
Journal of Chemical Ecology, Vol. 25, No. 2, 1999

AGE-DEPENDENT EFFECTS OF JASMONIC
ACID TREATMENT AND WIND EXPOSURE

ON FOLIAR OXIDASE ACTIVITY AND
INSECT RESISTANCE IN TOMATO

DONALD F. CIPOLLINI, JR.,* and AHNYA M. REDMAN

Department of Entomology, Pesticide Research Lab
Pennsylvania State University

University Park, Pennsylvania 16802

(Received September 30, 1997; accepted September 17, 1998)

Abstract—Jasmonic acid (JA) treatment of tomato plants induces several de-
fense-related oxidative enzymes and increases pest resistance in a manner
thought to simulate natural insect wounding. In a full-factorial greenhouse
experiment, we examined the independent and interactive effects of plant age
and exposure to wind-induced mechanical stress (MS), on the ability of JA
to induce defense in tomato. In general, treatment of 4-, 6-, and 8-week-old
tomato plants with 1 mM JA resulted in the induction of peroxidase and
polyphenol oxidase activity and reduced the relative growth rate of first-instar
Manduca sexta larvae fed treated leaves, in accordance with other studies.
Peroxidase activity increased with plant age and was induced by JA most
strongly in older plants. In contrast, polyphenol oxidase activity did not change
with plant age and was induced by JA most strongly in young plants. While
relative growth rates of M. sexta were lower on older plants overall, JA
reduced growth rates most strongly in young plants, in which JA treatment
enhanced polyphenol oxidase activity by more than 70%. MS enhanced the
activity of peroxidase, but substantially reduced the activity of polyphenol
oxidase; the latter most intensely on older plants. M. sexta tended to grow
more slowly on MS-treated plants, although this effect was not significant.
Thus, reduced polyphenol oxidase activity in MS-treated plants did not lead
to an increase in growth rate of M. sexta, possibly because peroxidase activity
was still elevated in MS-treated plants. Significant interactions between JA and
MS and three-way interactions were not detected for any variable, although
the inductive effects of both JA and MS interacted in complex ways with
plant age. Our results indicate that resistance traits in tomato are differentially
affected by JA and wind exposure and differ in their relative contribution to
defense as plants age.
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INTRODUCTION

Jasmonic acid (JA) treatment of such plants as tomato induces several classes
of defense-related compounds and can increase resistance of plants to a variety
of pests (Farmer et al., 1992; Thaler et al., 1996). Because JA appears to func-
tion as an endogenous regulator of wound-induced chemistry in plants (Creel-
man et al., 1992), the manner in which low-level applications of exogenous JA
induce defense is thought to simulate natural insect wounding (e.g., Baldwin
et al., 1994). For example, in young tomato plants, Thaler et al. (1996) have
shown that exogenous applications of JA or its volatile derivative, methyl jas-
monate (MJ), stimulate the activity of such defense-related proteins as proteinase
inhibitors, peroxidase, and polyphenol oxidase in a manner similar to feeding by
Helicoverpa zea. Peroxidase and polyphenol oxidase are involved in the gen-
eration of reactive oxygen species, quinones, or hydroperoxides in plant cells
and in the polymerization of polyphenolics, carbohydrates, and proteins in plant
cell walls (see Felton et al., 1989, for discussion). Because the activity of such
enzymes can play a defensive role against pests, their induction in plants by var-
ious treatments, including JA, is usually accompanied by increased resistance to
pests (Felton et al., 1989; Duffey and Felton, 1991; Thaler et al., 1996). Because
it appears that the inductive effect of JA on these enzymes adequately simulates
natural wounding, the use of JA enables the examination of influences on the
induction of defense in plants without the confounding effect of the removal of
leaf area or other damage to the plant (Baldwin and Schmelz, 1994).

