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Abstract The resource allocation hypothesis is based on
the assumption that defenses are costly, but relatively
few studies have quantified the reproductive price of in-
duced defenses, which represent the best means of mea-
suring such costs in isolation from the genotypic costs
that confound research involving constitutive defenses.
Jasmonic acid (JA) is a plant signal molecule involved in
the defensive responses of plants. It induces many of the
same chemicals that are associated with herbivore dam-
age, and thus offers a means of inducing plants without
the removal of leaf area, which incurs its own costs. In
tomato plants, JA induced resistance to Manduca sexta
and increased levels of two defensive enzymes, polyphe-
nol oxidase and peroxidase. We measured the impact 
of JA-induced defenses in tomato, Lycopersicon escu-
lentum (Solanaceae), on several variables associated
with reproductive success: fruit number, fruit weight,
ripening time, time of fruit-set, number of seeds per
fruit, total seeds per plant, the relationship between fruit
weight and seed number, and germination success. Plants
were grown in a pest-free greenhouse and treated bi-
weekly with solvent or with JA at either of two concen-
trations: 10 mM or 1 mM. The high concentration of JA
led to fewer but larger fruits, longer ripening time, de-
layed fruit-set, fewer seeds per plant, and fewer seeds
per unit of fruit weight. The reproductive impact of in-
duction was reduced at the lower dose, but still signifi-
cant; 1 mM JA resulted in delayed fruit-set and fewer
seeds per unit of fruit weight, compared to control
plants. Our research indicates that JA-induced defenses
impose significant costs on tomato plants.
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Introduction

It has long been thought that chemical defenses are in-
herently costly to plants that employ them (Feeny 1976;
Rhoades and Cates 1976). This perspective is based 
on another, more fundamental assumption: that plants
possess a limited pool of resources that can be invested
in growth or in defense, each at the expense of the other
(Coley et al. 1985). That is, plants that defend them-
selves in the absence of herbivores and invest resources
in defense rather than in growth or reproduction should
sustain associated costs or “trade-offs” as a result. The
resource allocation hypothesis predicts, however, that
when herbivores are present this investment in defense
should pay off and defended plants should benefit from
increased growth and reproduction (McKey 1974; Coley
et al. 1985). Given this trade-off, evolutionary theory
holds that in environments where herbivory is present
some but not all of the time, inducible defenses will be
favored (Edelstein-Keshet and Rausher 1989). Accord-
ingly, many have taken the existence of inducible de-
fenses as evidence that defense is costly, which strikes us
as somewhat circular.

Few studies have quantified the costs of induced de-
fenses. There have been a number of papers exploring
the costs of constitutive defenses (e.g., Berenbaum et al.
1986; Coley 1986; Simms and Rausher 1987; Briggs and
Schultz 1990), but these were unable to distinguish be-
tween the costs of the chemical defense itself and those
costs that were simply correlated with highly defended
genotypes, which may have differed from undefended
genotypes in numerous ways (and at numerous linked lo-
ci). Research on these genetic costs is no less valid or
ecologically relevant than research on inducible defens-
es, but it does not allow for measurement of the costs 
of defense alone. Only the study of inducible defense
makes it possible to separate genetic factors from pheno-
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typic costs and thus to examine the most fundamental as-
sumption underlying the resource allocation hypothesis:
that chemical defenses themselves come at a price.

Of those studies that have examined inducible defens-
es, a number have explored the metabolic costs associat-
ed with chemical induction (e.g., Gershenzon 1994; 
Zangerl et al. 1997), but very few have attempted to ad-
dress fitness costs. One reason that fitness costs have
been difficult to estimate is the conundrum of leaf area
removal and its impact on fitness. Until recently, the on-
ly way to induce the chemical defenses of plants was to
damage them with herbivory or by artificial means. Be-
cause leaf area was unavoidably reduced in this process,
the resulting effects on fitness could not be attributed
clearly to the induction of defensive compounds alone;
the removal of leaf tissue itself is known to affect fitness
negatively, even in the absence of chemical induction
(Baldwin and Schmelz 1994; Agrawal 1999). Nearly all
of the studies that have addressed the true cost of in-
duced defense have suffered from this complication
(Baldwin et al. 1990; Karban 1993; Sagers and Coley
1995; and even Zangerl et al. 1997).

