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Differential Costs of Two Distinct Resistance Mechanisms
Induced by Different Herbivore Species in Arabidopsis1

Nawaporn Onkokesung2, Michael Reichelt, Arjen van Doorn3, Robert C. Schuurink, and Marcel Dicke*

Laboratory of Entomology, Wageningen University, 6700AA Wageningen, The Netherlands (N.O., M.D.);
Department of Biochemistry, Max Planck Institute for Chemical Ecology, D–07745 Jena, Germany (M.R.);
Keygene, 6708OW, Wageningen, The Netherlands (A.v.D.); and Plant Physiology, Swammerdam Institute for
Life Sciences, University of Amsterdam, 1098XH Amsterdam, The Netherlands (A.v.D., R.C.S.)

ORCID IDs: 0000-0002-5094-5788 (N.O.); 0000-0001-8565-8896 (M.D.).

Plants respond to herbivory with the induction of resistance, mediated by distinct phytohormonal signaling pathways and their
interactions. Phloem feeders are known to induce plant resistance via the salicylic acid pathway, whereas biting-chewing
herbivores induce plant resistance mainly via the jasmonate pathway. Here, we show that a specialist caterpillar (biting-chewing
herbivore) and a specialist aphid (phloem feeder) differentially induce resistance against Pieris brassicae caterpillars in
Arabidopsis (Arabidopsis thaliana) plants. Caterpillar feeding induces resistance through the jasmonate signaling pathway that
is associated with the induction of kaempferol 3,7-dirhamnoside, whereas aphid feeding induces resistance via a novel
mechanism involving sinapoyl malate. The role of sinapoyl malate is confirmed through the use of a mutant compromised in
the biosynthesis of this compound. Caterpillar-induced resistance is associated with a lower cost in terms of plant growth
reduction than aphid-induced resistance. A strong constitutive resistance against P. brassicae caterpillars in combination with
a strong growth attenuation in plants of a transfer DNA (T-DNA) insertion mutant of WRKY70 (wrky70) suggest that the
WRKY70 transcription factor, a regulator of downstream responses mediated by jasmonate-salicylic acid signaling cross talk,
is involved in the negative regulation of caterpillar resistance and in the tradeoff between growth and defense. In conclusion,
different mechanisms of herbivore-induced resistance come with different costs, and a functional WRKY70 transcription factor is
required for the induction of low-cost resistance.

Herbivory is a common biotic stress that terrestrial
plants frequently encounter during their life cycle. In
their natural habitat, plants are continuously challenged
by the same or different herbivore species. Hence, the
ability to mount rapid and effective responses against
subsequent herbivores is essential for plant fitness
(Karban and Baldwin, 1997; Kessler and Baldwin, 2004;
Bruce et al., 2007; Frost et al., 2008; Gális et al., 2009; Vos
et al., 2013; Stam et al., 2014). To tailor their responses
against subsequent herbivore feeding, plants can benefit
from mechanisms that utilize the information from pre-
vious herbivore attack tomodify their defense responses
(Baldwin and Schmelz, 1996; De Vos et al., 2006; Bruce

et al., 2007; Vos et al., 2013). Based on current under-
standing, plants mount responses to caterpillar feeding
via intricate signaling events that integrate and synchro-
nize various stress signals to orchestrate the elicitation of
cost-effective defense responses (Heil and Silva Bueno,
2007; Frost et al., 2008). Among the various signaling
pathways, phytohormones, especially jasmonic acid (JA),
salicylic acid (SA), and their cross talk, are known to
mediate plant responses to herbivory (Gols et al., 2003;
Frost et al., 2008; Gális et al., 2009; Pieterse et al., 2012;
Thaler et al., 2012; Vos et al., 2013; Menzel et al., 2014).

Jasmonates, a group of plant hormones including JA
and its derivatives such as methyl jasmonate and jas-
monic acid-isoleucine (JA-Ile), are important regulators
of plant defenses against tissue-chewing herbivores and
necrotrophic pathogens (Wasternack and Hause, 2013).
To activate defense against herbivory, JA-Ile binds to
the CORONATINE INSENSITIVE1 (COI1) receptor
protein, which results in ubiquitination and subsequent
degradation of JAZ proteins that act as repressors of JA
signaling by binding to transcription factors (TFs) such
asMYC2 that regulate JA-responsive genes (Chini et al.,
2007; Thines et al., 2007; Wasternack, 2007; Browse and
Howe, 2008; Chung et al., 2008; Yan et al., 2009). To be
able to mount earlier and stronger defense responses
against subsequent caterpillar feeding, an ability to
enhance JA biosynthesis is required. Indeed, several
studies have reported an earlier increased expression of

1 This work was supported by the Netherlands Organization for
Scientific Research (Spinoza Award to M.D.).

2 Present address: Plant Breeding Department, Swedish University
of Agricultural Sciences, Box 101, 230 53 Alnarp, Sweden.

3 Present address: Roche Diagnostics, Nonnenwald 2, 82377
Penzberg, Germany.

* Address correspondence to marcel.dicke@wur.nl.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Marcel Dicke (marcel.dicke@wur.nl).

N.O. and M.D. designed the research; N.O. performed the re-
search; N.O., M.R., and A.v.D. analyzed data; N.O. and M.D. wrote
the article with input from M.R., A.v.D., and R.C.S.

www.plantphysiol.org/cgi/doi/10.1104/pp.15.01780

Plant Physiology�, February 2016, Vol. 170, pp. 891–906, www.plantphysiol.org � 2016 American Society of Plant Biologists. All Rights Reserved. 891

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/170/2/891/6114204 by U

niversiteit van Am
sterdam

 user on 21 N
ovem

ber 2022

http://orcid.org/0000-0002-5094-5788
http://orcid.org/0000-0001-8565-8896
mailto:marcel.dicke@wur.nl
http://www.plantphysiol.org
mailto:marcel.dicke@wur.nl
http://www.plantphysiol.org/cgi/doi/10.1104/pp.15.01780


JA biosynthetic genes after exogenous application of JA,
wounding, or oral secretions to mimic caterpillar feed-
ing in different model plants, including Arabidopsis
(Arabidopsis thaliana) andNicotiana attenuata, suggesting
the existence of a regulatory network that augments JA
biosynthesis in response to continuous or recurring
biotic stresses (Reymond et al., 2000; Wasternack, 2007;
Chung et al., 2008; Stork et al., 2009).

The major plant hormone that regulates and acti-
vates plant defenses in response to phloem-feeding
herbivores and biotrophic pathogens is SA (Walling,
2008; Vlot et al., 2009). SA mediates transcriptional
reprogramming through the NONEXPRESSOR OF
PATHOGENESIS-RELATED GENE1 (NPR1) protein,
which is a master regulator that synchronizes the ac-
tivation of SA-responsive TFs and downstream up-
regulation of defense-related genes (Després et al.,
2003; Vlot et al., 2009; Wu et al., 2012; Seyfferth and
Tsuda, 2014). In addition to the widely proposed role
as an activator of plant resistance against phloem-
feeding herbivores such as aphids, a role of SA as a
negative regulator of plant defense against tissue-
chewing herbivores has also been reported. For in-
stance, Cui et al. (2002) showed that the SA-deficient
mutant (sid2-1) and the SA-insensitive mutant (npr1)
of Arabidopsis were highly resistant to a generalist
tissue-chewing caterpillar (Trichoplusia ni). Moreover,
tomato (Solanum lycopersicum) and Brussels sprouts
(Brassica oleracea var gemmifera) plants that had been
exposed to a 7-d aphid infestation, resulting in a sig-
nificant increase in SA, were more susceptible to sub-
sequent caterpillar feeding (Rodriguez-Saona et al.,
2005; Soler et al., 2012). The results from these studies
indicate that antagonistic interactions between SA and
JA signaling may interfere with JA-induced responses
against caterpillar feeding in Arabidopsis.

