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Abstract—We measured total peroxidase activity and the activities of peroxidase isoforms in leaves of red oak (Quercus rubra L.) seedlings exposed to
wounding and plant hormones in the greenhouse. Activity of specific peroxidase isoforms was induced differentially by gypsy moth wounding, mechanical
wounding, and the wound-associated plant hormone jasmonic acid. Activity of
one isoform was enhanced modestly by treatment with salicylate. A study of
peroxidase activity in naturally occurring galls elicited on red oak leaves by
12 hymenopteran and dipteran insect species found 16 POD isoforms, 11 of
which were differentially induced or suppressed in galls compared with leaves.
In both studies, total peroxidase activity as measured spectrophotometrically
was not clearly related to activity of these isoforms. These results indicate
that red oak seedlings and trees may respond specifically to wounding, particular insects, and plant signals through changes in the activities of individual
isozymes.
Key Words—Peroxidase, isozyme, PR protein, Quercus rubra, wounding, gypsy
moth, jasmonic acid, salicylic acid, galls.

INTRODUCTION

Plant peroxidases (E.C. 1.11.1.7) are heme-containing enzymes whose primary
function is to oxidize a variety of hydrogen donors at the expense of hydrogen
peroxide. Peroxidase (POD) activity has been correlated with a wide range of
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plant physiological processes, including lignification, suberization, somatic embryogenesis, auxin metabolism, wounding, and disease resistance (Ye et al., 1990;
Zimmerlin et al., 1994). PODs are ubiquitous enzymes in plants, often occurring as multiple isoforms; for example, they are encoded by 73 different genes
in Arabidopsis thaliana (Duroux and Welinder, 2003). Such an abundance of isoforms is consistent with diverse physiological functions for the peroxidase family
(Siegel, 1993). POD polymorphisms are often used in taxonomic and population
studies.
Plants respond to various environmental challenges with diverse biochemical changes. For example, they commonly elevate concentrations of secondary
compounds in response to pathogen infection or insect herbivory (Karban and
Baldwin, 1997). Other plant responses include lignification (Vance et al., 1980;
Dı́az and Merino, 1998) and the production of pathogenesis-related (PR) proteins
(Van Loon, 1985). PODs comprise one important class of PR proteins (PR-9) implicated in these “defense responses,” in which an important role is to catalyze the
formation of phenolic radicals at the expense of H2 O2 (Gaspar et al., 1985). PODs
may also oxidize phenolic monomers to form lignin (Siegel, 1954; Mäder et al.,
1980; Grisebach, 1981), function in H2 O2 production (Elstner and Heupel, 1976;
Mäder et al., 1980), and metabolize indole acetic acid (Endo, 1968; Mato et al.,
1988). Each plant species typically displays a unique pattern and number of soluble
and wall-bound isozymes that may respond differentially to environmental stimuli.
Some of the factors known to influence POD isozyme expression are mechanical
wounding (Birecka and Miller, 1974; Svalheim and Robertsen, 1990), mite feeding (Bronner et al., 1991), pathogen infection (Lagrimini and Rothstein, 1987; Ye
et al., 1990), plant hormones (Ridge and Osborne, 1970; Birecka and Miller, 1974;
Neuman et al., 1992), and plant developmental stage (Pao and Morgan, 1988; Biles
and Martyn, 1993).
Although POD functions have been well studied in tobacco, horseradish,
and other herbaceous species (Birecka and Miller, 1974; Lagrimini and Rothstein,
1987; Kawaoka et al., 1994), activity studies in woody plants are uncommon
(Goodin et al., 1993; Dowd et al., 1998a). Since insect attack elicits changes in
leaf polyphenols in some oak species (e.g., Rossiter et al., 1988), it is likely that
the activities of oak phenolic-oxidizing enzymes and isozymes also change in
response to wounding. No studies have examined the enzymatic responses of oak
species to herbivores and pathogens, or the role of chemical signaling molecules
likely to be involved in these responses.
Responses to herbivores, pathogens, and other environmental stimuli are generally regulated by a network of signal transduction pathways in which jasmonic
acid (JA) and salicylic acid (SA) are key signaling molecules (Glazebrook, 2001;
Thomma et al., 2001; Kunkel and Brooks, 2002). Wounding and herbivore damage cause rapid increases in JA (Bostock, 1999; Reymond et al., 2000), triggering
systemic defenses against herbivores and necrotrophic pathogens. Infection by
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biotrophic pathogens can elicit rapid increases in SA (Gaffney et al., 1993; Ryals
et al., 1994) and systemic expression of defenses against a range of pathogens.
We assayed POD activity in northern red oak (Quercus rubra L.) leaf tissue
subsequent to mechanical wounding, wounding by gypsy moth (Lymantria dispar
L.; Lymantriidae) larvae, and treatment with exogenous JA and SA. We also examined POD activity in galls formed on red oak leaves in response to 12 naturallyoccurring insect species. Because red oak produces diverse phenolic substrates (Li
and Hsiao, 1975), and because plants are known to express substrate-specific POD
isozymes (Calderón et al., 1990), we separated oak PODs by gel electrophoresis and isoelectric focusing and examined elicitation or suppression of individual
isoform activities in relation to total POD activity.