A few fitness-oriented studies have attempted to con-
trol for the removal of leaf area (Brown 1988; Agrawal
1998, 1999; Baldwin 1998; and Thaler 1999). Of these,
one (Agrawal 1998) focused not on the costs, but rather
on the benefits of induced defenses (in the presence of
herbivores), and another (Brown 1988) failed to detect a
cost of induction, perhaps because it utilized chitin injec-
tions rather than a more natural elicitor to elevate levels
of proteinase inhibitors. Baldwin (1998) demonstrated a
reduction in seed output of tobacco plants in jasmonate-
induced Nicotiana attenuata when herbivores were not
present, and Agrawal (1999) found costs of induction in
male, but not female, fitness components of jasmonate-
induced wild radish plants. Thaler (1999) found no evi-
dence of reduced fitness in jasmonate-induced tomato
plants and speculated that induced defenses in tomatoes
may not be costly at all. The controversy over the cost of
defense is far from settled, and more research is required
to determine the nature of costs themselves and to ex-
plore the conditions under which they do or do not exist.

Treating plants with jasmonates such as jasmonic acid
(JA) provides a convenient way to disassociate chemical
defense and leaf loss, because JA causes the induction of
several well documented defensive pathways without the
removal of leaf tissue (Baldwin 1998). Further, JA is one
of the plant signal molecules involved in the natural
wound response (Wasternack and Parthier 1997) and,
along with its methyl ester (MeJA), is thought to simu-
late induction of at least some defensive pathways ex-
tremely well (Baldwin 1996). When plants are attacked
by herbivores, JA production increases in plant tissues
(Creelman et al. 1992; Wasternack and Parthier 1997),
leading to local and systemic induction of various class-
es of defensive compounds, including alkaloids, phenol-
ics, flavonoids, and various terpenoids (Wasternack and
Parthier 1997). Treatment of plants with exogenous ap-
plications of JA presumably activates the natural defen-

sive response of plants and thus enhances resistance to
attack (Cohen et al. 1993; Thaler et al. 1996). For exam-
ple, Thaler et al. (1996) and Cipollini and Redman
(1999) showed that JA treatment induced the activity of
the oxidative enzymes, peroxidase and polyphenol oxi-
dase, as well as resistance to insects. Others have shown
that phenylalanine ammonia lyase (Gundlach et al.
1992), alkaloids (Baldwin 1996), proteinase inhibitors
(Farmer et al. 1992; Farmer and Ryan 1992; Thaler et al.
1996), various pathogenesis-related proteins (reviewed
in Wasternack and Parthier 1997), and a multitude of
other polypeptides and JIPs (jasmonate-induced pro-
teins) (Reinbothe et al. 1994; Wasternack and Parthier
1997) were induced by treatment with JA or MeJA.

Jasmonates also induce in plants some responses 
other than chemical defenses, e.g., growth (Koda et al.
1992), increases in vegetative storage proteins (Staswick
1994), and reduced bud formation (Barendse et al.
1985). We have attempted to minimize potential prob-
lems by choosing a plant species in which defensive
physiology, including the signal transduction pathways
that involve JA, as well as the various defensive and
non-defensive roles played by this molecule, have been
extremely well studied (e.g., Farmer et al. 1992; Farmer
and Ryan 1992; Cohen et al. 1993; Peña-Cortes et al.
1993; Constabel et al. 1995; Stout and Duffey 1996;
Thaler et al. 1996; Stout et al. 1998). For example, it has
been shown that JA accumulation is essential to the in-
duction of proteinase inhibitors in tomato, and that mu-
tants unable to complete intermediate steps in the oc-
tadecanoid pathway, and thus to accumulate JA, lose re-
sistance to Manduca sexta (Howe et al. 1996).

