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Plant steroid hormones, brassinosteroids (BRs), play important roles in growth and development. BR signaling controls the
activities of BRASSINOSTERIOD INSENSITIVE1-EMS-SUPPRESSOR1/BRASSINAZOLE-RESISTANT1 (BES1/BZR1) family
transcription factors. Besides the role in promoting growth, BRs are also implicated in plant responses to drought stress.
However, the molecular mechanisms by which BRs regulate drought response have just begun to be revealed. The functions
of WRKY transcription factors in BR-regulated plant growth have not been established, although their roles in stress
responses are well documented. Here, we found that three Arabidopsis thaliana group III WRKY transcription factors,
WRKY46, WRKY54, and WRKY70, are involved in both BR-regulated plant growth and drought response as thewrky46 wrky54
wrky70 triple mutant has defects in BR-regulated growth and is more tolerant to drought stress. RNA-sequencing analysis
revealed global roles of WRKY46, WRKY54, and WRKY70 in promoting BR-mediated gene expression and inhibiting drought
responsive genes. WRKY54 directly interacts with BES1 to cooperatively regulate the expression of target genes. In addition,
WRKY54 is phosphorylated and destabilized by GSK3-like kinase BR-INSENSITIVE2, a negative regulator in the BR pathway.
Our results therefore establish WRKY46/54/70 as important signaling components that are positively involved in BR-regulated
growth and negatively involved in drought responses.

INTRODUCTION

Plant steroid hormones, brassinosteroids (BRs), modulate mul-
tiple plant growth and developmental processes, including cell
elongation and division, vascular differentiation, senescence,
photomorphogenesis, and response tobiotic andabiotic stresses
(Li et al., 1996; Szekeres et al., 1996; Li andChory, 1997). Over the
past decades, extensive genetic and molecular studies, partic-
ularly in Arabidopsis thaliana, have revealed the BR signaling
pathway. BRs are perceived by the plasma membrane-localized
receptor kinase BRASSINOSTERIOD INSENSITIVE1 (BRI1) and
coreceptor BRI1-ASSOCIATED RECEPTOR KINASE1 (BAK1);
the BR signal is transduced through various intermediates in-
cluding the negative acting GSK3-like kinase BR-INSENSITIVE2
(BIN2) to downstream BES1/BZR1 family transcription factors

(TFs), which regulate the expression of thousands of genes for BR
response (Clouse et al., 1996; Li and Chory, 1997; Li et al., 2001,
2002; He et al., 2002; Li and Nam, 2002; Nam and Li, 2002; Wang
et al., 2002; Yin et al., 2002; Zhao et al., 2002; Clouse, 2011; Guo
et al., 2013).
BRs interact extensively with gibberellic acid (GA) in the reg-

ulation of plant growth (Bai et al., 2012; Gallego-Bartolomé et al.,
2012; Li et al., 2012; Tong et al., 2014; Unterholzner et al., 2015;
Shahnejat-Bushehri et al., 2016). In addition to the critical role in
theplant growth anddevelopment, BRsare also involved in awide
range of stress responses, such as cold stress, drought, oxidative
stress, high salt, high temperature, heavy metal, and pathogen
attack (Krishna, 2003; Hao et al., 2013; Rajewska et al., 2016).
Earlier studies suggested positive roles of BRs in drought toler-
ance in wheat (Triticum aestivum), Arabidopsis, and Brassica
napus (Sairam, 1994; Kagale et al., 2007). For example, over-
expression of Arabidopsis BR biosynthetic geneAtDWARF4 inB.
napus resulted in enhanced tolerance to drought (Sahni et al.,
2016). However, genetic studies also indicated a negative role of
BRs or BR signaling in drought responses. Loss-of-function BR
mutants showed increased tolerance to drought (Beste et al.,
2011; Northey et al., 2016; Nolan et al., 2017; Ye et al., 2017), and
RNA interference-mediated knockdown ofBRI1 inBrachypodium
distachyon led to enhanced drought tolerance and elevated ex-
pression of drought-regulated genes (Feng et al., 2015). Recent

1Current address: Dupont Pioneer, Johnston, IA 50131.
2 Current address: Institute of Crop Sciences, Chinese Academy of Agricul-
tural Sciences, No. 12 Zhongguancun South Street, Haidian District, Beijing
100081, China.
3 Address correspondence to yin@iastate.edu.
The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Yanhai Yin (yin@iastate.
edu).
www.plantcell.org/cgi/doi/10.1105/tpc.17.00364

The Plant Cell, Vol. 29: 1425–1439, June 2017, www.plantcell.org ã 2017 ASPB.

http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0002-3044-9701
http://orcid.org/0000-0002-3044-9701
http://orcid.org/0000-0002-3044-9701
http://orcid.org/0000-0002-3044-9701
http://orcid.org/0000-0001-9878-1447
http://orcid.org/0000-0001-8097-6115
http://orcid.org/0000-0002-3044-9701
http://crossmark.crossref.org/dialog/?doi=10.1105/tpc.17.00364&domain=pdf&date_stamp=2017-06-23
mailto:yin@iastate.edu
http://www.plantcell.org
mailto:yin@iastate.edu
mailto:yin@iastate.edu
http://www.plantcell.org/cgi/doi/10.1105/tpc.17.00364
http://www.plantcell.org


studies have started to reveal mechanisms of BR-abiotic stress
signaling. BIN2 phosphorylates and positively regulates SnRK2.2
and 2.3 as well as ABSCISIC ACID INSENSITIVE5 (ABI5) involved
in drought/abscisic acid signaling (Cai et al., 2014; Hu and Yu,

2014). Abscisic acid induces the expression of OsREM4.1,
a membrane-anchored protein that inhibits BR signaling by in-
hibiting BRI1-BAK1 complex formation (Clouse, 2016; Gui et al.,
2016). More recently, it was found that RD26, a NAC transcription

Figure 1. WRKY46, WRKY54, and WRKY70 Function Redundantly and Play Positive Roles in the BR Pathway.

