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ABSTRACT

The relationship of peroxidases to an indudble disease-resistance
mechanism involving lignification of leaf epidermal cell walls was stud-
ied. Reed canargrass (Phalaris arundinacea L.) leaf discs were inocu-
lated with Helminthosporium avenae Eidam and floated on water. In
inoculated discs, the activity of soluble, ionic wall-bound and covalent
wal-bound peroxidases was about twice the level of activity in noninocu-
lated discs. The increase was attributable to increases in activity of three
cathodic isoperoxidases and to the appearance of a new cathodic isoper-
oxidase. Peroxidase activity in cryostat microtome sections of inocu-
lated discs was histochemically localized in the wail near the site of
attempted penetration. When inoculated discs were floated on solutions
of cydoheximide (25 ,lg/ml), increases in peroxidase activity were in-
hibited, and the fungus penetrated the tissue. The inhibition of peroxi-
dase activity was related to inhibition of cathodic isoperoxidase activity.
Anodic isoperoxidase activity did not show changes in response to
inoculation or cydoheximide treatment.

It was suggested that the resistance mechanism in P. arundinacea
involves an induction of cathodic isoperoxidases in challenged tissue.
These peroxidshes may function in the biosynthesis of lignin at the site of
attempted penetration.

Plant peroxidases have been extensively investigated with re-
gard to their role in resistance to fungal, viral, and bacterial
diseases (14, 15). Peroxidases have also been strongly impli-
cated in lignin biosynthesis (5, 13). Recent studies have impli-
cated lignin formation in the cell walls of reed canarygrass and
wheat as a resistance response (11, 12, 16, 17). Vance and
Sherwood (17) showed that when the resistance response in reed
canarygrass was inhibited by cycloheximide, lignin biosynthesis
and activity of soluble enzymes (including peroxidase) involved
in lignin biosynthesis were also inhibited. Since the cell wall
provides the initial interface between the pathogen and the host,
cell wall components such as lignins and peroxidases may be
closely involved in the plant's response to a pathogen.

In this study, we have investigated soluble and cell wall per-
oxidases of reed canarygrass. We have also investigated the
localization of peroxidases around the attempted penetration
site. The results are discussed in relation to lignin formation
and disease resistance in reed canarygrass.
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MATERIALS AND METHODS

Reed canarygrass (Phalaris arundinacea L.) clone 6049 (9)
was grown in a glasshouse bed of peatmoss-vermiculite. Leaf
discs (8-mm diameter) were cut with a corkborer from unblem-
ished, expanded leaves. The discs were floated on distilled H20
or aqueous solutions of cycloheximide (25 ,ug/ml) in Petri
dishes. The upper surface of the disc was thoroughly sprayed
with a suspension of Helminthosporium avenae Eidam spores or
a 0.05-ml drop of spore suspension was pipetted directly onto
the disc. The preparation of inoculum was described previously
(16).

Cell-free extracts were obtained from samples collected 18 hr
after inoculation. The samples were freeze dried. Cell wall and
protoplast isoperoxidases were prepared as described by Birecka
and Miller (1). Attempts to isolate free peroxidase from cell
walls by vacuum infiltration were not successful. Protoplast and
free wall peroxidases were isolated together as the soluble per-
oxidases. The assay for peroxidase was that described by Jen-
nings et al. (6). Polyacrylamide disc gel electrophoresis as de-
scribed by Davis (4) was used to separate anodic and cathodic
isoperoxidases. The same amount of protein (400 ug) was ap-
plied to all tubes. Either 50 mm benzidine, 25 mm guaiacol, 25
mM o-dianisidine, or 25 mm pyrogallol was used as hydrogen
donors to visualize isozyme bands. Gels were stained for 30 min,
then 0.05% H202 was added to initiate the reaction.

Protein concentrations were determined by the method of
Lowry et al. (7).
The histochemical localization of peroxidase was studied in

30-,um thick longitudinal sections of leaf discs cut with a cryostat
microtome. Each section was assayed at 24 + 2 C immediately
after cutting. The section was placed on a microscope slide and
covered with 2 drops of 50 mm pyrogallol solution (aq.) for 10
min. Then, 2 drops of 0.06% H202 were added. After 3 min, the
solution was blotted away, and the section was rinsed with H20.
The sections were observed at x 125 to 700 and photomicro-
graphed on Ektachrome EHB 135 film immediately. Three
controls were used: (a) pyrogallol omitted; (b) H202 omitted;
and (c) inhibitor of catalase added. In the inhibitor controls, the
pyrogallol solution was rinsed off with H20 before 2 drops of
inhibitor (1 mm NaCN or 1 M NaNO3) were added for 2 min.
The inhibitor was rinsed off with H20, and H202 solution was
added. Assays were run on two or more discs in each of three
trials.

