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Abstract
Cold tolerance at the booting (CTB) stage is a major factor limiting rice (Oryza sativa L.) productivity and geographical dis-
tribution. A few cold-tolerance genes have been identified, but they either need to be overexpressed to result in CTB or
cause yield penalties, limiting their utility for breeding. Here, we characterize the function of the cold-induced transcription
factor WRKY53 in rice. The wrky53 mutant displays increased CTB, as determined by higher seed setting. Low temperature
is associated with lower gibberellin (GA) contents in anthers in the wild type but not in the wrky53 mutant, which accu-
mulates slightly more GA in its anthers. WRKY53 directly binds to the promoters of GA biosynthesis genes and transcrip-
tionally represses them in anthers. In addition, we uncover a possible mechanism by which GA regulates male fertility:
SLENDER RICE1 (SLR1) interacts with and sequesters two critical transcription factors for tapetum development,
UNDEVELOPED TAPETUM1 (UDT1), and TAPETUM DEGENERATION RETARDATION (TDR), and GA alleviates the se-
questration by SLR1, thus allowing UDT1 and TDR to activate transcription. Finally, knocking out WRKY53 in diverse varie-
ties increases cold tolerance without a yield penalty, leading to a higher yield in rice subjected to cold stress. Together,
these findings provide a target for improving CTB in rice.
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Introduction
Rice (Oryza sativa L.) is an important food crop; cultivated
rice in Asia consists of two major subspecies, indica (O. sat-
iva ssp. indica) and japonica (O. sativa ssp. japonica)
(Kovach et al., 2007; Sang and Ge, 2007). Typical japonica
cultivars belong to the temperate japonica group and are
grown at lower ambient temperatures typically found at
higher latitudes or altitudes. By contrast, indica and tropical
japonica cultivars can only be planted at higher ambient
temperatures (Huang et al., 2012). Accordingly, after long-
term selection, temperate japonica cultivars are more toler-
ant to cold exposure than indica and tropical japonica culti-
vars (Ma et al., 2015b; Liu et al., 2018). Indeed, in the
northern part of the japonica growing range, cold stress at
the booting stage has become a major limiting factor for
rice production in regions at higher altitudes and latitudes
(Zhang et al., 2017; Guo et al., 2020). It is estimated that low
temperature (LT) in the fall is associated with a loss in rice
production of around 3–5 million tons annually in China
(Zhu et al., 2015). Therefore, isolating cold-tolerance genes
to facilitate the breeding of cultivars with higher cold toler-
ance remains an urgent concern.

Rice cold tolerance is a complex trait that is controlled by
multiple loci. Cold tolerance at different growth stages is
regulated by distinct sets of genes and diverse mechanisms.
Although many quantitative trait loci (QTL) have been iden-
tified that affect cold tolerance at diverse stages, only a few
genes have been functionally characterized to date. For in-
stance, the QTL for LT germinability on chromosome 3
(qLTG3-1) confers cold tolerance during seed germination

(Fujino et al., 2008). Similarly, CHILLING-TOLERANCE
DIVERGENCE1 (COLD1), HAN1 (which means “chilling” in
Chinese), and the basic leucine zipper transcription factor
bZIP73 positively regulates cold tolerance during the vegeta-
tive stage (Ma et al., 2015b; Liu et al., 2018; Mao et al.,
2019). Evaluating cold tolerance at the booting (CTB) stage
is difficult, as scoring requires the dissection of the main
stem to observe the developing panicle. Therefore, although
multiple QTL have been identified for this growth stage,
only a few genes have been cloned (Saito et al., 2001;
Andaya and Mackill, 2003; Saito et al., 2004; Kuroki et al.,
2007; Zhou et al., 2010). For example, CTB1 is likely an F-
box protein that controls CTB stage, but the underlying
mechanism remains elusive (Saito et al., 2004, 2010). A natu-
rally occurring allele in the CTB4a promoter in japonica rice
enhanced CTB4a expression, leading to higher ATP contents,
and improved cold tolerance of japonica rice (Zhang et al.,
2017). bZIP73 is a highly diverged gene between japonica
and indica that controls cold tolerance at both the seedling
and booting stages by regulating abscisic acid (ABA) and re-
active oxygen species (ROS) levels in plant tissues (Liu et al.,
2018, 2019). CTB4a and bZIP73 have been the target of both
natural selection for local adaptation and artificial selection
for domestication, as the more cold-tolerant haplotypes
contribute to adaptation to the colder climates north of the
temperate japonica growth region. However, some varieties
that carry the functional single-nucleotide polymorphisms
(SNPs) in CTB4a and bZIP73 are still sensitive to cold at the
booting stage (Zhang et al., 2017; Liu et al., 2019; Guo et al.,
2020). Additionally, CTB4a and bZIP73 positively regulate

IN A NUTSHELL
Background: Rice (Oryza sativa L.) is a staple food for over half of the global population. Cold stress at the boot-
ing stage leads to serious yield losses and has become a major limiting factor for rice production in regions of
higher altitude and latitude. Therefore, isolating cold tolerance genes to facilitate breeding cultivars with higher
cold tolerance at the booting (CTB) stage remains an urgent concern. Rice cold tolerance is a complex trait that
is controlled by multiple loci. Due to the difficulties in identifying CTB phenotypes, only a few genes regulating
CTB have been functionally characterized thus far.

