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In tomato (Solanum lycopersicum), as in other plants, the immunity hormone jasmonate (JA) triggers genome-wide
transcriptional changes in response to pathogen and insect attack. These changes are largely regulated by the basic
helix-loop-helix (bHLH) transcription factor MYC2. The function of MYC2 depends on its physical interaction with the MED25
subunit of the Mediator transcriptional coactivator complex. Although much has been learned about the MYC2-dependent
transcriptional activation of JA-responsive genes, relatively less studied is the termination of JA-mediated transcriptional
responses and the underlying mechanisms. Here, we report an unexpected function of MYC2 in regulating the termination
of JA signaling through activating a small group of JA-inducible bHLH proteins, termed MYC2-TARGETED BHLH1 (MTB1),
MTB2, and MTB3. MTB proteins negatively regulate JA-mediated transcriptional responses via their antagonistic effects on
the functionality of the MYC2-MED25 transcriptional activation complex. MTB proteins impair the formation of the MYC2-
MED25 complex and compete with MYC2 to bind to its target gene promoters. Therefore, MYC2 and MTB proteins form an
autoregulatory negative feedback circuit to terminate JA signaling in a highly organized manner. We provide examples
demonstrating that gene editing tools such as CRISPR/Cas9 open up new avenues to exploit MTB genes for crop
protection.

INTRODUCTION

As a major immunity hormone, jasmonate (JA) promotes plant
defense in response to mechanical wounding, insect attack, and
pathogen infection. In addition, JA acts as a growth hormone
to repress vegetative growth and promote reproductive de-
velopment (Browse, 2009; Wasternack and Hause, 2013; Chini
et al., 2016; Goossens et al., 2016; Zhai et al., 2017b; Howe et al.,
2018). Underling these juxtaposing physiological functions, JA
orchestrates a genome-wide transcriptional program controlling
resource allocation between growth- and defense-related pro-
cesses, thus optimizing plant fitness according to the rapidly
changing and often hostile environment (Major et al., 2017; Guo
et al., 2018a, 2018b).

Decades of studies in the model systems of Arabidopsis
(Arabidopsis thaliana) and tomato (Solanum lycopersicum) have
elucidated a core JA signaling pathway consisting of multiple
interconnected protein-protein interaction modules that govern
the transcriptional state of hormone-responsive genes. Among
the most studied JA-inducible transcription factors is the basic
helix-loop-helix (bHLH) protein MYC2, which acts as a master
regulator of diverse aspects of JA responses both in Arabidopsis
(Boter et al., 2004; Lorenzo et al., 2004; Dombrecht et al., 2007;
Kazan andManners, 2013; Zhai et al., 2013, 2017b) and in tomato
(Yan et al., 2013; Du et al., 2017; Zhai et al., 2017b). In the resting
(i.e., “repressed”) stage of JA signaling, a group of JASMONATE-
ZIM DOMAIN (JAZ) proteins physically recruit the general
corepressor TOPLESS to form a repression complex, thereby pre-
venting MYC2 and its close homologs MYC3, MYC4, and MYC5
from activating the expression of JA-responsive genes (Chini
et al., 2007; Thines et al., 2007; Yan et al., 2007; Pauwels et al.,
2010; Cheng et al., 2011; Fernández-Calvo et al., 2011; Niu et al.,
2011; Qi et al., 2015). In the presence of the bioactive JA ligand
jasmonoyl-isoleucine (JA-Ile), JAZ proteins form a JA-Ile-
dependent coreceptor complex with CORONATINE-INSENSITIVE1
(COI1), the F-box subunit of the SCFCOI1 ubiquitin ligase (Xie et al.,
1998; Devoto et al., 2002; Xu et al., 2002; Chini et al., 2007; Thines
etal., 2007;Yanetal., 2007;Fonsecaetal., 2009;Sheardet al., 2010).
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The SCFCOI1-dependent degradation of JAZ repressors leads to
the “derepression” of MYC2 (Chini et al., 2007; Thines et al.,
2007; Yan et al., 2007; Fonseca et al., 2009; Sheard et al., 2010).
In turn, free MYC2 forms a transcriptional activation complex
with the MED25 subunit of the plant Mediator transcriptional
coactivator complex to activate the expression of JA-responsive
genes (Çevik et al., 2012; Chen et al., 2012; An et al., 2017; Zhai
et al., 2017a).

We recently showed that, in addition to interacting with MYC2
for the assembly of the preinitiation complex, the multitalented
Mediator subunit MED25 physically interacts with and coor-
dinates the actions of multiple regulators during different stages
of JA signaling. For example, MED25 physically brings the
hormone receptor COI1 to promoters of MYC2 target genes
during the resting stage and facilitates COI1-dependent deg-
radation of JAZ repressors in the presence of JA-Ile (An et al.,
2017). Furthermore, upon hormone elicitation, MED25 physi-
cally recruits the epigenetic regulator HISTONE ACETYL-
TRANSFERASE OF THE CBP FAMILY1, which selectively
regulates hormone-induced acetylation of Lys-9 of histone H3 in
MYC2 target promoters (An et al., 2017). All of these mechanis-
tically related functions of MED25 favor the hormone-induced
activation of MYC2 function. Together, these findings indicate
a central role of theMYC2-MED25complex in theactivation of JA-
responsive genes.

Although JA-mediated defense responses facilitate the adap-
tationof plants to awide rangeof biotic andabiotic stresses, these
responses can be detrimental if they continue excessively and are
not terminated in a timely manner. Emerging evidence suggests
that plants have evolved diverse and sophisticated mechanisms
that ensure the proper termination of JA-mediated defense re-
sponses. For example, an evolutionarily conserved metabolic
network converts thebioactive JA-Ile into an inactiveor less active
form (Miersch et al., 2008; Kitaoka et al., 2011; Koo et al., 2011;

VanDoornetal., 2011;Heitzetal., 2012), thusprovidinganefficient
route to switch off the JA signaling (Koo and Howe, 2012). Most
JAZ genes contain a highly conserved Jas intron, whose alter-
nativesplicinggeneratesa repertoireofJAZsplicevariants lacking
the intact C-terminal Jasmotif (Yan et al., 2007; Chung andHowe,
2009; Chung et al., 2010; Moreno et al., 2013). These dominant
JAZ splicing variants are unable to recruit SCFCOI1 but still
retain the ability to repress MYC2 and their interacting tran-
scription factors, thus contributing to the desensitization of JA
signaling (Zhang et al., 2017a). In addition, the Arabidopsis
JAZ8 and JAZ13 are noncanonical JAZ repressors that are less
sensitive to hormone-induced degradation and can recruit the
corepressor TOPLESS in a NOVEL INTERACTOR OF JAZ-
independent manner (Shyu et al., 2012; Thireault et al.,
2015). Furthermore, the bHLH subclade IIId of MYC-related
DNA binding proteins, termed JASMONATE-ASSOCIATED
MYC2-LIKE1 (JAM1), JAM2, and JAM3, play a negative role in
JA-mediated defense responses via competing with the DNA
binding capacity of MYC2 (Nakata et al., 2013; Sasaki-
Sekimoto et al., 2013; Song et al., 2013; Fonseca et al.,
2014). Collectively, these observations support that the ap-
propriate termination of JA-mediated defense response is an
integral part of JA signaling.
Here, we report the mechanistic action of a small group of JA-

inducible bHLH proteins, termed MYC2-TARGETED BHLH1
(MTB1), MTB2, and MTB3, in terminating JA signaling. In-
terestingly, theseMTB proteins function as negative regulators of
JA signaling and are direct transcriptional targets of the master
activator MYC2. We demonstrate that MTB proteins impair the
formation of theMYC2-MED25 transcriptional activation complex
andcompetewithMYC2 tobind to its target genepromoters, thus
deactivating MYC2-dependent gene transcription. Therefore,
MYC2 and MTB proteins form a negative feedback circuit to
terminate JA signaling.
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RESULTS

Tomato MED25 Acts as a Coactivator of MYC2

High similarity between tomato and Arabidopsis MED25 proteins
(Supplemental Figure 1A) prompted us to test whether tomato
MED25 acts as a coactivator of MYC2, which controls a tran-
scriptional regulatory cascade involved in JA-mediated plant
immunity (Du et al., 2017). In yeast two-hybrid (Y2H) assays, we
found that MED25 interacts with the transcriptional activation
domain (TAD) of MYC2 (Figure 1A). To confirm the physical in-
teraction between MED25 and MYC2, we performed in vitro pull-
down experiments using a purified maltose binding protein
(MBP)-tagged MED25 fragment from amino acid 243 to 806
(MBP-MED25) and glutathione S-transferase (GST)-tagged
MYC2 (GST-MYC2). As shown in Figure 1B, GST-MYC2 pulled
downMBP-MED25, indicating that MED25 interacts with MYC2
in vitro.

Since the TAD of MYC2 is also required for the binding of JAZ
repressors (Du et al., 2017), we investigated the possibility that
MED25 competes with JAZ repressors to bind to MYC2. Yeast
three-hybrid (Y3H) assays revealed MED25-MYC2 interaction on
the synthetic defined (SD) medium lacking Ade, His, Trp, and Leu
(SD/-4); however, the inductionofJAZ7expressiononSDmedium
lacking Ade, His, Trp, Leu, and Met (SD/-5) led to a dramatic
reduction in MED25-MYC2 interaction (Figure 1C), suggesting
that JAZ7 interferes with MED25-MYC2 interaction. On the other
hand, JAZ7-MYC2 interaction was detected on SD/-4 medium,
and this interaction was dramatically reduced by inducing the
expression of MED25 on SD/-5 medium (Figure 1C), suggesting
that MED25 also impairs JAZ7-MYC2 interaction. In parallel Y3H
experiments,weshowed that inductionofMBPexpressiondidnot
affect the MED25-MYC2 interaction and the JAZ7-MYC2 in-
teraction (Figure 1C). Together, these results support thatMED25
and JAZ7 compete with each other to bind to MYC2.

To substantiate the above observations, we performed in vitro
pull-down experiments using a constant protein concentration of
His-MYC2 and increasing protein concentration of MBP-MED25
orMBP-JAZ7. Results showed that the ability of His-MYC2 to pull
down MBP-MED25 decreased as the amount of MBP-JAZ7 in-
creased (Figure 1D, left panel). Similarly, theability ofHis-MYC2 to
pull down MBP-JAZ7 decreased as the amount of MBP-MED25
increased (Figure 1D, right panel). As a negative control, we
showed that the ability of His-MYC2 to pull downMBP-MED25 or
MBP-JAZ7 was not obviously affected by increasing the amount
of MBP (Figure 1D). These results corroborate that MED25 and
JAZ7 compete with each other to bind to MYC2.

To explore the significance of MED25-MYC2 interaction in JA
signaling, we generated plants expressing antisense (AS) MED25
(MED25-AS) in which the expression level of endogenous MED25
was substantially reduced compared with that in wild-type plants
(Supplemental Figure 1B). TheMED25-AS transgenic and wild-type
plantswere then subjected toastandardwoundingassay.RT-qPCR
analysis revealed that wound-induced expression of MYC2 direct
targetgenesTOMATOLIPOXYGENASED (TomLoxD) andJA2L (Yan
etal.,2013;Duetal.,2014,2017)wassignificantlyreducedinMED25-
AS plants comparedwith thewild type (Figure 1E). Similarly, wound-
induced expression of the defense marker genes THREONINE

DEAMINASE (TD; Chen et al., 2005) andPROTEINASE INHIBITOR II
(PI-II; Ryan and Pearce, 1998; Ryan, 2000) was also significantly
reducedinMED25-ASplantscomparedwiththewildtype(Figure1E).
These results indicate that MED25 plays a positive role in wound-
induced activation of JA-responsive MYC2 target genes.