(A)WRKY46,WRKY54, andWRKY70mRNA levelsweredetermined in thewild typeandbes1-D treatedwith1mMBLormockcontrol for 2.5h. Theaverages
and SD were derived from three biological replicates.
(B)Top:Thegrowthphenotypeof3-week-oldwild type,wrky46,wrky54,wrky70, andwrky46wrky54wrky70 triplemutant (abbreviatedasw54t in allfigures).
Bottom: BES1 protein levels were determined by immunoblot and a loading control was shown at the bottom.
(C) The measurement of blade lengths, blade widths, and petiole lengths of the sixth leaves. Error bars indicate SD, n = 13 (*P < 0.05, **P < 0.01; Student’s
t test).
(D) Transgenic complementation of w54tmutant with PWRKY54:WRKY54-FLAG fusion gene and empty vector as the control. Top: Four-week-old wild-
type transgenic plants with vector (w54t) orWRKY54 (w54t) are shown. Bottom: WRKY54 protein accumulation was detected in the transgenic plants by
immunoblot with anti-FLAG antibody and HERK1 loading control was shown at the bottom.
(E) BES1 protein accumulation was determined in 4-week-old w54t leaves soaked in 0.53 liquid MS medium with 1 mM BL or DMSO for 30 min.
(F)Hypocotyl lengths of 5-d-old seedlings grownon0.53MSmediumwith 0, 10, and100nMBL.Meanwascalculated and the SDwas also presented. Error
bars indicate SD (*P < 0.05, **P < 0.01; Student’s t test).
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factor, mediates crosstalk between BR and drought pathways
through reciprocal inhibition between RD26 and BES1 tran-
scriptional activities (Ye et al., 2017). Under drought or starvation
conditions, BES1 is targeted to selective autophagy through the
actions of SINATE3 ubiquitin ligase and ubiquitin receptor protein
DSK2, thereby balancing plant growth and stress responses
(Nolan et al., 2017; Yang et al., 2017).

The WRKY family TFs are only found in higher plants and
are composed of over 70 members in Arabidopsis (Ulker and
Somssich, 2004). This family of TFs contains a well conserved
WRKY domain, which binds to the W-box [(T)TGACC/T] in the
target gene promoters (Eulgem and Somssich, 2007), and a zinc
finger motif at its C terminus, either CX4-5CX22-23HXH (CCHH, X
denotes any amino acid, 4-5/22-23 indicate the number of
amino acids) or CX7CX23HXC (CCHC) (Eulgem et al., 2000). The
WRKY family is categorized into three groups according to the
number of WRKY domains and the structure of zinc finger
(Rushton et al., 2010).WRKY46,WRKY54, andWRKY70belong
to the group III with one WRKY domain and CCHC zinc finger
motif (Eulgem et al., 2000). Many studies have indicated that
WRKY TFs play crucial roles in plant innate immunity as well as
abiotic responses (Eulgem et al., 2000; Li et al., 2006, 2013;
Eulgem and Somssich, 2007; Murray et al., 2007; Ulker et al.,
2007; Higashi et al., 2008; Ren et al., 2010; Rushton et al., 2010;
Chen et al., 2012; Hu et al., 2012; Chujo et al., 2014). It is known
that WRKY TFs can control multiple plant responses via tran-
scriptional reprogramming (Rushton et al., 2010). For instance,
WRKY46 participated in basal defense against bacteria Pseu-
domonas syringae since gain-of-function WRK46 plants were
more resistant to the bacteria (Hu et al., 2012). In addition,
WRKY46 was found to have dual roles in regulating plant re-
sponses to drought and salt stress as the overexpression of
WRKY46 resulted in hypersensitivity to drought and salt stress
with a higher rate of water loss (Ding et al., 2014b). Microarray
analysis showed that WRKY46 regulates a number of genes in-
cellular osmoprotection and redox homeostasis under dehydration
stress (Dinget al., 2014b).Similarly, awrky54wrky70doublemutant
showed increased tolerance to osmotic stress, which was ac-
companied by enhanced stomatal closure and improved water
retention, suggesting that WRKY54 and WRKY70 cooperate as
negative regulators of osmotic stress inArabidopsis (Li et al., 2013).
Although the role of WRKY family TFs in stress responses is well
established, their role inhormone-regulatedplantgrowthremainsto
be investigated.

In this study, we found that Arabidopsis WRKY46, WRKY54,
and WRKY70 were induced by BRs and play positive roles in
BR-regulated plant growth. Moreover, we showed thatWRKY46,
WRKY54, and WRKY70 negatively regulate drought toler-
ance, consistent with their previously described role in stress
response. RNA-sequencing (RNA-seq) analysis indicated
that WRKY46, WRKY54, and WRKY70 negatively regulate
dehydration-responsive gene expression while promoting
BR-regulated gene expression. Furthermore, we demonstrated
thatWRKY54 interactswithBES1 to control the expressionofBR-
regulated and dehydration-responsive genes. Our results thus
revealed the dual roles of WRKY46/54/70 in plant growth and
drought responses by cooperating with BR-regulated transcrip-
tion factor BES1.

RESULTS

WRKY46, WRKY54, and WRKY70 Are Positive Regulators in
the BR Pathway

Our previously published microarray data showed that the ex-
pression levels ofWRKY46,WRKY54, andWRKY70were induced
byBRs inwild-type seedlings and also increased in bes1-Dmutants
treatedwithorwithoutbrassinolide (BL), themostactiveBR(Noguchi
etal., 2000;Li et al., 2010). Toconfirm this result,WRKY46,WRKY54,
andWRKY70mRNA levelsweredetermined in4-week-oldwild-type
and bes1-D mutants with or without BL treatment by RT-qPCR.
Consistentwith previousmicroarraydata,WRKY46/54/70 transcript
levelswere increased by 1.5- to 6-fold in adult wild-type andbes1-D
plants after BL treatment (Figure 1A). These results indicate that BRs
promote the expression of WRKY46/54/70.
To determine the biological functions of WRKY46/54/70 in the