Question: We aimed to characterize a CTB-related gene, WRKY53, and investigate its underlying mechanism,
then use it to breed rice varieties with greater CTB.

Findings: We identified the cold-induced WRKY transcription factor WRKY53 and found that WRKY53 nega-
tively regulates rice CTB. WRKY53 fine-tuning gibberellic acid (GA) levels in anthers via directly transcriptionally
repressing GA biosynthesis genes in anthers. Moreover, we demonstrate that the possible mechanism of GA regu-
lating male fertility in which a DELLA protein interacts with two critical transcription factors for tapetum devel-
opment, and GA promotes the degradation of this DELLA protein, allowing the transcription factors to activate
downstream genes. Importantly, knocking out WRKY53 in diverse varieties increases cold tolerance without a
yield penalty, leading to a higher yield in rice subjected to cold stress. Therefore, WRKY53 is a valuable target for
cold-tolerance breeding.

Next steps: WRKY53 negatively regulates resistance to Xanthomonas oryzae pv. oryzae sheath blight, striped
stem borer, and CTB in rice. We are interested in evaluating the practical value of wrky53 mutants by assessing
their yield under multiple conditions, including pathogen infection, insect pests, and low temperature or other
stresses in the field.
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CTB but need to be overexpressed to enhance CTB, which
limits their usefulness in rice breeding (Zhang et al., 2017;
Liu et al., 2019). LT TOLERANCE1 (LTT1) negatively regulates
CTB stage by maintaining ROS homeostasis, but the ltt1
mutation is accompanied by a lesion mimic phenotype that
affects its potential application in rice breeding programs
(Xu et al., 2020). The identification of new CTB-related genes
with better practical value would therefore be advantageous
to the breeding rice varieties with greater CTB stage.

The phytohormone gibberellin (GA) is an essential and
natural regulator of growth and development in rice
(Olszewski et al., 2002; Sun and Gubler, 2004; Chen et al.,
2019). The GA biosynthetic pathway consists of at least 13
genes in rice, encoding the enzymes that catalyze 4 enzy-
matic steps (Chen et al., 2019). Loss of function in 11 of
these 13 genes results in sterility or a lower seed setting
rate, indicating that reduced GA contents severely impair
fertility and seed setting in rice (Chen et al., 2019). In addi-
tion, overexpression of GA 20-OXIDASE1 (GA20ox1) also
results in lower seed setting rates (Oikawa et al., 2004), sug-
gesting that normal GA levels are essential for normal seed
setting, while higher or lower GA levels both affect grain
yield. Exposure to LTs at the booting stage leads to a drastic
reduction in mature pollen and slows down the growth of
anthers, resulting in a severe decline in seed setting (Saito
et al., 2001, 2004). Notably, mutants defective in GA signal-
ing or biosynthesis display aborted pollen development with
an abnormal enlargement of tapetal cells, which is very simi-
lar to the phenotypes observed when plants are subjected
to LT at the booting stage (Aya et al., 2009; Oda et al.,
2010). These observations were confirmed by the fact that
GA contents decrease in cold-treated anthers and that the
exogenous application of GA can effectively rescue cold-
induced male sterility (Sakata et al., 2014). These results indi-
cate that GA might play a positive role in rice CTB (Sakata
et al., 2014). However, little is known about the underlying
mechanism or how to enhance CTB by manipulating rice
GA levels during breeding. In addition, many genes have
been shown to regulate rice male sterility, among them,
TAPETUM DEGENERATION RETARDATION (TDR) and
UNDEVELOPED TAPETUM1 (UDT1) encode two critical basic
helix and helix transcriptional factors controlling tapetal cell
development and degradation (Jung et al., 2005; Zhang
et al., 2008). As described above, both GA and cold stress at
the booting stage regulate male fertility via affecting tapetal
cell development (Aya et al., 2009; Oda et al., 2010; Sakata
et al., 2014). Whether cold stress at the booting stage and
GA signaling regulate male fertility through modulating
UDT1 or TDR activity is an open question worth exploring.

In this study, we characterized the cold-induced WRKY
transcription factor gene WRKY53 and determined that its
loss of function ameliorated CTB. WRKY53 negatively regu-
lates the GA content of anthers by repressing the expression
of GA biosynthesis genes. The DELLA protein SLENDER
RICE1 (SLR1) interacts with UDT1 and TDR, and GA releases
the sequestration of SLR1, which allows UDT1 and TDR to

carry out their functions as transcription factors.
Importantly, knocking out WRKY53 in multiple genetic
backgrounds by genome editing showed that the cold toler-
ance of several elite japonica cultivars can be significantly
improved without compromising yield, demonstrating that
WRKY53 is a valuable target for cold-tolerance breeding.

