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Abstract
Plants’ defenses against herbivores usually include both resistance and tolerance
mechanisms. Their deployment has predominantly been studied in either single-plant
genotypes or multiple genotypes exposed to single herbivores. In natural situations,
however, most plants are attacked by multiple herbivores. Therefore, aims of this
study were to assess and compare the effects of single and multiple herbivores on
plant resistance and tolerance traits, and the consequences for overall plant performance. For this, we exposed multiple genotypes of wild woodland strawberry
(Fragaria vesca) to jasmonic acid (JA), to mimic chewing herbivory and induce the
plants’ defense responses, and then introduced the generalist herbivore Spodoptera
littoralis to feed on them. We found that woodland strawberry consistently showed
resistance to S. littoralis herbivory, with no significant genetic variation between the
genotypes. By contrast, the studied genotypes showed high variation in tolerance,
suggesting evolutionary potential in this trait. Prior JA application did not alter these
patterns, although it induced an even higher level of resistance in all tested genotypes. The study provides novel information that may be useful for breeders seeking
to exploit tolerance and resistance mechanisms to improve strawberry crops’ viability and yields, particularly when multiple herbivores pose significant threats.
KEYWORDS
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1 | I NTRO D U C TI O N

provide very similar fitness benefits (Fineblum & Rausher, 1995;
van der Meijden et al., 1988). However, individual plants tend to

Plants’ defenses against herbivores can be generally classified as

allocate resources to both types of defenses, thereby usually ob-

resistance or tolerance. Resistance refers to plants’ ability to avoid

taining higher fitness benefits than by allocating the resources to

or reduce damage caused by enemies (Karban & Baldwin, 1997),

either resistance or tolerance alone (Carmona & Fornoni, 2013;

while tolerance refers to their capacity to regrow and reproduce

Nunez-Farfan et al., 2007), indicating that they have complementary

following such damage (Strauss & Agrawal, 1999). Resistance and

effects (Fornoni et al., 2004). The simultaneous expression of both

tolerance are sometimes considered interchangeable, as they may

resistance and tolerance traits may be a consequence of fluctuating
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selection pressures, due to variations in amounts and types of dam-

In the study presented here, we exposed multiple woodland

age (Nunez-Farfan et al., 2007) and/or the genetic variation in plant

strawberry (Fragaria vesca L.) genotypes to larvae of the polypha-

defense responses to such damage (Muola et al., 2010). Thus, it is

gous moth Spodoptera littoralis to detect the genetic variation in

essential to examine both types of defense mechanisms under dif-

plant resistance to, and tolerance of, a generalist chewing herbivore,

ferent damage scenarios, for example, attacks by single and multiple

and to examine whether these defenses and the potential genetic

herbivores, and in various plant genotypes to elucidate the variation

variation in them is modified by prior application of JA. We posed

in plant defenses induced by herbivores.

three specific hypotheses: first, that the resistance and tolerance of

Plants typically face tremendous variation in damage due to the

F. vesca to S. littoralis would vary among the plant genotypes; sec-

spatiotemporal variation in the occurrence of herbivores (Tomas

ond, that the resistance and tolerance responses to S. littoralis would

et al., 2011). Moreover, different plant genotypes can vary in both

be modified (genotype-dependently) by prior application of JA; and

tolerance of and resistance to these herbivores, providing oppor-

third, that the plants’ performance would be promoted by prior ap-

tunities to assess and compare contributions of the two strategies

plication of JA, either through direct developmental or physiological

to overall defense trait evolution (Agrawal, 2004; Kant et al., 2008;

effects, or indirectly through inducing enhanced resistance to, and

Muola et al., 2010; Stevens et al., 2007). In addition, the relative im-

tolerance of, S. littoralis.

portance and roles of resistance and tolerance may differ depending on whether plants are attacked by single or multiple herbivores,
as reviewed by Stam et al. (2014). For example, resistance or tolerance may be enhanced or reduced by a previous herbivore, thereby
affecting a plant's phenotype, physiology, and induction of its de-

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study system

fenses by subsequent herbivores (Omer et al., 2001; Zhu-Salzman
et al., 2008). Such complex induction by multiple herbivores on the

Woodland strawberry, F. vesca, is a herbaceous perennial species

overall expression of plant defense can eventually result in diffuse

that is widely distributed in the northern Hemisphere (Hilmarsson

plant performance or fitness as compared to an induction resulting

et al., 2017). It is a wild relative of cultivated garden strawberry

from one herbivore (Ter Horst et al., 2015; Walsh, 2013). Thus, plant

(Fragaria × ananassa Duch.) that has been used as a model system in

resistance or tolerance responses to single and multiple herbivores

many studies concerning pest management or evolutionary conse-

have been assessed and compared in a few studies, but in most

quences of domestication (e.g., Badmi et al., 2019; Egan et al., 2018;

cases, they have been examined in a single genotype (e.g., Dicke

Muola et al., 2017; Osorio et al., 2008).

et al., 2009; Rodriguez-Saona et al., 2005; Stam et al., 2014). Few

The cotton leafworm, S. littoralis (Lepidoptera: Noctuidae), is a

studies have been designed to investigate plants’ defense strategies

polyphagous moth originating from Africa that is known to induce

more comprehensively, by comparing the effects of single and multi-

and respond to plant resistance (Anderson et al., 2001, 2011). It

ple herbivores on the expression of resistance and tolerance traits of

has a broad range of host plants and is known to attack more than

multiple plant genotypes (but see Mitchell et al., 2016).