The underlying molecular mechanisms of SA-JA an-
tagonistic interactions or cross talk have been well
studied in Arabidopsis. For instance, Spoel et al. (2003)
demonstrated that a functional NPR1 protein is indis-
pensable for the regulation of downstream transcript
reprogramming mediated by SA-JA cross talk. Fur-
thermore, Li et al. (2004) identified the WRKY70 TF,
which acts downstream of NPR1 and COI1, as a tran-
scriptional regulator that positively regulates SA-
dependent genes but negatively regulates a subset of
JA-inducible genes in response to pathogen infection.
Recently, Shim et al. (2013) reported that the MYB44 TF
regulates WRKY70 in a regulatory network parallel
to NPR1, thus facilitating SA-JA cross talk in plant-
pathogen interactions. Based on the available in-
formation, it is now clear that the WRKY70 TF is a
transcriptional regulator acting downstream of NPR1
and COI1 in mediating plant responses against
necrotrophic pathogen infection (Li et al., 2004; Cui
et al., 2005; De Vos et al., 2006; Mur et al., 2006; Van der
Does et al., 2013; Caarls et al., 2015; Vos et al., 2015).
However, the role ofWRKY70 in plant defenses against
biting-chewing herbivores such as caterpillars, partic-
ularly when they arrive as a second herbivore, remains

to be elucidated. Interestingly, Kroes et al. (2015)
reported a negative correlation between WRKY70 and
MYC2 transcription in Arabidopsis plants that were
simultaneously infested with specialist aphids (Brevi-
coryne brassicae) at a high density and specialist cater-
pillars (Plutella xylostella). Moreover, Li et al. (2015)
demonstrated the involvement of OsWRKY70 in rice
(Oryza sativa) resistance against a chewing herbivore
and in the tradeoff between growth and defense. These
studies strongly indicate a role of WRKY70 in plant
responses to herbivore attack in both dicot and mono-
cot plants.

In this study, we investigated the role of the WRKY70
TF in plant resistance against secondary Pieris brassicae
caterpillar feeding in Arabidopsis. We found that a short
(24-h) exposure to feeding by P. brassicae caterpillars or
B. brassicae aphids rendered plants more resistant to
subsequent P. brassicae caterpillars. However, enhanced
resistance after previous exposure to herbivore feeding
was only minor in a transfer DNA (T-DNA) insertion
mutant of WRKY70 (wrky70) that already had a strong
constitutive resistance to P. brassicae caterpillars. Anal-
ysis of phytohormone and defense metabolite levels
revealed that fundamentally different mechanisms,
which incurred different costs in terms of plant growth,
were responsible for an enhanced resistance in plants
with prior exposure to caterpillar or aphid feeding. A
strong growth reduction after subsequent caterpillar
feeding in all treatments of wrky70 plants suggests that
the WRKY70 TF functions as a negative regulator of in-
duced resistance against P. brassicae caterpillars and is
also involved in optimizing plant fitness in response to
herbivory in Arabidopsis. This study signifies the un-
derlying mechanisms of the very different induced re-
sistance mechanisms that are effective against the same
specialist herbivore (i.e.P. brassicae caterpillars) but come
with very different fitness costs.

RESULTS

Prior Feeding by Caterpillars or Aphids Enhances Plant
Resistance against Subsequent P. brassicae Caterpillars
in Arabidopsis

A previous exposure of plants to either caterpillar or
aphid feeding, resulting in an alteration of JA or SA
levels, respectively, may have a positive or negative
effect on the resistance against subsequent caterpillar
attack (Cui et al., 2002; Kessler and Baldwin, 2004;
Rodriguez-Saona et al., 2005; De Vos et al., 2006; Soler
et al., 2012; Rasmann et al., 2015). Here, we observed
that short feeding (24 h) by P. brassicae caterpillars or
B. brassicae aphids on Arabidopsis wild-type, ecotype
Columbia-0 plants significantly induced an accumu-
lation of JA or SA, respectively (Supplemental Fig. S1,
A and D; Student’s t test, P[JA] = 0.01 and P[SA] = 0.05).
To investigate the effect of this short feeding by cater-
pillars or aphids on plant resistance against subsequent
feeding by specialist caterpillars (i.e. P. brassicae), we
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assessed the body mass of P. brassicae caterpillars that
had fed on wild-type plants that had been exposed
previously to either P. brassicae caterpillars or B. bras-
sicae aphids for 24 h. Plants without prior herbivore
exposure were used as a control (Fig. 1A). After 9 d of
feeding, P. brassicae caterpillars had gained significantly
less body mass when feeding on caterpillar-exposed
(ANOVA, P = 0.01) or aphid-exposed (ANOVA, P #
0.01) plants than caterpillars that had fed on plants
without prior herbivore exposure (Fig. 1B). Intrigu-
ingly, P. brassicae caterpillar body mass did not differ
between caterpillars that had fed on caterpillar-exposed
or aphid-exposed wild-type plants (Fig. 1B; ANOVA,
P = 0.84). As we recorded a significant increase in SA
level after 24 h of aphid feeding (Supplemental Fig.
S1D; Student’s t test, P = 0.05), enhanced resistance
against subsequent P. brassicae caterpillars on aphid-
exposed wild-type plants was unexpected, because
SA signaling is known to suppress JA-induced re-
sponses to caterpillar feeding (Cui et al., 2002; Soler
et al., 2012). It has been demonstrated that SA-JA cross
talk affects plant resistance against pathogens through
the WRKY70 TF that functions downstream of NPR1
and COI1 (Van der Does et al., 2013; Caarls et al., 2015).
Moreover, the effect of WRKY70 on plant resistance
against pathogens is independent of subsequent
changes in SA and JA levels (Li et al., 2004). Therefore,
we investigated whether the herbivore-enhanced plant
resistance phenotypes recorded here are mediated by
SA-JA cross talk and WRKY70 regulation. To this end,
we measured the body mass of P. brassicae caterpillars

that had fed on unexposed, caterpillar-exposed, or
aphid-exposed plants of a T-DNA insertion mutant of
the WRKY70 gene (wrky70 plants). We observed en-
hanced resistance to P. brassicae caterpillars but in-
creased susceptibility to B. brassicae aphids in wrky70
plants, which indicates a role of WRKY70 in plant
resistance against specialist caterpillars and aphids
(Supplemental Fig. S2, A and B; Student’s t test,
P[caterpillar] = 0.04 and P[aphid] = 0.01). Unlike the situation
in wild-type plants, caterpillar body mass after 9 d of
feeding did not differ among caterpillars that had fed
on unexposed, caterpillar-exposed, or aphid-exposed
wrky70 plants (Fig. 1B; ANOVA, P = 0.74). Although a
significantly lower body mass was recorded for cater-
pillars that had fed on unexposed wrky70 plants than
for caterpillars that had fed on unexposed wild-type
plants (Fig. 1B; Student’s t test, P = 0.04), there was no
significant difference in bodymass between caterpillars
that had fed on caterpillar-exposed wild-type orwrky70
plants (Fig. 1B; Student’s t test, P = 0.51) or between
caterpillars that had fed on aphid-exposed wild-type or
wrky70 plants (Fig. 1B; Student’s t test, P = 0.63).
Moreover, similar trends of herbivore-induced plant
resistance against subsequent P. brassicae caterpillars to
that shown in wkry70 plants were observed in SA-
deficient mutant (sid2-1) plants that are impaired in
SA biosynthesis (Supplemental Fig. S3). This indicates
that an induced biosynthesis of SA was not required
for the herbivore-enhanced resistance phenotypes
observed in our study (Supplemental Fig. S3). Collec-
tively, these results suggest that enhanced resistance

Figure 1. Plant resistance to P. brassicae cater-
pillars and effect of previous plant exposure to
feeding by caterpillars or aphids. A, Wild-type
and wrky70 mutant plants were infested with
five first instar P. brassicae caterpillars or five adult
B. brassicae aphids for 24 h to create caterpillar-
exposed (C) or aphid-exposed (A) plants. B, Effect
of a prior exposure to caterpillar or aphid feeding
on plant resistance against subsequent P. brassicae
caterpillar feeding is determined by measuring
caterpillar body mass (means 6 SE) of 20 individ-
ual caterpillars feeding on caterpillar-exposed and
aphid-exposed wild-type (WT) or wrky70 mutant
plants for 9 d. Caterpillar bodymass from the group
fed on plants without prior herbivore experience or
unexposed (U) plantswas used as a control to assess
the positive or negative effect of previous herbivore
exposure on plant resistance. Caterpillar body mass
after 9 d of feeding on unexposed, caterpillar-
exposed, and aphid-exposed wild-type or wrky70
mutant plants was compared within the same
genotype by one-way ANOVA followed by Tukey’s
honestly significant difference (HSD) posthoc test.
Different letters indicate significant differences
within a plant genotype among treatments (P #

0.05).
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against P. brassicae caterpillars in plants with prior
exposure to feeding by P. brassicae caterpillars or
B. brassicae aphids is not regulated through SA-JA signaling
cross talk andWRKY70 TF regulation (Fig. 1B). To address
this hypothesis, the transcript expression of biosynthetic
genes and phytohormone levels were analyzed in wild-
type or wrky70 plants upon caterpillar feeding.