Results

The wrky53 mutant displays higher CTB stage
CTB stage decreases the seed setting rate, which severely
threatens rice production, especially at high latitude regions
(Zhu et al., 2015; Liu et al., 2019; Guo et al., 2020; Xu et al.,
2020). To identify cold tolerance-related genes at the boot-
ing stage, we performed a transcriptome deep sequencing
(RNA-seq) analysis of young rice panicles exposed to the LT
of 15�C at the booting stage. We thus identified around 200
transcription factor genes as being either upregulated or
downregulated by LT treatment. We systematically overex-
pressed 87 LT upregulated transcription factor genes in the
japonica cultivar “Longjing11” (LJ11) and used the resulting
transgenic plants to assess their LT stress response. Plants
overexpressing WRKY53 (WRKY53-OE) and grown under
normal conditions (NCs) exhibited a lower seed setting rate
relative to the wild type. Importantly, this lower seed setting
rate was comparable to that seen in wild-type plants sub-
jected to cold stress (Supplemental Figure S1, A and B), sug-
gesting that WRKY53 might be involved in CTB. We
therefore selected WRKY53 for further characterization in
this study.

We measured the expression levels of WRKY53 during the
booting stage and in response to LT. WRKY53 expression
was highly induced within hours of LT treatment and then
declined. Notably, WRKY53 displayed higher expression lev-
els throughout the LT treatment compared with NC
(Figure 1A). We used the WRKY53-OE lines and wrky53
mutants generated by genome editing via clustered regularly
interspaced short palindromic repeats (CRISPRs)/CRISPR-as-
sociated nuclease 9 (Cas9)-mediated gene editing from our
previous study (Tian et al., 2017; Supplemental Figure S1, C
and D). Under NC and LT, the seed setting rate of WRKY53-
OE was significantly lower than that of the wild-type LJ11 or
the wrky53-2 mutant (Figure 1, B and C). However, after 4
or 5 days of LT at 15�C, the wrky53 mutant (wrky53-2 un-
less specified otherwise thereafter) exhibited much higher
relative seed setting rates compared with LJ11 and WRKY53-
OE plants (Figure 1, B–D). Indeed, the relative seed setting
rate of the wrky53 mutant was 51.2% and 42.6% after 4 and
5 days of exposure to 15�C, respectively, while that of LJ11
only reached 21.7% (after 4 days) and 12.9% (after 5 days)
(Figure 1D). To validate the higher seed setting rate of
wrky53 mutants under LTs, we performed seven indepen-
dent replications using treatments of varying lengths and at
diverse temperatures over five consecutive years from 2017
to 2021. We established that, under LT, the seed setting rate
of the wrky53 mutant is reproducibly higher than that of
LJ11 (Supplemental Figure S2, A–G). In addition, the
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wrky53-1 mutant (another wrky53 mutant allele) (Tian
et al., 2017) also displayed higher seed setting rates than
LJ11 under LT (Supplemental Figure S3, A–C). Collectively,
these results indicate that WRKY53 negatively regulates rice
CTB.

WRKY53 regulates pollen fertility and tapetum
development
LT at the booting stage results in anther and pollen injuries
that lead to anther growth arrest and pollen sterility (Saito

et al., 2004; Sakata et al., 2014). In addition, anther length
was proposed to be significantly and positively correlated
with CTB, thus providing a good proxy for measuring CTB
across rice varieties (Saito et al., 2001). To investigate how
WRKY53 negatively regulates rice CTB, we quantified pollen
fertility and examined anther morphology of WRKY53-OE,
wrky53, and LJ11 plants. Under NC, the pollen fertility of
WRKY53-OE plants was significantly lower than that of
wrky53 or LJ11 plants. Under LT, the pollen fertility of the
wrky53 mutant was also much higher than that of either

