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In response to insect herbivory, Arabidopsis plants activate the synthesis of the phytohormone jasmonate-isoleucine, which binds to a complex consisting of the receptor COI1 and
JAZ repressors. Upon proteasome-mediated JAZ degradation, basic helix-loop-helix transcription factors (TFs) MYC2, MYC3, and MYC4 become activated and this results in the
expression of defense genes. Although the jasmonate (JA) pathway is known to be essential for the massive transcriptional reprogramming that follows herbivory, there is however
little information on other TFs that are required for defense against herbivores and whether
they contribute significantly to JA-dependent defense gene expression. By transcriptome
profiling, we identified 41 TFs that were induced in response to herbivory by the generalist
Spodoptera littoralis. Among them, nine genes, including WRKY18, WRKY40, ANAC019,
ANAC055, ZAT10, ZAT12, AZF2, ERF13, and RRTF1, were found to play a significant role
in resistance to S. littoralis herbivory. Compared to the triple mutant myc234 that is as
sensitive as coi1-1 to herbivory, knockout lines of these nine TFs were only partially more
sensitive to S. littoralis but, however, some displayed distinct gene expression changes at
the whole-genome level. Data thus reveal that MYC2, MYC3, and MYC4 are master regulators of Arabidopsis resistance to a generalist herbivore and identify new genes involved
in insect defense.
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INTRODUCTION
During million years of coexistence, plants and insects have
evolved different types of interactions. Some relationships like
pollination are mutually beneficial, whereas the more common
predator-host relationship is highly detrimental to plants (Walling,
2000). As a consequence, plants have developed several defense
mechanisms to cope with insect attacks including physical barriers, the production of anti-digestive proteins, or toxic secondary
metabolites (Howe and Jander, 2007). Most of these defenses
are constitutive but are also highly inducible to minimize the
cost of triggering defense in times of peace. In Arabidopsis and
more generally in the Brassicaceae, the amino-acid derived glucosinolates (GS) have been extensively studied for their insect
repellent/deterrent properties (Wittstock and Gershenzon, 2002;
Halkier and Gershenzon, 2006). These compounds are generally
stored as inactive molecules in the vacuole. Upon tissue or cell disruption, GS are catalyzed by myrosinases into active, highly toxic
compounds including isothiocyanates, nitriles, and thiocyanates
(Grubb and Abel, 2006; Halkier and Gershenzon, 2006).
Several studies have revealed that the plant hormone jasmonate
(JA) is the main signal responsible for the activation of inducible
defenses against arthropods and necrotrophic fungi (reviewed in
Howe and Jander, 2007). In plants, herbivory triggers a burst of
JA which leads to a massive transcriptional reprogramming and
expression of defense genes (Reymond et al., 2000, 2004; Halitschke et al., 2001; de Vos et al., 2005; Devoto et al., 2005). The
F-box protein COI1 was identified as a major component of the
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JA-pathway, as coi1-1 mutants were not responding to JA treatment
(Xie et al., 1998) and were impaired in the expression of most JAand insect-inducible genes, including glucosinolate biosynthesisgenes (Reymond et al., 2004; Devoto et al., 2005; Mewis et al.,
2006). Consequently, laboratory and field studies have shown that
mutants compromised in JA biosynthesis or perception are highly
affected in resistance against a wide range of insect herbivores
(Howe et al., 1996; McConn et al., 1997; Baldwin, 1998; Stintzi
et al., 2001; Li et al., 2004; Reymond et al., 2004; Paschold et al.,
2007).
For years, the precise mode of JA perception had remained
elusive until several studies provided evidence that COI1 itself,
together with members of the JAZ family of repressors, forms
a complex with jasmonate-isoleucine (JA-Ile), an amino-acid
conjugated form of JA (Chini et al., 2007; Thines et al., 2007;
Yan et al., 2007). Further work demonstrated that (+)-7-isoJasmonoyl-l-isoleucine is the natural and bioactive ligand of
COI1-JAZ complexes (Fonseca et al., 2009). In the absence of
JA-Ile, reflecting the state of non-attacked plants, JAZ proteins
interact with the bHLH MYC2 transcription factor (TF) and
NINJA, which in turn interacts with TPL to actively repress transcription of MYC2 target genes (TG; Pauwels et al., 2010). Upon
herbivory, the accumulation and binding of JA-Ile to COI1 leads
to ubiquitination and subsequent degradation of JAZs via the
26S proteasome, allowing MYC2 to activate the expression of
JA-responsive genes (Sheard et al., 2010; Pauwels and Goossens,
2011).
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While mechanisms of JA perception are being unveiled, relatively little is known on which transcription factors (TFs) are
controlling such a massive transcriptional reprogramming and on
which downstream genes are important for defense against herbivores. Although MYC2 has been shown to interact with JAZs and
therefore potentially activate JA-responsive genes, several studies
reported that contrary to coi1-1 that is male sterile, myc2 alleles are fully fertile; moreover, they are only partially sensitive to
exogenous JA and are only slightly more susceptible to insect herbivory than wild-type plants (Boter et al., 2004; Lorenzo et al.,
2004; Dombrecht et al., 2007; Fernández-Calvo et al., 2011; Verhage et al., 2011). Recently, MYC2 was found to act additively
with its closely related homologs MYC3 and MYC4 to control JA
responses, including defense against herbivory (Fernández-Calvo
et al., 2011). Indeed, a triple mutant myc2myc3myc4 (myc234)
was as susceptible as coi1-1 to the generalist herbivore Spodoptera
littoralis and had a similar reduced expression of JA marker
genes (Fernández-Calvo et al., 2011). Besides MYC factors, the
insect-inducible Arabidopsis MYB102 was found to be necessary for defense against the specialist Pieris rapae (de Vos et al.,
2006). Amyb102 mutant showed lower expression of defenseand cell wall-related genes. However, its connection with the JApathway was not examined (de Vos et al., 2006). Enhanced expression of MYB75 (PAP1), a gene that controls phenylpropanoid
metabolism, by activation-tagging in Arabidopsis slowed growth
of Spodoptera frugiperda, but the molecular mechanism of this
response was not investigated (Johnson and Dowd, 2004). Similarly, heterologous expression of MYB12 in tobacco conferred
increased resistance to Spodoptera litura and Helicoverpa armigera,
presumably by the enhanced accumulation of flavonoids (Misra
et al., 2010). Two WRKY TFs from Nicotiana attenuata, WRK3
and WRK6, were found to positively control the accumulation of
JA-Ile and susceptibility to Manduca sexta, suggesting that these
factors play a role upstream of the JA-pathway (Skibbe et al.,
2008). Finally, GS biosynthesis is regulated by six R2R3-MYB TFs.
MYB28, MYB29, and MYB76 control aliphatic-GS genes (Hirai
et al., 2007; Gigolashvili et al., 2008; Sønderby et al., 2010), whereas
MYB34, MYB51, and MYB122 control indole-GS genes (Gigolashvili et al., 2007). Overexpression of MYB51 in Arabidopsis
impaired growth of Spodoptera exigua (Gigolashvili et al., 2007)
whereas a myb28myb29 double mutant lacking aliphatic-GS was
more susceptible to feeding by Mamestra brassicae (Beekwilder
et al., 2008).
To identify novel TFs that respond to herbivory and to gain
insight on their relative contribution to defense, we carried-out
a transcriptomic search of insect-inducible TFs. We found nine
TFs that had a significant effect on insect performance and analyzed insect-induced transcriptome changes in respective knockout lines. Our study reveals new players in Arabidopsis defense
against a generalist herbivore and highlights the predominant role
of MYC2, MYC3, and MYC4.

