Appendix  I;  cf.  also  storage  organs.  Therefore,  access  to  living  material. 

Albers  &  Meve,  1991).  In  some  cases  the  different  especially  taxa  of  the  subfamily  Periplocoideae  and 

levels  characterize  infraspecific  taxa.  e.g..  in  Car-  Secamonoideae  (but   also   New   World   taxa),   is   re- 

alluma  burchardii  (Meve,   1995a).  Duvalia  sulcata  stricted,   and   data   concerning   their  chromosomes 

(Meve,   1997a),  Ceropegia  racemosa,  and  Orbeopsis  are  in  part  rather  limited  despite  all  efforts  made 

gerstneri  (Appendix  1),  and  in  Sarcostemma  virnin-  to  obtain  as  much  material  as  possible.  As  far  as 

ale,  where  the  subspecies  thunbergii  is  a  tetraploid  known,  the  average  chromosome  length  in  Periplo- 

(Liede  &  Meve,  1993)  while  the  other  seven  sub- 

species are  all  diploid  (Liede  &  Meve,  1905:  Meve 

&  Liede,  1996;  Appendix  1). 
^  x/ 

CIIUOMOSOMK   MOKlMtOLOO 

coideae  differs  between  various  genera.  Whereas  in 

Periploca,  Petopentiu,  and  Stomatostemma  chro- 
mosomes are  on  the  average  about  1  |xm  long,  those 

of  Raphionacme,  Taccazea,  and  Schlechterella  (inch 

Triodoglossum)  are  strikingly  larger  (ca.    1.5  |xm; 

Kig.    I).   The   few    chromosome  sizes   known    for  se- 

Chromosomes  of  the  groups  under  discussion  are  camonoid   taxa  reach  on  the  average    1.25  (xm   in 

morphologically    rather    homogeneous.    Chromo-  length.  This  size  is  similar  to  that  in  some  Periplo- 

somes  are  typically  (sub)metacentric,  rarely  aero-  coideae.    On    the    average,    however,    secamonoid 

centric,  and  their  karyograms  offer  very  little  vari-  chromosomes  are  slightly  smaller  (Fig.  1). 

ation.     One     pair    of    chromosomes     per    genome The  large  subfamily  Asclepiadoideac  comprises 
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Figure    1. 

Periplocoid.    Secamoneae     Fockeeae     Marsdenieae  Ceropegieae  Asclepiadeae 

Average  chromosome  lengths   in  subfamily   IVriplocoicleae  (vertically  striped  column),  S eeamononieai 

)id 

(horizontally  striped  column),  and  Asclepiadoideae  (gray  columns)  with  the  four  tribes  Fockeeae,  Marsdenieae,  Cero- 
pegieae, and  Asclepiadeae.  The  ranges  are  in  IVriplocoideae:  x  (min.  1.06  nan  \Stomatostemma\ — max.  1.61  |xm 

[Raphfonacme]),  number  of  samples:  12;  Secamonoideae:  x  (min.  1.13  pm — max.  1.34  pm),  number  of  samples:  3 
Secamone;  Kockeeae:  x  (min.  1.15  pm  \Cibirhiza\ — max.  1.27  pm  \Foekea\),  number  of  samples:  3;  Marsdenieae:  x 
(min.  0.9]  (Jim  \Hoya\ — max.  1.44  pan  [Telosma]),  number  of  samples:  17;  Ceropegieae:  x  (min.  0.68  pm  {Dumlian- 
dra] — max.  1.72  pan  [Neosehumannia]),  number  of  samples:  176;  Asclepiadeae:  x  (min.  0.74  |xm  [I'hilibertia] — max. 
1.15  pm  [Gomphocarpus |),  number  of  samples:  55. 

the    lour   tribes    Kockeeae,    Marsdenieae,    Cerope-  size,  but  as  the  size  of  the  genera  increases,  vari- 
gieae,  and   Asclepiadeae.  The  (ionolobeae,  which  ation  proportionally  increases  in  some  genera.  For 
were  earlier  considered  to  be  a  tribe  of  their  own,  example,  in  the  large  genus  Ceropegia,  the  average 
were  transferred  b\   Liede  (1997)  as  subtribe  (ion-  chromosome  length  varies  between  0.8  |xm  (C.  oe- 
olobinae  to  the  Asclepiadeae.  The  chromosomes  of  ride n talus)  and  ea.   1.5  pin  ((].  rupicola;  Move  & 
the  Kockeeae  have  an  average  length  of  1.20  pm,  Albers,  unpublished).  A  similiar  pattern  is  found  in 
which  is  not  much  shorter  than  in  the  Secamono-  Brachystelma  with  averages  of  0.78  pm  in  li.  fili- 
ideae  (1.24  pm.  Fig.   1).  The  chromosome  lengths  folia  and  1.48  pm  in  li.  Imrchellii  (Move  &  Liede, 

in  the  remaining  tribes  are  on  average  smaller,  be-  2001a).  Chromosomes  in  most  species  and  genera 
ing   1.12  pin  in  Marsdenieae,   1.01   pm  in  Cerope-  of    the    Ceropegieae,    however,    have    an    average 
gieae,  and  0.92  pm  in  Asclepiadeae  (Fig.   1).  The  length  of  around  I  pin  (Fig.  I).  Noteworthy  outliers 
situation  in  the  tribe  Marsdenieae  is  similar  to  the  at  the  lower  end  are  the  genera  Dwaliandra  and 

two  groups   presented   above:   parts  of  the  genera  h>ptadenia.  In  the  monotypie  stapeliad  genus  />//- 
Telosma  and  Monde nia  have  rather  large  ehromo-  valiandni  conspicuously  small  chromosomes  (0.68 
somes  (ea.    1.4  pin  on  the  average,  but  just   1.12  pm)  were  found.  In  Leptadenia  (two  species  inves- 
pm    in   the   depicted    Telosma   accedens,    Fig.   2D),  tigated,  ef.  Appendix  1),  the  average  length  is  0.72 
vvbil e     a outer    marsdeniads    investigated    have ll pin  (Meve  &  Albers,  unpublished).  Relatively  large 

smaller  chromosomes  around  1  pm.  The  best  stud-  chromosome  sizes  are  found  in  species  expressing 
ied  group  is  the  tribe  Ceropegieae,  when4  the  stem-  evolutionarily  basic  morphological  characters  (Car- 
succulent    representatives    such    as    Caralluma,  aUuma   edulis,    C.   sinaica    |  1 .40   pm,    Huesmann, 

Uttemia,    Orbea,   Stapelia,   etc.,   tin*  "stapeliads,"  1993 1,  Ceropegia  sankuruensis  [1.37  pm;  Meve,  un- 
represent  the  main  stock  of  species  (ea.  350),  fol-  published!).  The  largest  chromosomes  of  the  whole 
lowed  by  Ceropegia  (180)  and  Brachystelma  (ea.  tribe  (1.72  pm  on  the  average)  were  observed  in 
100  species).  Almost  90%  of  the  stapeliad  species  Neosehumannia  kamerunensis  (Meve,  1997b).  This 
and  infraspeeifie  taxa  are  karyologically  known,  the  strong  twiner  is  isolated  from  all  other  species  of 
best  characterized  group  in  the  family.  The  smaller  the  tribe  by  its  3-seriate  corona.  Meve  (1995b)  con- 
genera  such  as  Hoodia,  Stapelianthus,  or  Tridentea  sidered  Neosehumannia  to  be  primitive  in  the  Cer- 
are  usually  rather  homogeneous  as  to  chromosome  opegieae  based  on  morphological  characters.  With- 
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in     the    Ceropegieac,    genera    with     a    twining,       than  ours.  The  reasons  for  these  deviations  are  mi- 

non-suceulent   habit,   such  as  Heterostemma,  Iaj/>-       cl 

tadenia,  or  Orthanthera,  form  a  heterogeneous  as- 
semblage around  the  stapeliads  and  their  relatives       GEOGRAPHICAL  DISTRIBUTION  OF  DIFFERENT  BASIC 

such  as  Brachystelma  and  Ceropegia.  In  contrast  to       CHROMOSOME  NtMHKRS 

Ceropegia  and  the  stapeliads,  chromosomes  in  Het- 

erostemma,  Leptadenia,  and  Orthanthera  are  on  av- 
erage ca.  0.25  |xm  smaller. 

We   have   contributed    most    to   the   karyological 

knowledge   in   African    Asclepiadoideae  since   the 

The  smallest  chromosomes,  however,  are  found  emphasis  of  our  ongoing  study  was  on  the  Cero- 

in  the  Asclepiadeae  (Fig.  1),  in  particular  the  sub-  pegieae.  In  contrast,  in  other  regions  of  the  world 

tribes    Asclepiadinae,    Astephaninae,    Metastelmi-  there  are  still  many  gaps  in  the  data.  Despite  this 

nae,  and  Oxypetalinae  (ranging  from  0.7  to   1.15  geographically  biased  data  set  of  bas
ic  chromosome 

Urn  on  the  average).  Usually,  their  chromosomes  are  numbers,  some  summary  can  be  made  to  sho
w  their 

less  than    I    |ULm  long.  Only  in  one  subtribe  of  the diversity  in  the  different  regions  of  the  world  (Table 

Asclepiadeae,  the  Gonolobinae,  arc  chromosomes         '* 
on  the  average  larger  than  1.05  (xm. 

Comparing  average  chromosome  lengths  in  the 
three  subfamilies  as  well  as  those  for  the  tribes  ol 

the  Asclepiadoideae,  a  general  tendency  ol  size  re- 
duction can  be  seen  (Figs.  1,  2).  Stepwise,  starting 

with  the  presumably  most  primitive  subfamily  Per- 
iplocoideae  to  the  higher  evolved  Asclepiadoideae, 

and  within  the  latter  subfamily  starting  with  the 

most  primitive  Fockeeae  to  the  most  advanced  As- 

clepiadeae, a  decrease  in  chromosome  size  has  tak- 

en place  (Fig.  1).  Chromosome  size  evolution  recurs 

in  a  similar  pattern  within  lower  units  such  as  sub- 

tribes  or  groups  of  related  genera  as  such  as  the 

stapeliads. 

2c  DNA  VALUES 

The  relative  2C  DNA  values  (or  over  30  taxa  ol 

The  Asclepiadoideae  are  worldwide  in  distribu- 

tion, whereas  the  primitive  Periplocoideae  and  Se- 

camonoideae  are  restricted  to  the  Old  World.  No- 

tably, all  taxa  investigated  of  the  latter  two 

subfamilies,  arid  also  the  basal  Fockeeae  of  the  As- 

clepiadoideae, have  x  —  11,  large*  chromosomes, 
and  they  all  come  from  Africa  (only  one  species 
from  Arabia). 

In  Europe,  Madagascar,  and  Australia  only  the 
basic  number  x  =  1 1  is  known.  In  the  best  studied 

area.  Africa,  just  a  single  genus,  the  southern  Af- 

rican Microloma,  has  the  deviating  basic  chromo- 

some1 number  of*  =    10  (Albers  et  al.,  1003).  The 

African  PerUarrhinum  insipid  um  is  variable*  in  its 

basic  chromosome  number  (x  =  9,  11,  and  12), 

although  the  2n  =  18  reported  from  Burundi  (Ren- 

ard  et  al.,  1983)  remains  mysterious  because  oth- 
erwise only  increased  numbers  have  been  found  for 

this  species.  Additionally,  Jt  =  13  has  been  counted 
Caralluma, Ceropegia,  Duvalia,  Orbea,  Stapelian-      Qnce  by  |{ramwel|  et  a].  (1972)  for  Calotropis  pro- 

eera  from  the  Cape  Verde  Islands,  whereas  Borgen 

(1975)  confirmed  the  counts  of  x  —    1  I   found  also 
karyeHype  lengths  (cf.   Huesmann,   1993).   All   our       b     ()lher  aulllors  (e>g^  Bhattaeharya  et  al.,   1971). 

thus,  and  Tridentea  have  been  cytophotometricallj 

determined  in  our  lab  and  compared  le>  the  average 

stuelies  showed  a  good  correlation  between  the  twe> We  alse)  counted  x I  1    for  the  same  taxon  and 

parameters  of  DNA  content  and  chromosome  size.  even  froni  Qape  Verde.  In  all  cases  where  counts 
For  example,  in  the  Caralluma  complex  we  found  0f  2n  =  21  have  been  found,  2  B-chromosomes  are 

for  C.  umhellata  0.82  pg/20.4  |xm,  C.  diffusa  1.18  mos,  likely  responsible,  due  te>  their  inconsistency 
pg/27.6  fim,  C.  europaea  1.38  pg/33.7  p,m,  C.  sar-  0f  occurrence;  variation  between  2n  =  22  and  2n 
kariae   1.43  pg/Ui.9  fim,  C.  turned   1.50  pg/24.3 

21  occurs  among  populations  (Pentarrhinurn  in- 
|xm,  and  for  C.  edidis  1.83  pg/27.8  jjliii  (Huesmann,  sipidum)  and  also  within  populations  (e.g.,  Bra- 

1993).  The  differences  between  some  of  these  val-  chystelma  mortonii,  Appendix  1)  corroborating  this 

Lies  are  considerable,  supporting,  for  example,  the1  concept  (e'f.  Rees,  1974).  One  or  two  B-ehromo- 

separation  of \  Caralluma  s.l.  into  a  handful  e>f  small-       somes  have  been  found  to  occur  commonly  in  Hoya 

(Nakamura.   1993).  In  Asia  the  percentage  of  spe- er  genera  as  will  be  proposed  by  Meve  and  Liede 
12  I lave  oeen i 

(unpublished)  based  on  DNA  sequence  data.  De-  cies  with  deviating  numbers  (x  = 

terminations  of  4C  DNA  values,  as  investigated  by  repented  for,  e.g.,  Heterostemma  tanjorense  Wight  & 

Pattnaik  e*t  al.  (1997)  for  six  stapeliad  species,  were  Arn.  [  Navaneetham,  1981]  or  Tylophora  asthmatira 

not  studieel  by  us.  Whereas  the  karye>type  lengths  Wight  &  Arn.  [Sreedevi  &  Numboodiri,   1977]),  is 

measured  by  these  authors  are  in  the  range'  of  our  slightly  higher  than  in  the  rest  of  the  Olel  World, 

results,  the  DNA  values  estimated  are  by  far  higher  but  strikingly  different  from  the  situation  found  in 
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Figure  3. 
2// 
2n 

Mitotic  metaphase  chromosomes  of  Asclepiadoideae  in  the  light  microscope.  — 

22  (Liede  ,1250).  — B.  Carattuma  adseendens  var.  gracilis,  2n  =  44  (Sarkaria  32-90). 
20  (Albers  &  Meve  88).  (A:  ca.  1350X;  H:  ca.  500X;  C:  ca.  24O0X;  for  vouchers  see  Appendix  1.) 

A.  Ceropegia  c u nungiana, 
— C.  Micmloma  incamtm. 

the  New  World  (Table  2).  Here,  one  fifth  of  the  inflated  by  the  relatively  high  number  of  karyolog- 

species  in  North  America  (inch  Mexico)  and  more  ically  studied  species  in  the  genera  Pachypodium 

than  one  third  in  southern  Central  and  South  Ainer-  and  Strophanthiis.  At  present  karyological  infor- 

ica  have  derived,  predominantly  decreased  niim-  mation  is  only  available  for  211  species  (149c)  of 

bers  (e.g.,  Grisebachiella,  Orthosia,  Philibertia;  Ap-  Apocynaceae  s.  sir.  from  73  genera  (40%)  (van  der 
pendix  1).  It  seems  that  chromosomal  evolution  Laan  &  Arends,  1985;  Albers.  unpublished  data). 

with  respect  to  the  basic  numbers  has  begun  a  new  Although  this  rate  seems  rather  poor,  it  represents 

stage  in  the  New  World.  quite  a  typical  situation  for  a  family  with  predom- 

inantly woody  species  (e.g.,  Khrendorfcr,  1982). 

The  only  basic  chromosome  number  in  the  Per- 

iplocoideae  and  Secamonoideae  is  x  =  IK  which 
is   also   bv   far  the   most   common   situation   in   the 

Discission 

Different  basic  chromosome  numbers  often  dis- 

criminate1 a  taxon   into  separate  taxonomical  sub- 

units  such   as  families,   tribes,  or  genera  (various       Asclepiadoideae.  
Comparing  these  basic  chromo- 

examples  are  given  in  Stace,  1989).  Many  studies       s;,me  numbers  with  
those  of  the  Apocynaceae  s.  str. 

have  demonstrated   the   taxonomic   value  of  basic 

chromosome    numbers   even   at    infrageneric    level       chromosome  numbers  occur  mu
ch  less  frequently 

there    is   one   striking   difference:    deviating   basic 

(e.g.,  Pelargonium:  Albers  et  aL  1992:  Moraea: 

Goldblatt.  197 L  1986).  As  van  der  Laan  and  Ar- 

ends (1985)  indicated,  the  basic  number  .y  =  11  is 

the  most  frequent  number  in   Apocynaceae  s.  sir. 

in  Asclepiadoideae  with  only  about  4%  compared 

with  40%  in  the  other  two  subfamilies  Apocyno- 
ideae  and  Rauvolfioideae. 

The   relatively   frequent   occurrence  of   different 

(Apocynoideae   &    Kauvolfioideae).   Approximately       basic   numbers  in  various  tribes  and  subtribe
s  of 

60%  of  the  species  they  studied  have  this  number,       both   Apocynoideae   and    Rauvolfioideae   points  to 

but  40%  deviate  (van  der  Laan  &  Arends,   1985).       parallel  genome  evolution  (van  der  Laan  &  Arends, 

10,  9,  8,  7,  and  6  have  evolved       1985).  The  main  developments  have  taken  place 
Tl ie  rummers  .v I 

by  descending  aneuploidy.  whereas  x  =   12  is  an       repeatedly  but  independently. 

In  Apocynaceae  s.  str.  polyploid)   is  onlj   known 

One  fifth  of  all  studied  species  contain  the  deviat-       to  occur  in  nine  genera  (van  der  Laan  &  Arends. 

1985).  In  total,  13%  of  the  Apocynaceae  s.  str.  are 

increasing  number  (van  der  Laan  &  Arends,  1985). 

ing  number  a   =  9.  This  high  proportion  nng iehl  I 
>e 

Figure  2.  Squash  preparations  of  mitotic  metaphase  plates  (camera  lucida  drawings).  — A.  Periplocoideae:  Raphion- 

acme  hirsuta  {2n  =  44,  two  satellites  marked  by  arrows.  Venter  91  JO).  — 8.  Secamonoideae:  Secamone  punctulata  (2n 

=  22,  Hemp  s.n.).  — C.  Asclepiadoideae,  Lockeeae:  Cibirhiza  dhofarensis  (2n  =  22,  Butler  s.n.).  — I).  Asclepiadoideae, 
Marsdenieae:  Telosma  aecedens  (2n  =  22.  Schneidt  96-45).  — K.  Asclepiadoideae.  Ceropegieae:  AngoUuma  denboefii 

(2n   =  22,  Masinde  889).  — K  Asclepiadoideae,  Asclepiadinae:  Sarcostemma  viminale  suhsp.  odontolepis  (2n   =  22, 
Mere  £  Liede  .1154).  (bar  =    10  \xm;  for  vouchers  see  Appendix  1.) 
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Table  2.     Ideographical  (listribution  ol  basic  chromosome  numbers  in  IVriplocoideae,  Secamonoideae,  and  Asele- 
piadoideae (Apoe\  riaeeae). 

Region 

Old  World 

Africa  «X  Arabia 

Europe 
Asia 

Australia i 

Madagascar 

New  World 

North  America  incl.  Mexico 

S  Central  «.K  Soulh   America 

No.  of 

taxa1 

studied 

496 

83 

30 

\ 

<
>
 

0.2 

10 
1  Each  laxon  is  scored  in  every  region  of  its  occurrence. 

Basic  chromosome  numbers  of  karvologicallv 
known  taxa  in  percentages 

x 

10 
0.8 

18.9 23.3 

11 

08.6 

100 95.2 
100 

100 

HI. I 

12 13 
0.2 

1.8 

0.2 

I  1 

3.3 

polyploids,  which   is  comparatively   little  (ef.   Mor-       ly   based   on   allopolyploidy,   is   rare   in   the  entire 
ton,   1900).  All  basic  chromosome  numbers  are  in-       family  (ef.  Pinkava  et  al.,   1985). 
volved    in    different    polyploid    series.   The   highest Van  der  Laan  and  A  rends  (1985)  observed  that 

number  ever  counted  are  the  ea.  180  chromosomes  most  chromosomes  of  Apoeynaeeae  s.  str.  (Apocy- 

ol  Alyxia  (van  der  Laan  &  Arends,   1985).  The  sit-  noideae    and    Kauvolfioideae)    species   fall    in    the 

nation  in  Aselepiadoideae  is  very  similar,  but  the  range  of  1   to  2  jxni  in  length.  Considerably  longer 

degree  of  polyploids  is  even  low er.  with  only  around  chromosomes  are  found  only  in  the  tribes  Alston- 

6%.  Only  in  the  Ceropegieae,  which  are  dominated  ieae  and   Plumerieae  (Vallesia  and  Allamanda,  up 

by  the  stem-succulent  stapeliads,  does  polyploidy  to  3  |xm  long)  and  Tabernaemontaneae  (Tabernae- 

increase  to  about   10%,  supporting  the  old  hypoth-  montana  and  Voacanga,  up  to  3.5.  jxm  long)  of  the 
esis  of  the  better  ability  of  polyploids  al  colonizing  Kauvolfioideae  (data  extracted  from  van  der  Laan 

new  areas  and  being  more  hardy  in  less  favorable  &   Arends,    1985;  tribal  disposition  sensu  Kndress 

habitats  (e.g.,  Stebbins,  1985).  However,  compared  &  Hruyns,  2000),  and  could  indicate  a  similar  trend 

to  the  27.9%   polyploid  taxa  in  Cactaceae  (Pinkava  in  Aselepiadoideae.  with  larger  chromosomes  being 

et   al.,    1985).   it  cannot   be  argued  that   polyploidy  predominantly  confined  to  basal   taxonomie   units, 

really  played  an  important  role  in  stapeliad  evolu-  On  the  average,  however,  there  is  no  noticeable  dic- 
tionary history.  This  might  be  true  only  on  a  more 

regional  scale.  The  stapeliads  had  their  evolution-  families   of  Apoeynaeeae   s.    str.    In    both,   average 
ary    center   in    northeastern    Africa   (Meve,    1997a),  chromosome   length   is  around    1.5  |xm.  The  chro- 

but  they  formed  a  secondary  center  in  southern  Af-  mosomes  of  the  generallv   woody   Apoeynaeeae  s. 

lerence  in  chromosome  length  between  the  two  sub- 

r  w  m  w 

rica,  where  the  majority  of  stapeliad  polyploids  are  str.  can  be  considered  as  small  and  are  in  the  same 

distributed   (Albers.    1983;   Albers  &    Meve,    1991,  ratige  as   those  of  the    IVriplocoideae,  Secamono- 

unpublished    data).     Here,     rapid    speciation    took  ideae,    and    some    tribes    of   the    Aselepiadoideae. 

place   accompanied   not   by   derivation   of  chromo-  Pattnaik  et  al.  (1997).  Raynaud  (1991),  and   Nak- 

some  number  but   instead   by  an   increase  in   poly-  amura  (1991)   published   measurements  of  similar 

ploidization  events.  This  means  that  speciation  here  sizes  for  some  stapeliads.  However,  the  analysis  of 

has  taken   place  only  at    the   level  of  chromosome  Pattnaik  et  al.  ( 1997:  Table  I .  p.  89)  revealed  larger 

and    not   of    the   karyotype   (genome   evolution).    In  rather  than  smaller  chromosomes  in  tetraploids  as 

contrast,  the   Apoeynaeeae  s.  str.   have  been   more  compared    with    diploids.     For    example,    Pattnaik 

successful    with   derived    numbers   (karyotype  evo-  gave  the  karyotype   length   for  Orbea  pnradoxa  as 
lution). 01.54  pjn.  whereas  we  measured  42.91  |im  (Albers 

Tetraploidy  is  by  far  the  most  frequent  polyploid  &  Meve,  unpublished).  This  surprising  differences 

condition  in  both  Apoeynaeeae  s.  str.  and  Ascle-  which  is  even  higher  when  comparing  tetraploids 
piadoideae.   In  general,  the  letraploid  condition  is illi    diploids   of  Orbed    rariegata,    remains    unex- 

plained. Comparing  chromosome  size  in  the   Periplocoi- 

parl  from  this,  since  infraspecific  polyploidy,  main-       deae,  Secamonoideae.  and  Aselepiadoideae,  on  av- 

considered    to   be   the   most   successful    in   higher 

plants  (DeWet.   1980).  Even  Cactaceae  do  not  de- 



Volume  88,  Number  4 
2001 

Albers  &  Meve 

Karyological  Survey 

633 

il I  the  kc liminisl erage  trie  size  oi  me  kaiyoty|>e  diminishes  stepwise  taxonomie  solutions  for  this  heterogeneous  assem- 

starting  with  rather  large  chromosomes  in  the  basal  blage  of  species.   In  particular,  C.  edulis  (ca.    1 .5 

Periplocoideae  and  ending  with  the  smallest  kar-  |xm)  and  C.  sinaica  (ca.  1.3  |xm,  Albers  &  Meve. 
yotype   length    in    the   presumedly   most   advanced  unpublished  data),  which  came  out  as  a  separate 

tribe  of  the  Asclepidoideae,  the  Asclepiadeae.   In  group  in  molecular  studies  (Meve  cK  Liede.  unpub- 

the  asclepiads  reduction  of  the  genome  size  (x  —  lished  data),  are  additionally  characterized  by  their 
10.  x 9)  is  restricted  to  the  tribe  Asclepiadeae, large  chromosomes.   As   to   the  direction   in   chro- 

which  is  also  the  only  group  characterized  by  hav-  mosome  size  evolution  (from  large  to  small)  in  the 

ing  pendent  pollinia.  All  other  taxa  (Secamono-  Asclepiadoideae  as  postulated  above,  the  results  we 

ideae,   Fockeeae,   Marsdenieae.   and   Ceropegieae)       have  for  Neoschumannia  support   our  ideas.  Neo- 
schumannia,  which  has  the  largest  chromosomes  in 

subfamily  Asclepiadoideae  (1.72  [xm  in  N.  kamc- 

I I lave  the  conserved  x  =   11,  and  an*  characterized 

by  having  erect  pollinia.  The  erect  position  of  pol- 

linia has  been  shown  to  represent  the  primitive  r linens  is)  but  a  complex  corona  that  is  3-seriate,  has 

state  in  Asclepiadoideae  by  Kunze's  (1993)  careful  been  regarded  as  a  primitive  member  of  the  Cero- 
morphological  analysis.   Within  the  tribe   Asclepi-  pegieae  (Meve,  1995b,  1997b). 
adeae,  subtribe  Gonolobineae  can  be  regarded  as In   Marsdenieae  we  again  have  support  for  the 

the  karyological ly  most  primitive,  since  its  chin-  hypothesis  that  basal  taxa  tend  to  have  large  chro- 
mosomes are  on  the  average  slightly  more  than  1  mosomes,  since  Omlor  (1998)  regarded  the  genera 

(xm  long — the  largest  in  Asclepiadeae,  and  ap-  Marsdenia  and  Telosma  (those  with  large  chromo- 
proaching  the  length  of  those  in  the  Ceropegieae.  somes)  as  basal  in  the  tribe.  In  contrast,  the  highly 

Gonolobinae  also  do  not  have  numbers  deviating  diverse  and  specialized  Asian/Australian  genus 

from  x  =  II.  This  is  an  interesting  result  lor  the  Hoya,  where  many  of  the  up  to  300  species  (Foreter 

systematica  of  the  subfamily  Asclepiadoideae.  since  et  al..  1998)  showr  derived  features  as  such  as  lier- 
erect  as  well  as  more  or  less  pendent,  but  mostly  baceous  epiphytic  growth,  succulent  leaves,  clear 

horizontally  arranged  pollinia  have  been  reported  latex,  and  a  germination  crest  along  the  inner  edge 

for  the  Gonolobinae  (cf.  Kunze,  1995).  Thus,  both  of  the  pollinium,  possesses  rather  small  chromo- 
pollinarium  morphology  as  well  as  karyological  data  somes  (0.91  jxin  on  average  for  the  genus.  Fig.  1; 

provide*  evidence  for  a  basal  position  of  the  Gono-  for  sizes  of  Hoya  chromosomes  see  also  Nakamura, 
lobinae  within  the  Asclepiadeae,  and  the  results  of  1992,  1993). 

the  large  cp  DNA  study  by  Potgieter  and  Albert 

(2001  this  volume)  do  not  refute  this.  Because  they  chromosome  numbers  and  of  the  different  karyo- 

are  restricted  to  the  most  advanced  groups  of  the  type  sizes  in  Asclepiadoideae,  our  data  suggest  \(- 

Asclepiadoideae,  the  subtribes  Astephaninae,  Me-  rica  as  the  common  area  where  (karyotype)  evolu- 

tastelminae,  and  Oxypetalinae  of  Asclepiadeae,  we  tion  began.  This  conclusion  coincides  with  that  of 

van  der  Laan  and  Annuls  (1985)  for  Apocynoideae 

and  Rauvolfioideae.  where  most  of  the  genera  with 
derived  basic  chromosome  numbers  occur  outside 

Considering    the    distribution    patterns   of  basic 

regard  reductions  in  the4  basic  chromosome  number 
as  a  relatively  recent  step  in  genome  evolution 

within  Asclepiadeae,  which  has  taken  place  in  par- 

allel in  the  Old  World  (Astephaninae)  and  the  New       the  African  continent  (cf.  Catharanthus  and  Apoc- 
World  (Metastelminae  and  Oxypetalinae). ynum  (x  =  8)  in  Madagascar,  the  Middle  Fast,  and 

Variation  in  the  karyotype  length  is  not  restricted       North  America;  Plumeria  and  Aliamanda  (x 

<
»
 

to  the  tribal  level:  it  is  also  widespread  at  the  ge-       in  the  Americas:  Odontodynia  and  Beaumontia  (x 
neric    level.    In    large   genera,   e.g.,   Ceropegia   and 12)  in  America  and  Asia).  Of  the  ca.  40  genera 

Brachystelma,  karyotype  lengths  can  vary  consid-  of  Apocynaceae  s.  str.  occurring  in  Africa,  35  have1 

erably  from  species  to  species,  without  compromis-  been  karyologically  investigated.  Of  these,  only  3 

ing  the  generic  affiliation  of  species  with  deviating  are  not  characterized  by  x  =  11,  again  supporting 

chromosome  size,  such  as  Brack) stelma  (Macrope-  the  idea  of  an  African  origin  of  the  Apocynaceae 

talum)  burchellii  (cf.  Meve  &  Liede,  2001a).  In  s.l. 

small  genera  or  groups  of  species  considerable  dif- 
ferences in  chromosome  size  between  the  species 

might,  however,  question  congeneric  treatments. 

For  example,  the  inclusion  of  Larryleachia  (1.40 

[xm/chromosome  length  on  average)  in  Lavrania 

(0.91  |xm),  as  proposed  by  Bruyns  (1999).  is  re- 

jected by  Meve  and  Liede  (2001b).  And  in  Carol- 

luma  s.l.  karyotype  length  analysis  will  support  new 
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SUBTRIBE  ASTEPHANINAE 

(APOCYNACEAE 
ASCLEPIADOIDEAE) 
RECONSIDERED:  NEW 

EVIDENCE  BASED  ON  epDPsfA 

SPACERS' 

Sigrid  Liede4 

Abstract 

The  circumscription  of  the  subtribe  Astephaninae  has  a  complex  and  convoluted  history  due  in  part  to  a  scarcity  of 

readily  observed  distinctive  morphological  characters.  In  this  study  the  subtribe  Astephaninae,  as  hitherto  defined  by 

morphological  characters,  is  reexamined  using  sequences  of  the  tni\-\.  and  trnh-F  spacer,  as  well  as  the  tm\.  intron 

for  12  of  its  15  genera.  Eustegia  is  found  to  occupy  an  isolated  basal  position  in  the  tribe  Asclepiadeae,  and  Scluzos- 

tephanus  is  transferred  to  the  Metastelminae.  The  remaining  10  genera  fall  into  two  only  distantly  related  clades  of  3 

and  7  genera,  respectively.  The  Astephaninae  s.  str.  comprise  only  3  South  African  genera,  Astephanus  s.  sir.,  Mieroloma, 

and  Oncinema.  The  other  7  genera  form  a  well-supported  clade,  the  subtribe  Tylophorinae.  Both  groups  comprise  only 

Old  World  genera.  All  New  World  taxa  studied,  even  those  that  have  never  been  formally  excluded  from  Astephanus, 

are  found  in  a  distinct,  well-supported  New  World  Metastelminae  clade.  Based  on  the  results  presented  here  one  of 

the  key  characters  of  the  asclepiads — the  corona — has  been  lost  independently  at  least  twice:  once  in  the  south  African 

Astephaninae,  and  once  in  the  New  World  Metastelminae.  This  once  again  underscores  the  extreme  lability  ol  this 

morphologically  complex  organ,  as  well  as  the  difficulties  in  assessing  homology  in  the  asclepiads.  A  corollary  classi- 
fication of  the  Asclepiadeae  is  provided  as  an  Appendix. 

Key  words:      Apocynaceae-Asclepiadoideae,  Astephaninae,  trnL  intron,  traT-L  and  trnh-F  spacer. 

tion  in  the  Apoeynaeeae  s.l.  according  to  recent 

The   tribe   Asclepiadeae,   morphologically  char-  Henrya    Hemsl.    (another   synonym    of   Tylophora) 

acterized  by  pendent  pollinia  and  the  possession  of  from  Asia,  as  well  as  Amhlystigma  Benth.,  Ksmer- 

true  styles  (Swarupanandan  et  aL,  1996),  forms  a  aldia  E.  Fourn.  (a  synonym  of  Metastelma  R.  Br.), 

monophyletic  group  occupying  an  advanced  posi-  Hemipogon  Decne.,  MUmtigma  Decne.,  and  Nau- 
tonui  Decne.  all  from  South  America.  Astephanus, 

molecular  studies  (Sennblad,  1997;  Civeyrel  et  al.,  founded  by  Brown  (1810)  exclusively  on  southern 

199H).  The  relationships  among  the  ca.  100  Ascle-  African  material  and  regarded  by  him  as  a  (lose 

piadeae  genera,  however,  are  much  less  (dear.  relative  of  Mieroloma  (Brown,  1810),  was  soon  ex- 

Schumann  (1895)  distinguished  live  subtribes  using  tended  to  contain  American  taxa  without  a  corona, 

exclusively  corona  characters.  In  an  attempt  to  de-  However,  since  the  absence  of  a  feature — in  this 

fine  subtribes  on  a  broader  range  of  apomorphic  case  the  corona — is  not  meaningful  as  an  indication 

characters  Liede  (1997)  also  recognized  five  of  relationship,  both  the  circumscription  of  the  sub- 

groups, but  with  a  largely  different  composition.  As  tribe  Astephaninae  and  of  the  genus  Astephanus 

a  sixth  subtribe,  she  added  the  Gonolobinae  follow-       were  in  need  of  reexamination. 

ing  Swarupanandan  et  al.  (1996). Most  experts  now  agree  that  Astephanus  s.  str.  is 

The    subtribe    Astephaninae    Kndl.    ex    Meisn.  restricted   to   the   Old    World   and   comprises  only 

(1840)  originally  contained  only  three  genera:  As-  three  species  (A.  marginatus  Scbltr.,  A.  neglect  us 

tephanus   K.   Br.,  Hue  max  E.  Mey.  (a  synonym  of  Scbltr.,  and  A.  triflorus  R.  Br.)  as  stated  in  Liede 

Astephanus),  and  Hybanthera  Endl.  (a  synonym  of  (1994).  Most  of  the  New  World  members  formerly 

Tylophora  R.  Br.).  Schumann  (1895)  considered  the  included  in  the  genus  Astephanus  have  been  inter- 

subtribe  to  comprise  nine  genera:  Mieroloma  R.  Br.  preted  meanwhile  as  species  with  a  reduced  corona 

from  southern   Africa,  Adelostemma  Hook.  (.,  and  within    various   currently    recognized   genera   with 

1  Thanks  are  due  to  Mark  Chase,  Kew,  for  three  DNA  samples,  and  to  Ashley  Nicholas,  Pietermaritzburg,  and  Josefine 

Schneidt,  Edinburgh,  for  two  leaf  samples  each.  The  Missouri  Botanical  Garden  Herbarium  granted  permission  for  the 

use  of  three  specimens  for  this  study.  Angelika  Timber,  Bayreuth,  skillfully  conducted  the  laboratory  research,  and 

Ulrich  Meve,  Bayreuth,  supported  the  research  during  all  stages  of  progress. 

1  Department  of  Botany,  University  of  Bayreuth,  95444  bayreuth,  Germany,  sigrid. I iedeC«>uni-bay reuth.de. 

Ann.  Missouri  Bor.  Card.  88:  657-668.  2001. 
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coronate  (lowers  and  have  horn  transferred  accord-      oilier  Aselepiadeae  subtribes  by  Liede  (1997).  Am- 

ingly;   bul   there  are  slill  some  species  (e.g.,  Aste-       blystigma  and  Mitostigma   were  transferred  to  the 
phanus  geminiflorus  Decne.,  A.  multiflorus  T.  Mey.)      Oxypetalinae  since  both  possess  the  combination  of 
thai  have*  not  been  transferred  yet  because  generic a  corolla  tube  at  least  half  as  long  as  the  total  co- 

limits  in  New  World  Aselepiadeae  are  slill  very  ml  la  length  and  a  very  conspicuous  long  stylar 
poorly  understood.  head,  which  are  apomorphies  of  Oxypetalinae.  The 

Liede  (1994)  noticed  that  Astephanus  s.  sir.  and       monotypic  Nautonia   agrees   in   habit,  floral  struc- 
ihe  closelv    related  Microloma,  both  of  which  lack       ture,  and  fruit  and  seed  morphology  with  both  Me- 
a  corona,   have  colorless  latex  and   long.   non-\er-       tastelma,    type    genus    of    Metastelminae.    and    the 
rucose  hairs  on  the  adaxial  corolla  surface,  and  that  closely  related  Ditassa,  which  differs  from  Metas- 
they  shared   this  combination   of  the   Iwo  features  telma  only  in  that  most  of  its  species  have  a  double 
with  nine  other,  coronate  genera:  Blyttia  Arm,  I)i-  instead  of  a  simple  staminal  corona.  Kven  though 
plostigma    K.   Sebum.,   Goydera    Liede.   Oncinema  some  species  of  Hemipogon  look  different  in  habit 
Arm.  Pentatropis  R.  Br.,  Pleurostelma  Baill.,  Rhyn-  and  corolla  shape,  the  genus  is  linked  to  the  Me- 
charrhena   K   Muell.,  Schistostephanus   Uochst.  ex  tastelminae  by  species  such  as  //.  luteus  K.  Lourn.. 
Benlh..  and  Tylophoropsis  N.  K.  Br.  Since  these  two  and  all  species  agree  with  Metastelminae  very  well 
features  are  not  found  in  combination  elsewhere  in  in  fruit  and  seed  morphology  (Liede  et  al.,  unpub- 
Asclepiadeae,  she  concluded  that  they  most  likely  lisheel   data).   Lastly,  the  monotvpic  Asian  Adelos- 
represent  an  apomorpln   for  this  group,  and  there-  lemma,    which    was    originally    described    under 
fore  added  these  nine  genera  to  the  Astephaninae  Cynanchum    L,  and   was  only  excluded   from   Cy- 

(Liede,  '  *'4).  nanchum  because  its  lack  of  a  corona,  agrees  with In    her    synopsis    of    Aselepiadeae   as    a    whole,  Cynanchum  s.  sir.  in  all  other  features.  Thus  Nau- 

Liede  (1997)  added  five  more  genera  to  the  Aste-  tonia.  Hemipogon,  and  Adelostemma  were  all  Irans- 
phaninae  (Emicocarj>us  k.  Schum.,  Eiistegia  R.  Br..  ferred  to  the  Metastelminae. 
Seshagiria  Ansari  &  llemadri,  Tylophora.  and  \in- Liede  (1994)  conducted  a  cladistic  analysis  of 

cetoxicum  Modik.).  based  on  the  presence  of  one  or  the  Astephaninae  (without  the  live  genera  added  in 
both  of  the  following  features:  long,  slender  hairs  Liede,    1997)  based  on  22   morphological  charac- 
on   the  adaxial   surface  of  the  corolla  and   sparse  ters.  However,  this  analysis  was  flawed  because  7V- 
clear  latex.  Traditionally.   Tylophora   has  not   even  lophora,  then  still  considered  a  Marsdcuieae,  was 
been  considered  to  be  a  member  of  Aselepiadeae  used  as  the  outgroup;  while  later  research  showed 
because  Schumann  (1895)   misinterpreted   the  po-  that   it  actually  belongs  to  the  Aselepiadeae  (Swa- 

sition  of  the  pollinia  in  the  anther  sacs.  Schumann's  rupanandan  et  al..    1996)  and   is  congeneric  with 
(1895)  Tylophoreae  k.  Schum.,  except  for  Tylopho-  Tylophoropsis ,  which  had  been  recognized  as  mem- 
ra,    the    nomenclature!   type,   comprise  exclusively  ber  of  the  Astephaninae  by   Liede  (1994),  so  that 

Tylophora  should  have  been  considered  a  member 

of  the  ingroup  (Liede,  1997). 

laxa  today  considered  to  be  members  of  Marsdeu- 

ieae and  Stapelieae.  Swarupanandan  et  al.  (1996) 

discussed  the  position  of  pollinia  in  detail,  coming  Liede's  (1994,    1997)  concept  of  Astephaninae 
to  the  conclusion    that    Tylophora   is  a   member  of  was  criticized  by  Bruyns  (1999a).  who  examined  a 
Aselepiadeae.    Additionally    he    found    (Swarupan-  living  plant  of  Seshagiria  and  found   it  to  contain 
andan.     L996)    that    Tylophora    also    possesses    the  white    latex,   whereas    Liede   (1997)   had    no   infor- 
elongated  style  typical  for  Aselepiadeae.  Recent  mat  ion  on  this  character.  Bruyns  (1999b)  also  con- 
molecular  studies  (Sennblad,  1997;  Civeyrcl  el  al.,  ducted  a  cladistic  study  on  almost  the  same  range 
1998)  confirmed  its  position  in  Aselepiadeae.  Kol-  of  genera,  but  excluded  Seshagiria,  though  he  did 
lowing  these  results,  Liede  (1997)  put  Tylophoropsis  not  exclude  it  formally  from  the  subtribe.  and  found 
N.   K.  Br.  into  synonymy  under  Tylophora.  since  it  Kustegia   and   Kmicocarpus   so  closely   related  that 
only  differs  by  its  pendent  pollinia  (in  contrast  to  he  treated  them  as  one  unit  in  his  cladistic  analysis. 
the  horizontal  ones  in   Tylophora).  which  does  not  Me   (Bruyns.    1999b)   suggested    numerous   embel- 
constitute  a  fundamental  difference.  lishments  to  the  matrix  of  morphological  characters 

Only  two  of  the  nine  genera  comprising  Sehu-  given   in   Liede  (1994).   However,  these  characters 
inarms  (1895)  Astephaninae  (Asfephanus  and  Mi-  are  not   necessarily  any  more  useful   for  cladistic 
eroloma)  are  currently  recognized  in  this  subtribe.  analysis.  For  example,  character  9  (corolline  corona 
Of  the  remaining  seven  genera.  Uenrya  has  been  present  or  absent)  in  Bruyns  (1999b)  is  irrelevant 
put  into  synonymy  under  Tylophora,  and  Esmeral- 
dia  into  synonymy   under  Metastelma,  and  lli< 

mainder  have  been   transferred  as  good  genera  to 

because  a  corolline  corona  is  absent  throughout  the 

ingroup.   Bruynss  (1999b)  choice  of  the  distant!) 
related    genus    Secamone    |{.    Br.    as    an 

outgroup 
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might  contribute  l<>  the  isolated  basal  position  of  (primers  e  and  I));  45  data  cells  are  unknown  and 

Tylophora  in  his  strict  consensus  tree  (Bruyns,  were  coded  as  missing  characters. 

1999b).  In  contrast,  Liede  (1996)  found  support  for  Phylogenetic  analysis  and  tests  for  clade  support 

a  close  relationship  between  Tylophora  and  Vince-  were  performed  using  PA  IP  version  1. 0d65  (PPC; 

toxicum  in  the  occurrence  of  alkaloids  and  of  L4,  SwoHord,  1998),  on  a  Macintosh  Powerbook  G3. 

15-seco-pregnanes  in  both  genera,  but  nowhere  Indels  were  coded  as  "missing"  characters  through- 
else  in  Asclepiadcae,  as  far  as  known.  This  close  out;  possibly  parsimony-informative  indels  were 

relationship  has  been  confirmed  both  by  matK  se-  coded  separately  following  the  "simple  gap  coding" 
quence  data  (Civeyrel  el  aL,  1998)  and  rfecL  se-  method  of  Simmons  and  Ochoterena  (2000).  In  two 

quenee  data  (Sennblad,  1997).  areas  with  very  irregular  and  potentially  ambiguous 

The  present  paper  investigates  the  circumserip-  indel  pattern  in  the  trnh-V  spacer  (bp  310-408, 

tion  of  the  Astephaninae  sensu  Liede  (1994.  1997)  693-758),  no  separate  indel  coding  was  performed, 

by  a  molecular  marker,  the  trnT-L  spacer,  trn\*  in-  Different  lengths  of  poly-chains  of  more  than  5  bp 

tron,  and  trnL-F  spacer. 

Materials  and  Mkthods 

'1^ 

rA  \  \ 

Material    was    available4   of  all    genera    of   Aste- 

phaninae sensu    Liede  (1994,    1997)  except   three 

(Emicocarpus,  Rhyneharrhena,  Seshagiria;  Table  1). 

Gvmnema  R.  Br.  and  Cionura  Griseb.,  members  of - 

the  Marsdenieae,  and  Ceropegio  L  and  Stapelia  L. 

members  of  the  Ceropegieae,  were  chosen  as  out- 

groups  belonging  to  different  tribes.  In  die  Ascle- 

piadeae,  a  wide  range  of  different  genera  was  in- 
cluded, focusing  on  genera  and  species  without  a 

corona.  They  are  listed  in  Table  1  (refer  here  for 

authors  of  species)  according  to  their  classification 

by  Liede  (1997). 

have  not  been  coded  as  indels  either  because  tin 

length  of  these  chains  has  been  found  to  be  variable 

even  within  the  same  species  (Liede,  unpublished data). 

For  parsimony  analysis,  first  all  sequence  char- 
acters were  analyzed.  Then  the  33  separately  coded 

indels  were  added.  Heuristic  search  for  both  data 

sets  was  conducted  in  two  steps:  first,  starting  trees 

were  obtained  setting  addition  sequence  at  "ran- 

dom" and  1000  replicates,  "MulTrees"  and  "Steep- 

est  descent"   off.   Then,   these   starting  trees  were 

subjected  to  TRR  branch  swapping,  "MulTrees"  on, 

"Steepest  descent"  off. 

Bootstrap  search  (1000  replicates)  was  conduct- 

ed under  the  "fast"  stepwise  addition  type  of 
search.  Jackknife  resampling  (1000  replicates)  was 

set  to  50%  deletion,  and  "Jac"  resampling;  the  oth- 
er settings  were  identical  to  the  bootstrap  settings. 

DNA   EXTRACTION    AND  PCK 

DNA  was  isolated  from  fresh  or  dried  leaf  tissue 

according  to  Doyle  and  Doyle  (1987).  PCK  primers 

Res i  its 

Parsimonv    analvsis   of  all    sequence   characters 

protocol  for'the'pkstid  ImT-tmL  andVmL-fmF      (yielding  202  pareimony-infom
iative  characters)  re- 

0.8494,  RI  =  0.8777,  KC  =  0.7455).  Adding 

the  indels  yields  2'.\  I   parsimony  informative  char- 

spacers  as Well  as  the  trnL  intron  follow  Taberlet      *ult*  "'  l()4  
",,,s<  parsimonious  trees  (I 

et  al.  (1991).  Sequences  were  obtained  on  an  A  HI 

Prism  Model  310  Version  3.0  sequencer.  01  the  43 

laxa,  36  haw  been  sequenced  for  this  study:  the      acters  (indel  8  of  the  "»T;L  s
Pacer  is  not  P«™™»»y 

informative),  and  analvsis  results  in  40  most  par- remaining  seven  sequences  had  been  deposited  at 

KM  BL  in  the  course  of  earlier  studies  of  the  author      simonious   trees   (I 
670,   CI 0.8239.    RI 

(for  accession  numbers,  see   Table  I). 0.861  I,  RC  =  0.7144).  The  strict  consensus  tree 

resulting  from  both  analyses  is  shown  in  Figure  1. 

DATA    ANALYSIS 

In  both  analyses,  the  ingroup  splits  into  two  ma- 

Sequences  were  pre-aligned  with   Perkin  Elmer  jor,    well-supported    clades,    the     \stephanus-c\d<\c 

Sequence  Navigator  Version   1.0.1;  the  alignment  and  the  Tylophora-v lade,  though  the  position  of  taxa 

was    cleaned    manually.    The    sequence    alignment  within  the  Tylophora-rlddv  is  less  well  established, 

(available  from  the  author)  comprises  43  taxa  and  The  topology  of  the  strict  consensus  resulting  from 

2088  characters  (1076  sequence  characters  and  18  the  addition  of  the  indels  changes  only  the  position 

indels  in  the  trnT-trnh  intron  (primers  a  and  b),  547  of  the  Pentatropis-cYadr  from  the  base  of  the  Tylo- 

sequence  characters  and  9  indels  between  the  two  p/tora-clade  to  an  unresolved  subclade  of  the  Ty- 

/r//L-exons  (primers  c  and  d),  and  432  sequence  Jop/iora-clade  (dashed  line  in  Fig.   1)  and  distin- 

characters   and   6   indels   in   the  tm\-trnY   intron  guishes      two      unsupported      subclades     of     the 
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Tylophora-clade  (doited  lines  in  Fig.  I).  In  l>oth 

analyses.  Eustegia  forms  the  most  basal  clade  in 

Asclepiadinae,  followed  by  the  A\7r/>/w////.s -clade. 