130 plant species from 56 families, including important crops such

The expression of plant resistance- and tolerance-related traits

as cotton and tomato (Pogue, 2002). Spodoptera spp. have been

is regulated by several key signaling pathways involving phytohor-

recorded as strawberry pests worldwide, including Europe (El-

mones, including jasmonic acid (JA) (Glazebrook, 2005), salicylic acid

Sheikh, 2015), America (Montezano et al., 2018), and Asia (Yang

(Zarate et al., 2007), and ethylene (Stotz et al., 2000). Among these

et al., 2016). Although S. littoralis has not yet been found in Sweden,

phytohormones, JA particularly has long recognized roles in inducing

this species is a range-expanding pest in Europe that is character-

plant defenses against chewing herbivores, for example, by trigger-

ized by extreme polyphagy and strong adaptive ability during host

ing enhanced production of plant secondary metabolites that deter

plant selection (Proffit et al., 2015). The purpose of this study was

or reduce further herbivore feeding (Thaler et al., 1996). Exogenous

to examine the genetic variation in plant defense responses to gen-

applications of JA have been shown to induce resistance to insect

eralist chewing herbivores, represented by S. littoralis. For this pur-

herbivores in a wide range of plant species (e.g., Omer et al., 2000;

pose, S. littoralis eggs were hatched and the larvae were reared on an

Délano-Frier et al., 2004; Zhu & Tian, 2012). For example, in tomato

artificial diet (Hinks & Byers, 1976), in a growth chamber providing

it can induce increases in levels of proteinase inhibitors and poly-

16:8-hr light: dark cycles, at 25°C and 70% RH, until the 3rd instar

phenol oxidase, resulting in reductions in performance of many pest

before introduction to the experimental plants. The site of these,

insects in the field (Thaler et al., 1996). JA also has regulatory effects

and all the procedures described below, was the Swedish University

on plant development and physiology (Creelman & Mullet, 1995;

of Agriculture's campus at Alnarp.

Santino et al., 2013), which may directly alter the expression of either tolerance or resistance traits, or change the inducibility of plant
defenses by later herbivore attacks. Hence, JA may influence plants’

2.2 | Experimental design

productivity and reproduction (Avanci et al., 2010; Délano-Frier
et al., 2004), particularly when plants are subjected to subsequent

To assess genetic variation in woodland strawberry's resistance

herbivore feeding.

to, and tolerance of, feeding damage by the generalist herbivore
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S. littoralis, and possible modulation of its responses by prior applica-

by S. littoralis feeding. The consumed area was visually estimated and

tion of JA, we subjected 16 genotypes of the species (described by

averaged as the overall damage proportion per plant. The estimation

Weber et al., 2020) to four treatments (see below). The genotypes

was also used to assess the plant genotypes’ tolerance of S. littoralis

were selected from our archive of clones collected from various

damage given the relatively high variation in such damage among

sites in Uppland, Sweden, in 2012 (Weber et al., 2020). Plant mate-

genotypes (3.1%–12.5% and 2.6%–7.0% under –JA and +JA treat-

rial for the experiment was propagated from runners collected from

ment, respectively). The inverse of the proportion of damaged leaf

the clone archive that were maintained in a greenhouse providing

area of a plant was used as a proxy for its resistance to S. littoralis.

16-hr light: 8-hr dark, 20:16°C cycles. On 5 May, 2018, at least 28

To assess the plants’ tolerance of the S. littoralis damage, they were

replicates per genotype were cloned for this experiment. Runners

allowed to grow in the same greenhouse for four additional weeks.

were planted in pots (7 × 7×7 cm) with 0.3 L Hasselfors™ potting

After that, each plant's leaves were counted again to measure its re-

medium (Hasselfors Garden, Örebro, Sweden). Twelve weeks later,

growth (increase in leaf number) during a four-week recovery period.

the young plants were assigned to one of four treatments following

The regrowth after damage was used as an estimate of plant toler-

a full-factorial design, described below and designated: (a) control,

ance of S. littoralis. Then, all shoot tissues were cut at each plant's

(b) JA, (c) S. littoralis, and (d) JA + S. littoralis. Seven replicates of each

base, at soil surface level, and the harvested shoots were immedi-

genotype were subjected to each treatment, resulting in a total of

ately oven-dried at 70°C for 4 days, and weighed to determine its

448 (4 × 16×7) pots. The pots were placed in a greenhouse (pro-

aboveground biomass.

viding 16-hr light: 8-hr dark, 20:16°C cycles) in a randomized block
design to minimize confounding effects of potential environmental
gradients (e.g., in temperature, evaporation, and light intensity). Each

2.3 | Statistical analyses

block included one replicate of each genotype subjected to each of
the four treatments.

