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ABSTRACT

In common with other disease situations, rust-resistant wheat
leaves show a large increase in peroxidase activity during in-
fection. Peroxidase isozymes from healthy or infected lines
of wheat (Triticum aestivum L.) near isogenic for resistance
and susceptibility to race 56 of Puccinia graminis tritici were
separated by gel electrophoresis and the activity of each was
estimated by photometric scanning. In order to ensure that
the activity of isozymes observed on gels reflected the changes
found in peroxidase enzymes assayed spectrophotometrically
in extracts, a study was made of extraction procedures, sub-
strates, and reaction conditions for both types of enzyme meas-
urements. Of the 14 isozymes detected in both healthy and
infected leaves, increases in only 1 (isozyme 9) were associ-
ated consistently with the development of resistant disease re-
action at 20 C. Additional evidence was obtained to show that
this isozyme can account for the incr d peroxid activ-
ity observed in extracts from resistant plants. When plants
with high induced peroxidase activity due to resistance at 20 C
were treated with ethylene or transferred to 25 C, they re-
verted to complete susceptibility, However, the disease-in-
duced activity of isozyme 9 did not fall. The data suggest
that, in this case, the association of peroxidase with resistance
was a consequence of, not a determinant in, resistance.

The existence of multiple forms of peroxidase in plants (34)
has been known for a number of years, but the relationship of
individual isozymes to specific biological functions is not clear.
Increases in total peroxidase activity are often found during
infection of higher plants by pathogens (1, 8, 27, 41), with the
“Treatest increases associated with a host response classified as
resistance. Such increases appear to be caused by the activity of
only certain isozymes as reflected by staining intensity in poly-
acrylamide gels (8, 41). It has been suggested that the peroxi-
dase isozymes which increase in activity during infection func-
tion to inhibit pathogen growth, perhaps through participation
in biosynthesis of phenolic compounds (4, 30) or by direct in-
hibition of fungal growth (24), for example, through reactions
involving inorganic ions (18, 19).

Previous studies (2) with near isogenic lines of wheat con-
taining the Sr6 alleles for disease reaction to the wheat stem
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rust organism (Puccinia graminis Pers. f. sp. tritici Eriks and
E. Henn.) have shown that there is a metabolic lesion causing
increased rates of decarboxylation of IAA by tissue slices of
lines carrying the dominant allele for resistance. The increased
decarboxylation rate correlated chronologically with the estab-
lishment of resistance during infection (2) and appeared to be
mediated by peroxidase (33), acting as an IAA oxidase (9, 14).

The dominant Sr6 allele for resistance to wheat stem rust is
effective at 20 C, but at 25 C plants carrying this allele are
susceptible (2, 21). When infected resistant plants with high
disease-induced peroxidase levels were transferred from 20
to 25 C, peroxidase levels were maintained despite reversion
to susceptibility (33). In other experiments (6), increase in to-
tal peroxidase activity was induced at 20 C by ethylene treat-
ment of both resistant and susceptible infected lines of wheat.
Susceptible lines retained their normal disease reaction but,
surprisingly, ethylene induced a reversion of resistant lines to
susceptibility at 20 C, despite very high peroxidase levels
caused by infection and by ethylene treatment (6).

Although the data suggested that peroxidase is not causally
involved in resistance, the results still are ambiguous. It is
possible, for example, that a specific peroxidase isozyme is
induced during resistant reactions but, during reversion to
susceptibility caused by ethylene or by higher temperatures, it
is repressed and replaced by different isozymes not related to
resistance.

Solution of this problem requires sequential quantitative
measurement of concentration or activity of individual iso-
zymes during the development of the biochemical reactions of
resistance and particularly during the reversion from resistance
to susceptibility. Qualitative isozyme changes are easily ob-
served in gels after electrophoresis. Quantitative comparisons
by densitometry of photographs of isozymes have been at-
tempted, but direct photometric scanning of activity in gels
would be more accurate. Quantitative analysis by scanning
requires substrates which result in the formation of stable in-
soluble or nondiffusable products. In conventional colorimetric
assays for peroxidase, we previously used substrates which give
soluble products, formed at a linear rate, for accurate spec-
trophotometric assay (33). In view of the number of isoperoxi-
dases (34), as well as their variations in substrate preference
and optimal conditions for activity (17, 23, 26), some parame-
ters of both types of assays were examined in order to select
conditions for the best correlation between them.

