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Brassinosteroids (BRs) and jasmonates (JAs) regulate plant growth, development, and defense responses, but how these
phytohormones mediate the growth-defense tradeoff is unclear. Here, we identified the Arabidopsis (Arabidopsis thaliana) dwarf
at early stagesl (dwel) mutant, which exhibits enhanced expression of defensin genes PLANT DEFENSIN1.2a (PDF1.2a) and
PDF1.2b. The dwel mutant showed increased resistance to herbivory by beet armyworms (Spodoptera exigua) and infection by
botrytis (Botrytis cinerea). DWE1 encodes ROTUNDIFOLIA3, a cytochrome P450 protein essential for BR biosynthesis. The JA-
inducible transcription of PDF1.2a and PDF1.2b was significantly reduced in the BRASSINOSTEROID INSENSITIVE1-ETHYL
METHANESULFONATE-SUPPRESSOR1 (BES1) gain-of-function mutant besI- D, which was highly susceptible to S. exigua
and B. cinerea. BES1 directly targeted the terminator regions of PDF1.2a/PDF1.2b and suppressed their expression. PDF1.2a
overexpression diminished the enhanced susceptibility of bes1- D to B. cinerea but did not improve resistance of besI- D to
S. exigua. In response to S. exigua herbivory, BES1 inhibited biosynthesis of the JA-induced insect defense-related metabolite
indolic glucosinolate by interacting with transcription factors MYB DOMAIN PROTEIN34 (MYB34), MYB51, and MYB122 and
suppressing expression of genes encoding CYTOCHROME P450 FAMILY79 SUBFAMILY B POLYPEPTIDE3 (CYP79B3) and
UDP-GLUCOSYL TRANSFERASE 74B1 (UGT74B1). Thus, BR contributes to the growth-defense tradeoff by suppressing
expression of defensin and glucosinolate biosynthesis genes.

Plants have evolved an exquisite regulatory mecha-
nism for defense against pathogens and pests. Phyto-
hormones, including jasmonates (JAs), salicylic acid
(SA), ethylene (ET), brassinosteroids (BRs), gibberellic
acid (GA), abscisic acid (ABA), cytokinins (CKs), and
auxin (AU), act as essential signals for the regulation of
plant immune responses to microbial pathogens and
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insect herbivores (Pieterse et al., 2012; Ning et al., 2017).
Among these, JAs, which include jasmonic acid and its
cyclopentanone derivatives, are lipid-derived hormones
that play primary roles in regulating plant defense re-
sponses (Wasternack and Hause, 2013; Zhang et al,,
2017; Howe et al., 2018). In response to pathogen infec-
tion or insect feeding, plants rapidly accumulate JAs,
thereby triggering large-scale transcriptional reprog-
ramming of defense- and metabolism-associated genes,
including genes encoding defensins, proteinase inhibi-
tors, Thr deaminases, and enzymes involved in sec-
ondary metabolic pathways, such as for glucosinolate
(GS) biosynthesis (Zhang et al., 2017; Wang et al., 2019).

JA-mediated defense responses require the F-box
protein CORONATINE INSENSITIVE1 (COI1) for sub-
sequent signal transduction in plant cells (Xie et al., 1998;
Yan et al., 2009; Sheard et al., 2010). In Arabidopsis
(Arabidopsis thaliana), COI1 forms an E3 ubiquitin ligase
complex with Skp1/Cullin/F-box (SCF), which acts as a
JA receptor (Xie et al., 1998; Xu et al., 2002; Xiao et al.,
2004). The JA-SCF<O! complex promotes interactions
with jasmonate-ZIM domain (JAZ) transcriptional re-
pressors (Xie et al., 1998; Thines et al., 2007; Katsir et al.,
2008). These hormone-dependent interactions lead to
the ubiquitination and degradation of JAZ suppressors
by the 26S proteasome, thereby activating JA-responsive
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gene expression (Chini et al., 2007; Thines et al., 2007;
Chung and Howe, 2009). In general, two types of
transcriptional activators are involved in downstream
transcriptional reprogramming in the JAZ-mediated
JA signaling pathway (Zhang et al., 2017). First, the
APETALA2/ETHYLENE RESPONSE FACTOR (AP2/
ERF) family members ERF1 and OCTADECANOID-
RESPONSIVE ARABIDOPSIS59 (ORA59) function in
plant resistance to necrotrophic pathogens by modu-
lating the expression of PLANT DEFENSIN1.2 (PDF1.2;
Pré et al., 2008; Zarei et al., 2011; Pieterse et al., 2012;
Wasternack and Hause, 2013). Second, the MYC basic
helix-loop-helix ((HLH) transcription factors, including
MYC2/3/4/5, bHLH3/13/14/17, and the WD-repeat/
bHLH/MYB complex, help regulate plant responses to
wounding or herbivore attack (Zhai et al., 2013; Howe
et al., 2018; Wang et al., 2019).

Much of the mechanism by which the JAZ-MYC
transcriptional module controls plant responses to
herbivore feeding has recently been elucidated using
genetic and biochemical approaches. Specifically, the
triple mutant myc2/3/4 is extremely susceptible to
generalist herbivores (Ferndndez-Calvo et al., 2011;
Major et al., 2017), suggesting that MYC2, MYC3, and
MYC4 have redundant roles in maintaining insect im-
munity in plants. Moreover, these MYC transcription
factors activate GS biosynthesis by targeting the pro-
moters of several GS biosynthesis genes or by forming a
transcriptional complex with GS-related MYB factors,
including MYB28 and MYB34 (Schweizer et al., 2013).
GSs are a class of nitrogen- and sulfur-containing
secondary metabolites that are catabolized into toxic
compounds during plant interactions with herbivores
(Schweizer et al., 2013; Wang et al., 2019).

BRs are a group of steroidal growth-promoting plant
hormones with a wide range of effects on plant growth
and development (Gudesblat and Russinova, 2011).
Three pathways, including the early C-22 oxidation,
early C-6 oxidation, and late C-6 oxidation pathways,
function as a cascade for BR biosynthesis. During these
processes, the cytochrome P450 ROTUNDIFOLIA3
(ROT3) plays an important role in controlling the
conversion steps in the early C-6 or late C-6 oxidation
pathways to generate active BR species (Choe, 2006).
BR is perceived by the membrane-anchored receptor
kinase BRASSINOSTEROID-INSENSITIVE1 (BRI1),
which activates its coreceptor kinase, BRI1-ASSOCIATED
RECEPTOR KINASE1 (BAKI1), to inactivate the
downstream GSK3-like kinase BRASSINAZOLE-
INSENSITIVE2 (BIN2) through phosphorylation (Li
etal., 2002). The transcription factors BRASSINAZOLE-
RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1
(BES1) function as master regulators downstream of BR
signaling (Wang et al., 2002; Yin et al., 2002; Gampala
etal., 2007). In response to BRs, the dephosphorylated
BES1/BZR1 translocates into the nucleus to bind with
the CGTGT/CG (BRRE) and CANNTG (E-box) mo-
tifs in the promoters of their target genes, thereby
inducing or repressing target gene expression (Wang
et al., 2012).
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BRs are also actively involved in plant responses
to diverse biotic and abiotic stresses (Nolan et al., 2017;
Yu et al., 2018). In particular, the phosphorylation of
Arabidopsis BES1 by MPK6 enhances plant resistance
against the hemibiotrophic bacterium Pseudomonas
syringae pv. tomato DC3000 (Kang et al., 2015). In-
deed, the bes1- D mutant, which carries a dominant
point mutation in BES1 (Yin et al., 2002), shows en-
hanced resistance to this bacterium but increased
susceptibility to the necrotrophic fungus Alternaria
brassicicola (Shin et al., 2016). BRs also play an impor-
tant role in plant-herbivore interactions. In response to
insect attack, BRs likely facilitate the negative regula-
tion of GS biosynthesis by BES1 and/or BZR1 to ach-
ieve a tradeoff between growth and immunity (Guo
et al., 2013; Yu et al., 2018). However, direct evidence
for the roles of BRs in plant defense responses to
pathogens and insect herbivory is currently lacking.

Here, we identified the knockout Arabidopsis
mutant dwarf at early stages1 (dwel), which harbors a
transfer DNA (T-DNA) insertion in the gene encoding
ROT3, a cytochrome P450 family protein involved
in BR biosynthesis. Interestingly, the dwel (a new
rot3-4 allele) mutant shows increased resistance to the
necrotrophic fungus Botrytis cinerea and the insect
herbivore Spodoptera exigua. Biochemical analysis in-
dicated that in response to pathogen infection or in-
sect feeding, BES1 inhibits the transcription of genes
involved in plant defensins and GS biosynthesis, re-
spectively. This study provides strong evidence that
the BR-JA interaction contributes to the plant growth-
defense tradeoff in Arabidopsis.

RESULTS
Isolation and Characterization of dwel

During a screening of Arabidopsis transgenic lines
expressing the empty binary vector pSMB (Mylne
and Botella, 1998), we obtained the T-DNA insertional
mutant dwel, which exhibits a semidwarf phenotype
during early development (Fig. 1A). Compared to wild-
type plants, 4-week-old dwel plants have rounded
leaves and shorter petioles (Fig. 1, A and B). Moreover,
dwel plants show delayed age-dependent leaf senes-
cence compared to the wild type (Fig. 1C). Scanning
electron microscopy (SEM) revealed clustered stomata
on the surfaces of 3-week-old dwel rosettes (Fig. 1D),
and stomatal density was significantly higher in dwel
than in the wild type (Fig. 1E).