Overexpression of MYC2 Attenuates, Rather Than
Enhances, JA-Mediated Defense Responses

The above results showed that MED25 competitively binds to
MYC2, thereby activating JA-responsive gene expression upon
wound-induced JA-Ile accumulation and subsequent JAZ deg-
radation. Therefore, we hypothesized that the overexpression of
MYC2 enhances JA-mediated defense responses. To test this
hypothesis,wegeneratedseveral transgenic linesoverexpressing
GFP-taggedMYC2; the expressionofMYC2-GFPwaselevated in
MYC2-OE plants (Supplemental Figure 1C). Contrary to our hy-
pothesis, wound-induced expression levels of TomLoxD, JA2L,
TD, and PI-II were decreased inMYC2-OE plants compared with
wild-type plants (Figure 1F), indicating that the overexpression of
MYC2 weakens, rather than enhances, JA-mediated defense
responses.
As a first step to understandwhyMYC2-OEplants are defective

in wound-induced defense gene expression, we compared
wound-induced JA accumulation between MYC2-OE plants and
their wild-type counterparts. Wound-induced JA accumulation
was significantly reduced inMYC2-OE plants compared with the
wild type (Supplemental Figure 2A), suggesting that MYC2-OE
plants are defective in wound-induced JA production. In addition,
exogenous methyl jasmonate (MeJA)-induced expression of
TomLoxD, JA2L, TD, and PI-IIwas also significantly decreased in
MYC2-OE plants compared with the wild type (Supplemental
Figure 2B), suggesting thatMYC2-OE plants are also defective in
JA signaling. Together, these observations led us to a hypothesis
that, in addition to regulating the activation of JA signaling, MYC2
might also autoregulate the inactivation and/or termination of JA
signaling via a hitherto unknown mechanism.

MTB1 to MTB3 Are Directly Targeted by MYC2

To understand how MYC2 regulates the termination of JA-
mediated defense responses, we attempted to identify MYC2-
targeted transcription factors (Du et al., 2017) that negatively
regulate JA signaling. From our genome-wide binding profile of
MYC2 (Du et al., 2017), we identified three MTB proteins, in-
cluding MTB1 (bHLH113, Solyc01g096050), MTB2 (bHLH133,
Solyc05g050560), and MTB3 (bHLH138, Solyc06g0839800).
Phylogenetic analysis revealed that MTB1 to MTB3 proteins are
homologs of the Arabidopsis JAM proteins (Supplemental Fig-
ure3;Nakataet al., 2013;Sasaki-Sekimotoetal., 2013;Songetal.,
2013; Fonseca et al., 2014; Goossens et al., 2017) and they share
high sequence similarity with MYC2 (Supplemental Figure 3; Sun
et al., 2015). In addition to tomato and Arabidopsis, MYC2- and
MTB-likeproteinsarealsopresent inotherplant species, including
Oryza sativa, Zea mays, Populus trichocarpa, Nicotiana tabacum,
Catharanthus roseus, Musa acuminate, Malus domestica, and
Hevea brasiliensis (Supplemental Figure 3A; Supplemental Data
Set 1).
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Figure 1. MED25 and JAZ7 Compete to Interact with MYC2.

(A) Y2H assays examining interactions between the GAL4 DNA activation domain (AD) fusions of MYC2 or MYC2 variants and GAL4 DNA binding domain
(BD) fusionofMED25. The transformed yeast cellswere platedonSD/-4. The schematic diagramshows theMYC2domain constructs. The conserved JAZ-
interacting domain (JID), TAD, basic (b) domain, and helix-loop-helix (HLH) domain are indicated with green, red, blue, and pink boxes, respectively.
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Consistent with the recent chromatin immunoprecipitation
(ChIP)-sequencing data (Supplemental Figure 4; Du et al., 2017),
our ChIP-qPCR assays using MYC2-GFP plants (Supplemental
Figure 1C; Du et al., 2017) revealed an enrichment of MYC2-GFP
recombinant protein on the G-box (CACATG) motifs inMTB gene
promoters (Figures 2A and 2B). Electrophoretic mobility shift
assays (EMSAs) showed that MBP-MYC2 recombinant protein
bound a DNA probe containing the G-box motif but failed to bind
a DNA probe in which the G-box motif was mutated (Figure 2C),
indicating that MYC2 specifically binds the G-box motif of MTB
promoters. Collectively, these results demonstrate that MTB1 to
MTB3 are direct transcriptional targets of MYC2.

We then compared the temporal expression patterns of MTB1
to MTB3 and MYC2 in response to wounding. RT-qPCR assays
revealed that, although wounding induced the expression of both
MYC2 and MTB genes in wild-type plants, the timing of their in-
ductionwasdistinct;while theexpressionofMYC2peakedat0.5h
after wounding, the expression ofMTB genes peaked at 1 h after
wounding (Figure 2D). The wound-induced expression kinetics of
MTB1 to MTB3 and MYC2 were overall conserved for their Ara-
bidopsis homologs in response to MeJA (Hickman et al., 2017).
Notably, wound-induced expression of MYC2 and MTB genes
was largely abolished in the jai1 mutant, which harbors a null
mutation of the JA-Ile receptor protein of tomato (Li et al., 2004),
indicating thatwound-inducedexpressionofMTBgenesdepends
onCOI1.Additionally,wound-inducedexpressionof all threeMTB
genes was significantly reduced in RNAi-mediated MYC2
knockdown plants (MYC2-RNAi-3#; Yan et al., 2013; Du et al.,
2017) and MED25-AS-5# plants compared with the wild type
(Figure 2E), indicating that wound-induced expression of MTB
genes requires MYC2- and MED25-dependent JA signaling.

MTB1 to MTB3 Negatively Regulate Diverse Aspects of
JA Responses

To determine the function of MTB genes in JA signaling, we
generated MTB-RNAi transgenic tomato plants in which the
expression of MTB1, MTB2, and MTB3 was downregulated
(Supplemental Figure 5A). We also generated MTB1-OE plants

overexpressingMTB1 cDNA fused with GFP under the control of
the 35S promoter (Supplemental Figures 5B and 5C). Two lines of
MTB-RNAi plants (MTB-RNAi-2# and MTB-RNAi-8#) and two
lines of MTB1-OE plants (MTB1-OE-5# and MTB1-OE-6#) were
selected for further analyses. In a standard wounding response
assay of tomato seedlings, wound-induced expression levels of
TomLoxD, JA2L,TD, andPI-IIwere increased inMTB-RNAiplants
and decreased in MTB1-OE plants compared with wild-type
plants (Figure 3A), indicating that MTB proteins negatively regu-
late the wound response of tomato plants.
In the context that JA plays a critical role in regulating the plant

wound response (Schilmiller and Howe, 2005; Sun et al., 2011;
Campos et al., 2014; Zhai et al., 2017b; Howe et al., 2018), we
reasoned thatMTB proteinsmight attenuate the wound response
by negatively regulating the JA signaling. Indeed, MeJA-induced
expression levels ofTomLoxD, JA2L, TD, andPI-IIwere increased
inMTB-RNAiplants anddecreased inMTB1-OEplants compared
with wild-type plants (Figure 3B), confirming that MTB proteins
negatively regulate MeJA-induced expression of these defense
genes.
In line with previous observations (Li et al., 2004; Chen et al.,

2011;Qi et al., 2015),we found thatexogenousapplicationof JA to
wild-type seedlings led to anthocyanin accumulation (Figure 3C)
and root growth inhibition (Figure 3D) in a dose-dependent
manner. Notably, JA-induced anthocyanin accumulation was
significantly increased in MTB-RNAi plants and significantly de-
creased in MTB1-OE plants compared with wild-type plants
(Figure 3C). Similarly, JA-induced root growth inhibition was
significantly enhanced in MTB-RNAi plants and significantly at-
tenuated in MTB1-OE plants compared with wild-type plants
(Figure 3D). Collectively, these results support that MTB proteins
negatively regulate diverse aspects of JA responses.
To explore whether MTB proteins play a role in plant defense

responses to herbivorous insects, we examined the expression
pattern ofMTB1 toMTB3 in response to insect attack. For these
experiments, 18-d-old wild-type seedlings were prechallenged
with newly hatched cotton bollworm (Helicoverpa armigera) larvae
for 1 h; afterwards, seedlingswere either continuously challenged
for another 1 h or relieved of challenging by removing the insects

Figure 1. (continued).

(B) In vitro pull-down assays to verify the interaction betweenMED25 andMYC2. PurifiedMBP-MED25was incubatedwithGST orGST-MYC2 for theGST
pull-down assay and detected by immunoblotting using anti-MBP antibody. The positions of purified GST and GST-MYC2 separated by SDS-PAGE are
marked with asterisks on the Coomassie Brilliant Blue (CBB)-stained gel.
(C) Y3H assays showing that JAZ7 and MED25 compete with each other to interact with MYC2. Yeast cells cotransformed with AD-MYC2 and pBridge-
MED25-JAZ7/MBP (top three rows)orwithAD-MYC2andpBridge-JAZ7-MED25/MBP (bottom three rows)weregrownonSD/-4medium toassessMYC2-
MED25 interaction orMYC2-JAZ7 interaction, respectively. The cotransformed yeast cellswere grownonSD/-5medium to induce the expression of JAZ7/
MBP (top three rows) or MED25/MBP (bottom three rows).
(D) In vitro pull-downassays testing for JAZ7andMED25 competition to interactwithMYC2. Fixed amounts ofHis-MYC2andMBP-MED25 fusion proteins
were incubated with an increasing amount of MBP-JAZ7 fusion protein and MBP protein (left), and fixed amounts of His-MYC2 and MBP-JAZ7 fusion
proteins were incubated with an increasing amount of MBP-MED25 fusion protein andMBP protein (right). Protein samples were immunoprecipitated with
anti-His antibodyand immunoblottedwithanti-MBPantibody.CBBstainingshows theamountof recombinantproteins loadedon thegel.Asterisks indicate
the specific bands of recombinant proteins.
(E) and (F)RT-qPCR assays characterizingwound-induced expression of TomLoxD, JA2L, TD, andPI-II in wild-type andMED25-AS plants (E) and inwild-
type andMYC2-OE plants (F). Eighteen-day-old seedlings of the indicated tomato genotypes with two fully expanded leaves weremechanically wounded
using a hemostat on both leaves for the indicated times before extracting total RNAs for RT-qPCR assays. Data represent means 6 SD (n = 3). Asterisks
indicate significant differences from the wild type according to Student’s t test at *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (Supplemental Data Set 2).
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Figure 2. MTB1 to MTB3 Are Direct Transcriptional Targets of MYC2.