MATERIALS AND METHODS
PLANT MATERIAL AND GROWTH CONDITIONS

Arabidopsis thaliana Col-0 was the genetic background of all
mutant lines used in this study. The following T-DNA insertion lines were obtained from the Nottingham Arabidopsis
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Stock Center: erf13 (GK_121A12), nac019 (Salk_096295), nac055
(SALK_014331), wrky18 (SALK_093916), zat10 (SALK_054092),
zat12 (SAIL_347_G03), azf2-1 (SALK_132562), rap2.6
(SAIL_1225_G09), rrtf1 (SALK_150614), myb44 (SALK_039074).
Homozygous lines were selected by PCR and absence of transcription of the TG in mutant lines was confirmed by RTPCR. Specific forward and reverse primers were designed with
SIGnAL T-DNA verification tool for all lines1 . We generated
nac019nac055 by crossing single mutants. Seeds of the triple
mutant myc2myc3myc4 were a gift from Roberto Solano (Centro Nacional de Biotecnología-CSIC, Madrid, Spain). The coi11 (non-glabrous) mutant was obtained from Jane Glazebrook
(University of Minnesota, St. Paul, MN, USA) and wrky40
and wrky18wrky40 mutants were obtained from Imre Somssich
(Department of Plant Microbe Interactions, Max Planck-Institute
for Breeding Research, Cologne, Germany).
Col-0 and mutant lines were stratified in water for 4 days at
4˚C. The myc2myc3myc4 mutant was stratified in water containing
0.1 mM gibberellic acid to stimulate germination. Seeds were then
transferred to pots containing potting compost. The coi1-1 mutant
was germinated on Murashige and Skoog medium (Sigma, Buchs,
Switzerland) containing 3% sucrose and 30 µM JA and incubated
under continuous light (150 µmol m−2 s−1 ) for 7 days in a growth
chamber. Homozygous coi1-1 mutants showing normal greening
of leaves and no inhibition of root growth (Feys et al., 1994) were
transferred to pots. Plants were grown in a growth chamber as
previously described (Reymond et al., 2000).
INSECT BIOASSAYS

Spodoptera littoralis (Egyptian cotton worm) eggs were obtained
from Syngenta (Stein, Switzerland) and were stored at 10˚C until
further use. Eggs were placed in a beaker covered with plastic film
in an incubator (26˚C) for 2–3 days to allow hatching. Larvae were
then reared on Arabidopsis plants. For initial insect challenge, two
to three fourth- or fifth-instar S. littoralis larvae were allowed to
feed on 6-week-old plants for 4–5 h in a transparent plastic box in a
growth chamber (20˚C, 65% relative humidity, 100 µmol m−2 s−1 ,
10/14 h photoperiod) until approximately 20% of leaf area was
removed. For each experiment, damaged leaf tissue from 12 challenged plants was harvested and immediately stored in liquid
nitrogen. Leaves from 12 control, unchallenged plants were collected at the same time. For longer feeding experiments, newly
hatched larvae (three for two plants) were allowed to feed continuously during 8 days until leaves were harvested. Microarray
analyses with Col-0 and coi1-1 plants were performed on at least
three independent biological replicates.
For testing the susceptibility of TF mutants, 3-week-old plants
were used. Forty newly hatched S. littoralis larvae were placed
in a transparent plastic box containing 70 plants. After 8 days of
feeding, larvae were collected and weighed on a precision balance
(Mettler-Toledo, Greifensee, Switzerland) whereas plant tissues
from control and treated plants were immediately stored in liquid nitrogen and used for microarray analyses. All experiments
were repeated at least three times independently, except for erf13
and rrtf1 mutants (two replicates).
1 http://signal.salk.edu/tdnaprimers.2.html
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MICROARRAY EXPERIMENTS AND DATA ANALYSIS