Impact of Herbivory History on JA and SA Signaling
Pathways in Wild-Type and wrky70 Plants

To assess the effect of caterpillar feeding on JA and
SA signaling in plants that had been previously ex-
posed to caterpillars or aphids, we analyzed the relative
transcript levels of selected biosynthetic and responsive
genes in the JA and SA signaling pathways as well as
the phytohormone levels for unexposed, caterpillar-
exposed, and aphid-exposed wild-type and wrky70
plants. In addition, the transcript levels of WRKY70
upon subsequent caterpillar attack were also analyzed.
The relative transcript levels of WRKY70 were unde-
tectable before and after subsequent caterpillar feeding
in wrky70 plants of all three treatments (Supplemental
Fig. S4D), which indicates that WRKY70 was fully
nonfunctional in the wrky70 mutant plants. Interest-
ingly, while subsequent caterpillar feeding hardly
increased the expression of WRKY70 in previously
unexposed wild-type plants,WRKY70 expression was
distinctively increased in wild-type plants previously
exposed to caterpillars or aphids after subsequent
caterpillar feeding (Supplemental Fig. S4A).

The relative transcript levels of a JA biosynthetic
gene, ALLENE OXIDE SYNTHASE (AOS), were tran-
siently induced after 24 h of caterpillar feeding in unex-
posed and aphid-exposed wild-type and wrky70 plants
(Supplemental Fig. S4, B and E). In contrast, in wild-type
and wrky70 plants that had been previously exposed to
caterpillar feeding, AOS expression was already signifi-
cantly induced after 6 h of subsequent feeding by cater-
pillars (Fig. 2, A and C; ANOVA, P[wild type] = 0.01
and P[wrky70] = 0.01). Consistent with induced AOS ex-
pression, JA levels were significantly increased after 6 h
of subsequent caterpillar feeding on caterpillar-exposed
wild-type and wrky70 plants (Fig. 2, B and D; ANOVA,
P[wild type] = 0.01 and P[wrky70 ] = 0.01). Furthermore, JA-Ile
levels in caterpillar-exposedwild-type andwrky70plants
were also significantly induced after 6 h of subsequent
caterpillar feeding (Fig. 3; ANOVA, P[wild type-JA-Ile] = 0.01
and P[wrky70-JA-Ile] = 0.01), whereas JA-Ile levels showed
similar patterns for unexposed and aphid-exposed
wild-type and wrky70 plants (Fig. 3). It is noteworthy
that the relative expression of JAR1, a JA-Ile biosyn-
thetic gene, was higher in caterpillar-exposed wild-type
and wrky70 plants after 6 h of subsequent feeding;
however, these expression levels were not significantly
different from the levels in unexposed or aphid-
exposed wild-type or wrky70 plants (Fig. 3, A and C;
ANOVA, P[wild type-JAR1] = 0.20 and P[wrky70-JAR1] = 0.15). It is
interesting that the expression of VEGETATIVE
STORAGEPROTEIN2 (VSP2), awell-establishedmarker

gene for JA-regulated defense responses, was higher in
wrky70 plants than in wild-type plants in unexposed,
caterpillar-exposed, and aphid-exposed plants after 48
or 72 h of subsequent caterpillar feeding (Supplemental
Fig. S5, A–C). These results suggest that theWRKY70 TF
is a negative regulator of JA-induced responses.

The transcript levels of the SA biosynthetic gene
ISOCHORISMATE SYNTHASE1 (ICS1) and SA levels
after subsequent caterpillar feeding in aphid-exposed
plants were not significantly different from those in
unexposed and caterpillar-exposed wild-type plants
(Fig. 4; ANOVA, P[0 h] = 0.85, P[6 h] = 0.13, P[24 h] = 053,
P[48 h] = 0.16, and P[72 h] = 0.36). In contrast, in wrky70
p lants, levels of ICS1 expression andSAwere significantly
higher than in wild-type plants, regardless of the type
of prior herbivory (Fig. 4). Furthermore, the expression
of PATHOGENESIS-RELATED GENE1 (PR1), an SA-
responsive marker gene, was consistent with an in-
creased expression of ICS1 and SA levels in wrky70 plants
(Supplemental Fig. S5, D–F). The negative correlation be-
tween WRKY70 expression on the one hand and ICS1
expression and SA level on the other suggests that the
WRKY70 TF is a negative regulator of the SA biosynthetic
pathway, which supports data by Wang et al. (2006).

Thus, in comparison with unexposed plants, prior
exposure to caterpillar feeding results in an earlier (6-h)
induction of JA and JA-Ile in wild-type and wrky70
plants upon subsequent caterpillar feeding (Figs. 2 and
3). However, because JA and JA-Ile levels in unexposed,
caterpillar-exposed, and aphid-exposed wrky70 plants
are similar to the levels in wild-type plants, this suggests
that WRKY70 does not exert control on JA and JA-Ile
biosynthesis (Figs. 2 and 3). In contrast, prior exposure of
wild-type plants to aphid feeding hardly affected JA, JA-
Ile, and SA levels during subsequent caterpillar feeding
in comparisonwith unexposedwild-type plants (Figs. 2–
4) and, importantly, did not correlate with enhanced
resistance to subsequent caterpillar feeding in aphid-
exposed wild-type plants (Fig. 1B). These results
indicate that an earlier induction of JA and JA-Ile in
caterpillar-exposed plants that is correlated with an en-
hanced resistance against subsequently feeding cater-
pillars is not affected by a nonfunctional WRKY70.
Thus, aphid-enhanced plant resistance against subse-
quent caterpillar feeding seems to bemediated through a
novel mechanism that does not depend on SA signaling,
SA-JA cross talk, and WRKY70 regulation.

Enhanced Resistance in Caterpillar-Exposed Plants Is
Associated with a Significant Increase in
Kaempferol 3,7-Dirhamnoside

In order to examine the effects of an earlier induction
(6 h) of JA and JA-Ile in caterpillar-exposed plants on
defense metabolite accumulations that consequently
may enhance plant resistance against subsequent
caterpillar feeding, we quantified levels of kaempferol
3,7-dirhamnoside (KRR), a defense metabolite against
specialist P. brassicae caterpillars (Onkokesung et al.,
2014), in previously unexposed, caterpillar-exposed,
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and aphid-exposed wild-type and wrky70 plants. In
addition, levels of glucosinolates (GLSs), common de-
fense metabolites effective against generalist herbivores
(Mewis et al., 2005; Halkier and Gershenzon, 2006),
were also analyzed. After 4 d of caterpillar feeding,
total GLS and KRR levels were significantly higher
in previously caterpillar-exposed than in previously
unexposed and aphid-exposed wild-type or wrky70
plants (Fig. 5, A–C; ANOVA, P[GLS-wild type] # 0.01,
P[KRR-wildtype]# 0.01, P[GLS-wrky70]# 0.01, and P[KRR-wrky70]#
0.01). Moreover, GLS and KRR levels did not
differ between unexposed and aphid-exposed plants
from both genotypes (Fig. 5, A–C). In addition, the
accumulation patterns of other flavonol glycosides
showed similar trends to those observed for KRR
accumulation (Supplemental Fig. S6). Importantly,
a significantly increased KRR level in caterpillar-exposed

plants corresponds with enhanced resistance against sub-
sequent caterpillar feeding in caterpillar-exposed wild-
type and wkry70 plants. From these results, we infer
that caterpillar-enhanced plant resistance is associated
with an early transient induction of JA and JA-Ile at 6 h
of caterpillar feeding that contributes to an increase in
KRR levels upon subsequent caterpillar feeding.

Aphid-Enhanced Plant Resistance against Subsequent
Caterpillar Feeding Is Associated with Alteration of
Sinapoyl Ester Levels

Besides GLS and KRR, sinapate esters, a group of
flavonoid metabolites, play a role in plant resistance to
caterpillars and necrotrophic pathogens (Leiss et al., 2011;
Demkura and Ballaré, 2012). As we did not observe a
correlation between KRR levels and aphid-enhanced plant