In a greenhouse free of arthropod pests, we conducted
an experiment to measure the effects of JA treatment
(solvent alone, 1 mM JA, and 10 mM JA) on several
traits associated with reproductive fitness in tomato
plants: number of fruits per plant, mean fruit weight,
mean time to fruit ripening, time of fruit-set, plant
growth, number of seeds per fruit and per plant, and ger-
mination success. This experiment allows us a unique
opportunity to investigate the fitness costs of defense in
the absence of herbivores and leaf area-removal.

Materials and methods

Tomato plants

In early spring, tomato plants of the indeterminate variety, 
“Burpee Big Boy,” were grown from seed in Metromix 250 in 
2-gallon plastic pots in a pest-free glass greenhouse without supple-
mental lighting, at 24°C. Plants were watered as needed and treated
with a 20–20–20 N-P-K fertilizer solution weekly. Support was pro-
vided with stakes and ties as plants grew. Three separate plantings,
staggered by 10 days each, were established to produce plants that
were 28 (four-leaf stage), 38 (six-leaf stage), and 48 (eight-leaf
stage) days old (from sowing) at the start of JA treatment.

JA treatment

We randomly assigned 16 plants from each of the three cohorts to
the following treatments: control (sprayed with solvent), JA1
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(sprayed with 1 mM JA solution), and JA10 (sprayed with 10 mM
JA solution). JA was purchased from Sigma and dissolved in
100% ethanol before dilution with distilled water to the appropri-
ate concentration. This solution was then applied evenly to foliage
with the fine mist setting of a spray bottle until runoff occurred.
Plants in all three cohorts began treatment at the same time and
were sprayed together biweekly. The spray period for each cohort
lasted until plants were harvested and weighed (181 days after
sowing).

JA-treated plants were sprayed in the hallway of the green-
house, in isolation from controls, and returned to the experimental
array after drying for approximately 40 min. Control plants re-
mained in our greenhouse room during treatment but were moved
before and after spraying to replicate the shaking experienced by
treatment plants moved into the hallway, ensuring that treatment
effects were not the result of induction due to mechanical stress
(Cipollini 1997; Cipollini and Redman 1999). We relocated plants
weekly in random fashion to minimize microenvironmental effects
in the greenhouse.

At the start of the experiment, the amount of JA applied to foliage
equaled roughly 0.002 and 0.02 mmol per plant in the JA1 and JA10
treatments, respectively. By the time plants had reached full size, the
dose amounted to 0.003 and 0.03 mmol per plant, respectively.

Harvesting

Plants were inspected daily, and fruits were harvested, blindly
with respect to treatment, when they first appeared bright red.
Harvested tomatoes were numbered, dated, and weighed. All
seeds were then removed from each tomato, rinsed, and dried on
paper towels for subsequent germination experiments. Each plant
was harvested 181 days after planting. Shoots and roots were sep-
arated, roots were washed with a fine mesh screen, and both
shoots and roots were placed in a drying oven at 200°F and
weighed 10 days later.

Germination

Twenty plants from each treatment were chosen at random, and 30
seeds from each plant were randomly selected for the germination
study and sterilized in formaldehyde solution (4:250 parts H2O)
for 5 min, followed by a 1-min rinse in water. Petri plates were
filled with Phytagel dissolved in Murashige and Skoog Basal Me-
dium, both obtained from Sigma. We then placed 15 seeds per
plate on the surface of the solidified Phytagel, spaced evenly, and
left the plates in a dark incubator at 25°C for 1 week before check-
ing for germination.