BR pathway, we obtained T-DNA insertion lines for these genes
(Supplemental Figure 1A). Single knockout mutants for wrky46,
wrky54, or wrky70 did not show any obvious growth pheno-
type compared with the wild type (Figure 1B). Since WRKY46,
WRKY54, and WRKY70 have high similarities in protein se-
quences (Supplemental Figure 1B) and might function re-
dundantly, we generated wrky46 wrky54, wrky46 wrky70, and
wrky54 wrky70 double mutants to determine their role in plant
growth. The double mutants showed a slightly reduced-growth
phenotype compared with wild-type or the single mutants
(Supplemental Figure 2A). We then generated wrky46 wrky54
wrky70 triplemutants (w54t),whichdisplayedastronger reduction
in growth with shorter blade lengths, blade widths, and petiole
lengths (Figures 1B and 1C). Moreover, w54t has a dwarf phe-
notype at the flowering stage (Supplemental Figure 2B).
Genetic complementation experiments were performed to

confirm that the w54t mutant phenotype is caused by loss of
function of these genes. Expression of WRKY54 in w54t mutant
rescued themutant phenotype, as 123 out of 227 transgenic plant
showed a clear wild-type-like phenotype, whereas none of the
143 w54t plant lines transformed with control vector showed
a rescued phenotype (Figure 1D; Supplemental Figure 2C).
To further determine if other Class III members (WRKY30,

WRKY41, and WRKY53) contribute to plant growth, we con-
structed a sextuple mutantwrky46 wrky54 wrky70 wrky30 wrky41
wrky53 (wrkyS) and found that the sextuple mutants have
a slightly stronger growth phenotype than w54t triple mutants
(Supplemental Figures 3A to 3C), suggesting that WRKY30,
WRKY41, and WRKY53 play some role in vegetative growth.
Taken together, these genetic results indicate that WRKY46/54/
70, together with other group III WRKY TFs, function redundantly
and play a positive role in plant growth.
We then monitored BES1 protein levels, a well-established

marker for the BR pathway (Yin et al., 2002, 2005). BES1 levels,
particularly the dephosphorylated form, decreased significantly in
4-week-oldw54tplants comparedwith thewild type, whereas the
single mutants had only slightly reduced BES1 levels (Figure 1B,
middle and lower panels). The reduction of BES1 proteinmight be
due to reduced BR biosynthesis or signaling.
To elucidate the mechanism underlying the altered BES1

protein levels, the expression of BR biosynthesis genes, DWF4,
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DET2, and CPD, was determined in the w54tmutants (Kim et al.,
2005). The mRNA levels of DWF4, DET2, and CPD decreased
1- to 5-fold in the triple mutant compared with the wild type
(Supplemental Figure4A). The reductionofBRbiosynthesisgenes

inw54tpromptedus todetermine theendogenous levels of BRs in
wild-type andw54t plants (Xin et al., 2013). The amount of BLwas
below detectable levels in adult leaves, but the level of castas-
terone (CS), a precursor of BL, was reduced slightly, by 10%, in

Figure 2. WRKY46, WRKY54, and WRKY70 Regulate the Expression of BR Target Genes.

(A) Venn diagram showing overlaps among genes up- or downregulated in w54t with those differentially expressed in bes1-D.
(B)Clustering analysis of genes differentially expressed inw54t under control conditionswithin thewild type,w54t, andbes1-D. Values indicate normalized
expression levels.
(C)Theexpressionofgenesdownregulated inw54twasexaminedusing4-week-oldplants treatedwithorwithout1mMBL.TheaveragesandSDarederived
from three biological replicates.
(D) The expression of genes upregulated in w54t was examined as described in (C).
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w54t compared with the wild type (Supplemental Figure 4B). The
sextuple mutant wrkyS showed a 20% decrease in CS levels
accompanied by a stronger reduction in growth (Supplemental
Figure 4B). The levels of 6-deoxoCS, the precursor of CS,which is
;50 to 100 times more abundant than CS, does not seem to sig-
nificantly change in the mutants (Supplemental Figures 4C and 4D).

Wealsoexamined theBES1proteinphosphorylation statusand
level inw54tmutant in response to BL. Application of exogenous
BL restored the BES1 protein level in w54t to the wild type level
after 0.5 h BL treatment (Figure 1E). However, when grown in the
presence of different concentrations of BL, the w54t mutants
showed decreased sensitivity to BL compared with the wild type
with shorter hypocotyls, althoughBLcould restore theBES1protein
in w54t to the wild-type level (Figures 1E and 1F; Supplemental
Figures 5A and 5B).

We determinedmutant responses to other plant hormones and
found that thew54t aswell as singlemutants have normal response
to auxin and ethylene in hypocotyl elongation assays (Supplemental
Figure 5B) (Smalle et al., 1997). It appears that w54t mutants also
have reduced hypocotyl elongation in response to GA, consistent
with recent findings that BRs can function upstream of GA to reg-
ulate cell elongation (Supplemental Figure 5B) (Tong et al., 2014;
Unterholzner et al., 2015). The fact that BES1 levels could be re-
storedbyBL treatment yet thew54tmutant still displayeddecreased
BL responsessuggests thatWRKY46/54/70mightplayapivotal role
in BR signaling.

WRKY46/54/70 Are Required for the Regulation of BR/BES1
Target Genes

BES1/BZR1 interactwithother transcription factors, suchasMYB30,
PHYTOCHROME INTERACTING FACTOR4, and HOMEO-
DOMAIN-LEUCINE ZIPPER PROTEIN OF ARABIDOPSIS
THALIANA1 to control BR-regulated gene expression (Li et al.,
2009; Li et al., 2012; Oh et al., 2012; Zhang et al., 2014). We
hypothesized thatWRKY46/54/70might also function as cofactors
of BES1 to regulate BR target genes. To test this idea, we first
performed RNA-seq analysis with 4-week-old adult plants of w54t
and analyzed the overlap of the genes differentially expressed in the
triplemutantwith thoseaffected inbes1-D,again-of-functionmutant
in BES1, to determine if WRKY46/54/70 regulate the expression
of BR/BES1 target genes. A significant portion of genes up- or
downregulated in the w54t mutant are down- or upregulated, re-
spectively, in bes1-D (Figures 2A and 2B; Supplemental Data Sets
1 and 2). The results suggest that WRKY46/54/70 positively par-
ticipate in BES1-regulated gene expression. Similar results were
observed in the wrkyS mutant (Supplemental Figures 6A and 6B).