Abiotic stimuli can alter some of the same defense-related enzymes in
plants as exogenous JA with overlapping effects on pest resistance. For exam-
ple, English-Loeb et al. (1997) have shown that drought stress can enhance the
activity of polyphenol oxidase in tomato and affect the quality of the foliage to
an insect pest. Cipollini (1997) has shown that wind-induced mechanical stress
(MS) can enhance peroxidase and cinnamyl alcohol dehydrogenase activities and
lignification in leaves of bean seedlings. While this response has likely evolved
to enhance mechanical strength of tissues exposed to MS in the field (Jaffe and
Forbes, 1993), the induction of these compounds has the overlapping effect of
increasing the resistance of seedlings to a mite and a fungal pest (Cipollini,
1997). While MS has been examined for its growth- and yield-controlling prop-
erties in tomato (e.g., Johjima et al., 1992; Garner and Bjorkman, 1996), the
effect of wind-induced MS on the induction of defense-related compounds and
pest resistance has never been examined in this plant.

In addition to wounding, endogenous JA plays a signaling role in the re-
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sponse of plants to touch-induced MS (Weiler, 1993) and to other abiotic stimuli
such as ultraviolet light exposure (Conconi et al., 1996). In wheat, wind expo-
sure has been shown to induce lipoxygenase gene expression, which is involved
in JA synthesis (Mauch et al., 1997) and is associated with increased resistance
to insects (Bi et al., 1994; Thaler et al., 1996). Thus, overlapping effects of
MS on pest resistance, such as those seen in bean (Cipollini, 1997), may be
partially mediated by increased lipoxygenase and/or JA synthesis, leading to
general increases in plant defense traits. The apparent use of JA by plants in
the translation of mechanical signals suggests that, in addition to its indepen-
dent effects, exposure to wind-induced MS may also interact with the induction
of defense by exogenous JA. For example, simultaneous wind exposure could
either heighten or diminish the inductive effect of exogenous JA. Not surpris-
ingly, the potentially interactive effect of wind on JA-induced defense has never
been examined, but could be important in the field. Multifactorial studies in-
corporating environmental variation are necessary in addressing fundamental
hypothesis about environmental influences on the induction of resistance in
plants.

It is frequently observed that young plants or tissues are more responsive to
elicitors of defense than older plants or tissues, although the inverse can be true
(Karban and Myers, 1989; Faeth, 1991). For example, the ability of wounding to
induce proteinase inhibitor activity in tomato decreases with plant age (Wolfson
and Murdock, 1990). Thipyapong and Steffens (1997) have shown that mRNA
of polyphenol oxidase F (the most wound-responsive polyphenol oxidase gene
family member) is induced more strongly by wounding or JA in young leaves
of tomato than in older leaves on the same plant. Constitutive levels of defense-
related enzymes such as peroxidase in noninduced plants can vary with plant
age as well (Bruce and West, 1989). To our knowledge, the quantitative effect
of plant age on the induction of defense by JA has never been examined statisti-
cally. While Thaler et al. (1996) noted that young tomato plants were apparently
more inducible by JA than older plants, their design did not allow a statistical
examination of interacting effects of age on JA-induced defense. Plant age could
also influence the independent and interactive effects of wind-induced MS on
defense induction and pest resistance, should they exist.

In a full-factorial greenhouse study, we assessed the independent and inter-
active effects of JA treatment and wind-induced MS on the activity of peroxidase
and polyphenol oxidase in leaves of tomato plants of three different ages. We
then examined the effect of these treatments on the relative growth rate of the
tobacco hornworm, Manduca sexta, fed leaves of the same plants. We found
that both JA treatment and wind-induced MS statistically interacted with plant
age in complex ways to affect defense traits and biological resistance in tomato.
Although wind-induced MS independently affected defense traits in tomato, no
interactions between JA and wind-induced MS were seen in this experiment.
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METHODS AND MATERIALS

Plant Growth. Tomato plants (Lycoperiscon esculentum cv. Burpee Big
Boy) were grown from seed in flats of Metro-Mix 250 potting soil in the green-
house under natural light. At the three- to four-leaf stage, seedlings were trans-
planted to 1.5-liter pots in Metro-Mix 250 potting soil. Three separate plantings
staggered in two-week intervals were conducted to produce plants that were 4, 6,
and 8 weeks old at the start of the experiment. During the experiment, maximum
midday PAR averaged 1200 umol photons/m–2/sec and greenhouse tempera-
tures ranged from 25 to 30°C. Seedlings were watered regularly and fertilized
with 20-20-20 N-P-K soluble fertilizer approximately every five days.