Figure 1 WRKY53 negatively regulates CTB stage in rice. A, Time course of WRKY53 relative expression levels in panicles of the cultivar LJ11 ex-
posed to a 15�C cold treatment during the booting stage. The expression level on day 0 was set to 1. Data are shown as means ± SE (n = 3). B–D,
Representative images of panicles (B), seed setting rate (C), and relative seed setting rate (D) of LJ11, wrky53, and WRKY53-OE plants grown under
NCs and after 4 or 5 days of LT. Scale bar, 1 cm. Data are shown as means ± SE (n = 10). E and F, Pollen fertility (E) and stained pollen ratio (F) of
LJ11, wrky53, and WRKY53-OE pollen from plants grown under NC or after 4 and 5 days of LT. Scale bar, 20 lm. Data are shown as means ± SE (n
= 5). G, Gross morphology of anthers from LJ11, wrky53, and WRKY53-OE plants grown under NC or after 4 or 5 days of LT. Scale bar, 1 mm. H
and I, Anthers (H) and anther length (I) in LJ11, wrky53, and WRKY53-OE plants grown under NC or after 4 or 5 days of LT. Scale bar, 1 mm. Data
are shown as means ± SE (n = 10). Dotted lines separate NC and LT treatments, and the comparisons are among different genotypes in the same
treatment. Each dot represents the result from one biological replicate, error bars indicate means ± SE. Significant differences are indicated by dif-
ferent lowercase letters (P 5 0.05, one-way ANOVA with Tukey’s significant difference test).
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LJ11 or WRKY53-OE plants (Figure 1, E and F), which was
consistent with the higher seed setting rate seen in wrky53
plants (Figure 1, B and C). In addition, under NC, the
WRKY53-OE anthers were shorter, shriveled, and pale, com-
pared with the normal anthers of LJ11 and wrky53 plants.
After exposure to LT for 4–5 days, LJ11 plants had short
and shrunken anthers that turned white, which was consis-
tent with their lower seed setting rate under these condi-
tions (Figure 1, G–I). By contrast, the anthers of wrky53
plants remained bright yellow long after 5 days of treatment
at 15�C (Figure 1, G–I).

Tapetum cells can provide the necessary nutrients for pol-
len development, and premature or delayed degradation of
the tapetum is often associated with male sterility (Jung
et al., 2005; Li et al., 2006; Zhang et al., 2008). LT at the
booting stage results in delayed tapetum degeneration, with
cold tolerance correlating with the degree of tapetum de-
generation (Oda et al., 2010). Given that WRKY53-OE plants
displayed decreased pollen fertility, a phenotype similar to
LJ11 plants subjected to LT, and that normal tapetum devel-
opment is required for pollen fertility, we next examined ta-
petum development and tapetum cell layers of WRKY53-OE,
wrky53, and LJ11 plants under NC and LT. Anther develop-
ment is divided into 14 stages, and tapetum degradation
takes place during stages 9–11, which are the young micro-
spore (YM) stage (stage 9), vacuolated pollen (VP) stage
(stage 10), and pollen mitosis stage (stage 11 and late stage
11) (Zhang and Wilson, 2009). Therefore, we observed an-
ther development from stages 9 to 11. Under NC, at stage 9,
the microspores in the LJ11, wrky53 mutant, and WRKY53-
OE plants were released into the locules and the tapetal
layer concentrated faster and showed no difference between
genotypes (Figure 2, A, E, and I). At stage 10, microspores of
LJ11 and wrky53 mutant plants expanded and vacuolized,
and the tapetal layer degenerated and became thinner
(Figure 2, B and F). By contrast, the tapetal layer of
WRKY53-OE plants was slightly thicker than that of LJ11
and wrky53 mutant plants (Figure 2, B, F, and J). At stage 11
and late stage 11, in LJ11 and wrky53 mutant plants,
vacuoles contracted; the originally round microspores
changed into crescent-shaped microspores; tapetal cells con-
tinued to degenerate and almost disappeared (Figure 2, C,
D, G, and H). By contrast, the tapetal cells in WRKY53-OE
plants degraded very slowly and remained clearly visible;
they were even thicker than those of LJ11 and wrky53 mu-
tant plants (Figure 2, C, D, G, H, K, and L).

Under LT, at stage 9, the microspores and the tapetal
layer in LJ11 and wrky53 mutant plants showed little differ-
ence (Figure 2, M and Q). However, at stage 10, the tape-
tum of LJ11 plants became thicker compared with that of
the wrky53 mutant (Figure 2, N and R). At stage 11 and late
stage 11, the tapetum of LJ11 plants did not degenerate
timely (Figure 2, O and P). However, the tapetum of wrky53
mutant plants degenerated normally, suggesting that the ta-
petum of wrky53 mutant plants is not damaged by LT,
which was consistent with their higher CTB (Figures 1, B

and C, and 2, S and T; Supplemental Figures S2 and S3).
Collectively, these results showed that WRKY53-OE tapetum
does not degrade normally under NC, whereas wrky53 mu-
tant tapetum degenerates normally under LT, suggesting
that WRKY53 negatively regulates CTB via regulating tape-
tum development.

Together, these results indicate that the healthy anthers
and higher fertile pollen ratio in the wrky53 mutant under
cold stress might contribute to the stronger CTB observed
in this genotype.

WRKY53 negatively regulates GA content in anthers
GA biosynthesis and GA signaling mutants were reported to
be hypersensitive to LT at the booting stage, and exogenous
application of GA can improve rice CTB (Sakata et al.,
2014). We conducted this assay on the LJ11 variety and de-
termined that irrigation of plants with 5 mM GA3 slightly de-
creased the seed setting rate of plants grown under NC
compared with plants irrigated with water (Supplemental
Figure S4, A–E). However, the same GA3 application signifi-
cantly and consistently increased the seed setting rate of
LJ11 and WRKY53-OE plants exposed to LT (Supplemental
Figure S4, A–G), thus validating the previous finding that
GA positively regulates CTB in rice (Sakata et al., 2014).