Verification of induction

Immediately prior to the experiment described above, we verified
that our method of JA delivery induced a defensive response in
our plants. These data were published previously (Cipollini and
Redman 1999) but are summarized here to demonstrate that our
application of JA was effective in eliciting induction. Seeds from

the same stock used in the fitness experiment were grown in three
cohorts, exactly as described above, and treated with 1 mM JA be-
ginning at 4 weeks (four-leaf stage), 6 weeks (six-leaf stage), and
8 weeks (eight-leaf stage) of age. These plants were a few days
older than their counterparts simply because of the rapidly increas-
ing photoperiod in early spring; their phenological stages were the
same as those of the plants in the fitness experiment. We harvested
leaf tissue from treated plants nine days after the start of treat-
ment, as described in Cipollini and Redman (1999), and quantified
the activity of two oxidative enzymes known to play roles in the
defensive response of tomato, polyphenol oxidase (PPO) and per-
oxidase (POD). Spectrophotometric analysis of soluble leaf pro-
tein extracts utilized the substrates guaiacol (for POD) and caffeic
acid (for PPO), and followed the methods of Thaler et al. (1996).
Additionally, M. sexta first instars were fed for 48 h on leaves har-
vested in the same manner (see Cipollini and Redman 1999), and
their relative growth rates were calculated as the difference be-
tween ln final weight and ln initial weight, divided by time
(Waldbauer 1968).

Statistics

Analysis of variance (ANOVA) and Tukey's HSD method (α=0.05
was used for all posthoc comparisons) were used to determine the
effects of treatment, cohort, and their interactions on fruit weight,
plant weight, mean ripening time, and time of fruit-set. These tech-
niques were applied to enzyme activity levels and M. sexta growth
rates, as well. For analysis of the effects of tomato weight and treat-
ment on seed number, we used the treatment × tomato weight inter-
action to test for slope heterogeneity in PROC GLM (SAS 1990)
with type I sums of squares. We then tested for differences among
individual slopes by successively eliminating each treatment and
testing for interaction between the remaining treatments (Sokal and
Rohlf 1995). Chi-square contingency analysis, along with the Dunn-
Šidák critical value for posthoc comparisons, was used to measure
the impact of treatment and cohort on the number of fruits, the num-
ber of seeds, and germination success (JMP, SAS 1999).

Because we found no interaction between treatment and cohort
on fitness parameters, nor any consistent trends that might have
been explained by the age at treatment initiation, the following re-
sults of the fitness experiment reflect treatment effects on pooled
cohorts. As described in Cipollini and Redman (1999), however,
we did find that the effects of JA on POD activity and M. sexta
relative growth rate (RGR) were dependent on age. Therefore, the
results of the induction-verification experiment are depicted sepa-
rately for the three separate cohorts.

Results

Induction of defensive enzymes

As reported in Cipollini and Redman (1999), we record-
ed increased levels of POD (F=19.51, df=1, P=0.0001)
and PPO (F=70.01, df=1, P=0.0001) in JA-treated leaf
tissue (Table 1). Additionally, JA treatment increased re-

Table 1 Mean relative growth rates (RGR) of Manduca sexta larvae,
mean leaf polyphenol oxidase (PPO) activity, and mean leaf peroxi-
dase (POD) activity for leaves treated with 1 mM jasmonic acid (JA)

and leaves treated with solvent. Within a column for each cohort,
values with different letters are significantly different. This table rep-
resents a summary of data presented in Cipollini and Redman (1999)

RGR PPO Activity POD Activity 
(mg/mg/day) (∆Abs470/min/g FW) (∆Abs470/min/g FW)

JA Solvent JA Solvent JA Solvent

Cohort 1 (28 days) 0.427a 0.470b 35.9a 22.8b 75.0a 57.5b

Cohort 2 (38 days) 0.410a 0.490b 47.0a 19.8b 46.7a 36.2b

Cohort 3 (48 days) 0.436a 0.672b 34.0a 12.9b 35.1a 26.5b
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sistance to M. sexta, as evidenced by reduced RGR on
treated leaves (F=88.82, df=1, P=0.0001). Although co-
hort was considered as a separate effect in our analysis
due to interaction with treatment, and although cohorts
are represented individually in Table 1, it is important to
note that in every case, JA-treated plants resulted in sig-
nificantly reduced RGR and elevated enzyme activity
over solvent controls.

