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Abstract—We examined the relationship between internal resources (root

reserves), external resources (soil fertility), and allocation to defense vs. growth

in the clonal, perennial herb Solanum carolinense. In a short-term (9 d)

greenhouse experiment, plants were treated once with jasmonic acid (JA) to

determine if polyphenols and glycoalkaloids were inducible by simulated

herbivory. In a longer-term (4 wk) greenhouse experiment, we measured the

cost, in terms of growth, of treatment with JA every 3 d, to determine if the

induced response was due more to carbon limitation or nitrogen limitation.

We manipulated the resources available to the plants by varying soil fertility

and the size of root cuttings from which plants were grown, and assessed how

different resource levels affected the growth and production of polyphenols

and alkaloids under JA treatment or control conditions. In the short term, JA

increased the concentration of polyphenols in both above- and belowground

plant parts, as well as alkaloid concentrations in the roots. In the long term,

the only significant secondary chemistry response to JA was an increased

polyphenol concentration in above ground tissues. The total amount of poly-

phenols produced was the same for JA and control plants, indicating that the

higher concentration was a result of the lower biomass of treated plants. In

contrast, alkaloid concentrations in plants treated with JA for 4 wk did not differ

from controls, but JA-treated plants contained lower total amounts of alkaloids

in above ground tissues, as a result of decreased growth. Fertilizer level and

root cutting size had effects on growth and the production of secondary

compounds and influenced the cost of induction. Plants grown under high
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fertility had a greater reduction in growth in response to JA than plants grown

under low fertility, indicating a greater trade-off between growth and defense

for high fertility plants. Plants from larger root cuttings grew bigger without any

reduction in the concentration of polyphenols and alkaloids. We demonstrated

that the phenotype of S. carolinense was plastic in response to simulated

herbivory, fertility level, and root cutting size, and that there was a significant

growth cost to induction that varied with the environment and appears to be

due in large part to the allocation of limited carbon reserves.

Key WordsVSolanum carolinense, horsenettle, inducible defenses, herbivory,

nitrogen, carbon, nutrients, root reserves, polyphenols, alkaloids.

INTRODUCTION

Herbivore attack is nearly universal for plants; as a result, all plants possess

some form of defense against herbivory (Strong et al., 1984). Despite the clear

benefits of defenses against herbivores, natural selection does not always main-

tain constitutively high levels of defensive traits (Karban and Baldwin, 1997). If

constitutive defense traits have costs that outweigh their benefits in some envi-

ronments, contrasting selection pressures in different environments can promote

selection for plasticity in responses to herbivores (Sultan, 1987; Via et al., 1995;

De Witt et al., 1998; Kliebenstein et al., 2002). In theory, there should be se-

lection for inducible defense traits when herbivore pressure is variable and when

defense traits have a high cost in the absence of herbivores (Givnish, 1986;

Karban and Baldwin, 1997). The ultimate measure of the cost of any trait is an

associated reduction in fitness. For plants, the accumulation of biomass during

growth is often correlated with survival and reproduction and can be used as a

surrogate for fitness. Costs of constitutive or inducible defense production may

arise by many mechanisms, including allocation trade-offs, ecological interac-

tions, and genetic effects such as pleiotropy (Heil and Balwin, 2002). There may

also be a cost of plasticity per se (De Witt et al., 1998; Agrawal et al., 2002;

Relyea, 2002).

Many studies have quantified the cost of resistance manifested as a reduction

in growth or reproduction (see reviews in Bergelson and Purrington, 1996 and

Strauss et al., 2002), but the results are equivocal. In the survey by Bergelson

and Purrington (1996), a cost was detected in only 29% of the cases. Some

studies have demonstrated a cost (e.g., Baldwin, 1998; Redman et al., 2001),

while others have not (e.g., Gianoli and Niemeyer, 1997), and still others found

a cost in some situations but not in others (Agrawal, 1999; Siemens et al., 2002).

It is becoming clear that the costs of a particular defensive phenotype are de-

pendent upon the environment in which they are measured, including the re-

sources available to the plant and the ecological interactions of the community
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(Heil, 2002; Koricheva, 2002; Strauss et al., 2002). Inclusion of ecological costs

and consideration of the conditions under which they are measured has improved

the ability to identify them (Koricheva, 2002; Strauss et al., 2002), yet some

theoretical predictions of when costs should be present lack strong empirical

support. For example, Bergelson and Purrington (1996) suggested that costs of

defense should increase in stressful environments because of resource limita-

tion. This prediction is supported by some studies (Bergelson, 1994; Cipollini

and Bergelson, 2001), but not by others (Karban, 1993; Siemens et al., 2002).

Allocation models, in which plants divide limited resources among growth,

reproduction, and defense, are one of the more widely used theoretical ap-

proaches to studying phenotypic costs (reviewed in Stamp, 2003). How much a

plant allocates to a particular function is assumed to depend on how much of the

resource is available (Bryant et al., 1983; Maschinski and Whitham, 1989;

Herms and Mattson, 1992; Hunter and Schultz, 1995), which in turn depends on

the external environment (e.g., edaphic conditions or light levels) and on the

internal environment (e.g., maternal effects or stored reserves). Correlated ef-

fects can complicate the measurement of allocation to inducible defensive traits;

for example, plant hormones involved in responses to herbivory, such as jas-

monic acid (JA) and abscisic acid, may also have effects on plant growth

(Sembdner and Parthier, 1993; León et al., 2001; Heil and Balwin, 2002).

Although there are models to explain the evolution of inducible defense re-

sponses that do not depend directly on an analysis of costs and benefits (e.g.,

Adler and Karban 1994; Karban et al., 1997; Jokela et al., 2000), we use the

cost/benefit model here because it remains central to the study of inducible

responses to herbivory.

The majority of studies that measure costs of inducible defenses use annual

herbs because of the obvious advantage of being able to more accurately assess

lifetime fitness; however, this has also limited the generality of the results. In

this study, we used the clonal herb Solanum carolinense L. (Solanaceae) to look

for a trade-off between the production of inducible secondary compounds and

growth, and to gain an understanding of how root reserves and soil fertility

influence that trade-off. S. carolinense is a long-lived perennial plant native to

eastern North America, common in old fields and as an agricultural weed.

