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PREFACE

Avrnoven during recent years considerable additions have
been made to our elementary botanical textbooks, not one
has appeared which deals solely, or at any length, with the
subject of vegetable physiology. This has been either
presented to the reader as a particular section in a com-
prehensive work, or treated of incidentally in connection
with anatomical detail. This is the more strange, as an
adequate and intelligent appreciation of the forms and
structure of vegetable organisms can only be gained by a
consideration of the work they have to carry out. It must
be evident to the student of Nature that the peculiarities
of external and internal form, of which any particular plant
has become possessed, have arisen necessarily in con-
nection with the need of mechanisms to do eertain work,
to overcome particular disadvantages, and generally to
bring the organism into a satisfactory relationship with the
surroundings among which it finds itself.

I have been led by these considerations to endeavour to
fill this gap by writing an introduction to the subject,
which, while putting physiology into its proper prominence
among the branches of botanical study, shall serve to pave
the way of the student and of the general reader to the
more complete discussion of the subject which may be met
with in the advanced textbooks of Sachs, Vines, and
Pfeffer.

M655806
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With this view I have endeavoured to present the
plant as a living organism, endowed with particular
properties and powers, realising certain needs, and meet-
ing definite dangers. I have attempted to show it to be
properly equipped to encounter such adverse conditions,
and to avail itself of all the advantages presented to it by
its environment. ¥

I have also set before myself another purpose, which,
however, is naturally subordinate to the one just mentioned.
When we consider the origin of the different organisms
which we find around us, we are led irresistibly to the
conclusion that the classification of living beings into
animals and plants has been too strongly insisted upon in
the past, and that while much has been made of their differ-
ences, their points of resemblance have been minimised,
The fact that organisms exist, which it is difficult or
impossible to refer with certainty to either kingdom, points
to a fundamental unity of living substance. Protoplasm
in short is the same material, whether we call it animal or
vegetable. This being the case, its conditions of life and its
immediate necessities must be practically the same, what-
ever its degree of differentiation in either direction. I
have tried to bring out this identity of living substance
throughout the book, and to indicate that apparent differ-
ences of behaviour and structural arrangement are to be
traced rather to differences of environment and habit of
life than to those of constitution. The correspondence of
the processes of respiration in animals and plants has long
been recognised ; many points of similarity in those of
nutrition have been observed. The idea is, however, still
prevalent that plants live upon inorganic materials ab-
sorbed from the air and from the soil. This seems to
indicate a fundamental difference between the modes of
nutrition of animal and vegetable protoplasm. I have
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endeavoured to show that this view is erroneous and that
both are nourished similarly.

I have also tried to show that the sensitiveness of the
plant and the animal is alike in properties, though differ-
ences are apparent in the direction of its differentiation.

I have avoided as far as possible the discussion of con-
troverted points, feeling that this would be out of place in
a work intended to serve as an introduction to the subject.
Such matters are more properly treated of in the more
comprehensive works to which I have already alluded.

J. REyNoLDS GREEN.

CAMBRIDGE.
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VEGETABLE PHYSIOLOGY

CHAPTER T

THE GENERAL STRUCTURE OF PLANTS

Examinarion of the body of every living organism shows us
that it is composed of different materials, which exhibit a
great deal of variety in the ways in which they are arranged.
These different materials fall very naturally into two classes,
which include respectively the living substance itself, and
various constituents of the body which have been con-
structed by it. The relative proportions in which these two
clagses of materials exist vary very greatly in different
organisms; in some of the simplest forms indeed we can
discern nothing structural except the living substance itself.
In others the materials constructed by the latter are much
the greatest in amount.

When we study the life history of the simplest or the
most complex plant with which we can become acquainted,
we find that at some time or other in
its existence it is found in the form of
a minute portion of jelly-like material
which is endowed with life. Some-
times this piece of living substance is
motile, and can swim freely about in
water by means of certain thread-like .
appendages which it possesses (fig. 1). Fic. 1.—Zoosrore or
Such structures occur almost exclu- ~ Ulthrize x 500.
sively among the lowest forms of plants, particularly the
seaweeds, They are known as zoospores, or zoogonidia,

1
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and are produced in large numbers. In other cases the
little mass of living substance is not capable of locomotion,
but may be found floating about in water, or enclosed in
particular cavities in its parent plant.

The jelly-like substance of which these bodies are com-
posed is living and capable of carrying out all the functions
necessary for its life, growth, and multiplication. It is
called protoplasm, and each portion of protoplasm which is
thus capable of independent existence is known as a vege-
table cell, or protoplast.

These free-swimming organisms are not protected by
any coating, but every part of their surface is in complete
contact with the water in which they live. This condition

:‘0‘:@ %o
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F16. 2.—SACCHAROMYCES CEREVISI)E, OR YEAST-PLANT, AS DEVELOPED
DURING THE PROCESS OF FERMENTATION. x 3800.

a, b, ¢, d, successive stages of cell-multiplication.

is, however, exceptional. Usually the protoplast is encased
in a colourless homogeneous membrane of extreme tenuity
which is known as its cell-wall. Examples of unicellular
organisms of this kind are found in great numbers among
the fungi, the Yeasts (fig. 2) and the Bacteria (fig. 8) being
exceptionally numerous. Such plants may be motile or non-
motile, a few of the bacteria being furnished with thread-
like appendages, known as cilia or flagella, which are
similar in most respects to those of the zoospoores already
mentioned. These plants show a little more differentiation
than the others, the protoplasm being clothed by a kind
of exoskeleton, the cell-wall, which is at once supporting
and protective.

More complex organisms consist of two or more proto-
plasts united together in various ways, The number of
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these masses of protoplasm, or cells, may be as small as
two, or may be enormous, as is the case in such plants as
the gigantic seaweeds of the tropics or the tall terrestrial
trees which abound all over the surface of the globe,
Whether the plant is simple or complex, we find the
same fundamental arrangement of its parts: there is a
certain number of protoplasts, in close relationship with
each other, supported upon a framework or skeleton which
shows a wonderful variety of arrangement, its details
depending on the manner of life of the whole organism of
which it forms so large a part. In.such an organism each

A

F16¢. 8.—FIGURES OF DIFFERENT BACTERIA. (After Cohn and Sachs.
Very highly magnified.)

1, Sarcina ; 2, Bacillus; 8, Spirillum ; 4, Spirillum with flagella;
5, 6, 7 Micrococeus. (Single, in strmgs, and in groups.)

protoplast is usually found occupying a particular cavity
which is formed by its cell-walls, and communicating with
its neighbours on all sides by delicate prolongations of
living substance which extend through the walls of con-
tiguous chambers. Each chamber is often called a cell.

In dealing with the physiology of the plant, it is the
living substance which should first engage our attention,
though the arrangements of the supporting structures or
skeleton exhibit the greatest variety. We have seen that
in the simplest forms of plants the living substance may
exist without any cell-membrane, and may be freely motile,
swimming in water by means of cilia, The absence of the
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cell-membrane can also be observed in certain peculiar
fungi, which are to be found creeping over moist surfaces
without such appendages (fig. 4). These are known as
the sleme-funge or Myzomycetes. In many respects they
approach very near to one of the humblest animals, the
Ameba. They have hardly any structure, appearing like
a lump of transparent jelly, the whole mass being called a
plasmodium. They have the power of extruding a cerfain
portion of their substance in the form of a blunt protrusion

F1c. 4—PoRTION OF A PrLAsMoDIUM OF A Myzomycete. x 300,
(After De Bary.)
known as a pseudopodium, and by means of these pseudo-
podia they can creep slowly over the surface on which they
are lying. The naked condition is, however, exceptional in
plants. In most of those which are unicellular the
living substance is covered by a delicate membrane or
cell-wall, and it may either fill the space inside the latter,
or may have in its interior a cavity or vacuole, which is
filled with a watery fluid. In the multicellular plants each
chamber during life contains its own protoplast or little mass
of protoplasm, which is connected, as already mentioned,
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with its neighbours on all sides. In

such cells the proto-

plast when young usually occupies the whole of the interior

(fig. 5, o), but when they are adult

B

it generally lies as a

F16. 5,—VEGETABLE CELLS.

A, very young ; B, a little older, showing commencing formation of vacuole.
p, protoplasm; n, nucleus; v, a vacuole.

peripheral layer round the wall, to which it is closely
pressed, while a central vacuole occupies the greater space
of the cavity enclosed by the cell-walls (fig. 6). Sometimes
the vacuole is crossed by a number of bridles or strands

of protoplasm, which generally pass
from a somewhat central spot to
the periphery. The protoplasm is
transparent, but somewhat granular
in appearance, and is saturated with
water. Somewhere in its substance,
whether it fills the cell-cavity or
not, there exists a special differen-
tiated portion called the nucleus.
Sometimes, but only in particular
cells, the protoplasm contains other
differentiated portions, distinet from
the rest of the substance, which are
known as plastids. The bulk of the
living substance, to distinguish it
from these specialised portions, is
usually called the cytoplasm. 1t is

F16. 6.—ADULT VEGETABLE
CELLs. x 500. (After
Sachs.)

h, cell-wall; p, protoplasm ;
k, nucleus, with nu-
cleoli; s &, vacuoles.

not of the same con-

sistency throughout, a generally firmer portion lying next to
the cell-wall being known as the ectoplasm. - A similar firm
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layer may frequently be detected round the vacuole. Some-
times these limiting layers are spoken of as plasmatic
membranes on account of their specially dense character ;
they are not, however, to be confused with the cell-membrane
or cell-wall, being particular layers of the cytoplasm.

The exact chemical composition of protoplasm cannot
be ascertained, as analysis involves its death, and this is
attended by changes in its substance. It contains carbon,
hydrogen, oxygen, nitrogen, and probably sulphur and
phosphorus, but we are quite unable to say in what different
combinations they exist within it. Enclosed in it are
always varying quantities of organic substances such as
proteins, carbohydrates, and fats, and small quantities of
various inorganic and organic salts. The substance of the
protoplasm has been thought either to be arranged in the
form of a network, these various bodies occupying themeshes,
or to have a foamy structure much like that produced by
vigorously stirring a mixture of oil and water. The various
substances alluded to as occurring in close relationship
to it are connected with the nutritive and other vital
processes of the cell, or its metabolism, and hence differ
greatly in nature and amount from time to time.

In the case of the free-swimming protoplast, with
which we began the study of protoplasm, we saw they were
in active motion. As the protoplasts become enclosed in
cell-walls this motility is, of course, less and less obvious ;
indeed in most cells it cannot be distinguished at all.
There is reason to suppose, however, that protoplasm,
wherever existing, is in active, though imperceptible,
motion. In many of the constituent cells of some of even
the higher plants this motility can be observed, particu-
larly where the protoplasm has a granular appearance.
In certain of the cells forming the leaves of many aquatic
plants, e.g. Vallisneria, Nitella, Elodea (fig. 7), and
others, a streaming movement of the granules the proto-
plasm contains can be detected under a high power of
the microscope. In other plants of terrestrial habit, e.g.
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certain cells of Tradescantia and Chelidonium, a similar
streaming of the protoplasm is observable (fig. 8). Such

Fi16. 7.—CELLS FROM THE LEAF F1a. 8.—Two CELLS FROM A

or Elodea. x 300,
n, nucleus; p, protoplasm, in which

StamiNaL HAIR oF Trades-
cantia. x 800.

are embedded numerous chloro- The arrows show the direction

piasts. The arrows show the
direction of the movement of the
protoplasm.

of the movement of the
protoplasm.

movements are spoken of as rotation when the current
flows uniformly round the cell, or as circulation when the

path has a more complicated course.