Our experiment was designed with random factors (genotypes and

Before the application of JA, all plants were covered by 2-L plas-

blocks), so we used mixed models to test for significant random ef-

tic bags. Each plant assigned to the JA or JA+ S. littoralis treatments

fects (Littell, 2002). We were particularly interested in genetic vari-

was treated with 1 mM JA solution, made by dissolving 5 ml of a

ation in plant resistance and tolerance, as well as plant performance

210 g JA/mol EtOH solution in 2,365 ml of Milli-Q water and then

following JA application and/or insect feeding. A general linear

adding 2,378 ml of Tween 20. Plants assigned to the control and

mixed model (GLMM) with a maximum-likelihood (ML) iterative al-

S. littoralis treatments were sprayed with control solution contain-

gorithm was used to analyze the plant resistance and tolerance data.

ing the same amounts of Milli-Q water and Tween 20 supplemented

Plant resistance was estimated as the inverse of leaf area damaged

solely with 5 ml pure EtOH. JA and control solutions were carefully

by S. littoralis. In the analysis, the proportion of damaged leaf area of

sprayed in the covering bags to avoid cross-pot contamination of JA.

plants exposed to S. littoralis herbivory was included as a response

The spray was applied three times, using a sprayer from the top of

variable and presence/absence of JA application as an explanatory

the plant to ensure that all leaves were saturated. Each individual

fixed factor. Plant genotype and its interactions with JA, as well as

plant received roughly 0.8 ml of JA solution (containing 2.4 µmoles

block, were included as random factors. Initial plant size (leaf number

of JA, Sigma) or control solution. The bags were closed immediately

after larva damage) and the mortality of larvae (0/1) were included

after the application of solutions for 48 hr, to allow the solutions to

as covariates. Plant tolerance was expressed as the slope of the reac-

settle on the plant surfaces.

tion norm relating a plant's regrowth (increase in leaf number) after

Four days after the treatments, all plants were individually cov-

S. littoralis damage to the plant's proportion of damaged leaf area.

ered with perforated bags (supplied by Baumann Saatzuchtbedarf).

Similarly, in this analysis, only plants that were assigned to S. littoralis

One 3rd instar S. littoralis larva (25.6 ± 3.2 g) was introduced into

were included. The increase in leaf number after damage was used

each bag covering a plant assigned to the S. littoralis or JA+ S. litto-

as response variable, and we included JA application (±) as a fixed

ralis treatments. Larvae were starved for 24 hr in an Eppendorf tube

factor; plant genotype and its interaction with JA, as well as block, as

before weighed and then released next to the basal part of a bagged

random factors; and the proportion of damaged leaf area, mortality

plant by opening the cap of the Eppendorf tube. Two hours after

of larvae (0/1), and initial plant size as covariates. A significant effect

introduction of the larva, we checked all the tubes. Each larva could

of plant genotype, according to this model, would indicate genetic

move freely in the bag it was placed in, but if it caused no damage, it

variation in plant resistance and/or tolerance, and a significant inter-

was replaced by another one. Plants were carefully watered daily at

action between genotype and JA would indicate significant differ-

their bases, to avoid affecting the larvae.

ences in the tested plant genotypes responses to the JA treatment.

The larvae were allowed to feed on the experimental plants for

Another GLMM was used to estimate the effects of JA appli-

a week before being removed together with the perforated bags.

cation and insect feeding on plant performance. In this model, we

Mortality rates of the larvae were very high (101 and 107 dead out of

used shoot biomass at the final harvest as an estimate of plant

112 individuals for – JA and + JA treatment, respectively), so instead

performance. The shoot biomass of plants that were exposed to

of estimating their growth rates, we recorded the larval mortality

all four treatments (full-factorial cross of ±S. littoralis feeding and

and the proportion of the area of every leaf of each plant damaged

±JA application) was included as response variable. Insect feeding
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and JA application (±) were included as fixed factors, while plant
genotype and its interactions with fixed factors (as well as block)
were treated as random factors. Initial plant size was used as a covariate. The significance of the random factors was tested with the
likelihood-ratio chi-square test (Zuur et al., 2009). Additionally, to
examine the relationship between plant performance and plant
resistance/tolerance across genotypes, we again used GLMMs, in
which only plants exposed to insect feeding (+S. littoralis) were
included for analyses. In the models, shoot biomass of these plants
was used as the response variable, with the proportion of leaf area
(for resistance) and increase in leaf number after damage (for tolerance) used as predictors. In both models, plant genotype and its
interaction with the predictor were included as random factors.
To meet the assumptions of normality and homogeneity of data
residuals for the GLMMs, data on proportion of leaf area damaged
and plant biomass were square-root transformed. All the analyses
were carried out using the lmer function in the “lme4” package in R
version 3.4.1. (R Core Team 2016).

3 | R E S U LT S

F I G U R E 1 Proportion of leaf area (mean ± SE) damaged by
Spodoptera littoralis of Fragaria vesca genotypes that were treated
with jasmonic acid (+JA, black bar) or served as controls (-JA, gray
bar). The inverse of the proportion of damage was used to estimate
the resistance of plant genotypes. The difference in proportion of
damage between the JA-treated plants and controls was significant
at the p < .05 level

3.1 | Proportion of leaf area damaged by S. littoralis
following JA application
The proportion of leaf area damaged by S. littoralis did not significantly differ among genotypes (genotype: X 2 = 1.49, p = .222,
Figure S1), suggesting that there was no genetic variation in plant
resistance to S. littoralis. Likewise, the effect of prior application
of JA did not differ among genotypes (JA × genotype: X 2 = 0.00,
p = 1.00, Figure S1). However, the proportion of damaged leaf area
was reduced by 40% by the prior application of JA (mean ± SE: −JA
6% ± 0. 6% vs. +JA 4.5% ± 0. 4%; F1, 198 = 5.38 p = .021, Figure 1)
and strongly dependent on whether the S. littoralis survived
through the feeding trial (F1, 218 = 26.7, p < .001). Smaller plants
suffered proportionally more damage than the larger plants (F1,
214

= 5.08, p = .025).