Our first objective was to determine if the levels of two classes of putative

resistance compounds, polyphenols and alkaloids, were plastic in response to

simulated herbivory in S. carolinense. Polyphenols can be directly toxic, or can

reduce the digestibility of plant tissue, slowing the growth of herbivores and

reducing feeding damage (Herms and Mattson, 1992; Appel, 1993; Karban and

Baldwin, 1997). Polyphenol content in plants is a plastic trait that can increase

with actual or simulated herbivory (Baldwin, 1998; Tscharntke et al., 2001;

Francheschi et al., 2002; Rudell et al., 2002). Alkaloids contribute to plant re-

sistance through toxicity. Work in species closely related to S. carolinense has
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demonstrated that alkaloid levels can increase under actual and simulated herbivory,

and that this can increase a plant’s resistance (Baldwin et al., 1990; Baldwin, 1998;

Baldwin and Hamilton, 2000). However, increased alkaloid content may not

increase resistance to all herbivores, because many insects are specialists that can

tolerate high levels of toxic compounds or use them for their own defense (Mullin

et al., 1997; Bolser and Hay, 1998; Cipollini et al., 2002; Marcel et al., 2002;

Siemens et al., 2002). The evolution of an increased production of alkaloids as a

plastic response to herbivory will depend on the ratio of the levels of damage by

specialist vs. generalist herbivores.

Our second objective was to determine if induction has a fitness cost in the

absence of herbivores. JA is an endogenous plant-signaling molecule, which

increases in plants under herbivore attack. When applied externally, it can stimulate

plant defenses in the absence of herbivores (Zhang and Baldwin, 1997), allowing

defense costs to be measured without the confounding affects of tissue loss. JA has

been used successfully to induce defense responses in other members of the

Solanaceae (Thaler et al., 1996; Baldwin, 1998; Cipollini and Redman, 1999;

Baldwin and Hamilton, 2000; Redman et al., 2001). We used growth as the sole

measure of fitness, because lack of pollinators in the greenhouse prevented seed

production. We believe growth accurately represents fitness in S. carolinense,

because its indeterminate growth form leads to a strong correlation between growth

and flower and fruit production (Cipollini et al., 2002; Cipollini et al., 2004).

Furthermore, vegetative reproduction is often the most important means of

population growth and maintenance for clonal plants, while establishment by seed

is used primarily for dealing with severe disturbance or for long distance dispersal

(Cook, 1985; Erickson, 1993; Bazzaz, 1996; Pan and Price, 2002). Allocation to

root growth in particular is an important component of fitness in clonal plants

(Wijesinghe and Whigham, 1997), especially in weeds such as S. carolinense that

survive tillage by sprouting new plants from severed root pieces (Tisdell, 1961;

Rhode Island Agriculture Experimental Station, 1962).

Finally, we sought to understand how external and internal resource supply

influenced the potential cost of exhibiting the induced phenotype in the absence of

herbivores. We examined the influence of root reserves and soil fertility on patterns of

allocation to growth and to the putative defense compounds polyphenols and

glycoalkaloids. We expected soil fertility to influence allocation to growth vs. defense

because of its influence on the C:N ratio (Bryant et al., 1983). Likewise, root reserves

could influence allocation to growth vs. defense if root reserves are a significant

source of C or N. We determined whether C and/or N limitation was responsible for

the cost of producing inducible defenses in S. carolinense, that is, if there is a

resource-based trade-off. If it is limited by N, then supplying excess N should reduce

or eliminate the trade-off between growth and defense. If the production of an

inducible defense is limited by C, then there should be less of a trade-off between

growth and defense when C is abundant relative to N, such as under low fertility.
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METHODS AND MATERIALS

Plant Material. In May 2001, fleshy roots of S. carolinense were excavated

from an old field in Julian, PA, USA. Roots were collected from 24 locations,

with each at least 2 m apart. Although S. carolinense has been known to produce

lateral roots up to 15 m long (Rhode Island Agriculture Experimental Station,

1962), excavation at the field site did not reveal any longer than 1.5 m (R. Walls,

personal observation), so the 24 plants used should represent a mix of genotypes.

Roots were rinsed with tap water and cut into small, medium, or large seg-

ments. Small root cuttings had a fresh mass of 0.400Y0.500 g, medium cuttings

had a mass of 1.0Y1.199 g, and large root cuttings had a mass of 2.0Y2.199 g. A

mixture of small, medium, and large cuttings was taken from each genotype. To

insure viability, all cuttings were sown in flats in Metro-Mix 250 (Scott’s Cor-

poration, Marysville, IN, USA). Two wk after sowing, all cuttings had sprouted

shoots, except approximately 5% of the small cuttings. Root cuttings with sprouts

were transferred into individual pots, 18 cm diam and 25 cm tall. The growth

medium was Pro-Mix BX (Premier Horticulture Inc., Red Hill, PA, USA), a peat-

based medium with no added nutrients. The pots were placed on a bench in a

greenhouse, supplied with supplemental lighting from 8:00 A.M. to 8:00 P.M.

daily, and watered as necessary with tap water. The placement of pots on the

benches was randomized every 3 d to reduce microclimatic variation.

Experiment 1: Short-term Induction Experiment. A short-term experiment

was conducted to determine if exogenous application of JA would increase the

concentrations of glycoalkaloids (GA) and polyphenolics (PP) in S. carolinense.

Twenty-four plants grown from medium and large root cuttings, as described

above, were raised in the greenhouse for 2 wk after sprouting. They were fer-

tilized weekly with approximately 1 l 18-18-21 Miracle-Gro for Tomatoes

(Stern’s Miracle-Gro, Port Washington, NY, USA), diluted to approximately

300 ppm N. Plants were treated on July 2, 2001 (day 0). One half were sprayed

until saturation with 1 mM JA (JA treatment), and the other half with a solution

of 0.8% ethanol in distilled water (control treatment). JA solution was made by

dissolving 250 mg JA (Sigma, St. Louis, MO, USA) in 10 ml ethanol, then

dissolving the JA/ethanol solution in 1.189 l water. To prevent contamination of

control plants, JA-treated plants were sprayed in the hallway of the greenhouse,

downwind of the airflow through the bays, and allowed to dry before being

returned to the bench.

