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ABSTRACT

Segments of mature tobacco leaves were fixed in glutaraldehyde, incubated in medium
containing 3,3'-diaminobenzidine (DAB) and hydrogen peroxide, and postfixed in os-
mium tetroxide. Electron microscopic observation of treated tissues revealed pronounced
deposition of a highly electron-opaque material in microbodies but not in other organelles.
The coarsely granular reaction product is presumably osmium black formed by reaction of
oxidized DAB with osmium tetroxide. Reaction of the microbodies with DAB was com-
pletely inhibited by 0.02 M 3-amino-1,2,4-triazole and was considerably reduced by 0.01 M
potassium cyanide. These results, when considered in light of recent biochemical studies,
strongly suggest that catalase is responsible for the reaction. Sharp localization of this
enzyme in microbodies establishes that they are identical to the catalase-rich “peroxisomes”
recently isolated from leaf cell homogenates. A browning reaction that occurred in leaves
during the incubation step was inhibited by cyanide but not by aminotriazole and there-
fore could not have been caused by the same enzyme. This reaction and a slight deposition
of dense material within primary and secondary walls are ascribed to oxidation of DAB

by soluble and wall-localized peroxidases.

INTRODUCTION

It is now well established that liver and kidney
cells of vertebrates contain a distinctive organelle,
the “microbody”, which is bounded by a single
membrane and is closely associated with the
endoplasmic reticulum. As reviewed by de Duve
and Baudhuin (9), it has been shown in biochemi-
cal studies that certain microbodies contain cata-
lase and several hydrogen peroxide-producing
oxidases. Organelles with this enzyme complement
have been termed “peroxisomes” (8), a name
emphasizing their role in hydrogen peroxide
metabolism. The peroxisomes, found also in the
protozoan Tetrahymena (cf. 28), are quite distinct
from the lysosomes, another class of single mem-

brane-bounded particles in animal cells that con-
tain acid hydrolases.

There is now considerable biochemical and cyto-
chemical literature (reviewed by Frederick et al.
[13]) indicating that in plant cells also, various
oxidases and hydrolases are segregated within par-
ticulate components. Unfortunately much of this
literature, especially as it relates to the localization
of hydrolytic enzymes within particles, is confused
by lack of fine structural characterization of the
presumptive particles and by application to the
particles of numerous terms that for plant tissues
have not been adequately defined on the fine
structural level.
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However, recent studies have demonstrated
convincingly that there is a class of plant organelles
related both fine structurally and biochemically
0 animal microbodies. The widespread occurrencet
of plant organelles ultrastructurally similar to
animal microbodies was first pointed out by Mol-
lenhauer et al. (27). The fine structural character-
istics of plant microbodies were described in some
detail in this laboratory (13).

On the biochemical level, it has been demon-
strated with two quite different plant organs that
single membrane-bounded particles rich in two
of the enzymes found in animal peroxisomes can
be obtained from cell homogenates. Breidenbach
and Beevers (4) and Breidenbach et al. (5) have
isolated ““glyoxysomes” from fatty seedlings, while
Tolbert et al. (32, 33) have isolated peroxisomes
from green leaf tissues. Glyoxysomes contain en-
zymes involved in the net conversion of acetyl CoA
to succinate via the glyoxylate pathway, while the
leaf peroxisomes possess enzymes concerned in the
metabolism of glycolate, a photosynthetic product.
Both particles contain an a-hydroxy acid oxidase
and catalase, enzymes characteristic of animal
peroxisomes.

Recently, it has been shown that enlarged forms
of microbodies are common in the leaf mesophyll
cells of tobacco and several other photorespiring
plants, where they are frequently appressed to the
chloroplasts (12). Since these microbodies are the
only relatively unfamiliar organelles observed in
the leaf cells, it has been suggested that they must
be identical to the peroxisomes isolated from leaf
homogenates. In order to establish this unequiv-
ocally, however, it is necessary to show cytochem-
ically that one or more of the enzymes localized in
the isolated peroxisomes is also localized in the
microbodies n situ.