To confirm the effect of WRKY46/54/70 on the transcriptional
regulation on BR targets, we used RT-qPCR to examine the ex-
pression of several genes differentially expressed inw54t that are
also regulated by BRs, as reported in our previous global gene
expression analysis (Supplemental Table 1) (Yu et al., 2011;Wang
et al., 2014). All three of the BR-induced genes tested have com-
promised induction by BL inw54t (Figure 2C). Similarly, three of the
BR-repressed genes that were examined are upregulated in w54t
(Figure 2D). The results indicate thatWRKY46/54/70 are required for
the expression of BR-regulated gene expression, confirming that
WRKY46/54/70 function positively in BR signaling.

BES1 Cooperates with WRKY54 to Regulate the
Transcription of BR Target Genes

Given the strong effect of w54t mutants on BR regulated gene
expression, we tested if WRKY46/54/70 interact with BES1 to
cooperatively modulate BR-regulated gene expression. We first
chose WRKY54 as a representative TF of the WRKY46/54/70
family to investigate the interaction between WRKYs and BES1.
Yeast two-hybrid assays demonstrated an interaction between
BES1andWRKY54 (Supplemental Figure7A),whichwasconfirmed
by glutathione S-transferase (GST) pull-down using maltose bind-
ing protein (MBP)-tagged BES1 protein and GST-tagged WRKY54
(Supplemental Figure 7B).
We next tested the interaction between BES1 and WRKY54

invivobybiomolecularfluorescence (BiFC)assaywithBES1 fused
to the N terminus of YFP (YFPN) and WRKY54 fused to the C ter-
minus of YFP (YFPC).When coexpressed inNicotianabenthamiana,
BES1-YFPN and WRKY54-YFPC resulted in reconstituted YFP
signal (Figure 3A). However, no fluorescence signal was observed
in negative controlswhereWRKY54-YFPCwas coexpressedwith
YFPN or BES1-YFPN was expressed with YFPC (Figure 3A;
Supplemental Figure 7F). These results confirm that WRKY54
interacts with BES1 in vivo. Similar results were obtained for
WRKY46 and WRKY70 in BiFC assays, indicating that these TFs
also interact with BES1 (Figure 3A).
To test our hypothesis that WRKY54 and BES1 cooperate in

the regulation of BR target genes, two BR-repressed genes
(At2g45210 and At1g43910) were used to generate promoter-
luciferase (LUC) reporter constructs for transient gene expression
analysis in N. benthamiana. BES1 or WRKY54 alone repressed
reporter activity to ;50% of the control level and the reporter
activity was further reduced to ;20% when both BES1 and
WRKY54werecoexpressed (Figures3Band3C), supportinga role
of BES1-WRKY54 interaction in repressing target gene expres-
sion. Taken together, our results indicate that BES1 andWRKY54
interact with each other and cooperate to regulate the expression
of BR target genes.

WRKY46, WRKY54, and WRKY70 Play Negative Roles in the
Drought Response and Repress Dehydration-Inducible
Gene Expression

WRKY54 and WRKY70 were previously identified as negative
regulators of osmotic stress tolerance in Arabidopsis (Li et al.,
2013). To test whether WRKY46/54/70 regulate drought toler-
ance, the wild type, wrky46, wrky54, and wrky70 single mutants,
wrky46 wrky54, wrky46 wrky70, and wrky54 wrky70 double mu-
tants, andw54t triple mutants were subjected to drought survival
assays. After drought and rewatering, w54t mutants exhibited
significantly higher survival rates than the wild type, the single
mutants, or the doublemutants (Figures 4Aand4B;Supplemental
Figure 8). The results indicate that WRKY46/54/70 negatively
regulate drought stress responses.
To reveal the mechanism of WRKY46/54/70 function in the

drought response, we performed global gene expression stud-
ies using 4-week-old wild-type and w54t plants under control
and dehydration conditions by RNA-seq. After a 4-h dehydra-
tion, 310 genes were induced and 244 genes were repressed in

WRKY Transcription Factors in BR Signaling 1429

http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00364/DC1


wild-type plants (Figure 4C; Supplemental Data Set 3). Consistent
with the strong phenotype ofw54tmutants in growth and drought
response, 4600 genes were upregulated and 4530 genes were
downregulated in w54t mutants (Figure 2A; Supplemental Data
Set 2). Many of the genes differentially expressed inw54tmutants
are involved in responses to various stresses and cellular pro-
cesses (Supplemental Figure 9). Among these, 156 dehydration-
repressed genes were constitutively downregulated and 164
dehydration-induced genes were constitutively upregulated in
w54tmutants without dehydration treatments, whichwere further
decreased or increased by dehydration, respectively (Figures 4D
and 4E). These results were consistent with our observation
that w54t was more tolerant to drought stress. We compared the
genes differentially regulated inw54t under dehydration conditions

(143genesdownregulated inw54tupondehydrationand235genes
upregulated in w54t upon dehydration) with those differentially
expressed in bes1-D and found that there was significant overlap
between these two data sets (Supplemental Figure 8D). Moreover,
55.2% of genes downregulated in w54t under dehydration con-
dition were upregulated in bes1-D, but only 3% of the genes were
downregulated inbes1-D. Similarly, 25.1%of genes upregulated in
w54t under dehydration condition were downregulated in bes1-D,
whereas ;14% were upregulated in bes1-D. The results suggest
that WRKY46/54/70 indeed play important roles in BR-regulated
drought tolerance.
To confirm our RNA-seq data, three dehydration-induced

genes, ABI5, GLYOXYLASE I 7 (GLYI7), and RESPONSIVE TO
DESICCATION20 (RD20),werechosen forqPCRvalidation (Fujita

Figure 3. WRKY46, WRKY54, and WRKY70 Directly Interact with BES1 Both in Vivo and in Vitro.