Three, 6, and 9 d after treatment, four plants from each treatment were

harvested. Each had a main shoot and one to three side shoots. Young leaves were

harvested by cutting the distal portion of each stem containing the terminal bud

and two semiexpanded leaves. Old leaves were harvested by cutting all fully

expanded leaves (except those touching the soil surface) at the petiole. After

leaves were harvested, the stem was clipped at soil level, and the roots were rinsed
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with tap water to remove growth medium. All tissues were placed in envelopes

immediately after harvest, flash-frozen in liquid nitrogen, and maintained at

j20-C until being freeze-dried. After freeze-drying, all tissues were ground in a

UDY Cyclone Mill to prevent heating. The lyophilized powder was stored in

sealed plastic vials at j20-C. Subsamples of young leaf tissue, old leaf tissue, and

root tissue from each plant were analyzed for PP concentration (see below). Be-

cause there was insufficient young leaf tissue, GA concentration was analyzed in

old leaves and roots only (see below). The data were analyzed using the

MANOVA option of general linear model (GLM) in SAS 6.12 (SAS Institute,

Cary, NC, USA), with JA treatment as the independent variable and PP and GA

concentration in the leaves and roots as response variables. Post hoc contrasts

were conducted for the response variables that showed a significant effect due to

JA, with a adjusted by stepwise Bonferroni correction (Rice, 1989).

Experiment 2: Factorial Long-term Induction Experiment. One hundred

and twenty plants were assigned to 12 different treatments. Treatments were

full-factorial combinations of three cutting sizes (small, medium, and large),

two fertility levels (low and high), and two hormone levels (1 mM JA and

control). Different genotypes were assigned randomly to each treatment. High

fertility treatments were watered every 3 d with approximately 1 L 18-18-21

Miracle-Gro for Tomatoes (Stern’s Miracle-Gro, NY USA), diluted to ap-

proximately 300 ppm N. Low fertility plants were watered every 6 d with

approximately 1 l 18-18-21 Miracle-Gro for Tomatoes, diluted to approximately

100 ppm N. Additional tap water was supplied as needed. JA and ethanol

solutions for the hormone treatments were the same as those described for

the short-term induction experiment. Plants were sprayed until saturation with

JA or ethanol solution every 3 d for approximately 4 wk.

After 4 wk, plants were harvested for analysis. Each was cut at soil level

and all aboveground tissues, including stems, leaves, and flowers, were placed

into an envelope, flash-frozen in liquid nitrogen, and maintained at j20-C until

freeze-drying. Roots were rinsed with tap water and handled as aboveground

plant parts. Because the growth medium was peat-based, there was some

contamination of the roots, but the same person rinsed all roots, so the level of

contamination (approximately 2Y4% peat fibers) was consistent for all plants (R.

Walls, personal observation). Plant tissues were freeze-dried, ground and stored

as described above, and weighed to the nearest 0.1 g.

Data were collected on growth parameters and levels of secondary

compounds. Growth was measured as shoot mass, root mass, total plant mass

(all dry masses), and relative growth. Relative growth was calculated as whole

plant mass divided by the cutting size (0.45, 1.1, or 2.1 g). The concentrations

of PP and GA in both roots and aboveground tissues were determined as

described below. Total amount of PP and GA in roots and aboveground tissues

was calculated as the product of concentration � dry mass. Data were analyzed
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with the MANOVA option of the GLM in SAS 6.12, using all of the above

response variables, with cutting size, fertility, and JA, plus first-order interac-

tions, as effects. To control for possible correlations between the concentration

of secondary compounds and plant mass, we conducted an analysis of covari-

ance in the GLM using PP and GA concentrations as response variables, cutting

size, fertility, and spray treatments, plus interactions, as effects, and total plant

mass as a covariate. As no significant effect of total plant mass was found for any

of the variables, PP and GA concentrations were included in the main

MANOVA. Post hoc contrasts were conducted for all response variables that

showed a significant effect as a result of any of the treatments, with a adjusted

by stepwise Bonferroni correction (Rice, 1989).

Polyphenol Analysis. We used purified PP from the plant tissues collected

from each experiment as standards. The use of self standards takes into con-

sideration the variability in PP composition that occurs with different treatments

and harvest dates, and provides a more accurate measurement of PP con-

centration than the use of commercial standards (Appel et al., 2001). Bulk

samples were prepared for use as a standard by mixing together approximately

0.2 g of lyophilized tissue from each plant. Separate standards were prepared

for each tissue type (roots, young leaves, and old leaves for experiment 1, and

roots and aboveground tissues for experiment 2). For experiment 1, separate

standards were prepared for each harvest date. Purified PP for standards was

extracted using the method of Hagerman and Klucher (1986). Five g of tissue

were washed with 75 ml ether � 3 to remove pigments and waxes, then

extracted under sonication once with 50 ml 70% acetone and � 3 with 25 ml

75% acetone. Acetone was removed by evaporation under reduced pressure.

Nonphenolics were removed by thoroughly mixing the extract solution with a

slurry of 50 g Sephadex (Pharmacia, Piscataway, NJ, USA) in 1 l of 95%

ethanol then centrifuging. This process was repeated until the eluant tested

negative for the presence of PP (Appel et al., 2001). PPs were removed from the

Sephadex by mixing with 150 ml of 70% acetone and shaking for 5 min. The

acetone rinse was repeated until the eluant tested negative for the presence of

PP with Prussian blue. Acetone was removed by evaporation under reduced

pressure, and the resulting solution was freeze-dried to yield dried, powdered

tannins for use as standards.

PP concentration of plant tissues was analyzed using the Folin Denis assay

(Swain and Hillis, 1959; Swain and Goldstein, 1964; Appel et al., 2001). PPs

were extracted from 0.01 g freeze-dried tissue with 2 ml of 50% methanol then

rinsed with 2 ml hexane. The concentration of PP in each extraction was cal-

culated by measuring absorbance at 725 nm after reaction with Folin Denis

reagent and converting absorbance to g total polyphenols/g dry tissue.

Glycoalkaloid Analysis. GA concentration in tissue samples was analyzed

with the method of Birner (1969). In this technique, GAs of S. carolinense
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( primarily solasonine and solamargine) are simultaneously extracted and

hydrolyzed to their steroidal base solasodine. An advantage of this technique

is that it uses fairly large quantities of tissue and is sensitive in the analysis of

plant tissues with low alkaloid concentrations. Because GAs in S. carolinense

hydrolyze to the single compound, solasodine, this technique is adequate to

estimate allocation to glycoalkaloids as a group. Freeze-dried tissue (0.2 g) was

first dissolved in 5 ml 1 N HCl, hydrolyzed for 2 hr at 100-C under reflux

conditions, then neutralized with 5 ml 1 N NaOH. Five ml glacial acetic acid

were added, and the hydrolyzed extract was filtered and diluted to 25 ml with

ddH2O. Commercial solasodine (Sigma, MO, USA) was used as a standard.

