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Numbers of microbodies in lower epidermal cells of

upper leaves of hypersensitive tobacco increased just

before reduction in the rate of enlargement of lesions

induced by tobacco mosaic virus. In control plants,

inoculated only on two upper leaves of decapitated plants,

there was a 1.6-fold increase in the number of microbodies

four days following inoculations. In challenge plants,

inoculated first on three lower leaves, and seven days

later inoculated on the two upper loaves, there was a

1.5-fold increase in microbody-count in upper leaves only

one day following the second inoculation; numbers of

microbodies almost doubled within U-8 hours of the second

inoculation. In control leaves, the diameters of the lesions

increased more than 0.2 mm per day for four days following

the appearance of the lesions; but lesions in challenged

leaves increased less than 0.2 mm per day following the

v



day the lesions appeared. In both control and challenge

leaves, the number of rnicrobodies increased prior to the

reduction in lesion growth, but both the increase of

microbodies and the reduction of lesion growth occurred

three days earlier in challenge leaves than in control

leaves. For this reason it is thought that rnicrobodies

may be associated with the development of induced resistance

in challenge leaves, and that induced resistance is but an

acceleration of the normal plant processes that restrict

lesion size in a hypersensitive host.
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INTRODUCTION

Infection in one part of a hypersensitive host plant

induces localized and systemic resistance in noninoculat ed

parts of that plant. This resistance is characterized by

the failure of localized lesions induced by subsequent

viral inoculations to develop to normal size (1,13,14,15)"

This failure is thought to result from enhancement of the

plant-defense reactions that normally restrict lesion size

in a hypersensitive host ( 1

5

)•

Numerous attempts have been made to determine differences

between plants that exhibit induced resistance and those

that do not. Simons and Ross (17, 18) reported increased

peroxidase and catalase activities prior to lesion forma-

tion in the systemically resistant upper leaves of plants

whose lower leaves had been previously inoculated with a

local-lesion strain of a virus. They suggested that the

increased peroxidase activity might play a role in the de-

velopment of systemic acquired resistance (1?).

Israel and Ross (8) reported finding single membrane-

bounded organelles, which contained crystalloid inclusions,

in a zone of cells of the palisade parenchyma surrounding

the lesions in leaves exhibiting systemic acquired resistance.

These organelles were not found in parenchymatous cells

1
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surrounding lesions in leaves that did not exhibit systemic

acquired resistance. They suggested the possibility that

these organelles might play some role in the mechanism of

resistance. Zimmer (21) also found similar organelles,

which he referred to as crystal-containing microbodies, in

cells in the region where exclusionary-seedling-rust

resistance was operative in safflower. He suggested that

the crystal-containing microbodies might play an important

role in the rust-resistance mechanism in safflower.

The organelles referred to by Israel and Ross (8) and

by Zimmer (21) are apparently the same as those reported

by Frederick et^ al . , who first referred to them as cyto-

somes (6), and later as microbodies (5,7). Mollenhauer

et al . (11) reported that cytosomes, which fit the descrip-

tion of the microbodies clescribed by Frederick and Newcomb

( 5 > 7 )> are widespread throughout the plant kingdom and are

located in many different organs of healthy plants.

Because of the reports that cellular organelles, which

resemble the microbodies described by Frederick £t al . (5)

and Frecerick and Newcomb (7) might be involved in plant

defense reactions, a study was undertaken to determine if

numbers of microbodies were affected by the acquisition of

systemic resistance to tobacco mosaic virus (TMV) in hy-

persensitive tobacco.



METHODS OF INOCULATION

The rest plant used in all experiments was Nicotiana

L * ' Samsun NN*
, which is hypersensitive to infection

by TMV . Plants were grown in composted soil in four-inch

pots kept in a greenhouse until ready for inoculation.

Vigorously growing plants with five or six well expanded

leaves were decapitated and trimmed to five adjacent leaves

as described by Ross (14). The lower three leaves were

dusted with 600~mesh Carborundum and inoculated by the

gauze-pad method with TMV in the juice of systemically in-

fected Turkish tobacco (N. tabacum ): crude juice was di-

luted to 10-4 in o.l M neutral potassium phosphate buffer.

Seven days later, the two upper leaves were similarly

inoculated with TMV in juice diluted to 10“5 in the same

buffer. This inoculum caused approximately 100-150 discrete

lesions to form on each of the upper leaves.