Figure 2. Transcript levels ofAOS, a JA biosynthetic gene, and JA levels in previously unexposed (U), caterpillar-exposed (C), and
aphid-exposed (A) wild-type (WT) or wrky70 plants after 6 h of subsequent P. brassicae caterpillar feeding. A and C, AOS
transcript levels in unexposed, caterpillar-exposed, and aphid-exposed plants of the wild type and the wrky70 mutant after
subsequent feeding by five first instar P. brassicae caterpillars. Leaves were harvested just before caterpillar introduction and after
6 h of caterpillar feeding. Relative transcript levels were analyzed by quantitative real-time PCR (RT-qPCR). Values for each time
point represent means6 SE (n = 5) of AOS transcript levels relative to those of the ELONGATION FACTOR-1a (EF1a) gene. B and
D, JA levels in unexposed, caterpillar-exposed, and aphid-exposed plants of thewild type and thewrky70mutant after subsequent
caterpillar feeding. The same leaf samples used for AOS transcript analysis were extracted, and JA levels were quantified by liquid
chromatography quadrupole tandemmass spectrometry (LC-MS) using deuterium-labeled JA as an internal standard. Each graph
shows means6 SE (n = 5) of the JA level in wild-type and wrky70 plants. JA levels in wild-type andwrky70 plants from the same
treatment were compared by Student’s t test. AOS expression and JA levels were compared among unexposed, caterpillar-
exposed, and aphid-exposed treatments within the same genotype (wild-type or wrky70 plants) using one-way ANOVA followed
by Tukey’s HSD posthoc test; different letters indicate significant differences within a plant genotype (P# 0.05). FM, Fresh mass.
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resistance against subsequent caterpillar feeding in wild-
type and wrky70 plants (Figs. 1B and 5D), we investigated
whether sinapate esters play a role in an enhanced resis-
tance against specialist caterpillars in our system.The levels
of two sinapate esters that are abundant in Arabidopsis,
namely sinapoyl glucose (SG) and sinapoyl malate
(SM), were analyzed in unexposed, caterpillar-exposed,
and aphid-exposed wild-type and wrky70 plants. SG
levels in wild-type and wrky70 plants were reduced after
4 d of subsequent caterpillar feeding on previously un-
exposed, caterpillar-exposed, and aphid-exposed plants
(Supplemental Fig. S7B). While SM levels in unexposed
and caterpillar-exposedwild-type plants hardly changed
from the basal levels, a significant increase in SM level
was observed in aphid-exposedwild-type plants (Fig. 5D;
ANOVA, P# 0.01). In contrast, in thewrky70mutant, SM
levels increased from the basal level after subsequent
caterpillar feeding in previously unexposed, caterpillar-
exposed, and aphid-exposed plants (Fig. 5D; ANOVA,
P # 0.01). Consistent with an increase in SM levels, the
relative transcript level ofSINAPOYLGLUCOSE:MALATE
SINAPOYLTRANSFERASE (SMT), a gene coding for
an SM biosynthetic enzyme, was significantly higher
in aphid-exposed than in unexposed and caterpillar-
exposed wild-type or wrky70 plants (Supplemental
Fig. S8, B and E). In contrast, the transcript levels of
SINAPATE-1-GLUCOSYL TRANSFERASE (SGT), an

SG biosynthetic gene, did not correlate with SG levels
in previously unexposed, caterpillar-exposed, and aphid-
exposed of wild-type or wkry70 plants (Supplemental Fig.
S8, C and F). Importantly, the significant increase in SM
corresponded with an enhanced resistance against sub-
sequent caterpillar feeding in aphid-exposed wild-type
plants, and in wrky70 plants this was the case regardless
of prior herbivory history (Fig. 1B). It is noteworthy that a
significant increase in SM levels did not correlate with
phytohormone profiles in aphid-exposedwild-type plants
and in wrky70 plants of all three treatments (Figs. 2–5).
Taken together, our results suggest that SM is a defense
metabolite effective against P. brassicae caterpillars and
that SM biosynthesis is likely to be regulated through an
independent mechanism rather than the JA or SA signal-
ing cascade. We further investigated the role of SM in
plant resistance against subsequent caterpillar feeding in
an SM-deficient mutant plant.

SM Plays a Role in Enhanced Resistance to P. brassicae
Caterpillars Feeding on Arabidopsis

A mutant plant silenced in ferulic acid 5-hydroxylase
(fah1), a major enzyme in sinapate ester biosynthesis,
has been reported to lack sinapate ester accumula-
tion, including SM (Ruegger et al., 1999; Hagemeier
et al., 2001). To examine the role of SM in enhanced

Figure 3. Transcript levels of JASMONIC
ACID AMIDO SYNTHETASE1 (JAR1), a JA-Ile
biosynthetic gene, and JA-Ile levels in re-
sponse to subsequent caterpillar feeding in
unexposed (U), caterpillar-exposed (C), and
aphid-exposed (A) wild-type (WT) andwrky70
plants. A and C, Means 6 SE (n = 5) of JAR1 rel-
ative transcript levels in unexposed, caterpillar-
exposed, and aphid-exposed wild type and
wrky70 mutant plants before and after 6 h of
subsequent feeding of five first instar larvae of
P. brassicae. Relative transcript levels of JAR1
were determined by RT-qPCR. The value at
each time point represents the expression of
JAR1 relative to the EF1a gene in wild-type
and wrky70 plants. B and D, Means 6 SE (n =
5) of JA-Ile levels in unexposed, caterpillar-
exposed, and aphid-exposed wild-type and
wrky70 mutant plants before and after 6 h of
subsequent feeding by five first instar larvae of
P. brassicae. JA-Ile levels were determined by
LC-MS followed by quantifying peak areas.
Mean values of JAR1 relative transcripts and
JA-Ile levels from unexposed, caterpillar-
exposed, and aphid-exposed treatment were
compared among treatments within the same
plant background (wild-type and wrky70
plants) by one-way ANOVA by Tukey’s HSD
posthoc test; different letters indicate signifi-
cant differences within a plant genotype (P #

0.05). FM, Fresh mass.
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resistance against subsequent caterpillar feeding in aphid-
exposed wild-type plants, we compared P. brassicae cater-
pillar performance on fah1-silenced (fah1-7) wild-type and
wrky70 plants. On unexposed fah1-7 plants, P. brassicae
caterpillars gained significantly higher body mass than on
unexposed wild-type or wrky70 plants (Fig. 6A; ANOVA,
P = 0.01). As expected, enhanced resistance against
subsequently feeding caterpillars, as observed in aphid-
exposed wild-type plants, was not observed in fah1-7
plants (Fig. 6A; ANOVA, P[fah1-7] = 0.40). It is noteworthy
that while constitutive and induced KRR levels in fah1-7
plants were significantly lower comparedwith the levels
in wild-type and wrky70 plants after subsequent cater-
pillar feeding, enhanced resistance against subsequent

P. brassicae caterpillars in caterpillar-exposedplantswas still
observed in fah1-7 mutant plants (Fig. 6A; Supplemental
Fig. S9D). These results suggest an involvement of other
defense metabolites in mediating the caterpillar-enhanced
resistance phenotype in fah1-7 plants. Nevertheless, our
results indicate that SM is a metabolite that provides re-
sistance against P. brassicae caterpillars in Arabidopsis
plants that had been previously exposed to aphid feeding.

Different Costs of Enhanced Resistance to Subsequent
P. brassicae Caterpillar Feeding

An increased accumulation of distinct defense metabo-
lites upon caterpillar feeding on either caterpillar-exposed

Figure 4. Expression profile of an SA biosyn-
thetic gene, ICS1, and SA levels in unexposed
(U), caterpillar-exposed (C), and aphid-
exposed (A) wild-type (WT) andwrky70 plants
after subsequent caterpillar feeding. A to C,
Kinetics of ICS-1 expression relative to the EF1a
gene from unexposed, caterpillar-exposed,
and aphid-exposed wild-type and wrky70
plants after subsequent feeding by five first
instar P. brassicae caterpillars; graphs rep-
resent means 6 SE (n = 5). D to F, Free SA
levels at the designated time points after
subsequent P. brassicae caterpillar feeding
on unexposed, caterpillar-exposed, and aphid-
exposed wild-type and wrky70 plants. Free
SA levels were determined by LC-MS using
deuterium-labeled SA as an internal stan-
dard. Mean values of ICS1 relative transcripts
and SA levels at each time point from unex-
posed, caterpillar-exposed, and aphid-exposed
treatment were compared between wild-type
and wrky70 plants from the same treatment
by Student’s t test; asterisks indicate significant
differences: *, P # 0.05, **, P # 0.01 and ***,
P # 0.001. FM, Fresh mass.
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plants (KRR) or aphid-exposed plants (SM) suggests
that plants employ different defense mechanisms
depending on previous herbivory history to enhance
their defense against subsequent feeding by P. brassicae
caterpillars (Fig. 5). As defense mechanisms are costly
for plant growth and development (Gulmon and
Mooney, 1986; van Hulten et al., 2006; Zavala and
Baldwin, 2006; Onkokesung et al., 2010), we investi-
gated the effect of the different enhanced-resistance

mechanisms on plant growth in caterpillar-exposed
and aphid-exposed wild-type and wrky70 plants upon
subsequent exposure to caterpillars. To determine plant
growth, we measured stalk length and rosette area at
14 d after removing caterpillars for previously unex-
posed, caterpillar-exposed, and aphid-exposed wild-
type and wrky70 plants and compared this with the
respective control (undamaged) plants.