MATERIALS AND METHODS

Wheat (Triticum aestivum L.) was grown and inoculated
with race 56 of Puccinia graminis Pers. f. sp. tritici Eriks and
E. Henn. under constant environmental conditions at 20 C as
described previously (2, 31). The near isogenic wheat lines
were the resistant Sr6 (CI 14163) and susceptible sr6 (CI
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14164) lines described by Loegering and Harmon (21). On the
designated days after inoculation, primary leaves were har-
vested, weighed, cut into 2- to 3-cm sections, and extracted in
a rapidly oscillating stainless steel cylinder which contained
one-eighth-inch stainless steel balls. Twenty or 40 leaves, along
with extraction buffer (20 to 23 ml), were placed in the cylinder
(excluding air during sealing) and oscillated for 1 min. The
resulting brei was strained through cheesecloth and centrifuged
for 20 min at 20,000g. The volume of the supernatant solu-
tion was recorded for calculations of peroxidase activity on a
leaf basis. A portion of the crude preparation was used imme-
diately in disc gel electrophoresis or in colorimetric determina-
tion of peroxidase activity. However, to ensure accurate com-
parisons of peroxidase from tissue harvested on different days
it was desirable to subject all samples to electrophoresis at the
same time. For this purpose, extracts were divided into small
volumes (1 to 5 ml) and frozen at —20 C for subsequent use.
With any set of plants, extractions made on succeeding days
were carried out on tissues collected at the same time during
the day, usually 1 or 2 hr after the start of the light period.

The extraction media used were (a) the medium of Staples
and Stahmann (38), 0.1 M tris, pH 8.0, containing 17% sucrose,
0.1% ascorbic acid, and 0.1% cysteine hydrochloride; (b) 0.1
M potassium phosphate, pH 4.7, containing 0.25 M sucrose; and
(c) 0.1 M potassium phosphate, pH 8.0, containing 0.25 M su-
crose. Several other types of media at various pH values and
ionic strengths and with other addenda were investigated but
had no advantages over the above solutions.

The electrophoresis system was modified from that of Davis
(7). Changes were: solution A, 0.46 ml of N,N ,N’, N'-tetra-
methylethylenediamine; solution C, 37.3 g of acrylamide mon-
omer and 1.8 g of N,N-methylenebisacrylamide; solution F,
30% sucrose. A 7% acrylamide gel was routinely used and
was composed of 2.0 parts solution A, 3.0 parts solution C,
3.2 parts solution F, 5.8 parts distilled H,O, and 2.0 parts
0.14% ammonium persulfate. The amount (30 to 50 ul) of
sample applied directly on the top of the running gel was cal-
culated so as to provide equivalent amounts of the original
leaf material in each tube. Because of extended running times,
gel tubes 10 cm in length were used in place of standard 7-cm
tubes. A constant current of 3 milliamperes per tube was ap-
plied for 80 min during separation of the faster moving com-
ponents or for 2 hr in the case of slower moving components.

p-Phenylenediamine, guaiacol, benzidine, and 3,3’-dime-
thoxybenzidine (o-dianisidine) were tested as substrates for
isozyme activity in electrophoretic gels. With benzidine sub-
strate, gels were incubated at 25 C in 0.2 M sodium acetate, pH
5.0, containing 1.3 mMm benzidine and fresh 1.3 mm H.O..
Dissolution of the benzidine in the acetate buffer was aided by
heat and constant stirring. Hydrogen peroxide was added to
the benzidine solution just prior to placing the gels in the incu-
bating solution. After 4 hr, the gels were removed from the
solution, rinsed with distilled water, and placed in 0.2 M so-
dium acetate, pH 5.0, until they were scanned at 340 nm in a
Gilford automatic scanning spectrophotometer.

An aliquot of 1% o-dianisidine in absolute methanol was
added to 0.2 M sodium acetate, pH 5.0, to give a final sub-
strate concentration of 1 mm for the incubating solution. After
1 hr the gels were taken from the incubating solution and
rinsed in distilled water. They were then incubated in 0.2 M
sodium acetate, pH 5.0, containing fresh 1.3 mm H.O. for 90
min. After removal from this solution and rinsing, they were
placed in 0.2 M sodium acetate, pH 5.0, and scanned at 470
nm.

All scans were made at a speed of 1 cm/min and the ab-
sorbance was recorded with an expanded scale of 2.5 absorb-
ance units. Relative peak areas were determined by tracing
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the peaks on bond paper and weighing the tracings. Peak area
data are an average of two and, in some cases, three determina- -
tions.