Experimental Design. Plants 4, 6, and 8 weeks old were randomly assigned
to one of the following four treatments: (1) treatment with a solution of 1 mM
JA on days 1, 4, and 7 of a nine-day period; (2) treatment with daily 1-hr periods
of wind-induced MS at 3 m/sec (6.7 miles/hr) for nine days; (3) treatment with
1 mM JA and MS as above for nine days; or (4) untreated.

The focal leaf used for chemistry and bioassays was the third leaf down
from the apex on all plants. This leaf was the same age on all plants, thus iso-
lating the effect of plant age and not leaf age. Only this leaf received JA treat-
ment. Jasmonic acid (Sigma Chemical Co., St. Louis, Missouri) was dissolved in
a small amount of ethanol and made up to a concentration of 1 mM with distilled
water. JA solution was applied by spraying focal leaves until runoff at approxi-
mately 12:00 hr on treatment days. JA spray was confined to the focal leaves by
shielding nontreated leaves on the same plant with pieces of cardboard. About 1
ml of JA solution was applied per plant on average, i.e., approximately 120 ug
JA to each plant. Smaller plants received slightly less and larger plants slightly
more. JA induces defense in a dose-dependent manner in tomato, and this amount
and method of application has been shown to induce peroxidase and polyphenol
oxidase effectively in four-leaf tomato plants (Thaler et al, 1996). Induction of
polyphenol oxidase and proteinase inhibitors in four-leaf plants levels off above
treatment with 1 mJ JA, although peroxidase and lipoxygenase activities are
induced further by 10 mM JA. The third leaf down from the apex on plants not
receiving JA was sprayed with the same ethanolic solution minus JA. JA-treated
plants were sprayed in isolation from non-JA-treated plants and were allowed
to dry before being returned to the greenhouse benches.

Plants receiving wind-induced MS experienced two 1-hr periods of wind at
3 m/sec at 07:00 and 16:00 hr for nine days. Wind was produced by six 60- x
60-cm electric box fans placed along one edge of the greenhouse benches. Fan
placement did not interfere with light reception. The identical wind treatment
was shown to induce peroxidase activity, lignification, and resistance to pest in
bean leaves (Cipollini, 1997, 1998). This noninjurious treatment largely isolates
the mechanical component of wind (seismic stress), while keeping the alteration
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of temperature and humidity at a minimum. No wind-induced leaf damage was
observed in this experiment, but the appearance of damage increases at wind
speeds above this level in the greenhouse (D. Cipollini, personal observation).
In plants receiving both wind and JA treatment, JA solution was sprayed at least
3 hr before the next wind treatment occurred. Untreated plants were grown in
the same greenhouse room. Plants of all ages and treatments were randomly
assigned to positions on the greenhouse benches. During the experiment, plants
were moved randomly within benches daily and the fan setup moved among
benches three times during the nine-day treatment period. There were six repli-
cate plants in each treatment combination.

Bioassay. Eggs of the tobacco hornworm, Manduca sexta, and artificial
hornworm diet were obtained from Carolina Biological Supply (Burlington,
North Carolina). Larvae were hatched from these eggs and raised on artificial
hornworm diet at ~25°C until their use in bioassays. Following the last wind
treatment on day 9 of the experiment, the two opposing penultimate leaflets from
the focal leaves were detached from each plant with a razor and placed in floral
water-picks. One preweighed first-instar M. sexta larva was placed on each leaflet
and allowed to feed for 48 hr at 25°C. Larvae were then removed, weighed, and
relative growth rate (RGR) calculated according to Waldbauer (1968). The mean
RGR of the two subsamples from each plant was used in statistical tests. Only
three larvae of 144 ate the entire leaflet they were offered. Otherwise no resource
limitation occurred that could have influenced the results.