Duplicate 5-ml aliquots of samples and standards were added to reaction tubes

followed by 5 ml acetate buffer (pH 4.7), 1 ml 5% methyl orange solution, and

5 ml methylene dichloride. The tubes were vortexed, contents allowed to

separate, and the methylene dichloride layer was removed to a spec tube.

Absorbance was read at 420 nm and converted to mg solasodine/g dry tissue.

RESULTS

Experiment 1: Short-term Induction Experiment. The MANOVA showed a

multivariate effect for JA and date of harvest on PP concentration and GA

concentration (JA: F = 10.458, P < 0.001; date: F = 4.676, P < 0.001). Ap-

plication of JA resulted in a significant increase in PP concentration in young

leaves, old leaves, and roots (Tables 1 and 2, Figure 1A). Date of harvest did

not affect PP concentration in leaf tissue, but there was a rapid and significant

decline in PP level in the roots of both JA and control plants over 9 d,

independent of the effect of JA. GA concentration in roots, but not old leaves,

was significantly higher in JA-treated plants than controls during the short-term

TABLE 1. RESULTS OF THE UNIVARIATE ANALYSES OF VARIANCE FOR THE EFFECTS OF

JASMONIC ACID (JA) AND DATE OF HARVEST ON POLYPHENOL (PP) CONCENTRATION

AND GLYCOALKALOID (GA) CONCENTRATION OF S. carolinense FOR THE SHORT-TERM

INDUCTION EXPERIMENT

Source

PP concentration GA concentration

Old leaves Young leaves Roots Old leaves Roots

df F P F P F P F P F P

JA 1 11.46 0.004 22.41 >0.001 6.03 0.026 0.05 0.833 16.17 0.001

Date 2 0.19 0.832 0.82 0.457 26.50 >0.001 2.22 0.141 1.17 0.336

JA*Date 2 0.44 0.651 0.39 0.681 1.80 0.197 3.01 0.078 0.56 0.584
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experiment (Tables 1 and 2; Figure 1B). There was no effect of date on GA

concentration. Both PP and GA were 1 order of magnitude lower in leaves than

in roots.

Experiment 2: Factorial Long-term Induction Experiment. There was a

multivariate effect for JA, cutting size, and fertilizer on growth and secondary

chemistry response variables (MANOVA results for JA: F = 3.251, P < 0.001;

cutting size: F = 25.923, P < 0.001; fertilizer: F = 27.939, P < 0.001).

Experiment 2: JA Effects. Unlike experiment 1, treatment with JA led to

significantly increased PP concentration in aboveground tissues but not in roots

(Tables 3 and 4; Figure 2). Concentration of PP in aboveground tissues after

4 wk was 1 order of magnitude higher than that in young and old leaves in

experiment 1 after 9 d, while the concentration of PP in root tissue after 4 wk

was similar to that in roots after 9 d (Figures 1A and 2B). In contrast to

concentration, JA had no significant effect on the total amount of PP in either

the roots or the aboveground tissues (Table 3, Figure 2). Application of JA had

no significant effect on GA concentration in either the aboveground tissues or

the roots of plants in experiment 2 (Table 3, Figure 3). However, treatment with

JA significantly lowered the total amount of GA in aboveground tissues (Tables 3

and 4, Figure 3C). JA treatment also had an effect on growth of S. carolinense.

Plants treated with JA had lower relative growth, aboveground mass, root mass,

and total plant mass (Tables 3 and 4, Figure 4).

Experiment 2: Fertilizer Effects. The application of fertilizer significantly

increased plant growth (Table 3 and Figure 4). Although belowground mass was

not influenced by fertility level, aboveground mass, total plant mass, and rela-

tive growth all increased under high fertility (Table 4). There was a significant

JA � fertilizer interaction for total mass and relative growth, indicating that

fertilized plants had a growth response to JA treatment and unfertilized plants

did not (Figure 4). Fertilized plants had lower PP concentrations in both above-

ground tissues and the roots, while the amount of PP in the roots was lower for

fertilized plants, but the same in aboveground tissues (Tables 3 and 4, Figure 2).

There were no interactions between fertilizer and cutting size or JA for PP

TABLE 2. LEAST-SQUARE MEANS AND P VALUES OF CONTRASTS BETWEEN JASMONIC

ACID (JA) AND CONTROL TREATMENTS, FOR RESPONSE VARIABLES THAT SHOWED

A SIGNIFICANT EFFECT OF JA IN THE ANOVAS OF TABLE 1

Response variable JA Control P

PP old leaves (mg/mg) 0.034 0.029 0.004

PP young leaves (mg/mg) 0.045 0.035 <0.001

PP roots (mg/mg) 0.183 0.150 0.026

GA roots (mg/g) 4.915 3.548 0.001

PP = polyphenols, GA = glycoalkaloids.
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FIG. 1. (A) Concentration of total polyphenols in young leaves, old leaves, and roots of

S. carolinense 3, 6, and 9 d after treatment with jasmonic acid or control solution,

measured by reaction with the Folin Denis reagent. (B) Concentration of total

glycoalkaloids in young and old leaves of S. carolinense 3, 6, and 9 d after treatment

with jasmonic acid or control solution, measured as the steroidal base solasodine. Bars

represent the mean of four plants T SE.
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TABLE 3. RESULTS OF THE UNIVARIATE ANALYSES OF VARIANCE FOR THE EFFECTS OF