It has been mentioned that,
with very rare exceptions, all cells
contain a specially differentiated
portion of protoplasm, known as the
nucleus (figs. 6 and 9). This struc-
ture does not occupy a very definite
position in the cell, but not infre-
quently is found almost in the
centre. 1f the whole of the space is
not filled with protoplasm, the part
in which the nucleus lies is con-
nected with the lining layer by

F16. 9.—NucLEUS OF A CELL,
SHOWING ARRANGEMENT OF
THE CHROMATIN THREADS.
x 1000.

a, threads; b, nucleolus.

means of strands or

bridles. In other cases the nucleus is embedded in
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some part of the lining layer itself. This body has a
more definite structure than the rest of the cytoplasm ;
it is bounded at the surface by a delicate membrane,
which is thought, however, to be a denser layer of
the protoplasm of the cell, rather than to belong to the
nucleus itself. Within this nuclear membrane are found
two substances which differ from each other in their power
of staining with various reagents. The bulk of the
nucleus is composed of a semi-fluid material known as
nucleoplasm, in which is embedded a network of fibrils or a
long much-coiled thread. The fibrils, or the thread, are
composed of a hyaline substance in which lie, close to each
other, a number of granules which stain deeply with many
colouring matters. The threads contain these granules
in such large proportion, that, except with very high magni-
fication, the latter cannot be distinguished, and consequently
the whole fibril appears stained. The fibrils are generally
said to be composed of chromatin, the name having refer-
ence to nothing more than this reaction to stains.

One or more small deeply staining bodies, termed
nucleoli, are found in each nucleus, sometimes being very
prominent, and at other times hardly distinguishable from
the nodes of the fibrillar network or the crossings of the
coiled-up thread (figs. 6, & %, and 9, b). Chemically the
nucleus resembles the rest of the protoplasm to a consider-
able extent. It contains, however, a material known as
nuclein, of which phosphorus is a constituent. It is not
known how the nuclein is related to the rest of the nuclear
substance, but it appears to be present in the thread or
fibrillar network and not in the general nucleoplasm.

It is of such protoplasts or aggregations of small
portions of living substance that all plants are built up.
There is, however, a wonderful variety in the relative
arrangements of these units of construction, a variety
which finds its expression in the multiplicity of existing
forms, and the differences of dimensions which various
organisms exhibit.
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The simplest plants, as we have seen, are unicellular,
and many remain in this condition throughout the whole of
their existence. When they have attained a certain size
the cell or protoplast divides into two. Sometimes these
two become separated from each other, and we have two
plants where but one existed before. Plants with this habit
remain unicellular, and the -
division of the cell is equiva-
lent to the reproduction of
the plant. The unicellular
condition in other cases is
transitory, and the plant soon
comes to consist of two, four,
or more cells, in consequence
of the products of each divi- B RS 00 Probe-
sion remaining attached to-
gether. We get in this way a small colony of cells, each
like the others both in structure and in function. When
the power of division is limited the resulting colony
consists of a limited number of cells, and is often found
surrounded by a common cell-wall or membrane. This
condition is seen in such plants as Chroococcus, Proto-i
coccus, and other humble Algse (fig. 10). A colony of
somewhat higher type, though still of microscopic size, is
found in the form of a hollow sphere (fig. 11), the wall
of which is one cell thick (fig. 11, a). This organism,
known as Volvox, shows a little higher differentiation than
those last described, the cells being furnished with cilia by
means of which the little sphere can propel itself through
the water.

In other cases the association of a number of protoplasts
is not complicated by the formation of any cell-wall. Fig.
4, A shows an aggregation of a number of naked protoplasts
which have combined to form a plasmodium. These
organisms are found creeping about upon moist surfaces ;
they form the group known as the Myxomyecetes or slime-
fungi. One species, & thalium, is found frequently among
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the refuse of tanyards and is known as ‘flowers of tan.’
These fungi pass the greater part of their life without
possessing any cell-walls, only forming them indeed in con-
nection with their processes of reproduction.

F1e. 11.—-VoLvox GLoBaToR. (After Kny) x 120.
A, section of a portion of the wall of the sphere. x 1000.

A third mode of arrangement of a colony of proto-
plasts is found in the so-called Canocytes (fig. 12). In one
of these plants, which are represented by‘several very
important seaweeds and by a large number of fungi, we
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have a number of protoplasts arranged together over
the inner surface of a common cell-wall. The separate
protoplasts are often in such close contact with each other
that their separate outlines cannot be detected. They
have the appearance of a mass of protoplasm lining the
wall of a hollow, generally tubular,
cavity, and having a large number
of nuclei embedded in the mass.
The presence of a number of nuclei
indicates that there are really as
many protoplasts, as we have seen
a nucleus is an essential part of one
of the latter. Moreover, a single
protoplast contains only a single
nucleus.

The difference between a colony
of this kind and one constructed
like Chroococcus or Volvox is the
absence of a cell-wall between the
protoplasts. They are a stage
higher than the Myxomycetes, as
the whole colony is protected by an
external membrane.

Other ceenocytes exist in which,
besides the limiting wall, certain
transverse walls exist, dividing up
the chamber into compartments.
This condition is intermediate
between the ccenocyte already de- 16 12— Eusrvo or Orobus
scribed and the simple colony or  SvsPENsor. THE rarTER

sHOWS A C®NOCYTIC STRUC-
the multicellular plant. TURE. (After Guignard.)

In most cases the division of
the cells goes on for a considerable time and may continue
almost indefinitely, the number of the constituent proto-
plasts becoming very great and the colony proportionately
large. According to the direction of the divisions we
get filaments (fig. 18), plates (fig. 14), or masses of cells,
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the latter undergoing much subsequent differentiation
according to their ultimate dimensions and the nature of
their habitat or environment.

The protoplasm being the living substance of the plant
is possessed of certain properties which are not shared by

Fic 18.—FiLAMENTS oF Nostoc. Fie. 14—Pediastrum, CONSIST-
(After Luerssen.) ING OF A PLATE oF CELLS.

the framework on which it rests. It is, indeed, the centre
of all the activities which the plant manifests. It assimi-
lates the food which the plant requires and carries out all
the chemical processes necessary for life. It construects

B

F16. 15 —~VEGETABLE- CELLS.

A, very young; B, a little older, showing commencing formation of vacuole.
P, protoplasm ; n, nucleus; v, a vacuole.

the framework of the plant by which it is itself supported.
It receives impressions from without, and regulates the
responses which the plant as a whole makes to those
impressions, both by internal and external movements or
changes of position. It is only by its powers of responding
to such impressions that the whole organism is able to place
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itself in harmony with its environment. Finally, it carries
out the processes of reproduction.

The primary needs of a plant are fairly simple. If we
study the life and the behaviour of one of the free-swim
ming organisms of which we have already spoken, we see
that its first requirement is water. In this it lives; from
this it draws its supplies of nutriment and into this it pours
forth its excreta. The arrangement of the protoplasm in the
cell in one of the higher plants points to a similar need. If
we regard the arrangement whether in the young or the
adult cell, we notice particularly the very close relation of
the protoplasm to water. The young cell enclosed in its cell-
membrane speedily shows a tendency to accumulate water
in its interior, and gradually drops appear in its substance
which lead ultimately to the formation of a vacuole always
full of liquid (figs. 15, 16). This store of water in the
interior of a cell is of almost universal occurrence in the
lowly as well as the highly organised
plant. The constitution of proto-
plasm, so far as we know if, depends
upon this relation, for the appa-
rently structureless substance is
always saturated with it. It is only
while in such a condition that a cell
can live; with very rare exceptions,
if a cell is once completely dried,
even at a low temperature, its life is
gone, and restoration of water fails
to enable it to recover.

F16.16.—ApuLT VEGETABLE

The constancy of the occurrence  Criis. x 500. (After
of the vacuole in the cells of the 5 oo B e |
vegetable organism is itself an evi- %k ST B
dence that such cells are completely
dependent upon water for the maintenance of life. The
cell-wall, though usuvally permeable, yet presents a certain
obstacle to the absorption of water, and so even those
cells which are living in streams or ponds usually possess a
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vacuole. Cells without a membrane, such as the zoospores,
already many times mentioned, can more readily absorb
water from without, and hence they are not vacuolated to
the same extent as the former ones; indeed, many of
them have no vacuoles. Where the vacuole exists it
always contains water, so that the protoplasm of the cell
has ready access to it, as much so indeed as the cell which
possesses no wall.  The vacuole contains a store which is
always available.

The advantages which water supplies to the plants are
many. In the first place, we haveseen there is a very close
connection between it and the protoplasm, the life of the
latter being dependent upon its presence. The information
we have at present does not enable us to explain the nature
of this dependence. There are other features of the rela-
tionship, however, into which we can enter more fully. The
protoplasm derives its food from substances in solution in
the water ; the various waste products which are incident
to its life are excreted into it and so removed from the
sphere of its activity. The raw materials from which cer-
tain cells construct the food which is ultimately assimilated
are absorbed from the exterior in solutiont in water. More-
over, water is the ultimate medium through which gaseous
constituents necessary for life reach the protoplasm.

Passing from the consideration of the protoplasm in
particular, the plant as a whole shows a similar dependence
on water. Many parts owe their rigidity to the distension
of their cells by liquid ; growth of the different members is
dependent upon the same hydrostatic pressure. In many
cases communication between different parts of a plant is
brought about through the same instrumentality, and thus
the response of the plant to various forms of stimulation
is facilitated or indeed made possible.

Another primal necessity of the plant is air. Every
living orgattism, with the exception of a few of the very
lowly forms of microbes, is dependent on the access of
oxygen for the maintenance of life.
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The oxygen is usually obtained by the plant through
the intervention of water. The aquatic plant, whether
free-swimming or stationary, unicellular or possessed of a
highly differentiated body, absorbs the needed supply from
the quantity which is dissolved in the water of the sea,
stream, or pool in which it lives. The higher plant conveys
it to the protoplasts in solution in the water with which its
tissues or its walls are saturated. In such an organism
there is need of a special mechanism by means of which
the gases of the exterior may obtain access to the living
cells in the interior of the mass.

A third requirement of the plant is food. Here
ultimately, again, its dependence is placed upon the water
it obtains. The food or the materials from which the food
is constructed are absorbed by the plant in solution in
water, whether the food material is solid, liquid, or gaseous
in the condition in which it is presented to it.

Another condition is imperative in the case of a plant
which is composed of a large number of protoplasts or cells.
Not only must each have its own needs supplied, but it
must be in a condition to influence others and be influenced
by them. In such a plant we have, in fact, a community of
individuals, situated differently with regard to the supply
of individual and collective needs, and the well-being of
the whole community must depend upon the co-operation
of all in carrying out- the different processes of life. The
protoplasts of such a community must therefore be in
organic connection with each other, so that such co-opera-
tion can be secured. The connection between contiguous
protoplasts which are separated by cell-walls is not easy
to determine. Special methods of preparation, and the
application of particular staining reagents, will show, how-
ever, under very high magnification, that the living sub-
stance of one cell is continuous with that of its neighbour
by fine delicate fibrils which perforate the wall (fig. 17).
In a few cases, as in certain seaweeds, and in the sieve-
tubes of the flowering plants, the connecting strands are
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sufficiently coarse to be visible under a comparatively low
power of the mieroscope, and to need hardly any special
preparation (fig. 18).

It will no doubt have been noticed that the term ¢ cell ’
is somewhat loosely used. A typical cell of a multicellular
plant consists of three parts—the protoplast, the cell-wall,
and the vacuole (fig. 6); of these the first is the most

Fi16. 17.—CoNTINUITY OF THE ProTorrasm F16. 18.—SEMI-DIAGRAMMATIC LoON-

OF CONTIGUOUS CELLS OF THE ENDOSPERM GITUDINAL SECTION OF AN OLD
oF A Panu SEED (Bentinckia). Highly AND STOUT PORTION oF Cera-
magnified. (After Gardiner.) mium rubrum, sHOWING CoN-

TINUITY BETWEEN THE PRoTo-
PLASMIC CONTENTS OF THE AXIAL
oR CENTRAL CELLS, @ @, AT THEIR
ENDS, AND LATERALLY WITH THE
CorTicAL CELLS b, BY MEANS OF
ProtorrasMic THREADs. (After
Higck.)

a, contracted protoplasm of a cell; b, a
group of delicate protoplasmic filaments
passing through a pit in the cell-wall.

important, being the living substance. A protoplast which
has no cell-wall and contains no vacuole is still called a cell.
The term is again often applied to a cavity which contains
no protoplast, as in the case of old wood or cork. In such
cases a protoplast once occupied the cavity, but it has been
removed by death. These cells are consequently only the
skeletons of dead protoplasts,
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CHAPTER 1I

THE DIFFERENTIATION OF THE PLANT-BODY

Tar primary needs of a complex plant are the same as those
of a single protoplast, the greater size of the former involv-
-ing, however, a more elaborate method of supplying them.
In multicellular plants we consequently meet with a con-
siderable degree of differentiation of structure. Each proto-
plast, which is one of the units of the colony, has originally
the same properties as the unicellular plant. With increase
of number in the plant-body, and with the consequent
increase of size, a certain division of labour soon makes
its appearance, and particular groups of cells develop one
property more than the others. A specialisation of powers
is very quickly apparent, and we can recognise masses of
cells devoted to the discharge of one funetion, others to
that of another, and so on. Such limitations of the powers
and properties of the individuals have for their object the
well-being of the community of which those individuals
are constituents.