(A) Schematic representations of MTB1, MTB2, and MTB3 genes showing the primers and probe used for ChIP-qPCR assay and EMSA.
(B) ChIP-qPCR analysis of MYC2 enrichment on the chromatin ofMTB1,MTB2, andMTB3. Chromatin ofMYC2-GFP-9# plants was immunoprecipitated
using anti-GFPantibody, and the immunoprecipitatedDNAwasquantifiedbyqPCR. The enrichment of target genepromoters is displayed as apercentage
of input DNA. Data represent means 6 SD (n = 3). ACTIN2 was used as a nonspecific target.
(C) EMSA showing thatMBP-MYC2 directly binds to the promoters ofMTB1,MTB2, andMTB3. TheMBP protein was incubated with the labeled probe to
serve as a negative control; mutated probes were used as a negative control. Ten- and 20-fold excesses of unlabeled or mutated probes were used for
competition. Ten- and 20-fold excesses of MBP protein were used for competition. Mu, mutated probe in which the G-box motif 59-CACATG-39 was
replaced with 59-AAAAAA-39.
(D) and (E)RT-qPCR assays showingwound-induced expression ofMYC2,MTB1,MTB2, andMTB3 in wild-type and jai1 plants (D) andMTB1,MTB2, and
MTB3 in wild-type,MYC2-RNAi-3#, andMED25-AS-5# plants (E). Eighteen-day-old seedlings of the indicated tomato genotypes with two fully expanded
leaves were mechanically wounded using a hemostat on both leaves for the indicated times before extracting total RNAs for RT-qPCR assays. Data
represent means 6 SD (n = 3).
In (B) and (E), asterisks indicate significant differences from the wild type according to Student’s t test at **, P < 0.01 and ***, P < 0.001 (Supplemental Data
Set 2).
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from plants. RT-qPCR assays revealed that the expression of
MTB1 toMTB3 was low at steady state and was induced to high
levels at 1 h upon larvae challenge (Supplemental Figure 6A).
Interestingly, the expression of the MTB genes was retained at
similar levelswhenseedlingswerecontinuously challengedby the
larvae for another 1 h or not ( Supplemental Figure 6A).

Next, we examined the performance ofMTB-RNAi andMTB1-
OE plants to herbivorous insects. For these experiments, 5-week-
old plants of each genotype and their wild-type counterparts were
challenged with larvae. After the termination of the feeding trial,
the expression of defense-related gene PI-IIwasmeasured in the
remaining leaf tissuesofdamagedplants.Results showed that the
expression of PI-IIwas significantly higher in herbivore-damaged
MTB-RNAi leaves and markedly reduced in herbivore-damaged
MTB1-OE leaves compared with herbivore-damaged wild-type
leaves (Figure 3E). In turn, the average weight of larvae reared on
MTB-RNAi plants was significantly lower and that of larvae reared
onMTB1-OEplantswas 2.0-fold greater than that of larvae reared
on wild-type plants (Figure 3F). These results demonstrate that
MTBproteinsnegatively regulateplantdefense responsesagainst
chewing insects.

We have recently shown that MYC2-dependent JA-signaling
plays a critical role in regulating plant resistance to the ne-
crotrophic pathogen Botrytis cinerea (Du et al., 2017). We found
that the expression ofMTB1 toMTB3 was induced by B. cinerea
infection (Supplemental Figure 6B). To test thatMTBproteinsmay
play a role in plant resistance to this pathogen, leaves of MTB-
RNAi andMTB1-OE plants were inoculated with B. cinerea spore
suspensions for 24 h and the expression of pathogen-related
marker gene PR-STH2 (Marineau et al., 1987; Matton and Bris-
son, 1989;Despresetal., 1995;Duetal., 2017)wasexamined.The
expression of PR-STH2was significantly increased in B. cinerea-
infected MTB-RNAi leaves and markedly reduced in B. cinerea-
infected MTB1-OE leaves compared with that in the wild type
(Figure 3G). Consistently, MTB-RNAi plants exhibited increased
resistance against B. cinerea compared with wild-type plants,
whereas MTB1-OE plants displayed more severe disease
symptomscomparedwithwild-typeplants,as revealedby thesize
of the necrotic lesions (Figure 3H). These results demonstrate that
MTB proteins negatively regulate plant resistance against B.
cinerea infection.

Previous studies revealed that JA induces plant susceptibility
to the bacterium strain Pseudomonas syringae pv tomato (Pst)
DC3000 by antagonizing salicylic acid (SA)-mediated plant de-
fense responses (Kloeket al., 2001;Zhaoetal., 2003;Brooksetal.,
2005; Pieterse et al., 2012). The negative roles of MTB proteins in
JA signaling prompted us to test whether MTB proteins are in-
volved in the Pst DC3000-induced plant defense. RT-qPCR as-
says revealed that MTB genes were induced by Pst DC3000
infection (Supplemental Figure 6C).We examined the response of
MTB-RNAi plants and MTB1-OE plants to infection by Pst
DC3000. As shown in Figure 3I, Pst DC3000-induced expression
of PR1b (Zhao et al., 2003) showed a dramatic reduction inMTB-
RNAi plants and a slight yet significant increase in MTB1-OE
plants compared with wild-type plants. Consistent with this
pattern, MTB-RNAi plants were more susceptible than the wild
type to Pst DC3000 infection, whereas MTB1-OE plants were
more resistant than the wild type to Pst DC3000 infection, as

revealed by pathogen growth (Figure 3J). These results suggest
that MTB proteins play a positive role in plant resistance against
Pst DC3000 infection.
Taken together, our results support that, in contrast to MYC2,

which positively regulates JA signaling, MTB proteins play
a negative role in regulating JA signaling.

MTB Proteins Interact with Most Tomato JAZ Proteins via
a Conserved JID

The negative regulation of JA-mediated defense responses by
MTB proteins prompted us to compare the structural domains of
MTB proteins with that of MYC2, which positively regulates JA-
mediateddefense responses in tomato (Duetal., 2017).Sequence
comparisons revealed that MTB proteins contained a conserved
JID (Fernández-Calvo et al., 2011), and key amino acids required
for interacting with JAZ proteins (Zhang et al., 2015) were largely
conserved among MTB proteins, MYC2, and the Arabidopsis
homologs AtMYC2 and AtMYC3 (Supplemental Figure 7A).
Consistent with these data, Y2H assays revealed that MTB1 in-
teracted with 10 of the 11 JAZ proteins encoded by the tomato
genome, with JAZ9 being the only exception; this interaction
between MTB1 and JAZ proteins occurred via the N-terminal
fragment of MTB1 containing JID and TAD (Supplemental
Figure 7B). These results are in line with the observations that the
Arabidopsis JAM proteins are targets of JAZ repressors (Song
et al., 2013; Fonseca et al., 2014). The interaction between MTB1
and JAZ proteins was further validated in pull-down experiments
using transgenic plants expressing c-myc-tagged MTB1 (MTB1-
myc) protein (Supplemental Figure 8) and purified epitope-tagged
JAZ proteins. Ten MBP-JAZ fusions or GST-JAZ fusions, but not
GST-JAZ9, pulled down MTB1-myc (Supplemental Figure 7C).
Thus, the interactionofMTBproteinswithmostof theJAZproteins
in tomato suggests that, like MYC2 (Du et al., 2017), these bHLH
proteins act at a high hierarchical position in the JA signaling
pathway (i.e., immediately downstream of the COI1-JAZ cor-
eceptor complex).

MTB Proteins Lack a Canonical MED25-Interacting Domain
and Repress TomLoxD Transcription

Amino acid sequence comparisons of MTB1 to MTB3, MYC2,
and its Arabidopsis homologs AtMYC2 and AtMYC3 revealed
sequence variation in the putative TAD of MTB proteins
(Supplemental Figure 7A). Previously, TADofMYC2wasshown to
interact with MED25 in Arabidopsis (Chen et al., 2012; An et al.,
2017). In Y2H assays, MYC2, but not MTB1, interacted with
MED25 (Figures 1A and 4A). Consistent with these results, in an
in vitro pull-down assay, recombinant GST-MYC2, but not GST-
MTB1, pulled down MBP-MED25 (Figure 4B). Together, these
observations indicated that the MED25-interacting domain (MID)
of MYC2 must be localized within its TAD. Domain mapping with
Y2Hassays revealed that thedeletionof a12-aminoacid fragment
from the N terminus of MYC2 TAD abolished MED25-MYC2 in-
teraction (Figure 4C), indicating that this 12-amino acid fragment
represents the MID of MYC2 (Figure 4C). Notably, the MID-
corresponding region in MTB1 (MTB1132–144) exhibits a high
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Figure 3. MTB1 to MTB3 Negatively Regulate Diverse Aspects of JA Responses.

(A)and (B)RT-qPCRassaysof theexpressionofTomLoxD,JA2L,TD, andPI-II inwild-type,MTB-RNAi-2#,MTB-RNAi-8#,MTB1-OE-5#, andMTB1-OE-6#
plants in response to mechanical wounding (A) and MeJA treatment (B). For (A), 18-d-old seedlings of the indicated tomato genotypes with two fully
expanded leavesweremechanicallywoundedusingahemostatonboth leaves for the indicated timesbeforeextracting totalRNAs forRT-qPCRassays.For
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degree of sequence variation compared with the MID of MYC2
(Figure 4C), referred to here as altered MID (AMID). Notably, se-
quence alignment indicated that theMID is generally conserved in
MYC2-like proteins and that the AMID is conserved in MTB-like
proteins in different plant species (Supplemental Figure 3B).

Notably, deletion of MID abolished the interaction of MYC2 with
all of the JAZ proteins in Y2H assays (Supplemental Figure 9A).
Protein gel analysis indicated that MYC2OMID and all JAZ fusion
proteins were expressed in yeast cells (Supplemental Figure 9B),
indicatingthattheabsenceof interactionbetweenMYC2OMIDand
JAZ proteins cannot be due to a lack of protein expression. These
results support that the MID is also involved in MYC2-JAZ in-
teraction. In parallel Y2H experiments,we found that deletion of the
AMID also abolished the interaction of MTB1 with JAZ proteins
(Supplemental Figures 9C and 9E), and protein gel analysis in-
dicated thatMTB1,MTB1OAMID, and all JAZ fusionproteinswere
expressed in yeast cells (Supplemental Figures 9D and 9F), in-
dicating that theabsenceof interactionbetweenMTB1OAMIDand
JAZ proteins cannot be due to a lack of protein expression. These
results support that the AMID is involved in MTB1-JAZ interaction.

Because MTB proteins lacked a canonical MID and negatively
regulated JAsignaling,wehypothesized that thesebHLHproteins
function as transcriptional repressors of JA-responsive genes. To
test this hypothesis, we used a yeast assay (Zhai et al., 2013) to
examine the transcriptional activation capability of MTB1 and
MYC2. Results showed that MYC2 functioned as a strong tran-
scriptional activator, whereas MTB1 did not (Figure 4D).

Next, we examined the effect of MTB1 and MYC2 on transient
expression of the firefly luciferase (LUC) gene driven by the JA-
responsive TomLoxD promoter in tobacco (Nicotiana ben-
thamiana) leaves (Yan et al., 2013). We previously demonstrated
that the JA biosynthetic gene TomLoxD is a direct target of MYC2
(Yan et al., 2013; Du et al., 2017). In line with our previous ob-
servation (Yan et al., 2013), when the PTomLoxD:LUC reporter was
coexpressed with MYC2-GFP in N. benthamiana leaves, LUC
activity was greatly increased compared with that in the empty

vector control (Figures 4E to 4G). By contrast, coexpression of
MTB1-GFP and PTomLoxD:LUC reporter construct resulted in re-
duced LUC activity (Figures 4E to 4G). When MTB1-GFP and
MYC2-GFP were simultaneously coexpressed with the PTomLoxD:
LUC reporter, MYC2-mediated enhancement of LUC activity was
significantly inhibited (Figures 4E to 4G). Together, these data
substantiate that, unlike the transcriptional activatorMYC2,MTB1
likely functions as a transcriptional repressor of JA-responsive
genes and counteracts the function of MYC2 in regulating
these genes.