JASMONIC ACID, FERTILIZER, CUTTING SIZE AND FIRST-ORDER INTERACTIONS ON

GROWTH AND SECONDARY CHEMISTRY RESPONSE VARIABLES IN S. carolinense

df F P

Aboveground dry mass

JA 1 9.18 0.003

Cutting size 2 13.49 <0.001

Fertilizer 1 87.85 <0.001

JA*Cutting size 2 2.16 0.122

JA*Fertilizer 1 2.97 0.089

Cutting size*Fertilizer 2 2.90 0.060

Root dry mass

JA 1 7.58 0.007

Cutting size 2 25.26 <0.001

Fertilizer 1 1.04 0.311

JA*Cutting size 2 1.12 0.330

JA*Fertilizer 1 3.13 0.081

Cutting size*Fertilizer 2 0.83 0.438

Total dry mass

JA 1 10.07 0.002

Cutting size 2 18.00 <0.001

Fertilizer 1 64.90 <0.001

JA*Cutting size 2 2.05 0.135

JA*Fertilizer 1 3.43 0.068

Cutting size*Fertilizer 2 2.60 0.079

Relative growth

JA 1 8.85 0.004

Cutting size 2 67.66 <0.001

Fertilizer 1 34.87 <0.001

JA*Cutting size 2 4.01 0.022

JA*Fertilizer 1 5.37 0.023

Cutting size*Fertilizer 2 1.73 0.184

Aboveground PP concentration

JA 1 13.21 <0.001

Cutting size 2 2.86 0.063

Fertilizer 1 126.51 <0.001

JA*Cutting size 2 0.82 0.443

JA*Fertilizer 1 0.09 0.764

Cutting size*Fertilizer 2 2.80 0.066

Root PP concentration

JA 1 2.47 0.120

Cutting size 2 10.14 <0.001

Fertilizer 1 39.35 <0.001

JA*Cutting size 2 0.83 0.438

JA*Fertilizer 1 0.00 0.994

Cutting size*Fertilizer 2 0.37 0.691

Aboveground PP amount

JA 1 0.29 0.593
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Cutting size 2 15.4 <0.001

Fertilizer 1 0.01 0.926

JA*Cutting size 2 0.45 0.639

JA*Fertilizer 1 0.10 0.749

Cutting size*Fertilizer 2 0.93 0.397

Root PP amount

JA 1 1.33 0.253

Cutting size 2 24.95 <0.001

Fertilizer 1 5.69 0.019

JA*Cutting size 2 0.22 0.804

JA*Fertilizer 1 0.87 0.352

Cutting size*Fertilizer 2 0.65 0.523

Aboveground GA concentration

JA 1 1.81 0.182

Cutting size 2 3.25 0.044

Fertilizer 1 2.52 0.116

JA*Cutting size 2 4.11 0.020

JA*Fertilizer 1 2.72 0.103

Cutting size*Fertilizer 2 0.07 0.928

Root GA concentration

JA 1 1.24 0.270

Cutting size 2 8.69 <0.001

Fertilizer 1 44.56 <0.001

JA*Cutting size 2 0.26 0.775

JA*Fertilizer 1 0.03 0.855

Cutting size*Fertilizer 2 1.38 0.257

Aboveground GA amount

JA 1 10.41 0.002

Cutting size 2 1.14 0.324

Fertilizer 1 67.93 <0.001

JA*Cutting size 2 4.45 0.015

JA*Fertilizer 1 9.20 0.003

Cutting size*Fertilizer 2 0.35 0.703

Root GA amount

JA 1 0.33 0.569

Cutting size 2 17.10 <0.001

Fertilizer 1 16.92 <0.001

JA*Cutting size 2 0.39 0.680

JA*Fertilizer 1 0.13 0.721

Cutting size*Fertilizer 2 1.80 0.172

PP = polyphenols, GA = glycoalkaloids, JA = jasmonic acid.

TABLE 3. CONTINUED

df F P
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TABLE 4. LEAST SQUARE MEANS FOR RESPONSE VARIABLES THAT SHOWED A

SIGNIFICANT TREATMENT AFFECT IN THE ANOVAS IN TABLE 3a

Response variable

JA treatments Significance levelb

JA Control JA vs. Control

AG dry mass (g) 13.21 a 16.03 b *

Root dry mass (g) 3.59 a 4.31 b *

Total dry mass (g) 16.81 a 20.35 b **

Relative growth (g/g) 17.72 a 22.13 b *

AG PP concentration (mg/mg) 0.175 a 0.146 b **

AG GA amount (mg) 7.65 a 10.27 b **

Fertilizer treatments

High vs. LowHigh Low

AG dry mass (g) 19.00 a 10.25 b **

Total dry mass (g) 23.09 a 14.07 b **

Relative growth (g/g) 24.32 a 15.53 b **

AG PP concentration (mg/mg) 0.115 a 0.206 b **

Root PP concentration (mg/mg) 0.120 a 0.157 b **

Root PP amount (g) 0.501 a 0.611 b *

Root GA concentration (mg/g) 3.27 a 5.72 b **

AG GA amount (mg) 12.32 a 5.60 b **

Root GA amount (mg) 13.67 a 22.80 b **

Cutting size

S vs. M/S vs. L/M vs. LSmall Medium Large

AG dry mass (g) 11.57 a 14.76 b 17.55 c **/**/*

Root dry mass (g) 2.75 a 4.06 b 5.06 c **/**/**

Total dry mass (g) 14.32 a 18.81 b 22.60 c **/**/*

Relative growth (g/g) 31.82 a 17.22 b 10.73 c **/**/**

Root PP concentration (mg/mg) 0.120 a 0.148 b 0.149 b **/**/ns

AG PP amount (g) 1.58 a 2.12 b 2.64 c */**/*

Root PP amount (g) 0.337 a 0.594 b 0.737 c **/**/*

AG GA concentration (mg/g) 0.686 a 0.618 a,b 0.529 b ns/*/ns

Root GA concentration (mg/g) 3.42 a 4.82 b 5.24 b **/**/ns

Root GA amount (mg) 9.77 a 19.17 b 25.76 c **/**/**

aDifferent letters within one row indicates that the means are significantly different from one
another.

b There were a total of 45 unplanned contrasts. Four of the contrasts were nonsignificant (ns). Of the
remaining 41 contrasts, all but 10 were significant at an experiment-wide error rate of a = 0.05
adjusted by stepwise Bonferroni correction (**), and the remaining 10 contrasts were significant at
an experiment-wide error rate of a = 0.08 (*).
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concentration or amount (Table 3). Fertilizer influenced GA concentration in the

roots, but not in aboveground tissues, with fertilized plants having significantly

lower GA concentrations in the roots (Tables 3 and 4, Figure 3B). Fertilizer

affected the total amount of GA in both the roots and the shoots, with fertilized

plants having higher amounts of GA in aboveground tissues, but lower amounts

of GA in the roots (Tables 3 and 4, Figure 3C and D). There were no

interactions between fertilizer and cutting size or JA for GA concentration, but

there was a significant JA � fertilizer interaction for the amount of GA in

aboveground tissues, with high fertility plants responding to JA while low

fertility plants did not (Table 3, Figure 3C).