METHODS AND MATERIALS

Seedling Oak Growth. Red oak (Quercus rubra L.) half-sib seedlings were
germinated from acorns collected from a single tree on the Penn State University
Park campus in flats containing Metro-Mix 250growth medium in late June in
a glasshouse at 20◦ C. One week after germination, seedlings were transplanted
to 20 × 42-cm pots containing wetted Metro-Mix 250 and 14-14-14 (N-P-K)
Osmocoteslow-release fertilizer incorporated at a rate of 550 ml fertilizer beads
per 0.085 m3 of growth medium. Seedlings were watered daily with tap water for
15 min at 7.5 l/hr, and supplemental lighting of 200–350 µE/m2 was provided for
13 hr each day.
Treatments. Ten d after transplant, 102 4-wk-old seedlings (each approximately 15 cm in height) were randomly assigned to 1 of 7 treatment or control
groups. One group of seedlings served as a control for any POD isozyme induction
due to leaf removal or mechanical disturbance. Sample sizes for each treatment and
controls ranged from 12 to 15 individual trees. At this age, red oak seedlings have
produced one set of 4–5 leaves, all within a day. Leaves were chosen randomly for
treatment and/or harvest.
Wounding was accomplished with gypsy moth larvae or mechanically with
a hole punch. One to three starved fourth instar gypsy moth larvae were confined
manually to a single leaf for the first 12 hr of treatment or until 20–30% of the leaf
area was eaten. After removing and flash freezing this leaf, one or more larvae were
left on the seedling to continue the insect wounding treatment for 1 wk. Larvae
were added or removed over the 1 wk period to accomplish 30–50% leaf area
removal. Mechanical wounding with a sterile 6-mm diam hole punch was carried
out to mimic insect leaf removal for both the 12-hr and week-long wounding
treatments. To prevent the movement of gypsy moth larvae between seedlings,
squares of aluminum foil coated in Tanglefootwere placed around the bases of
all 102 seedlings.
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Another group of seedlings was sprayed daily (0800 hr) with 5-mM JA in 4%
EtOH, or a control solution without JA. Seedlings were removed from the main
greenhouse room and sprayed until the JA or JA control solution dripped off the
leaves, and allowed to dry for 30 min before being placed back in the main room.
Similarly, additional seedlings were sprayed at the same times with 5-mM SA,
consisting of 173-mg SA in 250 ml of 0.005% Triton X-100, or a control solution
without SA. The spraying procedure was identical to that of the JA treatment. Both
spray regimes were chosen to be consistent with other studies assessing the impact
of these signals on enzymatic and metabolic activity and transcript abundance of
defense-related genes (e.g., Thaler et al., 1996; Zhang and Baldwin, 1997; Cipollini
and Redman, 1999; Moore et al., 2003).
All unsprayed seedlings were jostled and tapped gently on the leaves for a few
seconds to account for any seedling response to mechanical disturbance during the
JA, SA, or control spraying.
Sampling and Extraction for Enzyme Analysis. Preliminary studies indicated
that accumulation of insect-induced polyphenols could be detected after 7–10 d.
Therefore, to capture any coordinated changes in POD levels a single treated leaf
per seedling was removed at the base of the petiole with scissors 12 hr, 1 wk, and
2 wk (1 wk after the end of treatments) after the start of each treatment; these were
flash-frozen in liquid N2 and stored at −80◦ C until analysis. Frozen leaf tissue
was homogenized in ice-cold extraction buffer with a chilled mortar and pestle at a
buffer:tissue ratio of 20:1 (v:w). The extraction buffer contained 0.1-M potassium
phosphate, pH 7.0, and 9% (w/v) polyvinylpolypyrrolidone. To break up cellular
membranes, 10% (v/v) Triton X-100 was added to the extraction buffer at a rate of
1.6 µl/mg tissue (Jansen et al., 2001). Initially, extracts were centrifuged at 1100 ×
g for 15 min at 4◦ C; however, the viscosity of extracts from older leaves hindered
adequate separation of the supernatant and pellet. Thus, samples from older leaves
were centrifuged at 15000 × g for 15 min at 4◦ C. Densitometric measurements
of POD isozyme bands from the same leaf extract exposed to each of the two