Fruit size and quantity

Figure 1 A shows the mean number of fruits per plant in
each treatment. Plants treated with 10 mM JA produced sig-
nificantly fewer fruits than control plants (χ2=33.53, df=13,
Dunn-Sidák α′ significance level=0.015 for an experiment-
wide error rate of α=0.05) or plants treated with 1 mM JA
(χ2=28.61, df=13, Dunn-Sidák α′=0.015 for α=0.05). Al-
though plants treated with the high concentration of JA pro-
duced fewer fruits, those fruits were significantly larger
(Fig. 1 B), by an average of about 15 g, than those in the
other treatment groups (F=7.21; df=2, 893; P=0.001).

Ripening time

On average, fruits from plants treated with 10 mM JA
reached ripeness at a significantly later date (156.04 days
after sowing) than those from controls (149.99 days) or
1 mM JA-treated plants (150.68 days) (F=5.69; df=2,
896; P=0.004). Although 1 mM JA did not extend mean
ripening time of fruits over controls, it did significantly
delay fruit-set, defined as the appearance of the first 
ripe fruit, by 10 days (F=8.51; df=2, 138; P=0.0003)
(Fig. 1C). Fruit-set on plants treated with 10 mM JA oc-
curred another 10 days later, which was significantly lon-
ger than fruit-set on either of the other two treatments.

Seed number

Although fruit weight was dependent on treatment, and
although the correlation between tomato weight and seed
number was highly significant (ρ=0.72, P<0.0001), the
number of seeds per fruit (mean±SE: 106.33±4.46,
109.59±4.59, 119.36±5.68 for control, 1 mM JA, and
10 mM JA, respectively) was not affected by treatment
(F=1.45, df=19, P=0.096). This was explained by the
fact that the slope of the relationship between fruit
weight and seed number differed between treatments
(not shown); overall, we found significant interaction be-
tween fruit weight and treatment on seed number
(F=3.48, df=2, P=0.0311). The slope of seed number
over fruit weight was significantly steeper for the control
plants than for 1 mM JA (F=4.39, df=1, P=0.0365) or for
10 mM JA (F=5.84, df=1, P=0.0160), and the two JA
treatments did not differ from one another (F=0.11, df=1,
P=0.738). Overall, the number of seeds per plant was
significantly reduced for plants treated with 10 mM JA
(χ2=17.76, df=2, P<0.0001) (Fig. 1D).

Germination

There were no differences between treatments in germi-
nation success (χ2= 3.73, df=2, P=0.69). Overall germi-
nation was 98.26% for control plants, 98.45% for plants
treated with 1 mM JA, and 97.13% for plants treated
with 10 mM JA.

Plant growth

Overall plant growth was not influenced by treatment
(F=0.74; df=2, 140; P=0.48), whether it was measured 
as final shoot biomass (mean dry weight±SE: 113.52±

Fig. 1A–D Measurements of
fitness parameters in plants
treated with solvent, 1 mM
jasmonic acid (JA), or 
10 mM JA. A Mean (+SE)
number of fruits per plant.
B Mean (+SE) weight of fruits.
C Mean (+SE) time of fruit-set,
or the time elapsed before the 
appearance of the first ripe
fruit. D Mean (+SE) number 
of seeds per plant. Bars with
different letters are significantly
different (a=0.05)



4.75 g, 107.55±3.45 g, and 113.24±3.35 g for control,
1 mM JA, and 10 mM JA, respectively), final root bio-
mass (8.19±0.877 g, 8.98±1.63 g, and 9.14±1.25 g), or
total final biomass. Further, a pairwise correlation be-
tween plant dry weight and number of fruits proved non-
significant (ρ=–0.02, P=0.80).

Discussion

Our results support the view that defense induced by JA
treatment can have profound effects on the reproductive
fitness of tomato plants. Although plants treated with JA
at the high concentration produced large tomatoes, they
produced only 64.3% as many fruits as did controls. Fur-
ther, these fruits tended to have fewer seeds, per unit of
fruit mass (fresh weight.), than did control plants. Even
though germination success was identical for all treat-
ments, the difference in the number of seeds between
10 mM JA (67.9% of control) and the other treatments
suggests that a high level of JA-induced defense can in-
cur a large cost.