RESULTS AND DISCUSSION
Soluble and Cell Wail Peroxidases. Peroxidase activity in

soluble fractions and ionic wall-bound fractions increased up to
2-fold in reed canarygrass tissue that was inoculated and incu-
bated on water as compared to tissue that was not inoculated
(Table I). The covalent wall-bound peroxidase showed an in-
crease in relative activity in tissue inoculated and incubated on
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PEROXIDASES IN REED CANARYGRASS DISEASE

Table I. Peroxidase Activity in Reed Canarygrass Leaf Disc Fractions
after Various Treatments

Leaf discs were inoculated with a spore suspension of Helminthospo-
rium avenae as described earlier (16). The discs were floated on distilled
water or cycloheximide solutions (25 ug/ml) for 18 hr before assay. All
values are the mean of three experiments with three replications in each
experiment.

Perouidase activities
Fraction Treatment MA/min/g mg protein/g UA/min/g protein

dry vt dry wt

Soluble Inoculated on water 221 65.25 3.38

Not inoculated on water 101 73.25 1.37

Inoculated on cycloheximide 71 69.20 1.02

Ionic Inoculated on water 77 24.60 3.13

wall Not inoculated on water 47 25.20 1.80

bound Inoculated on cycloheximide 24 25.50 0.94

Covalent Inoculated on water 14.9 1/ ./

wall Not inoculated on water 11.6 ...

bound Inoculated on cycloheximide 6.5 .

I Covalent protein could not be calculated because of cellulase and
pectinase added to the preparation.

water; specific activity could not be determined because of the
interference of cellulase and pectinase added during isolation.
About 70% of total peroxidase activity was located in the solu-
ble fraction, while the ionic and covalent wall-bound fractions
contained 24% and 6%, respectively. The increases observed in
peroxidase activity in the inoculated tissue were inhibited by
cycloheximide. The activity in cycloheximide-treated tissue was
also reduced compared to the noninoculated controls.

Disc gel electrophoresis indicated that there were at least 10
isozymes of peroxidase in soluble and ionic wall-bound fractions
of reed canarygrass tissue inoculated and incubated on H20 (Fig.
1). Four cathodic and six anodic isozyme bands were observed
with pyrogallol, guaiacol, and o-dianisidine. Isoperoxidase
bands C2, C3, C4, and A3 were most prominent. Isoperoxidases
C2, C3, and C4 showed much higher relative activity in inocu-
lated tissue than in noninoculated tissue. In cycloheximide-
treated tissues, isozymes C2, C3, and C4 showed little relative
activity in the soluble fraction and could not be detected in the
ionic wall-bound fraction. Isozyme Cl was present in inoculated
tissue but could not be detected in cycloheximide-treated or
noninoculated tissue. There was no detectable qualitative or
quantitative difference in any given anodic isozyme among treat-
ments.

In the covalent wall-bound fractions, isozymes Cl, C2, C3,
and C4 occurred in the inoculated tissue. Isozyme Cl was not
detected in noninoculated or cycloheximide-treated tissue.
There was no detectable peroxidase activity in the cathodic
portion of the gel from cycloheximide-treated tissue. Anodic
covalent wall-bound isoperoxidases showed only bands A2, A3,
and A6. Isozymes Al, A4, and AS were not detected in covalent
wall-bound fractions.
The measurements of peroxidase in mycelial extracts of pure

cultures of H. avenae indicated that the fungus produced very
little peroxidase (0.0001-0.005 AA/min -mg protein). Thus, it
appeared that fungal peroxidase contributed little, if any, to the
increased activity in inoculated tissues.
Our results confirm earlier indications that peroxidase activity

increases in reed canarygrass in response to attempted penetra-
tion by fungi (17). We found both quantitative and qualitative
changes in isoperoxidase patterns upon inoculation. The new
isozyme may have been of plant origin, since almost no peroxi-
dase activity was detected from mycelial mats of Helminthospo-
rium avenae. Treatment with cycloheximide inhibited the ob-
served increases in enzyme activity and alterations in isoperoxi-
dase patterns.