To investigate the physiological mechanism underlying the
increased cold tolerance phenotype of the wrky53 mutant,
we measured the contents of diverse GA components in
anthers from LJ11 and wrky53 plants grown under NC or LT
(Figure 3A). GA1, GA3, GA4, and GA7 are bioactive GAs,
with GA4 and GA7 being the predominant GAs in reproduc-
tive organs, while GA1 and GA3 are the main GAs in vegeta-
tive organs (Masatoshi et al., 1991; Hirano et al., 2008;
Yamaguchi, 2008; Hedden, 2012; Sakata et al., 2014; Hedden,
2020). In agreement with previous studies, we also observed
that the GA4 and GA7 contents in anthers are around 20–
100 times higher than the GA1 and GA3 contents regardless
of the temperature (Figure 3B). Importantly, under NC, the
wrky53 mutant and LJ11 plants accumulated similar levels of
GA4 and GA7 (Figure 3B). Following a LT treatment consist-
ing of 15 days at 18�C, the levels of GA4 and GA7 signifi-
cantly decreased in LJ11 plants relative to those under NC;
however, GA4 and GA7 levels did not decline in the wrky53
mutant (Figure 3B). Consistent with these results, the imme-
diate precursors of GA4 and GA7, including GA12, GA24, and
GA9, accumulated to higher levels in the wrky53 mutant
than in LJ11 plants under both NC and LT (Figure 3, A and
C). By contrast, LJ11 mutant plants had similar GA1 and
GA3 contents to wrky53 mutants, and the GA1 and GA3

contents of LJ11 and wrky53 mutant plants did not signifi-
cantly decrease under LT compared with NC (Figure 3B).
Levels of the immediate GA1 and GA3 precursors, including
GA53, GA19, and GA5, were higher in the wrky53 mutant
than in LJ11 plants under NC but were comparable between
LJ11 and wrky53 mutant plants under LT (Figure 3, A and
D). In addition, the inactivate GAs, GA34, and GA51 showed
higher levels in the wrky53 mutant than in LJ11 plants
(Figure 3, A and E). Considering that GA4 and GA7 are the
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dominant bioactive GAs, and that they accumulated to
higher levels in the wrky53 mutant than in LJ11 plants un-
der LT compared with NC (Figure 3, A and B), we specu-
lated that LT-treated wrky53 mutant plants might
accumulate more bioactive GAs than LT-treated LJ11 plants.
To test this hypothesis, we examined the abundance of the
rice DELLA protein SLR1 in panicles, as SLR1 degradation is
promoted by GA (Ueguchi-Tanaka et al., 2008). We deter-
mined that SLR1 protein levels are comparable between
LJ11 and wrky53 mutant plants under NC; however, under
LT, the wrky53 mutant had markedly lower SLR1 levels than
LJ11 plants (Figure 3F and Supplemental Figure S5, A–C).
We also examined the expression levels of the GA-regulated
MYB domain transcription factor gene GAMYB and its tar-
get gene CYTOCHROME P450 703A3 (CYP703A3), which is

induced by GA and specifically expressed in anthers (Aya
et al., 2009). We observed that GAMYB and CYP703A3 tran-
script level plants are similar in LJ11 and the wrky53 mutant
under NC; however, under LT, the expression levels of
GAMYB and CYP703A3 in the wrky53 mutant were signifi-
cantly higher than in LJ11 plants (Figure 3G). Collectively,
these results suggest that the wrky53 mutant accumulates
more bioactive GAs under LT than LJ11 plants, which also
indicates that WRKY53 might negatively regulate rice CTB
by modulating GA levels in anthers.

In rice, GA20ox1 is a major GA biosynthesis gene that is
expressed across multiple tissues and is highly expressed in
reproductive organs (Suuplemental File S1; Monna et al.,
2002; Sasaki et al., 2002). In addition to GA20ox1, GA20ox3
and GA3ox1 are two other GA biosynthesis genes that are

Figure 2 Histological analysis of anther development in LJ11, wrky53 mutant, and WRKY53-OE plants under NCs or LT treatment. Anther devel-
opment in wild-type (LJ11), the wrky53 mutant, and WRKY53-OE plants at stage 9, stage 10, stage 11, and late stage 11. Ep, epidermal cell layer;
En, endothelial cell layer; VP, vacuole pollen; Msp, microspore. Bars = 20 lm. A, E, I, M, and Q, Transverse sections of anthers at stage 9 for wild-
type (A, M), wrky53 (E, Q), and WRKY53-OE (I) plants under NC or LT treatment. B, F, J, N, and R, Transverse sections of anthers at stage 10 for
wild-type (B, N), wrky53 (F, R), and WRKY53-OE (J) plants under NC or LT treatment. C, D, G, H, K, L, N, O, P, S, and T, Transverse sections of
anthers at stage 11 and late stage 11 for wild-type (C, D, O, P), wrky53 (G, H, S, T), and WRKY53-OE (K, L) plants under NC or LT treatment.
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expressed specifically in anthers (Supplemental Data Set S2;
Sakamoto et al., 2004; Chen et al., 2019). To investigate
whether the lower GA contents induced by LT were caused
by a reduced expression of GA biosynthesis genes, we exam-
ined their expression levels in panicles under LT and NC.
We established that the transcript levels of GA20ox1,