Colorimetric assays of total peroxidase in extracts were car-
ried out at 25 C using p-phenylenediamine, guaiacol, benzidine,
and o-dianisidine as substrates. The assay with p-phenylenedia-
mine was the same as described in earlier papers (6, 31).
Guaiacol was routinely utilized in a reaction mixture containing
1.5 ml of 20 mM sodium acetate, pH 5.0; 0.05 ml of 2 mm
guaiacol; 0.2 ml of 30 mm H.O; and 0.1 ml of enzyme solu-
tion. The benzidine reaction mixture consisted of 1.9 ml of
20 mM sodium acetate, pH 5.0, 0.4 ml of 1.3 mMm benzidine
in 0.2 M sodium acetate, pH 5.0, 0.1 ml of 1% aqueous am-
monium molybdate; 0.1 ml of 30 mMm H.O.; and 0.1 ml of
enzyme solution. The reaction mixture for o-dianisidine con-
sisted of 1.8 ml of 20 mm sodium acetate, pH 5.0; 0.05 ml of
o-dianisidine (1% in absolute methanol); 0.2 ml of 30 mm
H:O:; and 0.1 ml of enzyme solution. In all assays, the enzyme
solution consisted of the crude extract diluted 1:10 with dis-
tilled water. An equivalent volume of buffer was substituted
for H:O. in the reference cuvette. Absorbance was recorded
for 5 min with a recording Beckman DB spectrophotometer.
The wavelengths used were 470 nm for guaiacol and o-dianisi-
dine, 334 nm for benzidine, and 485 nm for p-phenylenedia-
mine. Maximal initial slope of the recorded curves was used
for calculation of activity per leaf.

Treatment with ethylene was accomplished by sealing plants
in clear Plexiglas chambers (125-liter capacity) approximately
6 hr after the start of a light period. CO, was generated from
NaHCO; with 3 N H.SO, to give a final concentration of
0.09%. Enough Matheson reagent grade ethylene was injected
to provide 80 ul/liter. Approximately 22 hr later the chambers
were opened for 2 to 3 hr because continuous enclosure of
plants in a sealed container results in abnormal spore develop-
ment (5). This procedure was followed daily and resulted in
visually normal plant and disease development.

Disease reaction was measured by the infection types of
Stakman et al. (37). Plants classified as resistant usually showed
infection type zero fleck (0); or occasionally an infection type 1
pustule. Susceptible plants showed infection types 3 and 4.

RESULTS

Comparisons of Extraction Procedures and Substrates. In
previous studies of changes in peroxidase activity during in-
fection, the tissues were extracted with 0.1 M phosphate buffer,
pH 4.7, which contained 0.25 M sucrose (medium B), and were
assayed at pH 7.0 in 67 mm phosphate buffer with p-phenyl-
enediamine as substrate. The procedures were selected because
they resulted in linear reaction rates in the spectrophometric
assay of extracts. In assays of isozymes separated by electro?
phoresis in gels, however, the use of p-phenylenediamine as a
substrate resulted in the formation of several bands of transi-
tory intensity which faded within 15 to 60 min, some of them
completely. The fading was due to diffusion of soluble prod-
ucts from the gel, as evidenced by the color of the incubation
medium. In contrast, the use of benzidine as substrate resulted
in stable bands with only a relatively small amount of floccu-
lent precipitate in the incubation solutions. Instability of bands
was also experienced by Farkas and Stahmann (8) using several
substrates. It was necessary to examine different extraction
procedures and assay conditions both for total soluble peroxi-
dase in extracts and peroxidase activity on gels in order to en-
sure that the two types of assays provided equivalent informa-
tion.

Healthy and infected leaves of wheat carrying the Sr6 allele
were extracted 6 days after inoculation with medium A, B, or
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C. Each extract was assayed with each of four substrates at
several pH values from 4.7 to 8.0 in phosphate and in acetate
buffers.

Only the reaction on p-phenylenediamine with extracts pre-
pared with phosphate at pH 4.7 and assayed at pH 7.0 have
linear Kinetics; other extracting media and higher or lower
pH values during assay with this substrate resulted in departure
from linearity. All other substrates exhibited biphasic curves,
presumably due to the formation of products of enzyme action
which initially are soluble and which then polymerize. To ob-
tain reliable data with benzidine as substrate, ammonium mo-
lybdate was added in order to slow the conversion of the
initial blue products to insoluble secondary products (20).
With preparations of varying enzyme concentrations, calcula-
tion of both the initial and final slopes in all cases indicated
that the two slopes were related proportionally, but the data
presented here are given only for the initial slopes. The extrac-
tion medium of Staples and Stahman (38) (medium A) con-
sistently gave higher activity of peroxidase when compared
with other media on a common substrate, especially with non-
infected leaves. This caused the relative magnitude of the
peroxidase response during infection to be somewhat less than
that observed previously (33).