For microarray analysis, total RNA of plant tissues was extracted,
reverse-transcribed, and processed according to a previously published procedure (Bodenhausen and Reymond, 2007). Labeled
probes were hybridized onto CATMAv4 microarrays containing
32,998 Arabidopsis gene-specific tags and gene-family tags (Sclep
et al., 2007). Hybridization and scanning have been described
previously (Reymond et al., 2004). Data normalization and statistical analyses including false-discovery rate (FDR) correction
were carried-out using an interface developed at the University
of Lausanne [Gene Expression Data Analysis Interface (GEDAI;
Liechti et al., 2010)]. Hierarchical clustering of microarray data as
well as gene node heights calculations were done with Multi experiment viewer software2 using the default options. Microarray data
have been submitted to ArrayExpress database under accession
E-MTAB-14183 .
QUANTITATIVE RT-PCR

Leaf samples from 5 to 10 plants were harvested and pooled after
48 h of herbivory by first-instar S. littoralis larvae. Tissue samples were ground in liquid nitrogen and total RNA was extracted
using RNeasy Plant Mini Kit and treated with DNaseI (Qiagen,
Hombrechtikon, Switzerland). Afterward, cDNA was synthesized
from 1 µg of RNA using M-MLV reverse transcriptase (Invitrogen, Zug, Switzerland) in a final volume of 25 µl and subsequently
diluted fourfold with water. Gene-specific primers were designed
to produce amplicons between 80 and 120 bp. Primer efficiencies
(E) were evaluated by five-step dilution regression. Quantitative
real-time PCR (qRT-PCR) was performed using Brilliant II Fast
SYBR-Green qRT-PCR Master Mix. Reactions were done in a final
volume of 25 µl containing 12.5 µl of 2× SYBR, 3.75 µl of ROX
(1/5000 dilution), 4.25 µl of RNAse-free water, 2.5 µl of primer
mix (each primer at 1 µM), and 2 µl of cDNA. A Mx3000P realtime PCR instrument (Agilent, Morges, Switzerland) was used
with the following program: 95˚C for 5 min, then 40 cycles of
10 s at 95˚C, 20 s at 55˚C, and 30 s at 60˚C. Values were normalized
to the house-keeping gene ACTIN8. The expression level of a TG
was normalized to the reference gene (RG) and calculated as Normalized Relative Quantity (NRQ) as follows: NRQ = E CtRG /E CtTG .
Each experiment was repeated three times independently.
GLUCOSINOLATE ANALYSIS

For GS extraction, seven 3-week-old plants were challenged for
48 h with two neonate S. littoralis larvae per leaf. Unchallenged
plants were used as controls. Samples from four biologically independent replicates were analyzed. Extraction method, UHPLCQTOFMS measurements and analysis have been recently described
(Glauser et al., 2012).

RESULTS
IDENTIFICATION OF INSECT-INDUCED TRANSCRIPTION FACTORS

To identify novel TFs that are involved in the response to herbivory, we reasoned that some of these factors might be themselves
subjected to transcriptional regulation. We therefore performed
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a whole-genome microarray analysis of Arabidopsis plants challenged with the generalist S. littoralis and searched for TF genes
that were robustly induced by herbivory. We collected RNA from
several independent replicates after 5 h of feeding with fourth–fifth
instar larvae and after 8 days of feeding with neonate larvae and
analyzed the transcriptome using Arabidopsis CATMA microarrays (Sclep et al., 2007). In addition, to evaluate the role of the
JA-pathway in regulating these TFs, we used coi1-1 plants in
the same experimental set-up. Induced genes were defined as
genes with a mean expression ratio ≥ 2 in Col-0 (adjusted Pvalue < 0.05). Based on TAIR annotation4 , we identified 41 TFs
that were significantly up-regulated by S. littoralis herbivory (Table
S1 in Supplementary Material). Clustering microarray data of Col0 and coi1-1 plants showed that most TFs were not or much less
induced in coi1-1 plants, suggesting that they depend on a functional JA-pathway (Figure 1; Table S1 in Supplementary Material).
Induced TFs belonged to different classes, including for example several ERF/AP2, bHLH, MYB, WRKY, Zinc-fingers, and NAC
factors.
INSECT PERFORMANCE ON TF KNOCKOUT LINES

Larval growth can be used as an outcome of plant defense ability against herbivores. To assess whether the newly identified
insect-induced TFs where involved in defense, we obtained TDNA knockout lines and challenged them with insects. For this
assay, 3-week-old plants were subjected to feeding by neonate
S. littoralis for 8 days. Among the 41 insect-induced TFs, some
were already known to be involved in defense against herbivory
(MYC2, MYB34, MYB75) and were not tested further. For the
other candidates, we obtained 11 homozygous mutant lines, of
which nine showed a significantly higher growth of S. littoralis
larvae (Figure 2; Table 1). Larval weight was between 27% (erf13)
and 66% (zat12) higher on mutant than on wild-type plants,
but this was less pronounced than on coi1-1 or myc234 plants
(>300%; Table 1). Interestingly, all sensitive TF mutants belonged
to unrelated gene families like bHLH (myc234), WRKY (wrky18,
wrky40), NAC (nac019, nac055), zinc-finger (zat10, zat12, azf2-1),
and ERF/AP2 (erf13 and rrtf1). For some closely related TFs like
WRKY18, WRKY40, and NAC019, NAC055, the respective double mutants were also tested. Noteworthy, although both single
mutants were significantly more sensitive to herbivory, none of
the double mutants showed an additive effect on larval growth
(Figure 2). A plausible explanation could be that these factors
form heterodimers and control the same sets of defense genes.
EXPRESSION OF JA MARKER GENES

Several studies have shown that the JA-pathway positively controls
the expression of at least two distinct sets of genes. Herbivory leads
to a burst of JA which activates the expression of genes like JAZ10
and VSP2 (Reymond et al., 2004; Yan et al., 2007). In response to
necrotrophic fungi, plants produce JA and ethylene (ET), which
together turn on a set of genes including PDF1.2 and ORA59
(Manners et al., 1998; Penninckx et al., 1998; Pré et al., 2008).
To test the involvement of insect-responsive TFs in the activation