The  New  World  Metastelminae  (including  the  three 

representatives  o(  ()\\  pelalinae  as  a  subelade)  fol- 

low and  are  e(|iially  well  supported.  The  main 

elades  that  follow  are  the  Old  World  Metastelminae 

(including  Schizostephanus),  the  Asclepiadinae, 

and.  last,  the  Ty/op/iora-clade,  which  comes  out  in 
the  most  derived  position. 

Discission 

The    genera    placed    in    Astephaninae    l>\     Liede 

(1994,  1997)  are  not  monophyletic  according  to  the 

suits  of  the  cpDNA  analyis. 

Schizostephanus  is  more  closely  related  to  Pen- 

tarrhinum  and  the  Old  World  species  of  Cynan- 

chwn  than  to  other  Astephaninae  genera.  Schizos- 

tephanus shares  with  Cynanchutn  the  highly  fused 

corona  ol  stamina!  and  interstaminal  parts  as  well 

as  the  renilorm  leaf  hases  and  possesses  thus  the 

characters  listed  as  synapomorphies  for  the  Metas- 

telminae Endl.  ex   Meisn.  sensu   Liede  (1997),  to 

which  it  is  consequently  transferred. 

Eustegia  shows  no  close  affinity,  either  morpho- 

logically or  molecularly.  to  any  other  genus  includ- 

ed in  the  analysis  and  takes  a  basal  position  within 

the  tribe  Aselcpiadeae.  liruyns  (1999b)  has  exam- 

ined the  close  relationship  of  Eustegia  and  Emi- 

cocarpus,  in  particular  with  reference  to  their 

unique  .'{-seriate   corona.   The    isolated   position  of 
Eustegia   and   Emicocarpus  argued   for  bv    liruvns 

(19991))  is  supported  by  the  present  results  at  least 

for  Eustegia.  Both  genera  are  monolypic,  and  both 

occupy  a  very  restricted  distribution  area.  Eustegia 

in  the  Western  Cape,  and  Emicocarpus  around  Ma- 

puto (Mozambique),  suggesting  that  these  two  gen- 

era might  be  relics  of  a  once  more  widespread  and 
li cuven 

group  of  Asclepiadeae. 

The  three  southern  African  genera  Astephanus. 

Muroloma,  and  Oncinema  form  a  clade  with  100% 

bootstrap  and  jackknife  support  in  the  present  anal- 

ysis.   Bruyns   and    Under  (1991)    listed    "similarlv 
shaped,   small    subcoriaceous    leaves   and   slender 

climbing  habit  and  the  similarly  elongated  style 

apex"  as  well  as  clear  latex  as  common  characters 
of  these  three  genera.  While  none  of  these  char- 

acters alone  is  unique  in  Asclepiadeae.  the  com- 
bination of  all  three  can  be  used  to  characterize  the 

Astephaninae-clade.  All  species  of  Microloma  in- 

vestigated possess  a  chromosome  number  of  x  = 

10  (Albers  et  al..  1993),  while  the  vast  majority  of 

Asclepiadoideae,  96  of  the  104  genera  studied, 

possess*  =  11  (Albers  &  Meve.  2001  this  volume). 
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ASCLEPIADINAE       99/98 
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•  Cionura  erecta 

•  Gymnema  sylvestre 

•  Ceropegia  nilotica 

•  Stapelia  glanduliflora 

•  Eustegia  minuta* 

■  Astephanus  neglectus* 

Astephanus  triflorus* 

Oncinema  lineare* 

Microloma  sagittatum* 
Microloma  tenuifoliurrf 

"Astephanus"  ge  mini  floras 

Grisebachiella  hieronymi 

Ditassa  grazielae 

Metastelma  schaffneri 

Nautonia  nummulaha 

Schistogyne  sytvestris 

Melinia  candolleana 

Melinia  pan/iflora 

Schizostephanus  alatus* 
Pentarrhinum  insipidum 

Cynanchum  auriculatum 

Cynanchum  ellipticum 

Pergularia  daemia 

Asclepias  syriaca 

Gomphocarpus  physocarpus 

Pentatropis  madagascariensis* 

Pentatropis  nivalis* 

Tylophora  heterophylla* 

Tylophora  conspicua* 

Tylophora  sylvatica* 

Blyttia  fwticulosum* 
Pleurostelma  cernuum* 

Diplostigma  canescens* 

Goydera  somaliense* 
Tylophora  flexuosa  var.  perrottetiana* 

Tylophora  anomala* 
Tylophora  flanaganii* Biondia  henryi 

Tylophora  indica* 
Vincetoxicum  atratum* 

Vincetoxicum  stocksii* 

Vincetoxicum  carnosum* 
Vincetoxicum  hirundinariaf 

Figure  l.  Strict  consensus  tree  of  the  104  most  parsimonious  trees  (I  =  611.  (II  =  0.8494,  Kl  =  0.8777.  \\C  = 

0.7455)  resulting  from  parsimony  analysis  of  all  sequence  characters  and  of  the  40  most  parsimonious  trees  (1  =  670. 

CI  =  0.8239,  l\l  =  0.8671,  KC  =  0.71  14)  resulting  from  analysis  of  all  sequence  characters  and  all  indels.  Asterisks 

denote  taxa  included  in  Astephaninae  sensu  Liede  (1997).  Dotted  lines  indicate  clades  not  retrieved  in  the  analysis 

without  the  indels;  the  dashed  line  indicates  a  clade  not  retrieved  in  the  analysis  including  the  indels.  Numbers  indicate 

bootstrap/jackknife  values  and  refer  to  the  analysis  without  the  indels  above  branches  and  with  the  indels  below  the 
branches. 
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Old  World.  onl\   occurring  in  southern  Africa:  Hie 

Unfortunately,  there  are  no  etiological  data  avail-  due  to  its  morphology  (Liede.  1991).  Common  mov- 

able on  this  potential  synapomorphy  for  Astephanus  phological  characters  of  the  genera  in  the  Tylopho- 

and  Oncinema.  With  Astephanus,  this  clade  in-  ra-clade  include  rather  small,  inconspicuous  flow- 

eludes  the  nomenclatural  type  of  die  subtrihe  \s-  ers  with  a  gynostegial  corona  of  five  separate 

tephaninae.  The  Astephaninae  s.  sir.  therefore  in-  slaminal  parts,  and  small,  often  disk-shaped  pollin- 

clude  only  three  genera:  Astephanus,  Microloma,  ia  attached  to  the  corpuseuluni  via  cylindrical  cau- 

and   Oncinema.   This  subtribe   is   restricted   to  the  dicles.  Latex  is  clear  in  almost  all  taxa  except  for 

some  species  of  Tylophora,  which  have  white  or  yel- 

results  of  the  present  analysis  confirm  that  none  of  lovvish  latex.  Non-verrucose  hairs  on  the  adaxial  co- 

llie corona-less  New  World  taxa  is  a  member  of  ml  la  surface  are  also  present  (Liede,  1994,  1997). 

Astephanus  H.  Br.  Records  of  Microloma  incanum  mainly  at  the  entrance  of  the  tube.  Rkyncharrhena, 

Decne.  in  Madagascar  (Meve  &  Liede.  1995)  might  one  of  the  genera  for  which  no  sequenceable  ma- 

point  to  a  once  more  widespread  distribution  of  As-  terial  could  be  obtained,  also  shows  these  charac- 

tephaninae  s.  str.  in  Africa,  but  the  material  is  loo  ters.  Its  only  species  was  originally  described  under 

scanty  to  postulate  such  an  extended  distribution  Pentatrapis  (P.  linearis  Decne.),  and  while  the  char- 

area  with  certainty.  The  Astephaninae  s.  str.  occupy  acters  listed  by  Wilson  (19JJ0)  may  warrant  its  rec- 

ihe  second  most  basal  position  in  the  Asclepiadeae  ognition  as  a  distinct  genus,  its  morphology  hidi- 

ng.   I).  As  both  most  basal  clades  (Eustegia  and  cates  a  position  between  Pentatrapis  and  Tylophora, 

Astephaninae    s.  str.)  occur  in   southern   Africa,   it  in    particular   with    regard    to   corona   and    inflores- 

ean  be  speculated  that   the  origin  of   Asclepiadeae  cenee  structure.  Therefore,  Rhxncharrhena   is  ten- 

tatively placed  in  the  Tylophorinae. 

The    Tylophora -e\iu\e    has    been    analyzed    for   a 

in  general   has  a  much   faster  rale  of  change  than 

probablv    lies  in  the  southern  African  area. 

New    World    Melastelminae  (sensu    Liede.    1997) 

(including   Oxypctalinae),    the    Asclepiadinae.   and  second    marker.    ITS    (Liede    et    al.,    in    press),    for 

the   Old    World    Melastelminae   form    monophyletic  which    die    same    pattern    has    been    found    with   a 

clades   between    Astephaninae   s.   str.   and   a   clade  strongly   supported  clade  and   weak   internal    reso- 

comprising  the  remainder  of  the  genera  attributed  lulion.  An  attempt   to  align   ITS  sequences  of  the 

to  Astephaninae  sensu  Liede  (IWI.  1997)  together  three  Astephaninae  s.  str.  genera  with  those  of  7V- 

with    Hiondia,    which    was    formerly    considered    a  lophora   and    ils   allies   failed   (Liede,   unpublished 

member  of    Metaslehninae.   The   splil   of    Metaslel-  dala).  which  is  not  surprising  considering  that  ITS 

minae  sensu  Liede  (1997)  into  an  Old  World  and  a 

New  World  clade-  has  been  observed  in  an  analysis  the  epDNA  regions  analyzed  here.  For  the  members 

of   the   genera   Sareostettuna   s.l.   (Liede  &    Timber,  of  the  Tylophora -c\mU\  the  name  Tylophorinae  K. 

2000)  and  Cynunchum  (Liede  &  Timber,  in  prep.).  Sebum,    is    appropriate,    even    though    Schumann 

and  is  discussed  in  depth  in  the  latter  paper.  The  (1895)  used  it  to  circumscribe  a  set  of  genera  now 

close  relationships  between  Oxypctalinae  and  the  classified  as   Marsdenieae  and  Ceropegieae  except 

New    World   clade   of    Metastelniinae   is   at    present  for    the    type    genus,    Tylophora    (Liede    &    A I  hers, 

understudy  (Liede  &  (ioyder,  unpublished  results).  1994).  While  it  is  unfortunate  that  Tylophora  is  the 

Hiondia,    Hlyttia,   Diplostigma,   Goydera,   Pentu-  only   genus   common    to   Tylophoreae   sensu   Sehu- 

tropis,    Pleurostelma,    Tylophora,    and    Vineetoxieum  maun    (1895)   and   Tylophorinae   as   circumscribed 

form  a  well-supported  clade  in  the  analysis  of  se-  here.  Article   17  and  Recommendation  l9A.2ofthe 

(juence  characters  alone,  and  their  close  relation-  ICBN  (Greuter  et  al.,  2000)  indicate  that  this  is  the 

snip  is  supported   by   the  indel   pattern,  as  the  in-  correct  name  for  the  taxon. 

elusion     of     indels     raises     both     bootstrap     am The  Tylophorinae,  with  the  two  species-rich  gen- 

c 

jackknife    values    (Fig.    I).    Resolution    within    this       era    Tylophora    and    Vineetoxieum ,    are    distributed 

lade   is   low.   with   the  exception   of    the   well-sup-       throughout  the  Old  World,  with  a  center  of  generic 

diversity    in    Last    Africa.    Contrary    to    traditional 

views  that  taxa  with  a  very  simple  floral  structure 

ported  subclade  formed  by  the  four  small   African 

genera  Hlyttia,  Diplostigma,  Goydera,  and  Pleuros- 

telma.  The  basal   position  of  Pentatrapis  is  weakly  are  primitive  in  Asclepiadeae,  Tylophorinae  occupy 

supported    in   the   analysis  of   sequence  characters  an    advanced    position    within    the    Asclepiadeae, 

alone,    and    the    Pentatropis-e\in\c    forms   an    unre-  which  comes  out  as  the  crown  clade  in  our  study, 

solved  subclade  of  the  main  clade  in  the  analysis  Sennblad   (1997).  Civeyrel   et   al.  (1998).   Fishbein 

including  die  indels  (Kig.    1).   As  a  corollary.   Yin-  (2001  this  volume),  and  Potgieter  and  Albert  (2001 
cetoxicum  carnosum   Benth.  always  appears  in  the  this   volume)   have   analyzed   a   smaller  number  of 

unresolved     Tylophora-e\iu\e    and     should     not     be  Asclepiadeae  taxa.   In  the  r/>cL  study  of  Sennblad. 

transferred  to  Pentatrapis  as  was  suggested  earlier  the  Tylophora/\ineetoxieum-e\iu\e  comes  out  as  sis- 



Volume  88,  Number  4 
2001 

Liede 

Subtribe  Astephaninae 
667 

ter   to   an    Oxypetalinae/Gonolobinae-cladc   in   the       typic  genus.  Thus,  for  the  time  being.  Seshagiria  is 

most  derived  position.  The  strange  position  of  "Cy- 

nanchum"   in   this  study   (Sennblad,    1997)   i^ 

s  ex- 

considered  as  a  genus  incertae  sedis  in  the  Ascle- 

piadeae. Appendix  1  presents  a  corollary  classification  of 
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ABSTRACT 

To  elucidate  relationships  at  deep  levels  within  Saxifragaceae  we  analyzed  phvlogencticallv  a  data  set  o(  sequenees 

for  six  DNA  regions,  four  representing  the  ehloroplast  genome  (rbc\A  malK.  trn\-trnk\  pshX-trnW)  and  two  from  the 
nuclear  genome  (ITS  and  expansion  segments  of  the  26S  rDNA).  A  total  of  6676  bp  was  aligned  per  taxon,  4559  bp 

and  1878  bp  from  the  ehloroplast  and  nuclear  genomes,  respectively.  Chloroplast  and  nuclear  trees  agreed  closely, 

prompting  analysis  of  a  combined,  six-gene  data  set.  Application  of  both  parsimony  and  maximum  likelihood  methods 

yielded  similar  topologies.  The  use  of  different  ITS  alignments  and  the  exclusion  of  hard-to-align  ITS  regions  had  little 
impact  on  either  the  final  nuclear-based  topology,  or  the  shortest  trees  from  the  analysis  of  six  genes.  The  affinities  of 
two  monotypic  genera  (SaxifrageUa  and  Saxifragodes)  endemic  to  Tierra  del  Fuego  were  elucidated.  SaxifrageUa  is  an 

early  branching  member  of  the  North  Temperate  genus  Saxifraga  s.  str.;  Saxifragodes  is  sister  to  Casradia,  a  genus 

endemic  to  Oregon  and  Washington.  Long-distance  dispersal  from  east  Asia  or  western  North  America  to  South  America 

ma\  have  played  an  important  role  in  forming  these  and  other  similar  disjunctions  in  the  family.  A  number  of  well- 

supported  clades  are  present,  including  Saxifraga  s.  sir..  Mu  ranlhcs.  Saxifragopsis/Astilbe ',  Chrysosplenium/Peltoboyki- 
nia.  and  the  Boykinia  and  Heuchera  groups.  The  use  of  additional  characters  has  provided  greatly  increased  resolution 
and  internal  support  at  deep  levels.  Saxifragaceae  comprise  two  major  lineages:  Saxifraga  s.  str.  (including SaxifrageUa) 

and  all  other  genera  of  the  family  (the  heucheroids).  This  major  split  is  accompanied  by  general  biogeographical  and 
morphological  differences.  \\  hereas  Saxifraga  s.  str.  is  largely  arctic  to  alpine  in  occurrence,  the  heucheroid  clade  is 

largely  temperate  in  distribution.  Saxifraga  s.  str.  has  a  relatively  uniform  floral  morphology  (generally  actinoniorphie; 

5  sepals.  5  petals.  10  stamens,  2  carpels),  whereas  the  heucheroid  (lade  encompasses  actinoniorphie  and  zygomorphie 

forms,  as  well  as  variation  in  the  number  of  sepals,  petals,  stamens,  and  carpels.  Deep-level  relationships  within  both 
Saxifraga  s.  str.  and  the  heucheroid  clade  are  well  resolved  and  supported.  A  phvlogenetic  classification  of  the  lamily 

is  provided. 
key  words:      molecular  systematica,  pin  logenv.  Saxifragaceae.  taxonomy. 

Saxifragaceae  are  a  eudicot  family  of  approxi-  Micranthes;    approximately    70    species;    Gomall, 

mately  30  genera  of  herbaceous  perennials,  about  10}?7:  Webb  &   Gomall,   19J59).  Although  a  modest 

half  of  which  are  monotypic  (Table  1).  The  largest  sized  family,  members  of  Saxifragaceae  have  starved 

genera  include  Heuchera  (about  50  species;  Rosen-  as    important    models  for  studies   of   allopolyploid 

dabl    et    al.,    1036),    Chrysosplenium    (57    species;  speciation  (reviewed  in  Soltis  &  Soltis,   1000;  Se- 

llara.    1957),   a    narrowly   defined   Saxifraga   (over  graves  &  Thompson,   1999),  eoevolution.  and  geo- 

300    species;    Gomall,     1987;    Webb    &    Gornall.  graphic  mosaic  speciation  (e.g.,  Thompson,    1994; 

1 989),  and  the  Micranthes  (lade  (=  Saxifraga  sect.  Thompson  &  IVIImyr,  1992).  Members  of  Saxifra- 

1  This  research  was  supported  by  DEB  9726225.  We  thank  K.  Wells  and  an  anonymous  reviewer  for  helpful  comments 
on  the  manuscript. 
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gaceae  have  also  served   recently  as  an   important  these  tip  elades  remain  poorly  understood,  despite 

local    point    for  studies  of   gynoecial  development  the  use  of  a  combined  data  set  of  rbc\.  and  math 

and   diversification   (Kuzofl   et   al..  2001;  Soltis  &  sequences  of  approximately  2500  hp  (Soltis  el  al., 

I  In  ("lord,  in  press). 
A  vast  majority  of  genera  and  species  in  the  fain- 

1006a).   Although  branch  lengths  of  the  tip  elades 

are   moderate   in    length,   those   at   deep    levels  are 

Saxifragaceae.   The   monotypic   Hieronymusia    is 

character  evolution  in  Saxifragaceae.  revealing,  for 

ily  is  found  in  the  northern  hemisphere.  Centers  of  very  short.  The  combination  of  mulK  and  rbch  se- 

species  diversit)  include  western  North  America,  quences  failed  to  provide  internal  support  higher 

where  many  of  the  genera  are  represented,  and  than  50%  for  deep  branches  within  the  family  (Sol- 

mountainous  areas  of  Europe  and  Asia,  where  spe-  lis  et  al.,  1006a;  Johnson  &  Soltis,  1998).  Due  to 

ties  of  Sax ifraga  s.  str.  abound.  A  few  members  of  the  absence  of  suitable  plant  material,  previous 

the  family  are  noteworthy  in  that  they  occur  dis-  studies  also  did  not  clarify  the  placement  of  the 

junctly  in  South  America,  well  separated  from  other  monotypic  genera  from  South  America. 

These  I)  N  A -based  studies  provided  a  ph\  logo- 

known  only  from  a  small  area  of  Argentina  and  Ho-  nctic  framework  that  permitted  initial  insights  into 

livia  (Gonial!  &  Hohm,  19J{5).  The  monotypic  Sax- 

ifragella  and  Saxifragodes  each  occur  at  the  south-  example,  that  multiple  origins  of  several  flavonoid 

ern  tip  of  South  America  in  Tierra  del  Kuego.  Two  compounds  had  occurred,  as  well  as  two  indepen- 

species  of  Chrysosplenium  also  occur  in  southern  dent  episodes  of  extensive  polyploidy  (e.g..  Soltis 

South  America  (Mara,  1057)  and  several  species  of  et  al..  1003,  1096a).  Inferences  regarding  character 

Saxifraga  s.  sir.  section  Saxifraga  are  found  in  the  evolution  within  Saxifragaceae  have  been  eompro- 

Andes  (Webb  t\  Gornall.  1080).  The  closest  rela-  mised,  however,  by  the  fact  that  deep-level  rela- 
tives of  these  South  American  laxa,  as  well  as  die 

r 

possible  causes  of  the  South  American  disjunc- 

tions, have,  until  recently,  not  been  investigated 

(see  Soltis  et  al..  2001,  lor  an  analysis  of  Chryso- 

snlenium). 

tionships  remain  poorly   resolved  and  weakly  sup- 

ported. Recent  simulation  and  empirical  studies  have  il- 

lustrated the  importance  of  adding  both  characters 

and   taxa  to  resolve  certain   types  of  difficult   phy- 

(ieneric  relationships  in  Saxifragaceae  were  long  logenetic  problems  (e.g..  Ilillis.  1006;  Chase  cK 

considered  poorl)  understood  (reviewed  in  Spong-  Cox,  100}};  Craybeal.  100}?;  Soltis  et  al.,  1908; 

berg,  1072;  Soltis  el  al.,  1991a.  1003,  1096a).  In  Kannala  et  al..  1998).  In  an  attempt  to  resolve  re- 

part,  this  confusion  ma\  reflect  a  high  degree  of  lationships  at  deep  levels  within  Saxifragaceae.  we 

morphological  similarity,  particularly  in  vegetative  added  over  4000  additional  characters  to  our  ex- 

features,  among  man)   members  of  the  family.  Cen- isting  DNA  data  sets.  We  combine  DNA  sequences 

era   arc  often   distinguished   by  one  or  a   lew   pro-       for  six  DNA  regions:  two  coding  regions  (matK  and 

nounced  differences  in  floral  and/or  fruit  morphol-       rbcL)  and  two  spacer  regions  (trnl.-trnV  and  psb\- 

trn\\)  representing  the  plastid  genome,  as  well  as og\.   Numerous  small  genera  have  been  recognized 

in   the   family;   only   nine   genera   have   more   than       ITS  and  26S  rDNA  expansion  segments  represent- 

three    species    (Lithophragma,    Mitella,    Astilbe,       ing  the  nuclear  genome.  Using  recent  collections  of 

Rodgersia,   Bergenia,  Boykinia,  Chrysosplenium, 
Saxijraga  s.  str..  and  Mil  rant  lies). 

Saxifragella  and  Saxifragodes,   we  invest 

relationships  of  these  genera  and  provide  insights 

Molecular  phylogenetic  studies  have  great  I  >  clar-       into    the    relalionsl lips    and    origins    o f   the    South 

ilied  relationships  within  the  family,  revealing  that        American   disjunct   taxa.    Using  the  topologies  ob- 

the  large  genus  Saxifraga   is  polyphyletic,  consist-       tained,   we   also   provide general    insights   into  the 

ing  of   two  phvlogenetieally  well-separated  elades. geographical    and    morphological   diversification   in 

gaceae. 

Saxijraga    s.    str.    and    Micranthes    (Soltis    et    al..       the  family,  and  present  a  reclassification  of  Saxifra- 
1006a).    These  studies  also   revealed  a   number  of 

we  1 1 -supported  tip  elades  (Table    1).  including  the 

Boykinia,  Heuchera,  and  Darmera  groups,  Astilbe/     Materials  and  Methods 

Saxifragopsis,  Leptarrhena/Tanakaea.  and  Peltoboy- 
kinia/Chrysosplenium   (Soltis  et   al.,    1003,    1000a; 
Johnson  iK  Soltis,  1004,   1995,   1008). 

Additional     studies    provided     phylogenetic     hy- 

potheses of  relationships  within  some  of  these  we 

supported  lip  elades  (e.g.,  Soltis  &   Kuzoff,    1995; 

wiri.il  ic  \ti<>\   \\D  skoi  i  \<:i\<; 

We  used  chloroplast  (matK,  rbch,  psb\-trn\\. 

trn\<-trnF)  and  nuclear  (ITS.  20S  rl)Y\  expansion 

segments)  sequence  data  in  our  analyses.  The  phy- 

logenetic  utility   of   all   of    these   regions   has   been 

IT 

Soltis  et  al.,    1991a,    1000b;   Mort  &   Soltis,    1000;       reviewed  (e.g.,  Soltis  &  Soltis,  1098).  Our  samplin 

Kuzofl  et  al..   1000).  However,  relationships  among       strategy  was  broad,  involving  42  representatives  of 
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proximate  number  of  species  in  each.  Genera  are  arranged 

l)\   well-supported  elades  based  on  earlier  studies  as  well 
as  results  presented  here. 

CI; ide (in  Bold) 

Approximate Number  of 

Species 
Saxifraga  s.  str.  (including  Saxifragella) 

I) 

istilboidei 

Mukden  id 

Darmera 

Bergenia 

Micranthes  s.l. 

Micranthes  (formerly  Saxifraga 
sect.  Micranthes) 

Saxifraga  tolmiei* 
Cascadia 

Saxifragodesb 
// /# eucnera  irroup c; 

Tolmiea 

Tel  lima 

Tiarella 

Elmera 

Bensoniella 

lleuehera 

Conimitella 

Milella' 
Lithophragma 

llnyhinia  Group 

Boykinia 
Bolandra 

Suksdorfia 

Jepsonia 
Telesonix 

Sullivantia 

Hi eronvrnusia i 

Leplarrhena/Taiiakaea 

Leptarrhena 
Tanakaea 

Aslilbe/Saxifragodes 

Astilhe 

Saxifragopis 

Uncertain  Affinity 

Saniculiphvlliun'' 

350 

I 
57 

fable  1.  Saxifragaceae,  showing  genera  and  the  ap-  Saxifragaceae  (Table  2)  and  including  28  of  the  ap- 

proximately 30  genera.  The  we  11 -supported  tip 
(lades  revealed  previously  are  either  represented 

by  all  constituent  genera  or  by  exemplars  that  span 

the  phylogenetic  diversity  of  each  (lade.  For  ex- 

ample, for  the  large  elades  Micranthes  and  Saxifra- 

ga s.  str.,  we  included  representatives  ol  all  of  the 

major  subclades  revealed  by  analyses  that  em- 

ployed   many   more   representatives   (Soltis   et   al.. 

1996a;  Mort  &  Soltis,  1999).  For  the  well-support- 

ed Heuchera  group  (consisting  of  nine  genera)  and 

Boykinia  group  (consisting  of  seven  genera)  four 

and  five  genera,  respectively,  that  span  the  phylo- 

genetic diversity  revealed  by  earlier  studies  were 

employed  (see  Soltis  et  al.,  1991a,  1996b;  Soltis  & 

kuzoff,  1995).  For  the  smaller  well-supported  sub- 

clades, all  of  the  constituent  genera  were  sampled 

(i.e.,  Darmera  group.  Ix'ptarrhena/Tanakaea,  Astil- 
be/Saxifragopsis,  I\dtoboykinia/Chrysosplenium). 

We  also  included  two  monotypic  genera  (Saxifra- 

godes,  Saxifragella)  from  Tierra  del  Fuego  not  in- 

cluded in  previous  phylogenetic  analyses  due  to  the 

difficulty  in  obtaining  material.  Thus,  only  two  gen- 

era of  Saxifragaceae  (Sarticuliphyllum,  Hieronymu- 

sia).  both  monotvpic  and  extremely  rare  and  local 

in  occurrence,  have  not  been  included  in  any  ol 

our  phylogenetic  analyses  of  Saxifragaceae.  Sani- 

culiphyllum  has  only  been  collected  once  from  Chi- 

na (Wu  &  Ku,  1992)  and  its  current  status  is  un- 

known. Hieronymusia  is  restricted  to  remote  areas 

Saxifraga 

Poll  o  b  oykin  iaICh  rys  osple  n  in  m 

Peltoboykinia 

Chrysosplenium 

armcra  Group 

Rodger  si  a 

Oresitrophe 

6 

I 

1 

1 

1 

6 

68 

I 

1 

I 

I 

I 

3 

I 

1 

50 

I 

20 9 

7 

2 

2 

3 

2 

3 

I 

of  Argentina  and  Bolivia.  We  have  been  unable  to 
obtain  recent  collections  and  material  taken  from 

herbarium  specimens  has  yielded  only  highly  de- 

graded DNA.  Thus,  despite  repeated  efforts,  we 

have  been  unable  to  obtain  suitable  material  of  Hi- 

eronymusia. 

Sequences  for  ITS  (Soltis  &  Kuzoff,  1995;  Soltis 

et  al..  1996b:  Johnson  &  Soltis,  1998),  rnatK  (John- 

son &  Soltis.  1995:  Soltis  et  al..  1996a),  and  rbcL 

(Soltis  et  al..  1993.  1996a)  were  reported  previously 

for  most  taxa.  Some  26S  rl)NA  sequences  were  pro- 

vided   in    Kuzoff  et   al.   (100}})  and   Fishbein  et  al. 

(2001).  We  add  here  ITS  sequences  for  Saxifraga 

hirculus  and  S.  fortunei  (Saxifraga  s.  str.),  S.  stel- 

1 

] 

22 

1 

i ' 

Inclusion  is  hascd  on  the  results  of  the  current  study. 
Mitell 

1 

"  Saxifraga  tolmiei  is  placed  in  Saxifraga  sect.  Merki- 
aneae  by  Webb  and  Gornall  (1989).  but  was  previously 
considered  part  of  section   Micranthes. 

a  is  clearly  polyphyletic,  but  the  number  of  gen- 
era into  which  it  should  be  subdivided  remains  unclear. 

based  on  morphological  and  chemical  data,  the  affin- 

ities of  this  genus,  for  which  material  has  never  been  ob- 
tained, are  with  the  Boykinia  group. 

This  genus  has  only  been  collected  once  from  China; 

1  * 

its  relationships  are  unknown. 
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laris  (\ticranthes)n  Saxifragodes,  anel  Saxifragella.       IN-nc26S14;  the  reverse  primers  used  were  268R, 

For  rhc\t%  new  sequences  were  generated  for  Saxi-      (>UR,  950R,  and  XYM  R  (see  kuzoff  et  al.,  1998). 

ALIGNMENT 

The*  matk.  rftcL,  and  2(>S  rDNA  sequences  wen 

fragodes,  Saxifragella,  and  Saxifraga  stellaris;  for 

matk   new  sequences   were   produced   for  Saxifra- 

godes and  Saxifragella.  In  addition,  three  new  data 

sets   were  constructed:   2()S   rDNA   expansion   seg- 

ment sequences;  trriL-lrnV  and  psb\-trn\\  spacer      easily  aligned  visually.  Several  indels  (all  in  mul- 
sequences.  A  majority  of  the  26S  rDNA  expansion  tiples  of  three  base  pairs)  were  present  in  thema/k 

segment  sequences,  as  well  as  all  tru\-tn\Y  and  data  set:  these1  have*  been  reported  and  discusser! 

psbA-trn\\   sequences  employed   in   this  study  are       previously  (Johnson  &  Soltis.  1994.  1995;  Soltis  et 
first  reported  here  (Tabic  2). al..  1996a).  The  /r//L-/mF,  and  psb\-trn\\«  and  ITS 

cpDNA  sequences.      In  addition  te>  the  chloroplast  sequences  contained  regions  that  we're1  more1  prone 

genes  matk  and  r/wL,  previous  studies  have1  ineli-  te>    insertion    and    deletion.    We1    will    first   discuss 

cated    the1   value1   of    several   spacer   regions   in    the  alignment  of  the  trnl.-trnV  anel  psbA-trn\\  regions; 
ehloroplasl   genome   lor   rese>lving   relationships  at  alignment  e>f  ITS  is  discussed  separately  below. 

the1  specie's  and  generic   levels  (reviewed  in  Soltis Portions  of  the  psb\-trn\ I  and  trriL-trnV  regions 

&  Se>ltis,  1998).  Two  such  regions  are1  the1  trnL—tmV       were  eliffieult  to  align:  the  psb  \-trn\\  region,  in  par- 
intergenic  spacer  anel  its  adjacent  intron  (Taberlet       ticular.  was  problematic.  These  twoepDNA  regions 

we're1  aligned  with  CLUSTAL  X   using  the  default et  al.,    1991;  (iielly  &  Taberlet,    1994,    199(>)  and 

the  psb \—trn\ I  spacer  region  (Sang  e't  al..  1997). 
Chloroplast    regions   were   amplified 

*  1  *_  ' 

loll ows: 
settings  (Thompson  el  al..    I(>(M:  we  subse(|uently 
modified    and    checkeel    these    alignments    bv    eye. 

primers  psbAVIlrnWR  (lor  the  spacer  region  pbs\-  This  approach  enabled  us  to  align  and  use*  most  of 

tmW;  Sang  e1!  al.,  1997):  universal  primers  C/F  (for  the  trnC-tmV  region  (four  regions  totaling  184  bp 

the1  spacer  region  trnL-trn¥;  Taberlet  et  al.,  1991):  we're1    ultimately    removed    from    all    phylogenetic 

matk-'.V)\  \Y/psb\R   (for  matk;  Johnson  &   Soltis.  analyses);  in  contrast,  we  found  much  of  [he  psb  A- 
1994):  Zl-.T  rbcL  (for  r6cL,  Olmstead  et  al..  1993). 

Kor  trnC-trriF   anel  psbA-trnH,   the1   same   primers  much  of  this  region;  our  analyses  involveel  only  221 
used  for  VCR  amplification  were1  also  emploved  for  bp  of  658  total  bp. 

trriW  region  so  difficult  to  align  that  we  eliminate'el 

DNA  sequencing.  ForrArL,  the  sequencing  primers lor   ITS   we   first   employed   a  global   alignment 

used  we're*  /I.  346 H,  67llx.  671.  89  IK.  894.  strategy  in  which  the  sequences  for  all  taxa  were1 
1351 H.  anel  IV  rbcl.  (Olmstead  et  al..  1993).  For  aligned  using  (41  STAL  X,  again  using  the  default 

matk.  the  sequencing  primers  used  we're1  I4I2K  settings.  Following  this  initial  alignment,  further 
I470R,  I470F  (Johnson  &  Soltis.  1994.  1995).  \u-  adjustments  were  made  by  eve.  However,  we  con- 

tomated  sequencing  of  matk.  trn\,-trn\\  and  psb  A-  sidered  this  a  "rough*"  alignment.  Sequences  of  taxa 
trn\\  lolloweMl  the  general  methods  of  Mort  et  al.  representing  the1  well-supported  claeles  within  Sax- 

(2001.  in  press);  automated  see | ue1  neing  e>fr6cL  fol-       ifragaceae   (e.g.,   Boykinia   and    Heuchera   groups, 
Saxifraga  s.  str.,  Micranthes,  Leptarrahena/Tana- 

kaea)  were*  easih  aligned,  whereas  alignment 

ing  e>f  ITS  employed  the1  general  appmaches  pro-  across  groups  was  more  problematic.  We  noted  that 
vided  in  Se>ltis  and  Soltis  (1997),  kuzoff  et  al.  global  approaches  often  erreel  by  compromising  the1 

(1999),  and  Mort  e1!  al.  (in  press).   For  ITS  ampli-       alignments  of  closely  related  taxa  within  well-sup- 

lowed  Llede')  et  al.  (1998). 
\uclear  sequences.      Amplification  anel  see|uenc- 

fication,   we    useel    primers    IN-ncl8SI()   anel    C26A        ported   groups   in   an   effort    to   produce  alignments 

(Wem  &  Ziinme'i.    1996).  These  VCR  primers  sub-       between  more  heterogeneous  sequences. 
sequent  ly  servee I  as  ? sequencing  primers. We  therefore  useel  a  second  approach  employed 

26S  rDNA   sequences  were  amplified   via   VCR  previously  for  ITS  across  the1  entire1  Saxifragaceae 
using  the  primers  N-nc  26S I  and  333 1R  following  (Johnson   eX    Soltis.    1998).    Alignments   were   first 

Ku/.ofl  e't  al.  (1998),  Partial  2(>S  rDNA  sequences  constructed    within    we II -supported   clades   (e.g., 

we're1  employed,  consisting  e>l  950  bp  from  the1  5'  within  the1  Boykinia  group.  Heuchera  group.  Chry- 
e'lid  of  the  gene,  as  we'll  as  250  bp  from  the  3'  end  sosplcuium/Peltoboykiiiiu*  etc.);  this  was  often  pos- 
of  the  gene.  These  two  regions  contain  the  four  ex-  sible   by  eye,  although   CLUSTAL  was  also  em- 

pansion  segments  1)1.  1)2,  1)3,  anel  DI2  and  en-  ployed.  Global  alignments  were  subsequent  l\ 

compass  over  70%  of  the-  variation  present  in  all  constructed  using  (ILl'STAL  and  then  adjusted 
12  of  the  26S  rDNA  expansion  segments  (Kuzoff  et  manually  with  extensive  efforts  made1  to  preserve 

al.,  199J5).  The  forward  sequencing  [aimers  em-  these  local  alignments.  The  initial  alignments  con- 

ployed  we-re:  N-ne-26SI,  N-nc26S3,  N-nc26S5,  anel  structeel  for  Saxifragaceae  (Johnson  &  Soltis,  1998) 
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employed   CLLSTAL   W    (Thompson   et   al..    1994) Table  3.      Likelihoods  (In   transformed),  proportion  of 

and   were  based  on  extensive  comparisons  of  dif-       invariant  sites,  and  V  values  for  data  sets  analyzed  with 

ferent  pairwise  alignment  dendrograms  derived  by       ML  and  estimated  values  of  e  vol  utionarj  parameters  of  M
L 

\rr         ,  •        wiW)\  h*  i       Irenes  for  three  data  partitions, 
using   (litierenl    ga|)-opening   ((;()r)   penalties  and  ' 

gap-extension  (GEP)  penalties.  For  example,  we 
compared  10  different  GOP  and  GEP  penalties  in 

Soltis  et  al.  (1996b).  Earlier  studies  of  ITS  in  Sax- 
ifragaceae (Soil is  &  Kuzoff,  1995;  Soltis  et  al.. 

1996b;  Johnson  &  Soltis.  1998;  Kuzoff  et  al.,  1999) 

suggested  that  because  of  the  disparity  of  length  of      matK 
ITS  across  Saxifragaceae.   relaxed   GOP  and   GEP       a 

-In  of  MP 

tree  used 

to  esti- mate model 

Proportion 

of 

invariant In  of final 

Data  set      parameters        sites r ML  t 
ree 

7,738.28  0.003806   1.069204  7.736.35 
22.316.73  0.35573      1.020555  22.136.73 

penalties  should  be  used;  lower  values  make  it  eas-       cpl)\  A 

ier  to  initiate  or  extend  gaps.  Gaps  were  therefore       both  nuclear  14,273.98  0.439973  0.676933  I  1.263.06 

li 
d 

tl 
aliiin f preierrea  to  maximize  the  alignment  oi  regions 

across  the  well-defined  clades  ol  Saxifragaceae.  We 

constructed  live  alignments  with  this  more  labori- 

all  six  genes  39.034.16 0.403566  0.61397     37,284.03 

ous  approach.  Thus,  we  experimented  with  a  total       addition   replicates,   MULPAKS,  and  TBK   branch 

swapping  saving  10  trees  per  replicate. 
ML    analyses    were    done    using    PALP    4.0b2 

(Swofford.  1999).  We  used  a  general  time-reversible 
In  addition  to  the  use  of  multiple  alignments,  we       model  of  nucleotide  substitution  (GTK;  the  same  as 

also  experimented  extensively  with  the  removal  of       REV  of  Yang,  1994)  with  a  fixed  proportion  of  in- 

of  six  different  alignments  for  ITS — one  relatively 

rough  alignment  (noted  above)  plus  five  additional 

alignments  that  we  considered  more  rigorous. 

portions  of  our  ITS  alignments  that  were  difficult  to 

align   using  the  ELIMINATE  (=   ZAP)  command 

available  in  PALP*.  In  constructing  these  "culled" 

variant  sites  and  with  gamma-distributed  rate  var- 

iation among  sites  free  to  vary  (I  +  G:  Gu  et  al.. 

1995).  Likelihood  scores  for  each  of  the  most  par- 

data  sets,  five  difficult  to  align  regions  were  iden-  simonious  trees  from  each  of  the  above  data  sets 

tided.  Initial  analyses  employed  all  base  positions.  were  estimated  along  with  GTK  +  I  +  G  substi- 

with  each  subsequent  analysis  removing  one  more  tution  parameters  (Table  3).  A  neighbor-joining  tree 
area  of  potentially  problematic  alignment:  in  the 

final  culled  data  set.  all  five  areas  of  ambiguous 

alignment    were    removed.    These   difficult-to-align 

using  the  JC69  model  of  molecular  evolution  was 

obtained  using  LAUP*,  and  commands  from  MO- 
DE LTEST  3.0  (Posada  &  Crandall.   1998)  for  each 

regions  range  in  length  from  20  to  50  bp;  all  five       of  the  above  data  sets  were  used  for  model  selee- 

probl ematic  segments  totaled   165  total  bp 

v\\\  i.o<;e\eti<:  analyses 

lution  bv  calculating  a  likelihood  ratio  test  statistic 

grees  of  freedom.  In  addition  to  the  likelihood  ratio 

lion.  MODELTEST  3.0  (Posada  &  Crandall.  1998) 
was  used  to  determine  the  substitution  model  that 

best    f'.ls   the   dala.    MODELTEST  3.0   (Posada   & 
Crandall.    1998)  uses   likelihood  scores,  calculated 

Parsimony  analyses  were  conducted  using  a  lest       using  PAUP*,  for  56  models  of  molecular  evolution 

version  (4.0d60)  of  PA  UP*  (Swofford,  1999)  for:  (1)      (JC  to  GTR   +   I    +   G)  to  compare  the  different 

all  individual  DNA  regions;  (2)  all  cpl)\  A  regions  nested  models  of  molecular  evolution.  MODEL- 

combined;  (3)  both  nuclear  regions  combined;  (4)  TEST  3.0  tests  the  nested  models  of  molecular  evo- 

all  six  DNA  regions  combined  (data  sets  are  avail- 

able on  our  website:  http://www.flmnh.ufl.edu/  and  p-value  assuming  a  c2  distribution  with  (|  de- 
sollislab).  We  conducted  parsimony  analyses  on  six 

different  ITS  alignments.  We  also  conducted  par-  test,  MODELTEST  3.0  also  calculates  the  Akiake 

simonv  analyses  on  six  different  combined  ITS  +  information  criterion  (AIC).  which  compares  differ- 
26S  iDNA  data  sets,  as  well  as  on  six  different  cut  models  of  molecular  evolution  but  does  not  re- 

quire the  models  to  be  nested.  The  AIC  selects 

of  these  six  different   ITS  alignments.  Gaps  were       models  for  good  fit;  however,  it  penalizes  models  for 

unnecessary  parameters.  In  all  cases,  the  GTK  I 

("?").  We  conducted  heuristic  searches  with  Ml  L-  1  +  G  substitution  model  fit  the  data  significantly 
PARS,  and  TKK  branch  swapping.  We  scare  bed  for  better  than  any  of  the  other  substitution  models  an- 

mulliple  islands  of  most-parsimonious  trees  (Mad-  alyzed  here.  Likelihood  scores  for  each  of  the  most 

dison.  1991)  using  1000  replications  of  RANDOM  parsimonious  trees  from  each  of  the  above  dala  sets 

taxon  addition.  Internal  support  lor  clades  was  as- 

combined  data  sets  for  all  genes  that  involved  each 

treated  as  missing  data  and  scored  as  ambiguous 

were  estimated  along  with  GTK   +   I   +  G  substi- 

sessed  using  the  bootstrap  with  1000  random  taxon       tution  parameters  (Table  3).  A  single  MP  tree  witl 
i 
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among  data  sets  using  the  partition  homogeneity 

lest  (Karris  el  al.,  1995)  as  implemented  in  PA  I  V 

llie  lowest  likelihood  seore  was  selected  from  each       70%  as  a  cutoff  for  assessing  strong  conflict  among 

ol  the  above  data  sets  and  used  to  estimate  param-  data  sets,  following  the  approach  of  Mason-Gamer 

eters  for  the  GTR  +  I  +  (J  model.  ML  searches  and  Kellogg  (1996).  We  also  explored  heterogeneity 

used  heuristic  search  strategies  with  100  random 

laxon  additions  for  the  combined  six  gene  data  set. 

and  10  random  taxon  additions  for  the  remaining 

data  sets,  followed  by  THK  (tree  bisection  recon- 

neclion)  branch  swapping,  holding  5  trees  at  each  RESULTS 

step.  Two  ML  searches  were  done  on  each  of  the 

data  sets  except  for  the  ITS  data  sets,  which  only 

had   a   single    ML  search.    The   second    ML   search 

ee  ob- 

(Swofford.  1999). 

CPDNA  <;knks 

We  first  present  the  results  for  the  individual 

used  model  parameters  estimated  from  the  tree  ob-  genes,  the  aligned  lengths  of  which  are:  ftuitk  1078 

tained  from  the  first  ML  search  and  used  the  same  bp:  rfccL  1514  bp;  psbA-trn\l  0.58  bp:  tmlj-trnV 

heuristic  search  strategy  as  employed  iti  the  first  1321  bp.  To  save  space  we  depict  onlv  the  com- 

ML  analysis  (Table  3).  bined  cpDNA   tree;  the   individual   gene  trees  are 

Rased  on  phylogenetic  analyses  encompassing  available  on  our  website  (http://flmnh.ufl.edu/ 

all  major  groups  of  angiospserms  (e.g.,  Savolainen       soltislah). 

rbc/>.      Analyses  of  rbch  alone  yielded  five  short- cut al.,  2000;  Soltis  et  al.,  2000).  as  well  as  studies 

focused  on  Saxilragales  (Kishbein  et  al.,  2001).  the       est  tree's  of   length    11)2  {(A    =  0.602;  Kl 

closest  relatives  of  Saxifragaceae  are  clear:  Gros- 

=  0.758) 

and  revealed  two  major  clades  within  Saxifragaceae 

sulariacae,  [tcaceae,  and  Pterostemonaceae.  Ribes,       (tree  not  shown).  A  strongly  supported  (9J{%)  Sax- 

Itea,  and  Pterostemon  therefore  serve  as  outgroups.  ij'raga    s.    str.    (including   Saxifragella)    is    present; 
Ribes  is  characterized  by  a  long  branch  in  some  of  several    relationships   within   Saxifraga   s.   str.   are 

the  individual  data  sets;  for  some  ITS  alignments,  also  well  supported.  The  second  major  clade,  here- 

inclusion  ol  Ribes   impacted  the  placement  of  one  after  the  heucheroid  clade,  comprises  all  taxa  other 

clade.   As  a  result,  lor  all  data  sets  we  also  con-  than  Saxifraga  s.  sir.  and  does  not  receive  support 

ducted  parsimony  analyses  with  just  Ilea  and  Pier-  greater  than  50%.  Based  on  rbch  sequences,  Sax- 

ifragodes  is  pari  of  the  heucheroid  clade.  where  it 

appeals  as  the  strongly  supported  (100%)  sister  of 

Cascadia.  Other  groups  with  support  greater  than 

50%  in  the  heucheroids  include  A stilbe/Saxifragop- 

The  issue  of  when,  and  if,  separate  data  sets  sis  (70%),  Boykinia  group  (70%),  Leptarrhena/Tan- 

should  be  combined  for  phylogenetic  analysis  has  akaea  (77%),  Chrysosplenium/Peltoboykinia  (52%), 

been  extensively  debated  and  reviewed  (e.g..  Uull       Mir  randies  (96%),  and  Heuchera  group  (00%). 

ostemon  as  outgroups. 