centrifugation regimes indicated no major differences. Crude extract aliquots were
placed into 0.5-ml Eppendorf tubes and frozen at −20◦ C for later protein assays
or used immediately for POD isozyme analysis. These procedures are likely to
have extracted primarily soluble PODs. All chemicals were purchased from Sigma
Chemical Company, St. Louis, MO, or Bio-Rad Laboratories, Hercules, CA.
Total Peroxidase and Protein Assays. The total soluble POD specific activities
of each oak tissue extract were determined by using a microplate reader. To measure
total soluble POD, three replicates of 4-µl crude extract were each combined with
196-µl substrate, containing 10-mM guaiacol and 4-mM H2 O2 in 0.1-M potassium
acetate buffer, pH 4.5. The samples were shaken for 10 sec and read at 470 nm
for 3 min, and the linear OD/min/mg protein was used as a measure of relative
POD activity. Protein content was determined (3×) using the Bio-Rad DetergentCompatible Protein Assay according to the instructions of the manufacturer.
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Isoelectric Focusing. Soluble peroxidase isozymes were separated by using polyacrylamide gel electrophoresis – isoelectric focusing (IEF) with a Model
111 mini-IEF unit (Bio-Rad, Hercules, CA, USA). Gels were cast according to
the manufacturer’s instructions by using the following components: 50-µl 3/10,
200-µl 8/10, and 700-µl 3/5 ampholyte, 5.05-ml H2 O, 2.0-ml 24.25% acrylamide
with 0.75% bis-acrylamide (w/v), and 2.0-ml 25% glycerol (v/v). After moderate degassing, 50 µl of 10% ammonium persulfate (w/v) and 5-µl TEMED were
added to initiate polymerization. Preliminary studies indicated that this mixture of
components resulted in the least difficulty in casting the gels and best separation
of isozymes, which tended to be very acidic or very basic. Standards used were as
described in the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA).
One µl of crude extract was added to each sample well with a Hamilton syringe
and allowed to diffuse into the gel for 5 min. Isozymes were separated by stepwise
increases in voltage of 100, 200, and 450 V for 15, 15, and 45 min, respectively.
Following focusing, gels were soaked in 0.1-M potassium succinate (KSuc), pH
5.5, for 10 min to equilibrate the pH throughout the gel. Peroxidase isozymes were
visualized with o-dianisidine and H2 O2 in 0.1-M KSuc, pH 5.5, for 30 min, which
was found to be more sensitive and reliable than guaiacol for visualizing POD in
gels. The substrate was made by dissolving 8 mg/ml o-dianisidine in methanol,
combining 2.5 ml of this solution with 97.5-ml KSuc buffer, and adding 44.8-µl
30% H2 O2 .
Immediately after visualization, gels were rinsed 4–6 × in KSuc buffer,
and relative isozyme activities were quantified with a Shimadzu CS-9000U dualwavelength scanning densitometer. After identifying the linear density range by
using a dilution series, each gel lane was scanned at 470 nm (analytical) and 570 nm
(reference) with a 0.4 × 5.0-mm beam. The relative activity of each isozyme was
recorded as an integrated absorbance peak at a specific coordinate on the gel lane.
Activities are expressed per mg protein. Isozyme bands were compared among
different gels and gel lanes by determining their distance relative to a prominent
anionic band hereafter called A4.4 and the bottom edge of the 1-cm gel. Isoforms
are designated as cationic (C) or anionic (A) and by their isoelectric points (see
Figure 1 for naming scheme).
Field Study of Gall PODs. While many galling insects chew host plant tissues, many are thought to suppress or modify normal plant responses to attack
(Hartley and Lawton, 1992). We investigated whether such insects would influence POD activities in a manner similar to gypsy moth or artificial wounding. On
May 22 and June 3, 1998, galls on red oak leaves formed by the gall wasps (Hymenptera: Cynipidae) Amphibolips confluens Harr., A. inanis Harr., A. nubilipennis
Harr., Andricus pallustris O.S., Callirhytis modesta O.S., C. pigra O.S., and C.
tumificus O.S., and by the gall midges (Diptera: Cecidomyiidae) Macrodiplosis
spp. (M. erubescens O.S., M. majalis O.S., M. niveipila O.S.), Polystepha
americana Felt, and an unknown cecidomyiid species were collected from