Various groups of plants show this specialisation of
function or differentiation of structure in very different
degrees, any particular development having a special
reference to the habitat or the mode of life which is
characteristic of the community in question. A plant-body
which takes the form of a long filament or a plate of cells
shows little differentiation beyond the formation of a
vacuole in each protoplast. The setting apart of special
cells for purposes of reproduction is generally the first
specialisation which takes place.

As soon as the cells of the plant begin to divide in

2
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three dimensions, so that a mass of protoplasts is formed,
the progress of differentiation becomes marked.

In such a mass the necessity of supplying water to all
the constituent units involves particular difficulties which
vary according to the environment of the plant under
observation. Those which live in water need much less
complex arrangements than those which are at home on
land, as they can absorb water from the exterior by their
general surface, and after absorption it can easily make its
way from cell to cell. Those which derive their supply of
water entirely from the soil, as is the case with nearly all
terrestrial plants, need a specialised mechanism for trans-
port of the water after it has been taken up.

On the other hand, the supply of a suitable atmosphere
to the interior of the plant for the service of its more
deeply seated protoplasts is attended with more difficulty
in the case of an aquatic than a terrestrial plant.

In cell-masses, therefore, such as are found in all
plants possessing more than microscopic dimensions, we
meet with considerable differentiation of the plant-body.
The explanation of the details of such differentiation is to
be found in the division of labour which the size and the
mode of life of the particular plant demand.

The first indication of this differentiation in the vegeta-
tive body of the plant is a change in the character of the

= exterior, which has for its object the

protection of the plant from external
injurious influences. This can be
seen even among the seaweeds, simple
as is generally the structure of mem-
bers of this group. Fucus and its
et TR allies, which form part of the class
TrarLus oF Pelvetia, Of the brown Alge, have their external
rn Extemsn aap Soa. cells much smaller, more closely put
JACENT CELLS.  x 800.  fooether, and generally much denser
than the rest of their tissue (fig. 19). In the group
of the Mosses certain arrangements of this kind can
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be seen. The common bog moss (Sphagnum) shows its
stem to have on the outside several layers of large empty
cells whose walls are marked with spiral thickenings.

F16. 20.—TRANSVERSE SECTION OF F1a. 21.—SECTION oF STEM oF Moss,
STEM oF Sphagnum. SHOWING CENTRAL STRAND OF
THIN-WALLED CELLS SURROUNDED
BY CorTEX AND EpIDERMIS. THE
‘WaLLs of THE OuTER CELLS OF
THE CORTEX ARE CONSIDERABLY

THICKENED. (After Sachs.)

Inside these a further protective layer of small cells with
uniformly thick walls is met with (fig. 20). In the smaller
mosses the outer layers of the cortex are thickened (fig. 21).
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F16. 22.—TRANSVERSE SECTION OF THE BLADE OF A LEAF, SHOWING THE
OuTerR WaLrLs oF TEE EpPIipERMAL CELLS THICKENED AND CUTICU-
LARISED. X 100.
In the higher terrestrial plants we have evidence of
great specialisation for protective purposes, a special
tegumentary system being developed, which varies in
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complexity in the different groups. In the smallest forms,
which are only herbaceous in habit, we find the protective
‘mechanism taking the shape of a thickening and cuticulari-
sation of the outer walls of the cells of the outermost layer
(fig. 22). The protection secured is twofold ; evaporation
of water is prevented, and so
an economy of the supply is "
secured, while the dangers
incident to cold or heat are
F16.28.—OUTER PoRTION OF CORTEX minimised.
or Youne Twic or LiME. In plants of sturdier habit
PR the protection afforded by
this outermost layer or epidermis is replaced after a while
by a more complicated tegumentary sheath. Certain cells
become specialised and form layers of cork (fig. 28) which

F1a. 24.—SEcTION OF BARK OF Quercus sessilifiora. (After Kny.)
e, cork layers arising at different depths in the cortex.

arise successively at gradually increasing distances from the
exterior, and in the case of trees finally lead to the con-
struction of a bark (fig. 24). The corky formations are
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supplemented by masses or sheaths of hardened or scler
enchymatous parenchyma or even by sclerenchyma itself
In forms which are intermediate
in .requlrements, such as the Q%C%)Q@ .
petioles of leaves, layers of '}Q\Q@ Qg
collenchyma are developed below S
the epidermis (fig. 25).

Sometimes sheaths or layers
of sclerenchyma are developed
instead of cork ; this condition »
occurs especially among the )l_(
stouter Monocotyledons. .

The prOtGCtive mechanisms F16. 25.—COLLENCHYMA UNDER
developed by roots also show a  THE Ermerwis or PrrioLE

5 x 50.

good deal of variety. The outer-
most layer does not at first take the form of an impervious
membrane ; this would be inconvenient in view of the neces-
sity.for the existence of root-hairs. In some cases the second
layer later undergoes modification, its cells becoming thick-
ened in a peculiar manner ; it then constitutes the exoder-
mis (fig. 26). Other sheathing layers
are also found more deeply seated,
while eventually the pericycle becomes
the place of formation of corky tissue.

The second prominent differentia-
tion which presents itself is the forma- o . oc  oporion or Ouzen
tion of a system of cells and vessels for g?ggo ggRgxosoz SHOW-
the transport of water through the S
plant and-the circulation of nutritive and other materials.
We may speak of this as the conducting system. A little
reflection will show us the necessity for the development of
some such system as this, which must be more extensive and
complex as the size of the plant increases. We find that the
source of water on which a terrestrial plant relies is the soil
in which its roots are embedded. Even when it is young
many of its protoplasts are placed at a considerable dis-
tance from such a source of supply, and in the absence of

:3}_’\“ v




22 VEGETABLE PHYSIOLOGY

a ready means of communication must die in consequence
of their position. These moreover are among the most
active of the protoplasts, discharging important duties in
connection with nutrition, and needing for their purpose
considerable quantities of the water from the soil with the
salts dissolved in if.

- The main conducting system is formed by the collections
of cells and vessels which are known as the vascular bundles.
These structures consist in most cases of two parts, the
wood, which is the path for the ascent of water from
the roots, and the bast, which is more concerned with the
transport of the elaborated products of the metabolism of
the cells.

The degree of development of this system varies very
much in different plants. In an ordinary herbaceous:
Dicotyledon the bundles remain separate, and can be
traced separately from the root, through the stem to the
leaves (fig. 27) in which they form the branching network
known as the veins (fig. 28). With greater size, however,
more capacious channels are demanded, and we find more
and more bundles developed, until we reach the condition of
the oldest trees, nearly the whole of whose trunks are
formed of tissue which either is or has been devoted to
this service. In such trees the most actively living parts
are found at the extremities, by far the greatest number of
their protoplasts being situated in the twigs and leaves.
Indeed, the greater part of the wood of the trunk of many
trees is dead, and consequently functionless.

The same tissues serve for transport in the Monocotyle-
dons, and in the Vascular Cryptogams, though the mode of
arrangement of the elements is altogether different from
that of the Dicotyledons.

In those vascular plants which live in water, and
particularly in those which are totally submerged, there is
no need for so elaborate a transport system, as water can
be readily absorbed by the general surface. We find two
modifications of structure in such plants; the epidermis is
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hardly at all cuticularised, so that water can pass into its
cells ; while the vascular bundles are comparatively feebly
developed, the woody part of them being particularly small.

A third requirement of a plant of considerable mass,
especially if it has a terrestrial habitat, is a power of resist-
ing such external forces as
would lead to its uprooting,
which must be combined with
a considerable degree of flexi-
bility, at any rate at the ex-
tremities of the body. This

F16.27.—DIAGRAM OF THE COURSE

OF THE VASCULAR BUNDLES IN Fi16. 28.—DISTRIBUTION OF THE
AN HERBACEOUS DICOTYLEDO- VAscULAR BUNDLES OR VENIS
Nous PLANT IN A FoLIAGE LEAF.

combination of rigidity and flexibility has been secured in
various ways, varieties of both the form and the structure
of the plant being concerned in it. In the simplest plants
but little differentiation of the body is needed ; such forms
as consist of single cells, or rows or plates of cells, living in
water, need hardly any rigidity, and in their cases the
unthickened cell-wall affords sufficient support to the proto-
plasm. Larger plants which grow in rapidly flowing water
usually possess flexible stems and much-divided leaves, which
consequently give way to the current, and escape damage.
Small terrestrial plants or parts of plants, which have but
a short life, resemble these aquatic forms in their general
characteristics, though they show much greater variety in
the forms of their leaves. The rigidity and flexibility of
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both depend upon the distension of their cells with water.
We find this mechanism in succulent petioles, such as
those of the rhubarb, and in certain herbaceous stems
which contain little wood, such as those of the cabbage and
lettuce. Plants of terrestrial habit which attain very
large dimensions, such as the forest trees, need, however,
much greater modification. Being exposed to winds and
storms, they need a firm anchorage below the surface of
the ground, and a more or less massive axis to secure
stability when atmospheric disturbances are severe. For
the needs of their protoplasts, to secure the exposure of
the greatest possible number of them to the access of air,
warmth, and light, a great subdivision of this axis is
necessary, so that the form usually attained is that of a
relatively very large head resulting from the repeated sub-
divisions of the trunk, and ending in finely divided twigs.
The danger of too great rigidity in this portion soon
becomes apparent, as it presents a very. considerable
surface to the wind. The rigidity needed for support must
be combined with sufficient flexibility to enable the body,
already helped by its fine subdivision, to give way before
the force of atmospheric currents, and so to prevent the
danger of uprooting the tree. In other forms a weak axis,
quite incapable of supporting any great development of the
plant-body, must be capable of obtaining support by cling-
ing in various ways, and holding by various mechanisms
to other structures, such as the trunks of trees, rocks,
walls, &e.

In many cases the strength and prominence of the
tegumentary and conducting tissues supply the particular
need. In most forest trees the anchorage is afforded by
the strong much-branched root system, the centre of whose
members is composed of great developments of secondary
wood, forming part of the conducting system. The trunk
and twigs are of similar composition, the former being
strengthened very materially also by its bark. But there
are many smaller trees and shrubby plants, as well as some
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herbaceous forms, whose requirements are similar, but
which for various reasons have not a very great develop-
ment of either primary tegumentary tissue or of vascular
bundles. With no additional mechanism for support, they
would be in great danger of either collapsing or being
actually uprooted. In their cases we meet with a sub-
sidiary development of supporting tissue;, which shows a.
great variety in its arrangement and distribution.