MTB1 Physically Interacts with MYC2 and Interferes with the
MED25-MYC2 Interaction

Compared with MYC2 and other bHLH proteins, MTB proteins
containaconservedHLHdomain (Supplemental Figure7A),which
is believed to form homo- and heterodimers (Carretero-Paulet
et al., 2010; Fernández-Calvo et al., 2011; Goossens et al., 2016).
This was evident in our in vitro pull-down assays, in which both
GST-MYC2 and GST-MTB1 pulled down recombinant MBP-
MYC2 (Figure 5A) aswell as recombinantMBP-MTB1 (Figure 5B).
These results suggest that, like MYC2, the bHLH protein MTB1
formshomodimerswith itself andheterodimerswithMYC2 invitro.
Moreover, MTB1-myc fusion proteins from protein extracts of
MTB1-myc-11# plants (Supplemental Figure 8) were pulled down
by both MBP-MTB1 and MBP-MYC2 (Figure 5C), corroborating
that MTB1 forms homodimers with itself and heterodimers
with MYC2.
The heterodimerization of MTB1 with MYC2 raised the possi-

bility that MTB1 disrupts the interaction of MYC2 with its coac-
tivator MED25, which plays a critical role in MYC2-regulated
transcriptional activation of JA-responsive genes (Chen et al.,
2012; An et al., 2017). Y3H assays detected MED25-MYC2 in-
teraction on SD/-4medium (Figure 5D). However, the induction of
MTB1 expression on SD/-5 medium significantly impaired the
MED25-MYC2 interaction (Figure 5D); by contrast, the induction

Figure 3. (continued).

(B), 18-d-old seedlings of the indicated tomato genotypes with two fully expanded leaves were exposed to MeJA vapor for the indicated times before
extracting total RNAs for RT-qPCR assays.
(C)Anthocyanin contents of the 7-d-old seedlings inwild-type,MTB-RNAi-2#,MTB-RNAi-8#,MTB1-OE-5#, andMTB1-OE-6#plants grownonMurashige
and Skoog (MS) medium containing indicated concentrations of JA. FW, fresh weight.
(D) Root growth inhibition assay of 7-d-old seedlings of wild-type, MTB-RNAi-2#, MTB-RNAi-8#, MTB1-OE-5#, and MTB1-OE-6# plants grown on MS
medium supplied with indicated concentrations (mM) of JA. Data represent means 6 SD (n = 20).
(E) Expression of PI-II in wild-type, MTB-RNAi-2#, MTB-RNAi-8#, MTB1-OE-5#, and MTB1-OE-6# plants subjected to H. armigera larvae. Plants were
harvested at the indicated time points during the feeding trial for RNA extraction and RT-qPCR analysis.
(F)Average weight of larvae recovered at the end of day 4 of the feeding trial using whole plants of wild-type,MTB-RNAi-2#,MTB-RNAi-8#,MTB1-OE-5#,
and MTB1-OE-6# genotypes. Data represent means 6 SD (n = 15). Each symbol represents the weight of an individual larva.
(G) Expression ofPR-STH2 in wild-type,MTB-RNAi-2#,MTB-RNAi-8#,MTB1-OE-5#, andMTB1-OE-6# plants treated withB. cinerea suspensions. Five-
week-oldplantswere spottedwith a5-mLsporesuspension (106 spores/mL). Leaveswereharvested24hafter inoculation forRNAextractionandRT-qPCR
analysis.
(H) Growth of B. cinerea in wild-type, MTB-RNAi-2#, MTB-RNAi-8#, MTB1-OE-5#, and MTB1-OE-6# plants. Detached leaves from 5-week-old tomato
plantswerespottedwitha5-mLsporesuspension (106spores/mL). The lesionareaswereanalyzedat3dafter inoculation.Data representmeans6 SD (n=9).
(I)Expression ofPR1b in wild-type,MTB-RNAi-2#,MTB-RNAi-8#,MTB1-OE-5#, andMTB1-OE-6#plants infectedwithPstDC3000. Five-week-old plants
were vacuum infiltrated with Pst DC3000 (0.5 3 1025 cfu/mL). Leaves were harvested 24 h after inoculation for RNA extraction and RT-qPCR analysis.
(J) Growth of Pst DC3000 in wild-type, MTB-RNAi-2#, MTB-RNAi-8#, MTB1-OE-5#, and MTB1-OE-6# plants. Data represent means 6 SD (n = 6).
For (A), (B), (C), (E), (G), and (I), data represent means6 SD (n = 3). For all panels, asterisks indicate significant differences from the wild type according to
Student’s t test at *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (Supplemental Data Set 2).
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ofMBPexpressiononSD/-5mediumshowednegligible effectson
the MED25-MYC2 interaction (Figure 5D). These results suggest
that MTB1 competitively inhibits MED25-MYC2 interaction in
yeast cells. These observations were further confirmed by pull-
down experiments in which both His-MYC2 and MBP-MED25
fusion proteins were maintained at a constant amount in each
sample and the concentration of GST-MTB1 was increased in
agradient. In thisassay, theabilityofHis-MYC2 topull downMBP-
MED25 decreased as the amount of GST-MTB1 increased
(Figure 5E); asacontrol, weshowed that theability ofHis-MYC2 to
pull down MBP-MED25 was not affected as the amount of GST
increased (Figure 5E). These results corroborate our hypothesis
that MTB1 interferes with MED25-MYC2 interaction.
The interruption of MED25-MYC2 interaction due to MTB1

further suggested thepossibility thatMTB1affects theenrichment
ofMED25onMYC2 target genepromoters. To test this possibility,
we generated several transgenic lines expressing MED25-GFP
(Supplemental Figure 10) and subsequently transferred the
MED25-GFP transgene into MTB-RNAi and MTB1-OE genetic
backgrounds by crossing MED25-GFP-13# plants with both
MTB-RNAi-8# and MTB1-OE-11# plants. ChIP-qPCR analysis
revealed the enrichment of MED25-GFP on the G-box of Tom-
LoxD and JA2L promoters upon wounding (Figures 5F to 5H).
Notably, the enrichment of MED25-GFP on these promoters was
significantly increased in MTB-RNAi-8# plants and significantly
reduced in MTB1-OE-11# plants compared with wild-type
plants (Figures 5F to 5H). These results indicate that MTB1 im-
pairs MYC2-dependent recruitment of MED25 to MYC2 target
promoters.

MTB1 Antagonizes MYC2 for DNA Binding

Sequence alignment revealed that the basic domain is highly
conserved between MTB proteins and MYC2 as well as other

Figure 4. MTB Proteins Lack a Canonical MID and Act as Transcriptional
Repressors.

(A) Y2H assays of the interaction of MED25 with MYC2 and MTB1. Full-
length coding sequence (CDS) of MED25 was fused with the BD in
pGBKT7, and full-length CDS ofMYC2 orMTB1 was fused with the AD in
pGADT7. Transformed yeast cells were grown on SD/-4 to determine
protein-protein interactions.
(B) In vitro pull-down assays of the interaction of MED25 with MYC2 and
MTB1. Purified MBP-MED25 was incubated with GST, GST-MYC2, or
GST-MTB1 for the GST pull-down assay and detected by immunoblotting
using anti-MBP antibody. The positions of various purified proteins sep-
arated by SDS-PAGE are marked with asterisks on the CBB-stained gel.
(C) Y2H assays of MYC2 interaction with MED25 through MID. According
to the sequence alignment of the TADofMYC2andMTB1,MYC2TADwas
divided into three fragments labeled as MID, MYC2 (186–202), and MYC2
(203–212). Full-length MYC2 CDS and MYC2 variants lacking the MID,

MYC2 (186–202), andMYC2 (203–212) fragments were fused with the AD

in pGADT7, and full-length MED25 CDS was fused with the BD in

pGBKT7. Transformed yeast cells were grown on SD/-4 medium to

determine protein-protein interactions. Cotransformation of the AD

vector with MED25 was used as a negative control.

(D) Yeast assays used to detect the transcriptional activity of MYC2 and
MTB1. Yeast cells cotransformed with BD-MYC2 (or BD-MTB1) and AD
vector were grown on SD/-4 medium.
(E) to (G) Transient expression assays to detect the effect of MTB1 on the
transcriptional activity of MYC2.
(E) Schematic representations of effector constructs and LUC reporter
construct used in transient expression assays.
(F) Quantification of luminescence intensity of LUC in N. benthamiana
leaves 72 h after coinfiltration with PTomLoxD:LUC reporter construct and
effector constructs or infiltration of only the PTomLoxD:LUC reporter con-
struct (control).
(G) RT-qPCR analysis of MYC2 and MTB1 expression in N. benthamiana
leaves infiltrated with the indicated constructs.
For (F) and (G), data represent means6 SD (n = 5). Statistically significant
differences between control and test samples were determined using
Student’s t test and are indicated using asterisks (*,P<0.05; Supplemental
Data Set 2).
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Figure 5. MTB1 Interacts with MYC2 and Disrupts MED25-MYC2 Interaction.

(A) In vitro pull-down assays ofMYC2 formation of homo- and heterodimers. PurifiedMBP-MYC2was incubated with GST, GST-MYC2, or GST-MTB1 for
the GST pull-down assay and detected by immunoblotting using anti-MBP antibody.
(B) and (C)Pull-down assays ofMTB1 formation of homo- and heterodimers. PurifiedMBP-MTB1was incubatedwith GST, GST-MTB1, or GST-MYC2 for
the GST pull-down assay and detected by immunoblotting using anti-MBP antibody (B), and protein extracts prepared from MTB1-myc seedlings were
incubated with MBP, MBP-MTB1, or MBP-MYC2 for the MBP pull-down assay and detected by immunoblotting using anti-myc antibody (C).
For (A) to (C), positions of various purified proteins separated by SDS-PAGE are indicated with asterisks on CBB-stained gels.
(D)Y3Hassays showing thatMTB1 interfereswithMYC2-MED25 interaction. Yeast cells cotransformedwithpGADT7-MYC2 andpBridge-MED25-MTB1/
MBP were plated on SD/-4 medium to assess the MYC2-MED25 interaction and on SD/-5 medium to induce MTB1/MBP.
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bHLH proteins (Supplemental Figure 7A). Given that the basic
domain is involved in DNA binding (Carretero-Paulet et al., 2010;
Fernández-Calvo et al., 2011; Goossens et al., 2016), we hy-
pothesized thatMTBproteinsbind to thesamepromoter regionas
MYC2. ChIP-qPCR assays revealed that, similar to MYC2-GFP,
MTB1-GFP was preferentially enriched on the G-box motifs of
TomLoxD and JA2L promoters instead of on the upstream pro-
moter regions and coding sequences of these genes (Figures 6A
to 6C). We then compared the wound-induced binding kinetics of
MTB1-GFP and MYC2-GFP with the G-box regions of TomLoxD
and JA2L gene promoters. As shown in Figures 6D and 6E, the
enrichment of MYC2-GFP on the G-box motifs of TomLoxD and
JA2L reached a peak at 0.5 h after wounding, whereas that of
MTB1-GFP on the same promoter regions reached a peak at 1 h
after wounding, indicating that the enrichment of MTB proteins at
its target sites occurs later than that of MYC2.