FIG. 2. Mean levels of total polyphenols (PP) T standard error in above ground and below

ground plant tissues of S. carolinense, measured by reaction with the Folin Denis reagent.
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Experiment 2: Root Reserve Effects. Cutting size had a significant effect on

the growth of S. carolinense in experiment 2 (Table 3, Figure 4). Plants from

larger cuttings had greater root and aboveground mass, whereas plants from

smaller cuttings had higher relative growth (Table 4). There was no significant

JA � cutting size interaction for plant mass, but there was an interaction be-

tween JA and cutting size for relative growth. Plants from small and large

cuttings had more of a reduction in relative growth when sprayed with JA than

did plants from medium cuttings, a response due primarily to low fertility plants

(Figure 4). Plants from larger cuttings had higher concentrations of PP in the

roots but not in aboveground tissues, while the amount of PP in plants from

larger cuttings was higher in both the roots and aboveground tissues (Tables 3

and 4, Figure 2). There were no interactions between cutting size and JA or

FIG. 3. Mean levels of total glycoalkaloids (GA) T standard error in above- and

belowground plant tissues of S. carolinense, measured as the steroidal base solasodine.

2277FERTILITY, ROOT RESERVES AND THE COST OF INDUCIBLE DEFENSES



fertilizer for PP concentration or PP amount. Cutting size had a significant

effect on GA concentration and amount (Table 3). GA concentration in the roots

increased with cutting size. Although the ANOVA indicated an effect of cutting

size on GA concentration in aboveground tissues (P = 0.044), the decrease in

GA concentration in aboveground tissues between plants from small vs. large

cuttings was only marginally significant (Table 4). GA amount increased with

cutting size in the roots but not the aboveground tissues (Table 4). There was a

significant interaction between JA and cutting size for both the concentration

and amount of GA in the shoots (Table 3), showing that plants from smaller

cuttings responded more to JA than plants from medium and large cuttings. This

response was a decrease in GA concentration and amount under JA treatment

for small plants (Figure 3).

FIG. 4. Mean growth responses of S. carolinense T standard error.
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DISCUSSION

Induction of Secondary Compounds. The first goal of this study was to

determine if the levels of PP and GA would increase in response to the appli-

cation of JA. We found a clear pattern of induction for PP concentration in the

above ground tissues of S. carolinense, in both experiments 1 and 2 (dark vs.

light stippled or solid bars in Figures 1A and 2A). PP concentration in above

ground tissues after 4 wk in experiment 2 was approximately 5 times higher than

PP concentration in leaves after 9 d in experiment 1. This difference in PP con-

centration between experiments may be attributable to the use of different tissues:

leaves in experiment 1 vs. all aboveground tissue in experiment 2. However, it is

unlikely that stems would have a much higher PP concentration than leaves.

Alternatively, the increase may have resulted from an accumulation of PP in

S. carolinense during the growing season that was not detectable during the 9-d

time course of experiment 1. It could also be the result of the JA doses applied

in each experiment. Plants in experiment 1 received only one JA application,

whereas those in experiment 2 were sprayed every 3 d for 4 wk. Similar in-

creases in the level of response variables with increasing jasmonate application

have been shown in other studies (Thaler et al., 1996; Redman et al., 2001).

Unlike in shoots, application of JA increased PP concentration in roots

only during the short-term experiment. At the end experiment 2, there was no

significant difference in PP levels in the roots between JA and control plants,

measured as either concentration or amount. However, PP levels in roots did

change over the course of the growing season, independent of JA treatment.

PP levels in roots declined during the 9 d of experiment 1 (Figure 1A), and

the levels after 4 wk were similarly low in experiment 2 (Figure 2B). During

experiment 1, PP concentrations in roots were almost 10 times higher than in

leaves (õ10Y25% in roots vs. õ2.9Y4.5% in shoots), whereas in experiment 2,

the concentrations were similar in roots and aboveground tissues (õ10Y25%).

The differences may relate to the functional role of PP in different tissues at

different times, as well as how and when PPs are manufactured and stored by

the plant. During the growing season, PPs are manufactured in the leaves,

where they contribute to herbivore resistance. In the earliest part of the

growing season, much of the carbon acquired by plants is shunted into growth.

Later, as growth slows down, more carbon becomes available for secondary

compounds, so levels of PP can be expected to increase. If the roots act as

overwinter storage organs for PP, then levels in roots should be high early in the

season (i.e., at day 3 in experiment 1) and decline as reserves are transferred to

growing shoots (i.e., at day 9 in experiment 1 or at the end of experiment 2).

High PP levels in the roots over winter and in the spring, and the plastic levels of

PP in roots in the earliest part of the growing season may serve to protect roots at

a time when there is little photosynthetic activity to replace lost root tissue, and
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when belowground herbivores and pathogens may be more active because of

higher soil moisture.

Induction of GA in response to JA was less consistent than induction of PP.

The only significant effect of JA on GA concentration was in the roots of plants

during the short-term experiment. Although average GA concentrations were

roughly the same in experiments 1 and 2, there was more variability in

experiment 2 (õ3Y5.5 mg/g in experiment 1 vs. õ2.5Y7 mg /g in 2). The greater

environmental variability of the factorial experiment may have masked the

effects of JA that were detectable in the less complex short-term experiment.

The lack of induction in experiment 2 may also have been a result of pot-bound

plants. Baldwin (1988) demonstrated that pot-bound tobacco plants were not

inducible for alkaloid production. Alternatively, like PP levels, GA levels in

roots may respond to JA only early in the growing season. This temporal change

in inducibility could arise if belowground herbivore pressure is more variable in

the spring than summer, or if the production of GA and PP is more costly in the

spring than summer (because, for example, plants need resources for rapid

growth during the spring).