GA20ox3, and GA3ox1 increase gradually with panicle devel-
opment; however, LT resulted in a marked drop in their ex-
pression levels compared with NC (Supplemental Figure S6,
A–C). We further compared GA biosynthesis gene expres-
sion between LJ11 and the wrky53 mutant plant: under LT,
the transcript levels of GA20ox1, GA20ox3, and GA3ox1 were

Figure 3 WRKY53 negatively regulates GA content and GA biosynthesis gene expression in anthers. A, Schematic diagram of the GA-biosynthetic
pathway. Undetected GAs are shown in gray, bioactive GAs are in red, and inactivated GAs are in blue. B, C, D, and E, GA contents in developing
anthers of LJ11 and wrky53 plants grown under NC or LT. The concentrations and identity of endogenous GAs were determined using a Thermo
Scientific Ultimate 3000 UHPLC. Data are shown as means ± SE (n = 6). Dotted lines separate treatments and the comparisons are among different
genotypes in the same treatment. Each dot represents the result from one biological replicate. Significant differences are indicated by different
lowercase letters (P 5 0.05, one-way ANOVA with Tukey’s significant difference test). F, SLR1 protein abundance in panicles of LJ11 and wrky53
plants grown under NC or after 4 days of LT treatment, as detected by immunoblot with an anti-OsSLR1 antibody. ACTIN, detected with anti-
ACTIN antibody, was used as the loading control. G, Relative expression levels of GAMYB and CYP703A3 in developing panicles of LJ11 and
wrky53 plants grown under NC or after 4 days of LT treatment. Data are shown as means ± SE (n = 4). H, Relative expression levels of GA biosyn-
thesis genes in developing panicles of LJ11 and wrky53 plants grown under NC or after 4 days of LT treatment. Data are shown as means ± SE (n =
4). Each dot represents the result from one biological replicate. P-values were calculated by Student’s t test: **P 5 0.01, *P 5 0.05, and ns indicates
no significant difference.
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significantly higher in the wrky53 mutant than in LJ11 plants
(Figure 3H). Given that GA12, the first C20-GA in the GA
biosynthetic pathway, had higher accumulation in the
wrky53 mutant relative to LJ11 plants under both NC and
LT (Figure 3C), we also examined the expression of ent-
KAURENE OXIDASE2 (KO2) and ent-KAURENOIC ACID
OXIDASE (KAO), which play key roles in the early steps of
GA biosynthesis (Chen et al., 2019). We determined that
KAO, but not KO2, shows higher expression in the wrky53
mutant relative to in LJ11 plants under both NC and LT,
which partially explains why there was more GA12 in wrky53
mutants than in LJ11 plants (Figure 3H). In addition, because
the wrky53 mutant accumulated more inactivate GAs (GA34

and GA51) than LJ11 plants (Figure 3E), we also measured
the expression of GA2-oxidases, which deactivate bioactive
GAs (Sakamoto et al., 2004). We determined that GA2ox1,
GA2ox2, and GA2ox3 display higher expression levels in LT-
treated wrky53 mutant plants than LT-treated LJ11 plants
(Supplemental Figure S7). Collectively, WRKY53 might nega-
tively regulate both GA biosynthesis genes and catabolism
genes directly or indirectly, and then fine-tune GA contents
during cold stress at the booting stage, consequently regu-
lating rice CTB.

To confirm that WRKY53 negatively regulates GA content,
we further examined the GA content of WRKY53-OE
anthers under NC. The contents of GA4 and GA7 in
WRKY53-OE anthers were dramatically lower than those of
LJ11 anthers, while the contents of GA1 and GA3 were com-
parable between LJ11 and WRKY53-OE anthers (Figure 4A).
Consistent with this result, SLR1 protein abundance in
WRKY53-OE plants was significantly higher than in LJ11
plants, and the expression of GAMYB in WRKY53-OE plants
was significantly lower than that in LJ11 plants (Figure 4, B
and C and Supplemental Figure S8). We also investigated
the expression levels of GA biosynthesis genes in LJ11 and
WRKY53-OE plants and found that the transcript levels of
GA20ox1, GA20ox3, and GA3ox1 are significantly higher in
LJ11 plants than in WRKY53-OE plants (Figure 4C).
Collectively, these results suggest that WRKY53 negatively
regulates GA biosynthesis.