To investigate the biological function of DWE1, we
performed microarray analysis using the rosettes of
4-week-old wild-type and dwel plants grown under
normal conditions. Compared to the wild type,
266 genes were differentially expressed by more than
1.5-fold in dwel, including 122 upregulated and 144
downregulated genes (Supplemental Table S1). The
dwel mutation induced significant changes in the
mRNA levels of genes involved in biotic/abiotic stress,
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Figure 1. Isolation and phenotypic characteriza-
tion of dwel. A, Phenotypes of 4-week-old wild-
type (WT) and dwel plants. B, Morphology of
wild-type and dweT leaves. C, Senescent pheno-
types of wild-type and dwel mutant. D and E,
Stomata on the leaves of 3-week-old wild-type
and dwel plants revealed by SEM (D) and calcu-
lation of stomatal densities (E). Experiments were
repeated three times independently. For each ex-
periment, five leaves from independent plants
were used for each genotype. Error bars represent
SD (n = 5). Asterisk indicates Student’s t test sig-
nificance between wild type and dwel mutant
(*P < 0.05). Bars = 50 um. F, Reverse transcrip-
tion quantitative PCR (RT-qPCR) analysis of the JA-
inducible genes PDF1.2a, PDF1.2b, VSPI1, and
VSP2 in 6-d-old wild-type and dwel seedlings
treated without (control) or with MeJA treatment F

(100 um MeJA) for 6 h. The expression levels of B 250 - 4 s e

PDF1.2s and VSPs of plants harvested at 0 h are % B & = N | g \(;VT 1

shown at the top left. The experiments were bio- = 200 " F H e we
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senescence, metabolism, transcription, transport,
and signaling, as indicated by functional annotation
(Supplemental Table S1). In particular, GO analysis
revealed that GO:0009753 (response to jasmonic acid)
was enriched in the differentially expressed genes
(DEGs; Supplemental Fig. S1). Interestingly, the tran-
script levels of two genes, PDF1.2a and PDF1.2b, were
particularly elevated (18.3-and 12.6-fold, respectively)
in the dwel mutant compared to the wild type. PDF1.2a
and PDF1.2b encode plant defensins, which are widely
used as downstream markers of JA signaling (Brown
et al., 2003). Therefore, our findings suggest that the
mutation of DWET leads to altered JA-mediated sig-
naling and defense responses.

To investigate this notion, we analyzed the expres-
sion levels of PDF1.2a and PDF1.2b, as well as two other
JA marker genes, VEGETATIVE STORAGE PROTEIN1
(VSP1) and VSP2, in wild-type and dwel seedlings with
or without 100 um methyl jasmonate (MeJA) treatment.
Under normal conditions, PDF1.2a and PDF1.2b, but
not VSP1 or VSP2, were significantly upregulated in
dwel compared to the wild type (Fig. 1F). The difference
in gene expression levels between RT-qPCR and micro-
array data are likely due to the different sample ages and
methods of data acquisition. All four genes were sig-
nificantly induced in wild-type plants upon MeJA treat-
ment and were further upregulated in dwel (Fig. 1F),
suggesting that DWE] is involved in modulation of JA-
associated defense genes in Arabidopsis.

1068

Control MeJA treatment

The morphological abnormalities of dwel plants re-
sembled those of BR synthesis or signaling mutants (Li
et al., 2002). To verify the role of DWE1 in BR pathway,
we examined the effects of exogenous application of
brassinolide (BL) on dwel plants. When 4-week-old
wild-type and dwel plants were sprayed with 100 um
BL, the leaf shape and petiole length phenotypes of
dwel appeared partially recovered (Supplemental Fig.
S2A). Moreover, the shorter hypocotyls of dark-grown
dwel plants were completely complemented by treat-
ment with 0.5 um BL (Supplemental Fig. S2, B and C).
Together, these findings indicate that dwel is likely
impaired in BR biosynthesis.

DWE1 Mutation Confers Increased Resistance to Insect
Herbivory and Pathogen Infection

Previous studies reveal that a mutation in BR bio-
synthesis partially restores JA sensitivity in the coil-2
mutant, a leaky mutant of the JA receptor, COIl, that
exhibits partial fertility (Ren et al., 2009). Given that the
PDF1.2 genes were upregulated in dwel, we investigated
whether the mutation to DWET alters plant responses to
JA. Treatment with 50 um MeJA inhibited primary root
growth in wild-type seedlings, whereas coil-2 showed
insensitivity to JA inhibition of root growth (Fig. 2A), as
previously reported (Staswick et al., 1992; Xiao et al,,
2004). Compared to the wild type, the roots of dwel

Plant Physiol. Vol. 182, 2020
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seedlings showed enhanced sensitivity to MeJA treat-
ment (Fig. 2A), as confirmed by calculating relative root
length (Fig. 2B).

To further verify the effect of BR on the JA pathway,
we crossed the dwel mutant with coil-2 to generate the
dwel coil double mutant. When treated with 50 um
MeJA, the MeJA hypersensitivity of dwel was rescued
by the addition of the coil mutation, as revealed by the
greater root elongation of dwel coil seedlings compared
to the wild type and dwel (Fig. 2, A and B).

JA is a major signaling molecule that regulates plant
responses to insect herbivory and necrotrophic pathogen
infection (Wasternack and Hause, 2013). To address

A

Brassinosteroids Mediate Growth-Defense Tradeoff

whether DWEL1 affects JA-mediated plant defense re-
sponses, we conducted insect feeding and pathogen
inoculation assays on 4-week-old wild-type, dwel, dwel
coil, and coil-2 plants using beet armyworm (S. exigua)
and the fungus B. cinerea. Similar to previous findings
(Howe and Jander, 2008; Hu et al., 2013), coil-2 was
hypersensitive to both S. exigua feeding and B. cinerea
infection compared to wild-type plants (Fig. 2, C and E),
as confirmed by measuring larval weight and lesion
size, respectively (Fig. 2, D and F). By contrast, com-
pared to the wild type and coil-2, dwel was more re-
sistant to S. exigua and B. cinerea (Fig. 2, C-F). Moreover,
the dwel coil double mutant showed partially restored
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Figure 2. The dwel mutant partially reduces the insensitivity of coi7-2 to MeJA and suppresses the hypersensitivity of coi1-2 to
insect herbivory and pathogen infection. A and B, Root lengths (A) of 10-d-old wild-type (WT), dwel, dwel coil, and coil-2
seedlings grown on MS or MS medium containing 50 um MeJA. Relative root elongation is expressed as a percentage of root
elongation on MS medium. The experiments were biologically repeated three times with similar results. Error bars represent sp
(n > 20 roots). Different letters indicate significant differences at P < 0.05 (one-way ANOVA with a Tukey HSD test). C, Phe-
notypes of leaves from 4-week-old wild-type, dwel, dwel coil, and coil-2 plants after 7 d of herbivory by S. exigua. Repre-
sentative insects taken from the corresponding plants are shown below the rosette leaves. D, S. exigua larval weights for each
genotype after 7 d feeding as shown in C is expressed as a percentage of wild-type. The experiments were biologically repeated
three times with similar results. Error bars represent sb (n > 30 larvae). Different letters indicate significant differences at P < 0.05
(one-way ANOVA with a Tukey HSD test). E, Phenotypes of leaves from 4-week-old wild type, dwel, dwel coil, and coil-2 at
0(D0) and 7 (D7) days after inoculation with B. cinerea (B.c.). The corresponding leaves inoculated with buffer without B. cinerea
were treated as controls (CK). F, Statistics of lesion diameters for each genotype as shown in E is expressed as a percentage of wild
type. The experiments were biologically repeated three times with similar results. Error bars represent sb (n > 15 leaves). Different
letters indicate significant differences at P < 0.05 (one-way ANOVA with a Tukey HSD test).
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susceptibility to S. exigua herbivory and significantly
improved resistance to B. cinerea infection compared to
the coil-2 single mutant (Fig. 2, C-F), suggesting that
DWE1 may operate differentially in JA signaling to
S. exigua and B. cinerea responses. However, even though
JA sensitivity and resistance to insect herbivory and
pathogen infection were partially restored in coil-2 by
crossing with dwel, the suppressed male fertility of coi1-2
was not restored in the dwel coil double mutant
(Supplemental Fig. S2D).

dwel Is a Knockout Allele of ROT3

To isolate the genetic locus for the dwel mutation, we
produced an F2 mapping population by crossing dwel
(Col-0 background) with wild-type Landsberg erecta
(Ler) plants. Analysis of the segregation ratio in the
dwel X Ler F2 population indicated that the semidwarf
phenotype of the dwel mutant is due to a single reces-
sive mutation. Based on linkage analysis among mo-
lecular markers and the semidwarf phenotype of dwel
in dwarf F2 progeny, we localized DWE1 to chromo-
some IV between two simple sequence-length polymor-
phism markers, A9791 (20 recombinants) and B18036
(five recombinants; Fig. 3A).

After fine mapping, we further narrowed down the
location of the mutation to a 110-kb genomic region be-
tween markers A17120 (two recombinants) and B17230
(one recombinant), which contains two overlapping
bacterial artificial chromosomes (F23E13 and AP22) and
33 candidate genes (Fig. 3A). By analyzing the mRNA
levels of these candidate genes, we determined that
ROT3 (encoded by AT4G36380) is completely down-
regulated in dwel versus the wild type (Fig. 3D). PCR
analysis and sequencing of the PCR products localized
the T-DNA insertion site at —182 bp on 5’-untranslated
regions in ROT3 (Fig. 3, B and C), where the insertion
resulted in the null mutation of ROT3 (Fig. 3D).