Increased numbers of isozymes have been reported for flax
rust disease (1). With our procedures, 14 distinct bands of
peroxidase activity could be detected in gels after electropho-
retic separation of extracts from both healthy and infected tis-
sue. Four bands of low activity (bands 1-4) which moved the
most rapidly toward the anode during 1.25 hr of electrophore-
sis could be detected in samples containing approximately 125
ug of protein per disc gel. This amount of protein represented
4% of an entire leaf. Under conditions where bands 1 to 4
could be measured, the slower moving, more active bands sepa-
rated poorly. Comparisons of several lots of plants showed that
there was no correlation between the activity of bands 1 to 4
and resistance or susceptibility. To obtain resolution of the

]

200

RESISTANT LINE
INOCULATED

DAY6
EXTRACTION MED.C

10
RESISTANT LINE
INOCULATED

o RESISTANT LINE
NOCULATED
DAY6

DAY6 I
A EXTRACTION MED:B |
EXTRACTION MEDA *

GATICAL DENSITY

RESISTANT LINE
CONTROL

RESISTANT LINE RESISTANT LINE
CONTROL CONTROL

DAY6 DAY 6
EXTRACTIONMED.A - EXTRACTION MED.B ~

DAY 6
200~ EXTRACTION MED.C

100+

G i 2z 3 4 5 60 1 2 3 4 5 s
DISC GEL LENGTH,CM  0=TOP OF GEL
Fic. 1. The influence of extracting media on electrophoretic gel
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of wheat. Electrophoresis was for 2 hr; bands 1 to 4 migrated out
of the gel. Benzidine was the substrate.
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Fi1G. 2. Isoperoxidase gel patterns (6 days after inoculation) of
healthy and diseased resistant and susceptible lines of wheat inocu-
lated with race 56 of Puccinia graminis tritici. By day 6, visible
expression of either resistance or susceptibility was evident.

bands with major activity less extract was applied (0.005 leaf
equivalents per sample) and electrophoresis continued an addi-
tional 0.75 hr. Although bands 1 to 4 migrated from the gels,
the procedure provided reproducible separation and quantita-
tive measurement of most of the remaining isozymes (Figs. 1
and 2).

Figure 1 indicates the differences observed in total activity
because of extraction media. Either the use of phosphate ions
or the absence of reducing agents (media B and C) resulted in
an appreciable loss of activity in bands 5 and 6. Of the identi-
fiable bands, band 10 appears to be preferentially extracted by
medium B and is least affected by extraction procedures. Table
I shows that the nature of the buffer ions, the pH, and the
presence or absence of reducing agents contribute to the final
patterns. The data were obtained for resistant, infected tissue
5 days after inoculation.

Comparisons of various combinations of buffers at different
pH values with benzidine, o-dianisidine, guaiacol, and p-phen-
ylenediamine as substrates showed that the same bands were
evident with each substrate but that only the first two sub-
strates, at pH 5.0 and 7.0, gave bands stable for long time pe-
riods. However, phosphate buffers at either pH 5.0 or 7.0
markedly reduced color intensity in most, but not all, bands.
Acetate buffer at pH 5.0 with benzidine as substrate produced
the most intense stains for all bands. A comparison of peroxi-
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Table 1. Relative Peak Areas of Four Isozymes Extracted
from Rusted Wheat Leaves with Different Media

Areas were measured by weighing method from spectrophoto-
metric scans of gels with benzidine as substrate. Concentrations of
components were: Tris, 0.1 mM; phosphate, 0.1 M; sucrose, 17%;
ascorbate, 0.19;; cysteine, 0.1¢.

Isozyme Band
Extracting Medium

5 6 | o | 1
I

Tris, pH 8.0, + sucrose, ascorbate, | 230 127 43 69
cysteine
Phosphate, pH 4.7, + sucrose 63 92 28 68
Phosphate, pH 4.7, 4+ sucrose, as- 85 75 19 58
corbate, cysteine
Phosphate, pH 8.0, + sucrose 68 86 25 50
Phosphate, pH 8.0, + sucrose, as- | 172 103 31 68
corbate, cysteine

Table 11. Peroxidase Activities of Healthy and Infected Lines of
Wheat Resistant or Susceptible 1o Race 56 of Puccinia graminis
tritici at 20 C at Various Days after Inoculation

Days after Inoculation
Tissue?

2 4 | 6 8
|

p-Phenylenediamine substrate in 67 mM phosphate buffer, pH 7.0

AA/min-leaf
R 8.9 9.0 | 14.2 15.0
RI 11.0 14.9 1 26.7 32.9
S 9.7 11.0 17.8 16.8
SI 10.7 13.0 1 21.3 22.0

Benzidine substrate in 20 mMm acetate buffer, pH 5.0

‘ AA/min-leaf

R . 5.6 76 | 142 ' 166
RI 118 15.0 ‘ 3.0 . 364
S | 8.4 10.6 140 156
st | 12 120 | 194 | 210

1 1

1R and S refer to resistant and susceptible healthy leaves; I
refers to corresponding infected tissue.

dase activity in extracts (Table II) by the assay used in previous
studies and by the assay developed for gels in the present study
showed that the latter reflected the general changes in peroxi-
dase activity induced by disease. With both assays, resistant
infected tissue showed an earlier and greater increase in per-
oxidase activity than did susceptible tissues.