Similar control plants were decapitated and trimmed as

the treated plants, and received the following treatments*

1) the three lower leaves were rubbed with 0.1 M potassium

phosphate buffer, and seven days later, the two upper leaves

were challenge-inoculated with TMV ( 1

0

“5
)

;

2 ) the lowor

three leaves were neither inoculated nor rubbed with buffer,

but the upper two leaves were inoculated with TMV seven days

afuer decapitation; 3 ) the lower three leaves were inoculated

3
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with TMV (10“4)
} but the upper two leaves were neither inocu-

lated nor rubbed with phosphate buffer; and 4) leaves were

neither inoculated nor rubbed with phosphate buffer after

decapitation

.

All experimental plants were kept in an air-conditioned

greenhouse at approximately 230c.



IDENTITY OF MICROBODIES IN HEALTHY AND VIRUS-INFECTED TOBACCO

Before investigating the possible correlation betv/een

cytoplasmic microbodies and the induction of acquired systemic

resistance, it was necessary to have reliable methods of

detecting and counting these organelles. Lower epidermal

cells were selected because the microbodies in these cells

could be viewed with the light microscope and the day-to-

day variations in numbers of microbodies could be readily

determined

.

Staining and C ounting M icrobodies

Crystal-containing microbodies were detected in the

cytoplasm of epidermal cells prepared by the method of

Christie (2). Strips of tissue removed manually from the

lower epidermis of tobacco were first submerged for 10-15

minutes in a 5% aqueous solution of octyphenoxypolyethoxyetha-

nol (Triton X-100) to disrupt the chloroplast membranes so

the chloroplasts would not interfere with viewing of the

microbodios (Figure 1). After treatment with Triton X-100,

the epidermal strips were stained 10-15 minutes in a dye

solution containing bromphenol blue in 2% gluteraldehyde

and 0.2 M citrate buffer at pH 3*5*

Epidermal strips taken from upper leaves of decapitated

tobacco plants were examined daily for 14 days following the

5



Figure lc Crystalloid inclusions of microbodies
( M) in epidermal cells that had not been treated
with Triton X-100 to remove chloroplasts.

/
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initial treatments. The numbers of mierobodies in each of

20 cells per epidermal strip were counted.

It was evident from preliminary observations that the

staining technique desciibed above made possib3.e the ready

detection of microbodies in cells from healthy and TMV-

infected plants (Figure 2). Reliability of the technique,

however, depended upon whether numbers of microbodies per

cell varied widely within a single leaf or within a single

treatment. Results of preliminary experiments, in which

mierobodies were counted in cells of different epidermal

strips from the same leaf, showed that only insignificant

variations occurred within a leaf. For example, the

average numbers of mierobodies per cell in each of four

strips from one healthy leaf were 19, 18, 18, and 17 .

Data from experiments described later in this dissertation,

moreover, show that no significant variations in numbers of

mierobodies occurred within a single treatment.

Numbers of mierobodies per cell did vary within a

single epidermal strip, but this variation was positively

correlated with cell size. Consequently, mierobodies were

counted only in cells of similar size.

Reliability of the previously described staining tech-

nique for quantitative measurements remained in doubt until

it could be ascertained whether the early treatment of epi-

dermal cells with Triton X-100 had an effect on the numbers

of detectable mierobodies. It was possible that these cells
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Figure 2c Crystalloid inclusions of microbodies
(M) in epidermal cells treated with Triton X-100
to remove chloroplasts*
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might contain microbodies which did not contain crystalloid

inclusions and the chemical might destroy these microbodies

or interfere with their staining as a consequence of its

disruptive effect upon their membranes* Consequently,

epidermal strips were removed from the same healthy tobacco

leaf, and half were treated with Triton X-100. Treated and

nontreat ed scrips of cells were stained and later examined

for microbodies. That Triton X-100 did not interfere with

detection of microbodies was indicated by the fact that

about the same number of microbodies por cell wore observed

in treated and nontreated ones. In four epidermal strips

from the same leaf, counts in treated cells were 19 and 20;

those in nontreated cells were 1 6 and 19 .

Reliability of staining and counting techniques having

been established it remained to test the observed inicrobodies

for enzymatic activity in order to identify them with pre-

viously described organelles (?).