(;<>\<.lil  l  \<:i 

el  al.,   199*  Ac  Ouciroz  et  al.,   L995;  Miyamoto  & mat/v.      Parsimony   analysis   of   matk   alone   re- 

Fitch,    1005,  Mason-Gamer  &    Kellogg.   1996;  See-  suited   in   five  shortest   trees  of  length    1001   (CI    - 

lanen  et  al..   1997;  Johnson  &  Soltis,  1998).  As  we  0.669;  Kl    =   0.761).  Two  major  clades  of  Saxifra- 

and   others   have4  frequently  done,   we  employed  a  gaceae  s.  str.  are  again  revealed  (tree  not  shown), 

conditional    combination    approach    (sec    Huelsen-  Saxifraga    s.    str.   (including  Saxifragella)   forms   a 

beck  et  al..  1996),  following  the  general  strategy  of  strongly  supported  (100%)  clade.  In  contrast  to  the 

Mason-Gamer  and  Kellogg  ( 1996)  and  Johnson  and  results  of  /7>cL.  however.  Sax  ifragodes  appears  as 
Soltis  (1998). the  immediate  sister  to  Saxifraga  s.  str.  (61%  boot- 

We  divided  the  data  sets  into  two  process  parti-  strap   support),   rather   than    with    Cascadia    in    the 
lions:  nuclear  data  sets  (ITS  and  26S  rl)\A):  and  heucheroid    clade.    The    remaining    Saxifragaceae 

epDINA    dala    sets    (rbch,    matK,    trnL-trnF,   pshX-  form  a  second  clade  (without  support  greater  than 

trnW).  Because  the  chloroplast  genome  is  inherited  50%)  that  corresponds  to  the  heucheroid  clade.  ex- 

as    a    unit    and    not    subject    to    recombination,    we  eluding     Saxifragodes.     Several     well-supported 

treated  them  as  a  single  linkage  partition  (reviewed  clades  are  also  evident  within  Saxifraga  s.  sir.,  as 

in   Soltis   &    Soltis,    1998).    We    initially   conducted  well   as   within   the   heucheroids.   Within   the   kill 

separate  analyses  of  each  cpDN A  set;  we  similarly  clade.  the  following  receive  support  greater  tin 
conducted  separate  analyses  of  the  two  nuclear  data  50%:   Astilhe/Saxifragopsis   (95%),   Boykinia   gTOU] 

sets.  The  resultant  topologies  wen'  then  compared;  (100%),  Leptarrhera/Tanakaea  (100%),  Peltoboyki- 
we  searched  for  instances  of  well-supported  alter-  nia/Chrysosplenium  (77%),  Micrantkes  s.  str,  (99%), 
native  placements,  or  hard  incongruence  (Seelanen  a   Micrantkes   s.l.   clade   (96%)   that   also   includes 

el   al.,    1997).    We   employed    a    bootstrap   value  of  Cascadia   and  Saxifraga  tolmiei  (a  Micrantkes  s.l. 

ci- 

ui 

> 
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clade  is  also  revealed  by  other  l)[\A  regions,  and  0.596;  RI  =  0.760);  the  analysis  was  stopped  prior 
includes  S.  tolmiei,  hut  not  Cascadia;  see  below),  to  completion.   Branch   lengths  are  very  short  and 

Darmera  group  (65% )„  and  Heiwhera  group  (100%).  little  resolution  and  support  are  evident.  A  strongly 

Relationships  among  these  groups  do  not  receive  supported  Saxifraga  s.  str.  clade  is  present  (92%) 

support  greater  than  50%. dial    includes    Saxifragella;    several    relationships 

Because  Saxifragodes  possesses  a   long  branch  within  Saxifraga  s.  str.  also  receive  support  greater 

with    rnatK   and    its    phylogenetic   position   differs  than  50%.  Only  a  lew  other  clades  receive  support 

from  that  obtained  with  rbcl;  (as  well  as  from  other  greater   than   50%:    Cascadia/Saxijragodes   (81%), 

regions),  we  also  analyzed  the  rnatK  data  set  with  Mir  rant  hes  (83%),  Mirranthes  +  Saxifraga  tolmiei 

MLK  and  recovered  the  same  topology  as  was  found  (89%),  and  a  subset  of  the  Heiwhera  group  (Elmera, 

with    parsimony    (tree   not   shown).    We   also   re-se-  TeUirna,    and    Hear  hern;    51%).    (/roups    that    arc 

(juenced  a  second  DNA  isolate  of  Saxifragodes  to  monophyletic  and  well  supported  with  other  genes 

check  for  sequencing  errors  but  obtained  an  iden-  (e.g.,  Iteiichera  group,  Hoykinia  group,  Chrysosplen- 
tical  sequence. ium/Peltoboykinia,  Astilbe/Saxijragopsis)  are  not  re- 

trnL-trnF.      This  region  is  prone  to  insertion  and       trieved  with  the  psbA-trnH  data  set. 
deletion   in  Saxifragaceae.   Most  of   the  indels  are 

greater  in  length  than  just  one  or  two  bp,  with  many       COMPARISON  OF  cpDNA  TREES 

long  indels  present  that  are  unique  to  individual 

taxa.  We  experimented  with  the  removal  of  three  of 

the  four  difficult  to  align  regions  (21,  50.  and  52 

bp  in  length).  The  topological  impact  of  the* 

se  re- gions was  minimal.  One  of  the  regions  had  no  im- 

pact on  the  topologies  obtained;  when  the  two  lon- 
ger,   hard    to    align    regions    were    removed,    more 

shortest  trees  were  obtained  (e.g.,  six  vs.  three  in 

one  analysis)  with  lower  resolution  achieved  among 

the  major  clades  within  the  heucheroids  in  the 

strict  consensus  trees.  In  all  cases  a  major  dichot- 

a 

omy   w as  observed  within  the  Saxifragaceae— Saxi- 

fraga s.  str.  and  the  heucheroid  clade. 

Parsimony  analyses  of  trn\-trnV  yielded  252  trees 

of  length  852  (CI  -  0.754;  RI  =  0.744).  Two  major 

clades  are  evident  in  Saxifragaceae:  a  we  11 -supported 
Saxifraga  s.  str.  that  includes  Saxifragella  (100%); 

the  heucheroid  clade,  which  receives  support  less 

than  50%  (tree  not  shown).  Other  well-supported 

groups  revealed  by  trn\-trnV  sequence  data  include: 

Astilbe/Saxifragopsis  (80%),  Mkranthes  (77%),  Mi- 

rranthes +  Saxifraga  tolmiei  (97%),  Cascadia/Sax- 

ifragodes  (80%),  Heiwhera  group  (100%),  Telesonix 

with  Ijeptarrhena/TaJiakaea  (84%),  a  relationship 

thai  does  not  appear  in  any  other  analyses.  The  Boy- 

kin  ia  group  receives  weak  support  (54%)  but  does 

not  include4  Telesonix.  The  Darmera  group  is  mono- 

phyletic but  does  not  receive  support  greater  than 

50%.  Two  su  be  lades  within  the  Darmera  group  each 

appear  with  bootstrap  support  greater  than  50%:  Or- 

esitrophe/Mukderdct/Bergenia  (65%)  and  Rodgersia/ 

Astilboides/Darmera    (73%).   There    is   considerable 

support  for  relationships  within  Saxifraga  s.  str. 

psbA-trnH.      A   large  portion  of  this  spacer  re- 

( 

Comparison  of  the  topologies  obtained  for  indi- 
vidual regions  suggests  strong  overall  similarities. 

Significantly,  three  of  the  DNA  regions  sequenced, 

rnatK.  rbcL9  and  JmL-/raF,  indicate  a  major  split 

within  the  family  between  Saxifraga  s.  str.  and  the 

heucheroid  clade.  Saxifraga  s.  str.  and  Mirranthes 

each  receive  strong  support  (greater  than  90%)  with 

four  regions.  Cascadia/Saxijragodes  are  a 

strongly  supported  sister  group  with  all  cpDNA 

genes,  except  rnatK.  Several  other  clades  also  re- 

ceive support  greater  than  50%  in  three  of  the  four 

•pl)NA  data  sets  (all  but  psbA-trnli):  Astilbe/Saxi- 
fragopsis,   Peltoboykinia/Chrysosplenium,    and    the 

llenrhera  group.  Three  of  the  cpDNA  data  sets  (all 

but  psbA-trnli)  also  suggest  a  close  relationship  be- 
tween   Leptarrhena/Tanakaea   and    the   Hoykinia 

group,   although   only   rnatK  does  so   with   support 

greater  than  50%.  Two  of  the  cpDNA  data  sets 

(rnatK  and  trn\-trn¥)  also  indicate  the  monophyly 
of  the  Darmera  group. 

Contradictory  clades  among  the  cpDNA-based 
topologies  each  received  less  than  70%  bootstrap 

support.  Hence,  there  are  no  instance's  of  hard  in- 
congruence among  these  trees.  The  most  obvious 

incongruence  among  cpDNA  regions  involves  the 

different  placement  of  Saxifragodes.  With  rnatK, 

the  genus  appears  as  sister  to  Saxifraga  s.  str.  with 

weak  support  (64%),  whereas  the  remaining  cp- 
DNA trees  place  Saxifragodes  with  Cascadia  (with 

strong  support). 

COMIillNKI)  CpDNA    DATA  SET 

The   total   combined   aligned    length   of   the  four 

gion  was  extremely  difficult  to  align  across  Saxifra-  cpDNA  regions  employed  is  4550  bp,  with  621  bp 

gaceae  and.  hence,  was  ultimately  excluded;  only  excluded  yielding  a  total  of  3938  bp  used  in  most 

221   of  658  bp  wen1  employed.  Analysis  of  this  re-       analyses.  With  Ribes  removed  as  an  outgroup,  phy- 

gion  yielded  over  0000  trees  of  length  202  (CI logenetic  analysis  of  a  combined  data  set  of  all  four 
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Figure.  I.  One  of  three  shortest  tiers  resulting  from  parsimonj  analysis  of  combined  epDNA  data  sets  (rfccL,  malk, 
trnlrtrnF,  psbX-trnli);  length  =  2C>62.  CI  =  0.621.  Kl  =  0.695.  Percentages  below  branches  are  bootstrap  values: 
numbers  above  branches  are  the  number  of  base  substitutions.  Arrows  indicate  branches  that  collapse  in  the  strict 
consensus  of  all  shortest  trees. 

chloroplasl  genes  resulted  in  one  shortest  tree  of  support).  The  next  branching  member  is  Saxifra- 

length  3031  steps  (CI  =  0.622,  Rl  =  0.689).  With  gella.  which  is  sister  to  the  remainder  of  the  (lade. 

Ribes  included  (Fig.  1).  three  trees  of  length  2(>()2  which   is  again  well  supported  (1007c).  Saxifraga 
are  obtained  (CI   =  0.624;  HI   =  0.695).    The  strict  tricuspidata    then    follows   as   sister   to   a    well-sup- 
eonsenus  ol  these  lives  reveals  less  resolution  at 

deep  levels  in  the  heueheroid  clade  than  obtained 

when  Ribes  is  omitted. 

Based  on  cpDNA  data  (Kig.    I),  the  family  eon- 

ported  (98%)  core  group  ol  ta\a. 
The   heueheroid   clade  consists  of  a   number  of 

groups  that  receive-  support  greater  than  50%.  Astil- 

be/Saxifragopsis  form  a  strong!)  supported  (100%) 

sisls  ol  two  major  c lades:  (1)  a  strongly  supported       sister  group:   they    in   turn   are  sister  (but    without 

(100%)  Saxifraga  s.  sir.  (plus  Saxifragella)  and  (2)  support  greater  than  50%)  to  two  other  well-sup- 
the  heueheroid  clade.  which  receives  support  less  ported  groups:  Boykinia  group  (96%)  and  Leptar- 
than  50%.  Many  relationships  within  Saxifraga  s.  rhena/Tanakaea  (100%).  The  sister  group  relation- 
sir,  are  well  supported.  Saxifraga  mertensiana  and  ship  between  Lept  a  r  rhena/Tanakaea  and  the 

S.  fortunei  form  a  clade  (100%  support)  that  is  sis-  Boykinia  group  receives  bootstrap  support  of  71%. 
lei'  to   tin remaining  members  of  the  (lade  (100% The  remainder  of  the  heueheroid  clade  consists  of 
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Peltoboykinia/Chrysosplenium  (82%);  the  Darmera  (tree  lengths  =  2289.  2271.  2274.  2260).  One  ol 

group  (67%);  Cascadia/Saxifragodes  (53%);  Mi-  the  two  remaining  alignments  resulted  in  a  very 

cranihes  (100%),  Mieranthes   +  S.  tolmici  (55%),      similar  topology  (tree  length  =  2285),  differing  pri- 
and  the  Heuchera  group  (100%).   N on e  o f  tl 

le  re- 

marily  in  the  placement  of  Cascadia/Saxifragodes. 

lationships  among  these  tip  elades  within  the  heu-       Rather  than  appearing  within  the  heucheroid  elade 
cheroids  receives  support  greater  than  50%. 

INDIVIDUAL  NLCLKAK  GENES 

The  length  of  what  we  have  termed  the  "rough" 

close  to  Mieranthes  as  with  the  first  four  alignments, 

this  sister  pair  appears  instead  as  sister  to  all  other 

Saxifragaceae  s.  sir.  The  remainder  of  tin*  family 
still  comprises  two  elades.  Saxifraga  s.  str.  and  the 

heucheroid  clade  (but  in  this  case  minus  Cascadia/ 

ITS  alignment  is  641  bp;  the  length  of  each  of  the  Saxifragodes) .  For  these  five  similar  alignments,  the 

remaining  ITS  alignments  employed  is  687  bp  (315  CI  ranges  from  0.466  to  0.469;  HI  ranges  from 

bp  for  ITS-1;  372  bp  for  ITS-2).  The  aligned  26S      0.620  to  0.625.   In  contrast,  the  rough  alignment 
rDNA  data  set  is  1  191  bp.  To  save  space  we  depict  resulted  in  26  shortest  trees  of  noticeably  greater 

only  the  combined  ITS  +  26S  rDNA  tree:  the  in-  length  (2651  steps);  (CI  -  0.390;  RI  =  0.575).  but 
dividual   gene   trees  are  available  on  our  website 

(http://www.flmnh.ufl.edu/soltislab). 

ITS.      As    noted,    we   employed    six    ITS    align- 
ments, one  that  we  considered  relatively  rough,  and 

again  resulted  in  a  topology  similar  to  those  noted 

above.  Cascadia/Saxifragodes  appear  as  sister  to 

the  remainder  of  Saxifragaceae.  The  remainder  of 

the  family  consists  of  a  trichotomy:  (1)  Saxifraga  s. 

five  that  were  constructed  in  a  more  laborious  fash-       str.:  (2)  Mieranthes;  (3)  the  remaining  genera  of  the 
ion.  taking  into  consideration   the  local  alignment 

within  the  well-supported  elades.  We  first  compared 
these   six   different    ITS   alignments   with   all    base 

I I leucnero id clade. 

The  remaining  differences  anions  the  trees 

g<i 

alignments    change;    following   parsimony   analysis 

sidling  from  the  si\  alignments  used  arc  slight,  for 

pairs  included  and  subsequently  experimented  with  example.  Peltoboykinia  and  Chrysosplenium  do  not 

removing   regions  that   were   hard   to  align.   These  always  appear  as  sister  taxa,  the  Darmera  group  is 

initial  analyses  revealed  that  the  placement  of  Cas~  nol  always  monophyletic,  and  relationships  of  mem- 

cadia/Saxifragodes  is  sensitive  to  outgroup  selec-  bers  of  the  Darmera  group  to  other  members  of  the 
tion  in  three  of  the  six  alignments.  When  all  three  heucheroid  clade  vary. 

outgroup  taxa  are  employed.  Cascadia/Saxifragodes  We  describe  here  the  topology  of  the  alignment 

appear  as  sister  to  the  remainder  of  Saxifragaceae  that  provided  the  shortest  trees  (and  highest  CI  and 

in  five  of  six  alignments.  With  one  alignment,  Cas-  \\\   values).   Parsimony  analysis  of  this  "best"  ITS 
cadia/Saxifragodes   appear   within   the   heucheroid  alignment   resulted   in  one  shortest   tree  of   length 

clade  close  to  Mieranthes.   However,  with  Kibes  re-  2260  (CI   =  0.469;  RI   =  0.625)  and  revealed  two 

moved,  the  topologies  obtained  for  three  of  the  six  major  elades  within  Saxifragaceae.  each  with  sup- 

port greater  than  50%:  Saxifraga  s.  str..  including 

Cascadia/Saxifragodes  now  appear  within  the  heu-  Saxifragella    (100%),    and    the    heucheroid    clade 

c  he  mid  clade  close  to  Mieranthes.  The  branch  lead-  (58%).    There  is  considerable  support  for  relation- 

ing  to  Cascadia/Saxifragodes  is  very  long  in  all  of  ships  within  Saxifraga  s.  str.  Within  the  heucheroid 

the  ITS  trees,  as  is  the  branch  to  Ribes  (the  number  clade,   the  following  receive  support  greater  than 

of  steps  on  the  branch  to  Kibes  is  the  largest  in  the  50%:  Peltoboykinia/Chrysosplenium  (79%),  Micron- 

entire   topology).   To   examine   the   possibility   that  thes  (90%),  Mieranthes  +  Saxifraga  tolmici  (99%), 

Saxifragodes/Cascadia   I  I009J  ).   Heuchera   group 

placement    of  Cascadia/Saxifragodes,    we   applied  (100%),  Leptarrhena/Tanakaea  (76%).  Koykinia 

MLK  to  the  three  alignments  in  which  the  position  group    (88%).    and    Astilbe/Saxifragopsis    (98%). 

of  Cascadia/Saxifragodes  changed  with  the  removal  There  is  also  weak  support  (54%)  for  a  sister  group 

of  Kibes.  For  all  three  of  these  alignments,  with  all  relationship  between  Chrysosplenium/Peltoboykinia 

three  outgroup  taxa  employed.  MLK  places  Casca-  and    Mieranthes    +    S.    tolmici:   and    weak    support 

(.">.■'//)  lor  a  clade  of  Leptarrhena/Tanakaea,  Boy- 
topologies  comparable  to  those  achieved  with  par-       kinia  group,  and  Astilbe/Saxifragopsis. 

Removal   of  dilficult-to-align  regions  had   minor 

impact  on  the  topology.  In  most  instances,  two  ma- 

long    branch    attraction    might    be    impacting    the 

lia/Saxifragodcs    with    Mieranthes.    thus    re\  ealing 

simony  with  Kibes  removed.   We  therefore  discuss 

below  the  parsimony  results  with  Ribes  removed. 

With  all  ITS  sites  included,  two  basic  topologies  jor  elades  are  still  apparent  (Saxifraga  s.  str.  and 

were  obtained  following  parsimony  analyses.  Four  the  heucheroid  clade).  In  some  cases,  Saxifragodes/ 

alignments  revealed  two  major  elades  in  Saxifra-  Cascadia    appear   as    sister   to    these    two   elades. 

gaceae,  Saxifraga  s.  str.  and  the  heucheroid  clade  Willi  all  alignment-ambiguous  regions  removed,  we 
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obtained  16  trees  of  length   1626  (CI  =  0.462;  HI  Micranthes,    Cascadia/Saxijragodes9  Astil  be/Sax  if ra- 

=  0.62H).  The  strict  consensus  again  reveals  two  gopsis,  Heuchera  group,  Boykinia  group,  Oresitrophe/ 
major  clades,  Saxifraga  s.  str.  and  the  heucheroid  Bergenia,    and    Rodgersia/Astilboides/Darmera.   The 

elade.    Relationships   within   Saxifraga  s.   str.   are  differences  observed  in  llie  26S  rDNA  trees  when 

onl\    slightly  changed   from   those   in  which  all  l>p  compared  to  those  retrieved  with   ITS  likely  reflect 

lower  signal  with  26S  rDINA are  included,  involving  only  the  relationships  of  S, 

spathularis  and  S.  rotundifolius.  Many  of  the  rela- 
tionships  found   within   the   heucheroid  clade  are      comiunkd  NUCLEAR  DATA  SETS 

expansion  segments. 

also  identical  to  those  obtained  with  all  l>p  includ- 

ed. With  these  regions  removed,  however,  the  Dor- 

niera  group  is  not  monophyletic,  Ix'ptarrhena  and 

Tanakaea  do  not  appear  as  sister  taxa,  and  rela- 

tionships within  the  Boykinia  group  are  not  com- 
pletely resolved;  relationships  among  I  lie  Boykinia 

group,  Leptarrhena/Tanakaea,  and  Astilhe/Saxifra- 
gopsis  arc  unclear.  These  findings  suggest  that  there 
is  some  loss  of  phylogenclie  signal  when  difficult 

to  align  regions  are  removed;  furthermore,  that  im- 

pact is  observed  even  on  relationships  that  are  gen- 
erally well  resolved. 

26S  rDNA.      Parsimony   analysis  of  26S  rDINA 

sequences  resulted  in  12  trees  each  of  length  789 

(CI 
0.450;  HI  =  0.661).  Many  of  the  same  well- 

supported  clades  retrieved  with  other  genes  are 

again  monophyletic  and  receive  bootstrap  support 

greater  than  50%:  Saxifraga  s.  str.  (including  Sax- 

ifragella:  lOO'/r),  Micranthes  (99%),  Micranthes  + 
Saxifraga  tolmiei  (81%),  Peltoboykinia/Chryso- 

splenium  ({)(}rA ),  Saxifragodes/dascadia  ( 100%), 
Boykinia  group  (00%),  Astilhe/Saxifragopsis  (74%). 

We  combined  each  of  the  six  different  ITS  align- 
ments with  the  26S  rl)NA  data  set.  The  length  of 

the  rough  ITS  alignment  +  26S  rDNA  data  set  is 

\KVZ  hp;  the  length  of  the  remaining  five  ITS  align- 
ments +  26S  rl)NA  is  1878  bp.  We  describe  the 

topology  resulting  from  the  combination  of  the  ITS 

alignment  that  yielded  the  shortest  trees  (willi  all 

base  pairs  included,  as  well  as  with  difficult  to  align 

regions  removed).  Parsimony  analysis  of  the  com- 
bined 26S  rl)INA+  ITS  data  set  (Kig.  2)  resulted  in 

four  shortest  trees  of  length  IV2 1  7  (CI  =  0.455  ;  Rl 

=  0.621).  Our  MLK  analysis  of  the  same  combined 
dala  set  yielded  a  topology  identical  to  one  of  the 
shortest  trees  obtained  using  parsimony. 

Based  on  both  parsimony  and  MLK  analyses,  two 

major  clades  are  revealed  in  Saxifragaceac:  (I)  a 

strongly  supported  Saxifraga  s.  str.  (plus  Saxifrage/la; 

tl 

fo 

■llppnrl 

ic 
'/< 

•    fl       ,  /on/wv    ,r,  ,  .  ,         sequent  sister  to  trie  remainder  ol   the  clade,  tol- 
and  Heuchera  group  (ttZVc).    I  here  is  also  consul-       ,  .    .  , 

erable  resolution  and  support  ol  relationships  with- 
in Saxifraga  s.  sir.  The  monophyly  of  the  Darmera 

group  is  not  supported  by  26S  rDNA,  although  the 

I  wo  component   subclades  each   Receive  bootstrap 
support  greater  than  50%  (Oresitrophe/Mukdenia — 

f{(>%;  Rodgersiat  Astilboides,  Darmera — 75%).  As 
was  observed  with  ITS,  Astilhe/Saxifragopsis  appear 
as  the  sister  to  I  he  Boykinia  group  with  moderate 

support  (78%);   Tanakaea  and  Leptarrhena,  which 

f< sisters    to    the    Astilhe/Saxifragopsis     +     Boykinia 

lowed,  in  order,  by  S.  tricuspidata,  S.  lunulas,  and 

then  S.  cymbalaria;  all  of  these  initial  branches  re- 

ceive4  support    greater   than    70%.   The   remaining 

orm  a  grade  rather  than  a  clade,  are  successive 

members  of  Saxifraga  s.  str.  form  a  well-supported clade  (97%). 

Within  the  heucheroid  clade.  a  weakly  supported 

(62%)  subclade  is  present  of  LepUnrhena/Ianakaea 

(77%)  as  sister  to  a  clade  (87%)  of  Astilhe/Saxifra- 
gopsis (100%)  plus  the  Boykinia  group  (100%).  The 

heucheroids  comprise 

several  subclades,  most  with  support  greater  than 

remaining   members   of    the 

,i    met   i      .  .  .     ii  i         r      50%:  (1)  Peltohoykinia/Chrysosplenium  (95%);  (2) 
group  with  57%  bootstrap  support.    I  he  number  of  w  J  '        t  .  . 
base  substitutions  observed  on  most  branches  of  the 

20S  rDINA  trees  is  low  with  very  little  resolution  at 

deep  levels. 

if 

(99%);  

(4)  
Micranthes 

(100%);    (3)    Micranthes 
i/raga  tolmiei  (99%); 

COMPARISON  <>l    ns  AND  20s  rDNA  TREES 

(5)   Heuchera   group  (100%).  The   Darmera   group 
forms  a  chide  but  does  not  receive  support  greater 

than  50%.  Relationships  among  these*  subclades  do 
not  receive  support  greater  than  50%. 

CONGRUENCE  IIET W  EEN  NUCLEAR   AND  cpDN  A 
r  I  1 

rOPOLOGIES 

(Comparison  of"  the  ITS  and  26S  rDNA  topologies 
suggests  strong  overall  similarities.  There  arc  no  ex- 

amples ol   hard    incongruence   involving  these   two 

data  sets.   Itoth   topologies  show  many  of  the  same  There  is  a   high  degree  of  overall  similarity  be- 
clades,  including  Saxifraga  s.  str.  (and  many  of  the       tween  the  combined  cpDNA  tree  and  the  combined 
subclades     therein),     Beltohoykinia/Chrysosplenium,       nuclear  tree.  Roth  suggest  a  major  split  in  the  famiK 
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Figure  2.     ( )ne  of  four shortest  trees  resulting  from  parsimony  analysis  ol  combined  ITS  and  26S  rl)l\A  sequence 
data:   length 3217,  CI 0.455,  RI 0.621.   Percentages  below  branches  are  bootstrap  values;  numbers  above 
branches  are  the  number  of  base  substitutions.  Arrows  indicate  branches  that  collapse  in  the  strict  consensus  ol  all 
shortest  trees. 

between  Saxifraga  s.  str.  and  the  heucheroids.  Sax-  Saxifraga  s.  sir.  (100%/1(X)%).  The  Darmera  group 

ifraga  s.  str.  is  strongly  supported  by  both  nuclear  is  present   in  both  analyses,  but  receives  bootstrap 

and    cpDNA    data    sets.    However,    the    heucheroid  support  greater  than  50%  only  with  epDNA. 

clade  receives  bootstrap  support  greater  than  50% 
I ill.  tl only  witn  me  combined  nuclear  data  set  (61%).   In 

Additional  strong  similarities  between  combined 

nuclear  and   combined   cpl)\  \   topologies  are  ob- 

addition.  the  same  major  clades  and  well-supported       served  within  those  elades  receiving  bootstrap  sup- 

port   greater    than    50%.    The    relationships    and 

support    greater   than 

f icrall both. groups  01   genera   are  generally   present   with 

The  following  clades  are  present  with  bootstrap  sup-       clades •  • receiving    bootstrap 

port  greater  than  50%  in  both  the  combined  cpDNA  50%   are  nearly  identical   within  Saxifraga   s.  str. 

and   nuclear  analyses:  Astilhe/Saxifragopsis  (100%/  and  also  within  other  subgroups,  such  as  Mieran- 

100%),  Boykinia  group  (96%/100%),  Leptarrhena/  thes,  the  Heuchera  group,  the  Darmera  group,  and 

Tanakaea    ( 1 00%/77%),    Peltohoykinia/Chrysosplen-  the  Boykinia  group. 

ium     (78%/95%),    Cascadia/Saxifragodes    (58%/ The  partition  homogeneity  test  revealed  similar 

100%),  Micranthes  (100%/W%),  Micranthes   +  S.       levels  of  heterogeneity  (values  of  0.01  to  0.02)  be- 

tolmiei  (5o>%/99%),  Heuchera  group  ( 1()()%/I00%),       tween    all    data    set    combinations,    regardless    ol 
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whether  they  are  nuelear  or  chloroplastic.  This  is       merit    yields    the    same    topology   obtained    through 

not  surprising  given  the  sensitivity  of  this  test  (e.gM       parsimony   searches  employing  the  five  other  ITS 

alignments,   suggesting  that   the   parsimony   place- Sullivan,  1996:  Johnson  &  Soltis,  1998).  Thus,  the 

heterogeneity  between  nuclear  and  cpDNA  data 

sets  appears  no  greater  than  that  observed  among       alignment  is  spurious. 

ment    oi    Cascadia/Saxifragopsis    using    this    one 

epD.YA  or  between  nuclear  data  sets.  The  one  area A  topological  difference  that  appears  to  be  due 

ol    potential    hard    incongruence   between  the  com-       to  both  alignment  and  the  culling  of  hard  to  align 

bined  nuclear  and  combined  cpl)Y\  trees  invokes       bp  involves  Leptarrhena   and   Tanakaea.   Typically, 

the  relationships  among  the  Hoykinia  group,  Astil-       Leptarrhena/Tanakaea  form  a  elade  and  appear  as 

be/Saxifragopsis9    and    Leptarrhena/Tanakaea.    The       sister  to  Boykina  group  4-  Astilbe/Saxifragopsis\  but 
combined  cpl)\  A  analysis  places  Leptarrhena/Tan-       in  one  alignment  with  base  pairs  removed  they  form 

akaea  as  sister  to  the  Hoykinia  group  with  H)r/<  a  grade  and  appear  as  sister  to  the  remaining  taxa 
support.  AstilMSaxifragopsis  are,  in  turn,  the  sister  of  the  heucheroid  elade.  Other  topological  differ- 

to  the  Hoykinia  group  +  Leptarrhena/Tanakaea  ences  resulting  from  different  alignments  or  the  re- 

moval of  bp  are  very  minor  and  include  the  occa- 

sional placement  of  Rodgersia  and  Astilhoides  in  a 

sister  relationship  between  the  Hoykinia  group  and       trichotomy  with  Darmera.  rather  than  as  sister  taxa. 

elade,  but   without   support   greater  than  50%.    In 

contrast,  the  combined  nuclear  data  sets  suggest  a 

Astilbe/Saxifragopsis  with  87*%    bootstrap  support: Considering  the  length  of  the  shortest  trees  ob- 

Leptarrhena/Tanakaea   are  their  subsequent   sister      tained  via  parsimony  in  all  six  combined  epD.YA/ 

group  (U2r/(). 

COMBINED  cpl>V\/\l  CLEAR  DATA  SET 

nuclear  data  sets,  both  with  all  ITS  sequence  bp 

included  and  with  five  difficult  to  align  ITS  regions 

removed,  one  combined  data  set  yields  shorter  trees 

than  the  remaining  five,  and  it  is  discussed  below 

li 

We  explored  both  the  impact  of  the  six  different       (Fig.  3).  This  six  gene  data  set  involves  the  same 

ITS  alignment  that  yielded  the  shortest  trees  when ITS  alignments  and   the   inclusion  and   removal   ol 
ve  (li icult   to  align   regions  o f  the  ITS  in  phylo-       analyzed  alone  and  when  combined  with  26S  i  DYA 

genetic  analyses  based  on  the  combination  of  all       sequences.  The  longest  trees  (and  lowest  CI  and  Kl 

values)  were  obtained  for  the  six  gene  data  set  that 

regions).  Kor  each   ITS  alignment   we  employed  all       employs  the  rough  ITS  alignment. 

six  DYA  regions  (ITS  +  26S  rl)NA  +  four  c  pI)N A 

of  the  difficult   to  align  bp  in  one  analysis;  for  a 

second    six-gene    analysis    we   eliminated    a 

Parsimony  analysis  of  all  six  DMA  regions  (usinj r 

li 

hard-to-align    ITS   areas   (see   section    on    ITS   se- 

the  preferred   ITS  alignment  with  no  bp  removed) 

resulted  in  four  shortest  trees  of  5523  steps  (CI  = 

quences).  Thus,  we  ran  a  total  of  12  different  par-       0.538;   Kl    =  0.654).   MLE  analysis  resulted   in  a 
analyses  on  combined  cpl)\ A/nuclear  data       topology   identical   to  that   observed   in  one  of  the 

sunom 

sets.   We  also  performed   MLE  analyses  on   two  of      shortest  trees  obtained  via  parsimony.  These  trees 

the  combined  data  sets — the  combined  data  set  that        indicate  that  the  family  comprises  two  major  line- 
employed  the  rough   ITS  alignment  (total  lengtl i ages  which  receive  high  internal  support — Saxifra- 

06.i0  aligned  bp)  and  the  combined  data  set  that       ga  s.  str.  (100%)  and  the  heucheroid  elade  (80%). 

employed  what  we  considered  the  best  or  preferred       Many    relationships    within    the   Saxifraga    s.    str. 
elade  receive  strong  internal  support  (greater  than 

id   clad icroiu    elade 
ITS  alignment  (total  length  =  6676  aligned  bp). 

We  found  the  impact  of  the  different  ITS  align-  9()c/c).  Relationships  within  the  heucl 

merits  and  the  removal  of  base  pairs  to  be  relatively  are  well  resolved  and  exhibit  greater  than  50%  sup- 

small.  We  observed  similar  variations  in  topology  port.  The  heuchcroids  comprises  two  weakly  sup- 
ported subclades:  (1)  the  Hoykinia  group,  Astil  be/ 

with  characters  included  or  excluded.  One  differ-       Saxifragopsis,    Leptarrhena/Tanakaea    (58%):    (2) 

group,    Micranthes   s.l. 

between  alignments  as  obtained  within  alignments. 

r> 
ence  clearly  associated  with  alignment  involves  the 

Heuch eucnera  group,   Darmera 

placement  of  Cascadia/Saxifragopsis.  The  six  gene  (Micranthes,   Saxifraga  tolmiei,  Saxifragodes/Cas- 
data   set    that    employed   the   rough    ITS   alignment  cadia\    and    Heltoboykinia/Chrysospleninm    (75%). 

places  this  pair  as  sister  to  the  remainder  of  the  Within  the  latter  elade,  the  Heuch  era  group  appears 

heucheroid   elade,   whereas   in   the   five  other  com-  as   sister   to   a   elade   of   the   remaining   taxa,   which 

bined  data  sets  (employing the  remaining  ITS  align-  form  a  elade  with  low  (75%)  support.  The  Darmera 
ments)    Cascadia/Saxifragopsis    form   a    Micranthes  group  is  sister  to  another  weakly  supported  elade 
s.l.  elade  that   also  includes   Micranthes  and  Saxi-  (06%)   that   consists  of  Micranthes  s.l.  as  sister  to 

fraga   tolmiei.    However,    MLK   analysis   of  the   six  Heltoboykinia/llhrysosplenium. 

gene  data  set   that  employed  the  rough   ITS  align- In  most  cases,  support  for  individual  c lades  in- 
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Figure  3.      One  of  lour  shortesl  trees  resulting  from  parsimony  anabsis  of  combined  epDNA  (r/>cL,  mulK.  tni\-trn\\ 

psbA-tmti)  and  nuclear  data  sols  (ITS  and  26S  rl)NA);  length  -  5523,  CI  =  0.538,  Kl  =  0.654.  Percentages  below 
branches  are  bootstrap  values;  numbers  above  branches  are  the  number  of  base  substitutions.  Arrows  indicate  branches 

thai  collapse  in  the  strict  consensus  of  all  shortesl  trees. 

creased  in  the  analyses  of  all  six  regions  compared  fragopsis  decreases  from  879f  in  the  combined  un- 

to both  the  combined  cpDNA  and  nuclear  trees  clear  regions  to  73%  for  all  six  genes,  leptarrhena/ 

(compare  Fig.  3  with  Figs.  1  and  2).  Support  for  Tanakaea  remain  as  sister  to  Boykinia  group 

many  tip  chides  within  Saxifragaceae  increases  to  Astilbe/Saxifragopsis,  but  with  weak  support  (58%). 

\(){)c/(  in  the  six  DNA  region  data  set  (Astilbe/Sax- 

ifragopsis; Boykinia  group;  Ijeptarrhena/Tanakaea;  Discussion 

Heuchera  group;  Peltoboykinia/ChrysospleniunK  Mi- 
cranthes   s.l.,    Micranthes;    Cascadia/Saxifragodes; Previous  phylogenetic  analyses  of  Saxifragaceae 

Saxifraga  s.  str.,   including  Saxifragella).  Support  have  employed  separate  (Soltis  et  al.,   1993)  and 

for  the  Darmera  group  increases  to  91%  and  that  combined  (Soltis  et  al.,  1996a)  data  sets  of  matk 

for  the  heucheroid  clade  increases  to  cW/r.   Mow-  and    rbcl.   sequences,   as   well    as    ITS   sequences 

ever,  because  of  conflict  between  the  cpDNA  and  (Johnson  &  Soltis,  1998).  Those  analyses  provided 

nuclear  trees,  support  for  the  sister  group  relation-  support  for  many  groups  of  genera  within  the  family 

ship  between  the  Boykinia  group  and  Astilhe/Saxi-  (i.e..    Boykinia,    Heuchera,    and    Darmera    groups, 
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tf 

n\ 
inoval  of  hard-to-align  regions  does  result  in  less 

Chrysosplenium/Peltoboyki-      resolution. 

We  also  employed  MLE  analyses,  comparing  die 

< 

nia).  However,  relationships  among  these  tip  elades 

were  unclear.  In  an  effort  to  clarify  deep-level  re-  results  to  those  obtained  with  parsimony.  In  virtu- 

lationships  within  the  family  we  sequenced  two  ad-  ally   all    instances  the   MLE  topology  obtained  is 
litional  cpDNA  regions  (tml-trnF  and  psb\-trn\\)  identical  to  one  of  the  shortest  trees  obtained  via 
and  most  ol  the  26S  rDNA  expansion  segments;  we  parsimony.  The  only  exception  involved  the  analy- 
COmpiled  a  final  combined  data  set   for  six  genes/  sis  of  ITS  sequences.  Inclusion  of  AV/ve.s  (character- 
DNA  regions  ol  6676  aligned  bases  (5601  bp  were  ized  by  a  long  branch)  resulted  in  shortest  trees  for 

several  different  alignments  in  which  Saxifragodes/ 

ifragodes,  two  monotypie  genera  from  the  Cascadia  (also  with  long  branches)  appear  as  sister 

ifi 

southernmost   portion  ol  South    America  for  which 

material  had  not  been  previously  available. 

(iKNKII  \L  CONSIDER  \  I  IONS 

to  the  remaining  members  of  Saxifragaceae.  When 

Ribes  was  removed,  parsimony  analyses  place  Sax- 

ifragodes/Cascadia  in  the  expected  position,  near 

Mieranthes.  MLE  analyses  that  employ  Ribes  as  an 

outgroup    also    place   Saxifragodes/Cascadia    near 

The  addition  ol  sequences  from  two  chloroplast       Mieranthes.  Thus,   MLE  analyses  seem  to  resolve 

spacer  regions  (trnL-tmF  and psbA-tml\)  supported      successfully    a    relationship    in    which    parsimony 
the  monophyly  ol  many  of  the  well-defined  groups      analyses  sometimes  fail. 
earlier  revealed  by  mutk  and  rbc\.  se(|uences  (Sol- 

lis  el  aL  1993,  1996a).  Significantly,  trn\.-tm\\  se- 
(|uence  data  provided  a  topology,  as  well  as  reso- 

lution and  support,  comparable  to  what  was 

obtained  with  /w//k  and  /7>cL.  The psbA-trnli  spac- 

er was  difficult  to  align  in  Saxifragaceae:  the  small  (ITS  and  26S  rDNA)  and  four  combined  cpDNA 
number  of  bp  we  were  able  to  employ  provided  low  regions  (mutk.  rbeL,  /r/iL-/mF,  psbA-trnU)  reveal 

resolution  and  support.  In  retrospect,  sequencing  of  very  similar  nuclear-  and  cpl)\  -\ -based  topologies, 
an  additional  chloroplast  gene  or  genes  such  as 

atpB  and/or  ndhY   may   have   been   more   valuable 

DISCORDWCK  BETWKKN  cpl>[\  A   AM)  NICI.KAR 
'   1  i I'KKKS 

c 
ompanson    o 

I    two    combined    nuclear    regions 

with     numerous    well-supported    elades    (compare 
Figs,  I  and  2).  Despite  the  strong  overall  similari- 

than  the  use  of  the  psb  A-/ m  1 1  spacer  region.  ties  between  the  cpDNA  and  nuclear  topologies. 
Nuclear  gene   sequence  data  derived   from    ITS  the  trees  do  differ  in  the  relationships  among  the 

and  26S   rl)\ A   expansion  segments  provided  ad-  Boykinia    group,   Astilbe/Saxifragopsis,    and    Tana- 
ditional  support  for  the  same  tip  elades  revealed  by  kaea/Leptarrhena.    Although    nuclear   and    epDNA 

cpDNA  se(|uences.  Again,  however,  deep-level  re-  sets  agree  that  the  Boykinia  group.  Astilbe/Saxifra- 
lationships  remained  poorly  resolved  and  support-  gopsis  and  Tanakaea/Leptarrhena  are  closely  relat- 
d.  These  data  further  demonstrate  the  phylogenet-  ed,  the  combined  cpDNA  analysis  places  Leptar- 

ic  potential  ol  sequences  derived  from  26S  rDNA  rhena/Tanakaea  as  sister  to  the  Boykinia  group  with 

expansion  segments  (e.g.,  Kuzoffet  aL  1998;  Ash-  70<7r    support;  Astilbe/Saxifragopsis  are  then  their 
worth,   2000).    We   experimented   extensiveh    with  sister,  but   without   support  greater  than  50%.   In 
different  ITS  alignments  and  with  the  exclusion  of 

difficult  to  align  regions.  Comparisons  of  trees  ob-  strongly  supported  (87%)  sister  group  relat 
tained  using  different  ITS  alignments  and  removal 

contrast,    the    combined    nuclear    data    suggest    a 
ions hi I > 

between  the  Boykinia  group  and  Astilhe/Saxifragop- 

ol  hard-to-align  regions  reveal  only  minor  topolog-  sis;  Leptarrhena/Tanakaea  are  their  subsequent  sis- 
ical  differences,  with  no  impact  on  well-supported       ter  group  (62%),  This  difference  in  the  sister  to  the 
elades.  These  results  reinforce  the  similar  findings 

llovkin'h 

OYKinia   group  [Astilbe/Saxifragopsis   versus  Lep- 
of  Soltis  et  al.  (1996b)  and  Wheeler  et  al.  (1995).       tarrhena/Tanakaea)  appears  to  represent  a  case  of 
lor   example,   Soltis   et    al.    (1996b)   experimented       hard 
with    IK  different    ITS  alignments,  as  well  as  with 

mi    incongruence    given    that    the*    nuclear   and 
cpDNA  placements  each  receive  bootstrap  support 

culled  data  sets  lor  the  Boykinia  group  and  found  greater  than  or  equa I  to  70c/c  (Mason-Gamer  &  Kel- 
that  alignment  and  removal  of  tenuously  aligned  bp  logg,   1996;  Seelanen  et  al..   1997)-  The  difference 
had    little   impact.  The  data  suggest   that  extensive  between   cpDNA   and    nuclear  placements  appears 
experimentation    with    ITS   alignments    mav    not    be 

necessary;  different  alignments,  even  those  consid-  Several  phenomena  mav  lead  to  conflicting  phy- 
ered  relatively  rough,  may  have  little  or  no  impact  logenetic   hypotheses  and   include   both  organism- 
on  we  1 1 -supported  groups.   In  some  cases,  t  lit 

to   b< 

to 

bust. 

»   iv- 
level     and     genome-level     processes    (reviewed     in 
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Wendel  &  Doyle.  1998).  The  reasons  for  the  incon-       (Donoghue  &  Sanderson,  1992).  Alternatively;  suf- 

gruence  in  Saxifragaceae  are  unclear,  however.  One fieient  genes  and  DIN  A  regions  with  moderate  rates 

obvious  possibility  is  an  ancient  episode  of  hybrid-       of  evolution  must  be  sequenced  that  by  chance  suf- 

ization/introgression.  a  process  that  is  well  known       fieient  base  changes  are  detected  on  those  short 

nodes    to    permit    resolution.    The   challenge   these 

it 6 

within  some  groups  of  Saxifragaceae  (e.g.,  Soltis  et 

al.,   1991a,   1991b;  Soltis  &  Kuzoff,   1995;  Soltis  et  short  branches  pose  is  illustrated  by  several  recent 

al.,  1996b;  Kuzoff  et  al.,  1999).  The  Boykinia  studies.  For  example,  Fishbein  et  al.  (2001)  used 

roup.  Ijeptarrhena/Tanakaea,  and  Saxifragopsis/  approximately  9000  bp  of  sequence  data  from  five 

Astilboides  are  primarily  diploid  lineages  that  share  genes  in  an  effort  to  resolve  deep  branches  in  Sax- 

2//  =  14.  A  putative  hybridization/introgression  ifragales  and  still  obtained  poor  resolution  and  sup- 

event  would  have  had  to  involve  taxa  representing  p()rt  a|  that  level.  They  estimated  that  an  extraor- 

the  Boykinia  group  and  the  Leptarrhena/Tanakaea  dinary  effort  (~107  bp)  might  ultimately  be  needed 
clade.  Subsequent  ehloroplast  capture  by  a  member  to  resolve  this  problem. 
of  the  latter  clade  resulted  in  a  sister  group  cpDNA \\  hatever  the  underlying  cause  for  low  resolution 

relationship  between  the  Boykinia  group  and  Lep-  am0ng  lineages  in  Saxifragacae  (rapid  radial  ion  or 
tarrhena/Tanakaea.  Nuclear  markers  would  then  be  some  ()||1(T  factor),   our  study  joins  other  recent 

more  likely  to  reflect   the  actual  organismal   rela-  analyses  in  demonstrating  the  value  of  adding  char- 
tionship.  with  Astilbe/Saxifragopsis  the  sister  to  the  acters  t()  resojve  deep-level  relationships  in  prob- 

Boykinia  group.  Following  this  scenario,  the  puta-  'emat;c   groups.   Compared   to  a   combined   matXJ 
tive    hybridization   and    ehloroplast   capture   event  r4cL  data  set  (- 2500  bp)  for  Saxifragaceae  (Soltis 
would   have  been  ancient,  likely  occurring  during  (.t  aL  |W6a),  our  analyses  of  six  combined  nuclear 

the  early  diversification  of  these  chides.  Hybridi/a-  am|  (.()|)NA  (Jata  sets  (6676  bp)  not  only  provide 
lion/chloroplast  capture  has  been  frequently  docu-  im.|vasr|,             rt  fo|.  the  tip  (.la(|es,  |)llt  ajso  revea| 
mented  within  Saxifragaceae,  not  only  within  gen- increase( I  resolution  and  internal  support  for  deep- 
era  such  as  Heutkera,  but  also  between  species  of      ,eye|  re|ationshi  s  within  t|ie  Saxifragaceae. i  a  j  '  i  M      i  /  I  MM 

distinct  genera  of  the  Heuchera  group  such  as  Hen- 
Other  investigators  have  similarly  met  with  suc- 

chera  and  Tiarella  and  Tellima  and  Mitella  (Soltis  ^         problematic  dee,)"  level   relation- 
ships  by  adding  characters.   A   recent  example  at 

et  al..   1991a;  Soltis  &  Kuzoff,  1995).  In  the  lattei 

case,  the  species  in  which  ehloroplast  capture  was 

documented    presently   do   not    hybridize  (Soil is  ct 

al.,   1991b).  Hybridization  and  ehloroplast  capture 

the  famiU  level  involves  the  Poaceae;  relationships 

were  eventually  resolved  through  analyses  of  eight 

combined    data    sets    (Grass    Phylogeny    Working 
also  appear  to  have  occurred  in  the  early  diversi-  o/w\\     a      a  .1   ;..  r 

M    ..   ,      „      .  .    .  /c   ,  .  |     ]nn,h        Group.  2000).    Another  success  story  in   resolving ficalion  of  the  Boykinia  group  (Soltis  et  al..  1996b). 

RESOLVING   DEEP-LKVKL  RELATIONSHIPS 

deep  level  relationships  involves  the  identification 

of  the  lust-branching  angiosperms  (Amborellaeeae, 

Earlier  analyses  of  relationships  within  Saxifra- 

Nymphaeaceae.    Illiciales,   Austrobaileyaceae,  Tri- 

meniaceae),  a  problem  once  considered  particularly 

bined ra  1 1 gaceae  using  one  or  two  combined  genes  generally 

provided  strong  support  for  tip  clades.  but  did  not 

resolve  deep-level  relationships  (Soltis  el  al.,  1993, 

1996a).  Phylogenetic  trees  of  this  type  have  been 

encountered  often,  and  at  a  number  of  different  lev- 

enigmatic    and    perhaps 
I 

intractable  (reviewed  in 

Chase  &  Cox,  1998;  Kuzoff  &  Gasser,  2000).  How- 
ever, the  combination  of  three  genes  (approximately 

4700  bp)  resolved  these  first-branches  with  boot- 

strap support  greater  than  50%  (Soltis  et  al.,  1999); 

els   (e.g.,   Baldwin   et   al..    1998;   Olmstead   et   ah.       the  use  of  five  genes  
(8733  aligned  bp)  did  so  with 

1993;  Hershkovitz  &  Ximmer,  1997;  Mort  et  al..  in 

press;  Jansen  &  Kirn,  1996)  and  are  usually  inter- 

preted as  instances  of  rapid  radiation,  although 

there  are  alternative  causes  of  poor  resolution  at 

deep  levels  (reviewed  in  Soltis  &  Soltis,  1995). 

bootstrap  support  greater  than  90%  (Qiu  et  al., 

1999;  see  also  Parkinson  et  al.,  1999;  Graham  & 

Olmstead.  2000).  However,  after  these  first  branch- 

es, relationships  among  the  remaining  non-eudicot 

clades  (Laurales,  Magnoliales,  Winterales,  Chlor- 

ite difficulty  in  resolving  short,  deep  branches  anthales,  Ceratophyllaceae,  monocots)
  still  re- 

has  recently  been  considered  by  several  investiga-  mained  unclear,  with  bootstrap  support  greate
r  than 

tors  (e.g..  Donoghue  cK  Sanderson,  1992;  Baldwin  50%.  Significantly,  the  use  of  six  genes  (about
 

et  al.,  1998;  Hook  et  al.,  1999;  Fishbein  et  al.,  12.000  bp  of  sequence  data)  greatly  improved  res- 

2001).  Characters  should  evolve  rapidly  during  the  olution   and   provided   strong   internal   support   for 

period   of  '"rapid    radiation"   yet   evolve   relative!) 
most    relationships  (Zanis  et  al.,   in   prep.).  These 

slowly  subsequent  to  the  radiation  to  the  present       results  emphasize  that   the  addition  of   still   more 
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sequence  data   is  often  worthwhile  in  the  effort  lo       cheroid   clade   is   temperate  areas  of  eastern    Asia 

resolve  problematic  deep-level  relationships. 

rin  i.()(;i:m;ik;  m  i  \ nonsuits 

Willi  six  l)\  \  regions,  most  relationships  within 

die  Saxifragaceae  are  resolved  and  receive  support 

greater  than  509?  (Fig.  3).  Two  major  e lades  are 

revealed,  Saxifraga  s.  sir.  (100%)  and  the  heu- 

cheroid  elade  (80%);  this  is  the  first  analysis  to 

provide  strong  support  for  these  two  major  elades. 

(Astilbe,  Rodgersia,  Asfilhoides.  Tanakaea.  Oresifro- 

phet  Peltoboykin  i  a .  Mukdenia.  Bergenia.  Chryso- 
splenium.  Mir  ran  flies).  Within  the  heucheroid 

clade,  a  secondary  radiation  into  arctic/alpine  areas 
is  observed  in  some  Mi 

era  n flies. 