2 http://www.tm4.org/mev/
3 http://www.ebi.ac.uk/arrayexpress/
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FIGURE 2 | Insect performance on transcription factor mutants. Freshly
hatched S. littoralis larvae were placed on each genotype and larval weight
(mean ± SE) was measured after 8 days of feeding. Asterisks indicate
statistically significant differences between mutant plants and Col-0
(Student’s t -test, *P < 0.05, **P < 0.01, ***P < 0.001). Similar results
were observed in at least three independent replicate experiments.

of these two branches of the JA-pathway, we monitored VSP2 and
PDF1.2 expression in mutant lines by qRT-PCR. VSP2 induction
by S. littoralis was significantly reduced in nac019, nac019nac055,
wrky18, wrky40, wrky18wrky40 mutants, although to a lesser extent
than in coi1-1, but was not affected in nac055, zat10, zat12, and
erf13 mutants (Figure 3). Interestingly, up-regulation of PDF1.2
was higher in all nac mutants, as well as in wrky18, wrky18wrky40,
zat10, and zat12, than in Col-0. On the contrary, PDF1.2 expression was abolished in coi1-1 (Figure 3). Noteworthy, such opposite
expression of PDF1.2 was previously observed between myc234
and coi1-1 in response to JA treatment (Fernández-Calvo et al.,
2011). Our results suggest that increased insect susceptibility of
some TF mutant lines can be explained by a reduced activation
of the JA-pathway that leads to the accumulation of anti-insect
proteins, including VSP2.
WHOLE-GENOME ANALYSIS OF TF MUTANTS

FIGURE 1 | Expression of insect-inducible transcription factors in
wild-type and coi1-1. Heat map representing transcription factors induced
in response to Spodoptera littoralis in Col-0 and their expression in the
coi1-1 mutant. Plants were challenged for 5 h with fourth–fifth instar larvae
or for 8 days with first-instar larvae. Genes significantly induced (log2
ratio > 1, P -value < 0.05) were represented in a clustered heat map with
MultiExperiment Viewer 4.8.1 using Euclidian distance. Genes in bold were
analyzed in this study.

Frontiers in Plant Science | Plant-Microbe Interaction

To gain more insight on the role of insect-induced TFs on downstream gene expression, we carried-out microarray analyses with
mutant lines that showed a higher sensitivity to S. littoralis. As controls for highly sensitive mutants, we included coi1-1 and myc234.
S. littoralis larvae were allowed to feed for 8 days on Col-0 and
mutant plants, then RNA was extracted and hybridized to CATMA
microarrays. As expected, the majority of genes induced by herbivory in Col-0 were JA-dependent and thereby were not induced
in coi1-1 (Figure 4A). In accordance with their similar insect
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Table 1 | Insect performance on transcription factor mutants.

A
Mutant

AGI

Relative weight

coi1-1

At2g39940

3.00 ± 0.23***

myc234

At1g32640/At5g46760/At4g17880

3.10 ± 0.42***

nac019

At1g52890

1.50 ± 0.14***

nac055

At3g15500

1.38 ± 0.17***

nac019nac055

At1g52890/At3g15500

1.40 ± 0.24***

zat10

At1g27730

1.45 ± 0.28***

zat12

At5g59820

1.66 ± 0.05***

azf2-1

At3g19580

1.54 ± 0.07***

wrky18

At4g31800

1.57 ± 0.20***

wrky40

At1g80840

1.54 ± 0.38**

wrky18wrky40

At4g31800/At1g80840

1.46 ± 0.13***

rrtf1-1

At4g34410

1.30 ± 0.08***

erf13

At2g44840

1.27 ± 0.13***

rap2.6

At1g43160

1.32 ± 0.22 n.s.

myb44

At5g67300

1.00 ± 0.11 n.s.

B

Relative weight corresponds to the mean weight of neonate S. littoralis larvae
feeding on 3-week-old mutants for 8 days divided by the mean weight of larvae feeding on Col-0. Values (±SE) are the mean of several replicates (mutants
n ≥ 3; myb44 n = 2; Col-0 n = 17). Asterisks indicate P-value (n.s. not significant;
* < 0.05; ** < 0.01; *** < 0.001; Nested ANOVA).

susceptibility, myc234 and coi1-1 showed a very similar expression profile, corroborating the additive role of MYC2, MYC3, and
MYC4 as general transcriptional regulators acting directly downstream of COI1 to control the expression of JA-responsive genes
(Fernández-Calvo et al., 2011).
Although other TF mutants showed an overall expression pattern that was more similar to Col-0, they anyhow displayed altered
profiles (Figure 4A). A correspondence analysis where the weight
distance between different experiments is indicative of their relative similarity indicated that coi1-1 and myc234 expression profiles
form a distinct subgroup that is distant from a second subgroup
containing Col-0 and all TF mutant profiles (Figure 4B). In this
second subgroup, wrky18 and wrky 40 mutants formed a clearly
separated branch, as well as erf13 and rrtf1, two members of the
B3 sub-family of ERF/AP2 TFs that clustered together, whereas
nac019, nac055, zat10, zat12, and azf2-1 were more similar to Col-0
(Figure 4B).
Although coi1-1 and myc234 expression profiles were globally similar, we could however detect significant differences
in the expression of several genes. We observed that some
COI1-dependent genes were normally expressed in myc234,
as for instance PDF1.2 and a myrosinase-associated protein
(At1g54010), or showed a reduced induction, as for instance VSP2,
CORI3, and MYB75 (Table 2; Table S2 in Supplementary Material). Thus, the distance separating transcriptomes of coi1-1 and
myc234 on the cluster (Figure 4B) probably reflects the expression
changes of such genes.
A careful examination of the expression profiles of nac019,
nac055, nac055nac019, zat10, zat12, azf2-1, rrtf1, and erf13 mutants
did not allow to identify candidate defense genes that could
easily explain the susceptibility to S. littoralis. As illustrated

www.frontiersin.org

FIGURE 3 | Expression of jasmonate marker genes in transcription
factor mutants. Relative expression of VSP2 (A) and PDF1.2 (B) was
measured by qRT-PCR in untreated plants (white bars) and in plants
challenged for 48 h with S. littoralis larvae (black bars). Values are the
mean ± SE of three biological replicates. Asterisks indicate statistically
significant differences in treated mutant plants compared to treated Col-0
plants (Student’s t -test, *P < 0.05, **P < 0.01).