3.2 | Plant tolerance to S. littoralis damage following
JA application
Each plant's tolerance was expressed as the slope of the reaction
norm between its regrowth (increase in leaf number) after damage
and its level of herbivore damage. JA application did not influence the
overall tolerance of the plant genotypes to S. littoralis (F1, 198 = 0.70,
p = .403), neither did the initial plant size at the introduction of S. littoralis impact the overall tolerance (F1, 219 = 0.03, p = .862). However,
we found significant variation in plant tolerance of damage by S. lit-

F I G U R E 2 Genetic variation in tolerance of Fragaria vesca
genotypes to damage by the insect herbivore Spodotera littoralis,
estimated from mean increases in leaf number relative to the mean
proportion of damaged leaf area (n = 7), during regrowth for four
weeks after the damage. Each line represents results obtained
for one plant genotype. There were significant differences in this
respect among genotypes at the p < .05 level

3.3 | Plant performance following JA
application and S. littoralis damage

toralis among genotypes (X2 = 6.32, p = .012, Figure 2). Genetic
variation in tolerance was not dependent on the application of JA

Plant shoot biomass at harvest was used as a measure of plant per-

(JA × genotype: X2 = 0.00, p = 1.00) nor on the damaged leaf area by

formance following JA and insect-feeding treatments. Overall, JA

S. littoralis (F1, 213 = 0.21, p = .650).

application did not influence the final shoot biomass of plants across

13026
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genotypes (F1, 425 = 0.08, p = .775), but feeding by S. littoralis mar-

variation in plant performance, although the performance of a geno-

ginally reduced the shoot biomass by 4.6% of all the genotypes (F1,

type was not strongly correlated with its tolerance to the generalist

425 = 4.38, p = .053, Figure S2). We found significant genetic varia-

herbivore damage. The lack of association between plant tolerance

tion in plant performance (X 2 = 7.94, p = .005, Figure 3), regardless of

and performance at the genotype level suggests that the tolerance

the prior application of JA or insect feeding (JA × genotype, X 2 = 0.00,

mechanisms of F. vesca may not be sufficient for the species to coun-

p = 1.00; insect feeding × genotype, X = 0.29, p = .591). The initial

ter herbivore damage (as applied in this study) and maintain fitness.

size of plants prior to treatments significantly affected plant shoot

Another simple possible explanation is that regrowth after damage

biomass, with larger plants having higher biomass at the end of ex-

may not be solely responsible for the observed tolerance response,

periment, irrespective of their genotype (F1, 444 = 58.03, p < .001).

and other mechanisms may also be involved. For instance, in a previ-

The shoot biomass of a genotype was neither related to the damaged

ous study with woodland strawberry and a leaf chewing herbivore, it

leaf area it experienced nor to its regrowth after the damage (both

was observed that plants could increase their photosynthesis rates

leaf damage/regrowth × genotype: X 2 = 0.00, p = 1.00).

after they were damaged (Muola & Stenberg, 2018). Regardless of

2

these possibilities, the genetic variation in tolerance suggests that

4 | D I S CU S S I O N

tolerance traits have evolutionary potential in wild strawberry
populations.
Plant resistance has received more attention than plant tolerance

Exposing F. vesca to damage by S. littoralis resulted in differences

in studies of plant defenses against insect herbivores (Karban, 2011).

among the genotypes in regrowth after damage, but not in the pro-

Many plant species show genetic variation in their resistance re-

portion of damaged leaf area. These results indicate genetic variation

sponses to herbivores (e.g., Bossdorf et al., 2005; Muola et al., 2010;

in tolerance of F. vesca, but not in its resistance, to this generalist

Weber et al., 2020). In particular, Weber et al. (2020) found high vari-

herbivore. However, F. vesca is known to be able to tolerate folivory/

ation among the plant genotypes used in this study in resistance to a

leaf damage by other herbivores as well (Muola & Stenberg, 2018),

more specialized and coevolved herbivore (Galerucella tenella L.). The

and thus, it remains to be tested whether the observed genetic vari-

generally high mortality of S. littoralis feeding on all the plant genotypes

ation in tolerance was a specific response to S. littoralis damage or

observed in this study may reflect this herbivore's polyphagy, and lack

to the leaf removal in general. Furthermore, not only the herbivore

of evolutionary history with woodland strawberry. The lack of signifi-

species but also the amount of damage can affect plant defense re-

cant genetic variation could potentially be explained by the overall high

sponses and the genetic variation in them (Karban & Baldwin, 1997).

variation in damaged leaf area within genotypes (Figure S1) and rela-

To verify whether the observed genetic variation in plant tolerance

tively low replication (n = 7 per genotype). The overall high variation in

is independent of the amount of damage, further studies are needed

damaged leaf area within genotypes (Figure S1), which was strongly re-

in which plant tolerance responses are examined when a gradient of

lated to initial plant size and the mortality of S. littoralis larvae, may also

proportion of leaf area is experimentally removed from these geno-

have contributed to the lack of detected genetic variation. Accordingly,

types (Fornoni & Nunez-Farfan, 2000). We also detected genetic

larger plants tend to receive less proportional damage from herbivores,

F I G U R E 3 Shoot biomass (mean ± SE)
of 16 Fragaria vesca genotypes, regardless
of the presence or absence of JA or insect
feeding. Plant shoot biomass was used to
estimate the plant performance of each
genotype under insect feeding. There
were significant differences in this respect
among genotypes at the p < .01 level

|
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or have stronger physical or physiological vitality to resist them, than

was funded by Carl Tryggers Stiftelse (Grant Nos. CTS15:468 and

small plants (Vandegehuchte et al., 2010). The high mortality of S. lit-

CTS18:828).