The  major  split  in  Saxifragaceae  between  Saxi- 

fraga  and   the  heucheroid  elade   is  also  accompa- 

nied by  general  differences  in  patterns  of  morpho- 

logical   evolution    (patterns    °'    evolution    will    be 

it    i  ,,;   „  i-  »i  •     c       /  ,  .  explored  in  more  detail  on  a  character  by  character 
Kelationships  within  Saxifraga  s.  sir.  receive  strong  .  J 
•    ,    ...v    i     ...         ,  t  .       .i         i\i\r/\    i  basis  via  mapping  experiments  in  a  subsequent  pa- 
inlernal  support  (greater  than  90%);  however,  pre-  ,      .  .  M  ' 

■  ill  .  l  per).  Saxifraga  s.  sir.  has  a  relatively  uniform  floral 

vious  analyses  based  only  on  one  or  two  genes  also  ,  .  •  "uioj 
morphology  (actinomorphic  with  zygomorphy  pre- 

sent in  one  section,  Irregularis;  5  sepals,  5  petals, 

10   stamens.    2    carpels),    whereas    the    heucheroid 

clade  encompasses  much   more  floral   variation.   In 

the  Heuchera  group,  actinomoiphic  flowers  predom- 

resolved  relationships  with  moderate  to  strong  sup- 

port within  this  clade  (Soltis  el  al.,   1996a).  The 

most  noteworthy  results  regarding  increased  reso- 

lution and  support  of  relationships  involve  the  heu- 

cheroid clade.    Although  previous  studies  provided 

tiiiMtuiH   l\xv  itwwi  .A'  il,,.  •;.»     I.  l  ii  '      .i       i  inate.  but  there  are  some  zvgomorphic  forms  (7b/- suppoil   lot   mo>t  ot   Ihe  lip  elades  within  the  heu-  . 
,.i.«».-..;«i  ..i  ,  i  „    i     .    i       i      i  .•       i  •  miea,  Hensome/lu,  some  species  of  Heuchera).  In 
cneroid  clade.  deep-level  relationships  were  uncer-  J  ' addition,    virluallv   all   of  the   familial    variation   in 
tain  with  no  relationships  receiving  support  greater 
than   5(K/r.    With   six my  v  i   i-        i  •  number  of  sepals,  petals,  stamens,  and  carpels  oc- 

IJiYA    regions,   relationships  .     .       ,  .         ,  ' 
.  -.i.;,.   ,iu,   i,  m  .i     ,.   •  I      I     I  n  curs    within    this    subclade.    Sena     number   ranges within   the   heucheroid   clade  now   appear  well   re-  . 

solved  and  exhibit  support  greater  than  50%  (Fig. 
3). 

from  none  to  ten  and  petals  from  none  to  six.  In 

contrast  to  Saxifraga.  petal  morphology  is  also 

highly  variable,  with  spatulate,  linear,  lobed.  and 

lighly  dissected  petals  all  present.  There  is  also 

stamen  variation,  with  stamen  number  ranging  from 

^  to   10.  with  diploslemony.  haplostemonv.  and  ob- 

The   major  splil    revealed    in   Saxifragaceae  be-       haplostemonv   present.  Whereas  carpel  number  in 
tween  Saxifraga  s.  sir.  and  the  heucheroid  clade  is       Saxifraga  and   the  heucheroid  clade  is  standardly 
accompanied  by  general  biogeographieal  differenc-       two,  there  is  some  variation  in  this  feature  in  th 

latter  clade,   with   Lithophragma   possessing  three 

GEN  Kit  A  L  PHYTOGEOGRAPHIC    \Mi  MORPHOLOGICAL 

CONSIDER  \TIO\S 

es.  Our  data  suggest  that  the  family  diverged  early 

into  a  largely  arctic-alpine  lineage  [Saxifraga  s. 

sir.)  and  a  primarily  temperate  lineage  (heucheroid 

clade).  Of  the  \'A  sections  that  would  remain  in 

Saxifraga  s.  str.  (following  removal  of  sections  17/'- 
cranthes  and  Merkianae  to  form  the  distinct  genus 

\hcrantlies),  most   are  either  montane  or  arctic   in 

< 

•arpeb 

soi  in   wu.mcw  Disjt  \crs 

Our  analyses  also  provide  insights  into  the  taxa 

occurring  disjunct ly  in  South  America.  Several 

distribution  (Webb  &  Gornall,  l<>89).  Saxifragella  monotypic  genera  (Hieronyrnusia,  Saxifragel/a.  and 
(now  part  of  Saxifraga)  also  fits  this  pattern,  being  Saxifragodes)  occur  in  southern  regions  of  South 

confined  to  Tierra  del  Fuego.  Saxifraga  sect,  lire-  America,  well  isolated  geographically  from  other 
Kulares  deviates  from  this  pattern,  with  some  spe-  members  of  the  family.  In  addition,  Saxifraga  s.  sir. 
cies  occurring  in  woodlands  in  Asia.  Centers  of  and  Chrysosplenium  also  possess  several  species  re- 

distribution {ox  Saxifraga  would  include  the  mouii-        stricled  to  South  America.  Molecular  data  (Soltis  et 
tains  of  Europe  and  Asia. 

In    contrast,     the    I I 
lad 

*    neucnerohl    clade    is     largely 

al.,  2001)  recently  provided  important  insights  into 

the  disjunction  involving  species  of  Chrysosplenium 

north-temperate  in  distribution  with  a  major  center       that  may  be  generally  applicable  to  the  other  South 
of    diversification    in    western    North    America,    the 

area    in   which    representatives  of    most   genera   of 

American  disjuncts. 

Chrysosplenium    consists    of    57    species    widelv 

Saxifragaceae  can  be  found  (e.g.,  Bensoniella,  Bo-       distributed   in  temperate  and  arctic  regions  of  the 
landra.  Cuscudia,  Darmera.  Elmeru.  Heuchera.  Jep-       Northern    Hemisphere,  with   two  species  restricted 
sonia,  Leptarrhena,  Lithophragma,  Micranthes,  Sax-      to  the  southern  part  of  South  America.  Molecular 
t/ragopsis,     Suksdorfia,     Telesonix.     Tellima.     and        phylogenetic  analyses  not  only  suggest  that  the 
lolmiea).   A   second  area  of  diversity   for  the   heu- nus  arose  in  eastern  Asia,  but  also  indicate  that  the 
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Table  4.     Tribes  of  Saxifragoideae  following  Schulze-Menz  (1964),  which  are  essentially  equivalent  to  Englers  (1930) 

subtribes  of  Saxifrageae.  Generic  names  and  boundaries  in  Saxifrageae  have  been  updated. 

•\stilbeat1 

[still )c 

Rodger si  a 

Astilboides* 

Leptarrheneae 

Leptarrhena 

Tanakaea* 

A 

Designates  a  monotypic  genus. 

Saxifrageae 

Bensoniella* 

Commit  did1 

El  men  i' 
Henehera 

Uthophragma 
Mitella 

Talmiea1 
Tell  i  ma 

a 

Jepsonia 
Ore  sit  raphe" Bergenia 

Darmera* 

i. >merge< I  into  Boykinia  b\  Gornall  and  Rohm  (1985). Sul 

'Submerged  into  Snksdarfia  by  Gonial!  and  Bohm  (1985). 

d  Submerged  into  Saxifraga;  see  Webb  and  Gornall  (1989)  and  Soltis  et  al.  (1996a). 

Mnkdenia 

Tele. 

,i 

sonix 

i. 

Hierativmnsia'-' 
Hal  an  dra 

Boykinia Snksdarfia 

Peltaboykinia* 

Saxifragella1 

Zahlbrucknera*-6 Chrysosplenium Saxifraga 

closest  relatives  of  the  South  American  species  are  Saxifraga  s.  str.  clade.  A  small  elade  of  S.  merten- 

from  eastern  Asia  (Soltis  et  al.,  2001).  Sequence  siana  and  S.  fortunei  (representing  Saxifraga  sect, 

divergence  values  suggest  that  the  disjunction  is  Irregulares)  is  the  sister  group  to  the  remainder  ol 

not  recent  in  origin.  Taken  together,  the  data  sug-  Saxifraga  s.  str.,  with  Saxifragella  following  this 

gest  ancient  long-distance  dispersal.  A  similar  ar-  (lade  as  the  next  branching  member  of  the  genus. 

gument  was  posed  by  Schnabel  and  Wendel  (1908)  Most  members  of  Saxifraga  s.  str.  occur  in  Kurope. 

for  a  comparable  disjunction  in  the  genus  Gleditsia  where  1  I  of  the  13  sections  are  located  (the  diver- 

(Fabaceae).  Alternatively,  this  disjunction  could  sity  of  the  genus  Saxifraga  s.  sir.  is  well  repre- 

represent  remnants  of  a  once  more  continuous  geo-  sented  in  our  topology;  see  also  Soltis  et  al.,  1900a). 

graphic  distribution,  with  subsequent  extinction  in  However,  Saxifraga  mertcnsiana  occurs  in  north- 

much  of  the  intervening  area.  Interrupted  migration  western  North  America  extending  into  Alaska,  and 

of  plants  between   North  and  South   America  was  Saxifraga  sect.  Irregulares  (with  S.  fortunei)  is  re- 

possibl 
e   vi ia   the  West    Indies  as  early  as  the  Oli- stricted  to  eastern   Asia.  Thus,  the  first  branching 

gocene  (which  does  not  seem  applicable  here),  and       members  of  Saxifraga  s.  sir.  are  all  from  the  Pacific 

Rim.  Based  on  the  six  gene  topology,  Saxifragella direct  migration  between  North  and  South  America 

became  feasible  5.7   million  years  ago  when  the      is  also  well  differentiated  in  its  sequences  from  oth- 

union  of  North  and  South  America  occurred  (Raven      er  species  of  Saxifraga.  These  phylogenetic  data 

&  Axelrod,   1074).  However,  the  absence  of  mem-       suggest  that  Saxifragella   is  a  relictual   taxon.  po- 

tential!)  representing  a  remnant  ol  the  earl)   radi- bers  of  this  alliance  in  the  large  intervening  area 

between  Asia  and  southern  South  America  argues  ation  and  diversification  of  Saxifraga  s.  str.  thai 

against  this  scenario.  Suitable  habitats  seem  to  be  survived  at  the  southern  tip  of  South  America, 

present  given  that  species  from  other  subclades  are       These  results  are  also  in  agreement  with  an  ancient 

long-distance  dispersal    event   from   either  eastern found  throughout  the  west  extending  south  to  Cal- 

ifornia. Thus,  the  available  data  would  seem  to  fa-       Asia  or the  Pacific  Northwest  of  North  America  to 

vor  ancient  long-distance  dispersal. 

The  present  study  suggests  that  there  may  be  a 

the  southern  tip  of  South  America. 

An  intriguing  disjunction  involves  two  enigmatic. 

general  pattern  and  common  explanation  regarding  monotypic  genera,  Cascadia  and  Saxifragodes. 

the  South  American  disjuncts  in  Saxifagaceae.  That  which  our  analyses  reveal  to  be  sister  taxa.  These 

is,  ancient  long-distance  dispersal,  from  either  east-  two  taxa  are  narrow  endemics,  confined  to  western 

ern  Asia  or  western  North  America,  may  be  a  likely  Washington  and  Oregon  and  Tierra  del  Fuego,  re- 

explanation  for  most,  if  not  all,  of  the  other  saxifra-  spectively.  Until  this  study,  the  affinities  of  these 

galean  disjuncts  in  South  America. 

Saxifragella,   confined   to  Tierra  del    Fuego,  ap- 

pears as  an  early-branching  member  of  the  large  for  both  (Kngler  &  Irmscher,  1916-1019).  Althougl 

genera  were  obscure,  although  a  (lose  relationship, 

or  actual  inclusion  in,  Saxifraga  had  been  proposed 
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55. 
100 

Saxifraga 

22. 
Ill 

100 

A 

21 
80 

C 

121 
100 

Saxifragella 

S.  cymbalaria 
S.  cernua 

S  opposifolia S.  aizoides 

S.  scardica 

S.  spathularis 
S.  rotundifolia 

S.  osloensis 

S.  hirculus 
S.  tricuspidata 
S.  mertensiana 

S.  fortunei 
Peltoboykinia      i_  .    .      ... 

Chrysosplenium  feHoboykinma 
Saxifragodes 
Cascadia 
S.  tolmiei 

Cascadina 

Ku    ,-22- 

S.  punctata S.  integrifolis^ 

S.  stellaris 

222 

22. 
99 

^  ■  ■    ,  Rodgersia 
61  Astilboides 

Darmera 
Oresitrophe 

Mukdenia 

Bergenia 
Tolmiea 
Elmera 
Tellima 

Heuchera 
Telesonix 

Jepsonia Bolandra 

Boykinia 
Sullivantia 
Astilbe 

Saxfragopsis 

Leptarrhena Tanakaea 

Ribes 

Pterostemon Itea 

Micranthes 

Darmerina 
3 

Heucherina 

3-
 

Boykinina 

Astilbina 

Leptarrhenina 

OUTGROUP 

limine    I. 
Same  tree  as  in  Figure  .*i  modified  to  show  names  used  in  reclassification  of  the  familv  Saxifraoaceae 

(see  Table  5  and    \ppendix).  Letters  correspond  to  elade  names  given  in  Table  5  and  the  Appendix. 

morphologicallx  <|uite  distinctive,  both  genera  share 
similar    habitats    (wet,     moss-covered    soils    and 

tudes    throughout    the    Northern    Hemisphere.    The 

closest    relatives   of   the    South    American    species 

rocks),  as  we'll  as  a  similar  creeping  habit  unusual       within  section  Saxifraga  arc  unknown,  but  the  data 
in  the  familv.  Although  well  supported  as  sistei 
taxa.  the  genera  arc  highly  diverged  based  on  all 

o(    the   gene   sequences   analyzed.   The   data   again 

are  certainly  suggestive  of  still  additional  long-dis- 

i-i^ 

lance  dispersal  events  to  South  America. 

Sa\  Me  |  1 953,  l(>7."))  pro\  ided  hypotheses  for  seed 
suggest  a  possible  ancient   long-distance  dispersal       dispersal  for  members  of  Saxifragaceac.  Species  of 
event,   in  this  case  from   the   Pacific   Northwest  of      Mitella    and    Chrysosplenium    have    fruits    that    h 

North  America  to  southern  South  America.  termed  "splash  cups"  with  the  seeds  splashed  out 
There  arc  also  several  species  of  Saxifraga  s.  str.       by  drops  of  water  falling  from  the  canopy.  Species 

in  southern  South  America:  these  occur  in  the  An-       of   Chrysosplenium    typically    occur   on    wet    forest 
des,  some  as  far  north  as  Colombia  (5.  magellanica,       floors,   under  dense  forest  canopies,  all  of  which 
S.    adenoides,    S.    /xironii,    and    N.    boussingaultii would  make  long-distance  dispersal  on  a  large  gco- 

Wcbb    &     Gornall,     1989).    These    species    are    all        graphic   scale  difficult.   The   structure  of  the   fruits 

members  of  Saxifraga  sect.  Saxifraga;  a  large  sec-       and   infructescences  of  other  species  arc  hypothe- 
lion   that   occurs  at    high   elevations  and   high    lati-       sized   to  function  to  release  seeds  via  vibration  in 
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Table  5.     Phylogenetic  classification  of  Saxifragaceae 

following  the  method  of  dc  Oneiroz  and  (ianlhier  (l°A>2). 
response  to  the  wind.  Although  none  of  these  pro- 

posed seed  dispersal  mechanisms  appears  partic- 

ularly  well  suited  for  long-distance  seed  dispersal,      This  ™  f  rank-free  classificatio
n.  Clades,  except  thoS< 

seeds  of  all  Saxifragaceae  are  small,  so  long-dis- 

tance dispersal  of  seeds  is  a  possibility. 

classified  as  genera  in  previous  treatments  (e.g.,  Micran- 

thes,  Saxifraga),  are  assigned  names  with  the  standard 

ending  "ina."  Letters  given  to  c lades  correspond  to  those 
in  Kigure  4  and  the  Appendix. 

Twonomk:  Kkvision 

Saxifragaceae 
Saxifraga 

Micra nth  ina 
Cascadina 
Mi tcmn 

1 1 1  es 

Pekoboykinina 

We  have  been  conducting  systematic  investiga- 

tions of  Saxifragaceae  for  two  decades.  Flavonoid 

and  karyotypic  data  suggested  the  presence  of  nat- 

ural groups  of  genera,  referred  to  informally  as  the 

Heuchera  and  Boykinia  groups  (e.g..  Gonial  I  & 

Rohm,  1985;  Soltis,  1980),  that  were  at  odds  with 

the  traditional  classification  of  the  family  (Table  4). 

DNA-based  studies  later  confirmed  the  monophyly 

of  these  groups  (Soltis  et  al.,  1991a,  1996b),  indi- 

cated that  Saxifraga  was  polyphyletic  (Soltis  el  al., 

1996a),  and  also  suggested  the  presence  of  other 

clades  (e.g.,  Darmera  group,  Saxifragopsis/Astitbe, 

Chrysosplenium/Peltoboykinia)  that  did  not  agree 

with   tribal   or  subtribal  groupings  (Kngler,    1930; 

Schulze-Menz,  1964).  Although  these  studies  in-  only  two  monotypic  genera,  both  rare  and  local  in 

dicated  clearly  that  Saxifragaceae  required  taxo-  occurrence,  have  not  been  included  in  molecular 

nornic  revision,  deep-level  relationships  remained  analyses  of  Saxifragaceae,  Saniculiphyllum  and  ///- 

unclear  and  material  of  several  enigmatic  monotyp-       eronymusia.    The    affinities    of   Saniculiphyllum, 

Darmerina 

Heiicherina 

Borkinina 
Asfilbina 

Leplarrhenina 

Saniculiphyllum" 

(clade  A) 

(cladc  IS) 
(clade  C) 

(clade  I)) 
(clade  E) 
(clade  F) 

(clade  (,) 
(clade  H) 

(clade  I) (cladc  J) 

(cladc  K) 

The   phylogenetic   relationships  of  this  germs   remain 
obscure. 

ic  genera  could  not  be  procured  at  that  time. which    has   only  been   collected   once   (Wu   &    Ku, 

This  study  not  only  resolves  deep-level  relation-       1992),  are  obscure.   However,  because  of  its  dis- 

ships  and  provides  support  for  most  clades  within       tinctive  chemistry  and  morphology,  Hieronynuisia  is 

Saxifragaceae,  but  also  places  the  monotypic  gen- 

rfi 

era  Saxifragella  and  Saxifragodes.  The  well-sup-      &  Rohm,  1985).  The  relationships  of  the  two  spe- 

ported  major  clades,  as  well  as  the  tip  clades  show 

rfi 

established   in  earlier  mo- 

little  agreement  with  past  taxonomic  treatments  of      lecular  phylogenetic  analyses  of  the  Boykinia  group 

the  family.  Kngler  (1930)  and  Schulze-Menz  (1964)       (Soltis  et  al.,  1996b).  Given  our  firm  understanding 
6 

proposed  similar  treatments  of  subfamily  Saxifra-  of  relationships  and  thorough  sampling  of  Saxifra- 

goideae  (one  of  15  or  17  subfamilies  of  a  broadly  gaceae,  it  seems  timely  to  propose  a  revised  tax- 

defined  Saxifragaceae  s.l.),  which  is  equivalent  to       onomy  for  the  family. 

our  circumscription  of  Saxifragaceae.  Engler  rec- There  has  been  considerable  interest  (e.g..  Can- 

ognized  three  subtribes,  which  were  later  elevated  tino  et  al.,  1997;  Cantino,  1998;  Kron,  1997;  Hib- 

to  tribes  by  Schulze-Menz  (see  Table  4).  Tribes  As-  belt    &    Donoghue,    1998)    and    contention    (e.g., 

lilbeae  and  Saxifrageae  do  not  correspond  to  any  Stuessy,  2000)  regarding  phylogenetic  systems  of 

(dades  revealed  by  our  DNA  analyses.  Only  tribe  classification.   The   advantages   of  a    phylogenetic 

Leptarrheneae  corresponds  to  a  clade,  the  two  gen-  system   have  been  thoroughly  reviewed.   We  ordy 

era  (Uptarrhena  and  Tanakaea)  sharing  an  unusual  add  that  a  phylogenetic  system,  in  this  case,  is  a 

anther  morphology  found  nowhere  else  in  the  fam-  practical  and  useful  one.  Only  one  formal  taxonom- 

ily.  Klopfer  (1973)  divided  the  family  into  two  in-  ic  name  (Leptarrheneae)  corresponds  to  a  (lade  de- 

formal   groups,  one  centered   on   Heuchera  (corre-  tected   in  our  recent  phylogenetic  analyses.  Thus, 

sponding    to    the    Heuchera    group)    and    a    second  most  (lades  in  Saxifragaceae  have  otdy  been  known 

group  comprising  all  other  genera. 

Because   genera   of  Saxifragaceae   typically   are 

small,  for  most  we  have  included  all,  or  nearly  all. 

by  informal  names;  some  (Heuchera  and  Boykinia 

groups)  for  nearly  20  years. 

We  present  here  (Fig.  4;  Table  5;  Appendix)  a 

species  in  our  analyses.  The  large  genera  (Saxifra-  revised  classification  for  Saxifragaceae  that  follows 

ga  s.  str.,  Micranthes,  Heuchera,  and  Chrysosplen-       a  phylogenetic?  system  of  nomenclature,  as  proposed 

ium)  have  also  been  very  well  sampled  (Soltis  et       by 

al.,  1991a,  1996a;  Mort  &  Soltis,  1999).  As  noted,      na 

Q 
ted 
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not  correspondent  l<>  nomenolatural  equivalents  un- 
der the  ICBN  (Greuterel  a U  2000),  but  are  applied 

following  the  Phylocode.  We  base  our  classification 
on  the  topolog)  presented  here  and  on  the  results 

~f   i>hv  logenetic    analyses    focused    on    sulxlades 
o 

\N 

Cornall.  B.  J.    1987.    An  outline  of  a  revised  classification 

olSaxjfruga  L.  Hoi.  J.  Linn.  Soc  7:  233-238. 
  &  B.  A.  Rohm.    1985.  A  monograph  of  Boykinia, 
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ceae).  Hot.  J.  Linn.  Soc.  00:  1-71. 

Graham,  S.  W.  «X   B.  C.  Olmstead.    2000.    I  tilitv  of  17 

./ithin  Saxifragaceae,  such  as  the  Heuchera  (Soltis  chloroplast  genes  for  inferring  the  phylogern  ofthebas- 
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Literature  Cited 

Ashworth,  V.  K.  T.  M.   2000.    Mitogenetic  relationships 
in  Phoradendreae  (Visoaccae)  inferred  from  three  re- 

gions of  the  nuclear  ribosomaJ  cislron.  I.  Major  lineages 
and  paraphyl)  of  Phoradendron.  S\st.  Hoi.  25:  349- 
370. 

Baldwin,  H.  C.  I).  J.  Crawford,  J.  Francisco-Ortega,  S.-C. 
Kim.  T.  Sang  iK  T.  E.  Stuessy.    1998.    Molecular  phylo- 
genetic  insights  on  the  origin  and  evolution  of  oceanic 
island  plants.   Pp.    I  10-11  I   in   D.   E.  Soltis.  R  S.  Soltis 
&  J.  J.  Doyle  (editors).  Molecular  Systematics  of  Plants 
II.  Khiuer.  Boston. 

Hull.  J.  J.,  J.  R  lluelsenbeck.  C.  W.  Cunningham,  I).  L. 
Swofford  &  P.  J.  Waddell.  1993.  Partitioning  and  com- 

bining data  in  phylogenetic  anaKsis.  Syst.  Biol.  12: 
384-397. 

Cantino,  R  I).    1998.   Binomials.  hyphenated  uninomials, 
and  phylogenetic  nomenclature.  Taxon   17:   125—120. 
  .  B.  (;.  Olmstead  ,K  S.  J.  Wagstall.    1997.    A  com- 

parison oi  phylogenetic  nomenclature  with  the  current 
system:  A  botanical  case  study.  Syst.  Biol.  46:  313-331. 

Chase,  M.  \\.  <X    \.  \.  Cox.    1998.   Gene  sequences,  col- 
laboration, and  anaKsis  of  large  data  sets,  Austral.  Syst. 

Hot.  II:  215-220. 

Donoghue,  M.  J.  &  VI.  J.  Sanderson.   1002.  The  suitability 
of    molecular   and    morphological    evidence   in    recon- 

structing plant  phylogeny.  Pp.  340-368  in  P.  S.  Soltis. 
I).  E.  Soltis  &  J.  J.  Doyle  (editors).  Molecular  Systeni- 

atics ol  Plants.  Chapman  and  Hall,  New   York. 
Kngler,  A.   1030.  Saxifragaceae.  ///  A.  Engler  &  K.  Prantl 

(editors),    Die    natiirlichen    Pflanzciilainilien.   2nd    ed., 

Vol.  18a.  74-226.  Engelmann,  Leipzig. 
  &  E.  Irmsher.    1916-1919.   Saxifraea.  In  A.  Kn- 

ler  (editor).   I  )a>  Mlanzemeieh  IV.    117:    1-700.  Engel- 
inann.  Leipzig. 

Karris,  J.  S.,  M.  Kttllersjo,  A.  C.  Kluge  &  C.  Hult.    1005. 
Testing   significance   of   incongruence.   Cladistics    10: 
3 1 5-3 1  o. 

Fishbein,  M..  C.  Hibsch-Jetter,  I).  E.  Soltis  cK  L.  Hufford. 
2001.    Phylogenj   ol  Saxifragales  (Angiosperms:  Eudi- 
cots):  AnaKsis  of  a  rapid,  ancient  radiation.  Syst.  Biol. 1  J 

50. 

Elook,  P.  K.,S.  KleeOx  C.  II.  K  Rowell.   1000.  Combined 

molecular  phylogenetic  analysis  of  the  Orthoptera  (Ar- 
thropoda,  lusecta)  and  implications  for  their  higher  sys- 
tematics.  Syst.  Biol.   18:  235-253. 

Gielly,  L.  &   P.  Taberlet.    1994.   The  use  of  chloroplast 
DNA  to  resolve  plant  phytogenies:  Non-coding  versus 
fix  L  sequences.   Molee.   Biol.   Evol.    II:   769-777. 

  &    •    1996.    A  phylogeny  of  the  European 
gentians    inferred    from   chloroplast   trnh  (UAA)   introii 
se(|uences.  Hot.  J.   Linn.  Soc.    120:  57-75. 

al  angiosperms.  Amer.  J.  Bot.  87:  1712-1730. 
Grass  Phylogeny  Working  Croup.  2000.  A  phylogeny  of 

the  grass  family  (Poaceae),  as  inferred  from  eight  char- 
acter sets.  Pp.  3-7  ///  S.  W.  L.  Jacobs  &  J.  K.  Everett 

(editors).  Crasses — Systematics  and  Evolution.  Vol.  2  of 
Proceedings  of  the  Second  International  Conference  on 

the  Comparative  Biology  of  the  Monocots.  CSIHO  Pub- 
lishing. Victoria.  Australia. 

Graybeal.  A.    1998.    Is  it  better  to  add  taxa  or  characters 

to  a  difficult  phylogenetic  problem?  Syst.  Biol.  47:  9- 17. 

Greuter,  \\..  J.  McNeill.  K  B.  Barrie,  H.  M.  Burdet,  V. 
Demoulin,  T.  S.  Filgueiras,  I).  H.  Nicolson,  P.  C.  Silva. 
J.   E.  Skog.   P.  Trehane.  N.  J.  Turland  cK    I).   L.   Ilavsk- 
sworth  (Editors).  2000.   International  Code  of  Botanical 
Nomenclature  (Saint  Louis  Code).  Regnum  Veg.  138. 

Gu,  \..  Y.-X.  Ku  cK  W.-IL  Li.  1005.  Maximum  likelihood 
estimation  of  the  heterogeneity  of  substitution  rate 
among  nucleotide  silos.  Molee.  Biol.  Evol.  12:  516-557. 

Mara.  II.    1057.  Synopsis  of  the  genus  Chrysosplenium  L. 
J.  Lac.  Sei.  Univ.  Tokyo,  Seel.  3,  Bot.  7:  1-90. 

Ha  worth,  A.  II.    1812.    Synopsis  plantarum  succulenlar- 
um.  viii  +  334  pp.  London. 

Ilershkovitz,  M.  A.  &  K.  A.  Zimmer.  1007.  On  the  evo- 
lutionary origins  of  the  cacti.  Taxon  46:  217-232. 

Ilibbetl.  I).  S.  cK  M.  J.  Donoghue.  1998.  Integrating  phy- 
logenetic analysis  and  classification  in  fungi.  Mvcologia 

90:  317-356. 
Ilillis,  I).  M.  1096.  Inferring  complex  phvlogenies.  Na- 

ture 383:   130. 

lluelsenbeck.  J.  P..  J.  J.  Bull  cK  C.  W.  Cunningham.  1006. 
Combining  data  in  phylogenetic  analysis.  TREE  II: 
I  52- 1 58. 

Jansen,  R,  K.  &  K-J.  Kim.  1006.  Implications  of  chlo- 
roplast DNA  data  for  the  classification  and  plnlogem 

of  the  Asleraceae.  Pp.  317-330  //,  I).  J.  N.  Hind  cK  II. 
Beentje  (editors).  Compositae:  Systematics.  Proceedings 
ol  the  International  Compositae  Conference.  Kew,  Vol. 
I.  Royal  Botanical  Cardens.  Kew. 

Johnson.  L.  A.  &  I).  E.  Soltis.    1994.  nmtk  DNA  sequenc- 
es    and    phylogenetic    reconstruction    in    Saxifragaceae 

sensu  stricto,  Syst.  Bot.  19:  I  13-156. 
  &   —   %    1005.    Phylogenetic  inference  using 

matK  sequences.  Ann.  Missouri  Bot.  Gard.  82:    I  49— 
1 75. 

■ — '&    .    1008.   Assessing  congruence:  Empir- 
ical examples  from  molecular  data.  Pp.  207-348  in  I). 

Soltis.  R  Soltis  &  J.  Doyle  (editors).  Molecular  System- 
atics of  Plants  II.  Kluvver.  Boston. 

Klopfer.  K.  1073.  Florale  Morphogenese  und  Taxonomie 
dcr  Saxifragaceae  sensu  lato.  Feddes  Repert.  Beih.  81: 
475-516. 

Kron.  K.  A.  1007.  Exploring  alternative  systems  of  clas- 
sification. Aliso  15:  105-1  12. 

Kuzoff,  R.  K.  1008.  The  Diversification  of  Ovary  Archi- 
tecture in  the  Heuchera  group  of  Genera  (Saxifraga- 

ceae).  Ph.D.  Thesis.  Washington  Slate  I  ni\  ersilv.  Pull- man. 

  &  C.  S.  Gasser.   2000.    Rapid  progress  in  flower- 
ing plant  phylogeny.  Trends  PI.  Sci.  5:  330-336. 



Volume  88,  Number  4 
2001 

Soltis  et  al. 
Relationships  in  Saxifragaceae 691 

monograph  on  the  genus  Heuchera.  Minnesota  Stud.  PI. 

Sci.  2:  1-180. 

Sang,  T.,  I).  J.  Crawford,  S.  G.  Kim  &  T.  E  Stuessv.    1997. 

Chloroplast    DNA    phylogeny,   reticulate  evolution,  and 

biogeography  of  Paeonia  (Paeoniaeeae).  Amer.  J.   Bot. 

Phvlogenetic  relationships  within  Lithophragma  (Saxi-  84:  1120-1136. 

Iragaeeae):  Hybridization,  allopolyploidy,  and  ovary  di-       Sa\ile.  I).  B.  0.    1953.    Splash-cup  dispersal  mechanism 

in  Chrysosplenium  and  Mitclla.  Science  1  17:  250-251. 

.     1975.    Evolution   and   biogeographv  of  Saxilra- 

  .  J.   A.   S  wee  re.   D.    K.  Soltis.   P.  S.  Soltis  &    K.    \. 

Zimmer.     1998.    The   phylogenetie   potential   of  entire 

26S  rl)NA  sequences  in  plants.  Molee.  Biol.  Kvol.  15: 
251-263. 

  .  I).  K.  Soltis,  L.  Hufford  &  P.  K.  Soltis.    1999. 

versification.  Syst.  Bot.  21:  598-615. 
  .  L.  Hufford  &  I).  E.  Soltis.   2001.   Structural  ho- 

mology  and   developmental   transformations  associated 

with  ovary  diversification  in  Lithophragma  (Saxifraga- 
ceae). Amer.  J.  Bot.  88:  196-205. 

Llcdo,  M.  I)..  M.  B.  Crespo,  K.  M.  Cameron.  M.  K  Kay  & 

M.   W.   Chase.     1998.    Syslematics  of  Plumbaginaceae 

based   upon  cladistic  analysis  of  rbcL  sequence  data. 

Svst.  Bot.  23:  21-29. 

Maddison,  I).  R.    1991.    The  discovery  and  importance  ol 

multiple  islands  of  most-parsimonious  trees.  Syst.  Zool. 
40:  315-328. 

Mason-Gamer,  K.  J.  &  E.  A.  Kellogg.  1996.  Testing  for 

phylogenetie  conflict  among  molecular  data  sols  in  the 

tribe  Tritieeae  (Gramineae).  Syst.  Biol.    15:  522-543. 

Miyamoto,  M.  M.  &  W.  M.  Fitch.    1995.   Testing  species 

phytogenies  and  phylogenetie  methods  with  congru- 

ence. Syst.  Biol.  44:  64-76. 

Mort,  M.  K.  &  I).  E.  Soltis.  1999.  Phylogenetie  relation- 

ships and  the  evolution  of  ovary  position  in  Saxifraga 

section  Micranthes.  Syst.  Bot.  24:   139-1  17. 
  .    .  P.  S.  Soltis.  J.   Francisco-Ortega  &  A. 

gaceae  with   guidance   from   their  rust   parasites.   Ann. 

Missouri  Bot.  Card.  62:  354-361. 
Savolainen.  V..  M.  W.  Chase,  C.  M.   Morton,  S.  B.  Hoot. 

I).  E.  Soltis.  C.  Bayer,  M.  F.  Fay,  A.  de  Bruijn,  S.  Sul- 
livan &  Y-L.  Oiu.  2000.  Phylogenetics  of  flowering 

plants  based  upon  a  combined  analysis  of  plastic!  atp\\ 

and  rbclj  gene  sequences.  Svst.  Biol.  49:  306-362. 
Schnabel,  A.  &  J.  K  Wendel.  1998.  Cladistic  biogeog- 

raphv of  Gleditsia  (Leguminosae)  based  on  ndhV  and 

//>/16  chloroplast  gene  sequences.  Amer.  J.  Bot.  85: 
1753-1765. 

Schulze-Menz,  (i.  K.  1964.  Saxifragaceae.  Pp.  201-206 

in  II.  Melchior  (editor),  A.  Engler's  Syllabus  dcr  Pflan- 
zenfamilien,  Gebruder  Borntraeger.  Berlin. 

Scelanan.  T.,  H.  Schnabel  &  J.  P.  Wendel.  1997.  Con- 

gruence and   consensus   in   the  cotton   tribe.   Svst.   Bot. 

22:  259-290. 

Segraves.  K.  A.  &  J.  N.  Thompson.  1999.  Plant  poly- 

ploidy and  pollination:  Floral  trails  and  insect  visits  to 

diploid  and  letraploid  He  tic  her  a  grossulariifolia.  Evo- 

lution 53:   III  1-1121. 

Santos-Guerra.    2001.    Phylogenetie  relationships  and  |}'  y     [Qm      ̂         H.  relationships  among  spe- evolution  of  Crassulaceae  inferred  from  matk  sequence 

data.  Amer.  J.  Bot.  88:  76-91. 

  — ,   .   ,  J.  Francisco-Ortega  <!x  A.  San- 

tos-Guerra.  In  press.   Phvlogeneties  and  diversification 
in  the  Macrouesian  clade  (Crassulaceae)  inferred  from 

molecular  and  morphological  data.  Syst.  Bot. 

Olmstead.  B.  G.,  B.  Bremer.  K.  M.  Scott  &  J.  I).  Palmer. 

1993.  A  parsimony  analysis  of  the  Asteridae  sensu  lato 

based  on  rbcL  sequences.  Ann.  Missouri  Bot.  Gard.  80: 
700-722. 

Parkinson,  C.  L.,  K.  L.  Adams  &  J.  I).  Palmer.  1999. 

Multigene  analyses  identify  the  three  earliest  lineages 

of  extant  flowering  plants.  Curr.  Biol.  9:   1485-1488. 
Posada,  1).  &   K.  A.  Crandall.    1998.    Modeltest:  Testing 

the  model  of  DNA  substitution.  Bioinformalies  I  1:817- 
818. 

Qiu,  Y-L.,  J.  Lee,  F.  Bemaseoni-Quadroni.  I).  E.  Soltis.  P. 

S.  Soltis,  M.  Zanis.  E.  A.  /iinmer,  Z.  Chen,  V.  Savolai- 
nen &  M.  W.  Chase.  1999.  The  earliest  angiosperms: 

Evidence  from  mitochondrial,  plastic!  and  nuclear  ge- 
nomes. Nature  402:  404-407. 

Queiroz,  A.  (U\  M.  J.  Donoghue  &  J.  Kim.  1995.  Separate 

versus  combined  analysis  of  phylogenetie  evidence. 

Ann.  Rev.  Ecol.  Syst.  26:  657-681. 

Queiroz,  K.  de  &  J.  Gauthier.    1990.   Phylogeny  as  a  cen- 

cies  of  Boykinia,  Heuchera,  Mitclla,  Sullivantia,  Tiarcl- 

la.  and  Tolmica  (Saxifragaceae)-  Syst.  Bot.  5:   17-29. 
  &  L.  Hufford.    In  press.   Clarifying  the  evolution 

of  epigyny:  Ovary  development  in  Saxi  Iragaeeae.  Int.  J. 

PI.  Sci.' 

  &  B.  K.  Kuzoff.    1995.   Discordance  between  nu- 

clear and  chloroplast  phylogenies  in  the  Heuchera  group 

(Saxifragaceae).  Evolution  49:  727-742. 
&  P.  S.  Soltis.   1995.  Plant  molecular  systematics: 

Inferences  of  phylogeny  and  evolutionary  processes.  Pp. 

139-191  in  M.  K.  Hecht  (editor).  Evolutional")  Biology, 
Vol.  28.  Plenum  Press,  New  York. 

  &      .     1997.     Phylogenetie   relationships   in 

Saxifragaceae  s.   I.:   A   comparison  of  topologies  based 

on   I8S  rDINA  and  rbcL  sequences.  Amer.  J.  Bot.  84: 
501-522. 

1998 

appropriate  gene  for  phylogenetie  analysis.  Pp.  1—42  in 
I).  E.  Soltis.  P.  S.  Soltis  &  J.  J.  Doyle  (editors).  Molec- 

ular Systematics  of  Plants  II.  Kluwer,  Boston. 

  &    .    1999.    Polyploidy:  Origins  of  species 

and  genome  evolution.  Trends  Ecol.  Evol.  I  I:  319-351. 
  ,   .  T.  G.  Collier  &  \1.  L.  Edgerton.    1991a. 

Chloroplast  DNA  variation  within  and  among  genera  of 

the  Heuchera  group:  Evidence  for  chloroplast  capture 

tral  principle  in  taxonomy:  Phylogenetie  definitions  of  and  paraphylv.  Amer.  J.  Bot.  78:   1091-1112. 

taxon  names.  Syst.  Zool.  39:  307-322. 
  .    1992.    Phylogenetie  taxonomy.    Vim. & 

Rev.  Ecol.  Syst.  23:  449-180. 

Bannala,  B.,  J.  P.  Huelsenbeck,  Z.  Yang  &  B.  Nielsen. 

1998.  Taxon  sampling  and  the  accuracy  of  large  phy- 
logenies. Svst.  Biol.  47:  702-710. 

Baven,  P.  II.  &  1).  I.  Axelrod.  1971.  Angiosperm  bioge- 

ographv and  past  continental  movements.  Ann.  Missouri 

Bot.  Gard.  77:  539-673. 

Bosendahl.  C.  <).,  F.  K.  Butters  &  0.   Lakela.    1936.    A 

,   M.    S.    Mayer,    P.    S.   Soltis   &    M.    L.    Edgerton. 

1991b.    Chloroplast-DNA   variation   in   Tellima  grandi- 

flora  (Saxifragaceae).  Amer.  J.  Bot.  78:   1379-1390. 
■   ,  D.  B.  Morgan,  A.  Grable,  P.  S.  Soltis  &  R.  Kuzoff. 

1993.     Molecular   systematics   of  Saxifragaceae   sensu 

stricto.  Amer.  J.  Bot.  80:  1056-1081. 

  .  B.  K.  Kuzoff.  B.  Gonial!  &  K.  Ferguson.    1996a. 

matk  and  r/>cL  gene  sequence  data  indicate  that  Saxi- 

fraga (Saxifragaceae)  is  poly phy let ic.  Amer.  J.  Bot.  83: 
371-382. 



692 Annals  of  the 

Missouri  Botanical  Garden 

  ,  L  A.  Johnson  &  C.  Looney.    1990b.   Discordance 
between  ITS  and  chlnroplasl  topologies  in  llic  Hoykinia 

group  (Saxifragaceae).  Svsl.  Hot,  21:  169-185. 

  ,  R  S.  Soltis,  M.  E.  Mori,  M.  W.  Chase,  V.  Savo- 
tainen,  S.   B.   Moot  &   C.   M.   Morion. 

complex  |  >  1 1  \  1 

1998.    Inferring 
:  A 

ogenies  using  parsimony:  An  empirical  ap- 

proach   using   three    large    DNA    data   sets   for  angio- 

sperms.  Syst.  Itinl.  47:  32-42. 

  ,   P.  S.  Sollis,   M.   W.  Chase,   M.   E.   Mori,  I).  C. 

sequence  alignments   with  alignment-ambiguous  sites. 

Molec.  Phylogenet.  Evol.  4:  1-9. 
Wu,  C.-Y.  &  T.-C.  Ku.  1992.  A  new  tribe  with  a  new 

monotypic  genus  of  Saxifragaceae  (s.l.)  from  China. 

Acta  Phytotax.  Sin.  30:   1 93-1%. 
Vang,   /.     1991.     Phylogenetic   analysis   using   parsimonv 

ami  likelihood  methods.  J.  Molec.  Evol.  39:  294-307. 

■\lhach,  M.  Zanis,  V.  Savolainen,  W.  II.  Halm,  S.  B. 
Hoot,    M.    K    Fay,    M.    Axtell,   S.    M.   Swensen,    L.    M. 
Prance,  W.  John  Kress,  K.  C.  Nixon  &  James  S.  Karris. 

2000.  Angiosperm  phvlogeny  inferred  from  18S  iDiYA, 

ricL,  and  alp\\  sequences.  Bot.  J.  Linn.  Soe.  133:  381- 
11)1. 

  ,   M.  Tago-Nakazawa,  O.-Y.  Xiang,  S.   Kawano,  J. 
Mural  &  M.  Wakabayashi.  2001.  Phylogenetic  rela- 

tionships and  evolution  in  Chrysospienium  (Saxifraga- 
ceae) based  on  malK  sequence  data.  Amer.  J.  Bot.  88: 

883-893. 

Appendix. 

Soltis,  P.  S.,  I).  K.  Soltis  &  M.  W.  Chase. 1999.    Angio- 

Definitions  of  Taxon  Names 

We  consulted  the  phylogenetic  system  of  nomenclature 
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Xanlhizoon,   Trachyphyllum,   Gymnopera,   Cotylea,   Odon- 

tophyllae.   Mcsoiryne.  and  Saxifraga*  but  not  sections  Mer- 
kianae and  Micranthes  (sects,  alter  Gonial!,   1987;  Webb 

&  Gornall,  1 989). 

''The  Micranthes  elade  is  equivalent  to  Saxifraga  sects. 
Micranthes  and  Merkianae  of  Gornall  (1987).  The  name 

Micranthes  has  been  used  in  the  past  to  icier  to  species 
of  both  sections  Micranthes  and  Merkianae.  Gornall  ( 1987; 

see  also  Webb  &  Gornall,  1989)  segregated  section  Mer- 
kianae from  section  Micranthes.  II  a  worth  (1812)  estab- 

lished the  segregate  genus  Micranthes. 

Mitella  is  clearly  polvphvletic;  although  all  specie's  are 
within  the  Heuchera  group  elade.  it  is  still  unclear  how 

the)  are  related  and  how  best  to  treat  them  taxonomieally. 

''This  elade  corresponds  to  the  Leptarrheneae  of  Schulze- 
Menz  (1964). 
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Rhynchostegiopsis  Mull.  Hal.  is  a  morphologically  variable  melius  of  five  species  I  hat  gron  in  moist,  humid  habitats 

iu   montane  forests   in   Mexico,  Central    America,   llie  Caribbean,  tropical   Andes,  and  southeastern   Itruxil.  This  moss 

genus  is  characterized  by  ecostate  leases  with  serrate  margins  and  lax  elongate  median  cells;  two-celled  axillary  hairs; 

furrowed  exostome  teeth  that  are  horizontally  striate  below;  endostomial  cilia;  rostrate  opercula;  and  cueullate  calyptrae. 

The  genus  lacks  differentiated  alar  cells,  paraphs  Ilia,  pseudoparaphyllia.  a  central  strand,  and  Inalodcriiiis.  Several  of 

its  ke\   morphological  features  arc  lound  in  different  families:  the  Hypnaceae,  Hookeriaceae,  and  Leucomiaceae.  In 

this  study,  Rhynchostegiopsis  is  retained  in  the  Leucomiaceae  based  on  overall  sporophvte  and  gamelopln  te  morphology, 
including  its  stem  anatomy,  as  well  as  the  presence  of  cueullate  calyptrae. 

Key  words:     Hookeriales,  Leucomiaceae,  morphology,  Rhynchostegiopsis,  taxonomy. 

Rhynchostegiopsis  is  a  small  pleunxarpous  moss  tinted  alar  cells;  and  a  lack  of  pseudoparaphyllia. 

genus  of  five  species  (A\  brasiliensis  Broth..  R.  car-  a  central  strand,  and   hyalodermis.   Based  on  spo- 

olae  Crosby.  R.  costaricensis  II.  Bob.  &  I).  V,.  (Jriffin,  rophyte    and    gamrtophyte    morphology,    including 

R.  flexuosa  (Snll.)  Miill.  Hal.,  and  R.  tunguraguana  stem  anatomy  and  the  presence  of  Cueullate  calyp- 

(Mitt.)  Broth.)  that  are  restricted  to  the  Nootropics.  trae.  Rhynchostegiopsis  is  currently  recognized  as 

Rhynchostegiopsis,   at   first  glance,  appears  to  be  a 

lax-celled  hypnoid  genus.  It  lacks:  coslae;  differen- 

tiated   alar   cells;    coll    ornamentation:    paraphilia:  GENERIC  Pl\(  KM  IMC  >i   RHYNCHOSTEGIOPSIS 

pseudoparaphyllia;  a  central   strand:  and   hvaloder- 

belonging  to  the  Leucomiaceae  in  the  Hookeriales. 

mis.   These   "absent"   character   states    help   define 
The  I  lookeriales  are  a  large  and  morphologicalk 

Rhynchostegiopsis  in  combination  with  the  presence       variable*  order  of   mosses   recognized   by   trends   in 

ol  long,  lax  leal  cells:  serrate  leaf  margins:  two-celled 
c haraeters    rather    than    exelusi ve    e haraeter    traits 

axillary    hairs   (Fig.    Id):    stems   composed    of    large       that  can  be  used  to  define  its  members.  The  current 

thin-walled  cells  throughout  (Fig.    Ic):  collenchvma- classifieation  and  systematic  understanding  of  the 

tons  exothecial  cells:  furrowed,  horizontally  striate  Hookeriales  remains  rather  unsatisfactory,  mainly 

exostome  teeth  (Lig.  In):  endostomial  cilia  (Fig.  lb):  due  to  the  variability  of  character  states  and  high 

and  cueullate  calyptrae  (Fig.   le). degree    of    homoplasy    within    the    order.    Iledenas 

Decisions   on    the   ordinal    placement    of    Rlnn-  (1996a)  presented  a  tabular  overview  of  the  major 

chostegiopsis    have    been    problematic.    This    is    be-  classification     systems    of    the     Hookeriales    since 

cause   Rhynchostegiopsis   shares   many   of  its   key  Brotherus    (1925).    These    classification    schemes, 

morphological  features  with  three  families  from  two  from    Brotherus    (l()25)    to    \\  hitlemore   and    Allen 

large  orders  of   mosses,  the   Hookeriaceae  s.l.  and  (1()B()),  differ  in   the  circumscription  and   recogni- 

Leucomiaceae  in  the  Hookeriales,  and  the  llvpna-  tion  of  families  in  the  order  (ranging  from  2  to  8 

eeae  in  the  Hypnales.  The  cueullate  calyptrae  and  families),  the  positioning  of  genera,  and  in  the  ehar- 

endostomial  cilia  of  Rhynchostegiopsis  are  morpho-  acters  considered  phvlogenelicallv  informative  (ei- 

logical    features   that    are   typical    of   genera    in    the  ther  moslk   sporophvte  or  both  sporophvte  and  ga- 

flvpnaceae.    Characters    ol    Hookeriales    thai    are  metophyte  characters).  Buck  (1991)  discussed  the 

shared   by  Rhynchostegiopsis  are  the  furrowed  ex-  use  of  sporophytie  versus  gamelophytic  characters 

ostome  teeth:  two-celled  axillary  hairs:  undifferen-  in     the    classification     schemes    of    pleurocarpous 
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Figure  I.  Diagnostic  features  <>l  the  genus  Rhynchostegiopsis.  Outer  surface  <>l  (a)  exostome,  and  (b)  endostome  ol 

R.  flexuosa.  — e.  Stem  eross  section  of  R.  tunguraguana.  — <l.  Axillary  hairs  from  R.  tunguraguana  and  R.  brasiliensis, 
respectively.  — e.  Calyptra  of  R.  tunguraguana.  (a,  b:  Motion  7395,  US;  c:  Churchill  &  Sastre  de  Jesus  12999,  MO;  d: 
Schiffher  1454,  HM,  isolectotype,  and  h>wis  83-710.  LPB;  e:  Churchill  &  Sastre  de  Jesus  12999,  MO.) 

mosses  and  the  implications  this  has  on  the  inter-  lished  an  overview  of  the  llookeriales  based  mainly 

pretation  of  systematic  relationships  within  this  on  gametophyte  morphology  and  using  a  set  ol  23 

large  group.  In  the  mosses  the  gametophyte  is  the  classification  principles  influenced  by  the  work  ol 

dominant  phase  of  the  life  cycle.  It  was  cone  hided 

that  focus  placed  on  the  sporophyte  alone  could  he 

misleading,  and  that  phylogenelic  relationships  are  previous  work.  Miller  (1971)  was  the  first  to  rec- 

more  likely  to  be  revealed  by  overall  gamelophytic 

correlations.  Differential  weight  given  to  either  ga- 

metophytic  or  sporophytic  characters  in  Rhynchos- 

tegiopsis, in  accordance  with  any  particular  classi- 

llutchinson  (1959).    This  phylogenetic  arrangement 

of   the  genera  in  the  Hookeriales  differed  from  all 

fication  scheme,  has  been  important  in  influencin 

the  systematic  placement  of  the  genus  over  time. 

or 

ognize    the    similarity    between    Rhynchostegiopsis 

and  Leucomium  Mitt.  The  latter  genus  differed  from 

Rhynchostegiopsis  only  by  its  entire  leaf  margins, 
lack  of  endostomial  cilia,  and  sexuality.  Leucomium 

is    autoicous,    synoicous,    or    polyoicous    (Allen. 