The equivalence between leaf peroxisomes and
leaf microbodies has been shown in the present
study by employing the electron cytochemical re-
agent diamincbenzidine (DAB). This compound,
used recently to demonstrate peroxidatic activity
of animal microbodies containing catalase (2, 10,
11, 29), also reveals that pronounced activity is
associated with leaf microbodies. Inhibitor studies
strongly indicate that this activity is due to cata-
lase, a characteristic peroxisome enzyme. Thus,
biochemical studies of these organelles can now be
complemented by ultrastructural cytochemical
investigations in order to clarify certain aspects of
their occurrence and role in green plant tissues.
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MATERIALS AND METHODS

Preparation and Fization of Tissues

Mature green leaves were obtained from nonflower-
ing plants of Nicotiana tabacum (cv. Wisconsin 38)
grown in the greenhouse. The lower epidermis was
stripped from regions between major veins of the
leaves to allow better penetration of fixative and in-
cubation medium, after which the stripped pieces of
leaf tissue were segmented in the fixing solution into
squares approximately lmm on a side. The fixing
solution consisted of 3%, glutaraldehyde in 0.05
potassium phosphate buffer at pH 6.8. Fixation was
at room temperature for 1.5-2.0 hr. At the end of
this time, leaf segments were rinsed for 1520 min in
at least three changes of phosphate buffer of the same
composition as that of the fixative.

Incubation

After glutaraldehyde fixation and rinsing, the leaf
segments were incubated with DAB (3,3’-diamino-
benzidine, Sigma Chemical Co., St. Louis, Mo.).
Routine incubations were carried out in small, cov-
ered, glass Petri dishes or in corked vials for 50-60
min at 37°C. The containers were agitated periodi-
cally to insure that the leaf segments remained im-
mersed.

Variations in the procedure included incubations
for 30 min only, or at room temperature. Incuba-
tions were also carried out in a nitrogen atmosphere.

The standard incubation medium, that of Novi-
koff and Goldfischer (29), as described by Beard and
Novikoff (2), was always prepared immediately before
use. It contained 10 mg DAB, 5 mi of 0.05 M pro-
panediol buffer (2-amino-2-methyl-1,3-propanediol,
Sigma Chemical Co.) at pH 10.0, and 0.1 ml of 3%,
H:0O: . The pH was adjusted to 9.0 prior to addition
of the tissue segments.

The following procedures served as controls to
determine whether any observed activity could be
ascribed reasonably to catalase: (a2) incubation in
the standard DAB medium minus H,O; ; () pre-
incubation for 20-30 min with propanediol buffer
containing 0.02 M aminotriazole (3-amino-1,2,4-
triazole, Aldrich Chemical Co., Inc., Milwaukee,
Wis.), followed by incubation in standard DAB me-
dium also containing 0.02 M aminotriazole; (¢) pre-
incubation for 20 min in propanediol buffer contain-
ing 0.001 or 0.01 M KCN, followed by incubation in
standard DAB incubation mixture containing 0.001
or 0.01 M KCN; (d) incubation under anaerobic con-
ditions in standard DAB medium or standard DAB
medium minus H:O, . In all experiments, a check
on the DAB reactivity was run by incubating the
tissue in the usual way in complete medium without
poison.
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Figure 1 Portion of a tobacco leaf mesophyll cell that has been incubated in medium containing DAB.
Dense reaction product, attributable to activity of catalase, has completely permeated the two micro-
bodies (Mb). This highly electron-opaque product {(osmium black) is sharply confined to the microbodies
and is not observed in the nucleus (¥), mitochondrion (M), chloroplast (C), primary cell wall (PW), or

vacuole (V). X 87,000.
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For the anaerobic control, leaf segments were
placed in a small amount of buffer in the side arm of
a Warburg flask containing 5 ml of standard DAB
medium in the central compartment. The flask was
then attached to a manometer arm and gassed with
nitrogen for 20 min, after which the manometer stop-
cock was closed and the flask was removed from the
manometer. The tissue was then mixed with the me-
dium by tilting, and was incubated for 60 min.

Following the incubations, tissues were rinsed for
15-20 min with several changes of 0.05 M phosphate
buffer. After the anaerobic incubation, the flask
was flushed with nitrogen gas while the tissue was
rinsed by pipette with nitrogenated buffer. This was
immediately followed by postfixation in OsOj.