To validate the identity of ROT3, we performed a ge-
netic complementation assay. We amplified the coding
sequence (CDS) of ROT3 from wild-type Col-0, cloned it
into a construct where its expression was driven by the
35S promoter, and introduced it into the dwel mutant via
Agrobacterium tumefaciens-mediated transformation. The
dwarfism phenotypes and the shorter hypocotyls of dark-
grown dwel mutant were complemented by the intro-
duction of ROT3 (Supplemental Fig. S3). Moreover, two
independent transgenic lines (dwel 355:ROT3 #1 and
dwel 355::ROT3 #9) exhibited levels of sensitivity to
S. exigua and B. cinerea similar to those of the wild
type (Fig. 3, E and F), confirming that the phenotypic
changes in dwel are due to the knockout of ROT3.

BES1 Contributes to BR-Induced Suppression of Plant
Defense Responses

BES1 and BZR1 are key transcription factors that
function downstream of BR signal transduction by
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Figure 3. Map-based cloning and complementation test of DWET. A,
The DWET locus is located on chromosome IV between markers A9791
(20 recombinants) and B18036 (five recombinants). The gene was fur-
ther mapped to two bacterial artificial chromosomes (F23E13 and
AP22) between the markers A17120 (two recombinants) and B17230
(one recombinant). ¢cM, centimorgans; kb, kilobases. T19K4 is a BAC
clone overlapped with F23E13. B, Diagram of the genomic region
flanking the T-DNA insertion site in dwel. The gray and black boxes
indicate untranslated regions and exons, respectively. P1, P2, and P3
are primers used for PCR analysis. C, PCR analysis of the wild-type
(WT) and dwel showing the T-DNA insertion site at —182 bp on
5’-untranslated regions in dweT. D, RT-PCR analysis showing presence
of ROT3 mRNA in wild-type and dweT plants. E and F, Complemen-
tation of the dwel mutation by ROT3. Four-week-old wild-type, dwel,
and two independent complemented transformants (dwel 355::ROT3
#1, and #9) were exposed to S. exigua and B. cinerea. Larval weights (E)
and lesion diameters (F) at 7 d after treatment is expressed as a per-
centage of wild-type. The experiments were biologically repeated three
times with similar results. Error bars represent so (n > 30 larvae for
S. exigua feeding, and n > 15 leaves for B. cinerea infection). Different
letters indicate significant differences at P < 0.05 (one-way ANOVA
with a Tukey HSD test).

targeting numerous BR-responsive genes (Sun et al,,
2010; Yu et al., 2011). Given that dwel is deficient in
the biosynthesis of BR, which antagonizes JA-mediated
plant defense signaling, we reasoned that cross talk
between BR and JA signaling might mediate the bal-
ance between plant growth and defense responses. To
investigate this notion, we measured the transcript
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levels of the JA-responsive genes PDF1.2a, PDF1.2b, and
VSP1 in wild-type plants and in the gain-of-function
mutants bes1-D and bzr1-1D (Wang et al., 2002; Yin et al.,
2002; Vilarrasa-Blasi et al., 2014) in the presence and
absence of 100 um MeJA. Compared to the mock control
(treatment with water), all three genes were significantly
upregulated in wild-type seedlings after 6 h of MeJA
treatment (Fig. 4A). In contrast to wild-type seedlings,
these genes were significantly downregulated in bes1- D
under control conditions and after MeJA treatment,
whereas PDF1.2b and VSP1 were significantly upregu-
lated in bzr1-1D (Fig. 4A) after MeJA treatment. More-
over, when we applied 200 nm BL together with MeJA,
the MeJA-triggered induction of all three genes was
suppressed in all three genotypes (Fig. 4A). These results
suggest that BES] is involved in BR-induced suppression
of plant defense gene expression.

To further investigate the role of BES1 in JA-mediated
defense against pathogen invasion, we exposed 4-week-
old wild-type, bes1- D, loss-of-function mutant besI-2,
and coil-2 plants to B. cinerea. Compared to the wild
type, the bes1-D mutant was more susceptible to B. cinerea
inoculation, similar to coil-2 (Fig. 4B), as indicated by
lesion size measurements (Fig. 4C). By contrast, com-
pared to the wild type, bes1-2 exhibited increased resis-
tance to B. cinerea, as indicated by reduced lesion size
(Fig. 4, B and C).

BES1 Regulates Plant Susceptibility to B. cinerea by
Targeting the Downstream Terminators of PDF1.2s

To determine the molecular nature of BES1-mediated
plant defense responses to a necrotrophic pathogen, we
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investigated whether BES1 directly associates with the
promoters of PDF1.2a and PDF1.2b. BES1 binds to BRRE
(CGTGTG and CGTGCG), E-box (CANNTG), and
G-box (e.g. CACGTG) elements in the promoters of
its target genes to activate or suppress their expres-
sion (Yin et al., 2005; Ye et al., 2012; Martinez et al.,
2018). Bioinformatic analysis revealed several potential
BES1-binding elements in the 5 promoter regions of
PDF1.2a and PDF1.2b (Fig. 5A). Using the BES1-L-GFP
transgenic line (Jiang et al., 2015), we performed chro-
matin immunoprecipitation (ChIP )-qPCR to examine
the interaction between BES1 and PDF1.2a or PDF1.2b.
However, we did not detect an enrichment of BES1 in the
5" promoter regions of PDF1.2a and PDF1.2b in BES1-I-
GFP seedlings using anti-GFP antibodies (Fig. 5B).

Transcription factors frequently bind to the cis ele-
ments in the coding regions or downstream regions of
terminators to regulate target gene expression (Yant
et al., 2010; Franco-Zorrilla et al., 2014; Yan et al., 2014).
We therefore analyzed the coding and downstream re-
gions of PDF1.2a and PDF1.2b and identified several
BES1-binding sites in these regions (Fig. 5A). ChIP-qPCR
revealed strong enrichment of two BES1-bound DNA
fragments from the 3’ downstream regions of PDF1.2a
(P5 and P6) and PDF1.2b (P2 and P3; Fig. 5B). The
ACTIN2 (ACT2) promoter fragment, assessed as a
control, did not show any detectable interactions with
BES1 (Fig. 5B).

To further confirm the ChIP-qPCR data, we carried
out an electrophoretic mobility shift assay (EMSA) to
determine the in vitro interactions between BES1 and
the P5/P6 and P2/P3 elements in PDF1.2a and PDF1.2b,
respectively. We expressed recombinant His-BES1 pro-
tein in Escherichia coli. When purified His-BES1 protein

Figure 4. BES1 is essential for BR-mediated sup-
pression of plant resistance to necrotrophic pathogen
infection. A, RT-gPCR analysis of the JA-inducible
genes PDF1.2a, PDF1.2b, and VSPI in 7-d-old
wild-type (WT), besT-p, and bzr1-1D plants treated
with water (control), 100 um MeJA (MeJA), or
100 um MeJA with 200 nm BL (MeJA + BL) for 6
h. Transcripts were normalized to levels of AC-
TIN2. The experiments were biologically re-
peated three times with similar results. Error bars
represent sb (n = 3 technical replicates). Differ-
ent letters indicate significant differences within
the same treatment at P < 0.05 (one-way
W ANOVA with a Tukey HSD test). B, Phenotypes of
leaves from 4-week-old plants of wild-type,
bes1-p, bes1-2, and coil-2 plants at 5 d after
inoculation with B. cinerea (B.c.) or buffer
without B. cinerea (CK). C, Statistics of mean
lesion diameter for the genotypes shown in B is
expressed as a percentage of wild-type. The ex-
periments were biologically repeated three times
with similar results. Error bars represent sp (n >
15 leaves). Different letters indicate significant
differences at P < 0.05 (one-way ANOVA with a
Tukey HSD test).
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Figure 5. BEST interacts with the downstream terminator regions of PDF1.2a and PDF1.2b and suppresses their transcriptional
activities. A, Schematic diagrams indicating the locations of putative BES1 binding sites (BRRE, E-box, and G-box elements) in the
promoter, coding, and downstream terminator regions of PDF1.2a (P1 to P7) and PDF1.2b (P1 to P3) genomic sequences.
Numbers indicate the nucleotide positions relative to their corresponding translational start site (ATG), which is shown as +1 with
arrows. B, ChIP-qPCR assays showing the interactions between BEST and BRRE/G-box elements at the terminator regions of
PDF1.2a and PDF1.2b. The assays were performed using 12-d-old BEST-.-GFP transgenic plants treated with 1 um BL for 2 h.
Primers used for ChIP-qPCR were specific to the regions containing the BRRE, E-box, or G-box motif sites shown in A. ACT2 was
used as a negative control. The qPCR results were normalized against the input samples. The experiments were biologically
repeated three times with similar results. Error bars represent sp (n = 3 technical replicates). C and D, EMSA assays detecting the
binding of BES1 to the downstream terminators of PDF1.2a (C) and PDF1.2b (D). E, Schematic diagrams of effector and reporter
constructs used in the transient LUC assays. The 355PPDK promoter driving BEST (355::BEST), ORA59 (355::ORA59), and ERF1
(35S::ERF1) were used as effectors. The empty vector was used as a control. The gene structures of PDF1.2a and PDF1.2b are
shown in the bottom. Exons are shown as black boxes; promoter, introns, and downstream regions of terminator are indicated as
lines; and 5" and 3’ untranslated regions are shown as light gray and dark gray boxes, respectively.The dual-luciferase reporter
constructs consist of 35S driving the Renilla luciferase (REN) reporter gene (expressed for internal normalization) and the pro-
moter fragment linking downstream regions of PDF1.2a (p1.2a-TAA+) and PDF1.2b (p1.2b-TAA+) terminators of driving the
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was incubated with the PDF1.2a-P5, PDF1.2a-P6,
PDF1.2b-P2, and PDF1.2b-P3 probes in the absence or
presence of cold probe competitors, it bound specifically
to the P5 and P6 fragments of PDF1.2a and the P2 and P3
fragments of PDF1.2b, whereas no binding was detected
in a control lacking His-BES1 (Fig. 5, C and D). Moreover,
unlabeled probes (cold probe) competed with PDF1.2a-
P5, PDF1.2a-P6, PDF1.2b-P2, and PDF1.2b-P3 for binding
to His-BES1 in a dose-dependent manner (Fig. 5, C and D,
lanes 3 and 4). By contrast, unlabeled mutated probe (cold
mProbe) failed to compete with these fragments (Fig. 5, C
and D, lane 5). These results, together with in vivo ChIP
data, suggest that PDF1.2a and PDF1.2b are direct target
genes of BES1.