P1: KEE
Journal of Chemical Ecology [joec]

1368

pp1268-joec-489979

August 5, 2004

17:29

Style file version June 28th, 2002

ALLISON AND SCHULTZ

FIG. 1. Example isoelectric focusing gel showing the six most reliably-visualized POD
isoforms in greenhouse-grown red oak leaves. Cationic: +, anionic: −.

21 trees in an oak-dominated forest in central Pennsylvania, USA, for peroxidase isozyme analysis. Galls ranged in age from 7 to 15 d; most age differences
were between, not within, species. Trees ranged in size from 2 to 25 m, and at least
5 galls were collected from each tree at heights below 3 m. With each gall collected, a nearby ungalled, undamaged leaf of the same position and developmental
stage on the same tree was removed at the base of the petiole for comparison.
Insects were removed, and all tissues were immediately flash frozen in liquid N2 ,
held on dry ice, and stored at −20◦ C until identification and analysis as described
above.
Statistical Analyses. Treatment and date effects on isozyme activity, total
POD activity, and protein concentration were subjected to a repeated measures
analysis of variance by using the mixed procedure of the SAS statistical package
(SAS Institute, 1999). A “contrast” statement within the procedure was used to
distinguish treatment effects significant at the α = 0.05 level. Tukey’s studentized
range test was used to compare treatment and control means within each date.
Paired t tests were used to determine significant differences in isozyme activity
and protein content between field-collected red oak galls and leaves.
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RESULTS

Total Seedling Protein and Peroxidase. Total protein concentration did not
differ among the treatments but dropped slightly after 1 wk (Figure 2). Similarly,
total soluble POD activity decreased after 1 wk and then recovered to or exceeded
12 hr levels after 2 wk (Figure 2). Specific contrasts indicated that total POD
activity was less in the JA treatment and greater in the SA treatment than in both
wounding treatments and the unwounded controls (Figure 2). A lack of difference
between JA and SA solvent controls and wound treatments indicates that these
were not solvent effects (Figure 2).
Seedling Isozymes. At least 10 POD isozymes were observed in the tissue
extracts from red oak seedlings, but only six could be visualized reliably enough
within treatments to be considered for statistical analysis (Figure 1). Of the six,
one was strongly basic (pI > 9), while the other 5 were strongly acidic (pI < 4.5).
JA treatment and to a lesser extent GM wounding (P = 0.08) increased the
activity of isozyme A4.1, but there were no significant treatment effects on the
cationic isozyme C9.4 or the anionic isozymes A4.2 and A4.0 (Figure 3). All of
these isozymes changed over time; activities of C9.4 and A4.1 increased, while
activities of A4.2 and A4.0 declined over 2 wk (Figure 3).
Specific contrasts with controls indicated that isozyme A4.4 activity was
significantly increased by gypsy moth wounding, mechanical wounding, and JA
application, especially after 1 wk (Figure 3). JA treatment caused the greatest
response, followed by mechanical wounding and GM wounding. While SA-treated
seedlings contained more isozyme A4.4 activity than did untreated controls, SAtreated seedlings did not differ from SA controls, and SA controls (solvent treated)
did not differ from untreated controls. The activity of A4.4 increased significantly
with time (Figure 3).
The effects of both treatment and date were significant for isozyme A3.9
(Figure 3). Isozyme activity increased strongly over the course of the experiment,
and was significantly increased by both gypsy moth and mechanical wounding, but
not by JA (Figure 3). Over the entire experiment, there was a marginally significant
effect of SA (P = 0.06).
Field Gall POD Study. Naturally-occurring galls and leaves exhibited 16
separable isoforms frequently enough for statistical analysis (Table 1). However,
not all 21 sampled trees exhibited activity of all 16 isoforms; as few as 8 isoforms
could be found in some individuals (data not shown). All galls generally contained
significantly enhanced activity (compared with leaves) of cationic isoform C9.4,
and significantly reduced activities of cationic isoform C8.2 and anionic isoforms
A4.6, A4.4, A4.15, A4.1, A3.7, and A3.9 (Table 2) compared with control leaves
on the same trees. Two additional anionic isoforms were suppressed at significance
levels 0.10 > P > 0.05.