It also was necessary to determine whether the absorbance
measured in gels could be related to the concentration of each
isozyme. A dilution series, with total protein concentrations
from 60 to 5 ug per electrophoresis tube, was assayed with
benzidine as the substrate. Although the slopes varied slightly
for each isozyme, the peak areas for all isozymes increased
linearly with concentrations up to 50 ug of protein. Since the
amount of protein usually applied was 20 to 30 ug and per-
oxidase activity in extracts from diseased plants was only three
to four times greater than healthy tissue, the procedures for
peroxidase assay in gels were capable of measuring the ex-
pected quantitative changes in individual isozymes due to dis-
ease.

Plant Physiol. Vol. 48, 1971

Changes in Peroxidase Isozymes during Infection. Figure 2
shows typical patterns of the most active isoperoxidases ob- -
tained in studies of several different lots of healthy and inocu-
lated primary leaves. Diseased leaves contained qualitatively
the same isozyme components as healthy leaves. Only those
bands determined subsequently to be involved in disease reac-
tion or useful in comparisons are labeled. Although peaks are
designated as individual isozymes, partial purification of at
least one of them (band 6) indicates that it consists of several
components. Some peroxidase did not migrate into the gel
under these conditions. The use of 4 and 5% gels and reverse
polarity permitted partial analysis of these components, but
they did not appear to be involved with disease reaction.

Visually, isozyme bands 9 and 10 consistently showed the
greatest increase in absorbance as a consequence of disease. In
the experiment shown in Figure 2, bands 5 and 6 did not ap-
pear to be affected by infection. Variability in the relationship
of absorbance to infection for bands 5 and 6 was observed in
a number of separate comparisons of infected and healthy tis-
sues. A difficulty in relating activity in bands 5 and 6 to the
infection process was a tendency for these bands to decline in
activity, sometimes abruptly, with age of healthy tissues. They
often did not show significant change with infection (Fig. 2)
or were decreased (Fig. 1), but on occasion they were greater
than in the control tissue during the later stages of infection
(Table III). The slowest migrating bands (11-14) were not
routinely separated because significant differences were not
observed between resistant and susceptible reactions, even
when better enzyme migration was obtained through the use
of 4%, rather than 7%, gels.

Figure 3 summarizes changes during the course of infection
in activity of bands 9 and 10. No visible symptoms were ob-
served until the 4th day after inoculation when white flecks
occurred on both resistant and susceptible leaves. By day 6,
susceptible leaves were producing uredospores while the re-
sistant lines showed typical necrotic, light gray lesions. Signifi-
cant differences between resistant and susceptible plants oc-
curred in band 9 from the 2nd or 3rd day after infection, a
time when other evidence suggests that resistance mechanisms
are becoming active (2).

The data of Figure 3 are expressed as percentages of increase
in infected tissue when compared to the corresponding non-
inoculated control leaves. Although useful for evaluating the
consequences of infection in either resistant or susceptible tis-
sues, they do not permit comparison of the distribution of ac-
tivity among individual isozymes or a quantitative comparison

Table 11I. Comparison of Relative Activities, Measured as Peak
Areas, of Four Peroxidase Isozymes of Healthy and Infected
Wheat Leaves >

Area of Isozyme Band
Tissuel -
5 I 6 9 10

Rs 11.6 ' 150 7.5 20.7
RI; 145 289 25.1 33.1
S 10.4 . 12.7 9.9 19.7
SI, 16.8 | 26.5 14. 29.7
Rs 120 | 9.6 10.2 22.5
RI; 2.6 | 303 28.6 40.9
Se 126 | 13.2 13.7 23.4
SI, 179 219 19.2 33.4

1R, RI, S, and SI are as given in Table II. The subscript refers
to the day after inoculation when tissue was extracted.
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of possible differences in concentration of individual isozymes
among tissues.

Table III provides data, measured as peak areas, for a
different lot of infected plants at several stages after resistance
or susceptibility had been established. With this measure for
activity, band 10 always contributed more to the total activity
on the gels than did band 9 and in this series it was the most
pronounced of the four bands measured. In different tissues or
with frozen extracts, bands 5 and 6 appear to equal or surpass
band 10 in concentration. As in all other instances, band 9
showed the largest percentage of increase in activity in re-
sistant infected tissue.

Relationship of Individual Isozymes to Total Activity of
Extracts. It is commonly assumed that all isozymes are active
in assays of extracts and that the intensity of staining among
isozymes detected on gels represents their relative contribution
to total activity measured in extracts. Certain observations in
the present study suggest that it is not necessarily true for per-
oxidases. In some cases there were significant (75-100%) in-
creases over healthy tissues in the apparent concentration or
activity of individual isozymes from susceptible infected plants,
although the increase in total activity of extracts with the same
substrate rarely exceeded 40 to 50% of the control value.
Furthermore, when extracts from infected resistant and sus-
ceptible leaves were compared for total activity there were
considerable differences between them which were reflected
primarily in the relative peak areas measured for isozyme
bands 9 and 10, particularly for the former isozyme. Yet, in
most instances, isozyme band 9 made a minor contribution to
the total activity when total activity was estimated by the ab-
sorbance of all peaks. The apparent discrepancies undoubtedly
arise from the fact that different kinetic parameters are in-
volved in the two assays, but the observed discrepancies posed
an additional requirement for evidence to show that band 9 is
the major enzyme activated in resistant reactions.