WRKY53 directly represses the expression of GA
biosynthesis genes
In previous studies, WRKY53 has been shown to function as
a transcriptional repressor during brassinosteroid (BR) signal-
ing and in response to herbivory in rice (Hu et al., 2016;
Tian et al., 2017, 2021). We therefore tested whether
WRKY53 can directly repress the expression of GA biosyn-
thesis genes. WRKY-type transcription factors bind to the
W-box (C/TTGACC/T) in their target promoters, and se-
quence analysis indicated the presence of the W-box ele-
ment in the promoter regions of GA20ox1, GA20ox3, and
GA3ox1 (Figure 5A). We then employed electrophoretic mo-
bility shift assays (EMSAs) to test the binding of WRKY53 to
these W-box-containing regions in vitro. A recombinant fu-
sion protein consisting of maltose-binding protein (MBP)

and WRKY53 efficiently bound to the promoter regions of
GA20ox1, GA20ox3, and GA3ox1 containing the W-box
(Figure 5B). In addition, chromatin immunoprecipitation
(ChIP) assays confirmed that WRKY53 can bind to the W-
box region of the GA20ox1, GA20ox3, and GA3ox1 pro-
moters in vivo (Figure 5C), and LT treatment did not affect
the binding capacity of WRKY53 to these targets
(Supplemental Figure S9).

We also performed transient expression assays in rice pro-
toplasts using a construct WRKY53-OE (35Spro:WRKY53) as
an effector and the firefly luciferase (LUC) gene driven by
the promoters of GA biosynthesis genes as reporters. The
GA20ox3pro:LUC and GA3ox1pro:LUC reporter constructs
resulted in very low LUC activity in protoplasts, possibly due
to their anther-specific expression characteristics; we there-
fore focused on the GA20ox1pro:LUC reporter construct for
rice protoplast transient assays. The transient expression of
WRKY53 lowered LUC activity derived from the
GA20ox1pro:LUC reporter to approximately 50% of the con-
trol, which was an effector construct overexpressing the
WRKY53 coding region from the wrky53 mutant allele
(Figure 5D). Together, these results indicated that WRKY53
can directly repress the transcription of GA biosynthesis
genes, and thus negatively regulate GA content in anthers.

Next, we generated ga20ox1, ga20ox3, and ga3ox1 single
mutants via CRISPR/Cas9-mediated genome editing
(Supplemental Figure S10). The single mutants ga20ox1,
ga20ox3, and ga3ox1 exhibited a dwarf stature to various lev-
els depending on the inactivated gene, likely resulting from
GA deficiency (Supplemental Figure S11, A–C). Additionally,
the ga20ox1 single mutant was characterized by a much
lower seed setting rate (around 48%) relative to the wild-
type LJ11 (91.8%), while neither ga20ox3 nor ga3ox1 set seed
(Supplemental Figure S11, D and E). Detailed analysis
showed that the fertile pollen rate in the ga20ox1 mutant is
around 66.7%, while the ga20ox3 and ga3ox1 mutants had
no fertile pollen (Supplemental Figure S11, F and G).
Moreover, we observed that the tapetum degeneration at
stage 10, stage 11, and late stage 11 in the ga20ox1 mutant
is largely delayed, which may have contributed to the de-
creased pollen fertility in this mutant (Supplemental Figure
S12). These results indicated that GA biosynthesis is essential
for pollen fertility and seed setting, which is consistent with
previous studies (Chen et al., 2019). We also generated
wrky53 ga20ox1, wrky53 ga20ox3, and wrky53 ga3ox1 double
mutants via CRISPR/Cas9-assisted gene editing by co-
targeting the GA biosynthesis genes and WRKY53 in the
LJ11 background (Supplemental Figure S10). All double
mutants showed phenotypes similar to the ga20ox1,
ga20ox3, and ga3ox1 single mutants under NC
(Supplemental Figure S11, A–G). In addition, we assessed
the CTB of ga20ox1 and wrky53 ga20ox1 mutants: the
mutants were hypersensitive to LT relative to the wild type,
which was in contrast to the wrky53 mutant (Figure 5, E–G
and Supplemental Figure S11H). These results suggest that
WRKY53 may act genetically upstream of GA biosynthesis,

4502 | THE PLANT CELL 2022: 34; 4495–4515 Tang et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data


as might be expected for a transcription factor that regu-
lates the expression of GA biosynthesis genes.