Tomato varieties like “Big Boy,” native South Ameri-
can Lycopersicon species, and any plants growing where
frosts occur, risk losing fruits and seeds to early freezes
and other dangers. Thus, the time of fruit-set, or the time
elapsed before the first ripe fruit appears on a plant, is a
measure of fitness that is arguably as crucial as the number
of viable seeds produced by plants allowed to complete
their life cycle. The 10 days that separated ripe 1 mM JA
fruits from controls, and the 20 days between controls and
10 mM JA fruits could easily make the difference be-
tween leaving offspring or leaving none in the event of an
early frost or death before reproduction. Further, physio-
logical costs such as changes in ripening time and fruit-set
would likely be magnified by corresponding ecological
costs in nature. For example, even in the absence of life-
threatening dangers, the advantages conferred on individu-
als with an extra 10 or 20 days of seed-dispersal by ani-
mals that feed on ripe fruits might be critical.

The costs associated with high levels of induction
were obvious, but the impact of low-level induction was
apparent only in the time of fruit-set and in the relation-
ship between fruit size and number of seeds. Because the
responses we measured were highly dose-dependent, we
feel that it is necessary to explore more fully the costs
associated with different levels of induction, under vary-
ing conditions of natural damage. While there were costs
associated with low-level induction in the absence of
pests, the benefits of such induced defenses under even
moderate herbivory in the field might have balanced this
effect. Indeed, Thaler (1999) found no reduction in yield
of tomato plants treated with JA under conditions of low
to moderate herbivory, and our own unpublished field
data support this observation. Further research will ex-
plore what is undoubtedly a complex interplay between
the level of induction or JA treatment, the amount of her-
bivory present, and the resulting fitness costs or benefits
experienced by plants.

More work is also necessary to explore the utility of
JA in simulating defense. Although JA treatment avoids
many of the pitfalls associated with other approaches
(e.g., the removal of leaf area with induction), it comes
with a few of its own (e.g., the induction of unintended
responses in some systems). In our case, we were able to
rule out at least one potentially complicating factor: JA
did not influence plant weight in our study, indicating
that the differences we observed were not simply the re-
sult of differential growth. However, we did not measure
other variables such as flower number that may have di-
rectly influenced some of our parameters, e.g., fruit
number. In fact, the number of flower buds has been
shown to be influenced by JA treatment in tobacco 
(Barendse et al. 1985); although this effect has not been
noted in tomato, JA does seem to reduce the number of
mature flowers on treated plants (Thaler 1999). The
great flood of recent studies that rely on the ability of JA
to mimic chemical defense, including the present one,
stand to benefit from further investigation into the effects
of this compound.

Significance

Despite a long history of research into the cost of de-
fense, and despite long-standing assumptions, the evi-
dence that chemical defense is actually costly has been
equivocal. In fact, research has turned up a lack of 
costs as often as it has turned up costs (Bergelson and
Purrington 1996), due largely to the inherent difficulties
in designing such experiments (Karban and Baldwin
1997). Studies such as Baldwin (1998) and Agrawal
(1999) have provided the first evidence of fitness costs
associated with induction itself. The present study con-
tributes information on varying levels of induction, and
it introduces several new parameters of fitness, including
time to fruit-set, ripening time, and the relationship be-
tween seed number and fruit weight.

This work has agricultural implications, as well. The
effects of JA at the high dose were largely commercially
undesirable: the desirable changes such as larger fruit
size and lower seed numbers we measured in our high-
induction treatment would not likely offer compensation
to offset the associated delay in ripening and reduction in
fruit number. However, we and others have already
shown that low doses of JA (1 mM) can enhance resis-
tance to pests (Thaler et al. 1996; Cipollini and Redman
1999). Such treatments might provide protection from
insects without interfering with agricultural production
when used in biorational crop protection.
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