P1: KEE
Journal of Chemical Ecology [joec]

1370

pp1268-joec-489979

August 5, 2004

17:29

Style file version June 28th, 2002

ALLISON AND SCHULTZ

FIG. 2. Means (SE) of relative protein content (top) and total specific POD activity (bottom) of greenhouse-grown red oak leaves after 12 hr, 1 wk, and 2 wk (left to right in
each trio of bars) of the following treatments: UWC—unwounded controls, GMW—gypsy
moth wounding, MW—mechanical wounding, CJA—jasmonic acid solvent control, JA—
jasmonic acid appliction, CSA—salicylic acid solvent control, SA—salicylic acid application. Asterisks indicate significant treatment effects (P < 0.05).
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FIG. 3. Means (SE) of the activities of six POD isoforms in greenhouse-grown red oak
leaves after 12 hr, 1 wk, and 2 wk of the same treatments indicated in Figure 2. ∗ indicates a
significant treatment effect at P < 0.05, ∗∗ indicates 0.05 < P < 0.1; all isoforms exhibited
significant (P < 0.05) changes with time.

DISCUSSION

At least 10 POD isozymes were observed in tissue extracts from greenhousegrown red oak half-siblings and 16 in tissue extracts from field-grown red oaks.
These numbers are consistent with a study of POD isozyme variation among and
within red oak populations in the eastern US, where 17 total isozymes were noted
and 8–12 were found in trees of a given stand (Houston, 1983). This diversity
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TABLE 1. POD ISOFORMS FOUND IN FIELD-GROWN RED
OAK LEAVES FROM 21 TREES AND THE 6 ISOFORMS
QUANTIFIED IN GREENHOUSE STUDY
Isoelectric point

Field collection
isoform identifiction

Field

C1
C2
C3
C4
A1
A2
A3
A4
A5
A6
A6
A7
A8
A9
A10
A11

9.87
9.37
8.89
8.21
5.84
5.06
4.82
4.71
4.56
4.37
4.20
4.13
4.06
3.87
3.76
3.68

Greenhouse

9.4

4.4
4.2
4.1
4.0
3.9

of isozymes could provide red oak with flexibility in dealing with common environmental threats such as herbivory, fungal and bacterial pathogen infection,
mechanical stress and damage, and air pollutants. In addition, the complex phenolic chemistry of oaks (Li and Hsiao, 1975; Schultz and Baldwin, 1982), may
require specific POD isozymes for synthesis or activation (Calderón et al., 1990;
Appel, 1993).
In the greenhouse study, activity of red oak POD isozymes varied among
half-sib individuals (data not shown) and through time, even within treatments.
Variation in isoforms expressed was even greater among field-grown trees. Genetic, biochemical, and developmental factors can all produce this kind of variation within plant species. Loblolly pine cotyledons have as many as 11 isozymes,
each of which differs dramatically in activity among seeds of different genotypes
(Neuman et al., 1992). Up to 10 isozymes may be found in loblolly needle tissue,
but only four of these occur consistently among trees (Snyder and Hamaker, 1978).
Flax plants possess four stress-induced and nine constitutive isozymes, some of
which arise by differences in posttranslational modification (Fieldes and Gerhardt,
1998). In watermelon seedling stems and cotyledons, novel anionic isozymes appear over the course of development, while others decrease or retain similar levels
of activity (Biles and Martyn, 1993). All of these patterns may also be seen in
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TABLE 2. DIFFERENCES BETWEEN POD ACTIVITY IN GALL BODIES AND LEAVES FOR 12
WASP AND FLY GALL SPECIES ON RED OAK (Q. rubra L.)