- Wae find that the tissue which most frequently subserves
this purpose is either collenchyma, sclerenchymatous par-
enchyma, or true sclerenchyma. In a few delicate stems
these tissues are much more prominent than the vascular
bundles. We can notice three regions of the stem or axis
where they may appear, and in these places they may take
the form of isolated ecells, or strands of tissue, or complete
sheaths going round either the whole axis or separate parts
of it. The first of these regions is the layer underlying
the tegumentary tissue, which the new development sup-
plements and strengthens. Most moss plants show the
hypodermal cells of their axis thickened, while such a
development is very common in many petioles and leaf-
blades. The new development may occur in close relation-
ship with the vascular bundles, which, in such cases, are
found among large-celled somewhat succulent parenchyma,
and are not generally very strongly developed. The scler-
enchyma by forming a separate sheath round each bundle
gives it a rigidity which it could not derive from its own
elements, and in addition prevents the whole stem from being
crushed. This is seen in the stems of many semi-succulent
monocotyledonous plants, such as those of the maize and the
asparagus (fig. 81). " The sclerenchyma may also oceur freély
in the ground tissue, at some distance from both tégumentary
and vascular structures. The bands of it which oceur in
the rhizome of the bracken fern are good illustrations of
this mode of disposition. The two main ones form :an
interrupted eylinder (fig. 29), so arranged as to protect the
delicate vascular tissue, which is in great part placed either
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within this cylinder or in some similar relation to other
similar sclerenchymatous strands. In the case of a plant
of humbler type, the common hair-moss (Polytrichum), a
development of somewhat sclerotised cells forms a central
core passing down the stem. In many of the flowering plants
more complex distribution of sclerenchyma can be noticed,
strands in the middle of the cortical tissue, or in the pith
of the stem, being occasionally seen. Stems which are
angular in section are usually found to have their angles
strengthened in a similar way.

F16. 29.—TRANSVERSE SECTION OF RHIZOME OF THE BRACKEN FERN.
N x 10,

sc¢, bands of sclerenchyma; hy, hypodermal sheath of sclerenchyma ;
st, steles; ep, epidermis.

The arrangement of this sclerenchyma is generally such
as to supplement the bundles, and to secure the greatest
amount of solidity and sufficient flexibility, with the least
expenditure of material.

Instances of various methods of arrangement of
strengthening material may serve to illustrate this par-
ticular differentiation (fig. 82). In the simplest cases the
sclerenchyma is developed in connection with only one of
the three regions already alluded to. The stem of Equi-
setum and the leaves of Conifers are furnished with a
layer of thick-walled cells immediately under the epidermis
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(fig. 30); the vascular bundles of many Monocotyledons
are surrounded separately by a sheath of small cells of
similar character (fig. 81); in Pennisetum (fig. 32, 4) a
sheath is developed round the stem in the form of a hollow
cylinder which lies between the bundles and the epidermis.

More frequent instances occur in which two of the
regions in question are strengthened simultaneously. In
the stems of Scirpus (fig. 832, 5) there is a development of
sclerenchyma round the periphery, and strands occur also
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F16. 80.—LEAF oF Pinus (ONE OF THE CONIFERS)

ep, epidermis; Ay, layer of sclerenchyma ; en, endodermis ; v.h. vascular
bundle ; 7.d., resin duct.

in connection with the bundles. Sometimes these are con-
nected by bands of sclerenchyma lying between them. In
Fimbristylis (fig. 82, T) there is a ring of sclerenchyma in
the cortex and patches around the periphery, which in other
cases are joined like those of the former type. Inthe stems
of Typha (fig. 82, 9) a band of sclerenchyma lies at the
back of each bundle, and either a ring or some isolated
strands may be found in the cortex. The stem of Juncus
(fig. 82, 10) shows these two forms combined together.

Still more complicated cases show sclerenchyma arising
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in all three regions, sometimes the bands being all inde-
pendent, sometimes united in various ways. In Cladium
Mariscus (fig. 82, 14) those of all the regions are united
into a continuous system which goes from the tegumentary
region towards the interior of the stem, embracing the
vascular bundles and attaching them to each other.

F16. 31,—VASCULAR BUNDLE oF STEM OF MONOCOTYLEDONOUS PLANT.
(After Kny.)

ph, phloem ; z, xylem vessels; p ph, protophloem. - The bundle
is surrounded by a small-celled sheath of sclerenchyma.

Similar differentiation of the supporting system is found
in many leaves, in which it subserves the same purposes.
In many cases the veins afford sufficient protection against
tearing or rupture in consequence of violent winds. The
methods of their arrangement in many cases subserve
this purpose very completely. In other leaves of tough
leathery habit the delicate tissue of the mesophyll is fre-
quently protected from ecrushing by isolated thick-walled
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cells of curious shape which extend from one epidermis
to the other. Others show bands of sclerenchyma sup-
plementing the veins and not infrequently enclosing them
and reaching the epidermis on each side.

The supporting tissue is frequently known as the
stereome of the plant. It forms, as we have seen, the most
prominent part of the endo-skeleton.

3.

Fi16. 82.~D1aGrAM SHOWING THE CHIEF DISPOSITIONS OF THE SKELETAL
APPARATUS IN A STEM WITH F1VE COLLATER'L BUNDLES (IN TRANSVERSE
SECTION).

(The sclerenchyma is black ; the bast of the bundles is white ;
the wood is dotted.)

1, Type without accessory sclerenchyma; 2, Equisetum.; 3, Bambusa;
4, Pennisetum ; 5, Seirpus; 6, Erianthus; 7, Fimbristylis; 9, Typha;
10, Juncus; 14, Cladium. (After Van Tieghem.)

The cells of which the masses of sclerenchyma are
composed have been ascertained to possess almost as much
power of withstanding longitudinal strain as the finest
steel, and they are much more ductile than either this
metal or wrought iron. Their arrangement in the different
ways described has a very distinet relationship to the
character of the strain they have to resist. In such
structures as hollow stems where there is but little
substance of tissue, but where they are required to resist
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lateral bending, the supporting tissue is situated near the
periphery of the stem, and the latter is often still further
straightened by being furnished with ridges or flanges.
An instance of an almost converse character is afforded by
a young root. In its growth, while it must possess sufficient
rigidity to enable it to penetrate the soil, it must be capable
of frequent bending to enable it to avoid obstacles. This
is most advantageously provided for by a central core of
strong tissue, surrounded by more succulent material.
The transporting tissue of the centre is comparatively little
affected by the flexures of the structure, and its function
is not interfered with. This arrangement serves also as a
protection against uprooting.
+  Another kind of differentiation in such a cell-mass as
we are dealing with, is the setting apart of particular
groups of cells for various metabolic
purposes. We have the formation of
glandular tissue, of the ° laticiferous
systems, and so on. This differentia-
tion may be marked also by the pro-
duction of definite organs in the proto-
plasts, such as are seen for instance in
the case of the chloroplasts of the leaves
(fig. 33) and other green parts of plants.
Fi16. 83.—CHLOROPLASTS The habit of life of a plant again
EMBEDDED IN THE PRo- . .
rorrasm oF a Crrr or Ay influence its structure and the
e Pavisavs TISSUE degree of differentiation of its body to a
very great extent. The great group of the
Fungi afford us an illustration of the degradation of structure
which accompanies a saprophytic or parasitic habit. Similar
instances of degradation are met with among the flowering
plants.

The needs of the cell-mass thus usually lead to the
differentiation in its substance of at least four physiologi-
cally different regions—the tegumentary, the conducting.
the supporting, and the metabolic. The latter includes all
the parts in which the protoplasts are comparatively little
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changed, and consequently are most concerned in carrying
out the vital processes.

The needs of the protoplasts forming the community of
the plant embrace, however, as we have seen, something
more than the arrangements so far described serve to secure
for them. Each protoplast must be furnished with a certain
amount of air, or rather oxygen. Almost all living sub-

F1c. 84.—SEcTION OF STEM OF Potamogeton, SHOWING AIR PASSAGES
IN THE CORTEX.

stance must carry on during life the process known as
respiration. The free-swimming zoospore to which we
have so often referred obtains a supply of oxygen from the
water in which it lives, the gas being dissolved therein.
Aquatic plants also obtain their oxygen from this source,
but many of them are composed of a large number of cells,
many of which are situated at some distance from the
exterior. In such plants large cavities or reservoirs are
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constructed, in which a quantity of air is slowly accumulated
and into which the respiratory products can be discharged.
From such reservoirs the oxygen which the cells require
is obtained. The composition of the atmosphere in these
chambers or lacun# is not accurately known, but it pro-
bably differs somewhat from that of ordinary air.
R 3 These air passages
Or TeServoirs are very
conspicuous in the
stalks of floating
leaves such as those
of the water-lily, and
in the submerged
stems of most aquatic
plants (fig. 84).

A somewhat simi-
lar mechanism is

F1a. 35. CorTEX oF R0OT, SHOWING INTER- provided in the case
CELLULAR PASSAGES BETWEEN THE CELLS.

of terrestrial plants.
At the time of their first formation, all the cells are
in close approximation to each other at all points of
their surface. This condition is, however, only tempo-

F16. 86.—SECTION OF LEAF SHOWING THE LARGE INTERCELLULAR SPACES
OF THE MESOPHYLL,

rary ; during the early stages of growth the cell-walls
split apart at particular places, usually the angles of the
cells. A system of intercellular spaces is thus formed
which, as growth proceeds, become continuous with each
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other and form a system extending throughout the plant.
They can be detected in the root, in the cortex of which
they are conspicuous (fig. 85) ; they may be traced through

F1a, 87.—PaRT OoF LOWER SURFACE OF A LEAF, SHOWING THREE STOMATA
IN DIFFERENT STAGES OF OPENING. X 300.
all the ramifications of the stem, and are seen to form a
very prominent feature of the mesophyll of the leaves (fig.
36). They communicate with the exterior in all the green
parts of the plant,
especially the leaves.
In the epidermis of
all such parts are
small openings known
as stomata (figs. 87,
38), which are pro-
vided with two guard-
cells by the behaviour
of which the aper-
tures can be opened or closed. In those regions of the
axis where corky layers cut off the metabolic tissue of the
cortex from the exterior, certain other special apertures,
3

F16. 38.—SECTION OF LOWER EPIDERMIS OF
A LEAF, SHOWING A STOMA, X% 800,
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the lenticels, are present (fig. 89). The atmosphere conse-
quently enters the plant by these orifices and circulates
through the whole of the intercellular space system. As
nearly every protoplast abuts in part upon a channel of
this system, its necessary
aeration is secured. Hach
. protoplast is thus in a
somewhat intricate manner
in contact with the external
air, though really situated
perhaps deep in the tissues
of a plant of large dimen-

F16. 80.—SECTION OF A LENTICEL. ;
1, lenticel ; per, cork layer. s10ns.

Like the aquatic plant,
the terrestrial one thus possesses a reservoir containing an
atmosphere, which, though its composition may not be
exactly that of the exterior, yet contains oxygen for the
need of the protoplasts and serves as the medium by which
all surplus carbon dioxide is removed from them.

This intercellular space system not only subserves the
purpose of the gaseous interchanges of respiration, but
ministers in two ways to the metabolic phenomena carried
out by the plant. It permits the access of the atmospheric
carbon dioxide to structures in the leaves which make it
available for the construction of food material. It further
is of great importance in helping to regulate the supply of
water to the cells. We have seen that a transport system
is differentiated which carries the water to them. This
transport system does not, however, remove it from them
subsequently. The protoplast can only get rid of water by
the process of evaporation, and as it constantly needs a new
supply, it must continuously exhale watery vapour to make
room for the incoming stream. Such evaporation takes
place into the intercellular spaces through the delicate cell-
walls which abut upon them. The intercellular reservoir
contains, therefore, an atmosphere which is charged almost,
if not quite, to saturation by aqueous vapour, and under
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ordinary atmospheric conditions this is being continually
exhaled as long as an excess of water is passing through
the plant. The regulation of the process of exhalation
depends mainly upon the condition of the guard-cells of
the stomata, which can permit it to go on freely or can
check it by partially or entirely closing the apertures
according to various internal and external conditions (fig.
37).
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CHAPTER III

THE SKELETON OF THE PLANT

Ix the last chapter we discussed the differentiation of the
body of the plant, and examined the constitution of various
mechanisms which are associated with such differentia-
tion. If we study the arrangements which are peculiar to
any plant, we shall find that almost all such differentiation
as exists involves a modification of the non-living part, and
particularly the walls of the supporting and conducting
tissues, the living protoplasts having fundamentally the
same structure or composition, whatever may be the nature
of their immediate support. All the various dispositions
of the non-living elements or structures are secondary in
importance to the protoplasts.

We cannot, indeed, lay too great stress on the fact that
the needs and conditions of the protoplasts are primarily
the causes of the differentiation of the non-living structural
parts, and such differentiation is the expression of the fact
that division of labour has arisen among the protoplasts of
the community.