One line of evidence was the frequent observation that, in
gel assays, only bands 9 and 10 were influenced by infection
(Fig. 1 and Table IV). In Table IV, the same extracts were
used as those in the measurement of total activity for resistant
plants given in Table II and the increases shown in Table II
can be attributed only to changes in concentration of isozyme
bands 9 and 10.

More convincing lines of evidence were obtained during
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Table IV. Relative Activities, as Measured by Peak Area, of Four
Major Peroxidase Isozymes Extracted in Different Media

Band No.

1
|
Tissuel |
| 5 6 ‘ 9 l 10

Extraction medium A? with benzidine substrate

28.6
31.4

Re |
RIs

Extraction medium B?® with benzidine substrate

] !

R ! 4 6.4 ‘
3

‘ 8
RIe 6. 25.0

24.4
41.7

! Same extracts as in Table II, obtained by resistant healthy or
infected tissue on day 6 after inoculation.

? Medium contained 0.1 M tris, pH 8.0, 17¢; sucrose, 0.1 as-
corbic acid, and 0.1, cysteine HCI.

* Medium contained 0.1 M potassium phosphate, pH 4.7, 0.25 M
sucrose.

2
FRACTION § FRACTION 6 FRACTION 7
A0 D./min 018 4 0 D./min 100 A0D./min 163
P-PHENYLENE DIAMINE P-PHENYLENEDIAMINE P-PHENYLENEDIAMINE
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F1G. 4. Gel patterns with benzidine substrate and enzyme ac-
tivity with p-phenylenediamine substrate for consecutive fractions
eluted from a Sephadex G-200 column. The numerical data for
each fraction are changes in absorbance for 0.1 ml with p-phenyl-
enediamine as substrate. The same volume was used for electro-
phoresis and the bands were identified by comparison with the elec-
trophoretic patterns of the original extract. Electrophoresis was for
2.5 hr. Fraction 5 contained only peroxidase band 10 while the
other two fractions contained bands 9 and 10.

preliminary attempts to purify individual isozymes by methods
to be described elsewhere. In Figure 4 are shown gel patterns
(benzidine substrate) and rates of enzyme activity (AA/min)
in solutions with p-phenylenediamine as substrate for three
consecutive fractions eluted from a Sephadex G-200 column
with 5 mM tris, pH 8.0. Fraction 5 shows a substantial peak,
with benzidine as substrate, of only band 10, yet there was
relatively low activity with phenylenediamine substrate. Frac-
tions 6 and 7 contained small amounts of peak 9 but have high
activity towards phenylenediamine.

In Table V are given rates of reaction per milligram of
protein for several other fractions isolated by a different
procedure involving preparative gel electrophoresis. After iso-
lation, fractions were resubjected to disc gel electrophoresis
for identification and were simultaneously measured in con-



358

ventional colorimetric assays at pH 5.0 and 7.0 with four sub-
strates. Fraction D contained principally band 10 with a small
amount of band 9. In view of the data shown in Figure 4,
most of the activity with phenylenediamine, and perhaps other
substrates, was due to band 9. Fractions E and F contained
predominantly band 9 as measured by the staining intensity of
the isozymes on gels. Fraction F also contained isozyme 8 (see
Fig. 2). Fractions H and I consisted only of bands 6 and §5,
respectively. There appears to be some specificity among the
isozymes in substrate preference, but in all cases fractions con-
taining band 9 show much higher specific activity on three of
the four substrates.

Role of Individual Isozymes in Disease Resistance. In all
gel patterns examined, isozyme 9 consistently increased on the
3rd or 4th day after inoculation in resistant lines of wheat
grown at 20 C. This time period is associated with the develop-
ment of reactions governing resistance or susceptibility (2).
Lines of wheat resistant at 20 C are completely susceptible
when grown at 25 C. With continuous growth at 25 C from
time of inoculation, the isoperoxidase gel patterns of resistant
lines were nearly identical to those of the normally susceptible
nearly isogenic line of wheat, with no significant increase in
the activity of band 9. This result provided additional evidence
that increased activity in band 9 is not a spurious effect of
infection on lines containing the Sr6 allele for resistance but is
specifically associated with resistance. It does not, however,
provide evidence showing whether the association is determina-
tive in resistance or an end result of resistance.