Chemical Analyses. From the same focal leaves used in biossays, the two
opposing leaflets immediately below the penultimate leaflets were detached with
a razor, flash frozen in liquid nitrogen, and stored at -20°C until analysis for
enzyme activity. Leaflets were harvested for chemical analyses at the same time
they were harvested for the bioassay. One leaflet was analyzed for peroxidase
activity and the other for polyphenol oxidase activity. Stout et al. (1996) have
shown that the activity of these two enzymes is very similar among adjacent
leaflets within a tomato leaf. Thus, the activity of these enzymes in the leaflets
used for chemical analysis was assumed to reflect their activity in the leaflets
used for bioassays. Peroxidase and polyphenol oxidase activity were analyzed
spectrophotometrically in soluble leaf protein extracts using guaiacol and caffeic
acid, respectively, as in Thaler et al. (1996).

Statistical Analyses. The random allocation of plants to treatments and ran-
dom movement among benches allowed the use of a completely randomized 3 x
2 x 2 full-factorial design. Bioassay and chemical data were analyzed by three-
way ANOVA with plant age (4, 6, and 8 weeks old), JA treatment (+ or -), and
wind treatment (+ or -) as main effects plus all interaction terms. Means were
separated with Tukey's HSD tests. Differences among plant ages are discussed
in the text, but mean separations shown in Figure 1 below reflect differences
between treatments within each age only. Data from all plants were also exam-
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ined with multiple regression to establish the quantitative relationship between
peroxidase and polyphenol oxidase activity of each leaf and the RGR of M. sexta
larvae feeding on that leaf. All data were analyzed using SAS (SAS Institute,
Cary, North Carolina).

RESULTS

Bioassay. As expected, RGR of M. sexta on leaflets of tomato was reduced
by JA treatment (JA: F1,60 = 88.82, P < 0.001) (Figure 1a). RGRs on all plants
where JA was added were lower than where JA was not. While RGRs were
lower on 6- and 8-week-old plants overall and the effect of age alone was sig-
nificant (age: F2,60 = 25.48, P < 0.001), the effect of JA was dependent on plant
age (JA x age: F2,60 = 9.70, P < 0.001). JA reduced RGRs most intensely on
4-week-old plants (~35%) in which RGRs in the absence of JA were the high-
est. JA reduced RGRs in 6- and 8-week-old plants to a similar degree. In most
plants exposed to wind, RGRs were slightly lower than where wind was absent,
but the effect of wind alone was not significant (wind: F1,60 = 2.00, P = 0.16).

Chemical Analyses. In general, peroxidase activity of tomato leaves was
enhanced by JA treatment (JA: F1,60 = 19.51, P < 0.001) (Figure 1b). Peroxidase
activity also increased with plant age, and the effect of age alone was significant
(age: F2,60 = 76.52, P < 0.001). However, the inductive effect of JA on perox-
idase activity was dependent on plant age (JA x age: F2,60 = 5.18, P < 0.01).
Significant induction of peroxidase activity by JA was not present in 4-week-old
plants, but it was evident in 6-week-old plants. Induction of peroxidase activ-
ity by JA was most intense in 8-week-old plants (~30%) in which peroxidase
activity was constitutively the highest. In all treatments except one, peroxidase
activity was enhanced by wind exposure and the overall effect of wind alone
was significant (wind: F1,60 = 3.76, P = 0.05).