(A)WRKY46/54/70 interact with BES1 by BiFC assay in vivo. Cotransformation of WRKY46/54/70-YFPC and BES1-YFPN led to the reconstitution of YFP
signal,whereas no signalwasdetectedwhenBES1-YFPNandYFPCorWRKY46/54/70-YFPCandYFPNwere coexpressed (Supplemental Figure 7F). The
experiments were performed twice with similar results.
(B) and (C) Transient expression of LUC driven by the BR-regulated gene promoters of At2g45210 (B) and At1g43910 (C). The mean and SD were derived
from three biological repeats.
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Figure 4. WRKY46, WRKY54, and WRKY 70 Play Negative Roles in Drought Response.

(A) Phenotypes of wild-type, wrky46, wrky54, wrky70, and w54t plants before drought (top), after drought (middle), and 2 d after rewatering (bottom).
(B) The survival rate after recovery was determined. The mean and SD were from three biological repeats.
(C) Venn diagram showing comparisons among genes differentially expressed in w54t and genes up- or downregulated by dehydration in the wild type.
(D) Clustering of dehydration downregulated genes in the wild type and w54t mutants under control conditions (W) or dehydration (D).
(E) Clustering of dehydration upregulated genes in the wild type and w54t mutants under control conditions (W) or dehydration (D). Values indicate
normalized expression levels.
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et al., 2005; Yuan et al., 2014; Pinedo et al., 2015). The expression
of these genes increased significantly in w54t mutants with or
without dehydration (Figure 5A).Next,we investigated ifBES1and
WRKY54 cooperate in the regulation of dehydration-induced
genes using LUC reporter assays with the GLY17 promoter
(Figures 5Band5C). BES1orWRKY54 individually resulted in;2-
fold reduction in reporter activity, and coexpression of BES1 and
WRKY54 led to a further reduction, showing a 4-fold reduction in
reporter activity (Figure 5C). The W-box [(T)TGACC/T] and G-box
(CACGTG)were previously shown to be conserved bindingmotifs
for WRKY TFs and BES1, respectively (Eulgem and Somssich,
2007; Yu et al., 2011). To test if the repression effect of WRKY54
and BES1 on the dehydration-inducible gene is through binding
to the W-box and G-box, GLYI7 promoter containing mutated
W-box,G-box,orbothwere fusedwithLUCandcoexpressedwith
BES1 or WRKY54 alone or together (Figure 5B). The results
showed that W-box mutation disrupted WRKY54-mediated re-
pression of theGLYI7 promoter (Figure 5C). Similarly, mutation of
the G-box abrogated the effect of BES1 on GLY17 promoter
activity. The simultaneous mutation of the W-box and G-box

motifs completely reversed the repressive effect of bothBES1and
WRKY54 onGLYI7 expression (Figure 5C). Taken together, these
results indicate thatWRKY46/54/70 negatively modulate drought
tolerance and likely cooperate with BES1 to repress drought-
inducible genes by binding to theW-box andG-box, respectively.

WRKY54 Is Phosphorylated and Destabilized by BIN2 Kinase

BIN2, a glycogen synthase kinase-3 like kinase, functions as
a negative regulator in the BR pathway. Substrates of BIN2 share
a consensus motif S/TXXXS/T, where S/T denotes serine or
threonine and X can be any amino acid (Zhao et al., 2002).
WRKY54 protein has 29 putative BIN2 phosphorylation sites,
suggesting that it might be a substrate of BIN2 (Supplemental
Figure 7C). Yeast two-hybrid assays indicated that BIN2 and
WRKY54 indeed interacted with each other (Supplemental Figure
7D). GST pull-down assays showed that GST-WRKY54, but
not GST alone, pulled down a significant amount of MBP-
BIN2 (Supplemental Figure 7E). BiFC assays further indicated
the direct interaction between WRKY54/WRKY46/WRKY70 and

Figure 5. WRKY54 and BES1 Cooperate to Negatively Regulate Dehydration-Induced Genes.

(A)Theexpressionofdehydration-induciblegenes,ABI5,GLYI7, andRD20,wasdetermined in thewild typeandw54tbyRT-qPCRunder control conditions
(W) or dehydration (D). Error bars indicate SD.
(B)Schematic diagramof thepromoter regionofGLYI7.Wild-typeW-box andG-box are indicated.mWbox, themutationofW-box;mGbox, themutation of
G-box; mGWbox, the mutation of both G-box and W-box.
(C)Transient expressionofGLYI7P-fLUCandmutatedW-boxorG-boxorbothofGLYI7P-fLUCwasdetermined in thepresenceofWRKY54and/orBES1 in
protoplasts. Error bars indicate SD (*P < 0.05, **P < 0.01; Student’s t test).
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Figure 6. BIN2 Kinase Phosphorylates and Destabilizes WRKY54 Protein.

(A)WRKY46/54/70 interact with BIN2 by BiFC assay in vivo. Cotransformation of WRKY46/54/70-YFPC and BIN2-YFPN led to the reconstitution of YFP
signal, whereas no signal was detectedwhenBIN2-YFPN andYFPCorWRKY46/54/70-YFPCandYFPNwere coexpressed (Supplemental Figure 7F). The
experiments were performed twice with similar results.
(B) In vitro kinase assays show BIN2 phosphorylates WRKY54/46/70 (top). The loading controls of MBP, MBP-WRKY54/46/70, and GST-BIN2 by CBB
staining are shown in bottom panel.
(C)ThephosphorylationofWRKY54byBIN2was inhibitedwith the increasingconcentrationsofbikinin (top). The loadingcontrols are shownon thebottom.
(D)TheWRKY54protein levelwasdetected in indicatedBRmutants andwild typewithWRKY54antibody. Thew54tmutantwasusedasanegative control.
(E)WRKY54proteinaccumulateduponBL treatment. Two-week-oldwild-typeseedlingswere treatedwithorwithout1mMBLfor indicated timeandused to
prepare protein to detect WRKY54 (top), BES1 (middle), and a control protein (bottom).
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BIN2 (Figure 6A). These results suggest that WRKY54 and its
homologs directly interact with BIN2.