For determination of whether isozyme 9 was a causal factor
in restriction of the pathogen at 20 C, increased activity in this
isozyme was induced by maintaining infected plants at 20 C
for at least 4 days after inoculation. The infected plants then

Table V. Enzyme Activity in Fractions of Partially Purified Iso-
peroxidases Extracted from Resistant Lines of Wheat Infected
with Wheat Stem Rust Fungus
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were either transferred to 25 C or else treated with ethylene at
20 C in order to cause reversion to a susceptible infection type. -
Under these conditions, it would be expected that isozymes
induced by resistant reactions at 20 C would decrease as sus-
ceptibility became apparent.

The results during reversion, due either to higher tempera-
ture or ethylene treatments, were similar but reversion was
much more rapid with ethylene (80 ul/liter) treatment. Table
VI shows data on the peak area for isozymes 6, 9, and 10,
when daily ethylene treatments were initiated 5 (columns
headed B) or 8 (columns headed C) days after inoculation.
Tissues from nontreated but infected leaves as well as the ap-
propriate ethylene-treated leaves were extracted on days 5,
8, 10, and 12 after inoculation. When ethylene treatment was
started on day 5, there was essentially complete reversion of
disease reaction by day 12. Approximately 65% of the infected
sites were producing spores; the rest showed incipient sporula-
tion. Treatment started on day 8 also initiated rapid reversion
with 25% sporulation 4 days later when the experiment was
terminated.

On day 5, when ethylene treatments were started, the values
of peak areas for isozymes 6, 9, and 10 in healthy leaves not
exposed to ethylene were 80.4, 7.3, and 29.6, respectively. At
that time, infection had raised the activity of isozyme 9 about
300% (Table VI), and it continued to increase in untreated,
infected, resistant leaves. Disease reversion induced by ethylene
applied starting on either day 5 or 8 was not accompanied by
a significant reduction in either isozyme 9 or 10. As found in
other experiments, the disappearance of band 6 and of band
5 (not shown) with age of tissue (Table VI) appeared to be ac-
celerated by ethylene.

DISCUSSION

In the present study, qualitatively similar gel patterns have
been obtained in a total of 10 different lots of healthy wheat
plants under conditions of constant environment. In any given

- . set of plants, reproducible quantitation of isozyme activity
Isozyme AA per min per mg of protein in Phesphate Buffer, pH 7.0t was possible but our experience suggests that there are un-
Fraction Phenyl known factors which cause variation in the relative distribution
Components Guaiacol | pyynfiidine|  diamine | Bendidine  of activity among isozymes between sets of plants. This was
| most noticeable with isozyme bands 5 and 6. In successive ex-
D 10 + trace 9 4.2 3.1 1 3.9 46.4 tractions of any given lot of plants over a period of 2 weeks,
E 9 + trace 10 3.6 55 | 6.6 76.6 the relative activity between these isozymes remained essen-
F 9+8 2.2 9.0 : 13.0 85.0 tially constant. In some lots, the activities were approximately
H 6 . 0.6 61.7 equal (Table III), while in other sets with the same extraction
1 5 - 04 51.0 medium the ratio of activity was quite unequal (Table IV).
. Since isozymes 5 and 6 appear less active with increasing age
1 Initial slopes. of tissue, the differences in relative activity might be due to
Table VI. Effects of Ethylene (80 ul liter) on Disease Development and the Activities of Peroxidase Isozymes Induced by »
Resistant Disease Reaction
I ; Peak Area of Band?
Tissue Disease Reaction! | .
Extracted ! 6 ! 9 10
on Day: ' \
As B C % A B C | A ' B ’ C A B C
i t
5 R . 70.4 ! 25.0 | 41.5
8 R F l 63.3 56.9 | 33.0 | 21.5 48.0 46.8
10 R 409% S 10% S 61.6 43.5 520 | 37.6 ! 22.0 31.6 50.0 58.0 48.8
12 R 65% S 259% S ! 44.6 36.2 41.0 i 39.0 | 24.8 | 27.5 53.2 61.6 57.3
|

1 R: resistant infection type; F: flecks of susceptible infection type; S preceded by percentage: percentage of infection sites showing

sporulation.

2 On day 5, the values for noninoculated, untreated healthy leaves for bands 6, 9, and 10 were 80.5, 7.3, and 29.6, respectively.
3 Column A: nontreated leaves; colum B: ethylene treatments started on day 5; column C: ethylene treatment started on day 8.



Plant Physiol. Vol. 48, 1971

intrinsic differences in enzyme concentration in the leaves as
a result of minor variations in growth patterns (25, 29). These
two isozymes also are sensitive to conditions during extraction
(Fig. 2 and Table II). Rather than intrinsic differences in en-
zyme concentrations, differences in other tissue components
could influence the solubility of peroxidase isozymes.