We have seen that a protoplast in its simplest con-
dition is capable of an independent existence without any
form of mechanical support beyond that which it derives
from the slight difference of density between its external
layer and its interior. In most cases, however, this is
not sufficient for protection during its whole life, and a
membrane is subsequently formed around it. The mem-
brane itself is a secretion from the protoplast, which in
tact prepares its own defensive mechanism. In most cases
the protoplast is always clothed by a cell-wall, the forma-
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tion of every new cell being completed at once by the
‘membrane which is formed as soon as the protoplast has
divided into two. This is particularly noticeable in cases
where a cell-complex or community forms the plant-body.
Each protoplast thus continually forms for itself a chamber
to dwell in, the walls of which at first, at any rate, are
probably all alike. 'We may thus recognise in the cell-wall
an exoskeleton for the individual protoplast, which may or
may not undergo subsequent modification.

In the case of a large plant consisting of innumerable
protoplasts, the cell-walls of the separate units are found
united together in different ways, and to a different extent
in different individuals. The resulting network constitutes
at first the skeleton of the whole plant. The modification
of the cell-wall which was unnecessary so long as the
protoplast was solitary, becomes imperative as soon as the
needs of a large community are established, and secondary
differentiations of such cell-walls result, the alterations
being due, like the original formation, to the activity of
the protoplasts. Not only are the walls changed in
substance and in thickness after they are formed, but the
protoplast itself frequently alters the form of the cavity
containing it, and consequently its own shape, by irregulari-
ties of subsequent growth. The skeleton of the plant is
not therefore merely the hard tissues which will survive
maceration and desiccation, not merely those coarser
structures evidently set apart for protection and support,
but it includes all the delicate cell-walls which form the
cavities in which the protoplasts are living. We may
indeed discriminate between the skeleton of the individual
protoplast and that of the large community of which if
forms a part.

The skeleton of a large plant such as a tree increases
in complexity as its life continues. In such a plant
growth proceeds continuously so long as life lasts. Every
year new branches or twigs with their associated leaves
are constantly produced. With such continuous increase
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of size, new econducting tissue must be formed. The
skeleton of a young plant is consequently much smaller

R,
Bl
2 s ST

¢
7

Fi16. 40.—SEcTION oF DicoryLeEDpONOUS STEM (Helianthus).
A, young condition, with the primary vascular bundles only developed ;
B, older, after secondary bundles have been developed between the
primary ones by the interfascicular cambium, forming a ring of wood.

than that of an old one. The difference between the con-
dition of a stem at two periods may be seen by comparing
fig. 40, o and B, the former of which shows the arrange-
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ment of the supporting and conducting tissue at an early
stage of its life, and the latter indicates the condition
after several months, during which a large formation of
secondary vascular tissue has taken place.

The structure of a ccenocyte shows a similar mode of

formation of the skeleton to that of
a multicellular plant-community.
In this case, however, the several
protoplasts are not furnished with
separating walls. The only skele-
ton is the external membrane which
limits the whole structure, and
which is formed by the conjoint
activity of them all. In compound
or septated ccenocytes we have in
addition certain transverse walls
crossing' the interior and giving a
greater degree of strength to the
whole body. These separating
walls have a similar origin.

The primary cell-wall which
clothes the unicellular plant, and
which serves as the original sup-
porting membrane of the separate
protoplasts of a community or
colony, is, when first formed, a
clear, transparent, extensible, and
elastic membrane, which remains
in contact with the protoplasm so
long as the latter is living. Under
certain conditions it is capable of
absorbing considerable quantities
of water, and in consequence swell-
ing to a greater or less extent.

Fic. 41.—EMBRYO OF Orobus
AT THE END OF A LONG
SUSPENSOR, THE TWO SEG-
MENTS OF WHICH HAVE A
CaxNocyrICc STRUCTURE
(After Guignard.)

The rounded bodies in the seg-
ments of the ceenocytes are
the nuclei of the protoplasts.

Under ordinary conditions it is freely permeable by
water. It is usually said to be composed of a sub-
stance termed cellulose, whose chemical composition is
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represented by the formula n(C;H,0;), the value of n
not having yet been accurately determined. This sub-
stance is related to such bodies as starch, sugar, &e.,
being a member of the group of carbohydrates. It is
capable, under the action of hydrating reagents, of being
converted into a form of sugar, and under certain circum-
stances it can yield nutritive material for the use of the
plant. Cellulose possesses the peculiar property of becom-
ing a deep blue in colour when treated with iodine in the
presence of sulphuric acid, chloride of zine, or other hydrat-
ing reagent. It dissolves with readiness in a solution of
ammonio-cupric sulphate (Schweizer’s reagent), but is not
soluble in dilute acids or alkalies. Strong mineral acids,
such as sulphuric or phosphoric, cause it to imbibe water
and swell up, ultimately becoming gelatinous and dissolv-
ing. Certain soluble ferments affect it similarly.

When the cell-wall is examined by polarised light it is
found to be doubly refractive.

When cellulose is oxidised with strong nitric acid it
yields oxalic acid.

Cellulose is capable of existing in more than one con-
dition. We find some kinds of it which will stain blue with
iodine without previous hydration. Examples of this
variety are found in the cell-walls of the bast of Lycopo-
dwum, the endosperm of the Peony, the cotyledons of some
of the Leguminos®, &e. The walls of the hypha of the
fungi differ again, in that they will not give the blue colour
with iodine even after treatment with hydrating reagents.
Recent observations suggest that this variety of cell-wall ap-
proaches in composition the ckiitin of the animal kingdom.

The celluloses which have been so far examined have
been divided into three categories, according to the ease with
which they can be made to undergo hydrolysis, and to yield
some variety of sugar by such treatment. The celluloses of
cotton fibres are perhaps the most resistent of all, and may
be taken as representatives of the most refractory group.
The cellulose found in the main mass of the fundamental
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tissue of the flowering plants is less resistent, giving very
easily the reactions which have been just described. A
third variety is hydrolysable with still greater readiness.
It is to a certain extent soluble in alkalies and is easily
decomposed by acids with formation of other carbohydrates
of low molecular weight. Such cellulose is represented in
the cell-walls of most seeds. ;

It is probable that cellulose is chemically combined
with a certain amount of water, and that the degree of such
hydration differs in the different varieties described.

Though, as already stated, the cell-wall is commonly
said to be composed of cellulose, the latter material is always
associated with other constituents. . Among the latter we
find various members of another group known as pectoses,
which differ in many ways from cellulose. This group
includes two series of bodies which vary among themselves
as to the degree of their solubility in water. One of these
series comprises bodies of a neutral reaction, while those
of the other are feeble acids. In each series there are
probably several members, which show among them every
stage of physical condition between absolute insolubility
and complete solubility in water, the intermediate bodies
exhibiting gelatinous stages, characterised by the power of
absorbing water in a greater or less degree. !

Of the neutral series the two extremes are known as
pectose and pectine. The former is insoluble in water, and
is closely associated with cellulose in the substance of most
cell-walls ; the latter is soluble in water and forms a jelly
with more or less facility. Pectose has not yet been
obtained pure, in consequence of its close association with
cellulose and the readiness with which it undergoes change
in the process of extracting it. The reagents which
geparate it from cellulose convert it into pectine, or into
pectic acid, the former being soluble in water, the latter in
alkalies. The cell-wall can be shown to contain the two
constituents by the action of Schweizer’s reagent, which,
when used with proper precautions, dissolves out the
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cellulose and leaves the framework of the cell apparently
unaltered ; it consists then, however, not of pure pectose,
but of a compound of peetic acid with some of the copper of
the reagent.

Pectine swells up and dissolves in water, forming a
viscous liquid which soon becomes a jelly. It exists in
considerable quantity in many ripe fruits and in some
mucilages. It gives no precipitate with the neutral acetate
of lead, but is thrown down by the basic acetate in the form
of white floceuli. If it is boiled for some hours in water, it
is converted into parapectine, which is precipitated by
neutral lead acetate. Further boiling with dilute acids
converts it into metapectine, which can be precipitated by
barium chloride.

The acid series shows peculiarities similar to those of the
neutral one. Its mostinsoluble member is pectic acid, which
will not dissolve in water, alcohol, or acids ; it forms soluble
pectates with alkalies, and insoluble ones with the metals
of the alkaline earths, of which calcic pectate is the most
widely distributed. It dissolves in solutions of alkaline
salts, such as the carbonates of sodium and potassinm,
alkaline phosphates and most organic ammoniacal salts,
forming with them double salts which gelatinise more or
less freely with water. Its solution in alkaline carbonates
is mucilaginous, but when ammonic oxalate is the solvent
it is perfectly limpid.

The member at the other end of the series is meta-
pectic acid, a body with an acid reaction, freely soluble in
water and forming soluble salts with all bases, especially
those of calcium and barinm, which precipitate pectic acid.
Metapectates are coloured yellow when they are warmed
with an excess of alkali. This body and its compounds
are probably very prominent in the gums; when acted
on by dilute sulphuric acid they split up, one of their
products being a crystallisable dextro-rotatory sugar which
is apparently arabinose. Metapectic acid does not form a
jelly, its solutions always being limpid.
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The two series of pectic bodies are closely related to
each other, for by the action of heat, acids, and alkalies
the various members of both can be prepared from pectose.
The final product of the action of the reagents is the freely
soluble metapectic acid.

The cellulosic and pectic constituents of the cell-wall
show considerable differences of behaviour. The former
are soluble, the latter insoluble, in Schweizer’s reagent ;
when oxidised with nitrie acid the former yield oxalic, the
latter mucic acid. The celluloses when partially hydrated
stain blue with iodine ; the pectic bodies give no coloration
with this reagent. They behave differently also to staining
reagents and to dilute acids and alkalies.

Cellulose, as we have seen, is a member of the group of
carbohydrates. Various writers are not agreed as to the
relation of the pectic bodies to this group, some holding
that their reactions separate them from it entirely, while
others contend that they are closely connected with it, if
they do not actually belong to it. It has been suggested
that they are carbohydrates chemically combined with
acids. Like cellulose they yield some form of sugar when
hydrolysed with dilute mineral acids.

All unchanged cell-walls contain a varying quantity of
water, and various views have been advanced as to the way in
which the latter is held by the other constituents. It is
probably not in a state of chemical union, as the quantity
present can be easily increased or diminished.

Naegeli suggested that the wall contained particles of
solid matter or micelle, of erystalline form, the long axis
of the crystals being arranged at right angles to the sur-
face of the wall. He supposed each micella to be surrounded
by a thin film of water. Every cell-wall is thus under
some considerable internal strain, the micelle attracting
each other and tending to squeeze out the water. The
latter, on the other hand, tends to separate the micellz.

According to Strasburger, the molecules of the solid
matter are held together by chemical affinity, and there is .
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no definite aggregation of them into micellee. He pictures,
therefore, a linkage of the atoms into a molecular network,
the meshes of which are occupied by water. On either
hypothesis the quantity of water is capable of considerable
increase or diminution, and the wall can be made to swell
up by causing it to imbibe more fluid. This can be brought
about by exposing it to the action of strong mineral acids,
such as sulphuric acid. - The water is held, however, by the
solid particles with very great tenacity.

The thickening which always supervenes to a greater
or less extent upon the first formation of the cell-wall is
brought about by the protoplasm
in a way similar to that of its
original construction. Layers
composed like the original one
are continually secreted by the
protoplast and are deposited
upon ' its exterior in apposition
with the wall already there.
Hence walls which have a per-
ceptible thickness show a certain ., 49 Taroxesp Crrrs or
stratification, which. is most  Woor, (E;’t‘;:vg‘&‘*chss_fﬂATlFICA"
easily seen in transverse sections
(fig. 42). When several such layers can be distinguished it
has been found that pectic bodies are prominent in the
layers furthest from the protoplasm and cellulose in those
nearest the interior of the cell. The action of the proto-
plast is frequently irregular, so that the thickening layers
are often seen as bands of various form, giving the surface
of the membrane particular patterns, thin and thick places
alternating in various ways (fig. 48). These are seen most
conspicuously in the walls of the vessels of the wood.