To test if WRKY46/54/70 are substrates of BIN2, we then
performed in vitro kinase assays with 32P-labeled ATP. MBP-
tagged WRKY54 could be phosphorylated by GST-BIN2 kinase
and bikinin, an inhibitor of BIN2 kinase, inhibited the phosphor-
ylationofWRKY54andBIN2autophosphorylation (Figures6Band
6C) (De Rybel et al., 2009). These results indicate that WRKY54 is
asubstrateofBIN2.Similar resultswereobtained forWRKY46and
WRKY70, indicating that these TFs are also phosphorylated by
BIN2 kinase (Figure 6B; Supplemental Figure 7G).

Several previous reports indicated that BIN2 phosphorylation
can lead to protein destabilization in vivo (Youn and Kim, 2015). In
order todetermine thebiological functionofBIN2phosphorylation
on WRKY54 in vivo, the stability of WRKY54 in BIN2 gain-of-
function (bin2-1) and loss-of-function (bin2-3 bil1 bil2) mutants
was examined by immunoblotting with a WRKY54 antibody we
developed (Supplemental Figures 10A and 10B). As shown in
Figure 6D, WRKY54 protein increased by more than 3-fold in
bin2-3 bil1 bil2 triple mutants and decreased by half in bin2-1

compared with the wild type (Figure 6D). These results sug-
gest that WRKY54 stability is negatively correlated with BIN2
abundance in vivo. To confirm these results, we examined
WRKY54 accumulation in wild-type plants after treatment with
1 mM BL, which inhibits BIN2 kinase activity. WRKY54 protein
accumulated to ;2.2-fold after 4 h of BL treatment (Figure 6E).
These results illustrate that WRKY54 is involved in the BR
pathway and can be regulated by BRs at both transcriptional
and posttranscriptional levels.
The roles of WRKY and BES1 in the crosstalk of plant growth

and stress response prompted us to examine the protein level
of WRKY54 and BES1 in response to drought stress. Water
was withheld from 4-week-old wild-type plants, and control or
drought-treated samples were collected 8 to 10 d after with-
holding water. As shown in Figure 7A, the protein levels of
WRKY54 and BES1 started to decrease 9 d after drought treat-
ment and WRKY54 protein was almost undetectable at the 10-d
time point (Figure 7A). These results suggest that WRKY54 plays
a vital role in the coordination of plant growth and drought stress
response.

Figure 7. A Working Model of WRKY46/54/70 Function in Plant Growth and Stress Response.

(A) WRKY54 and BES1 protein decreased with increasing drought treatment time. The 8d, 9d, and 10d indicate days of drought treatment or controls.
(B) A working model of WRKY46/54/70 in BR-regulated growth and drought stress response. WRKY46/54/70 are regulated by BR signaling through BIN2
andBES1, and cooperatewith BES1 to promote plant growth and inhibit drought responses.WRKY46/54/70 also slightly promote BRbiosynthesis. Under
normal growth conditions (left), WRKY46/54/70 and BES1 positively coregulate growth-related genes and negatively control the expression of drought-
responsive genes to promote growth. BRs regulate WRKY46/54/70 both transcriptionally and posttranscriptionally through BES1 and BIN2, respectively.
Under drought stress conditions (right), WRKY46/54/70 and BES1 protein are destabilized, which leads to repression of growth-related genes and al-
leviation of WRKY46/54/70’s inhibitory effect on drought-related genes, leading to reduced growth and increased drought tolerance.
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DISCUSSION

WRKY transcription factors, found exclusively in the plant king-
dom, integrate various signaling pathways tomodulate numerous
processes including stress responses, nutrient deprivation, se-
nescence, seed and trichome development, and embryogenesis
(Hinderhofer and Zentgraf, 2001; Johnson et al., 2002;Miao et al.,
2004; Ulker et al., 2007; Zhou et al., 2011; Besseau et al., 2012;
Ding et al., 2014a). Many ArabidopsisWRKY genes are regulated
by bacterial pathogen or salicylic acid treatment (Dong et al.,
2003), andgeneticstudieshave indicated thatWRKYtranscription
factors can regulate plant defense either positively or negatively
(Pandey and Somssich, 2009). WRKY TFs also regulate abiotic
stress responses including drought, salinity, radiation, and cold
(Banerjee andRoychoudhury, 2015). However, the role ofWRKYs
in BR regulation of plant growth has remained unclear.

Here,we found thatGroup IIIWRKYtranscription factorsplayan
important role inBR-regulatedplant growth asw54t triplemutants
displayed a dwarf phenotype and compromised BR responses.
Our results suggest that WRKY46/54/70 play positive roles in
plantgrowthmainlyby regulatingBRsignalingwithasmaller effect
on BR biosynthesis. The role of WRKY46/54/70 in BR signaling is
supportedby its reduced response inhypocotyl elongation (Figure
1) and significant overlap between genes differentially expressed
in w54t and in bes1-D mutants (Figure 2). Moreover, WRKY54
affects BR-regulated genes by interacting and cooperating with
BES1 (Figure 3). Our results therefore establish that WRKY46/54/
70promoteBRsignalingandare required foroptimalplantgrowth.

The regulation ofWRKY54 by BIN2 kinase, a negative regulator
in the BR pathway, provides further support for its involvement in
BR signaling. BIN2, a GSK3-like kinase, plays diverse roles in
cellular processes including BR signaling by phosphorylating an
array of substrates, leading to functional consequences such as
altered protein stability (Youn and Kim, 2015). Here, we identified
WRKY54 as a substrate of BIN2 kinase andBIN2 phosphorylation
led to destabilization of theWRKY54 protein (Figure 6). It is possible
that BIN2 phosphorylation of WRKY54 functions to release the in-
hibitoryeffectofWRKY54onthe transcriptionofdrought-responsive
genes during drought stress (Zhang et al., 2009).