Postfixation and Preparation of Tissues
for Viewing

Tissues were postfixed in 29, OsOy in 0.05 M phos-
phate buffer at pH 6.8 for 2 hr. They were then de-
hydrated in an acetone series followed by propylene
oxide, and were embedded in Araldite-Epon. Silver-
gray sections were cut on a Sorvall MT-2 ultrami-
crotome (Ivan Sorvall Inc., Norwalk Conn.), mounted
on copper grids, and were left unstained or were
stained in 29, aqueous uranyl acetate for 10 min
followed by lead citrate for 5 min. Sections were
viewed in a Hitachi HU 11-A electron microscope at
an accelerating voltage of 75 kv with a 30 p objective
aperture,

RESULTS

Incubation of glutaraldehyde-fixed tobacco leaf
segments in media containing DAB and hydrogen
peroxide resulted in pronounced deposition of
electron-opaque material within structures clearly
recognizable as microbodies. In Fig. 1, two micro-
bodies are shown as they typically appear in tissues
incubated in DAB. As discussed later, their en-
hanced electron opacity resulting from deposition
of the reaction product is assumed to indicate the
presence of catalase. The difference in opacity is
readily apparent when these microbodies are
compared with those in tissue fixed by routine
procedures and not exposed to this reagent (Fig.
2). The microbodies not treated with DAB appear
as discrete rounded to oval bodies with a matrix
of moderate electron opacity. The matrix fre-
quently contains a crystalline inclusion.

The matrix of microbodies in tissues incubated
in DAB is completely permeated by the reaction
product, which normally occurs as a highly elec-
tron-opaque, coarsely granular deposit (Fig 1).
Frequently the membrane also becomes thicker
and more opaque in appearance as a result of the
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incubation, perhaps due to accumulation of prod-
uct along its surface. In addition, electron-opaque
material often accumulates exterior to the mem-
brane, particularly at places where a microbody
lies close to or against a chloroplast, resulting in
dense granulation in the space between the or-
ganelles or an opaque layer at the interface estab-
lished by their contact.

The reaction product is always sharply local-
ized in the microbodies or in the microbodies and
the immediately adjacent cytoplasm. Fig. 1, which
is representative of the many sections examined
for DAB reactivity, illustrates this point clearly.
In this section there is no evidence for staining
either of the general cytoplasmic matrix or of
other organelles, including the mitochondria and
chloroplasts. In some sections a slight deposition
of dense material is observed within the secondary
walls of xylem, and to a lesser extent within pri-
mary walls and intercellular spaces.

The sharp restriction of DAB staining to micro-
bodies is further illustrated by sections that have
not been contrasted with lead citrate and uranyl
acetate (Fig. 3). Omission of poststaining empha-
sizes differences in electron opacity between struc-
tures with and without accumulated reaction
product, since the density of the oxidized DAB is
caused mostly by reaction with osmium tetroxide
(31) and is not greatly enhanced by the additional
staining step. In Fig. 3, only the microbodies and
the osmiophilic globules of the chloroplasts are of
substantial electron opacity. The cytoplasmic
matrix, the chloroplast lamellar system and
stroma, and the mitochondrial matrix and cristae
are considerably more transparent.

The intensity of the catalase reaction varies
when certain modifications are made in the rou-
tine experimental procedure. The differences in
accumulation of reaction product can be corre-
lated with the duration of the incubation and the
temperature at which it is carried out. Although
changes in these and other factors were not studied
extensively, certain generalizations can be made.
Incubation at 37°C for 50-60 min with the DAB
mixture described gives optimal staining of mi-
crobodies, while incubation for only 30 min re-
sults in a lesser amount of reaction product. Little
or no dense material can be observed in the mi-
crobodies after incubations at room temperature.