A slight, nonsignificant reduction in stalk length and
rosette area was observed for previously unexposed
and previously caterpillar-exposed wild-type plants;
however, a large reduction of stalk length (approxi-
mately 50%) and a small but significant reduction in
rosette area (approximately 6%) were observed in wild-
type plants previously exposed to aphids compared
with control plants (Fig. 7; ANOVA, P[stalk] = 0.02 and
P[rosette] = 0.01). In contrast, a strong reduction of stalk
length was observed in previously unexposed (41%),
caterpillar-exposed (56%), and aphid-exposed (57%)
wrky70 plants (Fig. 7A; ANOVA, P = 0.01). Consistent
with the stalk length reduction, rosette area was sig-
nificantly reduced in wrky70 plants regardless of prior
herbivory conditions (Fig. 7B; ANOVA, P = 0.02). It is
interesting that there was no significant difference in
stalk length between undamaged control wild-type and
wrky70 plants (Fig. 7A; Student’s t test, P = 0.99);
however, the rosette area of undamaged wrky70 plants
was significantly smaller than the rosette area of un-
damaged wild-type plants (Fig. 7B; Student’s t test, P =
0.01). In addition, although leaf area damaged after
4 d of caterpillar feeding showed no significant dif-
ference among previously unexposed, caterpillar-
exposed, and aphid-exposed wild-type plants or among
wrky70 plants of these three treatments, the caterpillar-
damaged leaf areas were significantly smaller in wrky70
plants than in wild-type plants for unexposed and
caterpillar-exposed plants (Supplemental Fig. S10;
Student’s t test, P[unexposed] = 0.007 and P[caterpillar] =
0.04). Taken together, our results indicate that en-
hanced resistance to caterpillars in wild-type plants
that had previously been exposed to aphid feeding is
more costly than for wild-type plants that had pre-
viously been exposed to caterpillars. A significant
attenuation of plant growth after subsequent cater-
pillar feeding in wrky70 plants, which have a high
constitutive resistance against P. brassicae caterpillars,
indicates an involvement of the WRKY70 TF in sup-
pressing herbivore-induced resistance to maintain an
acceptable plant growth during herbivory conditions.

DISCUSSION

A prior exposure to herbivore attack has been pro-
posed to influence plant responses to subsequent
attack from a similar or different herbivore species
(Karban and Baldwin, 1997; Kessler and Baldwin,
2004; Rodriguez-Saona et al., 2005; De Vos et al., 2006;
Poelman et al., 2008, 2010; Zhang et al., 2013a, 2013b;
Rasmann et al., 2015). Here, we show that an enhanced

Figure 5. GLS, KRR, and sinapoyl malate (SM) production after 4 d of
P. brassicae caterpillar feeding on previously unexposed (U), caterpillar-
exposed (C), and aphid-exposed (A) wild-type (WT) andwrky70 plants. A
and B, Means6 SE (n = 5) levels of total and aliphatic GLSs in unexposed,
caterpillar-exposed, and aphid-exposed wild-type and wrky70 plants.
GLS was determined by HPLC using the peak areas at 229 nm relative to
the peak area of the internal standard. C andD,Means6 SE (n = 5) of KRR
(C) and SM (D) in unexposed, caterpillar-exposed, and aphid-exposed
wild-type and wrky70 mutant plants after 4 d of subsequent feeding by
five first instar P. brassicae caterpillars. KRR levels were quantified by
HPLC based on an external standard curve of an authentic standard of
KRR. SM levels were determined by HPLC based on an external
standard curve of an authentic standard of sinapic acid. GLS, KRR, and
SM levels in unexposed, caterpillar-exposed, and aphid-exposed
wild-type and wrky70 mutant plants were compared by one-way
ANOVA followed by Tukey’s HSD posthoc test; different letters indi-
cate significant differences (P # 0.05) among treatments within the
same genotype. DM, Dry mass.
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resistance to P. brassicae caterpillars, which involves an
early induction of JA signaling in wild-type plants pre-
viously exposed to caterpillar feeding, is more cost ef-
fective than an enhanced resistance via an alternative
mechanism (SM) in wild-type plants that had been pre-
viously exposed to aphid feeding. A combination of
enhanced JA responses and an increase in SM after
P. brassicae feeding on wrky70 plants, which occurs in-
dependent of herbivory history and which results in
a caterpillar-resistant phenotype, indicates that the
WRKY70 TF plays an important role in this. Subse-
quently, the fact that caterpillar feeding on wrky70

plants results in growth reduction, compared with the
effect of caterpillar feeding on wild-type plants, indi-
cates that this TF, which is a negative regulator of JA-
induced resistance, also mediates a tradeoff between
plant growth and defense.

WRKY70 TF Regulation Is Involved in Suppressing Plant
Resistance against P. brassicae Caterpillars

Jasmonates are major signaling molecules mediating
the defense against caterpillars in various plant species,
including Arabidopsis (Wasternack and Hause, 2013). A
significant increase in susceptibility to generalist cater-
pillars (Spodoptera exigua) in an Arabidopsis genotype
with an overexpressor of a negative regulator of JA
(JAZ1D3A) indicated an important role for this negative
regulator in the induced resistance against caterpillars
(Chung et al., 2008). Because the WRKY70 TF has been
identified as a negative regulator of JA-induced re-
sponses in Arabidopsis (Li et al., 2004), we hypothesized
thatwrky70 plants would become resistant to P. brassicae
caterpillars due to a lack of this negative regulator. In-
deed, our data show that wrky70 plants are more resis-
tant to P. brassicae caterpillars thanwild-type plants (Fig.
1B; Supplemental Fig. S2A). Although similar levels of
JA and JA-Ile were observed in wild-type and wrky70
plants upon caterpillar feeding, the transcript level of
the JA-responsive marker gene VSP2was significantly
higher in wrky70 plants than in wild-type plants after
caterpillar feeding (Figs. 2 and 3; Supplemental Fig. S4,
A–C). Our results are consistent with previous studies
on a T-DNA insertion mutant of WRKY70 that reported
an increased expression of JA-responsive genes and in-
creased JA sensitivity inwrky70mutant plants, while the
transcript expression of JA biosynthetic genes and JA
levels in wrky70 plants remained at the same levels as in
wild-type plants in response to necrotrophic pathogens
(Li et al., 2004, 2006). Altogether, our data indicate that
the WRKY70 TF is a negative regulator of JA-induced
responses that lead to plant resistance against P. brassicae
caterpillars feeding on Arabidopsis. It is interesting that
in the monocot species rice, OsWRKY70 mediated plant
resistance against chewing herbivores via positive reg-
ulation of JA biosynthesis rather than suppressing JA-
induced responses (Li et al., 2015). Together with our
results, this suggests a different evolution of WRKY70
functions in plant resistance against chewing herbivores
in dicot and monocot plants.

Caterpillar-Induced Plant Resistance

An enhanced resistance to caterpillar feeding on
plants previously exposed to the same caterpillar spe-
cies has been reported in the Solanaceae and Brassica-
ceae families (Rodriguez-Saona et al., 2005; De Vos
et al., 2006; Soler et al., 2012; Rasmann et al., 2015).
Here, we report that a short-term (24-h) exposure to
feeding by P. brassicae caterpillars was sufficient to sig-
nificantly enhance plant resistance against subsequent

Figure 6. Biomass of P. brassicae caterpillars and SM production in
previously unexposed (U), caterpillar-exposed (C), and aphid-exposed
(A) wild-type, wrky70, and fah1-7 plants. A, P. brassicae caterpillar
body mass (means 6 SE; n = 20) after 9 d of feeding on unexposed,
caterpillar-exposed, and aphid-exposed plants of the wild type and the
wrky70 and fah1-7 mutants. Caterpillar body mass was compared
among treatments within the same genotype by one-way ANOVA fol-
lowed by Tukey’s HSD posthoc test; different letters indicate significant
differences within a plant genotype (P # 0.05). In addition, caterpillar
body mass from the same treatment was compared between wild-type
andwrky70 plants or between wild-type and fah1-7 plants by Student’s
t test. B, SM levels (means 6 SE; n = 5) after 4 d of feeding by five first
instar P. brassicae caterpillars on previously unexposed, caterpillar-
exposed, and aphid-exposed wild-type, wrky70, and fah1-7 plants. SM
levels were quantified by HPLC using an external standard curve of an
authentic sinapic acid standard. Mean values of SM levels were com-
pared among unexposed, caterpillar-exposed, and aphid-exposed
treatments within the respective genotypes (wild-type,wrky70, or fah1-
7 plants) by one-way ANOVA followed by Tukey’s HSD posthoc test;
different letters indicate significant differences within the same geno-
type (P # 0.05). DM, Dry mass; n.d., not detected.
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P. brassicae caterpillar feeding in wild-type Arabidopsis
plants (Fig. 1B). The induction of JA, caused by prior
caterpillar attack, or an exogenous application of JA or
methyl jasmonate can facilitate earlier and stronger re-
sponses to subsequent herbivory (Gols et al., 2003; Cui
et al., 2005; Rasmann et al., 2012; Menzel et al., 2014).
Indeed, we observed an early increase in the transcript
expression ofAOS and JAR1 and the accumulation of JA
and JA-Ile (at 6 h of subsequent feeding) in wild-type
plants that had previously been exposed to caterpillars
or that had been previously unexposed (Figs. 2 and 3).
Moreover, GLS and KRR levels after 4 d of caterpillar
feeding were significantly higher in wild-type plants
that had previously been exposed to caterpillar feeding
(approximately 2-fold) than in previously unexposed
wild-type plants (Fig. 5, A and C). Many studies on
Arabidopsis showed that specialist herbivores such as
P. brassicae caterpillars are highly adapted to GLS