Catalaso Activity in Microbodies of Epidermal C ell s

The crystal-containing organelles found in epidermal

cells of ‘Samsun NN* tobacco were 0. 5-2.0 u in diameter and

were identical in appearance to the microbodies described

by Fredrick and Newcomb (5,?). Since most or all catalase

activity of the cell resides in microbodies ( 3 ), the crystal-

containing bodies in tobacco epidermal cells should be rich

in catalase if they are indeed identical to microbodies.
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In two experiments, a total of six epidermal strips

from tobacco were treated so as to detect the site of

catalase activity in the individual cells.

Lower epidermal strips were fixed in Karnovslcy’s

solution (9), pH 7.2, for 1-1. 5 hours. After fixation,

the strips were rinsed for 15-20 minutes in three changes

of 0.01 M neutral potassium phosphate buffer. The strips

were then placed in a solution containing 10 mg of 3 , 3
'-

diaminobenzidine (DAB), 5 ml of 0.05 M propanediol buffer

(2-amino-2-methyl-l, 3-propanediol) at pH 10.0, and 0.1 ml

of 3^ HgOg • The pH of the solution was adjusted to 9*0

prior to the addition of the epidermal strips. The strips

were incubated in covered petri dishes for 30 minutes at

37°C.

The epidermal strips were postfixed for 1 hour in Vjo

OSO4 in 0.01 M neutral potassium phosphate buffer. They

were then dehydrated in alcohol and mounted in Euparal for

examination under the light microscope.

Crystal-containing bodies in epidermal cells of ’Samsun

NN* tobacco always stained dark reddish-brown in DAB and

0sCi| (Figure 3)» indicating strong catalase activity (7).

The crystal-containing bodies did not stain in DAB and OsO^,

provided epidermal strips had been pre-treated with 3-a-inino-l,

2,4-triazole, a known inhibitor of catalase activity (10).

These results provide further evidence that the crystal-

containing bodies in epidermal cells of tobacco are the



Figure 3« Crystalloid inclusions of microbodies
(M) treated with diaminobenzidlne and OsO; for
localization of catalase activity. 4
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same as the catalase-rich microbodies characterized by

Frederick and Newcomb (7).



THE INCREASE IN NUMBERS OF MICROBODIES IN RELATION
TO SYSTEMIC INDUCED RESISTANCE OF TOBACCO TO TMV

Now that the presence of microbodies in healthy plants

has been demonstrated (5?6j 7,11), and since staining tech-

niques described earlier make possible quantitative deter-

minations of microbodies through light microscopy, it becomes

possible to test the hypothesis of Israel and Ross (8) that

microbodies may be correlated with the development of systemic

induced resistance in hypersensitive hosts.

Microbodies were stained and counted as described

earlier, and were countod daily for 14 days after the first

inoculation or treatment in 20 cells per epidermal strip

from the two upper leaves. The experiment was performed

four times over a period of six months. All experimental

plants were inoculated or inoculations were simulated as

described in the section on methods of inoculation.

The numbers of microbodies in noninoculat ed control

plants did not vary significantly over a 14-day period

after decapitation of the plants. An average of 14 to 19

microbodies per cell occurred in lower epidermal strips of

these plants (Figure 4). Over the same l4-day period,

moreover, only 14-18 microbodies were observed in resistant

upper leaves that were not challenge-inoculated (Figure 5)*

In contrast, numbers of microbodies increased dramatically

13
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DAYS AFTER TREATMENT

Figure 4. Average number of rnicrobodies in 40 cells
frotn two epidermal strips of leaves of control plants
which were not inoculated.
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DAYS AFTER TREATMENT

Figure 5 * Average number of microbodies in 6 0 cells
from three epidermal strips of leaves of control plants
which wero only inoculated on the three lower leaves
with TMV (10~^). Arrow indicates day of inoculation.
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in challenge-inoculated upper leaves in which resistance

had been induced as a result of earlier inoculations of

lower leaves. For example, 2 6 microbodies per cell were

detected only one day after challenge-inoculation and 3®

per cell were counted on the second day after the challenge

inoculation (Figure 6). The numbers of microbodies per

cell thus almost doubled in resistant leaves within 1-2

days of the second, or challenge, inoculation.

Numbers of microbodies also increased in epidermal

cells of TMV-inoculated nonresistant leaves, but this

increase did not occur until at least four days after

inoculation of these leaves. Each cell contained 1.4-19

microbodies until the fourth day after inoculation, when

the number increased about 1.6-fold to 29 (Figure 7).