To test whether MTB proteins antagonize the binding of MYC2
to its target promoters, we transferred theMYC2-GFP transgene
into the backgrounds of MTB-RNAi-8# and MTB1-OE-11#
through crossing. The results of ChIP-qPCRassays revealed that,
upon wounding, the enrichment of MYC2-GFP on the G-box of
TomLoxD and JA2L was significantly increased inMTB-RNAi-8#
plants comparedwithwild-type plants (Figure 6F) but significantly
decreased in MTB1-OE-11# plants compared with wild-type
plants (Figure 6G). We then performed EMSAs to examine the
effect ofMTB1on the binding ofMYC2 to aDNAprobe containing
the G-box motif of the TomLoxD promoter (Yan et al., 2013; Du
et al., 2017). In these experiments, fixed amounts of MBP-MYC2
recombinant protein and the DNA probe were added to an in-
creasing amount of MBP-MTB1 recombinant protein. As shown
in Figure 6H, the amount of MBP-MYC2-bound DNA probe de-
creased as the amount of MBP-MTB1 fusion protein increased,
revealing a competition effect of MBP-MTB1 on the DNA bind-
ing ability of MBP-MYC2. As a control, we showed that MBP
protein did not influence the DNA binding ability of MBP-MYC2
(Figure 6H). Taken together, these data demonstrate that MTB
proteins antagonize MYC2 by binding to its target gene
promoters.

MTB Genes Represent a Potential Crop Protection Tool

Our results showed that MYC2 and its direct transcriptional tar-
gets, MTB proteins, form a feedback loop to terminate the JA
responses (Figure 7A). Considering that MTB proteins negatively

regulate JA signaling, we reasoned that the manipulation ofMTB
genes via gene editing would provide an effective tool for crop
protection against insect attack in an environmentally friendly
manner. We used the CRISPR/Cas9 gene editing system (Deng
et al., 2018) to generate mtb1-c single mutant and mtb1 mtb2-c
double mutant plants (Supplemental Figures 11A to 11D). Se-
quence analyses indicated thatmtb1-c carries a 5-bp deletion in
the MTB1 open reading frame (ORF), which leads to frame shift
and the generation of a premature stop codon TAA (Supplemental
Figures 11A and 11B). In the mtb1 mtb2-c double mutant, the
MTB1 ORF contains the same mutation as that in mtb1-c
(Supplemental Figures 11Aand11B), and theMTB2ORFcontains
a T insertion at nucleotide 490, which also leads to frame shift
and the generation of a premature stop codon TAA (Supplemental
Figures 11C and 11D). RT-qPCR assays indicated that the
MTB1 and/or MTB2 transcript levels do not show obvious
change inmtb1-c ormtb1 mtb2-c compared with the wild type
(Supplemental Figure 11E). However, protein gel analysis using
anti-MTB1 antibodies failed to detectMTB1protein accumulation
in themtb1-c single mutant and themtb1 mtb2-c double mutant
(Supplemental Figure 11F).
Five-week-oldmtb1-c,mtb1mtb2-c, andwild-typeplantswere

challenged with newly hatched H. armigera larvae. After termi-
nating the feeding trial, the expression of defense-related gene
PI-II was measured in the remaining leaf tissues of damaged
plants. The expression ofPI-IIwas significantly higher in herbivore-
damaged mtb1-c and mtb1 mtb2-c leaves compared with
herbivore-damaged wild-type leaves (Figure 7B). Consistent with
this, the averageweightof larvae rearedonmtb1-candmtb1mtb2-
c plants was significantly lower than that of larvae reared on wild-
type plants (Figure 7C), indicating that these mutants are more
resistant to herbivore attack than wild-type plants. Apart from re-
sistance to insect attack, mtb1-c and mtb1 mtb2-c plants did not
exhibit visible differences from the wild-type plants in terms of
overall plant growth, fertility, and fruit set (Supplemental Figure 12).
These results suggest that MTB genes have a great potential for
application in crop protection.

DISCUSSION

Although it is well recognized that the JA signaling pathway is
subject to multiple layers of regulation to accurately control the
amplitude, duration, and timing of defense- and growth-related
responses, an understanding of the underlyingmechanism(s) has

Figure 5. (continued).

(E) In vitro pull-down assays of MTB1 interference with MED25-MYC2 interaction. Fixed amounts of His-MYC2 and MBP-MED25 fusion proteins were
incubated with an increasing amount of GST-MTB1 fusion protein or GST protein. Protein samples were immunoprecipitated with anti-His antibody and
immunoblotted with anti-MBP antibody.
(F) Schematic diagrams of PCR amplicons of TomLoxD and JA2L used for ChIP-qPCR. Positions of the transcription start site (TSS) and transcription
termination site (TTS) are indicated.
(G) and (H) ChIP-qPCR assays of MTB-RNAi (G) and MTB1-OE (H) impairment of the enrichment of MED25 on the G-boxes of TomLoxD and JA2L
promoters uponwounding.MED25-GFP-13# andMED25-GFP-13#/MTB-RNAi-8#plants (G) andMED25-GFP-13# andMED25-GFP-13#/MTB1-OE-11#
plants (H) were treated with mechanical wounding for 1 h before cross-linking, and chromatin of each sample was immunoprecipitated using anti-GFP
antibody. ImmunoprecipitatedDNAswerequantifiedbyqPCR.Theenrichmentof target genepromoters isdisplayedasapercentageof inputDNA.ACTIN2
was used as a nonspecific control. Data represent means6 SD (n = 3). Statistically significant differences betweenMED25-GFP-13# and other genotypes
were determined using Student’s t test and are indicated using asterisks (*, P < 0.05 and **, P < 0.01; Supplemental Data Set 2).
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Figure 6. MTB1 Antagonizes MYC2 for DNA Binding.

(A)Schematic representationsofTomLoxDandJA2Lshowing theampliconsandprobeused forChIP-qPCRassayandEMSA.Positionsof the transcription
start site (TSS) and transcription termination site (TTS) are indicated.
(B) and (C)ChIP-qPCRanalysis of the enrichment ofMYC2 (B) andMTB1 (C) on the chromatin ofTomLoxD and JA2L inMYC2-GFP-9# andMTB1-GFP-5#
plants, respectively.
(D)and (E)ChIP-qPCRanalysisof theenrichmentofMYC2 (D)andMTB1 (E)on theG-box regionsofTomLoxDandJA2L inMYC2-GFP-9#andMTB1-GFP-
5# plants, respectively, upon wounding. Plants were treated with mechanical wounding for the indicated times before cross-linking.
(F) and (G)ChIP-qPCR assays of the impaired enrichment ofMYC2 on theG-boxes of TomLoxD and JA2L due toMTB-RNAi inMYC2-GFP-9# andMYC2-
GFP-9#/MTB-RNAi-8# plants (F) and MTB1-OE in MYC2-GFP-9# and MYC2-GFP-9#/MTB1-OE-11# plants (G) upon wounding.
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been lacking. Here, we describe a highly organized feedback
circuit that controls the accurate termination of JA signaling in
tomato. This study not only providesmechanistic insights into the
broader role of JA in controlling physiological tradeoffs but also
promises to open new avenues for the application of these basic
insights in the field of crop protection.

MYC2 and MTB Proteins Form an Autoregulatory Feedback
Loop to Terminate JA Signaling

Weprovideevidence that JA-inducedexpressionof the threeMTB
genes (MTB1 to MTB3) depends on the MYC2-MED25 tran-
scriptional activation complex. First, wound-induced expression
of these MTB genes was delayed compared with that of MYC2.
Second, wound-induced expression ofMTB genes was impaired
in MYC2- or MED25-knockdown plants. Third, results of ChIP-
qPCR analysis and EMSA indicated thatMYC2 directly bound the
MTB promoters. These results demonstrated that the wound-
induced expression of MTB genes was directly controlled by the
MYC2-MED25 transcriptional activation complex. Considering
that theMYC2-MED25complexplaysacentral role in the initiation
andamplificationof JA-mediated transcriptional responses (Chen
et al., 2012;Anet al., 2017;Duet al., 2017), our results suggest that
the activation of MTB genes is a default mechanism that in-
activates the MYC2-MED25 transcriptional activation complex.
In other words, the formation of the MYC2-MTB feedback loop
is already preprogrammed during the induction phase of JA
signaling. Thus, in addition to controlling the initiation and am-
plification of JA-mediated transcriptional responses, the MYC2-
MED25 transcriptional activation complex also executes intrinsic
termination of JA-mediated defense responses. Therefore,MYC2
and MTB proteins form an autoregulatory feedback loop, which
temporally and spatially terminates JA signaling.

Considering that MTB1 to MTB3 operate as a termination step
of theJAsignaling, it is reasonable to speculate that their induction
may only be seenwhen the invading insects are removed from the
plant. To test this, we designed experiments to examine whether
the induction of MTB1 to MTB3 is absent when plants are con-
tinuouslychallengedwith insects.Contrary to thisspeculation,our
insect feeding experiments indicated that the MTB1 to MTB3
induction is still present in conditions of continuous insect feeding
(Supplemental Figure 6A). These, together with the fact that the
induction of MTB1 to MTB3 depends on the MYC2-MED25
transcriptional activation complex, reinforce our scenario that
the operation of these termination regulators is already pre-
programmed during the induction phase of JA signaling.

It is generally believed that, compared with insect attack or
mechanical wounding, pathogen infection could be more contin-
uous and durable. Further support to our hypothesis that the op-
eration of MTB1 to MTB3 is a preprogrammed process came from
our physiological assays with different pathogens. Our results in-
dicated that MTB1 to MTB3 were induced by B. cinerea infection
and they played a negative role in plant resistance to this ne-
crotrophic pathogen,which is controlled by JA-inducible defenses.
In addition, MTB1 to MTB3 were also induced by Pst DC3000

infection and they played a positive role in plant resistance to this
hemibiotrophic pathogen, which is controlled by SA-inducible
defenses. In the context that Pst DC3000 infection leads to in-
creasedaccumulationofendogenousJA(Spoeletal.,2003;Vander
Does et al., 2013) and that this pathogen activates the JA signaling
byproducingtheJA-Ilemimiccoronatine(reviewed inPieterseetal.,
2012; Zhang et al., 2017b), it is easy to understand that this
hemibiotrophic invader also induces MTB1 to MTB3 expression.
Considering that theantagonismbetweenSAandJAplaysacentral
role in themodulation of the plant immune signaling network (Kloek
et al., 2001; Zhao et al., 2003; Brooks et al., 2005; Pieterse et al.,
2012;Zhangetal.,2017b), it is reasonabletospeculatethatMTB1to
MTB3may play a role in SA-mediated suppression of JA signaling.
In this context, our finding that MTB1 to MTB3 are direct tran-
scriptional targets of MYC2 is consistent with the observation that
the SA-mediated inhibition of the JA pathway is executed down-
stream of the SCFCOI1-JAZ coreceptor complex through targeting
JA-responsive transcription factors (Van der Does et al., 2013).
Notably, the wound-triggered induction of MTB genes was de-

layed relative to that ofMYC2, indicating that thenegative feedback
regulation by MTB proteins is temporally delayed. Characteristic
delays are also observed in other negative feedback loops, in-
cluding the de novo synthesis of stabilized JAZ repressors (Yan
et al., 2007; Chung and Howe, 2009; Chung et al., 2010; Moreno
et al., 2013) and induction of JA-Ile catabolic pathways (Miersch
et al., 2008; Kitaoka et al., 2011; Koo et al., 2011; VanDoorn et al.,
2011; Heitz et al., 2012). We speculate that the delayed termination
of JA signaling ensures the complete execution of an already-
initiated JA response. In future studies, it is critical to determine
whether the MYC2-MTB circuit operates synergistically with or
independent of the induction of stabilized JAZ repressors or JA-Ile
catabolic pathways todeactivate JA-mediateddefense responses.