toralis larvae likely contributed to the high variation in leaf damage
through, for instance, differences among individuals of the same gen-

C O N FL I C T O F I N T E R E S T

otype in the duration of larval feeding. However, to fully understand

The authors declare that they have no conflicts of interest.

the reasons for the apparent absence of genetic variation in resistance,
further studies are needed in which the size of plants is standardized

AU T H O R C O N T R I B U T I O N

and the number of replicated plants is increased within each genotype

Minggang Wang: Conceptualization (lead); Data curation (lead);

before exposure to S. littoralis herbivory. Furthermore, it is noted that

Formal analysis (lead); Investigation (lead); Methodology (lead);

plants in our study were relatively young, which may be another expla-

Project administration (equal); Writing-original draft (equal);

nation for the presence of tolerance but absence of resistance given

Writing-review & editing (equal). Anne Muola: Conceptualization

the ontogenetic dependence of many plant species on their defense

(equal); Funding acquisition (lead); Project administration (equal);

responses (Muola et al., 2010; Visschers et al., 2019; Wang et al., 2018).

Writing-original draft (equal); Writing-review & editing (equal).

Numerous studies indicate that exogenous application of JA

Peter

Anderson:

Conceptualization

(equal);

Methodology

on plant leaves, roots, or seeds can increase plants’ resistance to

(equal); Writing-review & editing (equal). Johan A Stenberg:

insect herbivory (Paudel et al., 2014; Thaler et al., 2001; War &

Conceptualization (equal); Funding acquisition (lead); Project ad-

Sharma, 2014; Zhang et al., 2011). Similarly, we found that exoge-

ministration (lead); Writing-original draft (equal); Writing-review

nous application of JA on F. vesca leaves reduced the overall pro-

& editing (equal).

portion of leaf area consumed by S. littoralis, suggesting successful
induction of plant resistance, but the levels of resistance induced by

DATA AVA I L A B I L I T Y S TAT E M E N T

JA application were similar among all genotypes. A possible expla-

Data collected in the research are available at Dryad https://doi.

nation for the lack of genetic variation in the resistance of F. vesca

org/10.5061/dryad.qjq2bvqdf

induced by exogenous JA is that it involves a strongly conserved defense mechanism from which natural selection has removed genetic

ORCID

variation. However, although JA is usually regarded as an effective

Minggang Wang

plant defense inducer, it does not have identical effects to actual

Anne Muola

insect herbivory, due to the lack of salivary elicitors of defenses

Johan A. Stenberg

https://orcid.org/0000-0002-9846-6110
https://orcid.org/0000-0003-1828-6425
https://orcid.org/0000-0003-0468-799X

and specific elements of interactions between herbivores and host
plants (Hogenhout & Bos, 2011; Louis et al., 2013). Thus, the gener-

REFERENCES

ality of JA’s effects may have contributed to the lack of detected ge-

Agrawal, A. A. (2004). Resistance and susceptibility of milkweed:
Competition, root herbivory, and plant genetic variation. Ecology,
85(8), 2118–2133. https://doi.org/10.1890/03-4084
Anderson, P., Jonsson, M., & Morte, U. (2001). Variation in damage to
cotton affecting larval feeding preference of Spodoptera littoralis.
Entomologia Experimentalis et Applicata, 101(2), 191–198. https://doi.
org/10.1046/j.1570-7458.2001.00903.x
Anderson, P., Sadek, M. M., & Wackers, F. L. (2011). Root herbivory affects oviposition and feeding behavior of a foliar herbivore.
Behavioral Ecology, 22(6), 1272–1277. https://doi.org/10.1093/behec
o/arr124
Avanci, N. C., Luche, D. D., Goldman, G. H., & Goldman, M. H. S. (2010).
Jasmonates are phytohormones with multiple functions, including
plant defense and reproduction. Genetics and Molecular Research,
9(1), 484–505.
Badmi, R., Zhang, Y., Tengs, T., Brurberg, M. B., Krokene, P., Fossdal, C.
G., Hytonen, T., & Thorstensen, T. (2019). Induced and primed defence responses of Fragaria vesca against grey mold. Molecular PlantMicrobe Interactions, 32(10), 9.
Bossdorf, O., Auge, H., Lafuma, L., Rogers, W. E., Siemann, E., & Prati, D.
(2005). Phenotypic and genetic differentiation between native and
introduced plant populations. Oecologia, 144(1), 1–11. https://doi.
org/10.1007/s00442-005-0070-z
Carmona, D., & Fornoni, J. (2013). Herbivores can select for mixed defensive strategies in plants. New Phytologist, 197(2), 576–585. https://
doi.org/10.1111/nph.12023
Creelman, R. A., & Mullet, J. E. (1995). Jasmonic acid distribution and
action in plants - Regulation during development and response to
biotic and abiotic Stress. Proceedings of the National Academy of