1987),    whereas    Rhynchostegiopsis    is    dioicous. 

Utilizing  mostly  sporophytic  features,  Fleischer  Rhynchostegiopsis  was  placed  in  the  Leucomiaceae 

(1906-1908)   divided   the    llookeriaceae   into   four  by  Miller  (1971).  along  with  Philophyllum,  Saulo- 

tribes.  He  placed  Rhynchostegiopsis  in  his  Hypnel-  mo,    Pulvinella    Broth,    &    Herzog,   Stenodesmus 
leae  between  Sauloma  (Hook.  f.  &  Wilson)  Mitt.  (Mitt.)  A.  Jaeger  (Miller,  1971),  and  the  two  original 

and  Philophyllum  Mull.  Hal.,  based  on  similarities  members  of  the  family,  h'ueomium  and   Vesicular- 

in  peristome  morphology.  Brotherus  (1925)  adopted  iopsis  Broth.   However,  Miller  gave  no  explanation 

Fleischer's  general  systematic   scheme.   He  main-  of  the  concept  of  this  newly  expanded  family  in  this 
tained   the   same   concept   of  the   Hypnclleae   but  paper.  Allen  (19B7),  in  a  revision  of  Leucomium, 

raised  it  to  the  level  of  subfamily.  The  Fleischer-  documented  the  history  related  to  the  development 

Brotherus  system  was  primarily  based  on  Phil ibert's  of  the  concept  of  this  genus,  the  family  Leucomi- 
observations  of  peristome  morphology  (see  Taylor.  aceae,  and  the  different  interpretations  ol  the  sys- 

1962,  for  reference  to  entire  series;  Crosby,   1974;  tematic   relationships   therein.    The  close  Leucom- 

Buck,    1991).    In   contrast    to   the   previous   sporo-  ium- Rhynchostegiopsis  relationship  was  supported 

phvte-based   classifications,    Miller  (1971)   pub-  in   this  work   based   on   the  overall   morphological 
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similarity  ol  these  two  genera,  and  they  were  con-  cularia  (Hypnaeeae)  in  habit  and  the  presenee  of  a 

sidered   to  be  the  only   members  ol   the    Leucomi-  eueullate  calyptra,  but   they  both   lack  stem  pseu- 

aceae  at  that  time  (Allen,  1987).  doparaphyllia,  which  are  typical  o(  the  Hypnaeeae. 

Crosby  (1974)  published  a  new   classification  ol  All  three  genera  are  eeostate.  and  leaf  areola! ion  in 

the    llookeriaeeae    based    on    his    Phi  I  i  be  rt- Dixon  Leucomium  and  Rhynrhostegiopsis  is  similar  to  thai 

principle,  using  peristome  form  and  subsequently  ol    Vesiculario.     Vesiculario    and    Rhynchostegiopsis 

gametophytic    characters   to   group   genera    (Dixon,  both     have    endostomial     cilia,    while    h'ueomium 

\{y.V2:  Crosby,  1971).  The  Miilibert-Dixon  principle  lacks  them.  Discordant  with  the  llvpnales  but  typ- 

was  defined  as  primary  weight  being  given  to  char-  ical   of  members  of  Hookeriaceae,  sensu   W  hitte- 

acters   ol    the   sporophyte.    in    particular  the   peri-  more  and  Allen  (1989),  are  the  lack  of  pseudopar- 

stome,   when   constructing   a   classification   for  the  aphyllia    and    the    two-celled    axillary    hairs    of 

mosses   (Crosby,    1974).    based   on    this   principle.  Rhynrhostegiopsis  and  lA'ucomium. 

mosses    with    similar    gametophyles    must    not    be In  contrast  to  previous  sporophyte-based  classi- 

grouped  together  if  their  sporophytes  differ;  instead  (ieation  systems,  and  that  of  Miller  (l()7l).  Ruck 

I  hey  should  be  placed  with  mosses  that  have  similar  and  Vitt  (l()8(>)  presented  a  familial  classification 
peristomes.    The    Hookeriaceae    were   divided    into  of  the   pleurocarpous   mosses   based   on   correlated 

eight    subgroups:    the    Distichophylloid,    Adelothe-  gametophytic    and    sporophytic    characters.    The 

cioid,    Cyathophoroid,    Hookerioid,    Hemiragoid.  Hookeriales  were  defined  by  leaves  with  lax  areo- 

llookeriopsoid,   Pilotriehidioid.  and   Kphemeropsid 

groups    (Crosby,     l(>7  I).     Rhynrhostegiopsis     was  double;  colleiichymalous  exothecial  cells;  an  exos- 

plaeed    in    Crosbys    Hemiragoid    group   along  with  tome  with  a  median  furrow:  rostrate  ope  re  ul  a;  and 

Hemiragis  (Brief)  beseh.,  Philophyllum,  Dimorpho-  mitrate  ealyplrae.  The  Leucomiaceae  were  distin- 

guished Irom  other  families  in  the  order  by  their 

lation;  costa   single,   but   more  hnicallv   absent   or 

cladon     Dixon,    and    Sauloma.    This    Hemiragoid 

group  was  defined  by  lanceolate  leaves,  none  or  two  elongate,  lax  leaf  cells,  enlarged  cortical  cells  of 

eostae,  and  lax  lamina!  cells.  Crosby  (1974)  found  the  stem,  and  eueullate  calyptrae.  The  family  con- 

that  within  the  Hookeriaceae.  two  characters  ol  the  tained  just  three4  genera:  Leucomium  and  Vesicular- 
perislome  were  variable:  (I)  the  median  line  ol  the  iopsis,  following  the  arrangement  of  Krotherus 

exostome  (either  furrowed  or  zig-zag),  and  (2)  en-  (l(>25).  and  Rhynrhostegiopsis.  buck  (1987,  1(>}55{), 

dostomial  cilia  (either  present  or  absent).  Mosses  in  further  rearrangements  of  taxa  within  the  llook- 

with,  or  mosses  without,  endostomial  cilia  did  not  eriales,  divided  the  order  into  five  families  accord- 

form  natural  groups.  It  was  considered  that  any  ar-  ing  to  gametophytic  characters.  He  considered  the 

rangement  ol   taxa   based  on  either  of  those  char-  variation  in  exostome  form  in  the  Hookeriales  to  be 

acter  states  would  result  in  groups  with  low  overall  an  unreliable  indicator  of  relationships  both  within 

morphological  similarity  (Crosby,  1974).  One  of  the  and  between  families.  Rhynrhostegiopsis  was  re- 

lew  features  that  differs  between  Rhynrhostegiopsis  tained  with  Irncomium,  in  his  Leucomiaceae, 

and  Leucomium  is  the  presenee  ol  endostomial  cilia  based  on  gametophytic  similarities.  The  Leucomi- 

lound  in  Rhynchostegiopsis.  In  contrast  to  previous  aceae  were  characterized  b\  eeostate  leaves  with 

classifications.  Leucomium  was  placed  in  the  Hyp-  long-lax  leaf  cells;  fragile  stems;  undifferentiated 

naceae  near  \esirulario  (Midi.  Hal.)  Mull.  Hal.  stem  anatomy;  a  typical  hookerioid  peristome  (ex- 

based  on  its  eueullate  calyptra  and  leaf  areolation.  eept  for  endostomial  cilia  found  in  some  taxa);  and 

However,  the  family  Leucomiaceae  was  synony-  eueullate  calyptrae  (Buck,  1987).  fhe  characters  of 

mi/ed  with  the  Hookeriaceae  (Crosby,  1971).  This  eueullate  calyptra  and  undifferentiated  stem  anat- 

placement  of  Leucomium  in  the  Hypnaeeae  was  lal-  omy  of  the  Leucomiaceae  were  used  to  segregate  it 
er  followed   by    Vitt   (I9}{4)   in   his  classification  of  from  the  Hookeriaceae. 

the  bryopsida. \\  hittemore  and   Allen  (1989)  presented  a  clas- 

Comparison  ol  members  of  the  leucomiaceae  to  silication  of  the  Hookeriales  based  on  gametophyte 

some  genera  ol  the  Hypnaeeae  indicates  that  there  and   sporophyte   morphology,   recognizing  only  two 

are  less  than  clear  distinctions  between  these  lam-  groups  within  the  Hookeriales.  the  Hookerio  group 
i lies,  both  families  exhibit  an  overlap  in  characters  (as  the   Hookeriaceae  Schimp.)  and  the  Daltonia 

and  character  state  variation  in  sporophyte  and  ga-  group  (as  the  Daltoniaeaeae  Schimp.).  The  Leucom- 

metophyte  morphology.  This  broad  overlap  in  char-  iaceae  were  placed  in  synonymy  with  their  expand 

acters  between  [\\e   Leucomiaceae  and  Hypnaeeae  ed    Hookeriaceae.  This   broader  concept   of  Hook- 

is    exemplified    by    the    genera    Rhynrhostegiopsis.  eriaceae   was   defined    as   a    taxon    with    branched 

h'ucomiutn,  and   Vesicularia.   both  Leucomium  and stems;  bicostate  or  eeostate  leaves;  straight  rhizoids 

Rhynchostegiopsis    (leucomiaceae)    resemble    \esi-       (unbranched   and   tightly  clustered   below   the  leaf 
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The    genus    Tetrastichium,    containing    Tetrasti- base);  two-celled  axillary  hairs;  and  a  weakly  pig- 
mented stem  cortex  (Whittemore  &  Allen,  1989).  chiurn  fontanum  (Mitt.)  Cardot,  was  traditionally 

Despite  the  uncertainty  over  the  recognition  of  considered  to  be  a  member  of  the  Hookeriaceae 

the  Leucomiaceae  expressed  by  some  of  the  earlier-  based  on  its  short,  hexagonal,  lax  upper  leaf  cells 
mentioned  authors,  the  concept  ol  this  lamily  has  (Allen  et  al.,  1985b).  After  closer  examination  of 

been  developed  over  time.  Buck  (1992)  placed  the  this  species,  Allen  et  al.  (1985b)  discussed  the  sys- 
neotropical  endemic  genus  Philophyllum  in  the  tematic  placement  of  it.  They  were  the  first  to  note 

Leucomiaceae  supported  by  its  distinctive  stem  the  similarity  between  T.  fontanum  and  Rhynchos- 

anatomy,  calyptra.  and  annular  development.  Phil-  tegiopsis,  especially  in  leaf  cell  areolation  and  peri- 
ophyllum  has  calyptrae  that  are  variable  in  stale;  stome  features.  The  exostome  and   endostome  of 

they  are  both  mitrate  and  cucullate.  Although  mem-  these  two  genera  are  almost  identical.  Another  spe- 

bers  of  the  Leucomiaceae  are  considered  defined,  cies,   LepidopUum   virens   Cardot,   was   later  trans- 
in    part,    by   cucullate   calyptrae.   the    infraspecific  ferred  to  Tetrastichium  by  Churchill  (1989)  based 

variability  in  calyptra  form  in  Philophyllum  was  not  on  its  leaf  cell  areolation.  as  well  as  its  endostome 

considered  grounds  for  its  exclusion.  Philophyllum  and    exostome   features.    Morphological   characters 

is  similar  to  all  other  members  of  the  Leucomiaceae  traditionally  used  to  align  Tetrastichium  fontanum 

in    its   characteristic    large   thin-walled   stem   cells with  Hookeria  Sm.   in  the  Ilookeriace< e   included 

Buck   (1992)   noted  that   the  stem  anatomy   in   the  leaf   cell   areolation  and   lack  of  a   costa.   Kcostate 

Leucomiaceae  was  unique  to  this  family  and  an  im-  leaves  are  also  characteristic  of  the  Leucomiaceae. 

portant  defining  character  of  it.  Although  leaves  in  In  addition  to  this,  Tetrastichium  fontanum  has  leal 

the  Leucomiaceae  are  generally  ecostate,  the  oc-  cells  similar  to  those  of  Rhynchostegiopsis  brasilien- 

casional  occurrence  of  short,  double  costae  in  Phil-  sis.  the  larger  forms  of  R.  flexuosa,  and  Leucomium, 
ophyllum  was  not  considered  critical  to  exclude  the  Tetrastichium   is  another  genus  that   is  variable  in 

genus  from  the  Leucomiaceae  (Buck.   1992).  Short  its  calyptra   form,   which  can   be  either  mitrate  or 

double  costae  have  been  reported   in  some  speci-  cucullate.  a  feature  that   it  shares  with  Philophyl- 
mens    of    Rh  ynchostegiopsis    tunguraguana    Buck 

(1998).  However,  in  this  study  only  traces  of  a  bis-  Leucomiaceae  is  therefore  supported  by  leaf  areo- 

tratose  leaf  lamina  have  been  seen  in  a  lew  speci-  lation.  stem  anatomy,  exostome  and  endostome  lea- 

lum.    Inclusion   of    the   genus    Tetrastichium    in   the 

mens  indicating  that  the  occurrence  ol  double  cos- 
tae is  in  fact  rare.  These  traces  of  a  bistratose  layer 

were  seen  at  the  very  base  of  leaves  and  were  only 
visible  in  cross  section. 

tures.  and  its  calyptra* 

H  edc  uas     (1995)     investigated     relationships 

among    the    diplolepidous    pleurocarpous    mosses, 

and    between   the    Hookeriales   and   Sematophylla- 

The  Ptychomniaceae  have  cucullate  calyptrae  in  ceae    (Hedenas.    199(>b)    using   cladistic    methods. 

common  with  the  Leucomiaceae.  The  Ptychomni-  Rhynchostegiopsis  was  not  included  in  the  data  sets; 
aceae  were  first  placed  in  the  Hookeriales,  near  the  however,  Leucomium  was  found  to  be  a  relatively 

Hookeriaceae,  by  Robinson  (1971).  It  was  consid-  basal  member  of  the  "Hookeriales"  along  with  Ve- 
ered close  to  the  Hookeriaceae  and  Leucomiaceae  trastichium  virens  (Cardot)  S.  \\  Churchill  and  7c- 

based  on  the  furrowed  exostome  teeth  of  some  of  trastichium  fontanum.  In  an  additional  paper  lled- 

the  genera,  the  lack  of  costae,  and  poorly  developed  enas  (1990a)  presented  a  set  of  cladistic  analyses 

alar  cells  (Robinson,  1975).  Hattaway  (1984),  in  a  of  "Hookeriales"  based  on  75  morphological  char- 
monograph  of  the  Ptychomniaceae,  also  concluded  acters  of  80  species  from  50  genera,  this  time  in- 

that  this  family  belonged  in  the  "Hvpno-bryalean"  eluding  I  species  of  Rhynchostegiopsis.  The  species 
order  close  to  the  Hookeriaceae.  Sematophvllaceae.  Leucomium  strumosum  (Hornsch.)  Mitt,  and  Rhyn- 

or  Hypnaceae,  although  the  exact  affinities  of  it  chostegiopsis  flexuosa,  and  Tetrastichium  fontanum 

were  not  fully  stated.  Characters  of  the  Ptychom-  and  T  virens  consistently  formed  sister  clades  in 
niaceae  that  differ  from  those  of  the  Leucomiaceae  the  analyses,  supporting  the  proposed  relationships 

are  stem  paraphyllia,  colored  alar  cells  that  can  be  of  Leucomium— Rhynchostegiopsis  and  Tetrasti- 

differentiated,  incrassate-porose  cells  throughout,  chium-Leucomium— Rhynchostegiopsis.  However, 
and  ribbed  capsules  (Hattaway,  1981).  All  these  the  topologies  of  the  trees  from  both  these  sets  of 

features  are,  in  fact,  generally  discordant  with  most  analyses  were  not  well  supported  statistically  (lled- 

genera  in  the  Hookeriales,  and  more  specifically  all  enas.  1995,  1990b).  The  separate  analyses  also 

those  in  the  Leucomiaceae.  If  the  Ptychomniaceae  highlighted  some  of  the  problems  associated  with 

are  excluded  from  the  Hookeriales,  pending  further  the  high  levels  of  homoplasy  within  the  Hookeriales 

investigation,  then  the  Leucomiaceae  are  the  only  and  Hypnales,  especially  how  these  significant  lev- 

family  in  the  Hookeriales  with  cucullate  cal\  ptrae.  els  of  homoplasy  may   influence  results   in   large- 
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scale  cladistic  analyses  when  using  large  numbers       given  species,  specimens  that   may  he  unusual  in 
ol  la\a  and/or  characters. one  character  have  other  characters  typical  for  that 

To  date,  taxonomic  and  Holistic  treatments  differ  species.  Rhynchostegiopsis  grows  in  moist  and  hu- 

in  the  recognition  ol  the  Leucomiaceae  and  posi-  mid    habitats.    Morphological    differences    can    be 

[unuugol  Rhynchostegiopsis  within  the  I lookeriales.  seen  when  plants  are  found  growing  on  different 

Authors  either  follow  the  more  traditional  view  of  substrates  and  under  presumably  different  environ- 

Rhynchostegiopsis    aligned    with    the    llookeriaceae  menial  regimes.  Such  variability  has  also  been  at- 

( Bart  ram.    MM*);   Cruni   iK    Steere,    1957;  Crum   ci 

Bart  ram,  1958;  \\  hit temore  &  Allen,  1989),  or  rec-  era  of  the   Hookeriales,  Irncomium  (Allen.   1987), 

ognize  the  Leucomiaceae  and  the  Rhynchostegiop-  Pihtrichidium    liesch.    (Allen    &    Crosby.     1986). 

sis—Leucomium  relationship  within  it  (Allen,  1987;  Stenodictyon  (Allen  et  al..   1985a),  and  Philophyl- 
Crum,    1994;    Churchill    ,K    Linares,    1995;    Buck,  lum  (Buck.   1992). 

1998).  The   Leucomiaceae  arc  defined   herein   l>\ 

ecostate    or    sometimes    bicostate    leaves;    lax    leaf  PhYTOGI\<h;R  Uin 

tributed  to  environmental   influences  in  other  gen- 

cells cells;    stems   composed    of    large    thin-walled 

throughout;  collenchymatous  exothecial  cells;  ros- 

trate opercula:  slriate-furrowed  exostome  teeth;  a 

well-developed  endostome,  with  or  without  cilia; 

and  eucullate  or  initiate  calvptrae.  It  is  clear  that 

Rhynchostegiopsis    belongs    in    the    Leucomiaceae, 

along  with  hucomium,  Philophyllimu  and  Tetras- 

tichium  (Mitt.)  Cardot,  based  on  the  overall  sporo- 

phylie  and  gameloph\  tie  characters  they  share  and 

that  define  the  Leucomiaceae.  Other  genera  that 

were  traditionally  placed  in  the  Leucomiaceae  have 

been  transferred  to  other  families,  mainly  the  Pil- 

otrichaceae  (\esieulariopsis9   Sauloma,   and  Steno- 
desmus). 

Rhynchostegiopsis  is  endemic  to  the  Nootropics. 

One  species.  Rhynchostegiopsis  brasiliensis.  is  es- 

pecially limited  in  distribution,  as  it  is  known  onl\ 

from  three  localities  in  southeastern  Brazil  (repre- 

sented by  the  triangle  in  Fig.  2).  The  other  species 

are  found  in  Mexico,  Central  America,  the  Carib- 

bean, and  the  northern  and  central  Andes.  'Phis 

tropical  Andes— southeast  Brazil  disjunct  distribu- 

tion  pattern   is  found   frequently  in  mosses  (Buck. 

Morphologic  \i  \  \m  \mi.m  in 

Rll)  \CH0STEG10PSIS 

Study  of  over  100  herbarium  specimens  allowed 

for  morphological  variability  in  t lit*  genus  to  be  as- 

sessed throughout  its  geographic  range.  Species 

were    identified    using    measurements    of    leaf    cell 

I  WO),  including  the  closely  related  genus  hewcom- 

ium  (Allen.    1987).   Rhynchostegiopsis  tunguragu- 
ana  is  the  most  geographically  widespread  of  the 

species  and  is  found  from   Mexico  through  Central 

America   to    northern    South    America    and    Bolivia 

(Fig.  2).  No  collections  of  R.  tunguraguana  have 

been  seen  from  Peru,  but  this  is  probabb  due  to  a 

lack  ol  collecting  rather  than  its  absence  from  Bern. 

In  the  Caribbean,  R*  tunguraguana  is  known  onl\ 

from  Jamaica  and  the  Dominican  Republic. 

The  most  frequently  collected  species.  R.  jlexu- 

asa,  is  almost  entirely  restricted  to  Central  America 

■        .lie-  i     .  l  •       l      -.1    i      i-       iind   the  Caribbean.   In  South    America  R.  flexuosa 
length,  leal  size,  and  stem  size  combined  with  leaf        .     ,  „  ,.  n   ,       .  .     ,„ 

shape,  apex  length  and  shape,  and  upper  leaf  mar- 

gin form.  Rhynchostegiopsis  is  a  difficult  genus  be- 
cause there  are  few  characters  that  define  it,  and 

is  known   from   two  collections  in  Colombia  (Steere 

7688a  and  7671)  (Fig.  3a).  Widespread  in  the  Ca- 

ribbean. R.  flexuosa  is  louud  on  almost  all  the  is- 

,  .  l        •  i  •  i  i  lands  from  Cuba  to  Trinidad.  The  remaining  spe- 
lts characters  can  varv  coiiIiiiuoiisIn  within  and  he-  .,  .... 

I  ween  species.  Variation  within  species  is  not  ob- 

vious when  comparing  only  type  specimens  or  the 

typical  forms  ol  each  la\on.  However,  often  striking 

differences  in  plant  form,  size,  and  leaf  morphology 

emerge  when  examining  a  large  number  of  speci- 
mens. As  a  result  ol  the  variability  in  characters  as 

well  as  the  wide  range  of  variation  seen  within  spe- 

cies of  Rhynchostegiopsis,  the  circumscription  ol 

them  is  dilficult.  Critical  examination  of  leaves  from 

cies,  R.   costaricensis  and   R.   carolae,   are  narrow 

Central  American  endemics  (I'ig.  3b  and  c.  respec- 

tively). They  are  both  known  from  Costa  Rica  with 

one  locality  in  Honduras  for  Rhynchostegiopsis  cos- 

taricensis. and  one  local  it v  in  Panama  for  Rhyn- 

chostegiopsis  carolae. 

M  \TKR1  \I.S   AM)   MKTHODS 

This   revision    is   based  on    100  specimens  from 

different   positions  on  each  plant  may  be  required       U\1,  Dl  KK,  K,  II,  ll-UIL   I.IM5,  MO.  NY,  and  IS. 

for  identification  purposes. All    specimens    examined    were    entered    into    the 

Character  variations  in  Rhynchostegiopsis  often  TR0PIC0S-M0ST  database  at  Missouri  Botanical 

appear  to  be  independent  of  the  other  characters.  Garden  (http://www.inobot.org).  Locality  in  forma- 

and   their  states,  for  a   particular  species.   For  am        tion  and  coordinates  were  included  with  each  spec- 
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Figure  2.      Distribution  of  Rhynchostegiopsis  brasiliensis  (triangle)  and  Rhynchostegiopsis  tunguraguana  (circles). 

imen  entry.  Mapping  was  done  using  AreView  CIS  ing,  sub-pinnately  to  irregularly  branched,  com- 

(ESRI,  IWJi).  Coordinates  for  localities  were  ex-  planate-foliate;  in  cross  section  cells  homogeneous, 

tracted  from  the  TKOIMCOS-MOST  database,  and  large  and  thin-walled,  central  strand  absent,  hy- 

distribution  maps  are  based  on  the  herbarium  spec-  alodermis  lacking;  paraphyllia  and  pseudopara- 

imens  examined  during  this  study.  The  sections  on  phyllia  absent;  axillary  hairs  two-celled,  basal  cell 

"selected  specimens  examined"  include  one  codec-  short-cylindrical,  small,  brown,  upper  cell  long-cy- 
tion  per  political  subdivision  (province)  for  each  lindrical,  enlarged,  hyaline;  rhizoids  dark  red. 

country.  The  complete  list  of  examined  specimens  smooth,  clustered  on  underside  of  stem,  at  base  ol 

is  available  in  Appendix  1  or  through  Internet  and  below  leaf  insertions,  leaves  spreading,  some- 

access  to  the  TROPICOS— MOST  database.  Speci-  times  falcate,  usually  crowded,  not  much  contorted 

mens  were  examined  in  aqueous  and  Noser's  so-  wet  or  dry,  sometimes  longitudinally  folded;  lan- 
lution  mounts  (Anderson,  1954),  with  cell  mea-  ceolate,  oblong-lanceolate,  ovate  or  ovate-lanceo- 

surements  taken  from  1 1  oyer's  solution  mounts.  Leaf  late,  plane  to  slightly  concave  below,  plane  above. 
width  is  measured  at  mid-leaf.  Measurements  of  the       apices  short-  to  long-acuminate,  straight  or  flexu- 

ose:  symmetric,  not  decurrent;  lateral,  dorsal,  and 
ventral  leaves  somewhat  differentiated,  lateral  and 

ermost  row  of  cells  of  the  leaf  lamina.  Median  cells       dorsal   leaves  smaller;  lamina  unistratose;  margins 

setae  include  the  vaginula.  Cell  measurements  in- 

clude the  cell  wall.  Marginal  cells  refer  to  the  out- 

refer  to  the  cells  that  are  central  in  the  leal. 

Taxonomic  Treatment 

Rliynehostefriopsis  Midi.  Hal..  Nuovo  Giorn.  Bot. 

Ital.    n.s.   4:    163:    1897,  as  "tribus."  TYPE: 
Rhynchostegiopsis  complanata  Midi.  Hal. 

entire  below,  sharply  serrate,  serrate,  or  serrulate 

above,  sometimes  sub-entire  in  some  leaves;  ecos- 

late;  lamina!  cells  smooth,  walls  non-porose;  me- 

dian leaf  cells  lax  to  firm,  long-linear  to  long-hex- 

agonal throughout;  alar  cells  not  differentiated: 

basal  cells  slightly  broader  and  shorter  than  median 

cells,  sometimes  differentiated   in  association  with 

Plants  small  to  large,   10-120  mm  long,  glossy.  leaf  gemmae;  upper  marginal   cells  conspicuously 

pale  or  dark  green  to  yellow-green  or  golden  with  or  slightly  enlarged  in  comparison  to  median  cells. 

age;  forming  dense  to  thin  mats.  Stems  fragile  to  Asexual  reproduction  none  or  by  leaf  gemmae,  gem- 

sturdy,  sometimes  dark  colored,  creeping  or  spread-  mae  in  distinct  clusters  on  dorsal  leaf  surface,  or 
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Figure  3, 
euro Inc. 

Distribution  <>l  (a)  Rhynchostegiopsis  flexuosa,  (l>)  Hhynchostegiopsis  costarhvnsis,  and  (c)  Rhynchostegiopsis 

on  the  stem  at   leal   base.  Dioicous.   Perigonia   lat-  shorter  and   broader  than   median  cells;  alar  cells 

eral,  leaves  smaller  than  but  otherwise  similar  to  not   differentiated.   Setae   solitary,   long,   smooth   to 

perichaetial   leaves.   Perichaetia   lateral,  conspicu-  sometimes  roughened  just   below    base  of  capsule, 

ous  or  inconspicuous;  leaves  erect  with  spreading  reddish  to  dark  red.  Capsules  exserted,  inclined  to 

apices,  ovate  to  ovate-lanceolate,  apices  sub-entire  horizontal  or  pendent;  urn  cylindrical,  smooth,  neck 
to    serrate,    sometimes    flexuose;    ecostate;    median  undifferentiated;   exothecial    cells   sub-quadrate   to 

lis    I I 'Mil 
ecus     loug-nexagonai     to    long-linear;    basal    cells short-rectangular,  collenchvmatous  with  horizontal 
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walls  usually  thicker  than  vertical  walls;  stomata  at 

base  of  urn.  superficial;  opercula  long-rostrate  from 

a  conic  base;  annuli  2—5  layers  of  thin-walled  cells, 
deciduous.  Peristome  double,  exostome  teeth  1 6. 

narrowly  triangular,  finely  papillose  above,  densely 

horizontally  striate  with  narrow  median  line  below; 

endostome  basal  membrane  high,  segments  16,  nar- 

rowly triangular,  almost  as  long  as  exostome  teeth, 

keeled,  smooth  to  finely  papillose,  often  narrowly 

perforate,  cilia  1  to  2(3),  well  developed.  Calyptrae 

long  cucullate,  often  split  from  the  base  2/3  of 

length,  smooth.  Spores  spherical,  11-20  (Jim  diam.. 

finely  papillose. 

tl 

Etymology.      Rhynchostegiopsis  was  derived  from 

Rhynchostegium     Bruch    & ie     generic     name 
Schi 

mp.,  "opsis    meaning  resembling,  in  reierence 

f« 

Ke\  to  tiik  Species  ok  Rhynchostegiopsis 

1.        Plants  up  to  3()(— 10)  nun  long;  leaves  1.0—2.5 
mm  long,  0.2-0.9  turn  wide          2 

I'.       Plants  up  to   100(— 120)  mm   long;   leaves   1.7- 
7.0  mm  long,  0.7-2.1   mm  wide           1 

2(1).  Leaf  apices  short-acuminate       1.  R.  brasUiensis 

2'.       Leaf  apices  long-acuminate          3 
3(2).  Leal  apices  llexuose.  sharply  senate,  senate  or 

serrulate,  marginal  cells  larger  than  median 
cells,  forming  a  distinct  border;  gemmae  none 
           4.  R.  flexuosa 

IV.  Leal   apices  not   llexuose,  senate,  serrulate  to 

sub-entire,  marginal  cells  undifferentiated,  not 
forming  a  distinct  border;  gemmae  frequent,  on 
dorsal  surface  of  leaf         3.  R.  costarii crisis 

4(1).    Leaves    1.7—4.6   mm    long,   0.7-1.6   mm   wide, 
margins  serrate  or  serrulate  ..    5.  R.  tunguraguutui 

V.  Leaves  4.5-7.0  mm  long.  1.5—2.1  mm  wide, 
margins  serrulate  or  sub-entire       2.  R.  carolae 

to  the  similarity  of  its  rostrate  opercula  to  that  of       |     Rhynchostegiopsis  brasiliensis  Broth.,  Akad. 

the  genus  Rhynchostegium.  The  name  Rhynchoste-  wjSSi   Wien,   Math.-Naturwiss.   KL,  Denksehr. 

83:  339.   1927.  TYPE:  Brazil  Sao  Paulo:  "In gium  was  derived  from  the  (J reek  "rhychos"  mean- 

ing beaked,  and  "stege"  meaning  cap  or  cover,  in 
reference  to  the  shape  o(  its  opercula. 

Distribution.  Central  America  (all  countries 

from  Mexico  to  Panama),  the  Caribbean  (Cuba.  Ja- 

maica. Puerto  Rico.  Dominican  Republic.  Leeward 

and   Windward    Isles),  and  South  America  (Vene- 

silvaticus  prope  Barra  Mansa  in  districtu  urbis 

Itapecirica.  ad  arbores,  ea.  1000  m."  L  Schiff- 
ner  1454  (lectotype,  here  designated,  ll-BB!; 
isoleetotype,  BM!).  Figure  4. 

Plants  small,  pale  yellow-green,  growing  in  com- 

zuela,  Colombia.  Ecuador,  Bolivia,  and  southeast-      Pa<1'  mats-  Stt'ms  ]i)-'M)  X
   ]~2  mm'  often  fra«ile' 

ern  Brazil)  (Figs.  2,  3) creeping,  somewhat  complanate-foliate,  branching 

II die to     high Ecology.     Inhabiting  montane  forests  Iron,  mid-      fn-«|i»-ntly,  irregularly  pinn
ate;  rhizoids  infrequent. 

Leaves  not  much  contorted  wet  or  dry.  spreading, 

somewhat  falcate,  evenly  spaced,  ovate.  1.0—1.5  X 

0.1-0.6  mm.  slightly  concave  below,  plane  above; 

apices  short-acuminate;  margins  entire  below,  ser- 

elevations.  On  trunks,  roots,  and 

branches  of  living  trees,  on  fallen  decayed  logs  and 
soil  or  leaf  litter  in  moist,  humid  habitats. 

Discussion.      The    name    Rhynchostegiopsis    was 

entire;  upper  marginal  cells  mostly  larger  or  only 

slightly  larger  than  adjacent  median  cells;  median 

leaf  cells  long-hexagonal,  80-137   X    12-17  am; 

r     .  <        i-  II         irii  *•        •         i        .-.  rate  to  weakly  serrulate  above,  sometimes  almost 
Inst  invalmly  published,  as  a  section,  in  a  descup-  in  ■     .  i 
lion  of  a  new  species,  Yesicularia  auricolor  Mull. 

Hal.  (as  Vesicularia  (Rhynchostegiopsis)  auricolor) 

(Midler,  1897a).  Rhynchostegiopsis  was  established. 

in  a  slightly  later  publication,  for  the  newly  de- 

scribed R.  complanata  Mull.  Hal.  from  Bolivia 

(Mtiller,    1897b).  Two  species,  Hypnum  flexuosum       ""  "° 0    ,,  l    ■/    •     /     •  •     /  c         i       plntes  not  seen. 
Sill,    and    \esicularia    auricolor.    were    transferred      ' 

basal  cells  broader  and  shorter  than  median  cells. 

02-100  X  22-29  |xm.  Asexual  reproduction  un- 

known. Perigonia  not  seen.  Perichaetia  and  sporo- 

from   their  respective  genera   into   the   new    genus Etymology.      Named  after  Brazil,  the  country  ol 

Rhynchostegiopsis  in  the  later  publication  (Midler.       the  type  collection 

1897b).  A  formal  generic  description  ol  Rhynchos- 
lacki in   tl tegiopsis    was    lacking   in    the   original    publication 

(Midler.    1897b),   and   the  description   of  R.   com-       vation  800-1000  m. 

Distribution.      Rh  ynchostegi  opsis  brasUiensis  is 

known  only  from  southeastern  Brazil  (Fig.  2).  Kle- 

planata   cannot   be  used   in   its  place  because  the 

genus  was  not  monotvpic  when  published.  Instead. 
1 

Ecology.      On  trees. 

Dis(ussion.  This  species  is  distinctive  in  its 

a  small  diagnosis  of  a  "tribus"  in  the  original  small  size  combined  with  its  ovate  leases  with 

(1897b)  publication  has  been  traditionally  accepted  short-acuminate  apices.  Rhynchostegiopsis  brasi- 

as  the  generic  description  of  Rhynchostegiopsis  liensis  is  similar  in  size  and  habit  to  R.  flexuosa. 

(Welch.    1966).  This  diagnosis  by  Midler  (1897b)       but  the  latter  species  is  distinguished  by  its  broader 

succinctly   describes   Rhynchostegiopsis   as    having       leaves    with    short-acuminate,   straight    leal    apices 

senate,  eeostate  leaves  with  lax  pellucid  leaf  cells.       and  shorter,  more  hexagonal  median  leal  cells.   In 

a  bent,  fine  leaf  apex,  and  a  rostrate  operculum. leaf  shape  it  resembles  some  of  the  Central  Amer- 
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Figure    1.     Rhynchmtegiopsis  brasiliensis.   — a.   Portion  of  stem.  — h.   A   selection  of  leaves.  — c.   Leal"  apices 
d.  Leaf  margin.  — <\  Median  cells,  (a.  e-e:  Schiffner  1454.  I*M,  isolectotype;  b:  Schiffner  I  III,  67°.  1/22.  HM.) 

ican  specimens  ol  R,  tunguraguana,  which  can  of- 

ten have  ovate  leaves  with  short  leal  apices,  hut  il 
is  easily  distinguished  hy  its  much  smaller  size  and r  j 

Selected  specimens  examined.      BRAZIL.   Sao   Paulo: 

In  sihis  ad  "Urasso  grande"  in  distrietu  urhis  Itapecirica, 
ad  arbores,  ca.  1000  m,  I.  Schiffner  1 122  (syntvpes,  H- 

BR.  KM):  I 'rope  Rio  Grande  ad  "Sao  Paulo  Railway"  ad 
wider,  shorter  leaf  cells.  Leaf  margins  in  R.  brasi-      arhores,  800  m.  I.  Schiffner  679  (syntype,  BM). 
Iicnsis  can  van   from  sharply  senate  to  almost  en- 

tire, often  on  the  same  plant.  This  species  ma\  be 
mistaken  for  Vesicularia  by  its  aspect  but  belongs 

in  Rhynchostegiopsis,  and  not  Vesicularia^  because 

ol  the  presence  of  two-celled  axillary  hairs  and  lack 
ol  pseudoparapliN  Ilia  on  the  stems,  \esicularia  has 

loliose  pseudoparaphy  1 1  i  a  and  axillary  hairs  that 
consist  ol  a  short  brown  basal  cell  and  several  elon- 

gate, hyaline  upper  cells.  Gemmae,  perichaelia/ 

perigonia.  and  sporophytes  are  so  far  unknown  in 

R.  brasiliensis.  Despite  the  lack  ol  sporophyte  ma- 
terial to  confirm  peristome  characters,  the  position 

2.  Khyncliostegiopsis  carolae  Crosby,  Ann.  Mis- 

souri Hot.  Gard.  (>:*:  Ml\.  f.  1-5.  I<)76|I977]. 

T\  PK:  Costa  Rica.  San  Jose:  along  Inter- 
American  Highway,  13  km  SE  of  El  Empalme, 
<)<)°I0'Y  arSl'W.  2600  ....  15  Mar.  1973,  M. 
R.  Crosby  &  C.  A.  Crosby  5«.%  (holotype,  MO!: 

isotypes,  BA  not  seen.  BM!.  CR  not  seen. 
DUKE!,   II   not  seen.  MICH   not  seen,  NICH 

not  seen.  M  !.  US!).   Figure  5. 

Plants  large,  robust,  pale  green  to  yellow-green 
o(  this  species  in  Rhynchostegiopsis  is  supported  hy       to  golden  with  age.  forming  thin  mats.  Stems  50- 

the  gametophyte  features,  especially  stem  analo.m        !()()(—  1 20)  X  5-7  mm,  creeping,  eomplanate-foli- 
and  the  lack  ol  stem  pseudoparaphx  Ilia.  Rhynchos-       ate,    infrequently    sub-pinnately    branched.    Leaves 

slightly  differentiated,  dorsal   leaves all 
lauer 

.an tegiopsis  brasiliensis  is  current  In    known  only  from 

three   localities  around   Sao   Paulo.   Brazil.    In   the       lateral    leaves,    evenly    spaced,    not    crowded,    not 
bryophyte  herbarium  at  MO.  no  further  collections      much   contorted    wet    or  dry.   weakly   complanate, 

erect-spreading,    somew hat    falcate,    ovate-lanceo- 

terial  of  Vesicularia  or  among  the  llypnaceae  or  late.  1.5-6.0  X  1. 5-2. 1  mm,  slightly  concave  be- 
low, flat  above,  apices  long-acuminate;  margins  en- 

ol  this  species  were  found  among  the  unnamed  n.a- 

Hookeriaceae  from  Brazil. 
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n- Figure  5. Rhynchostegiopsis  carolae.  — a.  Portion  of  stem.  — b.  Leaves. 
c  Leaf  margin. (I.  Median  cells,  (a- 

( I:  Crosby  5836,  MO,  holotvpe.) 

lire   below,   weakly  serrulate  to  sub-entire  above; Distribution.      Costa  Hiea.  Panama  (Kig.  3c).  El- 

median  cells   long-hexagonal  or  long-linear.    1 25-       evation   1  100-2680  in. 

200  X    1  1-27  |xm;  basal  cells  wider  than  but  oth-  Ecology.      Moist  and  shaded  terrestrial  habitats 

erwise  not  much  differentiated  from  median  cells.       such  as  road  banks,  ravines,  and  drainage  ditches 

{52-215   X   35-57   fim;  upper  marginal   cells  only 

weakly   or  not   enlarged   in  comparison   to  median 

cells,  82-175   X   6—16  fim.  Asexual  reproduction 

in  montane  forests. 

Discussion.      Rhynchostegiopsis    carolae    is    dis- 

tinct   in   its  very  large  size  and   large  leaves  corn- 

unknown.  Perigonia  inconspicuous,  leaves  0.8-1.6      bined  with  the  only  slightly  enlarged  marginal  cells 

mm,  otherwise  similar  to  perichaetial  leaves.  Peri-       in  the  upper  leaf  apex.  In  this  species  the  leaves 

chaetia  inconspicuous,  leaves  1.5—2.3  nun.  mostly 

ovate,   gradually   long-acuminate,  apices  entire  or 

aklv  serrulate.  Setae   16-41    mm.  smooth,  dark       specimens  of  Rhynchostegiopsis  tunguraguana  can 

are  not  as  crowded  as  those  in  ft.  tunguraguana, 

and  the\  tend  to  be  flattened  along  the  stem.  Large 

we 

red.  Capsules  inclined;  urn  cylindrical,  1.5-2.0  X approach  ft,  carolae  in  size,  and  leaf  cell  measure- 

to   1    mm;  annuli  not  seen;  opercula  long-rostrate.  ment  can  overlap;  however,  Rhynchostegiopsis  car- 

1.1-1.6  mm;  exostome  teeth  650-750  pm.  Calyp-  olae  can  be  distinguished  by  its  wider  stems  and 

true  to  2  mm.  Spores  13-20  p,m  dia.n.  larger,  moderately  spaced  leaves  with  weakly  ser- 
rulate   to    almost    entire    margins.    It    is    presently 

Etymology.      Named  after  one  of  the  collectors,  known  only  from  mid  elevations  (1400—2680  m)  in 

Carol  A.  Crosby,  daughter  of  L  K.  Anderson.  central  Costa  Rica  and  from  one  locality  in  Pana- 

lllustrotions.      Crosby  (1976).  figures   1-5.  ma. 
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Figure  6.     Rhynchostegiopsis  costaricensis.  — a.  Portion  of  stem. I).   Leaves  with  and  without  leaf  gemmae. 

c. 

Leaf  apex.  — <|.  A  leal"  gemma.  — e.  Median  cells.  — f.  Leal  margin,  (a.  c-e:  Morales  38,   US;  b,  I:  Crosby  9754.   MO.) 

Selected  specimens  examined.  COSTA  |{|C  \.  Carta-  a|)()Ve%  s|lort_  (()  Long-acuminate;  margins  entire  he- go:  Dos  Arnigos,  2(M)  in.  Crosby  &  Crosby  5957  (MO).  ,  ,  ,  V  .  .  . 
n„-„j;0.  I  ,.   v..  I, ,      .)inn         r     /      9  r     i     Anno  l,)VV-  serrulate  or  sub-entire  above;  upper  margma Mcrcma:    Las   \  deltas,  zl()0  in,  Crosby  &  Crosby  oOOo  r  '  ^ 

(MO).  San  Jose:    17  km  SK  of  Kl    Kmpalme,  2650  in.  rrlls  not  or  slightly  larger  than  median  cells,  50- 
Crosby  10861  (MO).  PANAMA.  Chiriqui:  Cerro  Colorado,  00  X  6-11    |xni:  median  cells  long-linear  to  long- 
I  KM)  m,  Antonio  WA2  (MO). 

3.   Kliviichosle<:iopsis  costaricensis  II.   Rob.  ei 

hexagonal.  90-155  X  8-15  (jliu;  basal  cells  usual  I  > 
shorter  and  broader  than  median  cells,  65-1  10  X 

20-40  |JLtn,  sometimes  differentiated  in  2-4  rows  or 
l).(;.Grimn.Phytologia:«):281.  PJ75.TYPE:  a  triangular  patch  at  base  of  leaves  in  association 
Costa  Rica.  Aluju.-la:  Parque  Nacional  Volcan  wiln  |eaf  gemmae,  differentiated  cells  thick-walled. 
Pods,  Chma  forest,  K  rim  of  crater,  2450  m,  3  Asexuat  reproduction  frequent,  leaf  gemmae  clus- 
Sep.  197.},  I).  G,  Griffin,  III  92  (holohpe.  IS!:  „,,.,.,,  a(  ,)aS(1  of  leaf  on  ,|orsa|  s|1|.,a(,.  ofupper  8lem i  so  type,  KLAS  not  seen).  Figure  6. 

Plants  small   to  medium,  pale  yellow  to  yellow- 

green;  forming  sparse  mats.  Stems   10—10   X    1-2 

leaves,   prominent,  dark   reddish  at   hast4,  hyaline. 

fragile  above,  8-15  cells  long.  Peiigonia  not  seen. 
Perichaetia   lateral,  leaves  0.7-1.2  mm.  short-  or 

mm,  often  fragile,  creeping,  infrequently  sub-pin-       long-acuminate  from  an  ovale*  base,  apices  erect  to 
nately    branched.    Leaves    not    much    differentiated adi 

lat 

spreading,  margins  serrulate  to  sub-entire.  Setae  0 

when  dry,  sometimes  folded  when  wet,  erect  25  mm.  smooth,  reddish  to  dark  red.  Capsules  in- 

spreading,  sometimes  slightly  complanale  or  falcate  clined;  urn  ovoid-cylindrical.  1-2  X  1  mm;  annuli 
will i     leal    apices    pointing    to    substrate,    distant. not  seen;  opercula  long-rostrate,  1.2  mm;  exostome 

slightly  dimorphic,  ovate  to  ovate-lanceolate,  1.0-  teeth  350-500  u_m.  Calyptrae  1.6-3.0  mm.  Spans 
2. 1    X   0.  I— 0.0  nun,  leave's  concave  below,  plane       not  seen. 
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Etymology.      Named  after  Costa  Rica,  the  coun- 

try of  the  type  collection. 

Illustrations.      Robinson  and  Griffin  (1975). 

Selected  specimens  examined  HONDURAS.  Lempi- 
ra:  Parque  Nacional  de  Celaque,  2IR0  m,  Allen  11470 
(MO).  COSTA  RICA.  Alajuela:  Parque  Nacional  Volcan 
Pods,  2520  m,  Araya  et  al  81  (F,  MO,  NY,  US).  Cartago: 

Distribution.      Honduras.   Costa    Rica   (Fig.   3b).       just  SE  of  summit  of  Cerro  de  la  Muerte  ridge,  3050  m, 

Elevation  2480-3130  m. 

Ecology.  On  rotting  logs,  leaf  litter,  or  on  soil, 

less  frequently  as  an  epiphyte  on  trunks  or  twigs  ol 

living  trees. 

Discussion.  This  species  is  readily  distin- 

guished from  all  other  species  in  Rhynchostegiopsis 

when  leaf  gemmae  are  present.  The  gemmae  form 

"tufts'''  on  the  dorsal  surface  of  the  leaves  that  are 
visible  with  the  naked  eye.  Although  gemmae  pro- 

duction is  not  species  specific  in  this  genus,  their 

development  from  the  dorsal  leaf  surface  is  unique 
to  R.  costaricensis.  Gemmae  have  been  observed  at 

the  leaf  base  in  the  type  specimen  of  R.  tungura- 

g uana  (Spruce  1048,  NY),  and  in  one  other  collec- 
tion of  the  same  species  (Ramirez  9039,  Vs\  ).  In 

these  specimens  the  gemmae  were  more  loosely  ag- 
gregated and  less  well  developed  than  those  in  A\ 

costaricensis.  They  were  derived  from  the  stem  tis- 

sue* at  the  very  base  of  the  leaf  rather  than  on  the 

dorsal  leaf  surface  as  in  R.  costaricensis.  Rhyn- 

chostegiopsis costaricensis  can  be  difficult  to  distin- 

guish from  other  species  in  the  absence  of  leaf  gem- 
mae. In  size  and  habit  it  could  be  confused  with 

the  more  robust  forms  of  R.  flex uosa.  The  straight, 

serrulate  to  sub-entire  apices,  marginal  cells  that 

are  similar  in  size  to  adjacent  median  cells,  and  its 

more  ovate  to  ovate-lanceolate  leaves  distinguish  it 

from  R.  flex  uosa.  The  long-acuminate,  straight  api- 
ces, serrulate  leaf  margins,  marginal  cells  that  are 

similar  in  size  to  adjacent  median  cells,  and  the 

narrow  median  cells  are  similar  to  some  specimens 

Crosby  9789  (MO).  Heredia:  SW  slopes  of  Yolcan  Barba, 
2500  ....  Crosby  13128  (MO).  San  Jose:    10  k...  NW  of 
summit  at  La  Ascension,  3130  m,  Crosby  &  Crosby  61/7 

(MO). 

4.  Rhynchostegiopsis  flexuosa  (Sull.)  Mull.  Hal.. 

INuovo  Giorn.  Bot.  Ital.  n.s.  4:  163.  1897.  Hyp- 

num  flexuosum  Sull.,  Proc.  Amer.  Acad.  Arts 

5:  288.  1861.  Leucomium  flexuosum  (Sull.) 

Mitt.,  J.  Linn.  Soc,  Rot.  12:501.  1869.  TYPE: 

Cuba.  Locality  not  indicated,  1 1856B58|  C.  //. 

Wright   1 12  (holotype.  Fll   not  seen;  isotypes. 

BM!,  H-BR!,  NY!).  Figure  7. 

Rhycbostegium  enpressinnm   Resell.,  Mem.  Soe.  Sei.  Nat. 

Cherbourg  16:  250.  1872.  Rhynchostegiopsis  cupres- 
sirui  (BVseh.)  Cardot,   Rev.   Bryol.  38:    101.    1911. 

TYPE:  "Mexico.  Cordova;'  C.  Salle  s.n.  (Salle  in 
herb.  Deeaisne)  (holotype,  PC  not  seen  [in  herb,  ol 
Decaisne]:  isotypes,  BM!,  NY!). 