MTB Proteins Impinge Their Effect on the MYC2-MED25
Transcriptional Activation Complex

Like the master transcriptional activator MYC2, MTB1 physically
interacted with most of the JAZ proteins in tomato via the

Figure 6. (continued).

Plantswere treatedwithmechanicalwounding for 1hbefore cross-linking. For (B) to (G), chromatin of eachsamplewas immunoprecipitatedusinganti-GFP
antibodyandquantifiedbyqPCR.Theenrichmentof targetgenepromoters isdisplayedasapercentageof inputDNA.Data representmeans6 SD (n=3). For
(D) to (G),ACTIN2wasusedasanonspecific control. For (F)and (G), asterisks indicate significant differences detectedusingStudent’s t test (*,P<0.05 and
**, P < 0.01; Supplemental Data Set 2) when compared with MYC2-GFP.
(H) EMSA showing that MBP-MTB1 interferes with MBP-MYC2 to bind to DNA probes from the TomLoxD promoter in vitro. Biotin-labeled probes were
incubated with a fixed amount of MBP-MYC2 and an increasing amount of MBP-MTB1 or MBP, and the free and bound DNAs were separated on an
acrylamide gel. TheMBPproteinwas incubatedwith the labeled probe to serve as a negative control; mutated probeswere used as a negative control. Mu,
mutated probe in which the G-box motif 59-ACCATGTG-39 was deleted.
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conserved JID, implying that MTB proteins act at a high hier-
archical level (i.e., immediately downstream of the hormone
coreceptor complex) to deactivate JA signaling. Our results
revealed twomechanisms by whichMTB proteins imposed their
negative effect on the MYC2-MED25 transcriptional activation
complex. First, MTB1 physically interacted with MYC2 and
competitively inhibited the interaction of MYC2 with its co-
activator MED25; because the MYC2-MED25 complex is es-
sential for MYC2-dependent preinitiation complex formation,
the interferenceofMTB1determines the transcriptional outputof
the MYC2-MED25 transcriptional activation complex (Chen
et al., 2012; An et al., 2017; Du et al., 2017). In this regard, the
action mechanism of MTB proteins is different from the Arabi-
dopsis JAM proteins, which did not show physical interaction
with AtMYC2 in Y2H and coimmunoprecipitation assays (Song
et al., 2013; Fonseca et al., 2014). Second, MTB1 directly bound
the G-box motifs of MYC2 target genes via its conserved basic
domain and competitively inhibited the binding of MYC2 to its
target gene promoters.

Arabidopsis MYC2 forms a homotetramer, and the tetrameri-
zation of AtMYC2 enhances its DNA binding and transcriptional
activation capacity (Lian et al., 2017). Taking these data into
consideration, it is reasonable to speculate that MTB repressors
might also form homotetramers, which would further inhibit both
the DNA binding and transcriptional activation capacity of MYC2.
Consistent with this speculation, our sequence analysis revealed
that several key residues of the AtMYC2 tetramer interface (Lian
et al., 2017) were conserved in SlMYC2 as well as all three SlMTB
proteins (Supplemental Figure 5A). Further structural inves-
tigations should reveal key insights into the mechanisms by
which MTB transcriptional repressors counteract the function of
MYC transcriptional activators in regulating JA-responsive gene
transcription.
Importantly, our results revealed that theMIDcouples theMYC2

interactionswithboth its coactivatorMED25and its repressor JAZ
proteins. This finding, which is consistent with our recent ob-
servation that MED25 and JAZ1 form a ternary complex with
MYC2 and thereby fine-tune the transcriptional output of the JA

Figure 7. MTB Genes Represent a Tool for Crop Protection.

(A) Proposedmechanism by whichMYC2 andMTB proteins form a feedback loop to terminate JA signaling. MYC2 andMED25 activate the expression of
MTB genes; in turn, MTB proteins interfere with the MED25-MYC2 interaction and DNA binding activity of MYC2 to terminate JA-triggered defense
responses.
(B)ExpressionofPI-II inwild-type,mtb1-c, andmtb1mtb2-cplants exposed toH. armigera larvae.Plantswere harvested at the indicated timepointsduring
the feeding trial for RNA extraction and RT-qPCR analysis. Data represent means6 SD (n = 3). Asterisks indicate significant differences from the wild type
according to Student’s t test at **, P < 0.01; and ***, P < 0.001
(C) Average weight (top) and images (bottom) of larvae recovered at the end of day 4 of the feeding trial using whole plants of the wild type, mtb1-c, and
mtb1mtb2-c. Data represent means6 SD (n= 15). Each symbol denotes theweight of an individual larva. Asterisks indicate significant differences from the
wild type according to Student’s t test at *, P < 0.05 (Supplemental Data Set 2).
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signaling in Arabidopsis (An et al., 2017), supports a scenario that
the MID of MYC2 is evolved to keep the activation and repression
of this master transcriptional regulator in check. Consistent with
their negative role in regulatingJAsignaling,MTB1 toMTB3donot
harbor a canonical MID, but rather harbor an AMID, and therefore
fail to physically interact with theMED25 coactivator. Intriguingly,
we found that, as the MID plays a critical role for the MYC2-JAZ
interaction, the AMID also plays a critical role for the MTB1-JAZ
interaction. We predict that these findings will stimulate future
research to elucidate the functional relevance of “repressor-
repressor interactions” in JA signaling or other signal trans-
duction pathways. In the context that both MTB genes and JAZ
genes are induced by wounding and JA, it is possible that JAZ
proteins might “help” MTB proteins to repress gene expression
and to terminate JAsignaling. At this stage, however,wecouldnot
rule out an opposite possibility that MTB-JAZ interaction might
result in a positive effect on JA signaling (i.e., repressing a re-
pressormay lead to a positive effect). Anyway, we believe that our
findings provide a starting point to address these possibilities. For
example, we could manipulate the AMID and test the resulting
effects on the function of MTB1. Another interesting direction for
future exploration is to identify the cofactors (i.e., corepressors)
that are involved in the action ofMTB proteins and to test whether
the AMID plays an important role for the interaction of MTB
proteins with these cofactors.

METHODS

Plant Materials and Growth Conditions

Tomato (Solanum lycopersicum) cv M82 was used as the wild type for all
plant materials except for jai1, mtb1-c, and mtb1 mtb2-c. For jai1, cv
Castlemart was used as thewild type, and formtb1-c andmtb1mtb2-c, cv
AilsaCraigwasusedas thewild type.The following tomatogenotypeswere
used in this study: MED25-AS, MED25-GFP, MYC2-OE (MYC2-GFP; Du
et al., 2017),MYC2-RNAi (Du et al., 2017),MTB1-OE (MTB1-GFPorMTB1-
myc),MTB-RNAi,mtb1-c, andmtb1mtb2-c. TheMYC2-GFP andMED25-
GFP transgenes were introduced into the MTB-RNAi and MTB1-OE
backgrounds via crossing. Homozygous plants were selected by geno-
typing. The original jai1 mutant, which is in the genetic background of cv
Micro-Tom (Li et al., 2004), was backcrossed into the cv Castlemart
background through at least five generations. Homozygous jai1 plants
were identifiedas described previously (Li et al., 2004). Tomato seedswere
placedonmoistened filter paper for 48h for germination. Tomato seedlings
were transferred to growth chambers and maintained under a long-day
photoperiod (16hof light/8hofdark)with awhite light intensity of 200mmol
photons m22 s21 at 25°C during the subjective day and at 18°C during the
subjective night. Nicotiana benthamiana plants were grown at 28°C under
a long-day photoperiod.

Plasmid Construction and Plant Transformation

To generate the MED25-AS construct, the coding sequence (CDS) of
MED25 was PCR amplified, cloned into pENTR in the reverse orientation
using a pENTRDirectional TOPOCloning Kit (Invitrogen), and recombined
with the binary vector PGWB2 (35S promoter). To generate the 35Spro:
MED25-GFP construct, MED25 CDS was cloned into pENTR and re-
combined with the binary vector PGWB5 (35S promoter, c-GFP). To
generate the 35Spro:MTB1-GFP construct,MTB1CDSwasPCRamplified,
cloned into pENTR, and recombined with the binary vector PGWB5 (35S
promoter, c-GFP). To generate the 35Spro:MTB1-myc construct, pENTR-

MTB1 was recombined with the binary vector PGWB17 (35S promoter,
c-4myc). To generate theMTB-RNAi construct, fragments of the ORFs of
MTB1 (1401–1600 bp), MTB2 (81–280 bp), and MTB3 (601–800 bp) were
PCRamplifiedand fused togenerate a 658-bpPCRproduct containing the
attB1 and attB2 sites. The fused PCRproduct was cloned into pHellsgate2
(Invitrogen). All DNA constructs were generated following standard mo-
lecular biology protocols and using Gateway (Invitrogen) technology
(Nakagawa et al., 2007). Primers used for plasmid construction are listed in
SupplementalTable. All constructswere introduced into tomatocvM82via
Agrobacterium (Agrobacterium tumefaciens)-mediated transformation (Du
et al., 2014). Transformants were selected based on their resistance to
hygromycin B or kanamycin. Homozygous T2 or T3 transgenic plantswere
used for phenotypic and molecular characterization.

Generation of mtb1-c and mtb1 mtb2-c Using CRISPR/
Cas9 Technology

A19-bp fragment of theMTB1CDS (240–258bp)wasusedas the targeting
sequence forgenomeeditingofMTB1. Tosynthesize two target guideRNA
(gRNA) sequences, PCRwasperformedusing forward and reverseprimers
containing the gRNAs (Supplemental Table) and pHSE401 vector as the
template. The tomatoU6-26-MTB1-gRNA cassette and the CRISPR/Cas9
binary vector pCBC-DT1T2_tomatoU6 were digested with BsaI, and the
cassette was cloned into the binary vector to generate pCBC-DT1T2_
tomatoU6-MTB1. To generate CRISPR/Cas9 construct carrying two
gRNAs targetingMTB1 andMTB2, 19-bp fragments of each CDS (MTB1,
240–258 bp;MTB2, 473–491 bp) were used as target gRNAs. The pCBC-
DT1T2_tomatoU6-MTB1MTB2 construct was generated in the same way
as the pCBC-DT1T2_tomatoU6-MTB1 construct. The final binary vectors
were introduced into tomato cv Ailsa Craig via Agrobacterium-mediated
transformation (Du et al., 2014). CRISPR/Cas9-induced mutations were
genotyped by PCR amplification and DNA sequencing. Primers used for
plasmid construction are listed inSupplemental Table. Cas9-free T2plants
carrying mutations were identified for further experiments.