netic variation of F. vesca in the resistance and tolerance responses
it induced.
Overall, the performance of F. vesca plants tended to be reduced
by the feeding of S. littoralis, indicating that generalist insect species
may impair their fitness and impose associated selection pressures.
However, although we detected genetic variation in plant performance, it was not affected by either application of JA or insect feeding. Clearly, neither the induction of resistance by JA nor the genetic
variation in plant tolerance to S. littoralis feeding had significant
effects on the overall performance of F. vesca in our study. Taken
together, our results indicate that F. vesca shows genetic variation
in tolerance of, rather than resistance to, attack by this generalist
herbivore. Thus, the results provide little support for our second
and third hypotheses, but partial support for our first hypothesis. As
F. vesca is a wild relative of garden strawberry (Fragaria × ananassa),
this study may provide useful information for breeders seeking to
exploit tolerance and resistance mechanisms to improve strawberry
crops’ viability and yields, particularly when multiple herbivores
pose significant threats.
AC K N OW L E D G M E N T S
We are grateful to Paul A. Egan and Daniel Buchvaldt Amby for technical assistance and management of the plant material. This study

13028

|

Sciences of the United States of America, 92(10), 4114–4119. https://
doi.org/10.1073/pnas.92.10.4114
Délano-Frier, J. P., Martínez-Gallardo, N. A., Martínez-de La Vega, O.,
Salas-Araiza, M. D., Barbosa-Jaramillo, E. R., Torres, A., Vargas, P.,
& Borodanenko, A. (2004). The effect of exogenous jasmonic acid
on induced resistance and productivity in amaranth (Amaranthus
hypochondriacus) is influenced by environmental conditions. Journal
of Chemical Ecology, 30(5), 1001–1034. https://doi.org/10.1023/B:JOEC.0000028464.36353.bb
Dicke, M., van Loon, J. J. A., & Soler, R. (2009). Chemical complexity of
volatiles from plants induced by multiple attack. Nature Chemical
Biology, 5(5), 317–324. https://doi.org/10.1038/nchembio.169
Egan, P. A., Muola, A., & Stenberg, J. A. (2018). Capturing genetic variation in crop wild relatives: An evolutionary approach. Evolutionary
Applications, 11(8), 1293–1304. https://doi.org/10.1111/eva.12626
El-Sheikh, E. A. (2015). Comparative toxicity and sublethal effects of
emamectin benzoate, lufenuron and spinosad on Spodoptera littoralis Boisd. (Lepidoptera: Noctuidae). Crop Protection, 67, 228–234.
https://doi.org/10.1016/j.cropro.2014.10.022
Fineblum, W. L., & Rausher, M. D. (1995). Tradeoff between resistance
and tolerance to herbivore damage in a morning glory. Nature,
377(6549), 517–520. https://doi.org/10.1038/377517a0
Fornoni, J., & Nunez-Farfan, J. (2000). Evolutionary ecology of
Datura stramonium: Genetic variation and costs for tolerance to defoliation. Evolution, 54(3), 789–797. https://doi.
org/10.1111/j.0014-3820.2000.tb0008 0.x
Fornoni, J., Nunez-Farfan, J., Valverde, P. L., & Rausher, M. D. (2004).
Evolution of mixed strategies of plant defense allocation against
natural enemies. Evolution, 58(8), 1685–1695. https://doi.
org/10.1111/j.0014-3820.2004.tb00454.x
Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic
and necrotrophic pathogens. Annual Review of Phytopathology, 43(1),
205–227. https://doi.org/10.1146/annurev.phyto.43.040204.135923
Hilmarsson, H. S., Hytonen, T., Isobe, S., Goransson, M., Toivainen, T., &
Hallsson, J. H. (2017). Population genetic analysis of a global collection of Fragaria vesca using microsatellite markers. PLoS One, 12(8),
e0183384. https://doi.org/10.1371/journal.pone.0183384
Hinks, C. F., & Byers, J. R. (1976). Biosystematics of the genus Euxoa
(Lepidoptera: Noctuidae): V. Rearing procedures, and life cycles of
36 species. The Canadian Entomologist, 108, 1345–1357.
Hogenhout, S. A., & Bos, J. I. B. (2011). Effector proteins that modulate
plant-insect interactions. Current Opinion in Plant Biology, 14(4), 422–
428. https://doi.org/10.1016/j.pbi.2011.05.003
Kant, M. R., Sabelis, M. W., Haring, M. A., & Schuurink, R. C. (2008).
Intraspecific variation in a generalist herbivore accounts for differential induction and impact of host plant defences. Proceedings of the
Royal Society B-Biological Sciences, 275(1633), 443–452. https://doi.
org/10.1098/rspb.2007.1277
Karban, R. (2011). The ecology and evolution of induced resistance
against herbivores. Functional Ecology, 25(2), 339–347. https://doi.
org/10.1111/j.1365-2435.2010.01789.x
Karban, R., & Baldwin, I. T. (1997). Induced responses to herbivory.
University of Chicago Press.
Littell, R. C. (2002). Analysis of unbalanced mixed model data: A
case study comparison of ANOVA versus REML/GLS. Journal of
Agricultural Biological and Environmental Statistics, 7(4), 472–490.
https://doi.org/10.1198/108571102816
Louis, J., Peiffer, M., Ray, S., Luthe, D. S., & Felton, G. W. (2013). Hostspecific salivary elicitor(s) of European corn borer induce defenses
in tomato and maize. New Phytologist, 199(1), 66–73. https://doi.
org/10.1111/nph.12308
Mitchell, C., Brennan, R. M., Graham, J., & Karley, A. J. (2016). Plant defense against herbivorous pests: Exploiting resistance and tolerance
traits for sustainable crop protection. Frontiers in Plant Science, 7,
1132. https://doi.org/10.3389/fpls.2016.01132

WANG et al.