Our global gene expression studies revealed the molecular
basis for the function of WRKY46/54/70 in drought responses.
WRKY54 and WRKY70 were reported to act as negative regu-
lators in osmotic stress tolerance in Arabidopsis (Li et al., 2013).
WRKY46 is induced by drought stress and was found to regulate
osmotic stress responses (Ding et al., 2014b). Consistent with
these reports, we found thatwrky46wrky54wrky70 triplemutants
weremore tolerant to drought stress comparedwith thewild type,
suggesting that they negatively regulate the drought response
(Figure 4). Consistent with the mutant phenotype, we found that
;53% dehydration-induced genes are upregulated and 64% of
dehydration-repressed genes aredownregulated inw54tmutants
(Figure 4). Our results therefore establish WRKY46/54/70 as im-
portant negative regulators for drought tolerance that at least
partially mediate BR repression of drought responses.

Interestingly, WRKY54 cooperates with BES1 in the regulation
of both BR- and dehydration-regulated genes (Figures 3 and 5).
Previous studies revealed that WRKY responds to various envi-
ronmental signals or plant developmental processes through

physical interaction with a wide range of proteins related to sig-
naling, transcription, and chromatin remodeling (Chi et al., 2013).
Likewise, BES1/BZR1 interact with multiple cofactors to control
BR-regulated plant growth and development (Guo et al., 2013).
This study established that BES1-WRKY54 interactions play
important roles in BR-regulated plant growth and drought re-
sponses (Figure 7).
In summary, we demonstrated that WRKY46, WRKY54, and

WRKY70 are involved in BR-regulated plant growth by regu-
lating BR signaling through cooperation with BES1. In addition,
WRKY46, WRKY54, and WRKY70 negatively regulate drought
tolerance by inhibiting dehydration-inducible gene expression.
Future identification of WRKY54 interacting partners and tar-
get genes can further our understanding of the mechanisms
by which WRKY regulates BR-regulated growth and drought
responses.

METHODS

Plant Materials, Growth Conditions, and Hormone Responses

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild type.
T-DNA insertion lines, wrky46 (SALK_134310), wrky54 (CS873142), and
wrky70 (SALK_025198), were obtained from the Arabidopsis Biological
ResourceCenter. Seedsweresterilizedby70%(v/v) ethanol and0.1%(v/v)
Triton X-100. All of the plants were grown on 0.53 Murashige and Skoog
(MS) plates with 1% sucrose under long-day conditions (16-h fluorescent
light/8-h dark) at 22°C. BL (10 and 100 nM)was added to the 0.53MSagar
plates. The average hypocotyl lengths were measured using 15 samples
and repeated three times. Fourteen-day-old seedlings were transferred to
soil and grown under the same condition in growth chambers.

Drought Stress Treatment

For drought treatment, soil wasweighed in each pot before transferring the
seedlings tomake sure each pot has the same amount of the soil and same
volume of water in the flat. Seedlings were grown on 0.53MSmedium for
2 weeks and then transferred into the weighed soil. Plants were watered
once per week after transferring into soil and then water was withheld for
2weeks. The survival rates are scoredbaseduponplants that had survived
2 d after rewatering from three biological replicates. Each biological repeat
had four or five pots for each genotype. All of the pots were randomly
distributed in the flat and were rotated frequently during drought stress to
minimize the effect from growth environment (Shi et al., 2015). Similar
results were obtained for at least three repeats at different times. Three
biological replicates were performed each time with three technical rep-
licates (one pot/technical replicate).

Plasmid Construction and Protein-Protein Interaction Assays

The DNA primer sequences used for this study are listed in Supplemental
Table 2. For the yeast two-hybrid assays, WRKY54 was cloned into both
GAL4baitandpreyvectors.BES1andBIN2werecloned intoGAL4bait and
prey vectors, respectively (Clontech). The constructs were transformed
into yeast strain Y187 and the lacZ reporter assay was conducted using
X-gal according to the manufacturer’s protocol (Clontech). For GST pull-
down assay, WRKY54 fused to GST was cloned into both pET42a and
purified with glutathione agarose beads (Sigma-Aldrich). BIN2 and BES1
were fusedwithMBPandpurifiedwithamylose resin (NEB).GSTpull-down
assayswereperformedasdescribed (Yin et al., 2002). ForBiFCassays, the
N terminus (amino acids 1–174) or C terminus (amino acids 175–239) of
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YFP vectors was as described (Yu et al., 2008). The full-length coding
regions of WRKY54 and BES1were cloned into YFPC and YFPN and then
transformed into Agrobacterium tumefaciens strains GV3101. BiFC assay
were performed as described (Wang et al., 2014).

In Vitro Kinase Assay

For the in vitro kinase assay,MBPandMBP-WRKY54were incubatedwith
GST-BIN2 kinase in 20 mL of kinase buffer (20 mM Tris, pH 7.5, 100 mM
NaCl, 12 mM MgCl2, and 10 mCi [g-32P]ATP (Yin et al., 2002). After in-
cubation at 37°C for 1 h, 20 mL 23 SDS buffer were added to stop the
reactionand then thesampleswereboiled for5min.Proteinswere resolved
by SDS-PAGE gel and phosphorylation signal was detected by Typhoon/
Image Quant TL.

Gene Expression Analysis and Luciferase Assay

For the gene expression analysis, 1000 nMBLwas sprayed on 4-week-old
bes1-D,wrky46 wrky54 wrky70, and wild-type plants. DMSO was used as
the control. Plant tissues were collected after 2.5 h of treatment and total
RNA was extracted using TRIzol reagent (Thermo Fisher) and the RNeasy
Mini Kit (Qiagen). SYBR Green PCRMaster Mix (Applied Biosystems) was
used in qPCR analysis and qPCR samples were run on Mx4000 multiplex
qPCR system (Stratagene) with three technical replicates.UBQ5was used
as the internal control. Similar results were obtained from three biological
replicates.