In some cases the thickening is caused or materially
aided by the intercalation of fresh molecules of cellulose
into the substance of the existing wall. This process is
known as intussusception. It appears to be not so general
as was formerly supposed.
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In cell-walls which have undergone considerable thick-
ening the membrane shows a marked differentiation. The
centre of the wall is found to possess a chemical composi-
tion very unlike that of the thickening layers. It marks
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F16, 43.—LONGITUDINAL SECTION OF VASCULAR BUNDLE OF SUNFLOWER
StEM. (After Prantl.)

2, pith; s, &', spiral vessels; w', w, wood-cells; p, p, pitted vessels;
¢, cambium ; st, sf, sieve-tubes; ph, fibres; =, bundle sheath;
¢, cortex,

off the limits of the cells, occupying the position of the
original thin membrane, and looking as if it were the
basis on which the thickening
layers have been deposited. When

a piece of tissue is warmed gently

with a mixture of potassie chlorate 7
and strong nitric acid, this layer
dissolves and the cells become sepa-
rated from each other. It has by
certain writers been termed the
wntercellular substance and by others )
the middle lamella (fig. 44). Though %

it is most easily seen in thickened " s soxep Woop-

CELLS, SHOWING MIDDLE
cells, it is probably not conﬁned to LaMELLA, (After Sachs.)

them, but exists in all cell-membranes, even when they are
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very young. Treatment with the reagent mentioned will
disintegrate the tissue of even the growing points of stems
and roots, and will cause their cells to become isolated.
A thin layer of this nature therefore probably exists even in
the primary cell-wall. It is added to materially, however,
during the growth in thickness of the walls, and in many
cases it can be seen easily under a comparatively low
magnification.

This middle lamella is composed of a material which
is very unlike that of the rest of the cell-wall. It dissolves
readily under the action of potassic chlorate and nitric acid,
which do not affect the inner layers of the membrane. It
resists completely the action of sulphuric and other mineral
acids, which cause the inner layers to swell and ultimately
to dissolve.

‘Recent investigations have led to the view that it is
composed of a calcium salt of pectic acid. :

Whether the primitive cell-wall is homogeneous or not
is uncertain. If it is, it must be regarded as being formed
of an intimate mixture or perhaps of a compound of cellu-
lose and pectose. At a very early period in its development
the middle lamella becomes differentiated, owing possibly to
the conversion of the pectose into pectic acid and the inter-
action of the latter with some salt of calcium derived from
the cell-sap which infiltrates the wall. The calcium pectate
becomes deposited in this way halfway between the con-
tiguous cells which are separated by the particular mem-
brane in which the change is taking place.

If the cell-wall is not at first homogeneous, we must
suppose that the original thin membrane is composed of
three layers, a central one of calcium pectate, on each face
of which is a layer composed of the mixture or ecompound
of cellulose and pectose. We never find, even at the
moment of cell division, that the membrane is formed of
calcium pectate only.

It is possible to explain the growth in thickness of the
middle lamella on either hypothesis. It is clear that the
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wall is the seat of a considerable chemical change which
affects its whole substance, though the degree, and possibly
the character, of the change may vary in the different
layers of which the wall is built up.

Not infrequently it is noticeable that the intercellular
spaces contain small concretions of various form, which
consist of the same substance as the middle lamella. This
is scarcely to be wondered at, as, when the intercellular
spaces are formed by the splitting of the cell-wall, the
region of the middle lamella, which is the central part of
the membrane, must abut upon the space formed in the
rupture. The calcium pectate which is formed or deposited
in the central region, and which causes the thickening of
the middle lamella, may well exude to a certain extent into
the intercellular space that has been formed.

In such parts of the framework of a well-differentiated
plant-body as need considerable rigidity, a conversion of
cellulose into lignin takes place. This material is found
conspicuously in the walls of wood-cells and sclerenchyma.
It is formed in the substance of the cell-wall, and in par-
tially lignified membranes the lignin can be dissolved out
by appropriate reagents, leaving a cellulose basis. In its
chemical characters lignin differs remarkably from cellulose.
It does not stain blue with iodine and sulphuric acid, but
can be recognised by its property of becoming red when
treated with phloroglucin and a mineral acid, or yellow
with anilin chloride under the same conditions. Its physical
properties are also different, and bear a definite relation
to the function of the fissue as a medium for the transport
of water. It has little extensibility, nor can it absorb water
and swell as can unaltered cell-wall; on the other hand,
it allows water to pass through it with great rapidity and
ease. :

Lignin is probably not a definite chemical compound,
but a mixture of substances successively formed from the
cellulose.

Walls containing it subserve a double purpose. Its
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physical properties render it particularly adapted to serve
as the material of which the tissues conducting the stream
of water are composed. Its slight flexibility or extensi-
bility makes it suitable for the securing of rigidity in tissues
or structures needing considerable power of resistance to
winds or storms. It is thus a valuable material in the
construction of sclerenchyma.

The protective tissues show a different modification of
the original structure. In the simplest cases we have seen
that the degree of protection secured is slight, and evidently
only transitory. The epidermis is, in these cases, the seat
of the changes which may be observed. The cells show
their walls sometimes very materially thickened on the
exposed sides (fig. 45),
though the thickness
varies in different
cases. Layer after
layer of substance -is
deposited upon the
original wall in these

regions, the other
F16. 45.—SECTION THROUGH EPIDERMIS OF LEAF : 3
sHOWING THE OUTER WALLS MATEMALL}; parts of it remaining

CarcEEnlie: thin. The thickness
itself secures a certain amount of protection against cold,
but to prevent absorption or dissipation of water or of
gases by these membranes, a chemical change also is
brought about. The outer layers of the wall undergo a
process known as cuticularisation, which generally extends
about halfway through its thickness. This change in
the outer walls of numbers of contiguous cells renders
it possible to strip off from such a tissue a piece of
apparently structureless membrane, which is technically
called the cuticle, and which consists of nothing more
than these altered layers of the outermost walls of the
contiguous cells. The alteration of the chemical character
of this membrane in forming the cuticle of the epidermis
is due to the transformation of its cellulose or pectose
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constituents into a substance known as cutin. Its
properties are very different from those of the original
cell-wall ; it is but slightly permeable by water, and it is
not easy for gases to pass into or through it. This dif-
ference of physical property is accompanied by characteristic
reactions ; it stains yellow instead of blue when treated with
iodine and sulphuric acid, and becomes brown under the
action of strong alkalies, such as caustic potash.

More efficient and prolonged protection is afforded by
the formation of sheaths of cork, certain layers being
differentiated as meristem tissue, or actively dividing cells,
for the continued production of this material. The walls
of true cork cells are thin, but the presence of eutin is a
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F16. 46.—OUTER PoRTION OF CORTEX
or Youne Twig oF LiME,

per, cork layer; ph, meristem layer. F16. 47.—SECTION OF A LENTICEL.
1, lenticel ; per, cork layer.

conspicuous feature in them. They are very regular in
form, and are closely arranged together without any inter-
cellular spaces (fig. 46). Coming as they do between the
exterior and the metabolic tissue of the cortex of stems,
thus cutting off the intercellular space system of the latter
from access to the air, they are usually penetrated by special
structures known as lenticels, which are made up of corky
cells very loosely arranged, and which consequently set up
the communication needed (fig. 47). During the winter a
layer of cork is formed below the lenticel.

In the corky cell-wall the cutin is frequently associated
with a certain amount of lignin.

The thin corky walls possess almost exactly the same
physieal properties as the thickened cuticle of the epidermis,

1
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a fact which affords evidence that the primary meaning of
both is the same.

Like the substance of the middle lamella, both lignin
and cutin are soluble in warm nifric acid containing potassic
chlorate.

In some cases the cell-wall of the epidermal protoplasts
is impregnated with various matters that do not proceed
from its own disintegration. Among these are various
fatty bodies, while wax is sometimes very conspicuous.
The bloom of such fruits as the grape and the plum is
composed of very fine waxy particles; the impregnation

F1a. 49.—SECTION OF PoRTION
oF LEAF oF Flicus, SHOW-

F16. 48.—CRYSTALS OF CaLcIum NG CYSTOLITH (cys) IN
OXxALATE IN WiLL or CELL LARGE CELL OF THE THREE-
OF THE BAST oF Ephedra. LAYERED EPIDERMIS (ep).

in their case having been so great that certain particles
have passed beyond the walls and formed a layer on the
outer surface. The leaves of the wax-palm show an even
denser deposit.

Mineral matters are also of frequent occurrence in the
cell-wall. The chief of these are salts of calcium, usually
the oxalate, but often the carbonate. Some cell-walls show
a copious deposit of regular crystals of one of these—such
are the cells of the bulb scales of the onion, the fibres of
the bast of Ephedra, and others (fig. 48). In many plants
copious deposits of silica are formed in the cell-wall,
especially in the epidermal cells of the Equisetacee, and in
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those of the cereal grasses. The value of this deposit to
the plant is not very evident ; it appears at first sight to be
an adaptation enabling the plant to remain upright, but it
is found that its absence does not render the grasses more
liable to fall.

Some cells of the epidermis of certain plants, especially
among the Nettle family, contain curious ingrowths of
cellulose, in which there is a very large deposition of
caleium carbonate. They are known as cystoliths (fig. 49).

The cell-walls of certain regions of particular plants
are transformed into mucilage. This material is especially
prominent in the large brown seaweeds, particularly the
Fucacee, where it forms the bulk of the internal tissue. It
oceurs also in certain layers of the seed-coat of such seeds as
linseed, and in certain regions in the sporocarps of Marsilea.
It is of agsistance in the dissemination of the spores of
this plant, and possibly has a similar value in the cases of
such seeds as contain it. It differs from cellulose by
absorbing water greedily, and swelling up considerably.
It gives a blue colour with iodine and sulphuric acid as
cellulose does, differing from the latter chiefly in the ease
with which the absorption of water is brought about. It
is not clear at present whether mucilage is derived from
cellulose only, or whether the pectoses take partin its com-
position, though the latter is probable. The gums are closely
related to mucilage, and seem to represent a further dis-
integration of the cell-wall in that direction. Many of the
gums yield derivatives much like those of pure pectic
bodies, which suggests that their affinities are rather with
the latter. In all probability, however, they are all mix-
tures of the two classes of constituents.

We see thus that in the construction of the skeleton of
a complex plant, while its basis is the cell-membranes of
the several protoplasts, which at first form an almost
homogeneous tissue, not only does differentiation take
place in the direction indicated in the last chapter, but
this differentiation is accompanied by changes in chemical,
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physical, and mechanical properties, which fit the definite
tissues formed for the functions which fall to them.
Temporary structures generally possess a ditferent chemical
composition from permanent ones. The transitory cuticle
gives place to the more permanent cork, and this becomes
strengthened by the introduction of sclerenchymatous
elements as the cork formation becomes continuously more
“deep-seated. The strengthening tissue varies similarly ;
the walls of collenchyma, though thickened in a particular
way, are not chemically changed in the same manner as those
of sclerenchyma or woody tissue, for their cellulose under-
goes no conversion into, or impregnation with, lignin.
The fibres of the bast differ from those of the wood in the
same particulars.
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CHAPTER IV

THE RELATION OF WATER TO THE PROTOPLASM OF THE CELL

Woex we regard the arrangement of protoplasm in the
cells of the plant, or observe the environment of the free-
swimming protoplast, we notice especially its very close
relation to water. The naked zoospore is naturally
saturated with the latter, being in the fullest contact with
it.  Unicellular plants which are not actually immersed in
it are generally to be found in more or less meist situa-
tions, where they continually obtain supplies from dew or
rain. Indeed in times of drought when moisture is not
supplied to them they are seriously injured. The young
cell which is clothed with a cell-membrane speedily shows
a tendency to accumulate water in its interior; gradually
drops appear, which lead ultimately to the formation of a
vacuole, which is always full of liquid. In a plant which
consists of a complex of cells, such a vacuole is found in
every adult cell so long as it is living. The healthy proto-
plasm is thus always in contact with water. Indeed the
molecular constitution of protoplasm, as far as we know it,
lends itself to this relation, for the apparently struetureless
substance is always saturated with it. It is only while in
such a condition that active life can exist; with very rare
exceptions, if a cell is once completely dried, even at a low
temperature, its life is gone, and restoration of water fails
to enable it to recover.