by the clustering of TF mutant expression profiles with Col-0
(Figure 4B), the large majority of insect-inducible genes were
still up-regulated in the mutants (Table S2 in Supplementary
Material). However, consistent with the fact that wrky mutants
formed a distinguishable group in the cluster, they showed a partially reduced expression of genes from several pathways including
general defense (protease inhibitors), JA-biosynthesis (LOX2), GS
biosynthesis (MYB34, CYP79B3), and breakdown (TGG2), and
phenylpropanoid biosynthesis (DFR, CHS; Table S2 in Supplementary Material). To test whether the transcriptional change in
GS biosynthesis-genes could effectively alter GS biosynthesis, we
quantified GS in wrky18wrky40 by UHPLC-QTOFMS (Glauser
et al., 2012). Analysis of the most abundant GS showed that, in
response to S. littoralis, wrky18wrky40 accumulated significantly
more methylthio-GS (4MTB, 7MTH, 8MTO), less methylsulfylGS (4MSOB, 8MSOO), and less indole-GS (I3M, 1MO-I3M) than
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be explained in part by a reduced accumulation of metabolites
from the phenylpropanoid pathway.
EXPRESSION OF INSECT-INDUCIBLE TFs IN coi 1-1 AND myc234

B

FIGURE 4 | Whole-genome expression profile of transcription factor
mutants. (A) Heat map clustering the 100 most highly induced genes in
Col-0 plants after 8 days of insect feeding and their respective expression in
mutant plants. Heat map was created with MultiExperiment Viewer 4.8.1.
(B) Correspondence analysis of expression profiles including all
insect-induced genes (log2 ratio > 1, P -value < 0.05; n = 874). Clustering
and node length calculations were performed with MultiExperiment Viewer
4.8.1 and represented as unrooted tree in Treeview 1.6.6
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

Col-0 (Figure 5A). Thus, although the total GS amount between
wrky18wrky40 and Col-0 was similar, these qualitative differences could contribute to the increased insect susceptibility of the
mutant.
To test the involvement of WRKY18 and WRKY40 in the
phenylpropanoid pathway, we analyzed three genes involved in
the last steps of anthocyanins and flavonols biosynthesis. Expression analysis by qRT-PCR showed clearly that DFR, LDOX, and
3GT were strongly induced by herbivory in Col-0, whereas no significant induction could be observed in wrky18wrky40 (Figure 5).
The insect sensitive phenotype of wrky18wrky40 could therefore
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We found that some TF mutants show an altered expression of
JA marker genes but that this was not as severe as in coi1-1 and
myc234 plants (Figure 3, Table S2 in Supplementary Material).
We thus wondered whether this regulation was done through the
COI1/MYC234 signaling module or whether these TFs were independent modulators of defense gene expression. To address this
hypothesis, we analyzed the expression of nine TFs whose mutants
were more sensitive to insects in Col-0, coi1-1, and myc234. All
tested TFs were highly induced in response to S. littoralis, validating the microarray data (Figure 6). Moreover, TF expression
pattern in coi1-1 and myc234 could be separated into two different types of responses. First, NAC019, NAC055, ERF13, and RRTF1
were all significantly less induced in coi1-1 and myc234 than in Col0 (Figure 6). Interestingly, NAC019, NAC055, ERF13, and RRTF1
were barely induced in coi1-1 mutants but did still show a slight
induction in myc234. Taken together, it seems that these genes
depend on a functional JA-pathway and are thus not induced in
coi1-1, whereas a redundant MYC or other TFs might contribute
to their partial expression in myc234. The second group included
genes whose expression was still induced in coi1-1 and myc234, but
somewhat reduced when compared to Col-0 (Figure 6). Induction
of ZAT10, ZAT12, AZF2, WRKY18, and WRKY40 was reduced in
coi1-1 and myc234 compared to Col-0, although the difference
with Col-0 was only statistically significant for ZAT12 in coi1-1
and AZF2 in myc234.
Previous reports have shown that MYC2, MYC3, and MYC4
bind preferentially to G-box and G-box like sequences in the promoter of TGs (Dombrecht et al., 2007; Fernández-Calvo et al.,
2011; Godoy et al., 2011). We further investigated whether there
was a correlation between TF expression patterns and the presence of MYC2 binding cis-elements in their respective promoters.
Nearly all promoters contained G-box and G-box like sequences,
indicating that they might be direct targets of MYCs (Table 3). The
exception was WRKY18 and ERF13 that did not contain any Gbox element. Since ERF13 expression was strongly dependent on
COI1 and MYC2, MYC3, MYC4 (Figure 6), this gene must thus be
indirectly controlled by MYCs. Taken together, our findings suggest that enhanced insect performance on coi1-1 and myc234 is
explained in part by a reduced expression of downstream TFs that
regulate the expression of defense genes.