GA concentrations in aboveground tissues were low and did not respond

significantly to JA treatment in either experiment. Although previous studies in

the Solanaceae have demonstrated induction of alkaloids, most have concerned

plants such as Nicotiana that produce tropane alkaloids (e.g., Baldwin 1988),

which differ from the steroidal glycoalkaloids produced by Solanum in struc-

ture, activity, and the sites of biosynthesis. Furthermore, Cipollini et al. (2001)

have shown that S. carolinense has relatively low levels of GA compared to

congeners. Increasing concentration of GA in response to herbivory may be of

little value against the primarily specialist herbivores of S. carolinense

(Solomon, 1983; Wise and Sacchi, 1996), because studies have shown that spe-

cialists are unlikely to be negatively affected by increased alkaloids levels (Mullin

et al., 1997; Bolser and Hay, 1998; Marcel et al., 2002). In experiment 2, the total

amount of GA in the aboveground tissues of JA-treated plants was lower,

especially for the smallest plants. (Table 4, dark vs. light bars in Figure 3C), but

this was primarily due to the greatly reduced growth of high fertility plants in

to response JA, especially for plants from small root cuttings (Figure 4).

The Cost of Induction. The second goal was to determine if there was a

cost of possessing the putatively defensive phenotype (with higher JA levels) in

the absence of herbivores. The factorial greenhouse experiment demonstrated a

growth cost. Plants treated with JA had lower relative growth, lower root mass,

and lower aboveground mass than controls. Stimulation of inducible defenses

by JA can lead to reduced growth either through a direct trade-off of the

resources allocated to defense or through inhibition of growth, irrespective of

the allocated resources (Sembdner and Parthier, 1993; León et al., 2001). In a

study of plant growth in response to JA and herbivory, Moore et al. (2003a,b)
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found that both treatments caused similar decreases in expansion rates of

subsequent leaves, suggesting that growth reduction is a feature characteristic of

plant response to herbivory and not simply an artifact of JA. Although JA

treatment increased the concentration of PP in aboveground tissues, it had no

effect on the total amount of PP per plant (dark bars are higher than light bars in

Figure 2A but not different in Figure 2C, Table 3). PP concentration did not

covary with mass, but since concentrations are a function of the amount of

chemical produced and plant biomass, changes in concentrations may be a result

of either changes in production of the secondary compound or changes in

biomass (Koricheva, 1999). Because we found an increased concentration of

PP under JA treatment, a decrease in the aboveground mass, and no dif-

ference in the total amount of PP produced by JA-treated plants, it appears

that S. carolinense did not necessarily allocate more resources to defense per

plant, but instead allocated fewer resources to growth and more resources to

defense per gram of plant. This allocation pattern does not conclusively dis-

tinguish between direct inhibition of growth and a trade-off between growth

and defense, but much of the cost of induction appears to be associated with

a trade-off in the allocation of limited carbon at the whole plant level (see

below). Regardless of the mechanisms by which JA treatment reduced growth,

turning on the defense response in S. carolinense in the absence of herbivores

had an associated cost. This is consistent with the theory of the evolution of

inducible defenses, and with theories of the evolution of plastic traits in general

(Karban and Baldwin, 1997; De Witt et al., 1998).

The Trade-off Between Growth and Secondary Compounds. We found a

clear pattern of reduced growth for plants treated with JA, which we interpret as

a cost of induction. However, the cost was not independent of the environment.

By examining how resource levels influenced the relative allocation to growth

or defense, we were able to address our third goal of determining whether or not

this cost was associated with carbon or nitrogen limitation. We hypothesized

that if nitrogen limitation were largely responsible for the cost of induction, then

under low nitrogen conditions there should be a trade-off between growth and

defense, while under high nitrogen conditions there should be no (or less of a)

trade-off. If carbon limitation were largely responsible, then under low carbon

conditions (high fertility) there should be a trade-off between growth and

defense, whereas under high carbon conditions (low fertility) there should be

less of a trade-off or no trade-off. For this analysis, we focus on PP concen-

tration as our measure of defense response, because PP concentration responded

more consistently to JA than did GA concentration.

The pattern we found was consistent with carbon limitation and in-

consistent with nitrogen limitation. Induction occurred in both low- and high

nutrient environments, as is clearly seen by separately comparing the PP con-

centration in either roots or aboveground tissues for JA vs. control plants under
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high and low fertility (compare dark vs. light solid bars or dark vs. light stip-

pled bars in Figure 2A and B). This is supported by the lack of a significant

JA � fertilizer interaction for PP concentration (P = 0.76 for aboveground

tissues, P = 0.99 for roots). When comparing plants treated with JA to controls,

high fertility (putatively high N and low C) plants had increased PP con-

centration but decreased growth (compare dark vs. light stippled bars in

Figures 2A and 4D). Low fertility plants (putatively low N and high C) had

increased PP concentration and the same growth when treated with JA or con-

trol solution (compare dark vs. light solid bars in Figures 2A and 4D). While JA

treatment led to a strong reduction in growth for plants in the high nutrient

environment, it did not affect growth in the low nutrient environment (Figure 4D).

This result is supported by a significant JA � fertilizer interaction for relative

growth (P = 0.02) and a marginally significant JA � fertilizer interaction for

total plant mass (P = 0.07), and suggests that there was a trade-off between

growth and defense under low C/N conditions and no trade-off under high C/N

conditions.

The Effects of Fertilizer on Growth and Secondary Compounds. Independent

of induction or cutting size, fertilizer had significant effects on growth and the

production of secondary compounds. Fertilized plants were larger aboveground

and had higher relative growth, as well as lower PP concentrations in both the

roots and the aboveground tissue. Increased growth is a typical and expected

reaction to fertilizer application. Lower PP concentration under high fertility

is consistent with a number of plant defense models (e.g., Grime, 1979; Bryant

et al., 1983; Coley et al., 1985; Herms and Mattson, 1992) proposing that when

plants have access to unlimited nutrients, they are able to grow quickly and need

not be so well defended against herbivores. Our results appear to contradict a

recent study by Cipollini et al. (2002, 2004), who found an increase in PP

concentration under high fertility for S. carolinense. Cipollini et al. (2002, 2004)

analyzed PP concentration in leaf tissue only, whereas we analyzed it in the entire

aboveground biomass. If fertilization changes the ratio of support tissue to leaf

tissue, and if support tissue has substantially lower levels of extractable PP than

leaf tissue, then increasing the proportion of support tissue under high fertility

could lower the whole plant concentration of PP while maintaining high levels

of PP in the leaves. This allocation pattern could help to offset a C-based trade-

off between growth and defense under high N.