Montezano, D. G., Specht, A., Sosa-Gomez, D. R., Roque-Specht, V. F.,
Sousa-Silva, J. C., Paula-Moraes, S. D., Peterson, J. A., & Hunt, T. E.
(2018). Host plants of Spodoptera frugiperda (Lepidoptera: Noctuidae)
in the Americas. African Entomology, 26(2), 286–300.
Muola, A., Mutikainen, P., Laukkanen, L., Lilley, M., & Leimu, R.
(2010). Genetic variation in herbivore resistance and tolerance: The role of plant life-history stage and type of damage.
Journal of Evolutionary Biology, 23(10), 2185–2196. https://doi.
org/10.1111/j.1420-9101.2010.02077.x
Muola, A., & Stenberg, J. A. (2018). Folivory has long-term effects on
sexual but not on asexual reproduction in woodland strawberry.
Ecology and Evolution, 8(23), 12250–12259. https://doi.org/10.1002/
ece3.4687
Muola, A., Weber, D., Malm, L. E., Egan, P. A., Glinwood, R.,
Parachnowitsch, A. L., & Stenberg, J. A. (2017). Direct and pollinator-mediated effects of herbivory on strawberry and the potential
for improved resistance. Frontiers in Plant Science, 8, 823. https://doi.
org/10.3389/fpls.2017.00823
Nunez-Farfan, J., Fornoni, J., & Valverde, P. L. (2007). The evolution of
resistance and tolerance to herbivores. Annual Review of Ecology
Evolution and Systematics, 38, 541–566. https://doi.org/10.1146/
annurev.ecolsys.38.091206.095822
Omer, A. D., Granett, J., Karban, R., & Villa, E. M. (2001). Chemicallyinduced resistance against multiple pests in cotton. International
Journal of Pest Management, 47(1), 49–54. https://doi.
org/10.1080/09670870150215595
Omer, A. D., Thaler, J. S., Granett, J., & Karban, R. (2000). Jasmonic
acid induced resistance in grapevines to a root and leaf feeder.
Journal of Economic Entomology, 93(3), 840–845. https://doi.
org/10.1603/0022-0493-93.3.840
Osorio, S., Castillejo, C., Quesada, M. A., Medina-Escobar, N., Brownsey,
G. J., Suau, R., Heredia, A., Botella, M. A., & Valpuesta, V. (2008).
Partial demethylation of oligogalacturonides by pectin methyl esterase 1 is required for eliciting defence responses in wild strawberry
(Fragaria vesca). Plant Journal, 54(1), 43–55.
Paudel, S., Rajotte, E. G., & Felton, G. W. (2014). Benefits and costs of
tomato seed treatment with plant defense elicitors for insect resistance. Arthropod-Plant Interactions, 8(6), 539–545. https://doi.
org/10.1007/s11829-014-9335-y
Pogue, M. (2002). A world revision of the genus Spodoptera Guenée
(Lepidoptera: Noctuidae). Memoirs of the American Entomological
Society, 43, 1–202.
Proffit, M., Khallaf, M. A., Carrasco, D., Larsson, M. C., & Anderson, P.
(2015). “Do you remember the first time?” Host plant preference in
a moth is modulated by experiences during larval feeding and adult
mating. Ecology Letters, 18(4), 365–374.
R Core Team (2016). R: A language and environment for statistical computing. Version 3.4.0, R Foundation for Statistical Computing: Vienna,
Austria.
Rodriguez-Saona, C., Chalmers, J. A., Raj, S., & Thaler, J. S. (2005). Induced
plant responses to multiple damagers: Differential effects on an herbivore and its parasitoid. Oecologia, 143(4), 566–577. https://doi.
org/10.1007/s00442-005-0006-7
Santino, A., Taurino, M., De Domenico, S., Bonsegna, S., Poltronieri, P.,
Pastor, V., & Flors, V. (2013). Jasmonate signaling in plant development
and defense response to multiple (a)biotic stresses. Plant Cell Reports,
32(7), 1085–1098. https://doi.org/10.1007/s00299-013-1441-2
Stam, J. M., Kroes, A., Li, Y. H., Gols, R., van Loon, J. J. A., Poelman, E.
H., & Dicke, M. (2014). Plant interactions with multiple insect herbivores: From community to genes. Annual Review of Plant Biology, 65,
689–713. https://doi.org/10.1146/annurev-arplant-050213-035937
Stevens, M. T., Waller, D. M., & Lindroth, R. L. (2007). Resistance and
tolerance in Populus tremuloides: Genetic variation, costs, and environmental dependency. Evolutionary Ecology, 21(6), 829–847. https://
doi.org/10.1007/s10682-006-9154-4

|

WANG et al.