The data indicate that the cathodic isoperoxidases are the
isozymes that are affected by attempted penetration. Inhibition
of these isoperoxidases with cycloh7eximide is associated with the
tissue becoming susceptible. Cathodic isozymes of peroxidase in
other plants show increases in response to injury or disease.
Cathodic isozymes of corn (Zea mays) show increases in re-
sponse to cutting injury and fungal infection (2). In Japanese
radish (Raphanus sativus), a cathodic isozyme has been sug-
gested as being the primary isozyme involved in regulation of
lignin formation in response to disease (10). Our findings agree
with these observations.

Histochemnstry of Ceil Wail Peroxidases. Histochemical tests
of about 30 freeze-microtome sections from six discs taken from
three experiments revealed a pyrogallol-oxidizing enzyme at the
penetration site and in the adjacent outer epidermal wall within
a radius of about 30 ,um. The penetration site and associated
wall area stained medium to bright amber when incubated with
pyrogallol and H202 (Fig. 2A). The outer epidermal wall further
away was not stained. In control sections incubated with pyro-
gallol alone (Fig. 2B) or H202 alone (Fig. 2C), the penetration
area was light yellow as a result of a naturally occurring pigment
(12). The adjacent epidermal wall was unstained. These results
indicated that one or more peroxidases were active in the plant
at the pentration site and in the nearby wall. The development of
amber color at the penetration site and in the adjacent epidermal
cell walls was inhibited by 1 mm NaCN, but was only slightly
inhibited by 1 M NaNO3. These data give further evidence that a
peroxidase was active at the penetration site (8). The tests also
revealed peroxidase activity in guard cells and somewhat less
activity in the prickle-hairs, veins, and mesophyll of normal and
inoculated discs. Sections of leaves floated on cycloheximide
solutions (25 ,ug/ml) and inoculated with H. avenae for 24 hr
showed fungal penetration but did not show peroxidase activity
at the point of penetration or in the epidermal wall around the
site of penetration.
These data indicate that there was a localization of peroxidase

activity in the cell wall area around the penetration site. Cyclo-
heximide inhibited localization of peroxidase activity around the
penetration site and allowed the fungus to penetrate the tissue.
Earlier studies from our laboratory indicated that reed canary-
grass produces a localized lignified papilla in the epidermal cell
wall at the attempted penetration site (12) and fungi were not
able to penetrate the epidermis (16). Treatment with cyclohexi-
mide inhibited the formation of these lignified papillae, and as a
result, fungi not normally pathogenic to reed canarygrass could
penetrate and ramify through the tissue (16). Cycloheximide
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FIG. 1. Relative activity of isoperoxidases from different fractions of
leaf discs of reed canarygrass. The treatments are (a) discs inoculated
with Helninthosporium avenae and incubated on H20, (b) discs noninoc-
ulated and incubated on H20, (c) discs inoculated with H. avenae and
incubated on cycloheximide (25 jig/ml). Isozyme bands were stained
with either 50 mm pyrogallol, 25 mm guaiacol, or 25 mm o-dianisidine.
The reactions were initiated by adding 0.05% H202.
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that increased peroxidase activity in Japanese radish is involved
in lignin formation which may be involved in resistance.
Data presented in this report are the first showing that inhibi-

tion of specific cell wall peroxidases around penetration sites
results in susceptibility to nonpathogenic fungi. Studies are now
underway to ascertain if inhibition of lignin and peroxidase
occurs in a compatible host-pathogen association in reed canary-
grass.
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mycelium (in) was torn away during sectioning. A. Incubated with

pyrogallol followed by H202. Deep amber color developed in the papilla
and the surrounding 60-gm diameter area of the outer epidermal wall

indicative of peroxidase activity localized in these areas. Walls farther

away were not heavily stained. B. Control incubated with pyrogallol

alone. C. Control incubated with H202 alone.

also inhibited enzymes associated with lignin biosynthesis (17).

Results presented in this study in conjunction with our earlier

studies suggest that increased peroxidase activity and altered

isozyme patterns in reed canarygrass may be the response of the

plant to attempted penetration of fungi. These observed altera-

tions may be involved in the formation of lignified cell wall
structures at the site of attempted penetration.

Birecka et at. (2, 3) have suggested that increased peroxidase

activity in corn and tobacco (Nicotiana tabacumt) is a nonspecific
response to injury; however, Ohguchi and Asada (10) suggested
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