(Hopkins et al., 2009; Müller et al., 2010; Winde and
Wittstock 2011). Therefore, plant resistance against
specialist caterpillars is unlikely to depend on an indi-
vidual group of defense metabolites such as GLS
(Rasmann et al., 2015). We have previously demon-
strated that KRR is an effective defense metabolite
against P. brassicae caterpillars (Onkokesung et al.,
2014). The data presented here show that a short-term
exposure of Arabidopsis to caterpillar feeding is suffi-
cient to induce an early accumulation of JA and JA-Ile
that is associated with an increase in the levels of KRR
and an enhanced resistance against subsequent cater-
pillar feeding. Although unexposed wrky70 plants were
more resistant toP. brassicae caterpillars than unexposed
wild-type plants, a comparable level of resistance
against subsequent caterpillar feeding was observed in
caterpillar-exposed wild-type and wrky70 plants
(Fig. 1B). Furthermore, the accumulation of KRR was

Figure 7. Plant growth in unexposed (U),
caterpillar-exposed (C), and aphid-exposed
(A) wild-type (WT) and wrky70 plants. A,
Stalk length (means 6 SE; n = 20) of unex-
posed, caterpillar-exposed, and aphid-
exposed wild-type and wrky70 plants at
14 d after removal of P. brassicae cater-
pillars. Five first instar P. brassicae cater-
pillars were removed from unexposed,
caterpillar-exposed, and aphid-exposed
plants of the wild type and the wrky70
mutant after 4 d of feeding. The percentage
of stalk length reduction in unexposed,
caterpillar-exposed, and aphid-exposed
wild-type andwrky70 plants was calculated
based on the stalk length of control (un-
damaged) wild-type plants. B, Rosette area
(means6 SE; n = 20) at 14 d after P. brassicae
caterpillars had been removed from unex-
posed, caterpillar-exposed, and aphid-
exposed wild-type and wrky70 plants.
Five first instar P. brassicae caterpillars
were allowed to feed freely for 4 d before
removal from unexposed, caterpillar-
exposed, and aphid-exposed wild-type and
wrky70 plants. The entire rosette area of
each plant from undamaged control, unex-
posed, caterpillar-exposed, and aphid-
exposed treatments was photographed, and
total rosette areawas analyzed using ImageJ
software. Mean values of stalk length
and total rosette area were compared
among control (undamaged), unexposed,
caterpillar-exposed, and aphid-exposed
plants within the respective plant type
(wild type or wrky70) by one-way
ANOVA followed by Tukey’s HSD post-
hoc test; different letters indicate signifi-
cant differences within a plant genotype
(P # 0.05).
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similar in caterpillar-exposed wild-type and wrky70
plants (Fig. 5C). These results indicate that the lack
of a negative regulator of JA (i.e. the WRKY70 TF) is
unlikely to further enhance plant resistance against
subsequent caterpillar feeding beyond the level repre-
sented in unexposed wrky70 plants. Recently, it has
been shown for Arabidopsis natural accessions that an
enhanced resistance against subsequent caterpillar
feeding was minor in the accessions with high consti-
tutive resistance against caterpillars (Rasmann et al.,
2015). Together, our results suggest a constraint of
JA-induced plant resistance against caterpillars that
restricts an induction of defense mechanisms to the
level that allows enough resources to be allocated to
other processes, particularly growth. The effect of
enhanced resistance in herbivore-exposed wild-type
plants and a highly resistant phenotype in wrky70
plants on plant growth will be discussed below.

Aphid-Induced Plant Resistance

Aphid infestation is commonly known to increase
the accumulation of SA, a major phytohormone in
plant responses to phloem feeders (Zhu-Salzman et al.,
2004; Walling, 2008). Previous studies have suggested
that defense against caterpillars was suppressed after
long-term (7-d) exposure to aphid feeding due to an-
tagonistic interactions between SA and JA signaling
(Rodriguez-Saona et al., 2005; Soler et al., 2012). Al-
though a short-term (24-h) exposure to B. brassicae
aphid feeding in wild-type plants was sufficient to
significantly increase SA levels (Supplemental Fig.
S1D), an unexpected enhanced resistance against
subsequent caterpillar feeding was observed in aphid-
exposed wild-type plants (Fig. 1B). Moreover, a simi-
larly low body mass was recorded for P. brassicae
caterpillars after 9 d of subsequent feeding on aphid-
exposed wild-type, wrky70, or sid2-1 plants (Fig. 1B;
Supplemental Fig. S3). These results indicate that
neither a functional WRKY70 TF nor an increase
in SA level is required for the regulation of aphid-
enhanced plant resistance to P. brassicae caterpillars.
Furthermore, the levels of JA, JA-Ile, and KRR were
similar for previously unexposed and previously
aphid-exposed wild-type and wrky70 plants, which
suggests that a novel mechanism, independent of SA,
JA, or their cross talk, regulates aphid-enhanced plant
resistance against subsequent feeding by a specialist
caterpillar (Figs. 2, 3, and 5).
Besides an increase in SA accumulation, aphid in-

festation is also known to induce oxidative stress in
plant cells (Moran et al., 2002; Kempema et al., 2007).
Demkura and Ballaré (2012) reported that a prior mild
UV light treatment, which induced oxidative stress,
made Arabidopsis plants highly resistant to (necrotro-
phic) pathogens that are sensitive to JA-dependent
defenses through an induction of sinapate esters.
Interestingly, we found a correlation between high SM
accumulation and enhanced resistance to P. brassicae

caterpillars in aphid-exposed wild-type plants as well
as in wrky70 plants regardless of herbivory history
(Figs. 1B and 5D). An increased susceptibility to
P. brassicae caterpillars and a lack of enhanced resis-
tance against subsequent caterpillar feeding in aphid-
exposed SM-deficient plants (fah1-7) further support the
function of SM in plant defense against P. brassicae
caterpillars in Arabidopsis. It is interesting that the ac-
cumulation of KRR, a metabolite that provides resis-
tance against P. brassicae caterpillars (Onkokesung
et al., 2014), was much lower (approximately 50%) in
fah1-7 plants than in wild-type and wrky70 plants.
Furthermore, caterpillar feeding failed to induce KRR
levels in fah1-7 mutant plants (Supplemental Fig. S6D).
These results indicate that the combination of a lack of
SM accumulation and a low KRR level contribute to the
susceptibility to P. brassicae caterpillars in previously
unexposed fah1-7 plants (Fig. 6; Supplemental Fig.
S9D). Further investigation of P. brassicae caterpillar
resistance in Arabidopsis mutant plants silenced in
SMT should provide additional information on the
function of SM in plant resistance against specialist
caterpillars.

SM induction after subsequent caterpillar feeding is
a unique phenomenon in aphid-exposed wild-type
plants. It is interesting that feeding by either P. brassi-
cae caterpillars or B. brassicae aphids did not induce SM
inwild-type plants, suggesting that the mechanism that
regulated SM accumulation might act independently
from JA- or SA-signaling pathways (Supplemental Fig.
S11). Although we observed a tentatively negative
correlation between SMT and WRKY70 expression in
unexposed, caterpillar-exposed, and aphid-exposed
wild-type plants (Supplemental Fig. S8, A and B), the
lack of an increased transcript level of SMT and SM
accumulation at the basal level in wrky70mutant plants
prevent us from drawing the conclusion that the
WRKY70 TF is a negative regulator of SM biosynthesis.
Moreover, Kim et al. (2015) reported that the level of
indole-3-acetaldoxime, a precursor in indole GLS,
auxin, and camalexin biosynthesis, negatively affected
SM level in Arabidopsis. Based on available informa-
tion on the SM biosynthetic pathway (Clauss et al.,
2011) and our results, we speculate that SM biosyn-
thesis is regulated through a novel molecular mecha-
nism that may involve reactive oxygen species. Future
studies using an integrative analysis of transcriptomics
and metabolomics are required to identify the regula-
tory network of SM biosynthesis from signaling to
metabolite biosynthesis.