To assess the effects of BES1 on the transcriptional
regulation of PDF1.2a and PDF1.2b, we conducted a
dual-luciferase (LUC) reporter assay in Arabidopsis
protoplasts. We fused the 5’ promoter, coding linked
3’ downstream, and 3’ downstream regions of
PDF1.2a and PDF1.2b with LUC to generate the p1.2a-
LUC, 1.2a ATG+-LUC, 1.2a TAA+-LUC, p1.2b-LUC,
1.2b ATG+-LUC, and 1.2b TAA+-LUC reporters
(Supplemental Fig. S4, A and B). In addition, we con-
structed an effector using the 35SPPDK promoter to drive
the expression of BES1 (Supplemental Fig. S4). When
we transiently expressed the plasmids in Arabidopsis
protoplasts, the activities of 1.2a TAA+-LUC and 1.2b
TAA+-LUC, but not the other reporters, were signifi-
cantly suppressed by the presence of BES1 (Supplemental
Fig. S4), indicating that BES] transcriptionally suppresses
the expression of PDF1.2a and PDF1.2b.

ORA59 and ERF1 are key AP2/ERF transcription
factors that activate the transcription of PDF1.2a and
PDF1.2bby directly binding to their promoters (Pré etal.,
2008; Zarei et al., 2011). We therefore examined whether
BES1 competes with ORA59 or ERF1 for the tran-
scriptional regulation of their common target genes.
Coexpression of BES1 with ORA59 or ERF1 (Fig. 5, E
and F) significantly attenuated the activation of both
pl.2a-TAA+-LUC and p1.2b-TAA+-LUC (Fig. 5F).
The Luciferase genes were driven by the PDF1.2a/b
promoter regions and linked to the downstream re-
gions of PDF1.2a/b terminators.

To uncover the genetic link between the susceptibil-
ity of bes1-D to biotic stress and the transcriptional
regulation of PDF1.2a, we generated two stable trans-
genic lines overexpressing PDF1.2a (named PDF1.2a-
OE1 and PDF1.2a-OE2; Supplemental Fig. S5A) and
crossed them with bes1- D to obtain PDF1.2a-OE bes1-
D1 and PDF1.2a-OFE bes1-D2. As expected, PDF1.2a-
OE1 and PDF1.2a-OE2 displayed enhanced resistance
to B. cinerea inoculation (Supplemental Fig. S5B). Com-
pared to the hypersensitivity of bes1-D, the responses of

Brassinosteroids Mediate Growth-Defense Tradeoff

PDF1.2a-OE bes1-D1 and PDF1.2a-OE bes1-D2 to B. cinerea
resembled those of the PDF1.2a-OEs (Supplemental
Fig. S5B). Together, our findings indicate that the
BES1-PDF1.2a interaction contributes to defense re-
sponse against necrotrophic pathogen invasion.

BR Antagonizes Insect Herbivory-Induced Indolic
GS Biosynthesis

To investigate the function of BESI in JA-mediated
defense against insect herbivory, 4-week-old wild-
type, bes1-D, bes1-2, and coil-2 plants were exposed
to S. exigua. Compared to the wild type, the bes1-D
mutant showed increased sensitivity to S. exigua feed-
ing similar to coil-2 (Fig. 6A), as revealed by measuring
larval weight (Fig. 6B). By contrast, compared to the
wild type, besl-2 exhibited enhanced resistance to
S. exigua, as indicated by reduced larval weights (Fig. 6,
A and B). The sensitivities of PDF1.2a-OE1 and PDF1.2a-
OE2 to S. exigua feeding appeared similar to that of wild
type (Supplemental Fig. S5C). Further, overexpression of
PDF1.2a had little effect on the susceptibility of bes1-D to
S. exigua herbivory (Supplemental Fig. S5C).

GSs are nitrogen- and sulfur-containing secondary
metabolites produced in response to insect herbivory.
These compounds act downstream of JA signaling to
promote insect resistance (Schweizer et al., 2013). We
therefore reasoned that BES1 may act in plant response
to insect herbivory by regulating GS biosynthesis. To
test this hypothesis, we measured the level of various
GSs, including the indolic GSs indol-3-ylmethyl-GS
(I3M) and 1-methoxyindol-3-ylmethyl-GS (1-MOI3M)
and the aliphatic GSs 4-methylsulfinylbutyl-GS (4-MOSB),
5-methylsulfinylpentyl-GS (5-MSOP), 4-methylthiobutyl-
GS (4-MTB), and 8-methylsulfinyloctyl-GS (8-MSOO)
in wild-type, dwel, coil-2, bes1-2, and bes1-D rosettes af-
ter 3 d of S. exigua feeding. The accumulation of indolic
GS species (I3M and 1-MOI3M) in response to S. exigua
feeding was significantly elevated in dwel and bes1-2
but significantly reduced in bes1-D compared to the
wild type (Fig. 6C; Supplemental Fig. S6). By contrast,
the levels of aliphatic GSs including 4-MOSB, 5-
MSOP, and 8-MSOO were not significantly altered
in dwel, although the levels of 4-MOSB, 5-MSOP, and
8-MSOQO increased in besl-2, and 4-MOSB, 4-MTB
decreased in bes1-D in response to S. exigua feeding
(Fig. 6C; Supplemental Fig. S6). Moreover, the levels
of aliphatic GSs including 4-MOSB, 5-MSOP, 4-MTB,
and 8-MSOQO were significantly reduced in coil-2
(Supplemental Fig. S6). These findings indicate that
BES]1 antagonizes insect-herbivory-induced indolic GS
biosynthesis in Arabidopsis.

Figure 5. (Continued.)

firefly LUC reporter gene. F, Dual-luciferase (LUC) reporter assays showing the suppression of PDF1.2a and PDF1.2b tran-
scriptions by BEST. Effects of BEST on ORA59- and ERF1-activated transcription of PDF1.2a and PDF1.2b in wild-type (Col-0)
protoplasts. The experiments were biologically repeated three times with similar results. Error bars represent sp (n = 3 technical
replicates). Different letters indicate significant differences at P < 0.05 (one-way ANOVA with a Tukey HSD test).
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Figure 6. BR antagonizes JA-dependent indolic GS synthesis in re-
sponse to S. exigua herbivory. A, Phenotypes of 4-week-old plants of
wild-type (WT), bes1-D, and bes1-2 after 7 d of herbivory by S. exigua.
The coiT-2 mutant was used as a positive control. B, S. exigua larval
weights after 7 d of feeding for the genotypes shown in A are expressed
as a percentage of wild type. The experiments were biologically re-
peated three times with similar results. Error bars represent sp (n > 30
larvae). Different letters indicate significant differences at P < 0.05
(one-way ANOVA with a Tukey HSD test). C, Ultra-HPLC/quadrupole
time-of-flight measurements showing the levels of indolic GS and ali-
phatic GS in wild-type, dwel, coil-2, besi-2, and besi-p untreated
plants (control) and in plants treated with S. exigua for 3 d. The exper-
iments were biologically repeated twice with similar results. Error bars
represent s (n = 4 technical replicates). Fw, fresh weight. Different
letters within each treatment indicate significant differences at P < 0.05
(one-way ANOVA with a Tukey HSD test); capital letters compare with
each other, and lowercase letters compare with each other. D, RT-qPCR
showing the expression levels of the indolic GS biosynthesis genes
(CYP79B2, CYP79B3, and CYP83B1) in wild-type, dwel, coil-2, bes1-
2, and bes1-D plants in response to water (control) or MeJA (100 um
MeJA) treatment for 12 h. The JA-inducible maker gene VSP2 was used
as a positive control. For each genotype, transcript levels relative to
wild-type control were normalized to that of ACTINZ2. The experiments
were biologically repeated three times with similar results. Error bars
represent sb (n = 3 technical replicates). Different letters within each
treatment indicate significant differences at P < 0.05 (one-way ANOVA
with a Tukey HSD test); capital letters compare with each other, and
lowercase letters compare with each other.
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To further verify the association between BESI-
mediated suppression of indolic GS biosynthesis and
the JA signaling pathway, we treated wild-type, dwel,
coil-2, bes1-2, and besl-D seedlings with exogenous
100 um MeJA and measured the expression levels of
three indolic GS synthesis genes (CYP79B2, CYP79B3,
and CYP83B1). The JA-induced expression levels of
these genes were significantly higher in dwel and bes1-2
but significantly lower in besI-D than in the wild type
(Fig. 6D). By contrast, the elevated expression of these
genes in response to MeJA treatment were abolished in
coil-2 (Fig. 6D). As a control, the expression of VSP2
was significantly induced the wild-type plants upon
MeJA treatment but was down-regulated in the coil-2
and bes1-1D mutants and up-regulated in the dwel and
bes1-2 mutants (Fig. 6D). These results indicate that
BES1 suppresses the JA-induced indolic GS biosyn-
thetic gene expression.