Despite the difficulties in relating the activity of specific
isozymes to changes in total peroxidase, the evidence implicates
isozyme 9 as the peroxidase chiefly, if not exclusively, respon-
sible for the increases induced by resistant reactions (33). The
high activity of isozyme 9 with phenylenediamine as substrate
is in accord with previous data (33). The fact that the extract-
ing medium used in previous studies resulted in incomplete ex-
traction of isozyme bands 5 and 6 and thus favored extraction
of isozyme band 10 (with relatively low activity on phenylene-
diamine) also supports a major role for isozyme 9. The results
suggest some caution in placing complete reliance on gel pat-
terns in attempting to compare enzyme behavior among tis-
sues.

The difficulties in relating the two assays arise from several
factors. Conventional colorimetric assay measures an initial
rapid reaction in extracts which may contain nonprotein com-
ponents affecting or participating in the reaction. The well
documented behavior of peroxidase acting as an IAA oxidase
illustrates this point. Phenolic cofactors causing inhibition or
stimulation occur in extracts (11, 13), but the initial variable
lag periods (31) and light stimulations (12) frequently observed
for this enzyme in extracts are still not completely understood.
Stonier (39) has reported high molecular weight inhibitors of
IAA oxidase, but their mode of action is not known. Although
dialysis would not remove such inhibitors, most likely electro-
phoresis would. The rate of reaction in crude extracts may also
be affected by subsequent action on an initial product by other
enzymes, including other isoperoxidases.

In contrast, a gel assay with the same substrate involves
secondary reactions under conditions which minimize contribu-
tions of extraneous components of the extracts. We attempted
to correlate both assays by determining initial rates of reaction
through repetitive scanning of gels during 2 hr of reaction.
Isozyme bands 9 and 10 showed a more rapid development of
products but the differences from other isozymes were not
great enough to assign to them a primary kinetic role in short
term measurements. True kinetic constants for gel reactions
appear unobtainable due to diffusion problems and the cross
sectional distribution of enzyme.

When ethylene is applied to resistant infected leaves after
an increase in isozyme 9 at 20 C, there is no further increase in
this isozyme. Yet, in both situations total peroxidase does in-
crease (6), apparently as a function of isozyme 10. The re-
sponse to ethylene is interesting and is in accord with specific
Jdsozyme responses to hormonal treatment in other instances
(15, 16, 36).

There is one puzzling aspect of the role of ethylene in dis-
ease reaction and in peroxidase activation. Susceptible infected
leaves produce much more ethylene than do resistant infected
leaves (6), yet susceptible plants have lower total peroxidase
activity (6, 33). In some instances, peroxidase activity actually
is less in extracts from susceptible infected leaves than in the
uninfected control tissue (33) despite 10- to 20-fold increases
in rates of ethylene production (6). The much greater produc-
tion of ethylene by susceptible infected plants is in accord with
the biological effects of external ethylene on resistant plants
and it has been pointed out that ethylene may be involved in
the development of the parasite in normally susceptible tissue
(6). Beyer and Morgan (3) indicate that tissue concentrations
of ethylene appear to be correlated with rates of emanation of
ethylene by some tissues. In view of this observation, the rela-
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tionship between ethylene production and peroxidase activity
in susceptible reactions is obscure because ambient ethylene
does stimulate additional peroxidase activity even with sus-
ceptible infection types.

The fact that isozyme 9 ceases to increase during reversion
is additional evidence for its selective increase with normal
resistant reactions, but this fact appears to rule out peroxidase
as a factor responsible for resistance. It can be argued (32)
that the temperature-sensitive Sr6 allele is biochemically
unique and that results obtained with it cannot be applied to
other combinations of wheat and stem rust fungi. Studies of
the Srl1 allele for stem rust resistance revealed the develop-
ment of identical isozyme patterns during infection (22). Be-
cause the Sr/] gene is not influenced by temperature or ethyl-
ene, the development of isozyme 9 with both alleles may be a
nonspecific biochemical response during development of re-
sistance due to cellular irritation of invaded tissues.

Increases in peroxidase may be viewed only as a biochemical
symptom of other and earlier events which actually cause re-
sistance. The fact that a specific peroxidase is increased, how-
ever, may provide some information about biochemical events
preceding or associated with the development of resistance.
In view of the evidence for variations in substrate specificity,
optimal conditions for activity (23, 26), and changes in iso-
zyme patterns during growth or hormonal treatment (28, 40),
each isozyme may have specific biological functions or unique
cellular locations. Examination of isozyme band 9 in connec-
tion with biochemical reactions suggested to be mediated by
peroxidase in vivo (lignin synthesis [10, 35], aromatic hy-
droxylation [4], ethylene formation [42]) can lead to a more
precise description of the changes induced in resistant hosts
by pathogens.
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