Leucomium  serratum  Beseh.,  J.  Rot.  (Morot)8:  170.  1894. 

Rhynchostegiopsis  serrata  (Resell.)  Rroth.,  in  Engl.  & 
Prantl,  Nat.  Pflanzenfam.  1(3):  948.  1007.  TYPE: 

"Guadeloupe.    Route  du  Gommier,  sur  les  troncos 

pourris."  Ed.  Marie  652  (leetotype.  designated  here. 
RM!:  isolectotype,  NY!).  Ed.  Marie  f)64  (svntvpes. BM!,  NY!) 

Vesicularia  auricolor  Mull.  Hal.,  Bull.  Herb.  Boissier  5: 

211.    1807.  Rhynchostegiopsis  auricolor  (Miill.  Hal.) 
Rroth..  in  Kngl.  &  Prantl.  Nat.  Pflanzenfam.  (ed.  2) 

11:  263.  1025.  TYPE:  "Guatemala.  Aha  Verapaz: 

Pansamala,  M)  Jan.  1886,"  H.  r.  Tilrckheim  s.n.  (ho- 
lotype, H-BR!;  isotypes.  RM!.  NY!). 

Plants  small  to  medium,  bright  green  to  yellow- 

green,  growing  in  compact  or  thin  mats.  Stems  10— 
30(— 10)   X    1—3  mm,  often  fragile,  creeping,  irreg- 

of  R.  tunguraguana.  These  two  species  can  be  dif-      ularI)  (((  sui>_|)iniiateiy  branched.  Leaves  spreading 
to    erect-spreading,    somewhat    complanate-foliate, 

falcate,  or  faleate-secund,  often   with   leaf   apices 

ficult  to  separate  based  on  these  characters  alone. 

The  leaves  in  K.  costaricensis  are  more  distant  on 

the  stems  and  are  smaller  with   shorter,   narrower       poinljng    downward,    usually    crowded,    sometimes 
median  and  upper  marginal  cells. distant,  variously   to  not   folded   when   dry   or  wet. 

One  feature  that  occurs  sporadically  in  speci-  SOrnetimes  slightly  dimorphic,  lanceolate  to  oblong- 
mens  of  It  costaricensis  is  the  presence  of  an  area  lanceolate,  1.0-2.5  X  0.2-0.6  nun.  plane  or  slightly 
of  differentiated  cells  at  the  base  of  the  leaf.  These  (.OIM.aVe  below,  plane  above:  apices  gradual!)  long- 
differentiated  cells  are  broader  and  longer  with  acuminate,  flexuose;  margins  entire  below,  sharply 
much  thicker  walls  than  the  cells  in  other  leaves  serrate  to  serrulate  above,  upper  marginal  cells 
in  the  equivalent  position.  These  differentiated  larger  than  median  cells,  100-150  X  18-25  |±m: 

cells  are  found  in  2-4  rows  or  as  a  triangular  patch  median  cells   long-linear  to  long-hexagonal,    100- 

at  the  leaf  base.  This  "patch**  of  cells  is  described  130    X    12-20    |xm;    basal    cells    long-hexagonal, 
in    more   detail    by    Robinson   and   Griffin   (1975).  shorter  than   median  cells,  62-82    X    15-17   (xm. 

These  differentiated  cells  are  found  on  leaves  that  Asexual   reproduction    unknown.    Perigonia    lateral, 

have  leaf  gemmae,  but  they  can  often  be  found  on  leaves   similar  to   periehaetial   leaves.   Perichaetia 

leaves  even  if  gemmae  are  not  present.  Sporophytes  conspicuous,  leaves  lanceolate,  0.7-1.5  mm.  apices 

are  not  common  in  these  specimens,  but  they  have       long-acuminate,   spreading,   usuaiiv 
(1 
exuose.   mar- 

been  found  in  species  that  also  have  leaf  gemmae. gins  serrate  to  sub-entire.  Setae   10—30  nun.  dark 
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Figure  7. Rhynehostegiopsis  flexuosa.  — a.  Portion  of  stem.  — 1>.  A  selection  of  leaves.  — c.  Leaf  apex.  — d.  Leaf 
:  Wright  1121.  IW.  isotype;  l>:  Wright  1 12.  KM.  isotype,  Price  fUL  MO.  Alien  11959, margin.  — e.  Median  cells,  (a. 

MO,  Buck  7909,  ̂ Y,  Pringle  10481,  UM.) 

reddish    to  orange,   smooth   or  sometimes  slightly  Ecology.      On  (alien,  decaying  logs,  tree  trunks 

roughened  just  below  urn.  Capsules  inclined  to  pen-  or  exposed  roots  of  living  trees,  and  less  frequently 
dent;  urn  cylindrical,  0.8-1.3  X  0.4-1  mm;  annuli  on  soil. 

2-5  layers  of  thin-walled  cells,  deciduous;  opercula  Discussion.   The  typical   form  of  this  species  is 
long-rostrate,   1.0-1.2  nun;  exostome  teeth  300-325  distinct  in  its  long-acuminate,  often  sharply  serrate. 
(xm.    Calyptrae    1 .0-1.0    mm.    Spores     11-15 
diam. 

(Jim Etymology.      Derived  from  the  Latin  "Jlcxuosus," 
meaning  bent  alternately  in  opposite4  directions  in 
reference  to  the  distinctive  leal  apices. 

flexuose  leaf  apices,  and  lanceolate  or  oblong-lan- 

ceolate leaves.  The  typical  form  has  upper  marginal 

cells  that  are  wider  and  slightly  longer  than  the 

adjacent  median  cells.  These4  cells  form  what  ap- 

pears to  be  a  border  of  enlarged  cells  along  the 

ores    288-292;    Welch    (1972),    figures    261-267; 

Illustrations.       Bartram  (1040),  figure  143;  Crum       "PP^r   leaf  margins.   Rhynehostegiopsis  flexuosa    is 

and   Bartram  (1958),  figure  620;  Welch  (1966),  fig-       commonly  found  with  sporophytes.  even  though   it 

is  dioicous.  The  typical  form  of  R.  flexuosa  is  most 

likeh  to  be  confused  with  Leacomium.  It  is  similar 

Distribution.      Mexico.  Central  America,  the  Ca-       in  habit  to  Leueorniutn  strumosum.  hut  the  serrate 

ribbean,  and  South   America  (Colombia)  (fig.  3a).        margins   of  R.   flexuosa   distinguish    these   species. 

Both  species  are  similar  in  habit  to  some  members 

Ruck  (1998),  plate  37. 

Klevalion  200-2850  m. 
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of  the  Hypnaceae,  such  as  Vesicularia,  but  the  ab-      of  setae  was  observed,  particularly  in  specimens 

sence  of  pseudoparaphyllia,  undifferentiated  alar      that  weir  depauperate.  Type  material  of  Leucomium 

cells .  ii le two-celled    axillary    hairs,    and    distinct       serratum   was  sterile,  thus  sexual   condition  could 

stem  anatomy   are  characters  that  align   them   in-       not   he  determined.    In  all   other  characters  these 

stead   with    the    Hookeriales   and/or  the    Leucomi-       plants  were  identical  to  R.  flexuosa.  Welch  (1972) 
aceae. considered  material  of/?,  serrata  from  Guadeloupe. 

Within  the  genus  Rhynchostegiopsis  it  is  difficult       Marie  052,  664  (BM,  NY),  and  St.  Vincent,  Morton 

to  confuse  the  typical  form  of  R.  flexuosa  with  any fi 

of  the  other  four  species  because  of  its  small,  nar-  of  their  smaller  size,  serrate  rather  than  sharply  sor- 

row, lanceolate  leaves:  sharply  serrate  leaf  margins;  rate  upper  leaf  margins,  and  less  flexuose  leaf  api- 
ces. However,  none  of  these  characters  support  R. II 

ong-aeummate,  llexuose  leal  apices.  However, 
f .  H and  1 

R.  flexuosa  is  the  most  common  and  variable  of  the      serrata  as  a  separate  taxon. 

species  in  Rhynchostegiopsis.  Variability  is  found  in 

plant   size,   leaf  size,   leaf  shape,  apex   length,  the 

size  of  serrations,  and  the  degree  to  which  the  apex 

is  flexed.  A  rather  confusing  degree  of  variation  is 

seen  in  a  group  of  Central  American  specimens, 

mainly  from  Honduras  and  Belize.  These  plants 

have  various  combinations  of  the  following  char- 

acters that  are  different  than  the  typical  form  of  R. 

flexuosa:  almost  straight  apices;  short  apices:  only 

slightly  serrate  leaf  margins;  marginal  cells  similar 

in  size  to  the  adjacent  median  cells;  or  larger  more 

ovate  leaves.  These  specimens  are  often  larger  than 

the  more  typical  forms  of  R.  flexuosa,  instead  being 

more  similar  in  size  to  plants  previously  known  as 

R.  lutescens  (=  R.  tunguraguana).  It  is  difficult  to 

break  down  character  variation  seen  in  these  plants 

in  any  informative  way,  since  specimens  that  differ 

in  one  character  can  be  typical  for  all  others.  Kor 

example,  a  specimen  of  R. flexuosa  may  have  small. 

narrow,  lanceolate  leaves,  marginal  cells  that  are 

well  developed,  and  serrate  leaf  margins,  but  with 

apices  that  are  either  non-flexuose  or  approach  the 
short-acuminate  form. 

In  this  work,  Rhynchostegiopsis  auricolor,  R.  cu- 

pressina,  and  R.  serrata  remain  in  synonymy  with 

R.  flexuosa.  The  species  Rhynchostegiopsis  aurico- 

lor,  first  described  as  Yesicularia  auricoloi\  was  con- 

firmed  as   being  R.  flexuosa.    Plants  from   Mexico. 

previously  named  Rhynchostegium  cupressina 

(Rhynchostegiopsis  cupressinum).  including  the  type 

specimen    (Salle   s.n..    BM.    NY)    and    a    collection 
10181  from  BM,  F,  MO. 

Selected  specimens  examined.  YIKXKK).  Chiapas: 
Pueblo  Nueva,  ca.  2000  in.  Sharp  et  al  4209  (F,  MO,  US). 

Guerrero:  M    km  N  of  El   Paraiso,  2000  in.  Thomas  & 

Contreras  3765   (NY).    Hidalgo:   Zacualtipan,   2100   m. 

Sharp  et  al.  IH72  (F).  Jalisco:  slopes  of  La  Kerreria.  drum 

1068  (F,  NY).  Oaxaea:  15  mi.  above  Valle  Naeionul, 

Sharp  et  al.  4520  (MO.  F).  San  Luis  Potosi:  W  of  Xili- 
tila,  <a.  1200  in.  Sharp  5960  (US).  Veracruz:  Agua  de 
la  Calabaza,  1800  m.  Juarez  1 010  (MO).  BKLIZE.  Cayo: 

Doyle's  Delight.  1098  in,  Allen  15122  (MO).  Toledo: 
Southern  Mava  Mountains,  1000  in,  Allen  15464  (MO). 

GUATEMALA.  Alia  Verapaz:  Samac,  ca.  I  KM)  in.  John- 
son  794  {\\.  IS).  Baja  Verapaz:  along  dirt  road  4  mi. 

NK  of  Purulha.  1500  in,  Croat  41305  (MO).  Chinialten- 

ango:  slopes  of  Volcan  Acatenango,  2400-2700  m.  Stan- 
dley  0/313  (F.  MO).  Iluehueteiiango:  Siena  <le  los  Cu- 
ehumatanes.  1500  in,  Steyermark  20056  (MO). 

Que tzal t enango :  Volcan  de  Zumil,  2850  in,  Standley 

04441  (MO).  San  Marcos:  Kl   Porvenii   near  Volcan  'la- 

made  by  Pringl e  (Pringle 

jimuileo.  1  100  m.  Sharp  5372  (MO).  Suchitepequez: 

Volcan  Santa  Clara.  1250-2650  in,  Steyermark  46711  (F). 

Zacapa:     Rfo    Sito    Nnevo.    1500-1800    m,    Steyermark 
43226  (K  NY).  KL  SALVADOR.  Santa  Ana:  trail  to  die 

top  of  Monte  Cristo.  ca.  2300  in,  Watson  ES-0022  (MO). 
HONDl  R AS.  Atlantiila:  Laneelilla  Valley,  200-600  in. 

Standley  54033  (8\1.  K  NY.  US),  (oniavagua:  San  Jnan- 
illo.  1700-2000  in.  Uesner  20H10  (MO).  Copan:  Kl  Za- 

pote,  00081000  in.  Allen  \776H  (MO).  Cortes:  summit  of 
Cerro  Cantiles,  1600-2000  in.  Allen  14198  (MO).  Fran- 
eiseo  Morazan:  Cerro  de  I  \  nea.  1600  in.  Standley  4805 

(K.    MO).    La   Paz:    Las  Trances.   2000-2  KM)   in.   Liesner 
26479  (MO,  NY).  Lempira:  Montana  de  Claque,  2040  in. 

Allen  11203  (MO.  NY).  Olancho:  La  Muralla  Biological 
Keserve.  I  115  m.  Mien  12497  (MO).  Santa  Harbara:  K 

slope  of  Ml.  Santa  Barbara,  2220-26 10  m,  Allen  11032 

(M0).  Yoro:  Cordillera  Nomine  de  Dios.  ea.  3(K)-400  m. 
Allen  133015  (MO).  NICARAGUA.  Jinotega:  N  slope  of 

Volcan  Yali,  1200-1  100  m.  Stevens  &  Grijalva  15205 

(MO).  COSTA  RICA.  Alajuela:  Viento  Kreseo,  1600- 
1000  m,  Standley  &  Torres  47377  (US).  Cartago:  Kl  Mu- 

NY,  US),  have  slightly  more  ovate  leaves  with  short- 

er, non-flexuose  apices  than  the  typical  lorm  of  R. 
a  t  i      r         •    .•  !?•       via     ii/il4rovat,  neeo,    MOO  m,  Standley  33697  (NY ,  US),  Cuanaeaste: 
flexuosa    see  leal   variation   in   rig.    <l>).   However,  •  \  , 

•       i        ii  i  i      (  I'arque  Naeional  de  Ouanacasle,  700  in,  Chavez  73  (MO). 
their  median  cells,  marginal  cells,  and  serrate  leal  Her(M,ia.  Porrosati   \rva.  225()  m,  Crosby  &  Crosby  602/ 
margins  are  typical  of  R.  flexuosa.   supporting  the  (MO).  San  Jose:  San  Maria  de  Data,  L800  m,  Standley 

synonyniv  oi I  R.  cupressina  with  R.  flexuosa.  Rhyn-  42934b  (IS).  PANAMA.  Boras  del  Torn:  on  hwy.  to 
chosteeionsis  serrata,  first  described  as  Leucomium 

°l 

Chiriquf  Grande,  250-300  m,  Allen  5542  (MO).  Cbiriqui: 
Volcan  Ham,  1750-1000  m.  Almeda  6/97  (MO).  Darien: 

Cana.  800-1200  in.  Allen  3343  (MO,  NY).  CUBA.  Loeal- 
serratum.  was  differentiated  from  R.  flexuosa  by  its 

autoicous  sexuality  and  short  seta  length  (Brother-  h^7ot '^  &  113  (BM,  NY).  Potosi: us,  1907).  The  setae  of  R.  flexuosa  are  character-  Monte  Torn,  Wright  173  (MO).  San  Juan:  San  Juan,  llior- 

isticallv  long,  but  a  degree  of  variation  in  the  length  am   12539  (MO).  JAMAICA.  St,  Thomas:  Cuna  Cuna 
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Eigure  8. Rhynchostegiopsis  tunguraguana.  — a.  Portion  of  stem.  — b.  Leaves.  — c.  Leal  apices. 
d.  Leal  margin. 

— e.  Median  cells,  (a.  c-e:  Spruce  10  Hi.  NY.  Iiolotype;  In  Lewis  83-710,  LPB,  Britton  1 1 12.  NY.  Spruce  1048,  NY, 
loloh  pe.) 

Trail.  Maxon  &  KUlip  l&i  (RM.  I.  NY,  US).  DOMINICAN 
REPUBLIC.  I,ii  Vega:  Conslanza.  ca.  1500  m,  Buck  7lM)9 
(NY).  TRINIDAD.  Locality  not  indicated.  Crugers.n.  (RM. 
M  ).  IM  ERTO  RICO.  Liu  Piedras:  II  Toro,  MM)  550  in. 
Price  Hiil  (MO).  CUADELOUPE.  Localitj  no!  indicated. 
Hooker    190    (NY):    Route    dn    Oommier.    sin     les    tremens 

pourris,  Erf.  1/nnc  667  (syntypes  of  A.  serratuni.  RM!. 
NY!).  DOMINICA.  Morne  Micotrin,  ca.  1000  m,  Elliot 22 
(RM).  ST.  VINCENT.  Cumberland  River.  400-600  m. 
Morion  ).)66  (IS).  COLOMBIA.  Meta:  Villavicencio, 
765- 1 080  m,  Sfeere  767 /  (MO.  NY). 

Rhynchostegiopsis  complanatu  Mull.   Hal..  Nuovo  Ciorn. 
Bot.  I  tell.  n.s.  4:  163.  1807.  No  specimen  cited. 

I  ̂  PE:  Bolivia.  Rased  on:  "Cochaba m I >a :  prope  Cho- 

(juecamata.  June  WW)."  I*  Germain  II 17  (leelohpe, 
here  designated,  NY!;  isolectotvpe.  II-RR!). 

Rhynchostegiopsis  lulescens  E.  Rritton.  in  Broth,,  in  Engl. 
&  Prantl.  Nat.  Pflanxenfam.  (ed.  2)  II:  263.  1925. 

No  specimen  cited.  TYPE:  Jamaica.  Rased  on:  "St. 
Andrew:  Slopes  of  Sir  John  and  summit.  Rlue  Moun- 

tains, 5  Oct.   1908,"  E.  G.  Button  1142  (holotype, 
NY!:  isotypes.  RM!.  II-RR!);  see  Crum  <.\    Rartram 

(1058). 
5.    Khyneliosle-iopsis   tungiiaraguana   (Mill.)       Rhynchostegiopsis  plani/olia  II.  A.  Crum  &  E.  B.  Rartram, 

Roll.  Inst.  Jamaica  8:  55.  1958.  Norn,  illeg.  incl.  sp. 

prior.  T^  PE:  "Jamaica.  St.  Thomas:  Terrestrial,  moist 
hank  in  montane  rain  forest,  6000  ft.,  Blue  Mountain 

Peak  hack,  16  \)cc.  1951,"  R.  G.  Robhins  89  (ho- 
lotype,  Ell   nol  seen;  isot)  pe.  I  S!). 

Plants    medium    to    large,    robust,    pale    vellow- 

green    to   golden;    forming   dense    to   sparse    mats. 

Broth.,  in   Engl.  <JC    Prantl.  Nat.   Pnanzeniam. fi 

1(3):  1235.  1909.  Stereodon  tunguraguanus 
Mitt.,  J.  Linn.  Soc.,  Bot.  12:  534.  1869.  TYPE: 

Ecuador.  "Andes  Quitensis,  in  monte  Tungur- 

agua  supra  paguni  Puela,  6000  ped,"  l\.  Spruce 
1048  (holotype,  N\!;  isotypes.  RM!.  H-BR!). 
Figure  8. 
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Stems  35-70(-l()0)  X  2-5  mm,  stems  sometimes  he  found  exclusively  in  R.  costaricensis.  The  ̂ 'in- 

fragile,  creeping  or  spreading,  infrequently  sub-  mae  in  R.  tunguraguana  are  more  loosely  arranged. 

pinnately  branched.  Leaves  slightly  folded  when  much  shorter,  and  less  well  developed  than  those 

dry,  folded  when  wet,  complanate  to  spreading,  of-  seen  in  R.  costaricensis;  see  discussion  under  R. 

ten  falcate  with   leaf  apices  pointing  to  substrate,  costaricensis  (Figs.  6,  8). 

usually  crowded,  slightly  dimorphic,  ovate  to  ovate-  Examination  of  plants  from  the  Caribbean.  Cen- 

lanceolate.  1.7-4.6  X  0.7-1.6  mm.  leaves  concave  tral  America,  and  South  America  revealed  a  pattern 

below,  plane  above;  apices  short-  or  long-acumi-  of  continuous  character  variation  in  R.  lutescens,  R. 

nate,  sometimes  flexuose;  margins  entire  below,  ser-  complanata,  and  R  tunguraguana.  Plants  from  Ja- 

rate  to  serrulate  above;  upper  marginal  cells,  not  or  maica,  the  Dominican  Republic,  and  Central  Amer- 

slightlv  larger  than  median  cells.  50-200  X  6-20  ica.  previously  known  as  R.  lutescens.  often   have 

to  8  cells  long.  Perigonia   lateral,  inconspicuous. 

|xm;  median  cells  long-linear,  52-288  X  8-37  |xm;  shorter,  more  sharply  serrate  leaf  apices  than  the 

basal  cells  usually  shorter  and  broader  than  median  South   American  plants.  However,  they  are  similar 

cells,  52-157  X    17-40  (Jim.  Asexual  reproduction  in  all  other  characters  to  R.   tunguraguana.   The 

infrequent,  gemmae  at  base  of  leaf,  not  prominent.  name  R.  lutescens  had  been  previously  placed  im- 

slightlv  orange  colored  at  base,  hyaline  above,  up  der  the  synonymy  of  R.  tunguraguana  (Crum,  1994; 

Buck.   1098),  which  is  upheld  in  this  work.  Plants 

Perichaetia  lateral,  conspicuous,  leaves  0.7-1.9  from  Bolivia,  earlier  identified  as  R.  complanata, 

mm,  short-  or  long-acuminate  from  an  ovate  base,  have  very  long-acuminate,  sometimes  flexuose  leal 

apices  serrulate  to  sub-entire.  Setae  20-25  mm.  apices,  and  marginal  cells  that  form  a  border.  Their 

smooth  reddish  to  dark  red.  Capsules  inclined:  urn  long-acuminate,  sometimes  flexuose  leaf  margins 

ovoid-cylindrical,  2-2.5  X  0.5-1.4  mm;  annuli  not  arc  similar  to  those  of  R.  flexuosa.  but  their  much 

seen;  opercula  long-rostrate,  1.5  mm;  exostome  teeth 

500-600  (Jim.  Calyptra  3.8  mm.  Spores  12-19  |xin  from  this  species.  In  all  other  characters.  R.  com- 

planata falls  within  the  variation  ol  l\.  tunguragu- 
ana and  is  maintained  in  synonymy  of  it. 

There  has  been  some  confusion  over  the  validity 

and   use  of  the  names  Rhynchostegiopsis  lutescens 

larger  size  and    larger  leaf  cells  distinguish   them 

liam. 

Etymology.      Derived  from  its  collection  locality 
in  K cua dor. 

Illustrations.      Crum   (1994),   figure   630;   Chur-       an(|  r  planifolia  (Welch,  1971).  Rhynchostegiopsis 
hill  and  Linares  (1995).  figure  119;  Buck  (1998).       lutescens  was  published  with  a  minimal  description 

cm 

plate  36. 

Distribution.      Mexico,  Central  America,  the  Ca- 
by   K.  G.   Britton  in   Brotherus  (1925).  This  name 

was  incorrectly  cited  as  being  a  nomen  nudum  by 

ribbean,    and    South    America    (Fig.    2).    Klevation  Crum  and   Bartram  (1958),  who  placed  it   in  syn- 

600-3450  m.  onymy  of  their  newly  described  R.  planifolia.  In  the 
Ecology.      On  roots,  trunks,  or  branches  of  living  herbarium  at  The  New  York  Botanical  Garden,  the 

trees,  rotting  logs,  leaf  litter,  and  moist  shaded  ter-  specimen  Britton   1 142  ascribed  to  R.  lutescens  in- 
restrial  habitats  such  as  road  banks,  ravines,  and 

Irainage  ditches. ( 

Discussion.  This  species  is  best  distinguished  by 

eludes  a  lengthy  description  of  this  species  and  il- 
lustrations of  the  plant  by  E.  G.  Britton,  presumably 

intended  for  publication.  Although  no  type  was  ch- 
its habit  with  complanate,  leafy  stems,  and  leaves  e(|    for    this    species    in    the    original    publication 

with  apices  that  often  point  downward.  The  leaves  (Brother us.  1925).  this  specimen  has  been  consid- 

of  R.   tunguraguana   are  ovate  to  ovate-lanceolate  ered  to  be  the  type  based  on  the  presence  of  the 

ilh  either  gradually  long-  or  short-acuminate  api-  unpublished  manuscript  with  the  herbarium  sheet 
ces.  Larger  specimens  of  R.  tunguraguana  may  be  (Crum   &    Bartram,    1958).   The   description   of  R. 

confused  with  R.  caroiae,  but  they  can  be  separated  planifolia  by  Crum  and  Bartram  (1958)  was  based 

by  their  leaf  apices,  more  crowded  leaves,  length  on  some  of  the  same  specimens  that  had  been  e\- 
of  median  cells,  and  the  size  of  marginal  cells.  Only  amined   by   E.   G.    Britton,   including  the   putative 

one  calyptra  of/?,  tunguraguana  was  seen  during  type  (Britton  1 142.   NY)  and  two  other  specimens 

this  study,  Churchill  &  Sastre  de  Jesus  12999  (NY),  from  Jamaica  (Nichols  179  &  184,  both  NY),  which 

and  it  was  longer  than  the  calvptrae  seen  in  spec-  were  then  included  in  the  protologue  of  R.  plani- 
linens  o f  R. caroiae. I n ie  c 

alyptra  ol   A*,   tungura-  folia.  The  description  ol  /\.  planifolia  incorporated 
guana  was  3.8  mm.  while  those  seen  in  R.  caroiae  parts  taken  from  the  unpublished  manuscript  ol  K. 

were  up  to  2  mm  in  length.  Rhynchostegiopsis  tun-  Britton  (Crum  ik  Bartram.  1958).  Although  R.  plan- 

guraguana   has    been   found    with    gemmae   at    the  ifolia  was  based  on  a  different  type  specimen  (Rob- 

base  of  the  leaf,  a  character  previously  thought  to  bins  H9n  FH,  US)  it  is  an  illegitimate  name  because 
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it  included  die  valid  prior  name4  R.  lutescens.  Welch 

(I97I)  used  the  name  R.  planifolia  based  on  the 

assumption  that  R.  lutescens  was  not  validly  pub- 

lished, because  it  lacked  a  Latin  diagnosis.  How- 

ever, a  Latin  diagnosis  was  not  required  at  the  time 

o(  publication  of  the  original  article.  Wijk  el  al. 

(1967)  correctly  treated  the  name  R.  planifolia  as 

an  illegal  name. 

Selected  specimens  examined.       VI  K\  l( i( ).  ( hixaoa:  S  of 

Yallc  Naeional.  ca.  3000  m,  Whitternore  1889 A  (MO).  BE- 

LIZK.  Toledo:  Columbia  River  Forest  Reserve,  6(H)— 700 

m,  Allen  18539  (MO).  COSTA  RICA.  San  Jose:  Las  Nu- 

hes,   Wendland  s.n.   (BM,   NY).   HONDURAS.   Francisco 

Mora/an:  LI  Parque  Nacional  la  Tigra,  2000  m,  Allen 

12308  (MO).  Lempiru:  Montana  de  Celaque,  2250  m. 

Mien     12219    (MO).    Ocotepeque:    Nueva    Oeolopoque, 

2000-2180  in.  Allen  1 1452  (MO).  Olancho:  Montana  Ba- 

hilonia,  Allen  12713  (MO).  JAMAICA.  St.  Andrews  Sir- 
John  Leak.  Nichols  179  &  184  (NY).  St.  Thomas:  Blue 

Mountains,  Morce's  Cap,  Mclwls  37  (RM).  DOMINICAN 
RLPt  RLIC.  La  Vega:  La  Nevera.  2100  in,  Buck  5395 

(NY).  VKNL/DLLA.  Trujillo:  Paramo  de  Guaramacal, 

2800  in.  Dorr  et  al.  50.11  (NY).  COLOMBIA.  AnUoquia: 

\lto  tie  RogueitSn,  2800-3000  m,  Churchill  et  al   14255 

(MO).  Caueu:  Cerro  Munehique,  2300-2555  m.  Churchill 
&  Hetancur  18150  (MO.  NY).  Vlajrdaleiia:  Rio  Buritaca, 

2700  in,  Cleefet  al.  302  (MO).  Nariiio:  Alto  Zapallureo, 

3250  in.  Ramirez  &  Salas  10803  (MO).  Puliiiiiavo:  Re- 

son  a  Natural  La  Rejoya,  2750  in,  Ramirez  10205  (MO). 

ECUADOR.  Carchl:  La  Ksirellita.  3300  m.  Dorr  &  Har- 

nett 6149  (NY).  Chimhorazo:  Puela,  1850  m.  Spruce 

1018  (RM.  NY).  Imbabura:  Lago  San  Marcos,  3150  m. 

Cazalet  &  Bennington  52  (NY).  Loja:  Cajanuma,  2800  in. 

Laegaard  X    Luzano   18518  (MO).   Napo:  Guagra  Lien. 

2800   m.   Ilolm-Melsen  et  al.   27339  (MO).   Sucumhios: 

San  Gabriel,  21501-2615  m.  Steere  9/33  (NY).  ROLI\  I  A. 
(lochahamha:  Rio  Toeorani,  2200  m.  Ilerzog  1025  (RM. 

MO.  NY).  La  Paz:  Chusipata,  ca.  2950  in.  Lewis  83-710 

(LPB). 
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NY)  (5),  12990-h  (MO,  NY)  (5).  12999  (NY)  (5);  Churchill 
el  al.  14255  (H.  MO.  NY,  US)  (5),  14263  (NY)  (5):  Cleef 
el  al.  302  (MO)  (5):  Clement  14535  (NY)  (4):  Clements 

14  (NY)  (I):  Cook  &  Criggs  93  (NY,  US)  (4);  Croat  41305 

(MO)  (4),  43391  (MO)  (4);  Croshy  2840  (MO)  (4).  3203 
(DUKE.  MO)  (4).  3415  (DUKE,  MO)  (5),  3420  (MO)  (4). 
3517  (1)1  KK,  MO)  (5),  3989  (MO)  (4),  3701  (MO)  (2), 

9754  (MO)  (3).  9761  (MO)  (2),  9760  (MO)  (2),  9780  (MO) 
(3),  98.00  (MO)  (5),  9928  (MO)  (4),  9980  (MO)  (4).  10109 
(MO)  (4).  10300  (MO)  (4),  10801  (MO)  (2),  10932  (MO) 
(2),  13128  (MO)  (3),  13142  (MO)  (2),  13771  (NY)  (4), 
13793  (NY)  (4);  Croshv  &  Croshy  5849  (1)1  IKK,  MO)  (4), 
5957  (MO)  (2),  6005  (MO)  (2),  6117  (l)UKK.  MO)  (3), 
6604  (MO)  (3),  6608  (MO)  (2),  8507  (MO)  (4),  5830  (BM. 
1)1  KK.  MO.  NY)  (2),  5800  (MO)  (4).  0021  (MO)  (4).  8523 

(MO)  (2):  Criiger  s.n.  (NY,  BM)  (I):  Cum   1008  (K  NY) 

(1). 

AlM'KM)l\    I 

LIST  OF  Sl'KCIKS 

1.  Rhynchostegiopsis  brasilicnsLs  Brolh. 
2.  Rhynchostegiopsis  carolae  Crosln 
3.  Rhynchostegiopsis  costaricensis  II.  Boh.  &  I).  O.  Griffin 
I.  Rhynchostegiopsis Jle.xuosa  (Sull.)  M till.  Hal. 
5.  Rhynchostegiopsis  tunguraguana  (Milt.)  Broth. 

I\I)K\  TO  SIT.CIMKNS  LVWIINLI) 

Specimens  examined  are  listed  below  alphabetically  by 
collector.  Records  include  collection  number  and  herbar- 

ium Locations  for  each  specimen.  The  species  is  indicated 
by  a  number  in  parenlheses  corresponding  lo  the  number 
in  the  last  of  Species. 

Aeuna  450  (DUKK)  (4),  452  (I)UKK,  NY)  (4);  Allard 
18024  (US)  (4),  18753  (NY)  (4);  Allen  5542  (MO)  (4). 
5820  (MO)  (I),  8843  (MO,  NY)  (4),  8809  (MO)  (1).  1  1041 

(MO)  (4),  11043  (MO)  (4),  11051  (MO)  (4).  11051  (MO) 

(5),  1 1001  (MO)  (5),  1  1067  (MO)  (5),  1 1068  (DUKE,  MO.       I  ')•  ()i'>»  »'*M)  (4),  1983  (BM)  (4). NY)  (5),   11072  (MO)  (4),  11081   (MO)  (5).  11209  (MO) 

Davidse  &  Zuniga  34700A  (MO)  (4);  Delgadillo  1257 

(MO)  (4);  Dorr  &  Ban.elt  0149  (NY)  (5):  Dorr  et  al.  503  I 
(NY)  (5):  Duncan  s.n.  (MO)  (4);  Duss  394  (NY)  (4). 

Elliol  7a  (BM)  (4),  8a  (BM)  (4).  22  (BM)  (  I).  09e  (BMi 

Germain    1147  (H-BB,  NY)  (5):  Griffin  el  al.  92  (US) 

(4).  11263  (MO,  NY)  (4).  11267  (MO)  (1).   11309  (MO)       (•'*)• (4),  11315  (MO)  (4),  11373  (MO)  (4),  11371  (MO)  (4). 
1  1377  (MO)  (4).  1 1392  (MO)  (4),  I  1404  (MO)  ( 1).  1 1421 
(MO)  (4).  1 1470  (MO)  (3),  11525  (MO)  (4).  1  1520  (MO) 
(4).  I  1015  (MO)  (4).  1 1632  (MO)  (4),  I  1923  (DUKK,  MO) 

Hatlaway  et  al.  1 12  (F,  MO)  (4):  Herzog  4025  (BM.  JK. 
MO.  NY.  PC)  (5):  Hiorara  11940  (BM.  F)  (I),  12539  (F. 
MO)  (4),  12699  (F)  (4),  12757  (F)  (4),  13020  (F)  (4), 

13097  (F)  (4),  13756  (F)  (4);  Holm-Nielsen  el  al.  26952 

(4).   11921  (MO)  (4),   11925  (MO)  (4).   11959  (MO)  (4),       (MO,  NY)  (5).  26962  (MO.   NY)  (5).  271  15  (MO)  (5). 

12028  (MO)  (4),  12040  (MO)  (5),  12042  (MO)  (I).  12000       27339  (MO.  NY)  (5):  Hoist  5831  (MO)  (4),  5832  (MO)  (4): 

(MO)  (5).  12004  (MO)  (5).  121  12  (DUKK.  MO)  (I).  12218 

(MO)  (4).  12219  (MO)  (5),  12259  (MO)  (4),  12285  (MO) 

Hooker  190  (NY)  (4). 

Johnson  794  (NY,  US)  (4);  Juarez  981  (MO)  (I).  1046 

(5).  12318  (MO)  (5),  12325  (MO)  (4),  12313  (MO.  NY)   (MO)  (4). 
(I).  12303  (MO)  (4),  12308  (MO)  (5),  12309  (MO)  (4). King  C9I-9I  (MO)  (4). 

12197  (MO)  (1).  12507  (MO)  (4).  12571  (MO)  (I).  12588 l.aegaard  53628H  [\\)  (5):  Laegaard  &  Uuzano  18518 

(MO)  (4),  12670  (MO)  (4),  12713  (MO)  (5).  12855  (MO)  F  (MO)  (5):  Leon  14559  (NY)  (4);  Leon  &  Clements  5476a 

(4),   12869  (MO)  (4),   13615  (MO)  (4),   13618  (MO)  (4),  (NY)  (4);  Lewis  83-710  (LPB)  (5),  83-715  (LPB)  (5):  l.ies- 

13775  (MO)  (4),  13791  (MO)  (4).  13792  (MO)  ( I).  13810  tier  26479  (MO.  NY)  (4),  26810  (MO)  (4):  Lyon  387  (MO) 

(MO)  (4),  13001  (MO)  (4).  13902  (MO)  (4).  1  1198  (MO)  (4),  389  (MO)  (4). 
( 1).  11199  (MO)  (4).  14200  (DUKE,  MO)  (4).  I  1320  (MO) Marie  052  (NY)  (4).  654  (NY)  (4),  00 1  (BM)  ( 1):  Maluda 

(4).   14399  (MO)  (4),   14452  (MO)  (5),   14481   (MO)  (5),       s.n.  (DUKE)  (4);  Maxon  9354  (MO.  NY)  (4):  Maxon  & 
I  1504  (MO)  (5),  14547  (MO)  (5).  15101  (MO)  (4).  15122 

(MO)  (4).  15126  (MO)  (4),  15139  (DUKE.  MO)  ( I).  15158 
Killip  160  (BM.  F.  NY,  US)  (4).  103  (BM.  F.  NY.  US)  (4): 

M(  Pherson  132511)  (MO)  (5);  Morion  7215a  (US)  (  1);  Mo- 

(MO)  (4).  15331  (MO)  (4).  15353  (MO)  (4),  15395  (MO)  rales  21429  (US)  (3):  Morales  &  Griffin  38  (MO)  (3):  Mor- 
(4),  15420  (MO)  (4),  15464  (MO)  (4),  15479  (MO)  (4),  Ion  5506  (US)  (4),  7195  (US)  (4),  7382  (US)  (I).  7395 

17329  (MO)  (4),  17580  (MO)  (4),  17581  (MO)  (4).  17730       (US)  (4),  9141  (US)  (4);  Morton  &  Ac  una  3619  (US)  (4): 
(MO)  (4),  17768  (MO)  (I),  17760  (MO)  (4),  17772  (MO) 
(I),  18527  (MO)  (4).   18539  (MO)  (5),  18597  (MO)  (4). 

Muni  II  &  Mu  nil  I  29  (NY)  (4). 

Nichols  37  (BM)  (5),  179  (NY)  (5).  181  (BM.  NY)  (5). 
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s.n.  (I)FKK)  (5);  Norris  el  al.  5ol3  (N1!  )  (5),  561  I  (NY)      52598  (US)  (4).  52898  (F)  (4).  54033  (MM.  P.  \\.  IS)  ( I). 
(5). 5101  I  (F,  IS)  (4).  01818  (MO.  F)  (I).  (.1111  (MO)  (I). 

Olson  84-49a  (MO)  ( I).  84-53  (MO)  (4);  Oicuti  7015      674  14  (F)  (4).  67150  (MO)  (5).  67458  (F)  (5),  67878  (F) 
asxi). ill.  70110a  ill  ill.  80525  1 1- 1  |  h.  85021  (K  NY.  I  S)  (  I). 

Patterson  ,K  liartrain  10  A  (NY)  (5):  Price  83  I  (MO)  ( 1).       85022  (F)  (I).  85021  (F)  (1).  85577  (F)  (4).  85926  (1)1  KK, 

830  (MO)  (I):  Pringle  10481  (8M.  P.  MO.  NY.  PS)  (4);       P)  (5),  85083  (!■')  (4),  8599}  (P.  NY)  (5).  80100  (P,  NY) 
Proctor  31252  (MO)  ( 1). (4),  91903  (P)  (4);  Standi. ■>   K   Torres    17502  (PS)  (4), 

Ramfrez  2910  [N\  )  (5).  3056  (MO)  (5).   101  18  (MO)  17653  (US)  (4).  47877  (PS)  (4):  Standlev  &  Williams  707 
(5).  10205  (MO)  (5).  10932  (MO)  (5):  Ramfrez  el  al.  9039  (P)  (I).  708a  (P)  (4);  Steere.  7668a  (N\  )  (4).  7071  (MO. 
(MO)  (5).   10381   (MO)  (5).   10105  (MO)  (5):  Ramirez  &  NY)  (1).  0133  (NY)  (5),  23073  (NY)  (5),  J-28  (NY)  ( I).  J- 

Salas  10803  (MO)  (5):  Reese  157  15  (NY)  (5);  Richards  &  80  (N^i)  (I):  Stehle  7220  (PS)  (4);  Stevens  &  Orijalva 
Sharp  7020  (P)  (I);  Mnl.l.ins  80  (PS)  (5). 

Salazar694  (NY)  (4):  Salle  s.n.  (N1!  )  (I):  Schillncr  679 
(8M)  (I).   1122  (MM.  11-810  (I).   1151  (MM.  II-MM)  (I): 

15203  (MO)  ( 1).  15205  (MO)  (4);  Slevermark  20050  (MO) 
(1).  31000  (I)PKP.  P.  MO)  (4).  33045  (p)  (I).  33010  (P) 
(4).  3  1000  (P.  NY)  (5).  3132  I  (P)  (4).  11919  (P)  (1).  12557 

Sharp  918  (PS)  (I).  2750  (PS)  (1).  3184  (US)  (4).  3173  (P)  (4),  42050  (P)  ( I).  42600  (P)  (4).  42661  (P)  (4),  13220 

(US)  ( 1).  3792-a  (MO)  (5).  3798  (P)  (1).  3812-a  (1)1  KK.  (P.  NY)  (4).  1071 1  (P)  (1).  48866  (P)  (I),  s.n.  (N't  )  (4); 
P)  (  I).  5372  (1)1  KE,  MO)  (4),  5558  (PS)  (4).  5966  (PS)      Slevermark  el  al.  100092  (PS)  (5). 
I  I).  M59153  (PS)  (  I),  s.n.  (US)  (I).  s.n.  (PS)  (I):  Sharp  el Thomas  iK  Conlreras  3705  (NY)  (4);  Thomas  el  al.  3571 

al.  99-a  (P)  (  1):  1803(F)  (I).  1872  (P)  (4).  2831  (MO)  ( 1).       (NY)  ( I):  Ttirekheim  7371  (NY)  (4).  7178  (MM)  ( 1).  7507 
3090(F)(1).  1079(F)(1).  4138(F)(4).  1197  (P.  MO)  (4).       (1)1  KK.  NY)  (4),  s.n.  (H-MR)  (4). 

Underwood  3377  (MM.  NY.  US)  (4);  Underwood  *!i  Parle 
911  (NV  PS)  (4).  s.n.  (P)  (1). 

Walson  PS-(K)22  (MO)  (1):  Wcndland  s.n.  (MM.  NY)  (5), 

1207a  (F)  (1).  1209  (DPKP.  F,  MO.  I  S)  (4).  13074  (F) 
(1).  1375  (MO)  (I).  15074.  (MO)  (4).  1520  (F.  MO)  ( 1); 
Shaw  5103  m  )  (  I).  5705  (NY)  (5);  Smith  el  al.  2830  (P. 
MO)  (1).  3070  (I)  (I).  3117  (MO)  (1):  Spn.ee  1018  (MM.  s.n.  (MM)  (5):  \\  hillemnre  1880  A  (MO)  (5):  Wright  I  12 

N1!.  II-MM)  (5):  Slandlex  1805  (MM.  P.  MO)  ( I).  4803  (F)  (MM.  II-MM.  NY)  (4).  1  13  (MM,  NY)  (4).  170  (NY)  (4),  173 
(4).  1010  (P.  MO)  (4).  1951  (F)  (I).  I  1 1  12  (F)  (4).  15050      (1)1  KK.  P.  MO.  PS)  (4). 
(F)  (I),  20071.  (F)  (4).  33697  (NY.  PS)  (4).   129341.  (I  S) 

Zanoni  .\  Pimenlel  2089.51'  (MO.  N1! )  (5);  Zanoni  <-i  al. 
(I).  17821  (NY.  PS)  1 1).  51  185  (PS)  ( I).  51 183c  (PS)  ( I).      25065-B  (NY)  (4). 



Peter  Bernhardt1 
RADIATION  OF  POLLINATION      Peter  Goldblatt2  John  C.  Manning^  and 
SYSTEMS  IN  GLADIOLUS 

(IRIDACEAE:  CROCOIDEAE) 

IN  SOUTHERN  AFRICA1 

Abstract. 

Pollination  strategies  adopted  by  the  largely  sub-Saharan  African  Gladiolus  (approximately  260  species),  one  of  the 

largest  genera  of  the  monocot  family  Iridaceae,  are  unusually  diverse.  The  primary  or  sole  pollinators  include  long- 

tongued  apid  and  anthophorine  bees  (Apidae),  short-tongued  halictid  and  andrenid  bees  (Halictidae,  Andrenidae), 

sometimes  in  combination  with  hopbine  beetles  (Scarabaeidae),  long-proboscid  flies  (Nemestrinidae,  Tabanidae),  large 

butterflies  (Satyridae),  moths  (mostly  Noctuidae  and  Sphingidae),  and  sunbirds  (Passerinae).  Floral  form  correlates 

closely  with  pollination  strategy,  allowing  us  to  infer  the  pollination  ecology  of  almost  all  165  species  in  southern  Africa, 

although  we  have  observations  of  animal  visitors  capable  of  accomplishing  pollen  transfer  in  only  half  this  number. 

Pollination  by  apid  bees  foraging  for  nectar  and  passive  I  \  transferring  pollen  brushed  onto  their  bodies  during  feeding 

occurs  in  all  seven  sections  of  the  genus  in  southern  Africa  and  is  also  the  most  common  strategy  in  five  ol  these 

sections.  Other  pollinators  include  female  bees  actively  foraging  for  pollen,  or  long-proboscid  flies,  sunbirds,  moths, 

the  satyrid  butterfly,  Aeropetes,  all  foraging  for  nectar,  and  in  one  species  hopliine  beetles  that  use  the  flowers  as  sites 

lor  assembly  and  copulation.  Shifts  in  floral  form  associated  with  changes  in  pollination  appear  complex  in  the  large 

flowers  of  Gladiolus  species,  but  may  in  fact  involve  relatively  simple  developmental  modifications,  involving  changes 

in  perianth  pigmentation,  and  often  the  type  of  marking  on  the  tepals,  presence  or  absence  of  scent,  length  of  the 

perianth  tube,  and  occasionally  a  shift  from  zvgomorphv  to  actinomorphy.  Associated  with  these  changes  is  a  correlated 

adjustment  in  nectar  characteristics,  including  volume,  sugar  concentration,  and  sometimes  sugar  chemistry.  With  an 

inferred  minimum  of  32  shifts  in  pollination  system  in  the  165  species  in  southern  Africa,  Gladiolus  appears  to  have 

an  unusually  labile  floral  morphology,  which  may  account  for  its  extensive  adaptive  radiation. 

Key  words:  bees,  butterflies,  floral  ecology.  Gladiolus.  Iridaeeae,  long-proboscid  (lies,  moths,  nectar,  pollination 

systems,  sunbirds. 

among  the  80  Gladiolus   species  studied   to  date, The  pollination  ecology  of  most  genera  of  African 

Iridaeeae  is  remarkably  diverse  (Bernhardt  &  Gold-  which  suggests  that  the  range  of  pollination  systems 

blatt.  2000).  For  example,  in  Sparaxis  four  different  in  Gladiolus  may  be  wider  than  in  any  other  genus 

pollination  systems  have  been  described  in   13  of  of  the  Iridaceae  in  Africa  and  probably  in  the  entire 

its  15  species  studied  (Goldblatt  et  a!.,  2000a).  In  family.  A  general  review  comparing  the  pollination 

general,  the  larger  the  genus  the  greater  the  diver-  systems  in  Gladiolus  is  useful  for  two  reasons.  First, 

sity   of    pollination   systems.   Thus,   in   Lapeirousia  as  usual,  significant  literature  is  scattered  through  - 

(Goldblatt  et  al.,  1 995),  with  almost  half  the  species  out    technical    journals,   popular  publications,  and 

in  the  genus  studied,  five  different  pollination  sys-      scientific  monographs.  Second,  because  widely  dif- 

terns  have  been  identified  among  20  species.   For  ferenl  pollination  systems  occur  in  closely  related 

the  genus  lxia,  with  an  estimated  50  species,  six  species,  a  review   of  pollination  in  Gladiolus  may 

different  systems  have  been  described  for  20  spe-  make  a  useful  model  system  for  expanding  our  un- 

cies  (Goldblatt  et  al.,  20001)).  The  genus  Gladiolus,  derslanding  of  the  adaptations  associated  with  pol- 

vvith  some  255  species  in  Africa,  is  thus  a  primary  lination   shifts   and   bow   often   pollination   mecha- 

target  for  the  analysis  of  pollination  systems  as  it  nisms  change  within  a  plant  lineage. 

is  the  largest  genus  in  the  family  in  Africa  (Gold- 
blatt, 1906;  Goldblatt  &  Manning,  1998). 

Gladiolus  is  believed  to  be  monophyletic,  as  cir- 
cumscribed bv  Goldblatt  and  Manning  (1998).  It  is 

Seven  distinct  and,  with   few  exceptions,  non-      defined  largely  on  non-floral  characters,  the  flowers 

overlapping    pollination    systems    (Table    1)    occur       being  highly   variable  as  they   reflect  direct  adap- 

1  Support  for  this  study  by  grants  5408-95  and  5994-97  from  the  National  Geographic  Society  is  gratefully  acknowl- 

edged. We  thank  B.-E.  van  Wyk,  Rand  Afrikaans  University,  Johannesburg,  for  die  nectar  chemistry  data  cited  here. 

2  B.   A.   Krukoff  Curator  of  African   Botany,   Missouri   Botanical  Garden,  P.O.   Box  299,  St.   Louis,  Missouri  63166, 
U.S.A. 

3Compton  Herbarium.  National  Botanical  Institute,  P.  Bag  X7,  Claremonl   7735,  South  Africa. 

1  Department  of  Biology,  St.  Louis  University,  St.  Louis,  Missouri  63103.  U.S.A. 

Ann.  Missouri  Bot.  Gamd.  88:  713-734.  2001. 
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tations  to  particular  pollination  systems.  The  genus  ostcwhys  comprise  species  with  flowers  adapted  for 

is  defined  bv  its  unique  ancestral  basic  chromo-  pollination  by  sunbirds  (Goldblatt,  1996;  Goldblatt 

some  number,  x  —    15,  an  inflated  capsule,  seeds       &  Manning,   1998),  all  now  believed  to  be  nested 

with  a  broad  circumferential  wing,  and  a  derived within  different  sections  of  Gladiolus.  Th< •  rc(  lie- I 

style  in  which  the  slender  branches  have  expanded,  tion  of  these  genera  and  the  resulting  reclassilica- 

bilobed  lips  that  are  conduplicate  in  bud  and  dur-  tion  of  their  species  results  in  an  entirely  different 

ing  the   initial   male  phase  of  anthesis.  The  style  picture  of  the  adaptive  radiation  of  a  monophyletic 

appears  to  be  the  only  floral  feature  that  is  apo-  group 

morphic  for  the  genus. 