Polyphenol oxidase activity (Figure 1c) in tomato leaves was enhanced by
JA (JA: F1,60 = 70.01, P < 0.001), essentially in the same pattern in all ages of
plants. Induction by JA ranged from ~45-65% overall, indicating that polyphenol
oxidase activity was more inducible by JA than peroxidase activity, an effect
also noted by Thaler et al. (1996). Interestingly, polyphenol oxidase activity was
reduced by wind exposure (wind: F1,60 = 11.23, P < 0.01), and this effect was
dependent on plant age (wind x age: F2,60 = 3.32, P < 0.05). This effect of
wind was not present in 4-week-old plants, but ranged from a 25% reduction in
6-week-old plants to a 45% reduction in 8-week-old plants. Polyphenol oxidase
activity tended to be lower in 4- and 8-week-old plants, but the effect of plant
age alone only approached significance (age: F2,60 = 2.63, P = 0.08).

Quantitative Relationship Between Peroxidase and Polyphenol Oxidase Ac-
tivity and RGR of M. sexta. Multiple regression of RGR of M. sexta on the per-
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FIG. 1. (A) Relative growth rate (±SE) of first-instar M. sexta larvae on leaves of 4-,
6-, and 8-week-old tomato plants in a 48-hr detached-leaf biossay after nine days of
treatment. (B) Peroxidase activity (+SE) in leaves of the same plants. (C) Polyphenol
oxidase activity (±SE) in leaves of the same plants. Within each age on each figure, bars
with different letters are significantly different at A = 0.05. Treatments: J- W- = no JA,
no wind; J- W+ = no JA, plus wind; J+ W- = plus JA, no wind; J+ W+ = plus JA, plus
wind.

oxidase and polyphenol oxidase activity over all samples yielded the following
model:

RGR of M. sexta = -0.0022 (peroxidase activity)

- 0.0026 (polyphenol oxidase activity) + 0.645
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This negative relationship was significant (F2,69 = 17.01, P < 0.001; R2 = 0.331).
Significant negative relationships were also obtained when RGR was regressed
on peroxidase activity and polyphenol oxidase activity separately over all sam-
ples. The activity of each enzyme separately explained an equal amount of the
variation in RGR of M. sexta (data not shown).

DISCUSSION

As expected, treatment with 1 mM JA was shown to be an effective elicitor
of both peroxidase and polyphenol oxidase activity in leaves of tomato plants
and to slow the RGR of first-instar M. sexta fed the same leaves. This finding is
in general accordance with other studies (e.g., Thaler et al., 1996). Polyphenol
oxidase activity was more responsive to JA treatment than peroxidase activity,
also consistent with Thaler et al. (1996) and Stout et al. (1998). While wind
alone had only a slight and nonsignificant effect in reducing RGR of M. sexta, it
slightly, but significantly increased the activity of peroxidase and greatly reduced
the activity of polyphenol oxidase. The finding that wind-induced MS reduced
the activity of polyphenol oxidase activity was surprising, given that most phe-
nol oxidizing enzymes studied to date in response to MS (such as peroxidase and
cinnamyl alcohol dehydrogenase) are induced by MS treatment (DeJaegher et al.,
1985; Cipollini, 1997, 1998). The fact that RGRs of M. sexta were still slightly
reduced or not affected on wind-treated plants suggests that reduced polyphenol
oxidase activity in wind-treated plants did not reduce resistance because ele-
vated peroxidase activity in those leaves was sufficient to maintain resistance.
Biological resistance could have been affected by many factors not measured in
this study (e.g., proteinase inhibitors), but the strong and statistically significant
negative relationship between peroxidase and polyphenol oxidase activity and
RGR of M. sexta across all samples in this study implicates these enzymes as
important resistance factors.