Isozyme

# samples with isozyme
in leaf or galla

Mean (SE)
differenceb

T -statistic

C1
C2
C3
C4
A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
Protein contentd

2
23
9
7
6
5
12
8
7
19
16
22
16
22
6
15
23

−1.24 (1.30)
−7.66 (2.58)
−5.92 (5.60)
1.23 (0.28)
0.40 (0.19)
0.49 (0.25)
0.54 (0.37)
1.32 (1.38)
0.58 (0.13)
2.62 (0.61)
−0.05 (0.44)
5.47 (1.55)
3.36 (1.46)
1.03 (0.52)
0.48 (0.17)
0.50 (0.14)
4.24 (1.94)

−1.171
−2.961∗
−1.056
4.406∗
2.080†
1.970
1.476
0.962
4.545∗
3.112∗
−0.092
3.508∗
2.288∗
1.940†
2.803∗
3.584∗
2.186∗

Percent of total
isozyme activityc
0.2
26.8
7.1
1.2
0.3
0.3
0.8
2.9
0.3
16.8
3.1
27.3
7.0
4.5
0.3
1.1

Note. T -statistics were calculated from a paired-difference test for the mean difference: (average host
leaf isozyme activity) − (entire gall isozyme activity) for each gall species C = cationic isozyme, A =
anionic isozyme.
a 23 samples (each sample includes entire gall, galled leaf, and ungalled leaf) were taken from 21
different trees.
b Relative absorbance value/unit protein.
c The total isozyme activity is a relative measure of the overall prevalence of an isozyme in the entire
gall and leaf tissues sampled.
d mg protein/g fresh weight.
∗ P < 0.05; † P < 0.10.