BES1 Interacts with MYB Transcription Factors Essential
for GS Biosynthesis

In Arabidopsis, six MYB transcription factors (MYB34,
MYB51, MYB122, MYB28, MYB29, and MYB76) are
master regulators of genes involved in GS biosyn-
thesis (Gigolashvili et al., 2007, 2008; Frerigmann and
Gigolashvili, 2014). Despite the fact that investiga-
tions revealed the inhibition of GS biosynthesis
by BRs, little is known about the molecular mecha-
nism(s) by which BRs regulate GS biosynthesis. Pre-
vious studies speculate that BES1 and BZR1 might
inhibit the GS synthesis by regulating either the GS
biosynthesis genes or the MYB transcription factors
(Chen and Andreasson, 2001; Guo et al., 2013). We
therefore reasoned that BES1 regulates plant sensi-
tivity to insect herbivory by interacting with these
MYBs to attenuate GS biosynthesis. To test this hy-
pothesis, we generated constructs expressing MYB34-,
MYB51-, MYB122-, MYB28-, MYB29-, and MYB76-
FLAG, as well as BES1-HA fusion proteins, for coim-
munoprecipitation (ColP) assays. When BES1-HA and
MYBs-FLAG were transiently coexpressed in wild-type
Arabidopsis leaf protoplasts, most MYBs were immu-
noprecipitated by BES1 (Fig. 7A).

To further validate the association of the MYBs with
BES1, we performed bimolecular fluorescence comple-
mentation (BiFC) analysis using Arabidopsis proteins
fused with split yellow fluorescent protein (YFP). We
transiently coexpressed MYB34-, MYB51-, MYB122-,
MYB28-, MYB29-, or MYB76-nYFP with BES1-cYFP in
protoplasts for 16 h and then examined them by con-
focal microscopy. The nuclear ARF4-RFP fusion protein
(Sun et al., 2019) was coexpressed in all experiments as
a marker. We detected YFP signals in the nuclei for all
MYB-nYFP and BES1-cYFP combinations (Fig. 7B). By
contrast, coexpression of the nYFP empty vector with
BES1-cYFP or the cYFP empty vector with MYB-nYFP
failed to reconstitute an intact YFP signal in Arabi-
dopsis leaf protoplasts (Fig. 7B; Supplemental Fig. S7A).
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Figure 7. BES1 interacts with MYB transcription factors to alleviate the MYB-activated transcription of genes involved in GS
biosynthesis. A, In-vivo ColP assay showing the physical interactions between BES1 and MYB34, MYB51, MYB122, MYB28, and
MYB29. HA-tagged BES1 (BES1-HA) was coexpressed with FLAG-tagged MYBs (MYB34-, MYB51-, MYB122-, MYB28-, MYB29-,
and MYB76-FLAG) in wild-type (WT; Col-0) Arabidopsis protoplasts and immunoprecipitated by FLAG affinity magnetic beads.
EV, empty vector. B, BiFC assay showing the interaction between BEST and MYBs proteins. The split nYFPand cYFP fusions BES1-
cYFP and MYBs-nYFP (MYB34-, MYB51-, MYB122-, MYB28-, MYB29-, and MYB76-nYFP) were coexpressed in wild-type
protoplasts for 16 h, followed by confocal microscopy. The ARF4-RFP vector was coexpressed as a nuclear localization
marker. BF, Bright field. Bar = 10 um. C, ChIP-gPCR analysis of the in vivo binding of BEST-1-GFPto the promoters of CYP79B3
(P1to P6), SURT (P1 and P2), UGT74B1 (P1 to P5), MYB34 (P1 to P5), MYB51 (P1to P3), and MYB122 (P1 and P2). Primers used
for ChIP-qPCR were specific to the regions containing the BRRE, E-box, or G-box elements. ACT2 was used as a negative control.
The gPCR results were normalized against the input samples. The dashed lines separate the results from the different genes. The
experiments were biologically repeated three times with similar results. Error bars represent sb (n = 3 technical replicates). D,
Dual-luciferase (LUC) reporter assays showing the suppression of CYP79B3 and UGT74B1 transcription by BEST. Left, Schematic
diagrams of effector and reporter constructs used in the transient LUC assays. 35SPPDK promoter driving BES1, MYC2, MYB34,
MYB51, and MYB122 were used as an effector. The empty vector was used as a control. The dual-luciferase reporter constructs
consist of 35S driving Renilla luciferase (REN) reporter gene for internal normalization, and the promoters of CYP79B3 and
UGT74B1 driving firefly LUC reporter gene. Right, Effects of BEST on the MYC2-, MYB34-, MYB51-, MYB122-activated tran-
scription of CYP79B3 and UGT74B1 in wild-type protoplasts. The experiments were biologically repeated three times with
similar results. Error bars represent sb (n = 3 technical replicates). Asterisks denote Student’s ttest significance between indicated
samples (**P < 0.01).

These results suggest that BES1 physically interacts with
all six MYB transcription factors in vivo.

Bioinformatic analysis identified several BES1-binding
cis elements, including BRRE, E-box (CANNTG), and
G-box motifs, in the promoters of various GS biosynthetic

Plant Physiol. Vol. 182, 2020

genes, such as CYP79F1, CYP83A1, CYP79B3, UGT74B1,
and SURI1, as well as all six MYB genes (Supplemental
Fig. S7B). We performed ChIP-qPCR assays to deter-
mine whether BES1 associates with these cis elements
in vivo. Consistent with the results of GS measurements
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and RT-qPCR (Fig. 6, C and D), BES1 bound to the
promoters of indole-GS synthetic genes CYP79B3 (P2,
P4, and P6) and UGT74B1 (P3 and P4), but not to SUR1
or the aliphatic-GS genes CYP79F1 or CYP83A1 (Fig. 7C;
Supplemental Fig. S7C). Moreover, BES1 bound directly
to the promoters of the MYB genes MYB34 (P4 and P5),
MYB51 (P2 and P3), and MYB122 (P1; Fig. 7C), which
encode transcription factors that specifically regulate
indole-GS genes. However, we did not detect interac-
tions between BES1 and the aliphatic GS-related MYB
genes, except for MYB76 (Supplemental Fig. S7C).

To further explore the role of BESI in regulating GS
biosynthesis, we cloned the promoter sequences of var-
ious GS-related genes and fused them to the LUC re-
porter. The presence of BES1 dramatically suppressed
LUC activity driven by the CYP79B3, UGT74B1, MYB34,
MYB51, MYB76, and MYB122 promoters (Supplemental
Fig. S8). Consistent with the ChIP-qPCR results, BES1
had little effect on the activities of the pCYP79F1-,
pCYP83A1-, pSURI-, pMYB28-, and pMYB29-LUC re-
porters (Supplemental Fig. S8).

MYC2 is a core transcription factor involved in JA
signaling that activates GS biosynthesis by interacting
with all known GS-related MYB transcription factors
(Schweizer et al., 2013). To investigate a potential link
between the BES1-mediated suppression of GS biosyn-
thetic gene expression and MYC2-/indolic GS-related
MYBs-mediated GS activation, we coexpressed BES1
withMYC2, MYB34, MYB51, or MYB122 and measured
the effects on pCYP79B3-LUC and pUGT74B1-LUC ac-
tivity. Whereas the expression of pCYP79B3-LUC and
pUGT74B1-LUC was strongly activated in the presence
of MYC2, MYB34, MYB51, or MYB122, it was signifi-
cantly attenuated in the presence of BES1 (Fig. 7D).
These results indicated that BES1 negatively regu-
lates the transcriptional activities of MYC2 and GS-
related MYBs to modulate the expression of indolic
GS biosynthesis genes.

DISCUSSION

BRs are growth-promoting phytohormones that are
thought to play a negative role in plant defense re-
sponses, which likely represent a key mechanism that
fine tunes the tradeoff between plant growth and de-
fense responses upon pathogen infection and insect
herbivory (Albrecht et al., 2012; Belkhadir et al., 2012).
However, although the physiological roles of BRs in
responses to various biotic factors have been well stud-
ied, direct molecular evidence linking BRs to defense
signaling has been lacking.

Here, we provided several lines of evidence support-
ing the roles of BRs in plant responses to a necrotrophic
pathogen and insect attack. Specifically, we hypothe-
sized that BES1 antagonizes JA-induced plant defense
signaling by differentially suppressing the expression
of defensin and GS biosynthesis genes. First, using ge-
netic screens, we determined that the dwel mutation,
which leads to a semidwarf phenotype resembling that
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of BR-deficient mutants (Fig. 1), significantly suppressed
the MeJ A insensitivity and biotic stress susceptibility of
the JA receptor coil mutant (Fig. 2). Genetic mapping
and complementation tests showed that dwel is a
knockout allele of ROT3 (Fig. 3; Supplemental Fig. S3),
encoding a BR C-23 hydroxylase essential for BR bio-
synthesis (Ohnishi et al., 2006). Second, the gain-of-
function bes1-p mutant showed significantly reduced
transcript levels of the JA-responsive genes PDF1.2a
and PDF1.2b and was extremely susceptible to insect
herbivory and pathogen invasion (Figs. 4 and 6). Third,
biochemical analysis revealed that BES1 directly tar-
geted the downstream terminator regions of PDF1.2a
and PDF1.2b to attenuate their necrotrophic pathogen-
induced transcriptional activities that are induced by
ORAS59 and ERF1 (Fig. 5). By contrast, BES1 physically
interacts with indolic GS-related MYB transcription
factors (MYB34, MYB51, and MYB122) and regulates
the expression of indole-GS biosynthetic genes (CYP79B3
and UGT74B1), leading to significant reductions in indole
GS (I3M and 1-MOI3M) levels in bes1-p in the absence
and presence of herbivory by S. exigua (Figs. 6 and 7;
Supplemental Figs. S6-S8). Thus, our findings demon-
strate that BES1 is a key transcription factor that antag-
onizes JA-activated plant defense responses by directly
suppressing defensin and GS biosynthesis gene expres-
sion in Arabidopsis.