Significant interactive effects of plant age on the induction of defense by
JA and wind-induced MS were important in this study. Although JA treatment
reduced RGRs of M. sexta in all ages of plants, JA most effectively reduced
RGRs on 4-week-old plants, in which it induced the activity of polyphenol oxi-
dase by about 70%, but in which it had little effect on peroxidase activity. In con-
trast, JA most strongly induced the activity of peroxidase in 8-week-old plants
in which it had the weakest effect on the induction of polyphenol oxidase. While
it is known that inducibility of polyphenol oxidase F mRNA decreases with
increasing leaf age within one tomato plant (i.e., leaf nodes 1-3, versus leaf
node 5 or 7) (Thipyapong and Steffens, 1997), this is the first demonstration
that inducibility of polyphenol oxidase activity decreases in leaves of the same
age from the same relative position with increasing plant age. While wind had lit-
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tle effect on RGR of M. sexta, it increasingly reduced the activity of polyphenol
oxidase with increasing plant age. Over all treatments, the activity of polyphenol
oxidase explained the variation in RGR of M. sexta most strongly in 4-week-
old plants, but the activity of peroxidase explained the variation in RGRs of M.
sexta most strongly in 8-week-old plants.

This finding suggests that the contribution of certain defense traits to resis-
tance in tomato may change with plant age. As peroxidase activity increases
constitutively with age, its inducibility and importance to plant defense may
increase. In turn, because polyphenol oxidase activity did not change as much
with plant age, and its inducibility declined, its importance in plant defense
may decline with plant age. In a study using young tomato plants, Wolfson and
Murdock (1990) showed that the induction of proteinase inhibitors by artificial
wounding declined with plant age. However, the ability of wounding to reduce
the growth of M. sexta larvae in their study did not show a concomitant decline
with age, suggesting that other defense traits (peroxidase activity?) became more
important as plants aged. The finding that wind-induced MS increasingly reduced
the activity of polyphenol oxidase with plant age suggests that polyphenol oxi-
dase activity becomes less reliable as a defense trait in the face of an additional
environmental stress as plants mature. It is often thought that the inducibility
of plants should decline with age as levels of constitutive defense compounds
increase and relative nutrient and water contents decrease (Karban and Myers,
1989). These results illustrate that inducibility of polyphenol oxidase by JA does
appear to follow that pattern, but that inducibility of peroxidase does not.

Although wind-induced MS alone had a slight reducing effect on RGRs of
M. sexta and had significant and differential effects on enzyme activities, it did
not interfere with the ability of JA to induce resistance. Because wind-induced MS
did reduce the activity of polyphenol oxidase in treatments where JA was added,
it may have dampened the effect of JA on inducing resistance, but no statistical
interactions between JA and wind-induced MS on biological resistance were seen.
In the field, wind at 3 m/sec (6.7 miles/hr) is generally classified as a light to
gentle breeze according to the Beaufort Scale of Wind Force. In bean, the magni-
tude of the induction of peroxidase activity by wind-induced MS increases quan-
titatively with wind speed (Cipollini, 1998). Thus, higher wind speeds or longer
wind durations, that would be common in the field, could have more pronounced
effects on resistance alone or could more strongly interact with JA-induced resis-
tance. Although JA has been shown to induce defense in tomatoes grown in the
field where wind is ubiquitous (Thaler et al., 1996), this is the first study to isolate
the independent effect of wind on the induction of defense in tomato and to statisti-
cally examine its interactive effects with JA and plant age. These results illustrate,
however, that increased resistance can still be induced by JA even when simul-
taneous environmental stimuli greatly reduce the activity of such apparently
important defense proteins as polyphenol oxidase (Stout et al., 1998).
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In this study, plant age was shown to have important independent and inter-
active effects on the induction of resistance in tomato by JA and wind-induced
MS. The activities of peroxidase and polyphenol oxidase were affected differ-
ently by age, JA, and wind treatment, and varied in their contribution to biologi-
cal resistance with age. Wind-induced MS differentially affected enzyme activi-
ties and interacted with plant age in its effects, but had little effect on resistance
to M. sexta alone. Chronic wind exposure or exposure to higher wind speeds
could have more pronounced effects, however. More studies incorporating envi-
ronmental variation (e.g., wind, nutrients, moisture) should be conducted to fully
investigate environmental constraints on the induction of defense by JA, particu-
larly if JA is to be used to stimulate resistance of plants in the field (e.g., Thaler
et al., 1996).
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