Among the control procedures designed to
eliminate staining of the microbodies with DAB,
only addition of aminotriazole to the incubation
medium is completely effective. This compound,
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Figure 2 Portion of a young tobacco leaf cell showing the appearance of microbodies (Mb) when tissue is
fixed and poststained in the usual manner without incubation in the DAB medium. Compare their finely
granular matrix of moderate density with that of the stained microbodies in Fig. 1. The microbodies are ap-
pressed to chloroplast envelopes. Several mitochondria (M) lie nearby. X 46,000.

Ficure 3 Portion of a tobacco leaf cell incubated with DAB as in Fig. 1, but section is not poststained in
uranyl acetate and lead citrate. Note that all cytoplasmic structures except the microbody are quite
electron transparent. This provides further evidence that catalaseis localized in the microbodies. C,



an inhibitor of catalase activity (see Discussion),
completely eliminates microbody staining at a
final concentration of 0.02 M, while still allowing
slight accumulation of dense product in cell wall
structures. A microbody and other organelles in
tissue incubated in the presence of this inhibitor
are shown in Fig. 4. Comparison with Figs. I and 2
demonstrates that there has been no detectable
staining of the microbody by the DAB reaction.
It should also be noted that the ribosomes in Fig.
4 are relatively indistinct compared to those of
tissue fixed by normal procedures and not exposed
to DAB (Fig. 2). This appearance is characteristic
of all ribosomes in material that has been incu-
bated in the DAB medium (Figs. 1, 4, 5, and 7).

Omission of hydrogen peroxide from the incu-
bation medium reduces the staining of microbodies
very little when the reaction is carried out aero-
bically. Fig. 5 shows a microbody as it appears
typically after aerobic incubation in the standard
DAB medium minus hydrogen peroxide. The
intensity of staining is comparable to that of mi-
crobodies from tissues incubated in medium that
contains hydrogen peroxide (compare Figs. 1 and
5).

When the reaction is carried out anaerobically,
omission of the hydrogen peroxide noticeably les-
sens the degree of staining. However, because the
staining intensity is reduced, variations in darken-
ing dependent on distance of the microbodies from
the tissue surface become more evident. For this
reason, results cannot be illustrated with a single
representative micrograph.

Addition of 0.001 M potassium cyanide to the
incubation medium has no apparent effect on the
staining of microbodies, but addition of 0.0l M
cyanide causes partial inhibition. Again the degree
of staining is more variable than it is for the com-
plete medium or the medium with aminotriazole,
making it impossible to choose a representative
micrograph.

Microbodies containing crystalline inclusions are
highly reactive toward DAB, and much of the prod-
uct is localized within the crystals (compare Figs. 6
and 7). It is clear that the reaction must take place
throughout the crystal bodies during incubation,
since sections of them always show a uniformly
heavy distribution of dense material. The crystal-
line lattice evident in the unstained microbody
(Fig. 6) is usually obscured by the abundance of
reaction product (Fig. 7). Generally, the larger
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the crystal, the less reactive the granular or amor-
phous matrix.

Observations of changes in the appearance of
the leaf tissues during incubation with DAB are
also of interest. It is observed that leaf segments
rapidly turn brown to black during their exposure
to the standard DAB mixtures. The browning re-
action is reduced or prevented, however, by some
of the variations in procedure mentioned above.
Omission of hydrogen peroxide eliminates tissue
darkening under both aerobic and anaerobic
conditions, yet allows staining of the microbodies.
Similarly, both 0.01 and 0.001 M potassium cya-
nide eliminate the darkening of the leaf fragments,
which normally occurs during incubation. On the
other hand, 0.02 M aminotriazole does not no-
ticeably reduce the tissue darkening, although it
prevents the staining of microbodies.

It is clear from these results that the reaction
which causes staining of the microbodies during
incubation in DAB media is not the same as that
responsible for the browning of segments of leaf
tissue. An interpretation of the nature of the proc-
esses is given in the Discussion.

DISCUSSION

An organelle identified as a plant microbody was
described recently in green leaf cells of several
plant species, where it occurs in abundance and is
often appressed to chloroplasts (12). The electron
microscopic cytochemical studies reported herein
have localized catalase within this organelle.
Demonstration of the occurrence of this enzyme
in the leaf microbodies supports the suggestion
made in the earlier paper that they are identical
to peroxisomes, the particles recently isolated
from leaf homogenates by Tolbert et al. (32, 33).
It has been shown that peroxisomes contain cata-
lase and several other enzymes, most of which are
involved in some aspect of the metabolism of gly-
colate, a product of photosynthetic COs fixation.