Y2H Assays

Y2H assays were performed using the MATCHMAKER GAL4 Two-Hybrid
System (Clontech). To verify the interaction of MED25 with MYC2 and
MTB1,MYC2CDS,MTB1CDS, andMYC2derivativeswere fused toGAL4
AD in pGADT7, and MED25 CDS was fused to GAL4 BD in pGBKT7. To
verify the interaction of JAZ proteins with MYC2 and MTB1, MYC2 CDS,
MTB1 CDS,MYC2 derivatives, andMTB1 derivatives were fused to GAL4
AD inpGADT7, andCDSsofJAZgeneswere fused toGAL4BD inpGBKT7.
Primers used for plasmid construction are listed in Supplemental Table.
Constructs used to test protein-protein interactions were cotransformed
into yeast (Saccharomyces cerevisiae) strain AH109. Cotransformation of
empty pGBKT7 and pGADT7 vectors was used as a negative control. The
presenceof transgenes in yeast cellswasconfirmedbygrowing thesecells
on plates containing solid SD medium lacking Leu and Trp (SD/-2). To
assess protein-protein interactions, transformed yeast cells were sus-
pended in liquid SD/-2 medium to an OD600 of 1.0. Samples (5 mL) of
suspended yeast cells were spread on plates containing SD/-4. To detect
protein-protein interactions, plateswereexaminedafter 3dof incubationat
30°C.

Y3H Assays

Y3H assays were performed based on the MATCHMAKER GAL4 Two-
Hybrid System (Clontech). To construct pBridge-MED25-JAZ7, MED25
CDS was cloned into the multiple cloning site (MCS) I of pBridge vector
(Clontech) fused to the GAL4 BD domain, and JAZ7 CDS was cloned into
MCS II of the pBridge vector and expressed as the “bridge” protein only in
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the absence of Met. Constructs used for testing protein-protein inter-
actions were cotransformed into yeast strain AH109. The presence of
transgenes was confirmed by growing the yeast cells on SD/-2 medium.
TransformedyeastcellswerespreadonplatescontainingSD/-4mediumto
assess the MYC2-MED25 interaction without the expression of JAZ7 and
on plates containing SD/-5 medium to induce JAZ7 expression. Inter-
actions were observed after 3 d of incubation at 30°C. To construct
pBridge-JAZ7-MED25, JAZ7 and MED25 CDSs were cloned into MCS I
andMCS II, respectively, of pBridge vector, andMED25was expressed as
thebridgeprotein to test its effect onMYC2-JAZ7 interaction. To construct
pBridge-MED25-MTB1,MED25 andMTB1 CDSs were cloned into MCS I
and MCS II, respectively, of pBridge vector, and MTB1 was expressed as
the bridge protein to test its effect on the MYC2-MED25 interaction. To
constructpBridge-MED25-MBP,MED25 andMBPCDSswere cloned into
MCS IandMCSII, respectively, ofpBridgevector, andMBPwasexpressed
as the bridge protein to test its effect on the MYC2-MED25 interaction. To
construct pBridge-JAZ7-MBP, JAZ7 and MBP CDSs were cloned into
MCS IandMCSII, respectively, ofpBridgevector, andMBPwasexpressed
as the bridge protein to test its effect on the MYC2-JAZ7 interaction. The
experimental procedures were the same as those described above.

Transactivation Activity Assay in Yeast

Full-length CDSs of MYC2 and MTB1 were fused to the GAL4 BD in
pGBKT7. The resulting constructs were then cotransformed with pGADT7
into the yeast strain AH109. TheMATCHMAKERGAL4-based Two-Hybrid
System 3 (Clontech) was used for the transactivation activity assay.
Transformed yeast cells were suspended in liquid SD/-2 medium to an
OD600 = 0.6, and 5 mL of each dilution was spread onto plates containing
SD/-4 medium.

Pull-Down Assays

To produceMBP-JAZ andGST-JAZ fusion proteins, full-length JAZCDSs
were PCR amplified and cloned into pMAL-c2X and pGEX-4T-3, re-
spectively.The recombinant vectorswere transformed intoEscherichiacoli
BL21 (DE3) cells. The MBP-JAZ and GST-JAZ fusion proteins were ex-
pressed by adding 0.5 mM IPTG and then purified using the amylose resin
(NEB) or GST Bind Resin (Millipore), respectively. A similar approach was
used to produce MBP-MTB1, GST-MTB1, MBP-MYC2, GST-MYC2, and
MBP-MED25243–806 (MBP-MED25) fusionproteins. ToproduceHis-MYC2
fusionprotein, full-lengthCDSofMYC2wasPCRamplifiedandcloned into
pCold TFDNA (Takara). Primers used for plasmid construction are listed in
Supplemental Table.

To detect MYC2-MED25 interaction using in vitro pull-down assays,
GST-MYC2 and MBP-MED25 fusion proteins were affinity purified. For
each reaction, 15mL of agarose beads boundwith 1mg ofGST-MYC2was
incubatedwith 1mg ofMBP-MED25 in 1mLof reaction buffer (25mMTris-
HCl [pH 7.5], 100 mM NaCl, 1 mM DTT, and Roche protease inhibitor
cocktail) at 4°C for 2 h. Subsequently, beads were collected and washed
three times with washing buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl,
and1mMDTT). Afterwashing, samplesweredenaturedusingSDS loading
buffer and separated using SDS-PAGE. The MBP-MED25 fusion protein
was detected by immunoblotting with anti-MBP antibody (NEB). Purified
GST was used as a negative control. Five-microliter aliquots of GST and
GST-MYC2 fusion proteins were separated by SDS-PAGE, and the
staining of polyacrylamide gelswithCBBwasused as a loading control. To
detect MTB1-MED25, MTB1-MTB1, and MTB1-MYC2 interactions using
in vitro pull-down experiments, sequential manipulations were similar to
those described above.

To detect whether the effect of JAZ7 onMYC2-MED25 interaction was
concentration-dependent, in vitro pull-down assays were performed by
adding 1 mg each of purified His-MYC2 and MBP-MED25 proteins to

increasing concentrations of MBP-JAZ7 fusion protein and MBP. The Ni-
NTA His Bind Resin (Millipore) was used to pull down proteins. Sequential
manipulation was performed as described above. The effect of MED25 on
MYC2-JAZ7 interaction and the effect of MTB1 on MYC2-MED25 in-
teraction were detected similarly.

Todetect theMTB1-JAZ interaction, pull-downassayswereconducted
using protein extracts of 10-d-oldMTB1-myc tomato seedlings. Seedlings
were ground in liquid nitrogen and homogenized in extraction buffer
containing 50mMTris-HCl (pH 7.4), 80mMNaCl, 10% (v/v) glycerol, 0.1%
(v/v) Tween 20, 1 mM DTT, 1 mM PMSF, 50 mM MG132 (Sigma-Aldrich),
and protease inhibitor cocktail (Roche). After centrifugation at 16,000g and
4°C, the supernatant was collected. One milligram of total protein extract
was incubated with resin-bound MBP-JAZ and GST-JAZ fusion proteins
for 2 h at 4°C with rotation. Purified MBP and GST proteins were used as
negative controls. After washing, samples were denatured using SDS
loading buffer and separated by SDS-PAGE. The MTB1-myc protein was
detected using anti-myc antibody (Abmart). Five-microliter aliquots of
MBP-JAZ and GST-JAZ fusion proteins were separated by SDS-PAGE,
and the staining of polyacrylamide gels with CBB was used as a loading
control. To detect MTB1-MTB1 and MTB1-MYC2 interactions, pull-down
assayswere conducted by incubating 1mgof total protein extract of 10-d-
oldMTB1-myc tomato seedlings with resin-boundMBP-MTB1 andMBP-
MYC2 fusion proteins, respectively, for 2 h at 4°C with rotation. Purified
MBP protein was used as a negative control. Sequential manipulation was
similar to that described above.

Plant Treatment and Gene Expression Analysis

For wounding treatment, 18-d-old seedlings were wounded with a he-
mostat across the midrib of all leaflets of the lower and upper leaves. The
same leaflets were wounded again, proximal to the petiole. Plants with
wounded leaveswere incubated under continuous light. Fivewhole leaves
were harvested at each sampling time point and used for extracting total
RNA. For MeJA treatment, 18-d-old seedlings were enclosed in a Lucite
box (10332360cm) containing 5mLofMeJAapplied to cottonwicks that
were spaced evenly within the box. Plants exposed to MeJA vapor were
harvested at each sampling timepoint and used for extracting total RNA (Li
et al., 2004). RNA extraction and RT-qPCR analysis were performed as
previously described (Du et al., 2014). Expression levels of target genes
were normalized relative to that of the tomato ACTIN2 gene. Primers used
to quantify gene expression levels are listed in Supplemental Table.

Anthocyanin Content Measurement

Anthocyanin content was measured as previously described (Deikman
and Hammer, 1995). Seven-day-old tomato seedlings (50 mg) grown on
0.53MS medium with 0, 5, or 20 mM JA were placed into 1 mL of extract
buffer (propanol:HCl:H2O, 18:1:81, v/v/v). Then the sample was boiled for
3 min and incubated overnight at room temperature. Absorbance values
(A535 and A650) of the extraction solution were measured using a spectro-
photometer. The anthocyanin content is presented as (A5352A650)/g fresh
weight.

Root Length Measurement

Root lengthsof7-d-old tomatoseedlings for eachgenotypegrownon0.53
MS medium with 0, 0.5, 1, or 2 mM JA were measured and presented.

Botrytis cinerea Inoculation Assays

B. cinerea isolate B05.10 was grown on 23 V8 agar (36% (v/v) V8 juice,
0.2% (w/v) CaCO3, and 2% (w/v) Bacto-agar) for 14 d at 20°C under a 12-h
photoperiodprior tosporecollection.Sporesuspensionswerepreparedby
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harvesting the spores in 1% (w/v) SabouraudMaltose Broth, filtering them
through nylonmesh to remove hyphae, and adjusting the concentration to
106 spores/mL (Mengiste et al., 2003). B. cinerea inoculation of tomato
plants was performed as previously described (El Oirdi et al., 2011; Yan
et al., 2013; Zhai et al., 2013; Du et al., 2017; Lian et al., 2018), with minor
modifications. For the pathogenicity test, detached leaves from 5-week-
old tomato plants were placed in Petri dishes containing 0.8% (w/v) agar
medium (agar dissolved in sterile water), with the petiole embedded in the
medium. Each leaflet was spotted with a single 5-mL droplet of B. cinerea
spore suspension at a concentration of 106 spores/mL. The trays were
coveredwith lidsandkeptunder thesameconditionsused forplantgrowth.
Photographs were taken after 3 d, and the lesion sizes were recorded.

For RT-qPCR, inoculationswere performed in planta: leaves of 5-week-
old plants were spotted with a 5-mL B. cinerea spore suspension (106

spores/mL). The plantswere then incubated in a growth chamberwith high
humidity. A similar experiment was performed using Sabouraud Maltose
Broth-spottedplants asacontrol. Spotted leaveswereharvested24hafter
inoculation for RT-qPCR. Error bars represent the SD of three biological
replicates. Each biological replicate (sample) consisted of the pooled
leaves of three spotted plants from one tray (different genotypes were
grown together in a randomized design per tray). Biological replicates
(trays) were grown at different locations in growth chambers and treated
separately.