DISCUSSION
During insect herbivory, plants induce about 1000 genes, of which
roughly 65% are regulated by the JA-pathway (Halitschke et al.,
2001; Reymond et al., 2004; de Vos et al., 2005; Devoto et al.,
2005). Following JA-Ile perception by COI1, repression of MYC2,
MYC3, and MYC4 by JAZs is released allowing the transcription
of defense genes. Consequently, coi1-1 and myc234 mutants display a strong susceptibility to herbivory (Fernández-Calvo et al.,
2011). In order to identify novel TFs involved in plant response to
herbivory, we performed a whole-genome expression analysis and
found 41 TFs that were robustly induced after short- or long-term
feeding by the generalist S. littoralis. From these, we obtained 11
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Table 2 | List of insect-induced genes.
Expression ratio (log2 )
Description

AGI

Col-0

coi1-1

myc234

TI1, trypsin inhibitor

At2g43510

4.79***

3.32**

4.07**

RD20, calcium-binding protein

At2g33380

4.57***

3.33**

3.74**

Protease inhibitor (LTP)

At4g12500

4.27**

4.49**

5.03**

Aldo/keto reductase

At2g37770

4.17***

3.78***

3.51**

CAD8, cinnamyl-alcohol dehydrogenase

At4g37990

3.86**

3.26**

3.10**

Strictosidine synthase

At1g74010

3.64**

3.74*

3.36**

Protease inhibitor (LTP)

At4g12490

3.63**

3.67**

4.03**

Protease inhibitor

At2g38870

3.55**

3.48**

3.72**

PRX52, peroxidase

At5g05340

3.53**

4.17**

4.14**

Trypsin and protease inhibitor

At1g73260

3.51**

2.20*

2.74*

FAD-binding berberine family protein

At4g20860

3.59***

2.26*

2.63**

FAD-binding berberine family protein

At2g34810

3.82***

1.77*

2.04*

PDF1.2, plant defensin

At5g44420

4.33*

0.23

4.09**

Myrosinase-associated protein

At1g54010

4.20**

0.77

3.67**

Oxidoreductase, 2OG-Fe(II) oxygenase

At5g05600

4.57***

0.03

3.50**

GCN5-related N-acetyltransferase (GNAT)

At2g39030

5.57***

−0.34

2.78*

Palmitoyl protein thioesterase

At4g17470

5.25***

−0.05

2.54**

VSP2, acid phosphatase

At5g24770

5.03***

0.81

2.52**

CORI3, cystine lyase

At4g23600

4.16***

0.55

2.15*

BAM5, beta-amylase

At4g15210

3.84***

−0.54

2.44*

PAP1 (MYB75), transcription factor

At1g56650

3.75**

0.58

2.72*

Terpene synthase/cyclase,

At1g61120

4.84***

0.07

1.23*

Oxidoreductase, 2OG-Fe(II) oxygenase

At2g38240

4.54**

−0.24

1.36*

Jacalin lectin

At1g52000

4.42**

−0.39

1.54*

TSA1, calcium-binding protein

At1g52410

4.13**

0.41

1.78**

SSRP1, DNA-binding protein

At3g28730

4.10***

0.77

1.32*

GOLS1, galactinol synthase

At2g47180

4.08***

0.85

1.36*

Expressed protein

At4g02360

4.02***

0.60

1.69

ARGAH2, arginase

At4g08870

3.96**

−0.15

1.54*

DHAR1, dehydroascorbate reductase

At1g19570

3.89***

0.11

1.42*

Cysteine proteinase

At4g11320

3.79***

−0.06

1.54**

ILL6, IAA amino-acid conjugate hydrolase

At1g44350

3.59**

−0.56

1.51*

AOC1, allene oxide cyclase

At3g25760

3.58**

−0.18

1.26*

LOX3, lipoxygenase

At1g17420

3.97**

0.87

0.96*

Protein kinase

At4g10390

3.68**

0.21

0.93*

Oxidoreductase, 2OG-Fe(II) oxygenase

At3g55970

3.90**

0.14

0.99*

jacalin lectin,

At2g39330

4.92***

−0.57

0.99*

FAMT, farnesoic acid methyl transferase

At3g44860

3.79***

−1.17

0.82

VSP1, acid phosphatase

At5g24780

6.48***

0.59

0.47

JAZ10

At5g13220

4.83***

−0.33

0.39

MBP2, myrosinase-binding protein

At1g52030

4.74***

0.33

−0.24

MBP1, myrosinase-binding protein

At1g52040

4.55***

0.39

−0.10

TRAF-like family protein

At5g26260

4.33***

0.40

0.38
0.43

UTR3, UDP-galactose transporter

At1g14250

3.86**

−0.42

Trypsin and protease inhibitor

At1g73325

3.85***

−0.19

0.37

O-methyltransferase

At1g76790

3.74***

−1.09

−0.68

TRAF-like family protein

At3g28220

3.72***

−1.12

0.07

AT14A, transmembrane protein

At3g28300

3.70*

−1.06

−1.09

AT14A, transmembrane protein

At3g28290

3.58*

−1.12

−0.60

PGL5, 6-phosphogluconolactonase

At5g24420

3.56***

−0.83

−0.79*

List of the 50 most highly induced genes in response to S. littoralis in Col-0. Three-week-old plants were challenged for 8 days with first-instar larvae. Values are
calculated from several independent biological replicates (Col-0, myc234 n = 4; coi1-1: n = 3). Ratios are color-coded according to intensity: yellow (from 1 to 2),
magenta (from 2 to 3), red (>3). Asterisks indicate adjusted P-value (* < 0.05; ** < 0.01; *** < 0.001).
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A