The electron microscopic cytochemical method
of localizing catalase shows clearly that only the
microbodies of the leaf cells contain appreciable
activity that can be attributed to this enzyme. The
other cellular organelles are devoid of dense re-
action product after incubation in DAB under
conditions that favor pronounced microbody
staining. These observations plus the biochemical
findings of Tolbert and associates that significant
proportions of the total leaf catalase are contained
within the peroxisomes (32, 33) go far toward dis-
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Ficure 4 Appearance of a microbody (Mb) and other organelles of a tobacco leaf cell when incubation in
the DAB medium is carried out in the presence of 0.02 M aminotriazole. The general appearance of the
microbody matrix and its density relative to that of the nearby chloroplasts and mitochendria (3) closely
resemble those of cells not exposed to DAB (Fig. 2). Aminotriazole has inhibited any observable activity
of catalase. X 88,000.

Figure 5 Section through cell of tobacco leaf tissue incubated in DAB medium from which hydrogen
peroxide has been omitted. The staining inteusity of the microbody is not noticeably less than that of
microbodies incubated in the presence of hydrogen peroxide, as in Fig. 1. X 45,000.



Freure 6 Portion of a tobacco leaf cell fixed and poststained in the usual manner (i.e., without incuba-
tion in DAB medium). A microbody with a large crystalline inclusion is appressed to two chloroplasts. A
small mitochondrion lies to the right of the microbody. X 51,000.

Figure 7 Portion of a tobacco leaf cell incubated in the DAB medium. The microbody contains a large
crystalline inclusion which shows a heavy deposition of osmium black throughout. Some reaction product is
visible in the microbody matrix around the erystal, in the cytoplasm immediately adjacent to the micro-
body, and at the interfaces between microbody and chloroplasts. There is no product in the chloroplasts
themselves or in the mitochondrion. X 44.000.



proving the claims of earlier years that catalase is
localized mainly in chloroplasts or in the soluble
cytoplasm. Although the biochemical studies still
showed some catalase in nonparticulate fractions,
there is a strong possibility that this enzyme was
liberated from peroxisomes broken during homog-
enization. In disclosing the sharp localization of
catalase activity, the methodology of ultrastruc-
tural cytochemistry is able to contribute impor-
tantly to this question.

The use of diaminobenzidine to localize various
hemoproteins with the electron microscope de-
pends upon its oxidation to a polymeric form that
can interact with osmium tetroxide to yield elec-
tron-opaque osmium black (31). The oxidation
of DAB, often peroxidatic in nature, can be cata-
lyzed by several hemoprotein compounds, includ-
ing peroxidase (14, 17, 21), cytochrome oxidase
(31), and myoglobin (16). The reagent has thus
been useful in localizing peroxidatic acti’ity in a
number of cytoplasmic structures and organelles.
These include eosinophil leucocyte granules that
contain peroxidase (1, 3) and animal microbodies
that contain catalase (2, 10, 11, 29). The list can
now be extended to include leaf microbodies
(present study), and the microbodies of castor bean
endosperm and the oat coleoptile (34).

In view of the nonspecific nature of the DAB
reaction, it may be questioned whether the ac-
cumulation of electron-opaque product in the leaf
microbodies might not be due to the activity of a
hemoprotein other than catalase. The absence of
reaction product from the mitochondrial cristae
largely eliminates the already unlikely possibility
that cytochrome oxidase is responsible for any
part of the staining observed in microbodies. More-
over, detection of this enzyme, and of peroxidase
as well, has usually been accomplished at a pH
lower than that used in the present study (17, 31).
As there have been no reports of heme compounds
resembling myoglobin in leaf tissue, it can be as-
sumed that the DAB reaction of the microbodies
is due either to catalase, which is known to be
capable of peroxidatic reactions with a variety of
substrates (7, 22), or to peroxidase itself. These two
enzymes, often grouped together in the general
category of hydroperoxidases, are so similar in
their peroxidatic activity that distinction between
them by cytochemical means is quite difficult.