Plants have evolved sophisticated regulatory networks
to help them cope with biotic and abiotic stress. During
the past few decades, the specific roles of individual
hormones in plant responses to various stresses have
been well documented. However, the roles of the an-
tagonistic and synergistic interactions of phytohormones
in fine-tuning plant growth and defense responses
require further investigation (Robert-Seilaniantz et al.,
2011). Our findings suggest that the DWE1/ROT3
knockout mutation partially reduces the insensitiv-
ity of coil-2 to MeJA, partially restores resistance to
S. exigua, but fully suppresses the hypersensitivity of
coil-2 to necrotrophic pathogen, indicating that DWE1
may operate differentially with JA signaling to S. exi-
gua and B. cinerea responses. In particular, BES1 con-
tributes to B. cinerea response by directly targeting
PDF1.2a and PDF1.2b genes and suppressing their
expression (Fig. 5), which may function in a COI1-
independent manner. Involvement of BES1 in S. exi-
gua response likely functions through interacting with
the MYC2/MYB34 /51 /122 transcription complex and
interfering with the transcription of GS biosynthesis
genes (Figs. 6 and 7), which partially relies on a func-
tional COI1 protein. These results reveal the different
mechanisms of BES1 in modulation of JA-mediated re-
sponses to S. exigua herbivory and B. cinerea infection.

In particular, the dwel mutant is an appropriate tool
for investigating the role of the JA-BR interaction in
mediating the plant growth-defense tradeoff. Indeed,
MeJA treatment of wild-type seedlings significantly
upregulated PDF1.2a, PDF1.2b, and VSP1; these JA-
response genes are essential for plant defense re-
sponses (Pieterse et al., 2012). Treatment with a mixture
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of MeJA and BL significantly decreased this response
(Fig. 4A). These findings indicate that BR can suppress
the JA-mediated plant defense to pathogen infection
and insect herbivory. This is consistent with previous
work indicating an antagonistic cross talk between BR
and JA during plant growth and development (Ren
et al., 2009; Huang et al., 2010; Peng et al., 2011; Gan
et al., 2015). In particular, BR negatively regulates JA
signaling and JA-inhibited root growth. By contrast,
impairment of BR synthesis in the dwarf4 (dwf4) mutant
attenuates the negative effects of BR on JA-mediated
root growth inhibition (Ren et al.,, 2009). Moreover,
several studies imply that this antagonistic relationship
between BR and JA likely functions in plant responses
to herbivores (Campos et al., 2009; Yang et al., 2011;
Miyaji et al.,, 2014). Our findings further extend this
concept, highlighting the significance and molecular
mechanisms of the JA-BR interaction in modulating
plant immune responses.

Defensins are small, highly basic, Cys-rich peptides
found in all living organisms, from microorganisms to
plants and animals (Thomma et al., 2002). Most defen-
sins show differential antimicrobial activities and are
regarded as a primordial defense system against vari-
ous pathogens. Arabidopsis contains 13 defensin genes,
including three PDF1.2 genes (PDF1.2a, PDF1.2b, and
PDF1.2c) that are transcriptionally induced by patho-
gen exposure and JA and/or ET application (Thomma
et al., 2002; Pieterse et al., 2012). Both JA and ET func-
tion in plant responses to necrotrophic pathogens
(Pieterse et al., 2012). The ERF1 and ORA59 transcrip-
tion factors in the JA and ET signaling pathways are
activated upon infection by necrotrophic pathogens,
which in turn activates PDF1.2s by ERF1 and ORA59
directly binding to their promoters (Zarei et al., 2011;
Pieterse et al., 2012). Our data suggest that, in a mech-
anism analogous to the JA and ET signaling pathways,
BES1 in the BR signaling pathway contributes to the
negative modulation of plant resistance to the necrotro-
phic pathogen B. cinerea and the expression of PDF1.2
genes (Fig. 4, A and B). However, BES1 associated with
the G-box elements in the terminator regions, but not the
promoters, of both PDF1.2a and PDF1.2b (Fig. 5, A and
B), suggesting that BES1 antagonizes the ERF1/ORA59-
induced transcription of PDF1.2s by binding to different
G-box elements. The association of a transcription factor
to the terminator region of target gene is likely a fre-
quently occurring pattern in the regulation of target gene
expression in plant cells (Yant et al., 2010; Franco-Zorrilla
et al,, 2014; Yan et al., 2014).

GSs are a class of nitrogen- and sulfur-containing
secondary metabolites that confer plant resistance
against insect herbivores (Bednarek et al., 2009; Clay
et al., 2009). JA regulates, in conjunction with MYC2
and the GS-related MYBs (MYB28, MYB29, MYB76,
MYB34, MYB51, and MYB122), GS production upon
herbivore feeding (Zhou and Memelink, 2016). Among
these MYBs, MYB34, MYB51, and MYB122 are respon-
sible for indolic-GS biosynthesis and are synergisti-
cally activated by JA, ET, SA, and ABA (Frerigmann and
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Gigolashvili, 2014). These hormones promote GS bio-
synthesis, but BR suppresses GS accumulation in re-
sponse to chewing insects (Guo et al., 2013).

We determined that upon herbivory, BES1 suppresses
the transcriptional roles of MYC2 and GS-related MYBs
in the activation of indolic GS-biosynthetic genes (Figs.
6D and 7). Furthermore, BES1 physically interacts with
the indolic GS-associated transcription factors MYB34,
MYB51, and MYB122 (Fig. 7, A and B). It is therefore
possible that BES1 functions at multiple levels to regulate
indolic GS biosynthesis during the balancing of BR-JA
interactions. It is likely that JA- and insect herbivory-
triggered indolic GS biosynthesis is tightly controlled
by both positive JA signaling (through the MYC2/3/4/
5-MYB34/51/122 module) and negative BR signaling
(through the BES1-MYB34/51/122 module), the balance
of which is a key factor determining plant susceptibility
to insects. Our results also showed an opposite ex-
pression pattern of bzrl-1D in response to JA and BR
application (Fig. 4A). In Arabidopsis, the bzrl-1D mu-
tant shows dwarfism phenotypes resembling those of
BR deficient mutants, which is distinct from bes1-D
(Wang et al.,, 2002; Yin et al., 2002; He et al., 2005).
Moreover, despite the high sequence identity (88%)
between BZR1 and BES1 proteins, they can interact with
different cofactors to regulate different plant responses
(Li and Deng, 2005). Thus, it is conceivable that BZR1
may play a role distinct from that of BES1 in plant
defense responses. Additional investigations of the
mechanism by which BZR1 regulates downstream
defense genes will further enrich our understanding
of JA-BR cross talk.

Many BES1/BZR1 target genes have already been
identified in plants (Sun et al., 2010; Guo et al., 2013). BES1
binds to the BRRE (CGTGT/CG), E-box (CANNTG), and
G-box (e.g. CACGTG) elements of BR-activated genes,
whereas BZR1 binds to the BRRE (CGTGT/CG) se-
quences and G-box (e.g. CACGTG) elements of BR-
repressed genes (He et al., 2005; Yin et al., 2005; Sun
et al., 2010; Yu et al., 2011; Martinez et al., 2018). In
agreement with these findings, our data suggest that
BES1 inhibits the transcription of indole-GS bio-
synthetic genes (CYP79B3 and UGT74B1) by directly
interacting with their G-box and BRRE elements
(Fig. 7, C and D; Supplemental Figs. S7B and S8).
Similarly, MYCs interact with the G-box and G-box
variants of JA-responsive genes (Ferndndez-Calvo
et al., 2011). In fact, ChIP-qPCR analysis in our study
showed that BES1 bound to the G-box sites of CYP79B3
and UGT74B1 promoter regions, which are similar
to that of MYC2 (Schweizer et al, 2013; Fig. 7C;
Supplemental Fig. S7B). Moreover, dual-LUC reporter
assays confirmed that BES1 attenuated the MYC2-
activated expression of CYP79B3 and UGT74B1
(Fig. 7D). Based on these findings, it is likely that BES1
competes with MYCs for binding to G-box motifs in the
regulation of JA-responsive genes. Increasing evidence
suggests that BES1 physically interacts with other tran-
scription factors, such as BES1-INTERACTING MYC-
LIKE1 (BIM1) and MYB30, to induce BR-responsive gene
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Figure 8. A working model showing the role of BEST in fine-tuning
plant growth-defense tradeoffs by suppressing JA-mediated defensin
and glucosinolate biosynthesis. Plant growth signals trigger the ex-
pression of genes, including DWET, to induce brassinosteroid (BR)
synthesis. BR binds to the cell-surface receptor kinase BRI1 to activate
BR signal transduction by sequential transphosphorylation events. The
dephosphorylated transcription factor BEST translocates into the nu-
cleus, leading to the expression of BR-responsive genes and promotion
of plant growth and development. By contrast, insect attack and path-
ogen infection induce the accumulation of JAs. The active form of JA, JA-
lle, is perceived by the COI1 receptor to recruit JAZ repressors for
degradation. The downstream transcription factors MYC2/3/4 and ERF1/
ORADB9 are released, activating biosynthesis of defense compounds, de-
fensins and GS, respectively. In response to pathogen infection and her-
bivore feeding, BES1 functions in the plant growth-defense trade off by
negatively regulating JA-induced transcription of PDF1.2s and indole-GS
biosynthetic genes, which helps restore the proper cellular levels of
defensin and GS.

expression (Li et al., 2009; Wang et al., 2018). By contrast,
upon binding to BRRE elements, BES1 attenuates the
expression of BR-repressed genes by interacting with the
transcriptional corepressor MYB-LIKE2 (MYBL2; Yeetal.,
2012). Consistent with these findings, our results indicate
that BES1 suppresses the transcription of indole-GS bio-
synthetic genes (CYP79B3 and UGT74B1) by interacting
with GS-related MYBs (MYB34, MYB51, and MYB122).
These findings support the idea that BES1 functions with
other MYB transcription factors as cofactors to positively
or negatively regulate gene expression.