B

FIGURE 5 | Quantification of glucosinolates and expression of
phenylpropanoid pathway genes in wrky18wrky40 mutant. (A) Levels
of eight glucosinolates were quantified in Col-0 and wrky18wrky40 double
mutant. Plants were challenged for 2 days with S. littoralis larvae.
Unchallenged plants were used as controls. Values are the mean (±SE) of
four biological replicates. Bars with different letters differ at P < 0.05
(Tukey’s HSD test). 4MTB, 4-Methylthiobutyl-GS; 7MTH,
7-Methylthioheptyl-GS; 8MTO, 8-Methylthiooctyl-GS; 3MSOP,
3-Methylsulfinylpropyl-GS; 4MSOB, 4-Methylsulfinylbutyl-GS; 8MSOO,
8-Methylsulfinyloctyl-GS; I3M, Indol-3-ylmethyl-GS; 1MO-I3M,
1-Methoxyindol-3-ylmethyl-GS. (B) The wrky18wrky40 mutant shows
altered expression of phenylpropanoid pathway genes DFR, LDOX, and
3GT in response to herbivory. Relative expression was measured by
qRT-PCR in untreated plants (white bars) and in plants challenged for 48 h
with S. littoralis larvae (black bars). Values are the mean (±SE) of three
replicate experiments. Asterisks indicate statistically significant differences
in treated wrky18wrky40 plants compared to treated Col-0 plants
(Student’s t -test, *P < 0.05, **P < 0.01, ***P < 0.001).

mutants of which nine were found to increase insect performance.
However, mutation in none of these TFs was able to phenocopy
the severe susceptibility observed with coi1-1 and myc234, suggesting that these factors only partially contribute to insect defense.
One explanation could be that these TFs are downstream targets
of MYCs and that they regulate subsets of defense genes. However, analysis of their expression in coi1-1 and myc234 revealed
that this was not always the case. Whereas NAC019, NAC055,
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ERF13, and RRTF1 induction by herbivory was clearly dependent
on COI1 and MYC2/MYC3/MYC4, expression of other TFs was
not, or only partly, affected in the mutants. We thus propose a
model where groups of TFs activates defense gene expression in
JA-dependent and JA-independent manner (Figure 7). For the
JA-dependent pathway, MYC2/MYC3/MYC4 play a quantitatively
important role by directly activating defense genes or by activating downstream TFs. In parallel, a JA-independent pathway
triggers WRKYs and Zinc-finger TFs expression to provide additional defense. These findings might however represent only a
fraction of all TFs involved in defense against herbivory. First, we
could only obtain 11 confirmed mutants and the implication of
the other insect-induced TFs should be tested. Second, it is also
possible that important TFs are not induced by herbivory. For
example, expression of MYC3 and MYC4 is not up-regulated by
JA treatment (Fernández-Calvo et al., 2011).
Although myc234 and coi1-1 were equally sensitive to herbivory,
confirming previous observations (Fernández-Calvo et al., 2011),
we found that their expression profile was not identical and several
potential defense genes were induced in Col-0 and myc234 but not
in coi1-1. This suggests that other yet unknown TFs are targets
of the COI1-JAIle-JAZs signaling module. Since the JA-pathway
is also crucial for defense against necrotrophic fungi (Thomma
et al., 2000; Thaler et al., 2004), it is plausible to postulate that
specific TFs are involved in this response. Recently, it was shown
that JAZs bind to ethylene-stabilized TFs EIN3 and EIL1 to repress
the activation of downstream genes ERF1 and PDF1.2 (Zhu et al.,
2011). Interestingly, PDF1.2 induction by S. littoralis was larger
in myc234, wrky18wrky40, zat10, zat12, nac019, and nac055 than
in Col-0, whereas it was abolished in coi1-1, indicating that this
branch of the JA-pathway, that requires also ethylene, might be
under the negative regulation of the MYC2/MYC3/MYC4 branch.
It would be interesting to test the response of myc234 and TF
mutants to necrotrophic fungi.
Global expression profiles of most TF mutants in response
to herbivory displayed a moderate change compared to Col-0,
whereas coi1-1 or myc234 had a marked reduction of defense
gene expression. However, these mutants displayed a significant
increased sensitivity to S. littoralis, indicating that each TF is
controlling the expression of important defense genes. One interpretation could be that mutation in these TFs strongly affected
the basal expression of defense genes and, whereas the expression ratios were similar between wild-type and mutant plants, the
absolute expression level in insect-treated plants might be considerably lower. However, an analysis of expression levels of the
most highly insect-induced genes did not show a drastic difference between Col-0 and TF mutants (not shown). Alternatively,
the enhanced susceptibility of TF mutant plants might be due to a
small but general reduction of defense gene expression. Finally, the
downregulation of a few specific genes that have a strong impact
on defense could also explain these results. Future research will be
required to elucidate which hypothesis is true.
Results from whole-genome expression profiles placed wrky
mutants in a distinct subgroup. Induction of the anti-insect protein VSP2 (Liu et al., 2005) was partially reduced in wrky18,
wrky40, and more strongly in wrk18wrky40 mutants. The expression of genes related to several pathways was also affected, in
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FIGURE 6 | Expression of insect-inducible transcription factors in coi1-1
and myc234. Expression of TFs was measured by qRT-PCR in untreated
plants (white bars) and in plants challenged for 48 h with S. littoralis larvae

Table 3 | MYC-binding sites in the promoter of insect-induced TFs.

Number of G-box and G-box like cis-elements in 1 kb50 -upstream region
of

TFs

(TAIR7_upstream_1000)

was

identified

by

using

Promomer

(http://bar.utoronto.ca/welcome.htm). MYC-binding affinities on G-box and
G-box like motifs have been previously studied (Godoy et al., 2011). The first
sequence from the left represents the canonical G-box with the highest affinity,
whereas the eight other sequences represent G-box like motifs with decreasing
affinity (Godoy et al., 2011).

particular GS biosynthesis and phenylpropanoid biosynthesis were
affected. Since GS are known insect deterrents, the altered GSprofile observed in wrky mutants might have contributed to their

www.frontiersin.org

(black bars). Values are the mean (±SE) of three biological replicates.
Asterisks indicate statistically significant differences in treated plants
compared to Col-0 (Student’s t -test, *P < 0.05, **P < 0.01, ***P < 0.001).