Pseudomonas syringae pv tomato DC3000 Infection Assays

PstDC3000 (Melotto et al., 2006) was cultured at 28°C in King’s Bmedium
(10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) containing 50mg/mL
rifampicin until OD600 of 0.8 was reached. The bacteria were collected,
centrifuged at 2500g for 10min, washed twice, and resuspended in 10mM
MgCl2 solution containing 0.02% (v/v) Silwet L-77. For vacuum infiltration,
5-week-old plants were vacuum-infiltrated with Pst DC3000 at a con-
centration of 0.5 3 105 cfu/mL and then kept under high humidity until
disease symptoms developed. Leaves infiltrated with 10mM MgCl2
containing 0.02% (v/v) Silwet L-77 were used as controls. Spotted leaves
were harvested 24 h after inoculation for RT-qPCR experiments. Error bars
represent the SD of three biological replicates. Each biological replicate
(sample) consisted of the pooled leaves of three spotted plants from one
tray (different genotypes were grown together in a randomized design per
tray). Biological replicates (trays) were grown at different locations in
growth chambers and treated separately. Disease symptoms were ob-
served at 3 d after inoculation. For quantification of Pst DC3000 growth,
discs from the infected leaves were collected at 3 d after inoculation and
ground in 10mM MgCl2 with a Microfuge tube glass pestle. The samples
were diluted 1:10 serially and spotted on solid King’s B medium. After
growth at 28°C for 2 d, the cfu was counted.

JA Quantification

For JA content measurement, 18-d-old seedlings were wounded with
a hemostat across the midrib of all leaflets of the lower and upper leaves.
The same leafletswerewounded again, proximal to the petiole. Plantswith
wounded leaves were incubated under continuous light. Approximately
600mgof leaf tissue (freshweight) from five different plantswas pooled for
JAquantificationasdescribedpreviously (Fuetal., 2012). Leaf tissueswere
also harvested from unwounded plants as controls.

ChIP-qPCR Assay

Leaves of 18-d-old MTB1-GFP, MYC2-GFP, MYC2-GFP/MTB-RNAi,
MYC2-GFP/MTB1-OE, MED25-GFP, MED25-GFP/MTB-RNAi, and
MED25-GFP/MTB1-OE seedlings were wounded for the indicated times.
Twogramsofwoundedor unwounded (control) leaves of each samplewas

harvested and cross-linked in 1% (v/v) formaldehyde at room temperature
for 10 min, followed by neutralization with 0.125 M Gly. The chromatin-
protein complex was isolated, resuspended in lysis buffer (50 mM HEPES
[pH 7.5], 150 mMNaCl, 1 mM EDTA, 1% (w/v) SDS, 1% (v/v) Triton X-100,
0.1% (w/v) sodium deoxycholate, 1 mM PMSF, and 13 Roche protease
inhibitor mixture), and sheared by sonication to reduce the average DNA
fragment size to ;500 bp. Then, 50 mL of sheared chromatin was saved
for use as input control. Anti-GFP antibody (Abcam) was incubated
with Dynabeads Protein G (Invitrogen) at 4°C for at least 6 h and added
to the remaining chromatin for overnight incubation at 4°C. The im-
munoprecipitated chromatin-protein complex was sequentially washed
with low-salt buffer (20 mM Tris-HCl [pH 8.0], 2 mM EDTA, 150 mM NaCl,
0.5% (v/v) Triton X-100, and 0.2% (w/v) SDS), high-salt buffer (20mMTris-
HCl [pH8.0], 2mMEDTA, 500mMNaCl, 0.5% (v/v) TritonX-100, and0.2%
(w/v) SDS), LiCl buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.25 M LiCl,
0.5% (w/v) Nonidet P-40, and 0.5% (w/v) sodium deoxycholate), and TE
buffer (10 mM Tris-HCl [pH 8.0] and 1 mM EDTA). After washing, the
immunoprecipitatedchromatinwaselutedwithelution buffer (1%SDSand
0.1 M NaHCO3). Protein-DNA cross-links were reversed by incubating the
immunoprecipitated complexes with 20 mL of 5 MNaCl at 65°C overnight.
DNA was recovered using QIAquick PCR Purification Kit (Qiagen) and
analyzed by qPCR. The enrichment of target gene promoters is shown as
the percentage of the input DNA, which was calculated by determining the
immunoprecipitation efficiency at TomLoxD and JA2L loci as the ratio of
the amount of immunoprecipitated DNA to the normalized amount of
starting material (percentage of input DNA). ACTIN2 was used as a non-
specific target gene. Primers for qPCR are listed in Supplemental Table.

EMSA

Full-length CDSs ofMYC2 andMTB1were PCR amplified and cloned into
pMAL-c2X. The recombinantMBP fusionproteinswereexpressed inE.coli
BL21 (DE3) cells and purified to homogeneity using an amylase resin
column. Oligonucleotide probes were synthesized and labeled with biotin
at the 59 ends (Invitrogen). EMSAswere performed as previously described
(Chen et al., 2011; Du et al., 2014). Briefly, biotin-labeled probes were
incubated with MBP fusion proteins at room temperature for 20 min, and
free and bound probeswere separated via PAGE.MutatedMTB probes, in
which the specific transcription factor binding motif 59-CACATG-39 was
replaced by 59-AAAAAA-39, and mutated TomLoxD probes, in which the
specific transcription factor binding motif 59-ACCATGTG-39 was deleted,
were used as negative controls. Probes used for EMSA are listed in
Supplemental Table.

Transient Expression Assays

Transient expression assays were performed in N. benthamiana leaves as
previously described (Matsui et al., 2008; Shang et al., 2010; Chen et al.,
2011). The TomLoxD promoter was PCR amplified, cloned into pENTR
using a pENTR Directional TOPO Cloning Kit (Invitrogen), and then fused
with the LUC reporter gene into the plant binary vector pGWB35 using
Gateway cloning (Nakagawa et al., 2007) to generate the PTomLoxD:LUC
reporter construct.MYC2-GFP (Du et al., 2014) andMTB1-GFPwere used
as effector constructs. Agrobacterium cells transformed with different
constructs were incubated, harvested, and resuspended in infiltration
buffer (10 mMMES, 0.2 mM acetosyringone, and 10 mMMgCl2) to a final
concentrationofOD600=0.5.Equal volumesof transformedAgrobacterium
cells were mixed in different combinations and coinfiltrated into N. ben-
thamiana leaveswithaneedlelesssyringe. Infiltratedplantswere incubated
at 28°C for 72 h before CCD imaging. A low-light cooled CCD imaging
apparatus (NightOWL II LB983 with Indigo software) was used to capture
images showing LUC expression and to quantify LUC luminescence in-
tensity. Leaves were sprayed with 100 mM luciferin and incubated in the
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dark for 3 min before luminescence detection. Five independent deter-
minations were performed.

Insect Feeding Trials

Cotton bollworm (Helicoverpa armigera) larvae were hatched at 26°C, as
recommended by the supplier (Yanhui Lu, Institute of Plant Protection,
ChineseAcademyofAgriculturalSciences).Hatched larvaewere rearedon
an artificial diet for 3 d followed by no diet for 2 d, before transfer to tomato
plants. Fifteen third-instar H. armigera larvae were reared on five tomato
plants per genotype in three independent replicates. The averageweight of
larvae at the beginning of the feeding trial was;5mg. After the termination
of the 4-d feeding trial, the weight gain of larvae was measured, and the
expressionofPI-II in the remaining leaf tissueswasexaminedbyRT-qPCR.

Formonitoring insectattack-inducedMTBexpression,18-d-old tomato
seedlings thatwere exposed to third-instarH. armigera larvaewere divided
into three groups, and the expression ofMTBs in the remaining leaf tissues
was examined by RT-qPCR. In the first group, six attacked tomato plants
were harvested after 1 h of feeding. In the second group, six attacked
tomato plants were incubated with the insects for 1 h and the insects were
removed for an additional 1 h and then leaves were harvested. In the third
group, six attacked tomato plants were harvested after 2 h of continuous
feeding.

Antibody Generation

The region of MTB1 (amino acids 196–400, MTB1196–400) was PCR-
amplified from wild-type cDNA using gene-specific primers
(Supplemental Table). The resultant PCR product was cloned into vector
pET28a (Novagen) to express the His-MTB1196–400 protein fusion in E. coli
BL21 (DE3). The recombinant fusion protein was purified with Ni-NTA
HiscBind Resin (Novagen) and used to raise polyclonal antibodies in
mouse. Anti-MTB1 antibodies were used in protein gel blotting at a final
dilution of 1:2000.

Accession Numbers

Sequence data from this article can be found in the Sol Genomics Network
Initiative under the following accession numbers: MTB1 (Solyc01g096050),
MTB2 (Solyc05g050560),MTB3 (Solyc06g083980),MYC2 (Solyc08g076930),
MED25 (Solyc12g070100), JAZ1 (Solyc07g042170), JAZ2 (Solyc12g009220),
JAZ3 (Solyc03g122190), JAZ4 (Solyc12g049400), JAZ5 (Solyc03g118540),
JAZ6 (Solyc01g005440), JAZ7 (Solyc11g011030), JAZ8 (Solyc06g068930),
JAZ9 (Solyc08g036640), JAZ10 (Soly08g036620), JAZ11 (Solyc08g036660),
TomLoxD (Solyc03g122340), JA2L (Solyc07g063410), TD (Solyc09g008670),
PI-II (NP_001234627.1), PR-STH2 (Solyc05g054380), PR1b (Sol-
yc09g007010), and ACTIN2 (Solyc11g005330).

Supplemental Data

Supplemental Figure 1. Generation of MED25-AS and MYC2-OE
(MYC2-GFP) plants.

Supplemental Figure 2. MYC2-OE plants show decreased JA
accumulation in response to wound and reduced defense gene
expression in response to MeJA treatment.

Supplemental Figure 3. Conservation of MYC2- and MTB-related
bHLH proteins from tomato, Arabidopsis, and other plants.

Supplemental Figure 4. MTB1 to MTB3 are direct transcriptional
targets of MYC2.

Supplemental Figure 5. Generation of MTB-RNAi and MTB1-OE
(MTB1-GFP) plants.

Supplemental Figure 6. Expression of MTB1 to MTB3 in response to
different stimuli.

Supplemental Figure 7. MTB proteins interact with most of the JAZ
proteins in tomato.

Supplemental Figure 8. Generation of MTB1-OE (MTB1-myc) plants.

Supplemental Figure 9. MID of MYC2 and AMID of MTB1 are
important for their interactions with JAZ proteins.

Supplemental Figure 10. Generation of MED25-GFP plants.

Supplemental Figure 11. Construction of mtb1-c and mtb1 mtb2-c
plants using the CRISPR/Cas9 system.

Supplemental Figure 12. Growth and reproductive phenotypes of
wild type, mtb1-c, and mtb1 mtb2-c plants.

Supplemental Table. List of the DNA primers used in this study.

Supplemental Table 2. Primers for RACE and real-time PCR.

Supplemental Data Set 1. Text file of the alignment used for the
phylogenetic analysis in Supplemental Figure 3.

Supplemental Data Set 2. Statistical analysis.
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