CONCLUSION

Based on the findings from this study and several
previous works, we propose the following model
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(Fig. 8). Plant growth signals trigger the expression of
genes, including DWE1/ROT3, to induce BR biosyn-
thesis (Choe, 2006; Ohnishi et al., 2006). BR binds to the
cell-surface receptor kinase BRI1 to activate BR signal
transduction by sequential transphosphorylation events
(Li et al., 2002; Yin et al., 2002; Li and Deng, 2005; Sun
et al.,, 2010). Subsequently, the dephosphorylated tran-
scription factor BES1 translocates from the cytoplasm into
the nucleus, leading to the expression of BR-responsive
genes and promotion of plant growth and development
(Wang et al., 2012).

By contrast, insect attack and necrotrophic pathogen
infection induce the accumulation of JAs. The active JA
form, JA-lle, is perceived by the COI1 receptor to recruit
JAZ repressors for degradation (Chini et al., 2007;
Thines et al., 2007; Yan et al., 2009). The downstream
transcription factors MYC2/3/4 and ERF1/0ORAS59 are
released to activate the biosynthesis of defense com-
pounds GS and defensins, respectively (Pré et al., 2008;
Zarei et al., 2011; Pieterse et al., 2012; Schweizer et al.,
2013).

Particularly, upon pathogen infection and herbivore
feeding, BES1 plays a negative role in antagonizing the
JA-induced transcription of PDF1.2s and indole-GS bi-
osynthetic genes (Fig. 8; Guo et al., 2013). This process
helps restore the elevated levels of defensin and GS to
homeostatic cellular levels, thereby functioning in the
plant growth-defense tradeoff. Moreover, the interaction
between BES1 and indolic GS-related MYBs is essential
for the regulation of BESI1-suppressed transcription of
GS biosynthetic genes (Fig. 8). Given the importance of
the interplay among JA, SA, ET, and ABA in the regu-
lation of plant defense responses, it would be interesting
to further investigate how these hormones coordinate
with BR to maintain cellular homeostasis during or after
plant interactions with pathogens and insect herbivores.

MATERIALS AND METHODS
Plant Materials, Growth Conditions, and Treatments

All wild type, mutant, and transgenic lines used in this study are in the
Columbia ecotype (Col-0) background. The following mutants were described
previously: bes1-2 (Kang et al., 2015), besI-D (Vilarrasa-Blasi et al., 2014; Yin
etal., 2002), bzr1-1D (Wang et al., 2002), coil-2 (Xu et al., 2002), and 355::BES1-L-
GFP (Jiang et al., 2015). The T-DNA insertion mutants with the locus names
rot3-2 (CS3728), and bzr1-1D (CS65987) described in this study were obtained
from The Arabidopsis Information Resource (http://www.arabidopsis.org).
The dwel coil-2 mutant was generated by crossing dwel with coil-2, and homo-
zygous plants were identified through PCR-based genotyping and sequencing of
the F2 population.

After being surface sterilized with 20% (v/v) bleach containing 0.1% (v/v)
Tween 20 for 20 min and washed five times with sterilized water, seeds were
germinated on Murashige and Skoog (MS) medium (Sigma-Aldrich) containing
1% (w/v) Suc and 0.8% (w/v) agar. Following stratification for 3 d at 4°C in the
dark, the plates were transferred to a growth cabinet with a 16-h-light/8-h-dark
(20°C-24°C) photoperiod and incubated for 9 d. The seedlings were subse-
quently transplanted to soil for further growth.

Map-Based Cloning of DWE1

To map dwel, we crossed dwel (in the Columbia background) with wild type
Landsberg erecta (Ler). The F1 plants self-fertilized to generate the F2 population.
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In the segregating F2 population, plants with dwel morphology were used for
linkage analysis.

For the complementation test, the 1575 bp CDS of ROT3 was amplified by
PCR using the wild-type complementary DNA (cDNA) as a template. Primers
used for amplification of ROT3 are listed in Supplemental Table S2. To express
the Myc-FLAG-ROTS3 fusion protein under the control of 355 promoter, the
cDNA fragment, with an N-terminal FLAG tag, was cloned into the binary
vector pCXSN-Myec. The construct was transformed into Agrobacterium tume-
faciens and subsequently introduced into the dwel mutant by floral dipping
(Clough and Bent, 1998). Transformants (dwel::355:ROT3) were selected by
hygromycin, and their transcription level of ROT3 was confirmed by RT-qPCR
analysis.

Construction of Plasmids and Generation of
Transgenic Plants

To generate transgenic lines, the CDS of PDF1.2a was amplified and con-
structed into a modified pPCAMBIA1301 binary vector (driven by the 35S pro-
moter and fused with a 3X FLAG tag, then digested with Sacl and Mlul) to
generate the PDF1.2a-3FLAG construct. The constructs were then transformed
into Col-0 wild-type plants using the Agrobacterium tumefaciens-mediated floral-
dip method to obtain PDF1.2a-OE transgenic plants. PDF1.2a-OE was crossed
with the bes1-D mutant to obtain PDF1.2a-OE bes1- D double mutants.

To construct an expression vector for recombinant BES1 protein, the full-
length CDS of BES1 was amplified from Arabidopsis (Arabidopsis thaliana)
c¢DNA and inserted into the pRSET A vector (Invitrogen) and then digested
with BamHI and Hindlll, resulting in the 6His-BES1 construct.

For the transient expression assay, the coding fragments of BES1, ERFI,
ORA59, MYC2, MYB34, MYB51, and MYB122 were inserted into the BamHI-
Stul site of pHBT-35SPPDK-2HA or pHBT-35SPPDK-2FLAG vectors, resulting
in the effectors 355::BES1-HA, 355::ERF1-FLAG, 35S5::ORA59-FLAG, 355:MYC2-
FLAG, 355:MYB34-FLAG, 355:MYB51-FLAG, and 355::MYB122-FLAG, respec-
tively. To generate the reporter constructs, the ~2000-bp promoter sequence of
each target gene was PCR amplified and inserted into the cloning site (Kpnl/
BamHI) of the pGreenlIl 0800-LUC vector (Hellens et al., 2005). To construct the
p1.2a-TAA+-LUC reporter, the TAA+ fragment of PDF1.2a was produced using
the primers p1.2a-TAA+-LUC-F/R and pfu DNA polymerase, and the fragment
was inserted into p1.2a-LUC digested with Spel and SacIl. The promoter sequence
of PDF1.2b was PCR amplified using the primers p1.2b-TAA+-LUC-F/R and
inserted into 1.2b TAA+-LUC (digested with Kpnl), resulting in the reporter
construct p1.2b-TAA+-LUC.

Insect Herbivory and Pathogen Infection

Insect feeding and pathogen inoculation were carried out as previously
described (Hu et al., 2013) with minor modifications. For each genotype, 60 first-
instar Spodoptera exigua larvae were reared on 10 4-week-old plants. At 7 d after
feeding, all living S. exigua larvae (more than 30 larvae for each genotype) were
removed from the plants and collected for weighing and photographing. All
experiments were repeated three times independently with similar results.

The fungal pathogen Botrytis cinerea was maintained on potato dextrose agar
medium at room temperature. Spore masses were collected and suspended in
inoculation buffer (20 mm K;HPO, [pH 5.7], 20 mm NH4NO; [pH 5.7], 1 mm
MgSOy,, 10 mm CaCly, 50 mm Suc [pH 5.7], and 10 mm sodium citrate). More than
15 mature rosette leaves per genotype from 4-week-old plants were placed in
petri dishes containing 0.6% (w/v) agar and sealed with adhesive tape. For each
leaf, 5-uL droplets containing ~1.25 X 10° spores/mL B. cinerea suspension
were inoculated and incubated in the dark for 3 d, followed by a 16-h-light/8-h-
dark photoperiod at 20°C to 24°C. The lesion diameter (mm) was calculated
using Image] software. All experiments were repeated three times with similar
results.