Stotz, H. U., Pittendrigh, B. R., Kroymann, J., Weniger, K., Fritsche, J.,
Bauke, A., & Mitchell-Olds, T. (2000). Induced plant defense responses against chewing insects. Ethylene signaling reduces resistance of Arabidopsis against Egyptian cotton worm but not diamondback moth. Plant Physiology, 124(3), 1007–1017.
Strauss, S. Y., & Agrawal, A. A. (1999). The ecology and evolution of plant
tolerance to herbivory. Trends in Ecology & Evolution, 14(5), 179–185.
https://doi.org/10.1016/S0169-5347(98)01576-6
terHorst, C. P., Lau, J. A., Cooper, I. A., Keller, K. R., Rosa, R. J. L., Royer,
A. M., Schultheis, E. H., Suwa, T., & Conner, J. K. (2015). Quantifying
nonadditive selection caused by indirect ecological effects. Ecology,
96(9), 2360–2369. https://doi.org/10.1890/14-0619.1
Thaler, J. S., Stout, M. J., Karban, R., & Duffey, S. S. (1996). Exogenous
jasmonates simulate insect wounding in tomato plants (Lycopersicon
esculentum) in the laboratory and field. Journal of Chemical Ecology,
22(10), 1767–1781. https://doi.org/10.1007/BF02028503
Thaler, J. S., Stout, M. J., Karban, R., & Duffey, S. S. (2001). Jasmonatemediated induced plant resistance affects a community of herbivores.
Ecological Entomology, 26(3), 312–324. https://doi.org/10.1046/
j.1365-2311.2001.00324.x
Tomas, F., Abbott, J. M., Steinberg, C., Balk, M., Williams, S. L., &
Stachowicz, J. J. (2011). Plant genotype and nitrogen loading influence
seagrass productivity, biochemistry, and plant-herbivore interactions. Ecology, 92(9), 1807–1817. https://doi.org/10.1890/10-2095.1
Van der Meijden, E., Wijn, M., & Verkaar, H. J. (1988). Defense and regrowth, alternative plant strategies in the struggle against herbivores. Oikos, 51(3), 355–363.
Vandegehuchte, M. L., de la Pena, E., & Bonte, D. (2010). Interactions
between root and shoot herbivores of Ammophila arenaria in the laboratory do not translate into correlated abundances in the field. Oikos, 119(6), 1011–1019. https://doi.
org/10.1111/j.1600-0706.2009.18360.x
Visschers, I. G. S., Peters, J. L., van de Vondervoort, J. A. H., Hoogveld, R.
H. M., & van Dam, N. M. (2019). Thrips resistance screening is coming of age: Leaf position and ontogeny are important determinants
of leaf-based resistance in pepper. Frontiers in Plant Science, 10, 510.
https://doi.org/10.3389/fpls.2019.00510
Walsh, M. R. (2013). The evolutionary consequences of indirect effects.
Trends in Ecology & Evolution, 28(1), 23–29. https://doi.org/10.1016/j.
tree.2012.08.006
Wang, M. G., Bezemer, T. M., van der Putten, W. H., Brinkman, E. P., &
Biere, A. (2018). Plant responses to variable timing of aboveground
clipping and belowground herbivory depend on plant age. Journal of
Plant Ecology, 11(5), 696–708.

13029

War, A. R., & Sharma, H. C. (2014). Effect of jasmonic acid and salicylic acid induced resistance in groundnut on Helicoverpa armigera.
Physiological Entomology, 39(2), 136–142.
Weber, D., Egan, P. A., Muola, A., & Stenberg, J. A. (2020). Genetic variation in herbivore resistance within a strawberry crop wild relative
(Fragaria vesca L.). Arthropod-Plant Interactions, 14, 31–40. https://
doi.org/10.1007/s11829-019-09724-w
Yang, F., Kerns, D. L., Brown, S., Kurtz, R., Dennehy, T., Braxton, B. O.,
Head, G., & Huang, F. (2016). Performance and cross-crop resistance
of Cry1F-maize selected Spodoptera frugiperda on transgenic Bt cotton: Implications for resistance management. Scientific Reports, 6.
https://doi.org/10.1038/srep28 059
Zarate, S. I., Kempema, L. A., & Walling, L. L. (2007). Silverleaf whitefly induces salicylic acid defenses and suppresses effectual jasmonic acid defenses. Plant Physiology, 143(2), 866–875. https://doi.
org/10.1104/pp.106.090035
Zhang, P. J., Zhu, X. Y., Huang, F., Liu, Y., Zhang, J. M., Lu, Y. B., & Ruan,
Y. M. (2011). Suppression of jasmonic acid-dependent defense in
cotton plant by the mealybug Phenacoccus solenopsis. PLoS One, 6(7).
https://doi.org/10.1371/journal.pone.0022378
Zhu, Z., & Tian, S. P. (2012). Resistant responses of tomato fruit treated
with exogenous methyl jasmonate to Botrytis cinerea infection.
Scientia Horticulturae, 142, 38–43. https://doi.org/10.1016/j.scien
ta.2012.05.002
Zhu-Salzman, K., Luthe, D. S., & Felton, G. W. (2008). Arthropod-inducible
proteins: Broad spectrum defenses against multiple herbivores. Plant
Physiology, 146(3), 852–858. https://doi.org/10.1104/pp.107.112177
Zuur, A. F., Ieno, E. N., & Meesters, E. H. W. G. (2009). Beginner's guide
to R. Beginner's Guide to R, 1–218.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Wang M, Muola A, Anderson P,
Stenberg JA. Wild strawberry shows genetic variation in
tolerance but not resistance to a generalist herbivore. Ecol Evol
2020;10:13022–13029. https://doi.org/10.1002/ece3.6888