The constancy of the occurrence of the vacuole in the
cells of the vegetable organism is itself very strong evidence
that such cells are dependent upon water for the main-
tenance of life. The cell-wall, though usually permeable,
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yet presents a certain obstacle to the absorption of water,
and so even those cells which are living in streams or
ponds usually possess a vacuole. Cells without a mem-
brane, such as the zoospores already many times men-
tioned, can more readily absorb water from without, and
hence they are not vacuolated to the same extent as are
those which possess a cell-wall; indeed many of them
have no vacuole. This cavity when present being always
filled with liquid, the protoplasm of the cell has ready
access to water, as much so indeed as the protoplast which
possesses no cell-wall. The vacuole contains a store which
is always available. 3 g

The quantity of water which a vacuole can contain is
very small, and as the needs of the protoplasm are some-
what extensive, a need arises for the continual renewing of
its supply. This is evident when we consider that the
protoplasm draws its nutriment eventually from the water,
and that it must return to it such waste products as it
gives off. Its oxygen must be drawn from the same
gource, for this gas can only pass into the interior of a cell
by entering into solution in the liquid which it contains.
In cells which are deep-seated the need of oxygen can only
be supplied by a slow passage from cell fo cell of the gas
which has been dissolved by those abutting upon a free
surface. Similar considerations apply to the elimination
of the carbon dioxide which accompanies the respiratory
processes. 3

The life of a plant is consequently very intimately con-
nected with the renewal of the water which the cells contain.
Fresh liquid must be taken in, and that which is already
there must be to a certain extent removed; the plant
demands in fact a kind of circulation of water, and this
becomes the more imperative as the mass of the plant
increases, with the possible exception, however, of those
masgsive plants whose habitat is marine.

In examining the way in which this circulation is set
up and maintained, it is first necessary to inquire into the
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nature of the process by which water makes its entry into
a cell. This is based upon a physical process which is
known as osmosis.

When two fluids of different densities, such as water and
gyrup, are separated from each other by a homogeneous
i)ermeable membrane, they will tend to pass through the
latter in both directions till there is a mixture of the two of
equal density on each side of it. 'We shall thus have a stream
of water passing through the membrane to the syrup, and a
stream of syrup similarly passing to the water. The rate
of flow of the two streams will not be the same, however,
and the first result will be a considerable increase of the
volume of the liquid upon the side of
the membrane in contact with the syrup,
owing to the greater amount of water
that will have passed through.

A convenient form of apparatus to
exhibit this process of osmosis is repre-
sented in fig. /.50. It consists of a
bladder fastened to the end of a narrow
tube which is immersed, as shown, in a
vessel of water. The bladder and part
of the tube are filled with syrup, and the
height at which the latter stands in the
tube is noted. After some time the
contents of the tube will be increased in .
consequence of the entry of water being Fio. 50.—Arrararus
greater than the escape of syrup, and cess or Oswosts.
the liquid will stand at a higher level
in the tube. If the positions of the water and the syrup
had been reversed, the liquid would have fallen in the tube,
showing that the greater osmotic stream was in the opposite
direction.

The relative difference in the rate of the two streams
will vary with the concentration of the syrup.

Other substances than sugar have a similar power of
setting up osmotic currents, which indeed is especially pro-

[ R )
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minent in those which are crystalline in character, though
it is not confined to them. Solutions containing different
substances in equal degrees of concentration do not, however,
possess equal osmotic powers; each one hasits own special
ability which is often spoken of as its osmotic equivalent.
With any particular osmotic substance, however, the osmotie
efficiency varies with the concentration of the solution.
Though the process of osmosis as illustrated in the
experiment just described is far simpler than that which
we have reason to believe takes place in the vegetable cell,
we can apply it to explain the original formation of the
vacuole. Consider the case of a young non-cuticularised

B

F1¢. 51.—VEGETABLE CELLS.

A, very young; B, a little older, showing commencing formation of vacuole.
P, protoplasm ; %, nucleus; v, a vacuole,

cell of the external layer of a plant which is immersed in
water. It is full of protoplasm, and limited or clothed by a
cell-membrane which is permeable more or less readily by
water. The protoplasm is saturated with water, but there
is no separate accumulation of the latter in its interior.
Part, at least, of the cell-wall is in contact with water on
the outside. The protoplasm is actively living, and in the
course of the chemical changes which are incidental to vital
action certain substances are produced by it, which, like the
gyrup in the experiment already described, have an affinity
for water, or, to use a more technical phrase, have a fairly
high osmotic equivalent. Water consequently passes into
the cell, at first only in such quantities as to distend it
somewhat. As the process goes on, more liquid is taken up
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than ean be stored in the molecular interstices of the proto-
plasm. Drops consequently appear, and these gradually
run together until a distinet though small vacuole, and
later a number of such vacuoles, are apparent in the proto-
plasm (fig. 51). These soon run together as the amount of
water still increases, while the gradually increasing hydro-
static pressure stretches the extensible cell wall and so en-
larges the cavity. The growth of the
protoplasm does not keep pace with
this extension of the wall and there-
fore after a time the protoplasm
forms a layer round the cell-wall,
enclosing a single large cavity in
which the surplus liquid is held
(fig. 52), the hydrostatic pressure of
the latter pressing the living sub-
tance against the wall.

But, ag has been said already, the j
process is not a simple physical one. g, 59— Apuvrr VeerrasLe
Though the conditions of the first g:cfif;) x 500, . (After
experiment are approximated to, they , ..n cons . SAiblaliin
are not altogether realised. The % %, nucleus, with nu-

2 cleoli; s §', vacuoles.
syrup in the bladder finds its repre- ;
sentative in the osmotic substances formed by the proto-
plasm and dissolved in the water in its substance; the
water outside the cell is much the same as the water in
the outer vessel. But there is a great difference in the
membrane. The bladder of the experiment is replaced by
a film of cell-wall substance, which we may speak of in
general terms as cellulose, and this is lined by a delicate
coating of protoplasm. This again is not homogeneous,
but has on its surface, which is adpressed to the cell-
wall, a very thin dense layer which forms a kind of
membrane known as the ectoplasm. As soon as the
vacuole is recognisable its cavity becomes lined by another
similar membrane, and between the two lies the nearly
homogeneous protoplasm. These plasmatic layers are




ils) VEGETABLE PHYSIOLOGY

noticeable as soon as the surface of the protoplasm is
brought into contact with water. The membrane of the
cell, therefore, through which osmosis must take place,
is composed of four different layers. In the experiment
we have assumed that the outer liquid was pure water ;
this is not, however, the case with the fluid in which the
plantis living, for all such water contains a large number
of various inorganic salts dissolved in it, though of course
the concentration of these salts is extremely small. While
all the layers of the cell’s membrane are permeable to
water, they are not at all equally so to the salts which it
contains. In such a weak solution these can pass freely
through the cell-wall, but the plasmatic layers of the proto-
plasm offer a variable resistance to their passage further.
Moreover, the protoplasm is living substance, and no
doubt takes an active part in the transmission of solutions
through it. A further experiment will show a very im-
portant modification of the process depending on this
property of the protoplasm, and demonstrating that the
entry of both water and its dissolved saline contents into
the cell is very largely under the regulation of the
living substance, when what is practically a dilute saline
golution is presented to if.

Take a cell of the cortex of a plant and put it into
contact with a liquid of higher osmotic power than that
which is contained in its own vacuole; for instance, a
solution of common salt of about 10 per cent. concentra-
tion. Watch its action on a slide under the microscope,
and let the salt solution be coloured with some vegetable
dye which will not injure the living substance. As the
salt solution reaches the cell, the protoplasm of the latter
gradually retreats from the walls (fig. 58), at first at the
corners and then all round the sides, till it appears as a
rounded or irregular mass in the centre. The salt solution
has abstracted the water from the vacuole, and the proto-
plasm, relieved of the pressure outwards caused by the
" liquid in the latter, has shrunk away from the walls. The
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outward stream has been accompanied to a certain extent
by an inward one, as in the first experiment. The coloured
salt solution will be visible inside the cell-wall, between it
and the protoplasm. There has been an osmotic stream
therefore through the cell-wall inwards. But it will be
seen that the colour will not penetrate the protoplasm,
which in fact retreats before the coloured salt solution.
The latter has no power to pass the external plasmatic
layer, even in the condition of dilution which must result
from its mixing with water which has been withdrawn from

F16. 53.—CrELLS OF PARENCHYMA UNDERGOING PLASMOLYSIS.

a, b, ¢, d represent successive stages. The dotted ares in each cell
represents the protoplasm.

the vacuole. If now the salt solution is replaced by water,
the latter is gradually attracted again, of course osmoti-
cally, into the cell. It passes through the whole thickness
of the protoplasm, the vacuole is re-established, and the
protoplasm again comes to line the cell-wall, pressed
against it by the water.

The protoplasm thus can oppose the passage through it
of various osmotic bodies with which it may be brought
into contact, though it allows the water in which they are
dissolved to permeate it freely. In the experiment just
described the strong salt solution failed to pass through
the external plasmatic layer ; the re-entry of the water into
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the vacuole showed that the internal one prevented the
osmotic substances, originally present in the water which
the cell contained, from escaping in. the issuing osmotic
stream. These substances must have been left behind, or
there would have been no osmotically active material to
draw the water back, when it was allowed to replace the
salt solution outside the cell. :

That this behaviour is dependent on the vital activity
of the protoplasm can be shown by repeating the experi-
ment after killing the living substance by a short immer-
gion of the cell in alecohol. Then the process of osmosis
goes on exactly as in the first experiment described. The
salt solution penetrates into the vacuole as if only a cellulose
septum were present, the dead protoplasm exerting no regu-
lating influence.

‘We must not conclude from this experiment that inor-
ganic salts in all degrees of concentration are kept from
entering the cell by the protoplasm. If extremely dilute
solutions are employed, the living substance permits their
passage together with a certain appropriate amount of
water. Similarly, extremely dilute solutions of bodies
found in the fluid of the vacuoles, the so-called cell-sap,
can make their way out of the cells. The protoplasm
exerts a definite regulating influence, however, upon both
the entry and the escape of these different substances.

The modified osmosis which is thus the mode of entry
of water into a cell containing no vacuole, and which
causes the growth or completion of the vacuole, after its
first appearance, continues after its formation is finished.
This can be studied most favourahly in aggregations of
cells, such as we find in the cortex of a stem or the loose
mesophyll of a leaf, as in such cells there is a more evident
renewal of the water of the vacuoles than in those of
tissues which are surrounded by liquid. .

In such tissues as those just mentioned we can demon-
strate with ease what is more difficult to detect in the
others, that not only is waler admitted to the cells, but it
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is also given off from them. This does not depend on
osmosis in the stem or leaf, but is due to evaporation,
which takes place from the surfaces of the cells abutting
on the intercellular spaces, whence the watery vapour is
exhaled through the stomata, or, in the case of a woody
stem, through the lenticels. In a cell surrounded by water
such removal must depend upon osmotic currents.

This removal of water occasions a need for a continuous -
replenishment of the liquid in the vacuoles, which is
brought about by the same modified osmosis which has
been described. We can see that this process must be
continually taking place in a complex of succulent cells.
If we consider two which are contiguous and are separated
from each other by a common cell-wall, it is evident that
unless the proportion of water to osmotic substances in the
‘vacuoles of both is the same, osmotic currents will flow
from one to the other till this equilibrium is reached.
Any disturbance taking place in one cell of a complex will
hence spread from cell to cell until the composition of the
fluid contents of them all is uniform. When we consider
the differences, sometimes very slight, sometimes more
extensive, which are continually taking place in the meta-
bolic activities of the separate cells of a community, it is
.evident that, so long as life lasts, osmotic currents of this
kind must be continually passing from cell to cell in various
directions, and frequently at very different rates.