our northern red oak data. It is likely that we have underestimated the number of
significant treatment effects. Many treatments appeared to alter activities of particular isoforms (Figure 3), but individual variation often led to statistical probability
values between 0.06 and 0.1.
Activities of all 6 of the red oak isoforms we studied in seedlings appear to be
developmentally regulated to some extent (Figure 3). Four increased in activity over
time (C9.4, A4.4, A4.1, and A3.9), while the other two decreased (A4.2 and A4.0).
Peroxidase isozymes in many other plant species are known to be developmentally
regulated (Gaspar et al., 1985), but it is not possible to assign developmental roles
to red oak PODs without knowing their specific functions. Some isoforms that
increased in activity during our study may have been involved in lignification of
the developing leaves (Gaspar et al., 1985; Dı́az and Merino, 1998).
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Although isozymes A 3.9, A4.4, and A4.1 are all wound-responsive, quantitative differences among them indicate that red oak defensive responses may distinguish among insect wounding, mechanical wounding, and JA treatment. Both GM
and mechanical wounding increased the activities of isozymes A4.4 and A3.9, but
the response of A3.9 to GM wounding was more pronounced. Isozymes A4.1 and
4.4 responded to both insect wounding and to JA, a signal in the wound response
pathway (Zhang and Baldwin, 1997), but these isozymes responded less strongly
to mechanical wounding (Figure 3). Isozyme A3.9 failed to change significantly
under JA treatment, despite large increases in response to both types of wounding.
Changes in the activities of POD isozymes have been observed in response
to pathogen infection and wounding in several plant species (Espelie et al., 1986;
Bashan et al., 1987; Lagrimini and Rothstein, 1987; Svalheim and Robertsen,
1990; Ye et al., 1990). In addition, generalized soluble or wall-bound POD activity
increases in other plant species in response to wounding (Birecka and Miller, 1974;
Kawaoka et al., 1994), pathogens (Bashan et al., 1987), salicylic acid (Rao et al.,
1997), and jasmonates (Thaler et al., 1996; Moore et al., 2003). While JA and
insect wounding have been found to elevate total soluble POD activity similarly
(Choi et al., 1994; Tamari et al., 1995; Zhang and Baldwin, 1997), this study is
among the first to suggest that various peroxidase isozymes may be differentially
responsive to JA or other signals (Buzi et al., 2004) and the first to find insectresponsive POD isoforms. Our results also indicate that JA does not elicit POD
isozymes in exactly the same manner as does gypsy moth herbivory.
Isoform A3.9 activity was enhanced by treatment with SA (P = 0.055), a
signal more associated with plant defense responses to microbes (Enyedi et al.,
1992; Choi et al., 1994; Conti et al., 1996). It is possible, although unlikely, that
our trees were incidentally infected by microbes during that particular treatment
despite sterilizing the leaf punch, and that A3.9 is both wound- and microberesponsive. However, no evidence of infection (e.g., necrosis) was observed at any
time.
All of the isozymes showing statistically significant increases in response to
our greenhouse treatments were anionic. It is possible that cationic isozymes were
also induced; additional cationic isozymes are present in red oak and are influenced
by galling insects in nature (Allison and Schultz, unpublished), but we were unable
to resolve them completely on seedling IEF gels. Although the exact functions of
anionic isozymes in red oak are unknown, their induction by wounding is consistent
with responses to insects (Felton et al., 1992, Arnason et al., 1994, Dowd, 1994;
Dowd et al., 1998a,b). Anionic PODs have been implicated in a variety of leaftoughening responses, such as lignin biosynthesis (Gaspar et al., 1985; Dı́az and
Merino, 1998), suberization (Espelie et al., 1986; McDougall, 1993), and crosslinking of cell walls and extensin polymers (Ridge and Osborne, 1970; Everdeen
et al., 1988; Bostock and Stermer, 1989). Such toughening processes may decrease
the nutritional quality of the plant tissue for herbivores (Bi et al., 1997) as well as
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prevent secondary pathogen infection (Vance et al., 1980; Bostock and Stermer,
1989).
Considering the induction in greenhouse seedlings of isozymes A4.4, A4.1,
and A3.9, and previous studies of POD wound responsiveness in other plants (e.g.,
Felton et al., 1994; Bi and Felton, 1995; Bi et al., 1997), we expected total soluble
POD activity to increase in response to wounding and JA treatments. Surprisingly,
total POD activity was reduced by JA treatment (Figure 1) and was generally
unrelated to the isoform values in any clear way. This paradox could be explained
by enzyme inhibition in the reaction mixture that is eliminated when isozymes
are spatially separated on a gel. More likely, PODs induced by wounding and JA
may have greater affinity for o-dianisidine than guaiacol, resulting in observable
induction only when the former substrate was used on gels. The dip in total POD
activity evident after 1 wk in five of seven treatment classes may also be explained
by changes in isoforms that were not visualized by our methods; this pattern was
not seen in the six measured isoforms (Figure 3).
Activities of various isoforms often differed strongly between the greenhouse
seedlings and naturally-occurring trees, and many more isoforms could be identified in field-grown tissues. Cationic isoform C9.4 and anionic A4.1 and A4.2 were
unaffected by our seedling treatments, but C9.4 was dramatically suppressed in
field-collected galls (compared with matched ungalled leaf tissue), while A4.1 and
A4.2 were more active in galls. Suppression and elicitation profiles were characteristic of the insect species involved, although we had to pool results for statistical
treatment. Like the differential greenhouse responses to GM, wounding, and JA,
this also suggests that red oak POD responses may be unique to the attacking
insect. While studies of POD in the context of herbivory have focused on total
POD activity (e.g., Cipollini and Redman, 1999; Mayer et al., 2002; Roitto et al.,
2003; Traw et al., 2003), the plant pathology literature provides many examples
of pathogen-specific POD isoform activity or profiles (Kristensen et al., 1999;
Kandan et al., 2002; Tognolli et al., 2002; Maksimov et al., 2003). In some cases,
POD isoform function is based on hostplant substrate specificity and the production
of specific defenses (Calderón et al., 1990). Transgenic sweetgum (Liquidambar
styraciflua L.) trees expressing an anionic POD were less palatable to gypsy moth
larvae but not all insects (Dowd et al., 1998a). Elevating a single anionic POD in
tomato affected some insect herbivores but not others (Dowd et al., 1998b). We
suggest that it may be profitable to investigate POD expression profiles in response
to specific insects, as well.
We conclude that at least three of the six POD isoforms we observed in
greenhouse-grown red oak seedlings respond dynamically and differentially to
mechanical wounding, insect wounding, and JA or SA treatments. Furthermore, the
activities of these isozymes changed dramatically and differentially over the course
of plant development. While plant POD responses to insects are typically measured
in terms of total soluble enzyme activity, our results indicate that measurement of
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individual isozyme activities may be required to understand fully plant responses
to them and other environmental stimuli. Further experiments will be required to
determine the exact physiological functions of the POD isozymes present in red
oak.
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