The same general trend was also found in plants where the

lower three leaves were rubbed with 0.1 M potassium phos-

phate buffer and the upper two leaves inoculated with

TMV . Rubbing the lower leaves with buffer thus does not

affect the number of microbodies in the upper leaves.

Results of these experiments suggest that microbodies

increase in cells of hypersensitive tobacco prior to the

reduction of lesion enlargement in both resistant and non-

resistant leaves.

In resistant leaves the lesions increased very little

in size, less than 0.2 mm per day, after the second day

following the challenge-inoculation (Table 1). This is



17

DAYS AFTER TREATMENT

Figure 6. Average number of mierobodies in 140 cells
from seven epidermal strips of leaves of plants which
were inoculated on the three lower leaves with TMV
(10-4) and seven days later inoculated on the two
upper leaves with TMV (10“5). Arrows indicate days
of inoculation.
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DAYS AFTER TREATMENT

Figure 7. Average number of microbodies in 80 cells
from four epidermal strips from leaves of plants which
were only inoculated on the upper two leaves with
TMV (10“5), Arrow indicates day of inoculation.

I
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Table 1. Daily increase in lesion size in upper leaves
following inoculation with TMV ( 10

“ 5 ).a

Day

1 2 3 k 5 6 7

Resistant
Leaves'3 0.7° 0.1 0.2 0.1 0.1 0.0

Nonresistant
Leaves^ __ 0.9 9o 0.5 0.3 0.2 0.1

a Increase is expressed in mm/day.

b Lower leaves were inoculated with TMV (10"^) and
upper leaves inoculated with TMV (10~5) seven days
later.

c Average of at least $0 lesions.

^ Only upper leaves were inoculated with TMV (10**5).
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in contrast to the nonresistant leaves where the lesions

continued to increase more than 0.2 mm per day in size

for five days following inoculation.

If there is any association between the increase of

the microbodies and the mechanism that limits lesion size,

then the microbodies should increase in number prior to

the reduction in lesion growth. As was pointed out earlier,

tho numbers of microbodies in the resistant leaves began

to increase one day following the challenge-inoculation,

and there was a substantial reduction in lesion growth on

the third day. In nonresistant ieaves, the microbodies

did not begin to increase in number until four days following

the inoculation, and there was not a substantial reduction

in lesion growth until the sixth day. In both resistant
•- %

and nonresistant leaves, numbers of microbodies began to

increase two days prior to any substantial reduction in

lesion growth. In resistant leaves, however, the increase

in numbers of microbodies and the reduction in lesion

growth occurred three days earlier than in nonresistant

leaves

.

This correlation of numbers of microbodies with growth

of lesions suggests that microbodies are somehow involved

in or stimulated by the normal mechanisms that limit lesion

development in hypersensitive hosts. The fact that numbers

of microbodies increase almost immediately after challenge-

inoculation of resistant leaves is consistent with Ross’s
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hypothesis that induced resistance results from enhancement

of the normal resistant mechanisms of hypersensitive hosts

( 15 )-



DISCUSSION

Pathogens that cause a localized necrosis in plants

induce a systemic resistance to subsequent infection by

viruses that cause local lesions (1,13,14,15). It has

been suggested that the nature of the induced resistance

is the result of the enhancement of the plant defense

reactions which normally limit lesion size ( 15 ).

Israel and Ross (8) suggested that crystal-containing

bodies in a zone of palisade parenchyma cells surrounding

TMV-lesions in challenge-inoculated leaves ma3
r be involved

in defense reactions. Simons and Ross (18) later demon-

strated a greater and earlier increase in peroxidase ac-

tivity in upper leaves of challenge plants than of control

plants. They suggested that the early increase of peroxi-

dase activity in challenge leaves may play some role in

the enhancement of the normal plant defense reactions.

Except for these reports, no other substantial suggestions

have been made that could account for the differences in

lesion size in challenge and control leaves.

Simons and Ross (18) also reported that catalase

activity increased prior to lesion formation in the challenge

leaves. Since most or all of the catalase activity is lo-

calized in the microbodies (3), the increase in catalase

activity is most logically explained by the increase in

I
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the number of microbodies prior to lesion formation in the

- challenge leaves.