Yvaporation from a cell into an intercellular space
must lead to a certain increase of the concentration of the
solution of osmotically active substance in its vacuole.
This then attracts water from the contiguous cells, and
consequently, independently of metabolic changes affecting
the quantities of such osmotic substances, evaporation itself
must help in causing movements of water from cell to cell.

The quantity of these osmotic substances which are
present in any particular cell will depend wupon the
behaviour of the protoplasm from time to time. Such
substances are usually being continually produced in all
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growing cells, and in most others in which chemical
changes are proceeding. Hence such cells are continually
absorbing water, and are consequently so full thata consider-
able stretching force is exerted on the cell-wall which bounds
them. Cells in such a condition are called furgid, and
the condition itself is known as turgor or turgescence. The
equilibrium which is attained by such a cell is reached
- when the distension caused by the entering osmotic stream
is balanced by the elastic recoil of the extensible cellulose
wall. In some cases the tension set up in a tissue by the
turgescence of the cells is sufficient to force the water, by a
process of filtration, through the walls of the outermost
ones, 8o that it escapes in drops or in a slow stream. This
may often be seen on the edges or apices of blades of grass
in the early morning. It is of great use also in forcing
water into the axial woody cylinder of roots, as will appear
later. Occasionally the turgescence becomes so great as to
lead to rupture of the cell-walls, as is the case in some
pollen grains, and sometimes in certain fleshy fruits.

That the condition of turgesecence in cells is attended by
a stretching of the cell-walls can be seen by taking a piece
of a plant which is turgid, such as the stalk of a rhubarb
leaf, and, after carefully measuring its dimensions, steeping
it for some time in a ten per cent. solution of common salt.
On removing it, it will be found to have become flacecid,
and a remeasurement will show that both its length and
thickness have diminished. Turgescence is not, however,
due simply to physical causes ; the protoplasm which lines
the cell has a regulating influence over the passage of the
water into and out of them. When a turgid pulvinus of
such a plant as Robinia or Mimosa is stimulated by rough
handling of the leaf, the latter falls backward from its ex-
panded position, and the fall is found to be due to the escape
of water from the cells of the lower side of the pulvinus.
The original state of equilibrium has been disturbed by the
shock to the protoplasm administered by the stimulation,
and the latter allows or compels the water to pass outwards.
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The active influence of the protoplasm is seen also in
another class of phenomena. Certain structures known as
nectaries oceur conspicuously in many flowers. They are
aggregations of cells of a particular kind which exude a
sugary fluid upon their surface. The liquid in the cells
contains a little sugar, and this weak solution is capable
of passing through the protoplasm, not by osmosis, but by
a kind of filtration. Its concentration is usually increased
by subsequent evaporation of the water in which it is dis-
solved, so that the secretion when collected has a distinetly
sweet taste. When the petals of certain flowers bearing
these nectaries are cut off, and their cut ends immersed in
water, the glands continue for some time to exude the
nectar. There can be no question here of a gross filtration
of water under pressure through the tissue, as there is no
such pressure acting on the base of the cut petal. The
protoplasm causes a stream of water to flow into the cells
of the gland by producing osmotic substances inside them,
in this case chiefly sugar. The turgescence thus set up in
the gland cells exerts a strong hydrostatic pressure on the
limiting membranes of these secreting cells, which ultimately
so stimulates the protoplasm as to cause it to allow the
sugary solution to exude upon their free surfaces. We can
discriminate between two forces at work in the exeretion of
the nectar. The absorption of water by the gland cells is
due to osmosis ; the excretion from them on to the exterior
of the gland is more a question of a modified filtration
under pressure from the turgid cell. This is shown by the
fact that if the surface of the gland is carefully dried, the
exudation shortly recommences. Osmosis is not possible
under these conditions. If the gland is killed by aleohol,
the sugar already there is retained in the cells, and no
exudation of nectar, or even of water, takes place.

The vital activity of the protoplasm is thus seen to be
intimately connected with the presence of water in its
substance. The importance of the ready access of the
latter is seen further from other considerations. We have
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incidentally alluded more than once to the fact that the
liquid concerned in these osmotic currents is not pure
water only, but should rather be regarded as an extremely
dilute solution of various salts. Though the protoplasm
opposes the passage of anything like a strong solution of
inorganic salts, it allows very dilute ones to enter the cell,
much as it does pure water. In this way the slowly
diffusing stream brings to the protoplasm of each cell the
inorganic materials which are absorbed from the earth,
and enables the matters elaborated or formed from them
by the protoplasm to pass from cell to cell. The feeding
or nutrition of the various cells, together with the con-
struction of the substances which minister to that nutrition,
is thus dependent on the transit of fluid about the plant
in the way described. The access of various gases is
similarly made possible, for these are dissolved in the liquid
stream. The oxygen upon the presence of which life depends
is thus transported to each cell, and the carbon dioxide
of respiration is removed from the seats of its liberation.
The condition of turgescence is necessary also for growth,
and for various movements of different parts, enabling
them to adapt themselves to varying conditions of their
environment. Some plants, particularly those which are
aquatic in habit, and such parts of terrestrial plants as
contain but little woody tissue, are dependent on the
turgescence of their cells for the rigidity which enables
them to maintain their position in the medium in which
they live. The maintenance of the turgid condition of
the cells is further of the highest importance in enabling
the interchange of water between contiguous cells to take
place as freely as possible, and without intermission.
Flaceid cells do not effect such interchange with sufficient
readiness. Flaccidity of an organ is attended by a partial
collapse of the tissue, which involves a diminution of the
volume of its intercellular spaces, and hence often a serious
interference with its processes of gaseous interchange,
particularly respiration. Nor is the protoplasm unaffected
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by the flaccidity, for its health is in a certain degree
dependent upon its being subjected to hydrostatic pressure
by the water of the vacuole.

The importance of the water supply, and indeed its
necessity to the plant, explains the existence of certain
subsidiary mechanisms for its absorption and storage
which are occasionally met with. These will be considered
in detail in a subsequent chapter, but a few of such
adaptations may be noticed here. We frequently find
particular aggregations of cells set apart for storage of
water. The epidermis of certain parts frequently subserves
this purpose, and many plants possess a considerable
development of aqueous tissue, variously disposed, which
forms a similar storehouse. The cells of this tissue contain
little else than water, and thus serve to supplement the
vacuoles of the ordinary cells. In plants that inhabit dry
arid soils such as sandy deserts there are often other
adaptations relating to water storage. Such plants are
often covered with large bladder-like hairs which hold a
considerable quantity of liquid. Plants which are exposed
to conditions threatening too copious evaporation are gene-

rally furnished with a very prominent cuticle tending to
check undue escape.
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CHAPTER V

THE TRANSPORT OF WATER IN THE PLANT

We have seen that it is necessary for the life of a plant
that all its living cells shall be freely supplied with water.
According to the habit of life of plants the mode of supply
must necessarily vary. Those which are so constituted
that water finds free access to all the cells, such as the
unicellular or filamentous Alge, which live in streams,
pools, &e., present no difficulty, as osmosis can go on freely
in each cell, water entering its vacuole from the exterior.
Sturdier plants of aquatic habit are almost equally easily
supplied ; the water enters by osmosis into the vacuoles of
the epidermal cells, the walls of which in these plants
are not cuticularised, and from them it can pass Irom
cell to cell all over the plant-body. No force in addition
to osmosis is necessary in these undifferentiated plants.
Others, which have a terrestrial habitat, from the nature of
their environment require a more elaborate mechanism,
which is found, as we have already pointed out, in the
well-differentiated system of conducting tissue, composed
largely of lignified vessels, fibres, and cells. Throughout
all such plants a stream of water passes, entering at the
roots, passing along the woody axis, and so rising up
the stem into the leaves, where a very large part of it is
evaporated. This stream of water is often known as the
ascending sap. In addition to this comparatively rapid
stream, slow currents of diffusion from cell to cell are also
maintained, as in ‘the plants of humbler type. These
diffusion currents, depending mainly on osmosis between
contiguous cells, have not the definite direction of the
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rapid current, and play quite a subordinate part in the
supply of the whole plant with water. They are, however,
supplementary to the ascending sap, and effect interchanges
in regions which the latter does not immediately reach.
The cortex of the axis of the plant is especially dependent
upon them, as various mechanisms exist in the different
regions of the stele to guard against too free an escape of
water from its tissues into the cortex.

Except in some special cases the water which passes
through the body of an ordinary terrestrial plant is
obtained from the soil in which its roots are embedded.
The soil itself is composed of minute particles of inorganic
matter of very different degrees of solubility, derived origi-
nally from the breaking down of rocks, together with decay-
ing animal or vegetable matter mixed with the inorganic
constituents. This organic matter is known as humus and
is of very varied composition. The soil thus consists of a
loose matrix of granular character, the interspaces of which
are normally filled with air. The air is in most cases
mixed with a certain quantity of carbon dioxide which is
being evolved from the humus constituents of the soil, and
which is slowly exhaled from the surface. The interspaces
are capable of containing varying quantities of water ;
indeed the soil may be so saturated with it that they are
all full. We find soils of all conditions in this respect,
from the dry sands of deserts to the mud of bogs. The
water may be held with greater or less tenacity, clays and
sandy soils affording instances of two extremes in that
particular. When the interspaces of the soil are filled
with water, the plants which it is supporting are very
unfavourably placed for absorbing the liquid. By the
excess of water their roots are deprived of the air which they
need for purposes of respiration ; their structure does not
enable the absorption of water to take place all over their
surfaces, as their external cells are more or less cuticular-
ised ; they are consequently hindered and not helped by the
superfluity of liquid. When a soil is properly drained, its
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interspaces are filled with air, and a delicate film of water
surrounds each of its particles and adheres closely to it.
This water, often spoken of as hygroscopic water, is the
source of the plant’s supply. The presence of air in the
interspaces supplies the wants of the root and frees it from
the difficulties which have been pointed out.

The hygroscopic water adheres so closely to the
particles of the soil that it escapes ordinary observation ;
when, however, soil that has been allowed to dry at any
ordinary temperature till its interspaces are apparently
empty, is exposed to a heat approaching that of boiling
water, a considerable quantity of vapour is given off, due
to the volatilising of the hygroscopic films.

The difficulty of the entry of the water into the cells
of the outermost layers of the young roots involves the
development of a special absorptive
mechanism upon them. This takes the
form of a number of delicate outgrowths
of the internal cells, which form long
thin-walled hairs (fig. 54). These are
not distributed all over the surface of
the young rootlets, but are confined to
a particular region not far behind the
apex. As the delicate branches of the
root grow, the root-hairs gradually perish,
more being formed continually at about
the same distance from the apex. There
Fie. 54.—Urrmate  jg thug a continuous renewal of this collec-

BRANCHES OF A
Roor, smowine Po-  tion of hairs, which is maintained as long
SITION OF Roor- .
HAIRS. as the root system extends and continues
functional. The interspaces of the soil
are penetrated by the young roots, the manner of whose
growth involves a very close approximation of their sub-
stance to the surface of the particles of which the soil con-
sists. The delicate hairs standing out at right angles to
the surface of the roots are consequently brought into very
close and intimate relations with these particles and with
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the film of hygroscopic water which surrounds them. In
some cases the pressure between the two is so close that
the particles become embedded in the membrane (fig. 55).
The hygroscopic film of water is thus separated from the
interior of the root-hair by a most delicate pellicle of cell-
wall substance, lined by an almost equally delicate layer of
protoplasm. The vacuole of the hair contains a somewhat
acid cell-sap, by virtue of which osmosis is set up; the
osmotic equivalent of the acids of the
sap being considerable, the cell quickly
becomes turgid and distended, such
turgescence continuing so long as the
conditions remain favourable. The root-
hairs are very numerous, and their united
action causes a considerable accumula-
tion of water in the cortex of the roof,
for it passes into the cells of this region
by osmosis through the base of the hair.
This, being one of the cells of the ex-
ternal layer, impinges upon one or more
of the cortical cells, which have a similar
reaction to that of the root-hair itself.
Osmotic currents are thus set up from Frc. 55—Roor-nam
every hair, and a gradual accumulation  panrreres or Som.
of water takes place in the cortex of the
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