It is noteworthy that KRR and SM both are flavonoid
metabolites that are active defense metabolites against
specialist caterpillars. Therefore, it is likely that other
flavonoid metabolites might also be an active defense
metabolite against specialist herbivores of Arabidopsis.
Studying plant resistance against specialist herbivores
in Arabidopsis mutant plants defective in transcrip-
tional regulators of flavonoid biosynthesis pathways
may result in the identification of novel defense me-
tabolites against specialist herbivores.
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Differential Costs of JA-Dependent and JA-Independent
Herbivore-Induced Plant Resistance

The concept that plants utilize information of a pre-
vious encounter with biotic or abiotic stress in phyto-
hormonal networks and enhance resistance against
subsequent stress conditions in a cost-effective manner
has been proposed previously (van Hulten et al., 2006;
Bruce et al., 2007; Conrath, 2011; Vos et al., 2013). We
found that an enhanced resistance against subsequent
P. brassicae caterpillar feeding through a JA-indepen-
dent mechanism involving SM biosynthesis in aphid-
exposed wild-type plants strongly reduced plant
growth. In contrast, enhanced resistance through JA-
dependent mechanisms via the induction of GLS and
KRR in caterpillar-exposed wild-type plants did not
have a significant growth reduction compared with
previously unexposed plants or control uninfested
wild-type plants (Fig. 7). Although the induction of
defense metabolites that is mediated by JA signaling
after caterpillar feeding has been shown to incur costs
in terms of plant growth reduction in Arabidopsis
(Kliebenstein et al., 2001; Paul-Victor et al., 2010; Züst
et al., 2011; Bekaert et al., 2012), this mechanism ap-
pears to be more cost effective than the induction of
aphid-induced defense involving the metabolite SM.
Nevertheless, we cannot rule out that a direct negative
impact of aphid feeding on plant growth (Züst et al.,
2011) leads to a stronger growth reduction upon cat-
erpillar feeding in aphid-exposed wild-type plants.

Although the induction of JA signaling and defense
metabolites in caterpillar-exposed or aphid-exposed
wrky70 plants were similar to those in wild-type
plants, a strong growth reduction that followed sub-
sequent caterpillar feeding was observed in wrky70
plants (Fig. 7). Wang et al. (2006) reported a dual
function of theWRKY70 TF as a negative and a positive
regulator of SA biosynthesis and perception, respec-
tively. It has been reported that high SA accumulation
can suppress plant growth in Arabidopsis (Rivas-San
Vicente and Plasencia, 2011). Indeed,wrky70 plants had
a significantly higher level of SA at the constitutive and
induced levels than wild-type plants (Fig. 4). It is in-
teresting that, although stalk length was comparable
between undamaged control wild-type and wrky70
plants, undamaged control wrky70 plants had a smaller
rosette than undamaged control wild-type plants (Fig.
7). These results suggest a possible negative effect of
high SA level on plant growth in wrky70mutant plants.
However, in comparison with undamaged control
wrky70 plants, a further and significant reduction of
stalk length and rosette area was observed after sub-
sequent caterpillar feeding on wrky70 plants (Fig. 7).
Taken together,we infer fromour results that the growth
attenuation in wrky70 plants is a consequence of a high
SA level and induced defense against caterpillars. Fur-
thermore, a highly caterpillar-resistant phenotype that
might derive from a strong induction of JA-dependent
responses coincides with a strong growth reduction
after caterpillar feeding onwrky70 plants regardless of a

prior herbivory history (Figs. 1B and 7). These results
suggest that the WKRY70 TF is involved in a nega-
tive regulatory network that represses JA-inducible
resistance against caterpillars to maintain an accept-
able plant growth during herbivory stress conditions.
More studies, for instance on the interaction between
WRKY70 TF and other negative regulators of JA,
particularly JAZ repressor proteins, are required to
understand the role of the WRKY70 TF in a JA neg-
ative regulatory network that might also be involved
in the regulation of a tradeoff between growth and
defense during herbivory stress.

CONCLUSION

Our study shows that, although a prior exposure to
short-term aphid or caterpillar feeding enhances plant
resistance to subsequent caterpillar feeding, fundamen-
tally different underlying defense mechanisms are in-
volved. An enhanced resistance through the JA signaling
network in caterpillar-exposed plants is more cost ef-
fective than an enhanced resistance through an alter-
nativemechanism involving an increase in SM level, as
observed in aphid-exposed plants. The constitutive
caterpillar-resistant phenotype in wrky70 plants coin-
cides with a strong growth reduction, which indicates
that plants utilize negative regulators of JA-induced re-
sponses, such as the WRKY70 TF, to restrict JA-induced
resistance against caterpillar feeding while maintaining
plant growth during subsequent herbivory.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used as the wild
type. Seeds of a T-DNA insertion mutant ofWRKY70 (wrky70; SALK_025198; Li
et al., 2006), a sinapate ester mutant (fah1-7; N8604; Ruegger et al., 1999), and an
SA induction-deficient mutant (sid2-1; N16438; Wildermuth et al., 2001) in the
Columbia-0 background were obtained from the European Arabidopsis Stock
Centre. Surface-sterilized seeds as described previously (Onkokesung et al.,
2014) were germinated on one-half-strength Murashige and Skoog medium

Table I. Specific primers used for RT-qPCR

Gene Sequence (59→39)

WRKY70-Forward ACCCGTTAAGGGTAAAAGAGGA
WRKY70-Reverse CTTGGGTTCGAGCTCAACCT
AOS-Forward TCCACCCAAAAACCGTACGA
AOS-Reverse TGAAGAACTCTTCAGCTCCTTG
JAR1-Forward GAAGCTGCTCACACCTAACC
JAR1-Reverse CAATCCATCCTTCCGAGCTAC
ICS1-Forward CACTAGATTCTCCCGCAAGAAG
ICS1-Reverse TGGTCAATTGGAACCTGTAACC
VSP2-Forward TCAGTGACCGTTGGAAGTTGTG
VSP2-Reverse GTTCGAACCATTAGGCTTCAATATG
SMT-Forward GAATGTTGGGCTAACGACGA
SMT-Reverse CTTATCCAGGCTTGAGTTGCA
EF-Forward TGAGCACGCTCTTCTTGCTTTCA
EF-Reverse GGTGGTGGCATCCATCTTGTTACA
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containing 3% (w/v) Suc. Plates were kept in the dark at 4°C for 2 d before
transfer to a growth chamber at 21°C6 1°C, 60%6 5% relative humidity (RH),
120 mmol m22 s21 light intensity, and an 8/16-h (light/dark) photoperiod.
Fourteen-day-old seedlings were subsequently transplanted into round plastic
pots (diameter, 4.5 cm) containing sterilized substrate mix (Horticoop) and kept
under environmental conditions as described above. Four- to 5-week-old plants
were used in all experiments.

Insects

Caterpillars (Pieris brassicae) and aphids (Brevicoryne brassicae) from their
respective stock colonies (Laboratory of Entomology, Wageningen University)
were reared on Brussels sprouts plants (Brassica oleracea var gemmifera ‘Cyrus’)
at 22°C 6 1°C, 60% 6 5% RH, and a 16/8-h (light/dark) photoperiod.

Herbivore Treatments

Four- to 5-week-old Arabidopsis plants were transferred from short (8/16-h
light/dark) to long (16/8-h light/dark) photoperiod conditions, at 21°C 6 1°C
and 60% 6 5% RH, 24 h before herbivore treatments.

For caterpillar-exposed plants, five first instar P. brassicae caterpillars were
placed on each Arabidopsis plant and allowed to feed freely for 24 h before
being removed from the plants.

For aphid-exposed plants, five adult B. brassicae aphids were placed on in-
dividual Arabidopsis plants, and the plants were kept in cylindrical plastic
containers (diameter 8 cm3 height 14 cm) covered with fine-mesh gauze under
the same growth conditions as for the caterpillar-exposed treatment. After 24 h
of feeding, the aphids were removed from the plants.

Plants without prior herbivore exposure (unexposed plants) were kept
under the samegrowth conditions as caterpillar- and aphid-exposedplants for
24 h. After 24 h of exposure to caterpillars or aphids, unexposed, caterpillar-
exposed, and aphid-exposed plants were subjected to P. brassicae caterpillar
feeding.