For the transient expression of BR-regulated genes, At2g45210 and
At1g43910 promoters were fused with the LUC reporter gene. WRKY54
andBES1coding regionswerecloned intopZP211vector and transformed
into Agrobacterium. Equal amounts of Agrobacterium cells transformed
with BES1 or WRKY54 or BES1 and WRKY54 were injected into tobacco
(Nicotiana benthamiana) leaves. The luciferase activities were measured
with the luciferaseassaysystem fromPromegaandBertholdCentroLB960
luminometer. The luciferase data were normalized to the total protein
content.

For the transient expression of dehydration-inducible genes, GLYI7
promoter driving firefly LUC andCaMV35S driven RENwas constructed in
the same plasmid and transformed into Arabidopsis protoplasts with
WRKY54 or BES1 alone or together. Protoplasts were prepared based on
the protocol from Yoo et al. (2007). After 16 h incubation, protoplasts were
collected and the dual-luciferase assay system fromPromegawas used to
measure the activity of firefly LUC and renilla luciferase (REN) sequentially
using a Berthold Centro LB960 luminometer. The ratio of LUC/REN was
calculated and the relative ratio was used as the final measurement.

Determination of Endogenous BR Levels

The quantification of endogenous BRs was performed based on the
method reported previously with some simplifications in sample pre-
treatment (Xin et al., 2013). The harvested plantmaterials were first ground
to a fine powder with a MM-400 mixer milling (Retsch). One hundred
milligrams of the powder was extracted with 1 mL of 90% aqueous
methanol (methanol) in ultrasonic bath for 1 h. Simultaneously, D3-BL, D3-
CS, and D3-6-deoxo-CS were added to the extract as internal standards
formeasurementofBRs.After theMCXcartridge (3mL,60mg;Waters)was
activated and equilibrated with 2 mL of methanol, water, and 40%
methanol in sequence, the crude extracts redissolved in 40% methanol
were loaded onto the cartridge. Then the MCX cartridge was washed with
2 mL of 10% methanol, followed by 40% methanol in sequence. At last,
BRs were eluted with methanol. After being dried with an N2 stream, the
eluent was redissolved with anhydrous acetonitrile to be derivatized with
DMAPBA prior to UPLC-MS/MS analysis. BR analysis was performed on
a quadrupole linear ion trap hybridMS (QTRAP 5500; AB SCIEX) equipped

with an electrospray ionization source coupled with a UPLC (Waters). The
UPLC inlet method, ESI source parameters, MRM transitions, and the
related compound-dependent parameters were set as described in
a previous report (Xin et al., 2013). As for 6-deoxo-CS or D3-6-deoxo-CS,
the MRM transition 580.4>176.1 or 583.4>176.1 was used for quantifi-
cation and 580.4>190.1 or 583.4>190.1 for qualification. The collision
energies were set as 60 and 50 V for the transitions, respectively.

Phylogenetic Analysis

The phylogenetic tree of the sixWRKY genes was generated using Clustal
Omega (Sievers et al., 2011). The alignment can be found in Supplemental
File 1.

qPCR Measurement

PCR was performed in a 20-mL reaction containing SYBR Green
PCR Master Mix (Applied Biosystems), cDNA, and primers (listed in
Supplemental Table 2) and measured with Stratagene Mx4000 qPCR
machine.

WRKY54 Antibody Generation and Purification

Serum was generated from rabbit after multiple injections of MBP-
WRKY54 (full-length) protein as the antigen. WRKY54 antibody was then
purified from the serum with CNBr-activated sepharose. The beads were
incubated with 2 mg MBP-WRKY54 protein in 5 mL coupling buffer
(0.125Mphosphate, pH8.3) overnight at 4°C. Thenbeadswere transferred
to a2.5-cmcolumnandequilibratedwith 10mLPBS.Rabbit serum (10mL)
wasdilutedwith3volumesPBSandapplied to thecolumn.Thebeads in the
column were washed with 30 mL PBS buffer. The bound antibody was
eluted with 225 mL glycine$Cl (pH 2.0) directly into the tube with 25 mL
neutralizing buffer (1 M Tris, pH 8.0).

Dehydration RNA-Seq and Data Analysis

Three biological replicates of 4-week-oldwrky46 wrky54 wrky70 and wild-
type plants were grown in soil under long-day conditions (16 h light/8 h
dark). The whole rosette leaves were cut and placed in empty Petri dish
(150 3 15 mm) as dehydration treatment or in Petri dish with moistened
Kimwipes as mock control. Each Petri dish consisted of leaves from three
or four plants andwasconsideredasonebiological replicate. ThePetri dish
was sealed with Parafilm and left for 4 h. Tissue was then collected and
processed for RNA extraction using Trizol and RNeasy Mini Kit (Qiagen)
with on-column DNase digestion and cleaned up with column, following
the manufacturer’s instructions.

Library preparation and RNA-seq were performed by BGI Americas
using an Illumina HiSeq 2000 with 50-bp single-end reads and;30million
reads per sample. RawRNA-seq readswere subjected to quality checking
and trimming. The trimmed readsof eachsamplewerealigned to thepublic
available reference genome of Arabidopsis (TAIR10) using GSNAP. The
alignment coordinates of uniquely aligned reads to the reference genome
were used for lookup and read count tallies were computed for each
annotated gene. Finally, RNA-seq reads were used to identify differentially
expressedgeneswithRpackageDESeq2 for comparisonbetweenwrky46
wrky54 wrky70 and the wild type that were subjected for control or de-
hydration treatment. Normalization was conducted by DESeq2, which
automatically corrects for biases introduced by differences in the total
numbers of uniquely mapped reads in each sample. Normalized read
counts were used to calculate fold changes and statistical significance
(Data2Bio). Clustering was performed using the ‘aheatmap’ function of the
NMF package in R and log2 reads per million mapped reads values were
used for clustering analysis. GeneOntology analysis was performed using
BiNGO software.
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Accession Numbers

RNA-seq data from this article can be found in the Gene Expression
Omnibus (GEO:GSE93420). The accession numbers for the studied genes
are as follows: WRKY30, At5g24110; WRKY41, At4g11070; WRKY46,
At2g46460; WRKY53, At4g23810; WRKY54, At2g40750; and WRKY70,
At3g56400.
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