enhanced susceptibility. The phenylpropanoid pathway provides
precursors of various secondary metabolites related to abiotic and
biotic stress, including sinapate esters, lignin, suberin, flavonols,
and anthocyanins (Vogt, 2010). Polyphenols include also insect
repellents like catechin, rotenone, and phaseolin (Schoonhoven
et al., 2005). However these compounds are not produced in Arabidopsis and it remains still debatable whether anthocyanins or
any metabolite derived from the phenylpropanoid pathway have
deterrent effects against herbivores. Our observation that genes
from the last steps of anthocyanins and flavonols biosynthesis are
no longer induced by S. littoralis in wrky18wrky40 suggests that
these compounds might be important for defense. It would thus
be interesting to perform a targeted metabolic profiling of this
mutant.
It was reported previously that WRKY18 and WRKY40 have
opposite effects on resistance to necrotrophic and biotrophic
pathogens. A wrky18wrky40 double mutant was more susceptible to Botrytis cinerea while it was more resistant to Pseudomonas
syringae (Xu et al., 2006). Since defense to B. cinerea requires a
functional JA-pathway (Rowe et al., 2010), these WRKYs might
play an important role in JA-mediated responses. In addition, a
recent study found that WRKY18 and WRKY40 were involved in
early ABA signaling (Shang et al., 2010). Interestingly, ABA deficient mutants have been shown to be more sensitive to herbivore
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insects (Bodenhausen and Reymond, 2007). A more detailed
analysis of the respective roles of GS, phenylpropanoids and/or
defense proteins in the WRKY-dependent response to herbivory
will be interesting in the future. In addition, WRKY60, a close
homolog of WRKY18, and WRKY40, was shown to form homoand hetero-complexes with these factors and played a partially
redundant role in Arabidopsis response to B. cinerea and P. syringae
(Xu et al., 2006). A study of wrky18/40/60 triple mutant might
unveil an increased susceptibility to S. littoralis herbivory and a
more pronounced alteration of the transcriptome.
Although there were no marked overall differences in expression patterns of nac019, nac055, and nac019nac055 mutants compared to Col-0, these profiles were nevertheless not identical.
Previously, these two TFs have been shown to be regulated by
MYC2, to form homo-and hetero-dimers and to directly control the expression of VSP1, a close homolog of VSP2 (Bu et al.,
2008). Besides forming a distinct clade in the NAC protein family, NAC019, NAC055, and their homolog NAC072/RD26 have
been shown to bind in vitro to the CATGTG motif (Tran et al.,
2004), a G-box like motif to which MYC2, MYC3, and MYC4
also bind with high affinity (Fernández-Calvo et al., 2011). This
would suggest that MYCs and NACs compete for the same binding site or form a complex. Consistent with the presence of at
least two G-boxes in the promoter of NAC019 and NAC055, we
found that their induction by herbivory was highly reduced in
myc234, which suggests that MYC2, MYC3, and MYC4 directly regulate the expression of these genes. Indeed, a recent study showed
that MYC2 binds directly to the promoter of NAC019, NAC055,
and NAC072 and that these TFs positively regulate coronatinemediated suppression of the salicylic acid (SA) pathway (Zheng
et al., 2012). The negative cross-talk between JA and SA is a
relatively well-understood process (Pieterse et al., 2012) which
could explain the insect sensitive phenotypes of nac mutants.
In the presence of insects, JA might represses the SA signaling
pathway via these NAC TFs, whereas elevated SA, as observed
in triple nac mutants, repress the JA signaling pathway (Zheng
et al., 2012). The fact that whole-genome transcription analysis did not show any major differences between nac019, nac055,
nac019nac055, and Col-0 in response to herbivory might have been
due to a compensatory effect of NAC072 and may have thus prevented a comprehensive characterization of the role of NACs in
insect defense. Further investigations with nac019/055/072 triple
mutants will be needed to determine whether NACs directly regulate insect defense genes or whether this is done indirectly by
repressing the SA pathway.
ZAT12 and ZAT10 are known to play a role in plant defense to
oxidative stress. It was reported that zat12 plants are more sensitive
to H2 O2 application and are unable to activate ROS-scavenging
transcripts (Rizhsky et al., 2004). In addition, overexpression of
ZAT10 elevated the expression of ROS-responsive genes (Mittler
et al., 2006). Since ROS production has been implicated in defense
against herbivores (Kerchev et al., 2012), the enhanced susceptibility of zat10 and zat12 mutants could be explained by a decreased
ability to generate ROS. Further experiments will be required to
test this hypothesis.
Finally, erf13 and rrtf1, two TF mutants that belong to the same
sub-family of ERF/AP2 factors, were clustered separately from
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FIGURE 7 | A model for the transcriptional network in defense against
chewing insects. In response to herbivory, plants produce JA-Ile. This
hormone is detected by its receptor COI1 that in turn degrades JAZ
repressors (not shown) to allow the transcriptional activity of MYC2, MYC3,
and MYC4 TFs. As a consequence, MYCs activate the expression defense
genes and downstream TFs. In addition, herbivory induces the expression
of several TFs, which partially depend on COI1 and MYCs. How these TFs
are regulated and which are their target genes remains unknown. This
model only contains TFs described in this study.

Col-0 and other TF mutants. This difference can be attributed
to the fact that both mutants had a more pronounced induction
of many insect-induced genes. However, since these mutants were
more susceptible to S. littoralis herbivory, it does not seem that this
enhanced expression played a significant role in their response to
herbivory.
In conclusion, this study demonstrates the involvement of
several novel TFs in plant defense against insects. We find that
MYC2/MYC3/MYC4 are the main contributors of resistance to
a generalist herbivore and that they constitute a central hub
that controls the expression of downstream TFs. In addition, JAindependent factors also contribute significantly to defense. In the
future, more work will be necessary to identify the complete regulatory network and associated genes that are involved in defense
against insects.
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