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WRKY transcription factors are involved in brassinosteroid signaling and mediate
the crosstalk between plant growth and drought tolerance
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ABSTRACT
Brassinosteroids (BRs) are critical for the plant growth and development. BRs signal through the plasma
membrane localized receptor-like kinases to downstream transcription factors BES1/BZR1 to regulate the
expression of thousands of genes for various BR responses. In addition to the role in plant growth and
development, BRs have been implicated in responses to environmental stresses such as drought.
However, the mechanism through which BRs regulate drought have just begun emerging. We have
recently found that a group of WRKY transcription factors, WRKY46, WRKY54, WRKY70, which are well
known for the function in abiotic and biotic stress, cooperates with BES1 to mediate BR-regulated drought
response. The wrky46 wrky54 wrky70 triple mutants showed growth defect, likely due to impaired BR
signaling as well as some reduction of endogenous BR level. WRKY46/54/70 cooperates with BES1 to
regulate the expression of BR target genes to promote growth. We also found that WRKY46/54/70
negatively modulates drought tolerance by globally repressing drought-inducible gene expression. Thus,
our result uncovers a new role for WRKY transcription factors in BR signaling and provides the molecular
mechanism for BR-regulated plant growth and drought stress through WRKY46/54/70 and BES1
transcription factors.
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Brassinosteroids (BRs), a group of plant steroidal hormones,
regulates a wide range of plant growth and development, such
as cell elongation, cell division, xylem differentiation and stress
responses.1,2 BR is perceived by receptors BRI1 and its co-
receptor BAK1, which initiates a signaling cascade via several
intermediates, such as BSK1, BSU1 and BIN2, to downstream
transcription factors BES1/BZR1, regulating thousands of tar-
get genes for BR response.3,4 In addition to its critical role in
plant growth, genetic studies have shown that BRs play a nega-
tive role in drought stress response. Loss-of-function BR
mutants displayed increased drought tolerance.5–8 Recent stud-
ies started to shed light on the mechanism of the crosstalk
between BR signaling and drought response. RD26, a stress-
inducible NAC family transcription factor, antagonizes BES1 to
mediate the crosstalk between BR-regulated growth and
drought responses.7 Under drought and other stress conditions,
BES1 is targeted for autophagy-mediated degradation through
SINAT E3 ubiquitin ligase and ubiquitin receptor protein
DSK2, thereby regulating the trade-off between plant growth
and stress response.8,9 Here, we identified a group of WRKY
transcription factors that cooperate with BES1 to mediate the
crosstalk between BR-regulated plant growth and drought
responses, in which, unlike RD26 and its homologs, WRKYs
play a negative role in drought responses.

WRKY transcription factors, a family of plant-specific tran-
scription factors, comprises more than 70 members in higher
plants.10 WRKY is defined by its WRKY domain, a conserved
DNA-binding domain containing 60 amino acid residues,

which binds to W-box (TTGACC/T) at the target promoters.11

In addition, WRKY possesses zinc-finger motif at its C-termi-
nus, either Cx4–5Cx22–23HxH (CCHH) or Cx7Cx23HxC
(CCHC).12 WRKY family members are involved in various bio-
logic processes, including trichome and seed development,
senescence, biotic and abiotic stress response.13–18 In Arabidop-
sis, WRKY54 and WRKY70 negatively control osmotic stress
tolerance by inhibiting stomatal closure.19 WRKY46 was also
found to modulate plant responses to drought stress and sto-
matal aperture.18 Besides their negative role in drought stress,
in this study, we presented multiple lines of evidence that
WRKY46, WRKY54 and WRKY70 function as positive regula-
tors in BR-regulated plant growth.20