RNA Extraction and RT-qPCR Analysis

Seven-day-old seedlings grown on MS medium (>30 seedlings per geno-
type) were transferred to and drenched in 100 um MeJA, 100 um MeJA, and
200 nm BL (Sigma-Aldrich, cat. no. E1641; MeJA + BL), or water (control). After
6 h of treatment, total RNA was extracted from the seedlings using the HiPure
plant RNA mini kit according to the manufacturer’s instructions, and cDNA
was synthesized using a HiScript II Q RT SuperMix kit with gDNA Wiper
(Vazyme). RT-qPCR was conducted with a StepOne Plus real-time PCR system
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(Applied Biosystems) using ChamQ SYBR color gPCR master mix (Vazyme).
The conditions for RT-qPCR were an initial step for 2 min at 95°C, followed by
40 cycles of 10 s at 95°C, 15 s at 55°C, and 30 s at 72°C. The relative expression
levels of the target genes were calculated using the 222t method following the
manufacturer’s instructions. ACTIN2 was used as an internal control. Specific
primers (listed in Supplemental Table S2) were designed (based on their DNA
sequences) to PCR amplify PDF1.2 (Hu et al.,, 2013) and genes involved in
regulating GS synthesis (Guo et al., 2013). Quantification was performed using
three technical replicates. Experiments were repeated three times with similar
results.

SEM Analysis

SEM was performed as described previously (Ahlstrand, 1996) using sam-
ples frozen in liquid nitrogen and examined on a cold stage. Leaves of 3-week-
old plants were plated in gold and observed under a Hitachi S-3400N scanning
election microscope at 20 and 15 kV. The number of stomata in leaves was
measured using Image] software. Experiments were repeated three times in-
dependently with similar results.

Protein-DNA Binding Assays

The ChIP-qPCR assay was performed as described previously using 12-d-old
BES1-L-GFP seedlings (Jiang et al., 2015) treated with 1 um BL for 2 h (Yuan et al.,
2017). After coating with anti-GFP antibodies (Invitrogen) or anti-IgG (CST), the
protein/DNA complexes were immunoprecipitated with Dynabeads Protein G
(Invitrogen). The ACT2 promoter was used as a negative control. Real-time PCR
was performed with immunoprecipitated DNA using the StepOne Plus real-time
PCR system (Applied Biosystems) and the specific primers listed in Supplemental
Table S2. Quantification was performed using three technical replicates. Experi-
ments were repeated three times with similar results.

For EMSA, the recombinant His-BES1 protein was expressed in Escherichia
coli BL21 (DE3) cells (Vazyme) and purified using Ni-NTA agarose (Invitrogen).
EMSA was performed using a LightShift chemiluminescent EMSA kit (Thermo
Scientific) according to the manufacturer’s instructions and as described pre-
viously (Yuan et al., 2017). Synthetic DNA oligonucleotide probes labeled with
biotin were incubated with purified His-BES1 recombinant protein in the
presence or absence of excess amounts of unlabeled competitors or unlabeled
mutated probes for 30 min at room temperature. The biotin-labeled DNA
fragments were used as biotin probe. The biotin-unlabeled DNA fragments of
the same sequences were used as the competitors (Cold Probe). The fragments
with BES1-binding sites were mutated to AAAAAA were used as Cold mProbe.
The 200X and 500X mean the amounts of Cold Probe and Cold mProbe were
200- and 500-fold to that of biotin probe. The sequences of the oligonucleotides
used in this assay are listed in Supplemental Table S2.

Measurement of LUC Activity

All reporter constructs used in this study were generated with the pGreenlIl
0800-LUC vector (Hellens et al., 2005), and the effector constructs were gener-
ated using the pHBT construct driven by the 35SPPDK promoter. The primers
used to produce these constructs are listed in Supplemental Table S2. The
preparation and transformation of wild-type (Col-0) protoplasts were per-
formed as described previously (Yoo et al., 2007). Firefly LUC and Renilla LUC
(REN) activities were measured using the Dual-Luciferase Reporter Assay
System (Promega) and the SpectraMax i3x Multi-Mode Detection Platform
(Molecular Devices). Relative LUC activity was expressed as the ratio of LUC to
REN. All experiments were independently repeated three times with similar
results. For each assay, three technical replicates were analyzed.

CoIP and BiFC Assays

For ColP assay, the full-length CDS of BES1 and MYBs were cloned upstream
of an HA tag or FLAG tag, respectively, driven by the UBQ10 promoter. The
constructs used for transient expression analysis were purified using a Maxi kit
(Magen). Arabidopsis mesophyll protoplast preparation and transfection were
performed according to Yoo et al. (2007). Four-week-old wild-type protoplasts
were transfected with the indicated plasmids and cultured for 16 h for protein
expression. The cells were collected and lysed in immunoprecipitation buffer
(10 mm HEPES [pH 7.4], 150 mm NaCl, 2 mm EDTA, and 10% [v/v] glycerol)
with 0.5% (v/v) Triton for total protein extraction. 10% (v/v) of the total lysate
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was used for input, and the remaining lysate was incubated with FLAG affinity
beads (Sigma-Aldrich) for 5 h at 4°C. The beads were collected and washed five
times with immunoprecipitation buffer containing 0.1% (v/v) Triton. The im-
munoprecipitates were eluted into 40 uL 2X SDS loading buffer at 95°C for
10 min and separated by 10% (w/v) SDS-PAGE for detection with anti-FLAG
(Sigma-Aldrich, cat. no. A8592, 1:5000) and anti-HA antibodies (Sigma-Aldrich,
cat. no. H6533, 1:5000).

For BiFC assay, the full-length CDS of BES1 was cloned upstream of a split
cYFP driven by the UBQ10 promoter. The full-length CDS of MYBs were cloned
upstream of a split nYFP driven by the 35SPPDK promoter. The split nYFP and
cYFP plasmids were coexpressed in leaf protoplasts for 16 h and the YFP signal
was detected by confocal microscopy.

GS Measurements

To measure GS levels, 4-week-old plants were treated for 3 d with five ne-
onate S. exigua larvae per plant, untreated plants were used as controls. GSs
were extracted and detected as described previously (Glauser et al., 2012) with
minor modifications. Frozen leaf samples (200 mg) were ground with a glass
rod in 1.975 mL ice-cold MeOH/H,O (70:30, v/v) and incubated at 80°C for
15 min. The homogenate was centrifuged at 3500¢ for 10 min at 4°C, and
the supernatant was filtered through a 0.45-um filter for analysis. Ultra-high-
performance liquid chromatography/quadrupole time-of-flight (UHPLC-Q-TOF)
analysis was performed on an Acquity UPLC system (Shimadzu) interfaced to a
5600 plus Q-TOF (SCIEX) with electrospray ionization. Aliphatic and indolic
GSs were identified by matching the precursor ion and ion fragments of each
compound (Glauser et al., 2012). Aliphatic and indolic GSs were quantified
relatively based on peak area using sinigrin as an internal standard as described
previously (Guo et al., 2013; Miao et al., 2013). The amount of each GS was
determined by the following formula: (peak area of the GS X the molar amount
of corresponding internal standard signigrin)/(peak area of the corresponding
internal standard in that sample X the weight of fresh plant tissue). The GS
content was expressed as nmol/g of fresh weight of Arabidopsis seedlings.
Quantification was performed using four technical replicates. Experiments
were repeated twice with similar results (for one experiment, eight plants were
used for each genotype).

Microarray Analysis

Microarray analysis was carried out according to Xie et al. (2015). Four-week-
old wild-type (Col-0) and dwel mutant rosettes were harvested. Each sample
included three biological replicates, and each replicate was collected from three
independent plants. Total RNA was extracted by the RNeasy plant mini kit
(Qiagen) following the manufacturer’s instructions. Affymetrix ATH1 Arabi-
dopsis chips (Affymetrix) were used for labeling, hybridization, scanning, and
detection. Affymetrix Gene Chip software MAS 5.0 and GeneSpring 12.6 (Agilent)
were used in raw data collection, normalization, and DEG identification, followed
by the criterion of fold change more than 1.5-fold and P < 0.05. DAVID (http://
david.abce.nciferf.gov /; Dennis et al., 2003) was used to classify the DEG groups,
and R language was applied for calculations and figure plots.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: ROT3 (AT4G36380), PDF1.2a
(AT5G44420), PDF1.2b (AT2G26020), VSP1 (AT5G24780), VSP2 (AT5G24770),
BEST (AT1G19350), MYC2 (AT1G32640), ORA59 (AT1G06160), ERF1 (AT3G23240),
MYB34 (AT5G60890), MYB51 (AT1G18570), MYB122 (AT1G74080), MYB28
(AT5G61420), MYB29 (AT5G07690), MYB76 (AT5G07700), ARF4 (AT5G60450),
CYP79B2 (AT4G39950), CYP79B3 (AT2G22330), CYP79F1 (AT1G16410), CYP83A1
(AT4G13770), CYP83B1 (AT4G31500), UGT74B1 (AT1G24100), SUR1 (AT2G20610),
and ACTIN2 (AT3G18780).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Gene Ontology term enrichment analysis (DA-
VID) of DEGs in dwel mutant.

Supplemental Figure S2. Complementation of dwel mutation by BL
application.
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Supplemental Figure S3. Genetic complementation of the dwel mutant.
Supplemental Figure S4. BES1 inhibits PDF1.2a and PDF1.2b expression.

Supplemental Figure S5. Overexpression of PDF1.2a rescues the sensitiv-
ity of bes1-D to B. cinerea infection, but not to S. exigua herbivory.

Supplemental Figure S6. BES1 is not associated with aliphatic GS
biosynthesis.

Supplemental Figure S7. BES1 is involved in regulation of GS
biosynthesis.

Supplemental Figure S8. BES1 negatively regulates GS synthesis by inter-
acting with indolic GS biosynthesis genes and MYB transcription factors.

Supplemental Table S1. Microarray data showing the genes differentially
expressed in dwel.

Supplemental Table S2. Primers and oligonucleotide probes used in
this study.
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