In experiment 2, high and low fertility plants had the same concentrations

of GA in their aboveground tissues, consistent with the results of Cipollini et al.

(2002). High fertility plants had higher total amounts of GA in their

aboveground tissues, but this was due to the higher mass of fertilized plants.

Similar to PP, fertilization led to lower concentrations of GA in the roots.

Although other studies with plants in the Solanaceae have demonstrated an

increase in alkaloid concentration under high fertility (e.g., Al-Humaid, 2003;
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Armer et al., 2004), or an increased trade-off between reproduction and alkaloid

production under low fertility (Baldwin et al., 1998), this study indicates that

the production of GA in S. carolinense is limited more by C than by N. GAs are

large molecules compared to most alkaloids, with a high C/N ratio, increasing

the likelihood that C availability would limit their production. The much higher

concentration of GA in the roots than in the aboveground tissues, and its

plasticity in roots early in the short-term experiment (Figures 1 and 3) suggest

that GAs play a more important role in defense belowground than in

aboveground vegetative tissues. We were not able to measure GA levels or

induction in fruits, but GAs are known to protect the fruits of S. carolinense

from frugivores and fungal pathogens (Cipollini and Levey, 1997), and S.

carolinense seems to maintain fairly constant GA concentration in its fruits

(Cipollini et al., 2004).

The Effects of Root Cutting Size on Growth and Secondary Com-

pounds. Like fertility, the size of the root cutting from which plants were

grown had effects on growth and the production of secondary compounds.

Although plants grown from smaller cuttings had higher (but more variable)

relative growth (Figure 4D), plants from larger cuttings were larger after 4 wk

(Figure 4C). In contrast to the fertility treatment, where larger plants had a

decrease in the concentration of defense chemicals, plants from larger cuttings

had higher concentrations of PP and GA in their roots and the same PP con-

centrations in the aboveground tissues (Table 4). Because of their larger size,

plants from larger cuttings also had higher total amounts of PP in both their

roots and their shoots and GA in their roots (Figures 3CYD and 4CYD). The

contrasts between the effects of fertilizer and cutting size probably arise from

their different effects on growth: high fertility leads to larger plants with higher

relative growth, whereas larger cutting size leads to larger plants with lower

relative growth. Lower relative growth appears to allow plants to accumulate

higher concentrations of secondary compounds. This pattern was less clear for

alkaloids in the aboveground tissues. Plants from larger cuttings had lower

concentrations of GA in their aboveground tissues than plants from smaller

cuttings, but the significance was marginal. Plants from larger cuttings still had

greater total amounts of GA because of their greater shoot mass (Table 4).

Based on these results, larger roots in the beginning of the growing season

could provide protection from herbivores in two ways: plants from larger

cuttings have greater vegetative growth and have higher or equal production of

putative defense chemicals. If the effects we observed in the greenhouse hold

true for in the field, this advantage will be passed on and possibly magnified in

the following season, as plants that started from larger roots one year will begin

the following year with even larger roots. This prediction is based on the

assumption that root mass in the middle of the growing season, which we

measured, is directly related to the mass of the roots that survive the winter.

2283FERTILITY, ROOT RESERVES AND THE COST OF INDUCIBLE DEFENSES



We analyzed our data to determine if larger root cuttings offset the trade-

off between growth and secondary compound production in S. carolinense. The

only significant interactions between JA and cutting size were for alkaloid

concentration in the shoots and relative growth (Table 3). The JA � cutting size

interaction for relative growth was uninformative. The interaction showed that

plants from small and large cuttings had more of a reduction in growth when

sprayed with JA than plants from medium cuttings, which does not lead to any

conclusions regarding any allocation trade-off. Plants from smaller cuttings

responded more to JA than plants from larger cuttings in aboveground GA

concentration. However, as the overall results suggest that shoot alkaloid

concentration does not respond to JA treatment, this result has little meaning.

Overall, cutting size did not have an affect on the response to JA, so that plants

from different size cuttings had the same proportional reduction in growth and

the same proportional increase in PP level when treated with JA. Nonetheless,

our data support the hypothesis that cutting size will affect the trade-off between

growth and defense because of the positive effects of cutting size on both plant

mass and levels of secondary compounds (Figures 2 and 4). Although the

response was not qualitatively different than that of plants from small cuttings,

plants from larger cuttings were better equipped to deal with herbivory, because

they were bigger, had higher levels of PP, and had no reduction in GA levels.

Conclusions. In summary, the concentration of PP is an inducible trait in S.

carolinense that responds not only to simulated herbivory, but also to

exogenous and endogenous environmental conditions. However, the total

amount of PP a plant produces is less variable. For example, plants have lower

PP concentrations in aboveground tissues when fertilized and higher PP

concentrations in aboveground tissues when treated with JA, but have the same

total amount of PP under either treatment. Rather than change the total amount

of resources allocated to PP production, S. carolinense plants appear to adjust

allocation to growth in response to external environmental changes. This

suggests a trade-off between PP production and growth in response to both JA

and fertilizer. Larger root reserves, on the other hand, allowed plants to grow

larger without reducing PP concentrations or amounts. Total GA production

appears to be less plastic in response to JA, but does vary in response to

resource supply (fertilizer and cutting size).

The application of JA resulted in reduced growth, demonstrating a cost of

carrying the induced phenotype. This cost depended on the edaphic environ-

ment. In a low nutrient environment, there was no reduction in growth for

treated plants, so induction with JA was not costly. In a high nutrient envi-

ronment, induction carried a large cost in terms of growth. Based on this

analysis, it appears that much of the cost was associated with PP production.

However, other unmeasured defense responses, such as enzymes and trichomes,

could also represent significant material investments for induced plants. Three
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lines of evidence suggest that the cost of induction of a putatively defensive

phenotype is due at least in part to carbon limitation and a resource trade-off.

First, fertilized plants, which presumably had lower C/N ratios, had lower

concentrations of PP and equal or lower concentrations of GA, suggesting that C

was more limiting than N to PP and GA production. Second, there was a trade-off

between induced defenses and growth, for which fertilizer (excess nitrogen) did

not compensate. Although fertilized, induced plants were able to grow more than

unfertilized, induced plants, they had lower concentrations of defense chemicals.

Finally, large root reserves, which are likely a significant source of carbon,

allowed plants to reduce the trade-off between growth and inducible defenses.
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