.  What  emerges  is  that  in  certain  genera,  of 

which   Gladiolus  is  the  prime  example,  the  "cor- 

Disti notions   between   species,   even   those  with  rect"  classification,  that  is,  a  monophyletic  one,  is 

different  pollination  systems,  are  relatively  fine,  al-  vital  to  the  interpretation  of  the  adaptive  radiation 

though  they  appear  highly  visible  in  large-flowered  of  a  clade.  In  Gladiolus  relatively  minor  structural 

plants  such  as  Gladiolus.  For  example,  the  length  modifications  to  suites  of  floral  features  cause  pol- 

and   shape  of  the  perianth   tube,  sometimes  com-  I ination  systems  to  change  dramatically.  In  contrast 

bined  with  a  change  in  overall  pigmentation,  and 

details  of  the  contrasting  markings  on  the  lower  te- 

pals  (nectar  guides)  may  signal  a  shift  from  apid-  pollination  but  not  the  pollinators  (Maeior,   1982. 

anthophorine  bee  to  bird  or  long-proboscid  fly  pol-  1984).  floral  changes  in  Gladiolus  often  alter  the 

lination  (Goldblatt  &  Manning,   1998;  Goldblatt  et  pollen   vectors   radically,  shifting  pollination   from 

al.,   1998a.  1999).  Tube  length  may  be  as  short  as  one  order  of  insects  or  birds  to  another. 

to    genera    like    Pcdicularis    (Scrophulariaceae). 

where  changes  in  floral  features  alter  the  mode  of 

2.5  mm  to  as  long  as  120  mm.  Floral  pigmentation Field    studies   of  selected    species   of    Gladiolus 

and  patterning  are  extraordinarily  diverse  and  flow-  from  different  sections  of  the  genus  and  including 

ers   may   be  virtually   anv   color  and   bear  diverse  examples  of  several   species  of   each  ol   the  main 

types  of  nectar  guides,   including   longitudinal   or  flower  types  show  that  flower  type  from  whatever 

transverse  banding,  diffuse  speckling,  or  no  appar-  section  closely  correlates  with  pollination  strategies 

ent  contrasting  marks.  Nectars  are  mostly  sucrose-  (Johnson  &  Bond.  1994;  Goldblatt  el  al..  1998a,  b, 

dominant,  but  a  few  species  of  Gladiolus  sect.  He-  1999;   Goldblatt   &   Manning,   1998.    1999.  2002). 

bea    have    hexose-dominant    nectar.    Most    species  This  allows  us  to  infer  pollination  strategies  o(  all 

have  a  lube  with  nectar  in  the  lower  half,  but  a  few  but  a  few  of  the  165  species  of  Gladiolus  that  occur 

have  the  tube  tightly  enveloping  the  style  and  do  in  southern  Africa,  site  of  most  of  the  pollination 

not    secrete   nectar.    Flowers   may   be   zygomorphic  studies  so  far  conducted  in  the  genus.  Comparing 

with  unilateral,  arcuate  stamens  and  style,  or  the  pollination  strategies  in  the  genus  with  the  phylo- 

perianth   may  be  actinomorphic   with  the  stamens 

and  style  either  symmetrically  arranged  or  unilat-  Manning  (1998)   makes   it   possible   to   infer,   to  a 
genetic   classification   proposed    by    Goldblatt   and 

era 

based  on  a  range  of  floral  features  now   known  to 

1,  huge  extent,  the  patterns  of  floral  radiation  and  as- 

Several  of  these  differences  appear  so  gross  that  sociated  pollination  shifts  that  have  occurred  in  the 

the  affinities  of  highly  specialized  species  were,  in  genus.  This  in  turn  permits  us  to  gauge  with  some 

the  past,  often  misunderstood,  and  Gladiolus  spe-  measure  of  confidence  the  evolutionary  lability  in 

cies   were   segregated   in   several   different   genera  pollination  strategies  and  the  extent  to  which  an- 

cestral   floral    morphology    determines    pollination 

be  adaptations  for  particular  pollination  systems.  system. 

Thus,  Acidanth era  included  some  Gladiolus  species 

with  white  to  pink,  long-tubed  flowers,  and  Anom-  FLORAL  DlYERsm    IN  GlAMOLUS 

alesia,  Homoglossum.  Kentrosiphon.  and  Oenostach- 

ys  included  species  with  bright  red,  long-tubed  Although  species  of  Gladiolus  exhibit  a  wide 

(lowers,  with  the  bracts,  tepals,  and  floral  tube  mod-  range  of  floral  form  and  are  particularly  variable  in 

ified  in  different  ways.  It  is  now  known  that  Aci-  perianth  pigmentation,  all  share  one  important  fea- 

danthera  was  a  polvphyletic  assemblage  of  plants  lure  relating  to  their  pollination  ecology,  a  perianth 

with  flowers  adapted  for  pollination  by  moths  or  tube.  In  most  species,  the  tube  forms  a  reservoir 

long-proboscid  flies.  Its  constituent  species  have  for  nectar  secreted  from  septal  nectaries.  Addition- 

been  transferred   to  several  genera,  including  Ha-  ally,  all  but  two  of  the  southern  African  species  (G. 
bian a,    ireissormza,    ana    Hesperantha Ge 

(Goldblatt,  quadrangulus  and  G.  stellatus)  have  unilateral  sta- 

1984.   1985),  although  the  type  species  is  now   in-  mens  and  styles,  with  the  anthers  normally  exserled 

eluded  in  Gladiolus  (Goldblatt,  1996).  In  contrast,  from  the  tube  and  arched   below   the  dorsal   lepal. 

Anomalesia,  Homoglossum.  Kentrosiphon,  and  Oen-  Based  on  extensive  field  study  and  research  forsys- 
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tematic  monographs  of  the  genus  in  tropical  and       and  dark  color  (sect.  Homoglossum,  sect.  Lineari- 

southern  Africa  (Goldhlatt,  1996;  (Goldhlatt  &  Man-      folius). 

ning,  IWJl),  wc  recognize  seven  major  floral  types, Group  2.      Pollen  flowers  (Fig.   1C,  I))  are  char- 

each  with  a  different  set  of  (loral  traits  closely  (tor-  acteristically  small,  ca.  20  mm  long,  with  an  acti- 

relating  with   a   particular  pollination  system.    The  nomorphic,  mostly  rotate  perianth,  and  a  tuhc  less 

most    significant    (loral    features   include   the  shape  than  l\  mm  long  or  if  longer  completely  closed  in- 

and  dimensions  ol  the  (loral  tube,  perianth  pigmem-  ternally  due*  to  the  walls  of  the  tube  being  closely 

tation,   and    the   shape'   and   color  of  the   markings  wrapped  around  the  style.  The  tepals  are  often  dull- 
(nectar  guides)  on  the   lower  tepals.  Similar  floral  colored  (cream,  yellowish,  or  light  purple),  lack  ob- 

types  do  not  always  indicate  shared  relationship  but  vious  nectar  guides,  and  the  stamens  and  style*  are 

are  consistently  associated  with  a  particular  polli-  unilateral  or  symmetrically  placed  in  the  center  of 
nation  system  (e.g.,  Goldhlatt  et   al.,    1995,    1999;  the  perianth.  The  (lowers  arc  scented  or  not,  and 

Goldhlatt  &   Manning,   I (W();  Manning  &  Goldhlatt  secrete  small   to  minute  amounts  of  nectar  or  are 

1996,   l(>97).  Vegetative  morphology  appears  to  be       nectarless.  Species  are  restricted  to  winter-rainfall 
a  more  reliable  guide  to  species  relationships.  The       southern   Africa  in   sections  Hebea,   Homoglossum, 

major  (loral  types  (Table  I)  are  as  follows: and  Linear ij alius  and  (lower  in  the  spring  (4  spe- 

Group  I.      Nectariferous  bee  (lowers  (Kig.   I  A,  B)       cies)  (Goldhlatt  el  al.,   1998a). 

include  species  with  a  zygomorphic,  bilabiate  peri- Group  3,        I^ong-proboscid  fly  flowers  (Kig.    IK, 

arching  to  hooded  dorsal  lepal  (gullet  flowers  sensu 

Kaegri  &  van  der  Pijl,  1979)  or  sometimes  the  dor- 

auth  with  an  obliquely  funnel-shaped  tube  mostly        K)  have  a  medium  to  large  perianth,  mostly  45-80 

12-20  mm   long,   usually  slightly  shorter  than  the       mm  long  and  an  elongate,  cylindrical  perianth  tube 

(22-)'M )-!()()  mm  long,  slightly  to  much  exceeding 
the  dorsal  tepal.  Few  to  several  (lowers  are  borne 

sal  tepal  is  erect  and  prominent  ((lag  flowers  sensu  on  straight  spikes  and  have  cream  to  pink  tepals 

Kaegri  &  van  der  Pijl).  The  perianth  tube  consists  with  reddish  nectar  guides  of  linear  or  spear- 

o(  a  flared  upper  portion  that  tapers  to  a  narrow       shaped  marks  in  the  middle  of  the  tepals.  The  an- 

cylindrical  lower  half.  Small  amounts  of  nectar,  se-       thers  and   pollen  are  often  unusually  colored,  and 

creted    from    septal    nectaries,   are   retained    in   the       dark    purple.    Flowers  always   lack   scent,  hut   pro- 

lower,  cylindrical  half  of  the  tube,  which  is  usually 

6— 12  mm   long.   Nectar  is  sucrose-rich,  ranges  in 

I 
large  amounts  of  sucrose-rich  to  sucrose-dom- 

inant nectar,  mostly  of  2-12  pi  in  volume  and  25- 

volume  from  0.6  to  3.5(to  6)  pj  per  (lower,  and  has  M)%  sucrose*  equivalents  per  (lower.  Species  occur 

a  concentration  mostly  of  25-33%,  but  up  to  40%,  throughout  southern  Africa,  mostly  of  section  Ulan- 

sucrose*  equivalents  (88  species)  (Goldhlatt  et  al.,  dus,  but  there  are  also  examples  from  sections  Den- 
1998a).  siflorus,   llehea,   HomogUmum,  and  Ophiolyza  (20 

Species   of  the   southern    African   summer-   and  species).  Those  of  the  winter-rainfall  zone  flower  in 

winter-rainfall  zone  show  several  differences  among 

die  flowers  ol   this  group.    In   the*  summer-rainfall 

late  spring  to  summer,  after  peak  (lowering  of  the 

flora;  in  the  summer-rainfall  zone*  specie's  flower  in 

zone,  flowers  arc  usually  relatively  small,  ca.  20-  the  late*  summer  and  autumn,  coinciding  with  the 
25  rum  long,  rarely  scented,  and  are  numerous  and  end  of  the  flowering  peak  in  the  flora  (Goldhlatt  & 

crowded  on  straight  spike's.    The  tepals  are  mostly       Manning,   199°,  2000). 

colored  shades  e>l  pink,  orange,  or  mauve,  and  usu- Group  4.      Bird  (lowers  (Kig.    1G,  H)  are  repre- 

ally  bear  nectar  guides  of  low  contrast  with  the-  base       sented  by  species  with  a  large*  perianth,  mostly  50- 
perianth  color  (species  of  sects.  Densi/lorus,  Heter-       80  mm  long,  with  an  elongate  tube,  usually  35-55 
ocoloru  Li  near  if  alius  f  and  Ophiolyza) mm  long,  as  long  as  or  longer  than  the'  dorsal  tepal, 

In  the-  winter-rainfall  zone  flowers  are*  medium-       the  tube  often  narrow  be-low,  broad  and  cylindrical 
sized  to  relatively  s and  25-35  mm  long,  are  above  (Table  1).  The  gullet  or  flag  flowers  lack  nec- 

almosl  always  scented,  and  are  usually  few  to  sev-  tar  guides,  are  unscented,  and  the  tepals  are  scarlet 

eral,  mostly  on  flexuose  spike's.  The  tepals  are  often  to  crimson,  sometimes  partly  yellow  or  green  on  the 
colored  shades  of  blue  to  mauve'  or  pink,  but  also  lower  tepals.   Plants  e>ften  have  we-ll-exse'ite'el  an- 

scarlet,  ye'llow,  green,  e>r  brown,  and  the'  lower  te-  thers  borne  on  sturdy  filaments,  a  stout  stem,  and 

pals  usually  bear  prominent  nectar  guiele's  of  a  va-  an    erect,    straight    spike    bearing    enlarged    (loral 
riety  e>f  shapes,  depending  on  taxonomic  affiliation. bracts.    Fle>wers    secrete    large*   amounts   erf  nectar. 

Nectar  guides  may  consist  of  uniform  pale  color  on  mostly   sucrose-dominant   (sects.   Ophiolyza   and 

the-  proximal   half  e>f  the'  tepals  (sect.  Hebea)  e>r  e>f  Homoglossum   series  Homoglossum)  and   with  29- 
pale  color  with   irregularly  streaked  dark   longilu-  35%  sucrose  equivalents  per  fle>wer,  or  sucrose  rich 

dinal   line's  and  dots,  or  transverse  bands  of  pale  (G.  priorii:   sect.   Homoglossum)  and    18-25%    su- 
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anthophorine  bee  flowers 

C 

A 

flow 
ers 

long-proboscid  fly  flowers 

H 

bird  flowers 

Figure  1.  Examples  of  anthophorine  bee  flowers  (A,  15).  pollen  (lowers  (C.  I)),  long-proboscid  fly  (lowers  (E.  I),  and 

bird  (lowers  (G,  H)  in  Gladiolus.  — A.  G.  papilio  (sect.  Densiflorus).  — 15.  G.  uysiae  (seet.  Ilebea).  — C.  G,  quadrangulus 
(seel.  Homoglossum).  — I).  G.  stellalus  (sect.  Hebea).  — E.  G.  august  us  (sect.  Blandus)  and  its  pollinator.  Moegistorhyn- 

chus  longirostris.  — V.  G.  floribundus  (seet.  Blandus).  — (].  G.  cu nonius  (seet.  Ilebea).  — H.  G.  watsonius  (sect.  Homo- 
glossum). Scale  bar  10  mm.  Drawn  by  John  Manning. 
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crust*  equivalents.  Nectar  volumes  may  be  as  much  cruentus  and  G.  saundersii,  stand  out  among  insect 

as  'M>  pJ  in  G,  watsonius  (sect.  Homoglossum)  pollinated  Gladiolus  in  having  hexose-rich  nectar. 
(Coldblalt    &     Manning.     I998;    Goldblatt    et    al.. 
1 999). 

Flowers  differ  extensive!)    among  clades  in  this 

flowering  in  the  summer  from  mid-I)eeeml>er  to 

April,  species  occur  mostly  in  winter-rainfall  south- 

ern Africa,  mostly  of  section  lilaudus  but  also  sec- 

group.  In  section  Hebea,  bird  pollinated  species  al-  lion  Linearifolius,  with  a  lew  in  summer-rainfall 

led  to  G.  cunonius  (Table  I)  have  a  perianth  tube*  southern  Africa  (and  tropical  Africa),  belonging  to 

12—20  mm  long,  the  lower  tepals  reduced  to  scale-  section  Ophiolyza  (9  species)  (Johnson  cK  Bond, 

like  dimensions,  the  dorsal  tepal  is  much  enlarged, 

the  anthers  are  tailed,  and  the  style  branches  slig- 

1994;  Goldblatt  &   Manning.  1998,  2002). 

Group  7.  Hopliine  beetle  flowers  occur  in  spe- 

cies with  a  moderate-sized  perianth  with  a  short 

perianth  tube.  ca.  10  mm  long  (Table  1).  The  tepals 

are  brightly  colored  (either  deep  pink  or  orange) 

fructose,  a  sharp  contrast  to  bird  flowers  of  other  mostly  with  bold  markings  in  yellow  and  purple 

sections.    Bird   pollinated   Gladiolus   species  occur       (painted  bowl  (lowers  of  Bernhardt,  2000)  and  show 

less  pronounced  zygomorphy,  compared   to   imme- 

matic  only  at  the  rounded  tips.  They  also  produce 

relatively  dilute  nectar  of    18—27%  sucrose  equiv- 

alents that  contains  a  predominance  of  glucose  and 

throughout  southern  Africa,  mainly  section  Homo- 

glossum in  winter-rainfall  southern  Africa  and  flow-  diate  relatives,  thus  tepals  arc  less  unequal  in  size, 

ering  in  the  winter  or  spring,  or  section  Ophiolyza  f  lowers  secrete  small  amounts  of  nectar,  bloom  in 

in  eastern  southern  Africa  and  flowering  in  the  late 

spring  and  summer  (20  species). 

the    spring,    and    are    restricted    to    winter-rainfall 

southern  Africa  (1  species)  (Goldblatt  et  al..  1998b; 

Group  5.      Moth  Jlouers  (Fig.  2C — F)  are  found       Goldblatt  &  Manning,  1998). 

in  species  with  a  medium-sized  to  fairly  large  peri- 

anth and  a  cylindrical  or  gradually  flared  perianth        PuKN'OLOGl 
lube,  20-1  10  mm  long,  somewhat  to  much  exceed- 

ing the  dorsal  tepal  (Tablt I  ).  The  perianth  is  col- 

ored white  to  cream  or  alternativelv,  heavily  speck- 

led  dull  brown,  with  nectar  guides  obscure  or 

evidently  lacking  (I  \  reflectance  was  not  tested), 

flowers  are  richK  scented,  sometimes  only  in  the 

evening,  and  produce   1-12  pj  of  sucrose-dominant 

nectar,  mostly  M)-'M)7< .  but  only  20-22%  in  Glad- 
iolus  cmiliae  and  21-28%  in  G.  longieollis.  An  odd 

feature  of  several  of  these  species  are  relatively 

short  stamens,  the  anthers  often  partly  included  in 

the  floral  tube.  Species  are  from  lour  sections,  no- 

tabl\  series  Trislis  of  section  Homoglossum.  and 

mostly  restricted  to  winter-rainfall  southern  Africa. 

contrasting  climate 

fl .el eiing  ironi  early   spring  to  eanv  summer ail 
,  liiu 

Klovvering  phenology  is  an  important  consider- 

ation in  understanding  the  patterns  of  diversifica- 

tion of  pollination  systems  in  southern  African 

Gladiolus.   The  subcontinent   has  two  dramatical!) 

regimes,  a  warm  wet  summer 

and  dry,  cold  winter  in  central  and  eastern  southern 

Africa  and  a  cool  wet  winter  and  hot,  dry  summer 

in  the  southwest.  Species  ol  Gladiolus  occur  in  both 

zones  but  nearly  all  are  restricted  to  only  one.  In 

the  summer-rainfall  /one  species  flower  in  the  late 

spring,  summer,  and  autumn,  whereas  in  the  winter- 

rainfall  /.one  species  may  flower  at  any  season. 

Kven  in  the  summer-dry  winter-rainfall  /one  there 

are  locally  mesic  habitats  that  support  Gladiolus 

species  flowering  in  the  summer.  Other  summer-  or 

autumn -flow  ering    species 

leaves  are  produced,  an  adaptation  in  the  winter- 

rainfall  /one  that  has  significant  consequences  for 

pollination  there. 

bloom    before    foliage 

Polunatok  Classes  and  tiikiu  Distribution 

Field  observations  of  floral  visitors  have  shown  a 

flow 

coinciding  with   the  peak   flowering  of  the  flora  (9 

species)  (Goldblall  &    Manning.   1998,  2002). 

Group  6.      Sat  \  rid  butterfly  flowers  (fig.  2  A.  15) 
are  found  in  species  with  a  large  perianth,  mostly 

exceeding  50  mm  long,  with  a  more  or  less  cylin- 

drical perianth  tube  and  unilateral  stamens,  the  lat- 
ter included  in  the  tube  in  Gladiolus  uerineoides. 

The  tube  is  slightly  longer  than  the  tepals.  .55— 55 

mm  long,  but  slender  (as  opposed  to  wide  in  tin*  consistent  pattern  throughout  southern  Africa  in  the 

upper  hall  in  bird  flowers).  The  tepals  are  reddish  correlation  between  flower  tvpe  and  pollinator 

(scarlet  to  crimson),  usually  with  white  guides  on  class,  although  individual  species  in  each  pollina- 

the  lower  tepals  (contrasting  with  absence  of  mark-  tion  class  max  differ,  especially  in  the  summer-  ver- 

ing  in  bird  flowers).  The  flowers  arc  unsccnted.  and  sus  the  winter-rainfall  parts  of  the  subcontinent. 

produce  ample  amounts  of  sucrose-rich  to  sucrose-  The  following  pollinator  classes  have  been  recog- 

dominanl  nectar  of  moderate  concentration,  lei-  nized  based  on  field  observation,  capture  (excepting 

27c/r  sucrose  equivalents  and  1—20  pJ  in  volume  birds),  and  identification  of  visiting  insects  (John- 

per  flower  (fable    1).  Some  species,   including  G.       son  &  Bond,  1994;  Goldblatt  et  al.,   1998a;  Gold- 
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butterfly  flowers 

E 

15  mm moth  flowers 

Figure  2.      Examples  of  butterfly   flowers  (A,   B)  arid  moth   (lowers  (C-F)   in  Gladiolus. 
— A.  G.  saunders ii  (soot. 

Ophiolyza).  — B.  G.  sempervirens  (soot.  Bland  us).  — C  G.  emiliae  (sect.  Linearifolius).  — I).  G.  maculatm  (sect.  Hom- 

oglossum).  — K.  G.  Umgicollis  (sect.  Homaglossum).  — V.  G.  tristis  (section  Homoglossum).  Scale  bar  15  mm.  Drawn  b) 
John  Manning. 
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Malt  &   Manning,   IOO{{.   IOOO;   Manning  &  Gold-      moderate  quantities  and  always  sucrose-rich  to  su- 

biatt,   1005.  and  in  prep.).  Visitors  were  identified       crose  dominant  (Goldblatt  el  al.,  1998a). 

as  pollinators  (Table  2)  when  they  had  (be  appro- Oflen.  the  same  bee  species  has  been  collected 

mentation,  scent,  and  form  of  ibe  nectar  guide  out- 

priate  size  and  shape  to  access  floral  nectar.  on  flowers  o(  a  wide  range  ol  color  and  scent  char- 

brushed  against  the  sexual  organs  o(  the  (lower  dur-  acteristics,  suggesting  that  variation  in  size,  pig- 

ing  visits,  and  had  been  confirmed  (by  microscopic 

and  sometimes  direct  visual  examination)  to  be  car-  lined  for  group  I  has  little  direct  significance  in 

rving  pollen  of  the  species  visited  on  the  appropri-  relation  to  pollinator,  for  example,  the  most  corn- 

ate  part  of  their  bodies  so  that  stigmatic  surfaces  mnn  bee  that  we  have  recorded  \isiting  Gladiolus 

of  (lowers  would  brush  against  carried  pollen  on  Mowers  in  western  southern  Africa  in  spring,  A/i- 

subsequent  \  isils. 

/.     Long-tongued     hers.       Various     large-bodied. 

long-tongued  bees  ol  the  family  Apidae  s.l.  (in- 

thophora  diversipes,  visits  species  ol  almost  any  col- 

or and  nectar  guide  configuration.  Thus  visual  sig- 

nals ol  ground  color,  nectar  guide,  and  odor  are  not 

•hiding  Anthopboridae)  (Roig  Alsina  &   Michener.       significant  to  pollinators.  Likewise,  the  most  co
m- 

L993),    mainly    Amc^i/la.    Anthophora,    sometimes moil  bees  in  eastern  southern  Africa.  Amegilla fal- 

Apis,  and  occasionally  Pachymelus,  Tetralonia,  and       lax  and  A-  capensis,  both  visit  and  can  evidently 

Xylocopa,   are  the  primary  or  exclusive  visitors  to       pollinate  many  of  the  species
  there  with  flowers  of 

12  species  (and  are  inferred  for  another  11)  species)        '  -  l)e< 

belonging  to  group    I,  i.e.,  gullet  or  (lag  (lowers  ol 
In  addition   to  bees,  the  (lowers  of   group    1    are 

small  to  moderate  size  with  lubes  fairly  short  and  occasionally   visited   by   the  sho.
l-proboscid  (lies. 

obliquely  funnel-shaped  (Table  2).   This  is  true  it-  Psiloder<'  ( Aeroceridae
)  and  Prosoeca  (Nemestrini- 

.•  r  ,  •  •  iii  dae).  with   probosces    10—11   mm  long.  Their  bodv 
respective   ol    taxonomic   grouping  and    phvlogeog-  .... 

i       /n   I  mi..      ,      |       inno  \    ti  i  1  anil  mouthpart  size  is  similar  to  that  of  a  large  bee. 
raph\    (Uoldhlatl    et    al..    lOOMa).     I  hese   bees    have  '  .  . 

bodies  10—17  mm  long  and  4—7  mm  wide  across 

the  thorax,  and  mouthparts  1—10  mm  long.  Mowers 

show  a  close  fit  between  size  and  shape  and  a  bees 

body.  The  flared  upper  tube  is  mostly  H— 10  mm 

long  and  snugly  accommodates  a  bee's  head  and 
thorax,  while  the  narrow,  cylindrical  part,  mostly  6— 

10  mm  long,  admits  only  the  slender  mouthparts. 

To  reach  the  nectar,  bees  climb  into  the  flower  and 

push  their  mouth  parts  into  the  narrow  part  of  the 

tube.  As  they  maximally  extend  their  tongues  so 

that  they  can  reach  the  nectar,  their  upper  bod\  is 

pressed    against    the  anthers,   which    lie   under  the 

and  these  nectar  feeders  function  as  pollinators  just 

as  effectively  as  long-tongued  bees  (Goldblatt  el  al.. 

1007.  1008a).  Other  visitors  to  these  flowers  in- 

clude hopliine  beetles  (Searabacidae:  I  lopliini). 

which  appear  to  be  unimportant  for  most  Gladiolus 

species,  and  we  regard  them  as  vandals  rather  than 

even  secondary  pollinators. 

Kxcepl    for    a    few     isolated    examples,    notably 

Gladiolus  trichoiiemijolius  in  which  pollen  appears 

to  be  an  important  reward,  species  are  used  mainly 

as  sources  of   nectar  and  are  visited  by  both  male 

and    female    bees.    Female    bees 
J 

plants  as  pollen  sources  lor  nest   provisioning  (in- 

manv    other 

dorsal  tepal.  Pollen  is  then  brushed  onto  the  dorsal  i    ■-            M        •       a     i     i  i             d 
1  eluding  cn-hlooming  Asphodelaceae.  noragmaceae, 

part  of  the  thorax  and  sometimes  the  head  or  dorsal 

part  of   the  abdomen.   When  stigmas  are  unfolded  .,    i   n  i,      i.      ,   \     v\      i    •   i  ,    .         i                     •     i 
1                                                                ^  ami    lolvgalaeeae).    I  he   brighter  and   more   varied 

llyacinthaceae.  Kabaceac,  Malvaceae.  Oxalidaceae, 

(then  assumed  to  be  receptive),  usually  on  the  last 

day  a  flower  is  open  and  when  pollen  has  usually 
coloration  and  frequent   production  of  scent   in  the 

winter-rainfall  /one  versus  the  dull,  less  variable 

been  removed  (Goldblatt  el  al..    1008a).  the  stig-  (,)|orali()n  ail(|  absence  of  scenl  in  summer-rainfall 
malic  surfaces  lie  in  the  same  position  as  the  an-  easlrm  soul|lrm  Africa  (and  tropical   Africa),  irre- 
Ihers,  and  arc  then  ideally    positioned  for  pollen  to  spective   Df  taxonomic   affiliation,   is   notable.  This 
be  deposited  passively  on  their  sticky  surfaces  as  |ul!tern  |m|(|s  even  in  section  Li rwarifolius,  the  only a  bee  visits  the  flower  to  Iced  on  nectar. 

section   widely   shared   between   the  two  areas.   We 

Neither  the  base  color  of  the  flower  nor  the  form       |iave  hypothesized  that  when  flowers  are  dull-col- 
ol    the  contrastingly   colored   nectar  guides  appear ored  and  appear  (to  the  human  eye)  to  blend  with 

significant  in  this  pollination  system,  but  the  pies-  t|lr  surrounding  vegetation  and  soil  surface  (Gold- 
eiice  of  nectar  guides  is  so  consistent  that  we  as-  \}\M   H   a|„    1008a)  scent   may   be  the  primary  at- 
sume   it    serves  an    important    function,   perhaps  of  tractant.     Otherwise,     bright    coloration    combined 

orienting  the  bee  so  that   it  approaches  the  flower  with  a  distinctive  odor  may   help  (lowers  compete' 

in  a  consistent  manner  so  that  pollen  is  effectively  for   pollinators    in    the   winter-rainfall    zone   where 

deposited  dorsally  on  the  body.  The  reward  in  these  flowering  in  the  flora  is  concentrated  in  a  few  weeks 

bee  pollinated  flowers  is  nectar,  always  present  in  in   spring.   In   the  summer-rainfall   zone  the4  flower 
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season  is  more  protracted,  and  (ewer  species  bloom  &  Manning,  1999).  Long-proboscid  Hies  have  been 

al  any  particular  time.  found  to  be  the  sole  visitors  to  Gladiolus  species 

The  significance  of  floral  odor  is  often  underes-  belonging  to  group  3,  i.e.,  odorless,  cream  to  pink 
limated.  Bees  learn  to  discriminate  among  different  (lowers  with  an  elongate  tube  and  producing  ample, 

odors  six  times  more  rapidly   than  they  do  colors  sucrose-rich  to  -dominant   nectar  (Table    I).  Typi- 

(Schoonhoven  et  al.,  1998)  and  can  readily  distin-  cally  only  one  species  of  fly  at  a   particular  site, 

guish  between  numerous,  similar  odors.  Thus  the  occasionally  two,  visits  a  species.   In   the  eastern 

presence  and  variety  of  scents  among  co-blooming  southern  African  highlands,  the  late  summer-dying 

species  alone  may  encourage  floral  constancy  even  Prosoeca  ganglbaueri  is   the   sole   pollinator  of   al 

when  (lowers  are  visually  similar. least  G.  oppositifiorus,  G.  microcarpus,  G.  mortonius, 

This  type  of  bee  pollination  is  the  most  common  and  G.  varius.  A  fifth  species,  G.  calearatus,  with  a 

pollination  strategy  in  Gladiolus (Table  3).  It  occurs  somewhat  shorter  tube,   is  also  visited  by  this  fly, 

in  all  seven  taxonomic  sections,  and  it  is  the  most  but  its  tongue  is  so  long  that  its  body  does  not  brush 

common  one  in  sections  Densiflorus,  Hebea.  Heter- the  anthers  when   it   forages  for  nectar.  The   long- 

ocolon,  Homoglassum,  and  linear  if olius.  Some  53%  proboscid  fly  Prosoeca  robusta,  also  on  the  wing  in 

of  the  southern  African  species  have  flowers  adapt-  late  summer,  appears  to  be  the  main  pollinator  ol 

ed  for  this  system  (Tables  3,  4).  Elsewhere,  we  have  G.    calearatus.    Another   fly,   Stenobasipteron    wied- 

postulated  that  anthophorine  bee  pollination  is  an-  mannii  (also  INemestrinidae),  is  the  sole  visitor  and 

cestral  in  Gladiolus  (Goldblatt  et  al.,  1998a:  Gold-  presumably  pollinator  of  the  long-tubed  G.  macnei- 
blatt  &  Manning,  1999). 

2.  Short-tongued  bees  or  worker  honey  bees.      The 

short-tongued  bee,  Andrena  sp..  visits  the  fragrant  sent. 

Hi  in  lower-altitude  habitats  in  eastern  southern  Af- 

rica where  P.  ganglbaueri  and  P.  robust  a  seem  ab- 

flowers  of  Gladiolus  stellatus,  while  Apis  mellifera Along  the  south  coast   of   South   Africa   the   ne- 
is  the  only  bee  species  captured  on  actinomorphic  mestrinid  fly  Prosoeca  longipennis  appears  to  be  the 

G.  quadrangidus  and  zygomorphic  G.  aureus.  Both  sole  pollinator  of  the  long-tubed  Gladiolus  bilinea- 

bees  actively  collect  pollen,  prominently  displayed  tus  and  G.  engysiphon  that  flower  in  the  autumn.  In 

in  erect  anthers.  In  G.  stellatus  the  flowers  are  par-  western    southern    Africa,   species    with    (lowers   of 

ticularlv  strongly  scented.  Flowers  of  G.  brerifubus  group  3  are  visited  by  the  tabanid  Philoliche  ros- 

are  zygomorphic,  with  unilateral  stamens,  but  have  trata  (G.floribundus,  G.  monticola.  G.  undulatus.  G. 

a  floral  tube  less  than  3  mm  long  and  evidently  lack  rigilans).   the   nemestrinids  Moegistorlwnchus  lon- 

nectar.   Only  small   halictid  bees.  ca.  6  mm   long.  girostris  (G.  angustus)  and  M.  sp.  (G.  rhodanthus). 

have  been  captured  on  these  flowers,  which  appear  either  Prosoeca  nitidula  and  Philoliche  rostrata  or 

to  offer  pollen  as  the  sole  reward  to  insect  visitors.  both  (G.  carneus,  G.  monticola).  Remarkable  among 

Although   short-tongued  andrenid   bees  have  been  long-proboscid  flies,  M.  longirostris  has  a  proboscis 

captured  while  visiting  Gladiolus  meliusculus,  ho-  up  to  80  mm  long  and  the  Gladiolus  species  that  it 

pliine  beetle  species  are  more  consistent  and  fre-  pollinates,  G.  angustus,  has  a  cream  perianth  with 

quent  visitors  and  so,  we  assume,  are  more  impor- 
tant in  the  pollination  of  this  species  (Goldblatt  et 

al..  1998b).  This  is  discussed  in  detail  below. 

red  markings  and  a  tube  80—100  mm  long. 

Long-tongued  flies  are  present  in  southern  Africa 

mostly  in  the  warmer  months.  October  to  April,  and 

Pollination  by  small-  or  large-bodied  female  bees  hence  plant  species  pollinated  by  these  insects  are 

foraging  for  pollen  as  the  primary  pollination  stmt-  constrained  to  this  flowering  period.  Furthermore, 

egy  is  evidently  found  in  only  four  southern  African  different  species  of  fly  are  active  at  different  times 

species  of  the  genus  (Goldblatt  et  al.,  1998a).  The  of  the  year.  These  flies  are  nectar  feeders,  and  they 

system  occurs  in  section  Hebea  (Gladiolus  Stella-  acquire  pollen  loads  from  the  flowers  they  visit  pas- 

tus).  section  Homoglossum  (G.  quadrangulus:  series  sively.  The  remarkable  similarity  in  flower  color 

Carinatus,  and  G.  brevitubus:  series  Brevitubus),  and  and  the  shape  of  the  nectar  guides  in  unrelated 

section  Linearifolius  (G.  aureus),  evidently  having  species  of  Gladiolus  pollinated  by  long-proboscid 
evolved  convergent!)  four  times  (fable  4). 

3.     Lmg-proboscid  flies.      Long-proboscid    flies       value  to  floral  conformity  in  long-tongued  fly  pol- 

with  mouthparts  mostly  20-00  mm  long  in  two  fam-       lination  systems. 

flies  suggests  that   there  is  an  important  adaptive 

ilies,    Nemestrinidae  (tangle-veined  flies)   and  Ta- Sixteen  species  of  Gladiolus  have  to  dale  been 

banidae  (horseflies),  have  proven  to  be  important  confirmed   as   being   pollinated   by   long-proboscid 

pollinators  (Table  2)  of  many  southern  African  plant  flies  (Table  3).  An  additional  13  species  with  sim- 

species    with    long    floral    tubes    (Goldblatt    el    al..  ilar  floral  morphology  are  inferred  to  have  the  same 

1995:  Manning  &  Goldblatt,  1996,  1997:  Goldblatt  pollination  strategy,  thus  29  species.  I87r  of  south- 
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Table  A.  Analysis  ol  the  frequenc)  and  laxonomic  distribution  of  the  pollination  systems  in  southern  African  species 

ol  Gladiolus.  Southern  African  species  comprise  165  species  distributed  in  7  sections  and  27  series,  all  believed  to  he 

monophvletic  based  on  morphological  analysis  ((,oldhlall  &   Manning,   I ()()!{);  n/a  =  not  applicable. 

Pollination  System 

Large-bodied,  long-tongued  I >ees 

(Apidae  s.l.) 

Shoit-tongued  (or  pollen-collecting)  bees 

Long-proboseid  IK 
Passerine  bird 

Moth 

Sat)  rid  biillerfh 

llopliine  beetle  (short- tongued  bee) 
I  neertain 

Total 

species continued 

39 

I 

L6 

6 

(> 

5 

I 

1 

Total 

confirmed 
and  inferred 

87(53%) 

I  (27c) 29(18%) 

2(1(12%) 

11(7%) 

9(5% ) 
1(<1%) 
4  (2% ) 

Taxononiie 
sections 

7 

3 

o 
4 

3 

3 

1 

n/a 

Taxononiie 

series 

22 13 

7 

5 

3 

1 

n/a 

ern   African  (Gladiolus,  are  inferred  to  be  adapted  flowers  conform  lo  the  (lassie  type  in  Africa  that 

lor  pollination   by   long-proboseid  flies.   Long-pro-  are  pollinated  by  sunbirds,  Nectarinia  (Table  2),  a 
boscid  fly  pollination  thus  appears  to  be  the  second  genus  of  passerine  birds  that  feed  on  nectar  as  well 

most  common  pollination  strategy  in  the  genus,  af-  as  insects  (Kehelo  et  aL,  1987).  Although  the  How- 

ler nectariferous  bee  pollination  (Goldblatt  C\  Man-  ere  in  species  of  each  section  art*  broadly  similar 
ning,  1999,  2000).  The  strategy  occurs  in  six  of  the  in  their  red  color  and  production  of  large  amounts 

of  nectar,  they  differ  in  significant  details,  including seven  sections  of  the  genus  and  it  is  the  most  com- 

mon one  in  section  Bland  us*  elsewhere  occurring 

r 
D 

perianth  tube  shape,  size  of  the  lower  tepals  reta- 

in isolated  species.  In  section  Densiflorus  long-pro-  tive  to  the  dorsal,  presence  or  absence  of  contrast- 
boseid  fly  pollination  occurs  in  one  or  two  species  ing  markings,  and  nectar  sugar  chemistry  ((iold- 
of  three  series,  in  sections  Homoglossum  and  Hcbea 

in  three4  species  each  belonging  to  a  different  se- 

blatt  &  Manning.   1998). 

In  section  Homoglossum  all  six  species  of  series 

ries,  and  in  one  species  of  sections  Linearifolius  Homoglossum  and  two  ol 'series  Mutabilis  appear  to 
and  Ophwlyza.  For  the  present,  long-proboseid  fly       have  flowers  adapted  for  sunbird  pollination.  These 
pollination  is  assumed  lo  Ik ive  arisen  oniy  one*'  m 

nl species  all    have  a   long  tube,   the  upper  part   ol 

any  series,  though  this  is  by  no  means  established.       which   is  wide  and  cylindrical   (presumably  to  ac- 

rhis  suggests  parallel  evolution  of   long-proboseid       commodate  a  birds  bill),  and  the  species  produce 
fly  pollination  a  minimum  of   12  times. fairly  concentrated  nectar  that  is  sucrose-dominant. 

/.  Sunbirds.  Gladiolus  flowers  adapted  for  pol-  a  stark  contrast  to  the  bird  flowers  in  section  Hcbea 

lination  by  sunbirds  have  been  identified  in  five  and  many  other  bird  pollinated  flowers.  Most  of  the 

sections  of  the  genus  ((ioldblatt  et  al..   1999).  The       remaining  species  of  Gladiolus  in  southern   Africa 

Table  1.      Taxononiie  distribution  of  pollination  systems  in  southern  African  Gladiolus,  Lp  flv  =  Long-proboseid  fly. 

Gladiolus  section 

(total  species) 

lice; s 

Passi 
vc 

/ \cli 
vc 

Section  Densiflorus  (20) 
Section  Ophiolyza  (15) 
Section  Blandus  (21 ) 

Section  Linearifolius  (17) 

Section  Heterocolon  (')) 
Section  lichen  (.52) 

Section  Homoglossum  (51) 
Toti i  05 

6/12 
2/6 

2/6 

2/7 

3/8 

12/21 

12/27 

39/87 

0 

0 

0 

l/l 

0 

l/l 

2/2 

l/l 

Pollination  system — known/pins  predicted 

Lp  IK 3/8 

l/l 
5/8 

2/2 
0 

( >/;? 
3/7 

16/29 

hird 

0 
2/5 
(►/I 0/2 

0 

2/1 

2/8 

6/2<  > 

Moll i 

(I 

0 

0 2/2 

0 0/2 

4/7 

0/1  I 

I  loplihu 

Aeropetes      beetle 

0 

1/2 

3/5 

1/2 

0 

0 

0 

5/9 

0 

o 
0 

0 

0 

l/l 

0 

l/l 

Uncertain 

0 
1 
I 
I 
I 

0 
o 

4 

c/(    total 
53% 

2CA 

I  8% 12% 
lr/< 

5% 
\c/< 

2c/< 
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adapted  for  bird  pollination  belong  in  section  nocluid  moths  (species  of  the  genera  Hippotion  and 

Ophiolyza,  the  most  well  known  of  which  is  the  Cuculli(i)  pollinate  several  species  of  the  winter- 
widespread  G.  dalenii  (also  in  Madagascar  and  rainfall  west  of  the  subcontinent,  and  species  <>l  the 

tropical  Africa).  This  species  has  been  reported  by  noctuid  Cucullia  have  been  captured  on  G.  guthriei. 

>/' G.  liliaceus,  and  G.  maculatus.  An  unidentified  spe- 

er  double-collared   sunbird),   and   we   recorded   /V.       cies    of   Sphingidae    also    visited    G.    liliaceus    but 
fi high      avoided  capture.  We  saw  few  oil 

•  • 

other  insects  visiting 

any  putatively  moth  pollinated  species  during  many 

hours   of   observation,  day   and    night,   but   a   male 

birds  to  the  six  species  of  series  Homoglossum  are       anthophorid   bee,  Anthojdiora   diversipes.   was  cap- 
fi 

'>- 

lured    while   visiting   G.    recurvus   (I.    Nanni.    pers. 

breviatus.  In  section  Hebea,  visits  to  G.  saccatus  (a       comm.),  a  species  apparently  adapted  for  moth  pol- 
fi 

fi 

lination.  The  bee  attempted  to  forage  on  nectar  of 

this  species,   flowers  of  which  are  scented  during 

coastal   species)  by  N.  chalybea  have  been   noted       the  day  as  well  as  the  night.  The  bee  is  evidently 

(Goldblatt  &    Manning,    1998).   We  did   not   try   to       not  the  normal  visitor  but  appears  capable4  of  ac- 
capture  avian  visitors  of  any  bird  pollinated  specie 

js 

complishing pollination   although   unable  to   reach 

but  confined  ourselves  to  observation  of  visitors  and       the  nectar  in  the  long  perianth  tube. 

analysis  of  floral  nectar. Moths  are  poor  pollen  vectors,  as  their  bodies 

Bird  pollinated  flowers  occur  in  five  species  of  are  covered  with  loose  scales  to  which  pollen  ap- 

seclion  Ophiolyza*  four  species  in  one  series  of  sec-  pears  to  adhere  loosely.  However,  all  the  moths  cap- 
lion  Hebea,  eight  species  in  two  series  of  section  lured   carried  visible  amounts  of   Gladiolus  pollen 

Homoglossum.  two  species  in  one  series  of  section  on  the  upper  parts  of  their  probosces  (Goldblatt  & 

Linearij alius,  and  one  species  of  section  Blandus,  Manning.  2002).  When  the  flowers  are  in  the  le- 

a  total  of  20  species,  \2c/c  of  the  southern  African  male  phase,  on  the  last  of  four  or  five  days  of  an- 
species.  In  series  Mutabilis  of  section  Homoglossum  thesis,  the  stigmatic  lobes  lie  in  the  same  position 

it  is  not  yet  established  whether  the  bird  pollinated  as  the  anthers,  and  pollen  adhering  to  a  moth's  pro- 
species  G.  meridiotudis  and  G.  priorii  are  a  clade  boscis  is  then  optimally  placed  for  passive  transfer 

or  are  independently  derived  from  a  common  an-  to  the  exposed  stigma  lobes.  There  seems  no  ob- 

cestor  (Goldblatt  &  Manning,  1998).  In  bird  polli-  vious  distinction  between  species  pollinated  by 

nated  species,  markedly  different  inflorescence  or  sphingids  versus  noctuids  except  perianth  lube 

floral  adaptations  confirm  the  independent  origin  of 

the  strategy.  In  section  Hebea  three  species  of  bird  length.  05—1  10  mm  long  in  subspecies  platypetalus. 

pollinated  flowers  have  the  style  branches  apically  prevents  successful  nectar  foraging  by  most  noc- 

sligmatic  and  anthers  with  long  sterile  tails,  in  ad- 

dition to  hexose-rich  to  hexose-dominanl  nectar,  Some  I  1  southern  African  species  in  three  dif- 

unique  adaptations  in  the  genus.  In  section  Horn-  ferent  sections  of  Gladiolus  (7c/c  of  the  southern 

oglossum  series  Homoglossum  the  spike  is  straight  African  total — Fables  l\.  I)  have  flowers  of  group  ."). 
and  relatively  thick,  whereas  in  series  Mutabilis  the  and  observations  on  six  of  them  (Goldblatt  cK  Man- 

length.    In    the    longer-tubed    G.    longicollis ,    tube 

luids. 

spike  is  fairly  slender  and   flexuose  (an  ancestral  ning.  1998,  and  in  prep.)  confirm  that  they  can  cor- 

feature  found  in  other  members  of  this  section).  For  redly  be  categorized  as  being  adapted  for  moth  pol- 
vvant  of  firm  evidence  to  the  contrary,  we  assume  lination.    Moth   pollinated   flowers   are   inferred   for 

that  bird  pollinated  members  of  section  Ophiolyza  two  species  of  section  Hebea  (G.  robertsoniae  and 

are  a  monophvletic  group  and  represent  a  single  G.  acuminatum,  which  according  to  morphological 

origin  of  the  strategy.  We  hypothesize  that  bird  pol-  comparison  (Goldblatt  &  Manning.  1998)  are  dis- 

lination  arose  at   least  six  times  in  Gladiolus  and  tantlv  related  members  of  series  Permeabilis);  see- 

possibly  seven. 

5.  Night -flyii 

tion    Homoglossum   (G.    maculatus.    G.    albens,   and 

morphologically  very  different  and  presumably  dis- 

been  captured  visiting  species  with  flowers  of  group  tantlv  related  G.  recurvus:  series  Gracilis,  and  four 

5,  and  included  species  of  two  families,  Nocluidae  of  the  five  species  of  series  Tristis);  and  section  Li- 

and  Sphingidae  (Fable  2).  The  syndrome  is  difficult  nearifolius  (G.  emiliae  and   G.  guthriei:  series  Li- 

to  document  because  the  moths  are  active4  at  night  nearifolius).  We  suggest  that  the  strategy  most  likely 
and  hence  difficult  to  catch  or  even  to  see.  Sphinx  arose  six  times,  once  in  section  Linearijolius.  twice 

moth  pollination  occurs  in  G.  longicollis  in  eastern  in  section  Hebea  and  three  limes  in  section  Hom- 
southern  Africa  (Agrius  conrolruli)m  both  sphinx  and 

ogloss 

um. 
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6.  hirge  butterflies.      A  single  species  of  butter-  sucrose-rich  to  -dominant.  The  exceptions  are  G. 

fly,  Aeropetes  tulbaghia  (Satyridae),  appears  to  pol-  eruentiis  and  G.  saundersii,  which  have  hexose-rich 

linate  species  of  group  6,  those  with   red  (lowers,  to  hexose-dominant   nectar  (Goldhlatt  &   Manning, 

usually  with  while  markings  on  the   lower  tepals.  2002). 

This  butterfly  has  an  innate  affinity  for  bright  red  Some  9  species,  5%  of  the  southern  African  spe- 

colors  and  is  tin*  sole  or  major  pollinator  of  a  guild  cies,  may  be  inferred  as  being  adapted  lor  Aeropetes 

of  red-flowered  species  that  bloom  in  (lie  late  sum-  pollination  (Table  l\).  Species  belong  to  three  sec- 

mer  in  southern    Africa  (Johnson  &    Bond,    1994).  lions    (Blandus:    5    spp.,    Linearifolius:    2    sp.,   and 

We  have  recorded  Aeropetes  visiting  G.  cardinalis,  Ophiolyza:  2  spp. — Table  4).  Thus,  we  hypothesize 

G.   nerineoides,  G.  saundersii,   G.  sempervirens,  and  the  origin  of  the  strategy  a  minimum  of  three  times. 