P. brassicae Caterpillar Performance

Todetermine the effects of prior herbivory on the performance ofP. brassicae
caterpillars, a freshly hatched neonate caterpillar was placed on unexposed,
caterpillar-exposed, or aphid-exposed plants (one caterpillar per plant). The
larvae were allowed to continuously feed on the plants for 9 d, after which
their body mass was determined. The fresh weights of 20 individual cater-
pillars fed on unexposed, caterpillar-exposed, and aphid-exposed plants were
assessed.

Phytohormone Analysis

Five first instar larvae of P. brassicae were placed on each unexposed,
caterpillar-exposed, and aphid-exposed plant. After removal of the caterpil-
lars, caterpillar-damaged leaves were harvested after 6, 24, 48, or 72 h of
feeding and pooled from two individual plants to obtain one biological
replicate. Leaf tissue from undamaged plants was used as a control. Five
biological replicates for each time point were harvested for unexposed,
caterpillar-exposed, and aphid-exposed plants, flash frozen in liquid nitro-
gen, and kept at 280°C until analysis.

Approximately 0.1 g offinely pulverized leaf tissue from control, unexposed,
caterpillar-exposed, and aphid-exposed plants was extracted and analyzed
for JA, JA-Ile, and SA levels by LC-MS (Varian) as described in detail by
Onkokesung et al. (2014). JA, JA-Ile, and SAwere detected in the electrospray
ionization (ESI) negative mode. JA was quantified based on the deuterium-
labeled JA internal standard (C/D/N Isotope). SA and JA-Ile levels were
quantified based on peak areas.

GLS Analysis

Each of 10 unexposed, caterpillar-exposed, and aphid-exposed plants
were damaged by five first instar P. brassicae larvae for 4 d. Control (un-
damaged) plants were also kept under similar environmental conditions
(16/8-h light/dark photoperiod, 21°C 6 1°C, and 60% 6 5% RH) to
caterpillar-damaged plants. After removal of the caterpillars, damaged leaf
tissues were harvested and pooled from two individual plants to obtain one
biological replicate. Leaf tissue from undamaged plants was used as a

control. Five biological replicates of unexposed, caterpillar-exposed, and
aphid-exposed plants were harvested, flash frozen in liquid nitrogen, and
kept at 280°C until analysis.

Approximately 20 mg of lyophilized tissue was used for GLS extraction and
analyzed by HPLC and UV light detection; GLSs from the 80% (v/v) methanol
extracts were bound to DEAE-Sephadex and converted to desulfoglucosino-
lates by the use of Helix pomatia sulfatase (Burow et al., 2006). An HPLC in-
strument (Agilent 1100 series), equipped with a C-18 reverse-phase column
(Nucleodur Sphinx RP; 250 3 4.6 mm, 5-mm particle size; Macherey-Nagel),
was used as described by Burow et al. (2006). Desulfoglucosinolates were
identified based on comparison of retention times and UV light absorption
spectra with those of known standards. GLS levels (mmol g21 dry weight)
were calculated from the peak areas at 229 nm relative to the peak area of the
internal standard para-hydroxybenzyl GLS using the relative response fac-
tors 2 for aliphatic and 0.5 for indolic GLSs (Burow et al., 2006; Onkokesung
et al., 2014).

Flavonol and Sinapate Ester Analysis

The same tissue samples from unexposed, caterpillar-exposed, and aphid-
exposed plants that were used for GLS analysis were also used for flavonol
and sinapate ester analysis. Approximately 20 mg of lyophilized tissue was
extracted and analyzed by HPLC (Agilent HP1100 series) in conjunction with a
C-18 reverse-phase column (Nucleodur Sphinx RP; 2503 4.6mm, 5-mmparticle
size; Macherey-Nagel) as described by Onkokesung et al., (2014). KRR (High-
Purity Compound Standard), quercetin-3-glucoside (Sigma-Aldrich), and an
authentic standard of sinapic acid (Fluka) were used as external standards for
the quantification of kaempferol glycoside, quercetin glycoside, SG, and SM
(Onkokesung et al., 2014).

RT-qPCR

Approximately 100 mg of finely ground frozen leaf tissue was used for
total RNA isolation using the NucleoSpin RNA Plant Kit (Macherey-Nagel).
Total RNA samples were treated with RQ1 DNase (Promega) followed by
ethanol precipitation. Complementary DNA (cDNA) was synthesized from
1 mg of RNA using an iScript cDNA synthesis kit for RT-qPCR (Bio-Rad) in a
20-mL reaction volume. RT-qPCR was performed in a CFX96 Touch Real
Time PCR Detection System (Bio-Rad) in a total volume of 20 mL containing
1.5 mL of cDNA from 1 mg of RNA, 10 mL of iQ SYBR Green supermix (Bio-
Rad), and 1.2 mL of 5 mM forward and reverse gene-specific primers. The
primer sequences are listed in Table I. The reactions were run in a three-step
program including melting curve analysis: preincubation at 95°C for 10 min,
amplification for 40 cycles (95°C for 15 s, 59°C for 30 s, and 72°C for 45s), and
melting analysis from 72°C to 95°C. For normalization, specific primers of
EF1a from Arabidopsis (accession no. NM_001125992) were used. All re-
actions were performed with five biological replicates. Relative gene ex-
pression (fold change) was calculated based on an efficiency-corrected
model (Pfaffl, 2001).

Plant Growth Analysis

The effect of enhanced resistance to P. brassicae caterpillars on plant growth
was determined bymeasuring stalk length and rosette leaf area. Five first instar
P. brassicae larvae were allowed to continuously feed on each unexposed,
caterpillar-exposed, and aphid-exposed plant for 4 d. Caterpillars were re-
moved from the plants after 4 d of feeding, and unexposed, caterpillar-exposed,
and aphid-exposed plants were kept under 16/8-h light/dark photoperiod,
21°C 6 1°C, and 60% 6 5% RH conditions. Fourteen days after removal of
caterpillars, stalk lengths were measured and rosette leaf area was determined
from digital image analysis using ImageJ software (http://imagej.nih.gov/ij/
index.html; Schneider et al., 2012). Undamaged plants were used as controls. In
addition, the total damaged leaf area after 4 d of caterpillar feeding on unex-
posed, caterpillar-exposed, and aphid-exposed plants was quantified from
digital image analysis by ImageJ software.

Statistical Analysis

The data were analyzed by Student’s t test or ANOVA followed by Tukey’s
HSD posthoc test using SPSS 22 (IBM).
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Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AT3G56400 (WRKY70), AT5G42650 (AOS),
AT2G46370 (JAR1), AT1G74710 (ICS1), AT5G24770 (VSP2), AT2G22990 (SMT),
AT3G21560 (SGT1), AT4G36220 (FAH1), AT2G14610 (PR1).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phytohormone levels in wild-type and wrky70
mutant plants after feeding by P. brassicae caterpillars or B. brassicae
aphids.

Supplemental Figure S2. Effect of functional WRKY70 TF on plant resis-
tance against specialist caterpillars or specialist aphids in Arabidopsis.

Supplemental Figure S3. Effect of previous exposure to feeding by cater-
pillars or aphids on wild-type and SA-deficient mutant plants.

Supplemental Figure S4. Kinetics of transcript expression of WRKY70,
AOS, and ICS1 in unexposed, caterpillar-exposed, and aphid-exposed
wild-type and wrky70 mutant plants after subsequent P. brassicae cater-
pillar feeding.

Supplemental Figure S5. VSP2 and PR1 relative transcript levels in previ-
ously unexposed, caterpillar-exposed, and aphid-exposed wild-type and
wrky70 plants after subsequent P. brassicae caterpillar feeding.

Supplemental Figure S6. Flavonol glycoside levels after 4 d of feeding by
P. brassicae caterpillars on previously unexposed, caterpillar-exposed,
and aphid-exposed wild-type and wrky70 plants.

Supplemental Figure S7. Indole GLS and SG levels after feeding by
P. brassicae caterpillars on previously unexposed, caterpillar-exposed,
and aphid-exposed wild-type or wrky70 plants.

Supplemental Figure S8. Relative transcript levels of WRKY70, SMT, and
SGT after feeding by P. brassicae caterpillars on previously unexposed,
caterpillar-exposed, and aphid-exposed wild-type and wrky70 plants.

Supplemental Figure S9. GLS and KRR levels upon P. brassicae caterpillar
feeding on previously unexposed, caterpillar-exposed, and aphid-
exposed wild-type, wrky70, and fah1-7 plants.

Supplemental Figure S10. Percentage of total damaged leaf area after
4 d of feeding by P. brassicae caterpillars on unexposed, caterpillar-
exposed, and aphid-exposed wild-type and wrky70 plants.

Supplemental Figure S11. SM levels after 4 d of P. brassicae caterpillar
feeding or after 7 d of B. brassicae aphid feeding on wild-type Arabidopsis.
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