Evidence that accumulation of reaction product
in leaf microbodies is mediated primarily by cata-
lase rather than peroxidase is largely indirect and
has been provided in part by experiments employ-
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ing aminotriazole. This compound, a potent in-
hibitor of catalase in several plant and animal tis-
sues (18, 25, 26, 30), completely prevented de-
tectable microbody staining at a concentration of
0.02 M. The same concentration of this reagent has
been found to inhibit reaction of rat liver micro-
bodies with DAB (10, 11). The ability of amino-
triazole to inhibit catalase without also inhibiting
peroxidase in plants is not well documented, but
this sort of specificity has been shown in animals,
where leucocyte catalase can be inhibited 969,
by a concentration of aminotriazole that does not
affect peroxidase (30). It must be recognized, how-
ever, that aminotriazole may be less specific in
other animal tissues, such as those of thyroid, where
it may directly or indirectly reduce peroxidase
activity by as much as 509, (19).

Further indirect evidence that the observed re-
activity of leaf microbodies with DAB is due to
catalase rather than peroxidase is provided by
observations of Tolbert et al. (32) on the distri-
bution of the two enzymes when leaf cell homog-
enates are fractionated. While a large part of the
catalase activity was found in a particulate frac-
tion containing a single membrane-bounded or-
ganelle (the peroxisome), peroxidase activity was
found mainly in the soluble fraction, with a small
proportion in the chloroplast and mitochondrial
fractions. These results are consistent with the
interpretation of the cytochemical work reported
herein, in which the strong reaction of the micro-
bodies is attributed to catalase.

In view of the large body of evidence that sev-
eral plant parts contain both soluble and wall-
localized peroxidases (15, 20, 24, 32), it seems
plausible that the browning of leaf segments dur-
ing the incubation and the slight deposition of
reaction product within walls are due to this en-
zyme. The browning reaction could be accounted
for by oxidation of DAB by these peroxidases to a
dark product, which might accumulate generally
throughout the cytoplasm. This suggestion is sup-
ported by studies using potassium cyanide, which
is an inhibitor of both catalase and peroxidase (6),
and aminotriazole, which is more effective against
catalase. The latter compound did not reduce the
brown color, while potassium cyanide eliminated
almost all of it. Although no electron-opaque prod-
uct corresponding to soluble peroxidase activity
could be observed in the cytoplasm, such product
might have been distributed too diffusely to be
detectable in thin sections.

In leaf peroxisomes catalase appears to function
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principally in the catalatic destruction of hydrogen
peroxide (23), whereas in animal peroxisomes
peroxidatic consumption of hydrogen peroxide
with concomitant oxidation of other substances
is believed to be more important (9). In both cases,
however, the enzyme is responsible for the elimina-
tion of hydrogen peroxide produced by oxidases
localized within the organelles. The hydrogen per-
oxide in the leaf peroxisomes results from the oxi-
dation of glycolate,a photosynthetic product excret-
ed from the chloroplasts (23, 32). The oxidation
of glycolate by glycolate oxidase produces glyoxy-
late, which may then be converted to glycine. The
latter compound subsequentlymaybe released from
the peroxisomes and converted to carbon dioxide
elsewhere in the cell (23). This metabolism of gly-
colate produced in photosynthesis constitutes a res-
piratory pathway quite distinct from that of mito-
chondria, and presumably accounts for the
enhanced oxygen uptake in light (photorespira-
tion), which is characteristic of many plant
groups.

Since the mechanism of DAB oxidation is as-
sumed to be peroxidatic and therefore dependent
on the presence of hydrogen peroxide, it might be
expected that omission of the latter from the in-
cubation medium would eliminate staining of
microbodies. No such effect is observed, however,
presumably because endogenous production of
hydrogen peroxide occurs (information on the
staining of animal microbodies by DAB in the ab-
sence of hydrogen peroxide is given in refs. 10, 11,
and 29). If glycolate oxidase remains active after
glutaraldehyde fixation, then the oxidation of
stored glycolate will provide a plentiful supply of
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