The knockout triple mutant wrky46 wrky54 wrky70 (w54t)
displayed growth defects with shorter blade lengths, blade
width and petiole length, suggesting that they play positive
roles in plant growth.20 The w54t mutant has a slightly reduced
accumulation of endogenous BR content and disrupted BR sig-
naling.20 The w54t mutant has compromised BR response in
hypocotyl elongation.20 To assess if w54t have compromised
BR response at adult stage, we treated the WT and mutant
plants with propiconazole (Pcz) that reduces endogenous BR
level.21 The w54t mutant plants are more sensitive to Pcz in
adult stage (Fig. 1A). Under Pcz treatment, the maximum
radius of 4-week-old adult WT decreased to 61% compared
with mock conditions, whereas w54t mutant deceased to 54%
(Fig. 1B). The wrky30 wrky41 wrky53 (w53t) showed a reduc-
tion of radius to 56%, which was further decreased in wrky30
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wrky41 wrky53 wrky46 wrky54 wrky70 (wrkyS) to 52% com-
pared with mock treatment (Fig. 1B). Furthermore, our tran-
sient expression showed that WRKY46/54/70 cooperates with
BES1 to regulate the expression of BR target genes through
direct physical interaction.20 Taken together, all the evidence
suggested that WRKY46/54/70 play positive roles in BR-regu-
lated plant growth.

Consistent with the previous studies of the phenotype of
WRKY46/54/70 in response to osmotic stress, the w54t mutant
showed enhanced tolerance to drought with a higher survival
rate.18–20 Our global gene expression analysis revealed that 53%
of dehydration upregulated genes are constitutively upregulated
in w54t mutant, which is further induced upon dehydration
treatment in the mutant. Similarly, 64% of dehydration down-
regulated genes are constitutively off in w54t mutant, further
decreased upon dehydration..20 Furthermore, large portions of
genes differentially expressed in w54t by dehydration are also
regulated in bes1-D, a gain-of-function mutant of BES1 gene.20

More specifically, most dehydration upregulated genes in w54t
are downregulated in bes1-D, and most dehydration downregu-
lated genes in w54t are upregulated in bes1-D (Fig. 2A, B).
WRKY54 and BES1 cooperate to inhibit the transcription of
GLYI7, a drought-inducible gene, by binding to the W-box and
G-box regions, respectively.20 Thus, our result suggested that
WRKY46/54/70 are negative regulators of BR-regulated
drought response.

BIN2, a glycogen synthase kinase (GSK)-3 like kinase, is a
central negative regulator in BR signaling.22 BIN2 substrates
share a conserved phosphorylation motif S/TXXXS/T (S is ser-
ine, T is threonine and X is any amino acid). WRKY54 has 29
putative phosphorylation sites and is phosphorylated by BIN2
via direct interaction.20 Similar to BIN2 phosphorylation of
BES1, phosphorylation of WRKY54 by BIN2 also leads to the
protein destabilization.20,23 It is plausible that BIN2 phosphory-
lation and destabilization of WRKY54 release the inhibitory
effect of WRKY54 on the drought-inducible gene expression
during drought. Interestingly, we found that the protein level of
WRKY54 and BES1 decreases under the drought stress, which
is likely caused by BIN2 phosphorylation.20 Abscisic acid
(ABA), a stress-inducible phytohormone, inhibits BR signaling
by regulating BIN2.24 Therefore, it is most likely that drought
stress leads to the elevated BIN2 level causing the protein desta-
bilization of WRKY54 and BES1, resulting in increased expres-
sion of drought-inducible genes to combat drought for survival
(Fig. 3). On the other hand, under the normal condition, BR
inhibits BIN2 activity, causing increased protein level of
WRKY54 and BES1, which then activate the growth-related
gene expression to favor growth (Fig. 3).

In conclusion, our study revealed a novel role for WRKY
transcription factors in the crosstalk between BR-regulated
growth and drought stress by cooperating with BES1, which is
regulated by BIN2 kinase. In the future, identification of

Figure 1. w54t is more sensitive to propiconazole (Pcz) treatment. (A) The growth phenotype of 4-week-old Col, wrky30 wrky41 wrky53 (w53t), wrky46 wrky54 wrky70
(w54t) and wrky30 wrky41 wrky53 wrky46 wrky54 wrky70 (wrkyS) watered with Pcz 50mM or mock. The number below the plants are the average maximum radius of
rosette leaves and standard deviation. N D 12. (B) The bar graph of percentage of reduced rosette radius with Pcz treatment. Percentage is average maximum radius of
rosette leaves with Pcz 0 divided by that with Pcz 50mM and then multiplying by 100.

Figure 2. Clustering analysis of genes upregulated (A) and downregulated (B) in w54t mutant by dehydration treatment in bes1-D, a gain-of-function mutant. Values indi-
cate normalized expression levels.
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WRKY46/54/70 partners and target genes will further advance
our understanding of the crosstalk between BR-regulated
growth and drought responses.
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