The increase in numbers of microbodies in the challenged

leaves begins before lesion formation and reaches a peak

about the time of lesion formation. In control plants, the

microbodies do not significantly increase in numbers in the

upper leaves until the fourth day after inoculation.

Lesions in control leaves continue to increase in size for

five days after their appearance; but in challenge leaves

there is no substantial increase in lesion size following

the day they appear. The numbers of microbodies increased

three days earlier in challenge leaves than in control

leaves. In both instances, however, the microbodies in-

crease before any substantial decrease in the rate of

lesion growth. The fact that lesions increase in size

very little following the increase in numbers of microbodies

suggests that the build-up of the microbodies may be asso-

ciated with the enhancement of the normal defense reactions.

At this point it is not possible to determine a specific

function of the microbodies in systemic acquired resistance.

It has been shown that peroxisomes (microbodies) contain, in

addition to catalase, the enzyme systems involved with gly-

colate metabolism (12), which is a byproduct of photosynthe-

sis. It has also been pointed out by de Duve (4) that the

respiratory system of peroxisomes (microbodies) is not

coupled to any mechanism for the conservation of energy,
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and it catalyses an essentially wasteful form of respira-

tion. This may be significant if there is in fact a rapid

increase of microbodies in virus-infected cells immediately

pi'ior to lesion formation in cells surrounding a lesion.

Ross and Israel (1 6 ) have suggested that cells surround-

ing a lesion are sensitive to collapse and the increased

sensitivity of these cells to collapse may be instrumental

in viral localization in plants. It is not known if the

increase of microbodies plays a role in making a cell more

sensitive to collapse following viral replication in that

cell} but it is interesting that the respiratory system of

microbodies is not linked to the energy-conserving steps

found in some metabolic pathways. Israel and Ross (8) also

pointed out that cells in a zone surrounding a lesion re-

semble cells that are in an active metabolic state s which

is energy-requiring. If there is an increase of microbodies

,

whose enzyme systems are breaking down products without the

usual energy return, then cells surrounding the lesion may

reach a state that would make them more sensitive to collapse.

Although Simons and Ross (18) reported an increase in

catalase activity in challenge leaves, they did not find a

corresponding increase in glycolic acid oxidase. This result

is somewhat puzzling since glycolic acid oxidase is also

associated with microbodies (12,19,20). Tolbert et al^ (19)

reported that glycolate oxidase activity was increased by

30-40 ';o when the peroxisomal (microbody) fraction was treatod
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with Triton X-100. It may be that increases in glycolate

oxidase activity cannot be accurately determined unless

the microbody membranes are solubilized.

The role of microbodies in systemic induced resistance

is certainly not yet understood. But results reported

herein clearly associate microbodies in whatever defensive

mechanism hypersensitive tobacco has to limit the enlarge-

ment of lesions caused by TMV

.



SUMMARY

Crystal-containing bodies in lower epidermal cells

of * Samsun NN* tobacco are identical to ,,microbodies ,,

("peroxisomes, cytosomes, crystal-containing bodies”)*

Identity was based on the positive staining reaction for

catalase activity with diaminobenzidine and the similari-

ties in the size of the crystal-containing bodies and mi-

crobodies*

Treatment of epidermal cells with Triton X-100 to

disrupt the chloroplasts did not affect the number of

microbodies per cell.

There was a three-day lag between the time microbodies

began to increase in challenge plants and control plants.

In challenge plants, inoculated with tobacco mosaic virus

(TMV) first on the lower three leaves and seven days later

inoculated on the upper two leaves, there was a 1.5-f°ld

increase in the microbodies only one day following challenge-

inoculation and a 1.9-fold increase on the second day. In

control plants, inoculated with TMV only on the upper two

leaves, the microbodies did not begin to increase until

four days after inoculation.

There was a • substantial decrease in the rate of lesion

growth in challenge leaves two days after the second, or

26
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challenge, inoculation. In control leaves, there was no

substantial decrease in rate of lesion growth until the

sixth day after inoculation. In both challenge and control

leaves, there was an increase in the number of microbodies

prior to the time of a substantial decrease in lesion growth.

It is thought that: 1) the increase of microbodies

may play a role in the restrictions of lesion growth, in

challenge and control leaves; and 2) that the earlier

increase of microbodies in challenge leaves may have some

role in the earlier reduction of rate of lesion enlargement

in these leaves than in control leaves.
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