G.  stejaniae.  Both  G.  vardinalis  and  G.  sempervirens  Except  in  series  LinearifoUiis,  floral  morphology  of 

have  already  been  reported  in  the  literature  to  be  Aeropetes  pollinated  flowers  is  remarkably  similar 

pollinated    by  Aeropetes   (Johnson   &    Bond,    1994).  and  is  associated  with  large  Rowers  with  spreading 

Demonstration  of  this  pollination  syndrome  is  dif-  tepals  and  white  splashes  on  the  lower  tepals.  In 

ficult    because    population    sizes   of   Aeropetes   vary  section  Linearifolius,   G.   nerineoid.es   has  relatively 

considerably  from  year  to  year,  and  individuals  may  small  flowers,  but  several  flowers  are  usually  open 

be  absent   locally   in  some  seasons.   Hence,  popu-  at  the  same  time,  providing  the  display  comparable 

lations  of  some   species  of  Gladiolus   may   not   be  to  one  large  flower  found  in  sections  Ophiolyza  and 

visited  and  pollinated  at  all  in  some  years.  We  as-  Blandus. 

sume  this  to  be  the  case  in  1995  when  we  attempt- 7.  Hopliine  beetles.      These  beetles  of  the  family 

ed  to  identify  the  pollinator  of  G.  emeritus  and  G.  Scarabaeidae  use  the  flowers  of  a   range  of   plant 

insole  ns,  which  we  infer  from  floral  morphology  to  families  for  sites  of  assembly,  mate  selection,  and 

be  adapted   for  pollination  by  Aeropetes  (or  in  the  copulation  (Steiner,   1998;  (ioldblatl  et  al.,  1998b) 

case  of  G.  eruentus,  perhaps  some  other  large  but-  and  sometimes  consume  pollen  or  other  plant  ma- 
terfly). terials.   Flowers  most  commonly   favored   by   these 

Butterfly    Bowers    in    Gladiolus    superficially   re-  beetles  are  salver-  or  bowl-shaped,  actinomorphic, 

semble  those  adapted  for  bird  pollination.  Butter-  and  although  variously  colored,  typically  have  dark 

flics  and  birds  do  not,  however,  normally  share  any  contrasting    markings,    sometimes    called    beetle 

Gladiolus  species,  and  in  the  winter-rainfall  part  of  marks  (painted  bowl  flowers  of  Bernhardt,  2000). 

southern  Africa  they  cannot,  for  no  bird  pollinated  The   only    Gladiolus    species   that    approaches   this 

Gladiolus  species  there  flowers  when  Aeropetes  is  pattern  is  G.   meliuseulus,  which  has  pink  flowers 

on  the  wing  in  late  summer.  Apart  from  phenology,  with   enlarged   lower  tepals   that   form  a  compara- 

flowers    pollinated    by   Aeropetes    have   a    narrower  lively  large  platform.  The  lower  tepals  have  a  broad, 

tube  than  do  flowers  pollinated  by  birds  and  so  do  dark  transverse  band  and  are  yellow  at  the  tips.  The 

not  permit  entry  of  a  bird's  bill.  The  white  splashes  pigmentation  broadly  mimics  that  of  two  species  of 
on  most  Gladiolus  species  pollinated  by  Aeropetes  Rornulea  (Iridaecae)  that  often  grow  sympatrically 

are  not  a  feature  of  any  bird  pollinated  members  of  and  are  visited  by  the  same  beetle  species.  How- 

the  Iridaceae  excepting  G.  flanaganii,  and  this  is  ever,  G.  meliuseulus  has  a  zygomorphic  flower  that 

the  only  species  of  the  genus  in  which  both  Aero-  produces  a   floral   odor  and   a  short    perianth   tube 

petes  and  sunbirds  are  recorded  as  visitors  (Johnson  containing  measurable  amounts  of  nectar,  and  it  is 

&  Bond,  1994).   The  firm  texture  of  the  floral  parts,  also  visited   by  Andrena  sp.,  a  short-tongued  bee. 

rigid  stem,  and  hooded  dorsal  tepal  suggest  sun  bird  Too  few  visits  by  bees  were  observed  for  us  to  as- 

polliuation   is  its  primary  strategy.   At   least   in  the  sess  their  importance  in  the  pollination  of  this  spe- 

winter-rainfall  zone*  butterfly  flowers  appear  to  have  cies.  It  is  possible  that  the  bee  is  at  best  an  ocea- 
cvolved    from    fly    pollinated    ancestors    where    the  sional     visitor,    unlike    the    beetles,    which    could 

phylogenetie   relationships  can   be   inferred,  as   in  consistently  be  found  on  flowers  of  these  species  at 

series  Blandus  ((ioldblatt  &   Manning,   1998).  our  study  sites.  The  floral   form  of  G.   meliuseulus 

As  in  long-tongued  bee,  long-proboscid  fly,  and  suggests  a  recent  shift  to  hopliine  pollination,  and 

moth  pollination  systems,  the  reward  offered  to  but-  it  does  not  have  the  classic;  appearance  associated 

tcrflics  is  nectar  on  which  these  insects  feed,  and  with  species  pollinated  by  hopbines. 

pollen  transfer  is  passive.  Sugar  concentration  is 

normally  somewhat  lower  than  in  other  insect  pol-  Discussion 
linalion  systems  (Johnson  &  Bond,  1994;  Coldblatt 

&  Manning,  1998),  mostly   18-24%  sucrose  equiv- Much  of  the  evolutionary  radiation  in  Iridaceae 

alenls,  but  volume  is  high  and  sugars  are  typically       has    involved    changes    in    floral    lealures,    and    it 
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row  range  of  pollinators,  often  a  single  pollinator 

comes  as  no  surprise  that  floral  morphology  in  the       in   Gladiolus.    Flowers  of   Gladiolus   pollinated  by 

family  is  closely  correlated  with  pollination  strate-  apid-anthophorine  bees  or  moths  typically  have  rel- 

gy.  These  are  often  very  precise*  and  involve  a  nar-  atively  concentrated  nectar,  between  30%'  and  36% 

sucrose  equivalents.  Species  pollinated  by  long- 

group  or  only  one  pollinator  (fable  2).  The  seven  proboscid  flies  typically  have  slightly  more  dilute 

taxonomic  sections  of  Gladiolus  (Table  4)  recog-  nectar,  20%  to  30%  (Goldblatt  &  Manning,  1999, 

nized  in  southern  Africa  by  Goldblatt  and  Manning  2000).  Butterfly  flowers  have  moderate  sugar  con- 
are  each  considered  to  be  monophyletic,  as  are  centrations,  in  Gladiolus  between  18%  and  26%. 

their  constituent  series  (Goldblatt  &  Manning,  The  latter  pattern  is  consistent  with  Johnson  and 

1  998),   and    they   are   defined    by   unique,   derived  Bond's  (1994)  observations  on  flowers  pollinated  by 
Aeropetes. 

f  lowers  pollinated  by  ncctarinids,  however,  show 

no  apparent  pattern  in  Gladiolus.  Bird  pollinated 

species  of  series  Homoglossum  have  sugar  concen- 
trations ranging  from  28%  to  33%,  but  in  series 

Mutulnlis  of  the  same  section  as  low  as  21—20%  in 

characters. 

NKCTAK 

'age  of  three  bird  pollinated  species  of  section  Hc- 

two  species  of  section  Ophiolyza  inferred  to  be  but- 
terfly   pollinated,    G.    cruentus   and    G.   saundersii, 

Two  surprising  results  have  emerged  from  an 

analysis  of  nectars  produced  by  Gladiolus  flowers 

(Johnson  &  Bond,  1994;  Goldblatt  et  al.,  1998a,  G.  priorii  and  37%  in  G.  meridiotudis.  the  latter 

1999;  Goldblatt  &  Manning,  1999,  unpublished  remarkable  in  bird  pollinated  flowers.  In  contrast, 

data).  Irrespective  of  taxonomic  affinity  and,  with  bird  pollinated  species  of  section  Ophiolyza  have 

two  exceptions,  of  pollinator,  nectars  are  sucrose-  nectar  mostly  of  18-20%  concentration  except  for 

rich  to  sucrose-dominant.  The  exceptions  are  a  lin-  G.  Jlanaganii,  which  has  nectar  of  35%  concentra- 
tion. This  absence  of  pattern  is  likewise  consistent 

bea,  G.  cunonius,  G.  saccatus,  and  G.  splendens,  and       with  Johnson   and    Bonds  (1994)  observations  on 

(lowers  pollinated  by  nectarinids.  Avian  nectar 

feeders  tend  to  favor  more  dilute  nectars  (Kevan. 

which  have  hexose-rich  to  hexose-dominant  nectar.  1984;  Baker  &  Baker,  1990;  Nicholson,  1998),  and 

The  development  of  hexose-rich  nectar  in  seel  ion  this  is  reflected  in  the  nectar  of  many  Gladiolus 

Hebea  is  consistent  with  the  presumed  taste  pref-  species.  The  high  nectar  concentration  in  the  spe- 
erenees  of  passerine  birds  (Baker  &  Baker.  1990).  cies  of  series  llomoglossum  and  G.  meridionalis 

However,  comparable  evolution  of  hexose-rich  nee-  may  reflect  heightened  calorific  requirements  in 

tar  is  conspicuously  absent  in  the  lour  other  sec-  sunbirds  in  the  winter,  when  temperatures  are  low 
tions  of  southern  African  Gladiolus  that  contain  and  breeding  occurs.  In  wet  winter  conditions  rain 

bird  pollinated  species.  The  development  of  hex-  max  also  cause  dilution  of  nectar  (Nicholson, 

ose-rich  nectar  in  section  Ophiolyza  is  likewise  1998).  and  the  high  nectar  concentration  in  these 
noteworthy,  as  it  is  unusual  for  butterfly  flowers  in       Gladiolus  species  may.  alternatively  and  simply,  be 

an  adaptation  to  counteract  the  dilution  effect. 

Nectar  volume,  as  might  be  expected,  is  closely 

the    Iridaceae    (unpublished    data),    though    not 

unique.  Hesperantha  (Schizostylis)  coccinea,  a  pre- 

sumed butter-fly  flower,  has  hexose-dominant  nectar  linked  to  pollinator  size,  itself  linked  to  flower  size 
(Johnson  &  Bond,  1994)  in  contrast  to  the  bee  or  (Baker  &  Baker,  1990).  The  larger  the  pollinator 

moth  pollinated  members  of  that  genus  (Goldblatt       the  larger  the  flower  and  the  greater  the  amount  of 

et  al.,  in  press). nectar.  Thus  bird  flowers  have  the  highest  quanti- 
In  general,  nectar  sugar  chemistry  in  Gladiolus  ties  of  nectar,  and   bee  (and  hopliine)  flowers  the 

appears  to  reflect  phylogenetic  relationship  rather  lowest.  Butterfly  and  long-proboscid  fly  flowers  fall 

than   pollinator  preference,  as  has  been  reported,  between  the  extremes.   Hopliine  and  small-bodied 

for  example,  in  African  Asphodelaceae  and  Erica-  bee    pollinated    flowers    either    produce    reduced 
ceae  (Pcreival,  1961;  van  Wyk  et  al.,  1993:  Barnes  amounts  of  nectar  or  none  at  all.  Gladiolus  flowers, 

et  al.,   1995).  However,  natural  selection  by  polli-  then,  appear  to  be  excellent  sources  of  nectar  for 

nalors  presumably  accounts  for  the  shift  to  hexose-  the  particular  pollinator  for  which  they  are  adapted 

rich  nectar  in  section  Hebea  of  Gladiolus.  Aeropetes  and  floral  changes  associated  with  shifts  in  polli- 
is,  however,  not  known  to  have  a  preferred  type  of  nation  system  are  tracked   by  nectar  volume  and 

nectar,  so  the  shift  to  hexose-rich  nectar  in  butterfly  concentration.  Nectar  sugar  chemistry  seems  more 

pollinated  species  of  section  Ophiolyza  is  puzzling.  conservative  and   is  largely  sucrose-rich  to  -domi- 

Nectar  concentration  seems  to  be  loosely  linked  nant  as  it  is  in  most  members  of  subfamily  Crocoi- 

to  pollinator  (Kevan  &  Baker,  1983;  Baker  &  Bak-  deae  (syn.  Ixioideae)  (Goldblatt  et  al.,  1995,  1999, 
er,  1990),  and  this  is  to  a  limited  extent  reflected  2000a.    2000b.    in    press;    Manning    &    Goldblatt. 
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I99(>.  I 9(>7).  The  marked  trend  away  from  this  pat-  genus  for  tropical  and  southern  Africa  offer  phv- 

tern  in  one  bird  pollinated  lineage  ol  section  lichen,  logenetic  classifications  and  preliminary  clado- 

which  has  hexose-rich  to  hexose-dominant  nectar,      grains  based  on  morphological  analysis  (Goldblatt, 

seems  likely  to  he  [)ollinator  driven.  This  same  pat-  1996,  Goldblatt  &  Manning.  I99J5).  In  southern  Af- 

tern  occurs  in  several  bird  pollinated  lineages  of  rica,  Goldblatt  and  Manning  recognize  seven  see- 

the family,  including  Klattia  and  Witsenia  (INiven-  lions  in  the  genus  (Table  4).  each  supported  by  spe- 

ioideae)  and  Chasrnanthe  (Crocoideae),  but  not  in  cialized  features  (synapomorphies).  Within  these 

others  (Goldblatt,  1993;  Johnson  &  Hond,  1994;  sections  a  total  of  2 1  species  aggregates  (informal 

Goldblatt  et  al.,  1999).  laxonomic  series)  are  also  recognized,  these  like- 

wise supported  by  derived  characters.  Thus,  a  phy- 

POLLINATOR  SHUTS   VM»  KVOLITION  IN  Till    ...AIS        l»^»**«'«'    <™  rework   oxists.
   which   offers   a   hmuri 

understanding  of  die  major  patterns  ol  radiation  in 

In   their  analysis  of  the   radiation  of  pollination       ,Me  genus.   Pollination  biology  in  Gladiolus  is  also 

moderately  well  understood.  Pollination  by  antho- 

phorine  bees  and  native  Apis  mcllifera  foraging  for 

nectar  and    passively    transporting  dorsal    loads  ol 

systems  in  Disu  (Orchidaceae)  in  southern  Africa, 

Johnson  et  al.  (1998)  asked  two  questions.  One.  did 

each  system  originate  once  or  did  each  mode  have 

several"  independent  origins?  Two.  does  history  plav       •)(),len  is  the  most  common  system,  now  document- 

an  important  role  in  determining  the  pollination  hi-       ed  in  43  *P^ies.  The  close  similarity
  of  floral  mor- 

ologv  of  a  species  or  arc  pollination  systems  evo-       P^'^.V  and  nectar  characteristics  s
uggest  that  an 

lutionarily  labile?  These  questions  can  equally  be 

asked  ol  Gladiolus,  and  the  answers  are  strikingly 

similar.   As  in  Disa,   there  is  ample  evidence  from 

additional  44  species  share  this  same  pollination 

system  (Table  3). 

Pollination  systems  in  Gladiolus*  in  order  of  im- 

comparative  morphology  and  cladistic  analysis  thai  P°rta»te   (Table
  3)   then,  are   large-bodied,   long- 

pit        ,       M-      .•  .  .it        ,1  ton  cued  bees  (5,59f ).  long-proboscid  Hies  with  pro- 
(ullerenl  polhuahon  systems  arose  repeatedly  with-  r  \         /»        ©  i  ... 
•     ,11    /•   i       r,M  i     i.i*       -.i  •  .   •  bosces  over  20  mm   long  (18%),   nectarinid   birds 
in  (rladio/us.   I  hus.  we  conclude  that,  within  certain  D 

parameters,  pollination  systems  in  the  genus  arc 

e\tremel\  labile  There  is  always  a  historical  com- 

ponent  to  die  radiation  ol  pollination  systems,  and 

the  zygomorphie,  tubular,  often  large,  nectar-pro- 

ducing (lowers  ol  Gladiolus  seem  constrained  to  uti- 

lizing pollination  systems  that  involve  passive  pol- 

len   transfer    with    pollinators 

search  ol  nectar.  This  contrasts  markedly  with  gen- 

era  like   Hesperantha,   Ixia,   and   Romulea,   which 

have  small,  rotate,  or  campanulate  flowers  that  em- 

phasize pollination  systems  invoking  hopbine  bee- 

visiting    flowers    in 

(\2r/c),  night-flying  moths  (7%),  the  salyrid  butter- 

fly, Aeropetes  (5%),  and  small-bodied,  short-tongued 

female  bees  foraging  for  pollen  (29f).  The  common 

hopliinc   beetle   system   ol   southern   African   Irida- 

ceae  is  represented  in  just  one  species.  Matching 

the  pollination  strategy  against  the  classification  of 

the  genus  shows  repealed  shifts  in  pollination  sys- 

tem (fable  4).  Assuming  that  large-bodied,  long- 

tongued  bee  pollination  is  ancestral,  as  postulated 

above,  we  suggest  a  minimum  estimate  of  the  in- 

dependent origin  of  long-proboscid  fl\  pollination 

at    least    12    times   (in    six   sections   of  the   genus). 
ties  or  bees  foraging  for  pollen,  or  a  combination  ol  ■    i        •  •    r      ,i       ■     i  i      .       •    •        r 

r,     !  Likewise,  we  inter  Hie  independent  origin  ot  pas- 
hopliines  and  bees.  Thus,  hopliinc  beetles,  which  •  .     .     n-      .■     %  7  .•  r      n         •  c     „    ̂  
r  '  serine  |)oltmation   i   tunes  (in    i   scries  in  four  sec- 

favor  actinomorphic,  salveriorm  (lowers;  butterflies, 

lions),   moth   pollination  5  times  (in   .")  series  in  \\ 
other  than   Aeropetes;  bomhyliid  Mies,  which  favor      sections),  an(|  Aeropetes  [)ollination  3  times  (in  3 
relal.voly  small  flowers;  and  cam,,.!  flies;  all  sig-      S(.ries  in  3  seHions).  Combining  this  with  the  in- nificant  pollinators  of  the  southern  African  flora,  are 

not  at  all  or  are  or  barely  utilized  within  Gladiolus. 

liven  the  active  pollination  system  involving  female 

lent 

pen< 

lent  origin  of  active  bee  pollination  in  four 

species  in  four  separate  series  and  hopliinc  polli- 
nation in  one  series,  we  infer  a  total  of  at  least  32 

bees   foraging  for  pollen   is  weakly  developed,  al-  shifts   in   pollination   system   within   Gladiolus.    Put 
though  it  has  evolved  independently  in  four  species  another  way,  this  represents  one  shift  for  every  5 
of  four  different    sections  or  series  (G.   aureus,    G.  species  of  Gladiolus.  This  appears  to  be  a  remark- 
hrerituhus.  G.  quadrangulus.  and  G.  stellatus).  able  degree  of  flexibility  in  floral  characters  and  in 

It  has  been  implicitly  assumed  that  explicit  phy-  patterns  of  convergent  evolution,  al   least  as  far 
current  knowledge  allows  this  statement. logenetic  hypotheses  based  on  wel  I  -supported  cla- 

distic analyses  are  necessary  to  determine  patterns 

of  floral    radiation   and   associated  diversity    of  pol-        PATTKRNS  OF  SPKCI ATION— GEO<;i<  APHY  VKRSUS 

ination   systems   in   flowering  plants  (Armbruster. 

1992.   1993;  Johnson  et  al..   1998).  We  lack  such  a 

POLLINATION   S^iSILM 

A  more  difficult  question  to  answer  than  the  fre- 

plnlogeny  in  Gladiolus*  but  the  monographs  of  the       quency  of  pollinator  shifts  is  why  these  shifts  oc- 



Volume  88,  Number  4 
2001 

Goldblatt  et  al. 

Pollination  Systems  in  Gladiolus 

731 

currcd.  Two  factors  appear  significant  in  pollinator  by  changes  in  patterns  of  vegetative  growth  (Gold- 

shifts  in  Gladiolus.  One  frequent  pattern  is  an  as-  blall  &  Manning,  1998).  Most  often  the  production 

sociated  shift  in  soil  substrate  without  any  signifi-  of  leaves  is  delayed  until  conditions  are  favorable 

cant  geographic  disjunction  among  closely  related  for  vegetative  growth,  and   leaves  present  at  flow- 
ering time  are  reduced  in  size  and  often  in  number. species  with  different  pollinators.  Several  examples 

illustrate  this  point.  In  the  four  species  of  series  Alternatively,  the  flowering  stern  with  its  reduced 

Floribundus,  bee  pollinated  G,  rudis  and  G.  gran-  leaves  does  not  die  as  the  seeds  mature,  but  re- 

difiorus  grow  on  sandstone  or  clay  slopes  respec- 
tively, flv  pollinated  G.  floribundus  on  drier  rocky 

mains  green  throughout  the  growing  season. 

Long-proboscid  flies  are  on  the  wing  late  in  the 
sandstone  habitats,  and  bird  pollinated  G.  miniatus  flowering  season,  mainly  October  to  December  in 

is  restricted  to  coastal  limestones.  In  series  Per-  the  winter-rainfall  zone,  February  to  April  in  the 

meabilis,  G.  permeabilis  subsp.  edulis  favors  sandy       summer-rainfall  zone.  Shifts  to  this  pollination  sys- 

or   rocky   doleritic-derived   soils,   wh the  im-       tern  may  be  driven  by  selection  by  these  insects. 

soon  as  these  insects  are  on  the  wing.  Bees  are  the 

mediately  related  G.  sekukuniensis  is  restricted  to  An  aspect  of  pollination  by  extreme  specialists,  ei- 

dolomite  and  other  limestone-type  soils  (Manning  I  her  long-proboscid  flies  or  Aeropetes,   that  awaits 

et  al..   1999).  In  the  three  species  of  series  Appen-  explanation  is  the  prominence  of  these  systems  as 
diculatus*  bee  pollinated  G.  appendiculatus  occurs 

on  igneous  substrates,  while  the  two  flv  pollinated  predominant  pollinators  in  the  winter-rainfall  zone 
species,  G.  calcaratus  and  G.  macneilii,  occur  on  early  in  the  season  (late  winter  and  spring)  and  in 

sandstone-  or  dolomite-derived  soils,  respectively.  the  late  spring  and  early  summer  in  the  summer- 
A    similar   pattern   is   mirrored    in   series   Gracilis,  rainfall  zone,  but  their  importance  for  genera  like 

where   moth   pollinated   G.   maculatus   favors  clay  Gladiolus   falls   dramatically   once   long-proboscid 
soils,  while   the  closely   related   G.  priorii  and   G.  flics  and  then  Aeropetes  become  active.  It  may  be 
meridionalis.    both    bird pollinated,    iavor    rocky fa k that  competition  for  conventional  pollinators  (apid- 

sandstone  or  granite  slopes  (G.  priorii)  or  coastal  anthophorine  bees)  influences  the  shift  to  specialist 

limestones    (G.    meridionalis).    As    in    Lapeirousia  pollinators.  There  is,  however,  no  evidence  that  bee 

(Goldblatt  &  Manning,   1996).  one  pattern  of  spe-  populations  also  fall  at  this  time,  which  might  lead 
cies  diversification  in   Gladiolus   is  marked   bv   an  to  the  exploitation  of  alternative  pollinators.  It  may 

edaphic  shift  accompanied  by  a  change  in   polli-  simply  be  that  long-proboscid  flies,  which  usually 
nator  without  a  marked  geographic  disjunction. cany  pure  loads  of  pollen  of  particular  species  at 

A  second  pattern  of  speciation  is  associated  with  various  sites  on  their  bodies  (Goldblatt  &  Manning, 

a  shift  in  flowering  phenology.  In  the  southern  Af-  1999.  2000)  are  more  effective  pollinators.  Bees 

rican  winter-rainfall  zone  this  shift  is  sometimes  remain  active  and  plentiful  in  the  summer-rainfall 

combined  with  a  change  in  pollinator  in  closely  re-  zone  thoughout  the  time  that  long-proboscid  (lies 

lated  species.  A  phenological  shift  is  consistently  and  Aeropetes  are  active.  In  the  winter-rainfall  zone 

associated  with  Aeropetes  pollination  because  this  apid  bees  also  remain  active  and  prominent  polli- 

butterfly  is  on  the  wing  from  late  December  to  nators  of  Gladiolus  species  that  flower  in  late  sum- 
April.  At  least  three  clades  comprise  species  that  mer  and  autumn, 
flower  in  the  late  summer  or  autumn  and  show  a 

shift    to    Aeropetes    pollination.    This    phenological 
As    noted   for   subgenus   Lapeirousia    in   winter- 

rainfall    southern    Africa    (Goldblatt    &    Manning. 

shift  need  not  accompany  a  change  in  pollinator.  1996),  edaphic  shifts  appear  to  be  the  primary  step 

Several  autumn-flowering  species  of  sections  Horn-  in  population  differentiation,  which  is  then  rein- 

oglossum  and  Linear if alius  maintain  ancestral 

large-bodied  anthophorine  bee  pollination  but  flow- 
er at  a  time  when  few  other  members  of  the  sur- 

forced  by  a  pollinator  shift.  This  may  be  more  read- 
ily accomplished  in  small  peripheral  populations 

separated  ecologically  from  the  swamping  effects  of 

rounding  flora  are  in  bloom,  and  competition  for  the  ancestral  gene  pool.  The  second  pattern,  which 

bee  pollination  must  be  minimal.  In  the  winter-  involves  a  phenological  shift,  may  be  entirely  pol- 
rainlall  zone,  related  species  flower  at  the  expected  linalor  driven.  Whatever  the  full  explanation  may 

time,  earlier  in  the  season.  In  the  summer-rainfall  be,  there  is  no  doubt  that  pollinator  shifts  explain 

zone  there  is  a  comparable  phenological  shift  in  much  ol  the  species  diversity  in  the  African  genera 

species   of  section   Linearifolius,    in    this   case   for      of  the  Iridaceae. 

flowering  earlier  in  the  season,  at  the  end  of  the Species  diversification  within  the  same  pollina- 
dry  season  and  before  the  flowering  peak  in  the  tion  system  requires  different  explanations.  Some 

flora.  Phenological  shifts,  whether  accompanied  by  species  fit  the  classic  pattern  ol  divergence  caused 

pollinator  shifts  or  not,  are  generally  accompanied       by  geographic  isolation  alone*.  For  example,  within 
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series  flomoglossum  \he  lineage  of  similar-flowered,  with  edaphic  or  phenological  shifts,  phenologieal 
bird  pollinated  species,  G.  quadrangular  is,  G.  ter-  shifts  alone,  or  conventional  geographic  harriers  to 
etifolius,    and    G.    tvatsonius,    occupy   separate,   al-  dispersal. 
though   adjacent   geographic   ranges,   hut   maintain 

identical  soil  preferences,  flowering  times,  and  pol-  SCKCl  A  LIST  POLLINATION  S^STKMS  AND  RARITY 

inators  (Coldblatl  &  Manning.   1  (W!1).  A  compara- 

ble pattern  is  evident  in  the  second  lineage1  of  the 

series,  in  which  G.  abbreviatus,  G.  fourcadei,  and 

G.  huttonii  have  adjacent  ranges  across  the  south- 

ern and  eastern  Cape,  hut  there  is  a  shift  in  phe- 

nology in  G.  dbbreviatus  to  winter-flowering  as  com- 

pared to  its  spring-flowering  relatives. 

Speciation    patterns    are    often    more    complex. 

Competition  for  the  same  suite  of  pollinators  at 

limes  of  flowering  peaks.  August  and  September  in 

As  pointed  out  by  Johnson  and  Bond  (1994)  for 

species  pollinated  by  Aeropetes,  many  of  the  plants 

are  rare  or  have  narrow  ranges.  This  is  certainly 

true  of  butterfly  pollinated  species  of  the  winter- 

rainfall  zone,  but  it  is  also  true  that  these  species 

are  usually  restricted  to  rare  habitats  that  remain 
* 

moist  during  the  dry  summer  and  autumn  (Cold- 

blatl iK  Manning,  1998).  Long-proboseid  fly  polli- 

nated species  of  the  winter-rainfall  /one  also  flower 
iiiiitn    \n     i  ii  m><    i  iM^    |«iii\n,    /  uif;u;-t  I    til  n  J    -   'i    |  n<    ii  n  m    i     i  ii  ,     . 
.  .    .  •    r  ii  i  i^i  i  r^  i  lairl\  late  and  require  mesic  habitats  that  limit  their 
the  winler-iaiulall  /one  and  December  to  rebruary        ..      ..      .  .  . 

in  the  summer-rainfall  zone,  is  one  explanation  for 
distribution.   Thus   the   rarity   or   narrow   ranges  of 

ill      tin         ^iiiiiiih     I       i  .  I  i  i  i  I  «  I  I  I     U/IH    ,     in     IIIU       I     \  |  Fill  I  lc  I  I  I  t  '  I  i     IWI  .  .  . 

,  r  •         i  r*  species  using  specialist  pollinators  may  be  no  more 
the  presence  ol  species  clusters  in  sections  Detisi-  \  .  . 

floras.  Hrbca.  and  Homoglossurrh  all  pollinated  by 

the  same  range  of  large-bodied  bees.  Under  intense 

competition  for  pollinators,  a  distinctive  display  of 

than  a  reflection  of  the  scarcity  of  suitable  habitats 

available  to  them  compounded  by  the  difficulty  of 

dispersal   to   isolated   habitats  where  they  can   be- 

r  l  r  i  come  established.  The  correlation  of  specialist  pol- 
lorin.  color,  or  even  Iragrance  may  enhance  repro-       ..  .  .    f  ' 

mg 

ductive  success.  In  a  genus  such  as  Gladiolus, 

where  species  are  self-incompatible  but  are  almost 

all  inlerfertile,  onl)  highly  distinctive  species  shar- 

the  same  pollinator  can  coexist  in  a  particular 

habitat,  whatever  their  edaphic  niche  may  be.  with- 

out the  development  of  hybrids.  It  is  not  unusual 

to  find  three  or  four  coblooming  species  of  Gladi- 

olus sharing  the  same  set  of  bee  species  as  their 

pollinators.  Each  Gladiolus  species  has  its  own  mi- 

crohabitat,  so  that  competition  for  space4  and  nutri- 
ents is  not  a  concern.  However,  in  such  situations 

species  invariably  differ  substantially  in  appear- 

ance and  fragrance.  Anthophorine  bees,  which  are 

to  a  degree  flower  constant  (Bernhardt.  19%;  (iold- 

blatt  et  al..  199Kb).  do  not  visit  these  different  spe- 

cies sequentially,  and  Inbridization  is  rare  in  our 

experience,  and  unknown  in  undisturbed  habitats. 

We   therefore   assume   that    introgression    is   not   an 

explanation  for  much  if  any  of  the  species  diversity 

in   the  genus.   Reproductive  isolation  due  to  poly- 

( 
inces  away. 

linator  and  rarity  is  misleading.  It  is  probably  not 

the  result  of  the  unusual  pollination  system  but  of 

the  paucity  of  suitable  habitats  and  the  difficulty  of 

dispersal  to  similar  habitats,  located  considerable 
list* 

In  the  southern  African  summer-rainfall  zone 

some  Gladiolus  species  are  certainly  rare.  While 

the  immediately  related  G.  pcrmeabilis  is  wide- 

spread across  southern  Africa.  G.  sekukuniensis  is 

restricted  to  a  narrow  stretch  of  Northern  Province. 

Similarly,  G.  macneilii  is  a  narrow  endemic,  where- 

as allied  and  presumably  ancestral  G.  appendicu- 

latus  has  a  far  wider  range.  However,  both  these 

rare  species  are  also  edaphic  specialists,  confined 

to  unusual  limestone  soils.  The  correlation  here, 

then,  is  a  reflection  of  edaphic  shift  being  associ- 

ated with  a  change  in  pollinator. 

Conclusion 

The  ultimate  explanation  for  the  success  of  Glad- 

ploidy  or  dysploidy  can  also  be  largely  ruled  out  as  iolus    compared    to    related    genera    in    the    family 

having  played  a   role   in   the   radiation   in  southern  seems   to    lie    in   a   genetic   system   that   allows   for 

African   Gladiolus.    Nearly   all   species  are  diploid  adaptation   to   many   different    habitats,   soil   types, 

and   have  the  same  chromosome  number,  //   =    15  and  climatic  conditions  combined  with  an  extreme- 

(Goldblatt  iK  Takei.   1997).  Only  G.  dalrnii  is  con-  ly  labile  floral  form  that  is  receptive  to  selection.  II 

sistenlly  polyploid  in  southern  Africa  (diploid  races  there  is  one  feature  of  the  reproductive  system  that 

occur  in   tropical    Africa  and   Madagascar),  and  G.  appears  distinctive  in  Gladiolus  it  is  that  most  spe- 

leptosiphon,  n   =   30,  may   be  a  polyploid  species,  cies  appear,  at  least  from  preliminary  studies  ((iold- 
although   only  one   population   has   been  examined  Matt  et  al..   1998a:  Ooldblatt  &  Manning,  1999),  to 

for   chromosome    number   (Goldblatt    et    al..    1993;  be   self-incompatible,    unlike   other  genera    in    the 

(/oldblatt  &  Takei.  1997).  The  predominant  factors  same    subfamily,    and    moreover,    the    flowers    are 

that    promote    reproductive    isolation    in    Gladiolus  strongly  protandrous  and  herkogamous,  also  unlike 

then    are   floral    presentation    frequently   combined  the   situation    in   other   Crocoideae   (where   this   is 
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known).  The  genus  also  has  a  high  basic*  chromo- 

some number,  x  —  15,  one  of  the  highest  in  the 

family.  Outcrossing  and  associated  genie  recombi- 

nation are  therelore  maximized.  The  only  other  ge- 

nus that  is  comparable  in  the  family,  Moraea  (sub- 

family Iridoideae).  is  also  an  unusually  large  genus 

with  some  200  species,  and  it  too  shows  strong  sell- 

incompatibility,  protandry  and  herkogamy,  but  not 

a  high  basic  chromosome  number.  Whatever  the 

explanations  may  be  for  the  species  richness  in 

Gladiolus,  and  they  are  probably  numerous  and 

complex,  we  can  only  marvel  at  the  diversity  and 

adaptability  of  this  remarkable  genus. 
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eoideae).  Ann.  Missouri  Bot.  Card.  80  (In  press). 
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does  not  perform  library  research  except  by  prior  arrange- 

ment with  authors  not  having  access  to  crucial  reference 

materials.  Communication  with  the  editor  at  all  points  ol 

the  publication  process  is  encouraged. 

ample.  9-nerved.  oval-triangular. 

D   Common  Latin  words  or  phrases  arc  not  italicized  (e.g.. 

□ 

Pack  Charges 

Page  costs  are  $80  per  page,  although  charges  may 

sometimes  be  reduced.  Changes  in  proof  made  l>\  authors 

will   be  billed  non-negotiably  to  the  author  at  $3.50  per 

□ 

et  al..  i.e.,  sensu.  etc.). 

Onlv  I  axon  names  at  the  rank  of  genus  and  below  are 

italicized. 

Correct   accents,  umlauts,  and  other  diacritical  marks 

have  been  included. 

Ml    figures   and    tables   are   cited    in   the   text   and   are 

numbered  in  the  order  in  which  they  are  to  appear. 

ine  changed. 3.    Style 

CORRESPONDENCE 

Amy  McPherson.  Managing  Fditor 

VIHC;   Press,  P.O.   Box  299,  St.   Louis,  MO  63166-0299, 
U.S.A. 

Street  address;  MlHi  Press,  Monsanto  Center.   1500  Shaw 

Blvd.,  St.  Louis,  MO  631  10-2291 

Tel;  (31  1)  577-5112;  Fax;  (311)  577-9594 
Kmail:  annals@mobot.org 

www.mobol.org 

D    Kecent  issue  of  the  Annals  is  used  as  a  model. 

D   Chicago  Manual  of  Style,   latest  edition,  is  used  as  a 

r. 

reierence. 

1.    First  Page 

I.  General 

□  Text  is  in  English  or  Spanish  on  numbered  pages. 

□  Manuscript  is  submitted  on  MS-DOS/WINDOWS  Vh 

in.  diskette,  as  Microsoft  Word®  [preferable]  file. 

□  Three  copies  of  double-spaced  printed  manuscript,  in- 

cluding abstract,  legends,  tables,  specimen   lists,  Lit- 

□  Footnotes  are  typed  as  double-spaced  paragraphs  on 

the  first  page.  The  first  footnote  contains  acknowledg- 
ments, including  information  on  granting  agencies, 

herbaria  that  loaned  specimens,  and  the  name  of  the 

artist.  The  second  footnote  is  the  author's  address.  Ad- 

dresses for  additional  authors  are  each  separate  fool- 

notes.  No  other  footnotes  occur,  except  in  tables,  where 

unavoidable. 

5.    Abstract  &   key  Wok  Is 

e  rat  lire  Cited,  and  footnotes,  are  enclosed.  The  printed        □    A    one-paragraph    abstract    precedes    text.    Papers    in 

manuscript  is  the  same  as  the  document  on  the  dis- 
kette. 

Spanish    have   an    English    abstract    in    addition    to   a 

Spanish  resumen. 
□    Photocopies  of  the  figures  are  included  with  each  copy        □   The   abstract    is   concise   (1    paragraph)   and    includes 

of  the  manuscript.  Copies  of  half-tone  figures  (photo- 

graphs) and  plates  must  be  of  sufficiently  good  quality 
brief  statements  about  the  paper's  intent,  materials  and 
methods,  results,  and  significance  of  findings. 

to  show  all  the  detail  of  the  originals.  Digital  or  i\\e-        □    A  brief  list  of  key  words  immediate!)   follows  the  Ab- 

sublimalion  proofs  of  electronic  graphic  files  are  sub-  stract. 
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().  Taxonomic  Treatment {).    Abbreviations 

□  Species  entries  an*  organized  as  follows:  Heading,  Lat- 

in   diagnosis   (if    necessarx ).   description,   distribution. 

n 

n    Periods   are   used    alter   all    abbreviations   (which   are 

minimized)  excepl    metric   measures,  compass  direc- 
tions, and  herbarium  designations. 

vernacular  name(s),  discussion,  specimens  examined.        \J    Vt'ht-n  dates  are  given  as  part  of  collection  information. 
three-letter  month  abbreviations  are  used,  except  for 

months  with  lour  letters,  which  are  spelled  out  in  lull, 

species,  variation,  distribution  and  ecology,  nomenela-        □   States  are  not  abbreviated,  and  cities  are  spelled  out. 

The  discussions  are  parallel  and  follow  the  same  order, 

e.g.,  diagnostic  characteristics,  distinction  from  similar 

tine  and  tvpiheation.  uses. |St.,  as  in  St.  Louis,  is  acceptable. | 

□   One  paragraph  per  basionvm  is  used  as  follows:  Taxon        G    Periodicals  are  abbreviated  according  to  B-P-ll  I  /Co- 

author, literature  citation,  type  citation,  e.g..  Iteilsch- 

miedia    latil'olia   (INees)   Sa.    Nishida,    Ann.    Missouri 

tanico-Periodicum-lluntiarwm)  and  to  B-P-H/S  (Bo 
tanico-Periodicum-lluntianum/Supplement urn ). 

Hot.  Gard.  86:  MM).   I()()().  Ilujelandia  latifolia  Nees.       D   Authors*  names  are  abbreviated  according  to  hVummil 

Syst.   Laur.:  67-1.    IH.'U>.    I  ̂  PK:   Peru.   Locality   not   in-  cK   Powell's  Authors  <>/  Plant  Names. 

dicated,  IH.'i")  (II).  Matthew  14.1'i  (holotvpc.  K!:  isotv-  D  book  titles  are  abbreviated  according  to  Taxonomic  Lit- 
erature, edition  2.  but  with  initial  letters  capitalized, 

book  titles  are  spelled  out  in  the  Literature  Cited. 

II  an  item  docs  not  appear  in  B-P-ll  or  TI-2.  or  if 
these   references   are   not   available,   its  title   is  lullv 

spelled  out. 
Herbaria   are   abbreviated   according   to  Index   llerha- 
riorum.  edition  eight  (8). 

Abbreviated  forms  are  not  used  for  references  in  the 

text,  except   when  citing  the  names  of  plants.    II    it    is 

necessary  to  cite  a  particular  page  in  the  text,  the  form 

Smith  (1W8:   12)  is  used. 

10.  Specimens  Examined 

pes.  UM!.  K!,  k!.  LE  not  seen,  ()\l*    not  seen). 

□  Synonyms  based  on  different  types  are  placed  in  sep- 

arate paragraphs,  each  beginning  with  the  basionym, 

followed   by  other  combinations  (if  appropriate),  and 

citation  ol  the  t\  pe. 

□  A  brief  Latin  diagnosis  lor  each  new  taxon  is  provided        LI 

lather  than  a  complete  Latin  description. 

□  Lor  species   with    inlraspecific   laxa:    Description  and        LJ 

discussion   arc  composite   (incorporating  all    inlraspe- 

cific taxa)  and  parallel  with  other  species  descriptions. 

Descriptions  ol  infraspecihe  taxa  are  parallel  with  one 

another  (in  the  same  species).  All  synonyms  are  listed 

under  the  appropriate  inlraspecific  taxon. 

□  Descriptions:  Descriptions  are  parallel,  within  a  given 

rank.  All  measurements  are  metric.  Hyphens  are  used 

lor  parenthetical  extremes:  "peduncle  (8.2-)  I ■!•..'$- 

28.0(— 3  1 .9)  cm  long,"  unless  intermediate  values  are 
not  expected:  ovary  with  (2)4(6)  loeules.  Length  X 

width  are  given  in  the  following  manner:  lamina  M).  1- 

82.8  x  9.1-16.8  cm. 
□   When  relevant,  nomina  nuda.  misapplied  names,  and 

icrll led  in  the  (lis 

fol- 

superuuous  names  are  incumeo  in  me  discussion 

ic  description,  hut  are  not  part  of  the  formal low iug  the  des 

SVIIOIIV  IIIV. 

7.  Citation  of  T\ pes 

□  Exclamation  points  are  used  for  specimens  examined, 

and  types  not  seen  are  indicated  as  such  (e.g.,  MO!. 

IIS  not  seen). 

LectotyjH'  designations  are  included  together  with  an  in- 
dication ol  where  they  were  designated,  the  vear,  and  the 

author.  This  reference  is  listed  in  the  Literature  Cited.  II 

the  author  ol  the  paper  submitted  is  making  the  leetotyp- 

ification,  the  phrase  "here  designated"  is  used. 

8.  Tables 

|~1   Tallies  are  neat,  double-spaced,  and  clearly  presented. 
In  most  cases  the  printer  will  tvpesel  these  from  hard 
copy. 

|~|  Captions  are  typed  double-spaced  
as  paragraphs  at  the tops  ol   the  tahles. 

□  Bach  table  starts  on  a  separate  sheet. 

□  If  main  specimens  were  examined,  those  cited  in  the 

text  are  limited  to  ca.   1  Vi  manuscript  pages. 

CH  If  there  are  a  large  number,  an  index  to  specimens 

examined  is  placed  at  the  end  of  the  paper,  lollowing 

the  Literature  Cited.  It  is  arranged  alphabetically  bv 

collector,  followed   bv  collection   number,  followed  bv J 

the  number  of  the  taxon  in  the  text.  Names  (including 

inilial(s))  of  first  and  second  collector  are  provided,  "el 
al."  il  three  or  more. 

CD  Specimens  an*  cited  in  the  text  as  follows:  Additional 

specimens  examined  (or  Selected  specimens  examined). 
MKXICO.  Oaxaea:  Sierra  San  Pedro  Nolosco.  Talea. 

12  °37'N,  85°14'\Y,  <*><>-]  100  m.  3  Feb.  1987  (fl),  Jer- 

gensen  865  (BM,  C  K,  US).  |  Dates  and  reproductive 

status  are  optional  but  are  omitted  from  longer  lists. | 

Countries  arc  run  together  in  the  same  paragraph,  e.g.. 

COUNTRY  A.  Major  political  division:  .  .  .  COUN- 

TRY H.  Major  political  division:  .  .  .  Separate  par- 

agraphs are  used  for  major  continental  regions  within 

major  political  divisions. 

I  I.  Specimen  \ouchers  and  Genetic  Sequences 

□  If  paper  presents  original  data,  associated  herbarium 

vouchers  are  cited.  [Vouchers  for  seed  and/or  other  col- 

lections should  be  included  where  pertinent.  Depen- 

dent on  the  paper,  reference  to  the  original  wild  source 

mav  be  required. |  Vouchers  are  also  cited  for  common 

names  and  uses  taken  from  specimen  labels. 

Herbarium  vouchers  state  the  collector  and  number, 

herbarium  in  which  the  voucher  is  located,  and  a  clear 

annotation  that  the  material  represents  the  voucher  for 

the  study  in  question. 

EH    Nucleic   acid   or   protein   sequences   corresponding  to 
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equal  or  greater  than  50  nucleotides  are  entered  into 

an  appropriate  data  bank.  e.g..  GenBank/FMBL.  The 

accession  numbers  are  provided  before  publication. 

[Long  sequences  (exceeding  two  pages)  will  not  be  rou- 

tineK    published. 

□    Author  accepts  responsibility    for  establishing  the  ac- 

curacy of  information  provided. 

1 2.    Keys 

□    Keys  are  clear  and   have  been  checked  carefully   for 

(=  29  X  40  cm).  |  Maximum  size  lor  printed  illustra- 

tions is  5W  X  8a/4  in. |  Oversized  or  delicate  figures  arc 
submitted  as  photostats. 

□  Figures  are  numbered  in  Arabic  numerals  in  the  order 

of  their  citation  in  the  text.  Parts  ol  figures  are  labeled 

with  capital  letters. 

□  Photographs  are  crisp  black-and-white  prints. 

□  Figures  are  grouped  into  composite  plates  when  pos- 

sible: edges  of  photographs  are  abutted. 

□  No  stripping  is  inserted  between  plate  or  figure  seg- 
ments. [Printer  will  insert  stripping. | 

consistency  with  the  descriptions.  Leads  of  each  eon-        □    Fdges  of  figures  are  squared 

plet  are  parallel. 

□    Dichotomous  kevs  are  indented. 

□    Maps  include  reference  to  latitude  and  longitude  and 

are  bounded  bv  a  fine  border. 

□    Infraspecific  taxa  are  keyed  separately,  not  in  species        Q   Scanning  electron  micrographs  are  free  of  conspicuous 

keys. 
charging. 

1 3.   Literature  Cited 

□  The   Literature  Cited  contains  all   references  cited   in 

the  text. 

□  All  entries  in  the  Literature  Cited  are  cited  in  the  text.        D 

□  Spelling  of  author(s)  name(s)  and  years  of  publication 

have  been  double-checked. 

□  All  entries  have  been  verified  against  original  sources.        ELECTRONIC  Artwork — PRINTER'S  SPECIFICATIONS 

n    Axes  on  graphs  are  all  labeled. 

□   Captions    provide    all    explanatory    text.    Captions   are 

separate  from  other  text,  one  paragraph  for  each  group 

of  figures,  and  following  the  style  in  current  issues  of 

the  An  n  a  Is. 

Symbols  on  maps  are  legible  and  reduction  has  been 
taken  into  consideration. 

especially    journal    titles,    accents,    diacritical    marks. 
I lling  in  Is I and  spelling  in  languages  oiner  man  cngiisii. 

□  Periodicals  are  listed  as  follows:  author's  last  name. 
initial(s).  Year.  Full  title  of  article.  Journal  abbreviated 

as  in  li-P-H/S.  Volume:  pages.  No  parenthetical  part 

numbers  after  volume  numbers  are  given  unless  each 

part  is  paginated  separately. 

□  For  more  than  one  author,  this  style  is  followed:  au- 

thors last  name,  initial(s),  second  authors  inilial(s). 

last  name  &  third  authors  initial(s),  last  name. 

□  Hooks  appear  as  follows:  author's  last  name,  initial(s). 
Year.  Full  Unabbreviated  Title  (edited  by  Editor),  3rd 

ed..  Vol.  2.  Publisher,  City  of  Publication. 

□  Citations  of  work  "in  prep.,"  unpublished  theses  and 
dissertations,  and  similar  references  to  inaccessible 

sources  have  been  eliminated  or  kept  to  a  minimum. 

They  are  not  necessarily  included  in  the  Literature  Cit- 
d. 

14.    Illustrations 

□  Author(s)  name(s)  and  figure  numbcr(s)  are  written  in 

pencil  on  the  back  ol  each  figure  or  plate,  on  both 

originals  and  review  copies. 

CD  Scale  bars  appear  on  illustrations,  photographs,  and 

maps. 

□  Magnifications/reductions  are  not  indicated  in  cap- 
tions. 

["I    I  ligh-qualitv   photocopies  of   the   figures  are   included 
with  each  copy  of  the  manuscript. 

□  Illustrations  are  p resized  to  fit  either  column  width  (2 

5/8  in.  or  ca.  ()H  mm)  or  lull  page  width  (.V/2  in.  or  ca. 

1.  We  accept  line  art,  halftones  and  color  figures  on  disk 

or  via  electronic  delivery.  Please  include  a  printout  or 

email  of  the  file  directory  that  includes  the  file  name(s). 

size  and  kind  of  file. 

2.  You  should  discuss  figure  sizing  specifications  with  the 

journal  prior  to  disk  submission,  and  the  figures  on 
disk  should  be  the  final  size  desired. 

\\.    (Graphic    files   should   be   submitted    in   TIFF,    FPS.   or 

PDF  file  format.   Applications  that  are  acceptable  are 

Vdobe   Photoshop.  Corel   Draw.   Adobe   Illustrator  and 

Adobe  Freehand,  but  please,  if  possible.  "Save  As"  a 
til.  eps,  or  pdf  file. 

1.  All  line  art  should  be  scanned  at  I  200  d.p.i.  All  grays- 

cale and  color  images  should  be  scanned  at  350  d.p.i. 

Color  images  should  be  submitted  in  C\H  K  mode,  not 

RGB  or  Indexed  Color  mode. 

5.  Include  the  screen  and  printer  fonts  used  within  the 

graphic  file.  Use  only  Adobe  Type  1  postscript  fonts. 

True  Type  fonts  and  System  "bitmap"  fonts  should  not be  used. 

6.  II  the  files  have  been  compressed,  please  indicate  what 

compression  program  has  been  used. 

7.  The  disk  submission  should  be  accompanied  by  a  haul 

copy  of  the  figure  that  exactly  matches  what  is  on  the 
disk  in  the  event  thai  the  disk  is  unusable. 

Acceptable  Kijecthomc  Aim  work  Media 

3V4  in.  floppy  disks;  Syquesl  cartridges;  FZ  Flyer;  ZIP 

disks;  JAZ  disks;  Magneto  Optical  disks;  CD  ROM.  Art- 

work may  also  be  submitted  via  email  attachment  or  FTP. 

Please  contact  Karen  Bidgway,  e-mail  address;  kridgwa\Cfl) 

140  mm),  or  illustrations  no  larger  than    11    X    16  in.        allenpress.com,  for  more  information. 

Volume  88,  Number  4,  pp.  517-737  of  the  ANNALS  OF  THE  MlSSOl'RI   BoTAMCM.  GARDEN 
was  published  on  January  3,  2002. 
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