Rice DELLA protein SLR1 interacts with UDT1 and
TDR
GA biosynthesis is essential for male fertility (Chen et al.,
2019; Supplemental Figure S11, D–G). Therefore, we next ex-
plored how GA regulates this biological process. Given that
DELLAs are key components of GA signaling and mediate
diverse GA-regulated responses through interacting with
and sequestrating partner proteins to block their activity
(Daviere and Achard, 2013; Huang et al., 2015), we were in-
terested in whether SLR1 (a rice DELLA) can directly interact
with the transcription factors that regulate male fertility.
The sequestration of the bHLH PHYTOCHROME
INTERACTING FACTORS by DELLAs is an important molec-
ular link between light and GA signaling (Feng et al., 2008).
We selected the two bHLH proteins UDT1 and TDR, be-
cause they play key roles in regulating tapetum develop-
ment and degeneration, and udt1 and tdr mutants are male
sterile (Jung et al., 2005; Li et al., 2006; Zhang et al., 2008).
We first performed yeast two-hybrid assays and showed that
SLR1 can interact with UDT1 and TDR directly (Figure 6A).
Split-LUC complementation assays also revealed an interac-
tion of SLR1 with UDT1 and TDR in Nicotiana benthamiana
leaves (Figure 6B). Bimolecular fluorescence complementa-
tion (BiFC) analysis in N. benthamiana confirmed that SLR1
interacts with UDT1 and TDR in the nuclei of living plant
cells (Figure 6C). Moreover, pull-down assays also showed
that the glutathione S-transferase (GST)-SLR1 fusion protein
can interact with the MBP-UDT1 or MBP-TDR fusion pro-
tein in vitro (Figure 6, D and E and Supplemental Figure
S13). These results indicate that SLR1-UDT1 and SLR1-TDR
may mediate GA-regulated male sterility.

GA regulates male fertility through SLR1-UDT1 and
SLR1-TDR cascades
UDT1 and TDR modulate tapetum development and degra-
dation via directly regulating the expression of tapetal
marker genes (Osc4, Osc6, and CYSTEINE PROTEASE1
[OsCP1]) (Jung et al., 2005; Li et al., 2006). These three genes
are dramatically downregulated in the udt1 and tdr mutants;
TDR can bind to the OsCP1 promoter in vivo; Oscp1
mutants show male sterility (Jung et al., 2005; Li et al., 2006).
To address how the SLR1-UDT1 and SLR1-TDR cascades
might affect male sterility, we asked whether SLR1 affects
the DNA binding capacity of UDT1 and TDR. We deter-
mined that UDT1 and TDR efficiently bind to the E-box re-
gion in the OsCP1 promoter, whereas this binding was
significantly impaired in the presence of SLR1 (Figure 7A
and Supplemental Figure S14). We further examined the ef-
fect of the SLR1–UDT1/TDR interaction on the expression
of OsCP1 in a rice protoplast transient expression system
(Figure 7B). We observed that TDR and UDT1 can activate
the transcription of OsCP1 (Figure 7C). However, the upre-
gulated OsCP1 levels in cells expressing TDR and UDT1 were
markedly attenuated by the co-expression of SLR1 (Figure 7,
B and C). Notably, the application of GA activated OsCP1
transcription (Figure 7, B and C). Furthermore, we found
that OsCP1 levels are significantly lower in the ga20ox1 mu-
tant than in LJ11 plants (Figure 7D). Collectively, the in vitro
and in vivo evidence indicated that SLR1 directly interacts
with UDT1 and TDR to sequester them and block their
function, which represents a previously unreported mecha-
nism by which GA regulates male sterility besides GAMYB.

To investigate whether the SLR1-UDT1 and SLR1-TDR cas-
cades were involved in the CTB response, we examined the
expression levels of OsCP1 in panicles under LT and NC. We
determined that OsCP1 expression gradually increases with
the panicle development, and OsCP1 expression was lower
under LT than under NC (Figure 7E). This result indicated

Figure 4 WRKY53-OE anthers have lower GA contents and GA biosynthesis gene expression. A, GA contents in developing anthers of LJ11 and
WRKY53-OE plants grown under NC. The concentrations and the identity of endogenous GAs were determined using a Thermo Scientific
Ultimate 3000 UHPLC. Data are shown as means ± SE (n = 3). B, SLR1 protein abundance in panicles of LJ11 and WRKY53-OE plants grown under
NC, as detected by immunoblot with an anti-OsSLR1 antibody. ACTIN, detected with an anti-ACTIN antibody, were used as the loading control.
C, Relative expression levels of GA biosynthesis genes in developing panicles of LJ11 and WRKY53-OE plants grown under NC. Data are shown as
means ± SE (n = 4). Each dot represents the result from one biological replicate, error bars indicate means ± SE. P-values were calculated by
Student’s t test: **P 5 0.01, *P 5 0.05, and ns indicates no significant difference.
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Figure 5 WRKY53 binds to the promoters of GA biosynthesis genes and represses their transcription. A, Schematic diagrams of the GA20ox1,
GA20ox3, and GA3ox1 promoters. The arrows indicate the position of the translation start codon. Scale, 500 bp. DNA fragments (A and B) were
used for ChIP and the black squares indicate the W-box regions (T)TGACC. B, EMSA showing that WRKY53 binds to the conserved W-box of the
GA20ox1, GA20ox3, and GA3ox1 promoters. A 52-bp W-box sequence containing DNA fragments in the A region in (A) was used as a probe.
Versions of the probe with the W-box mutated to AAAAAA served as mutant probes; unlabeled probes served as competitive probes. MBP was
used as a negative control. C, ChIP assays showing that WRKY53 binds to the promoters of GA20ox1, GA20ox3, and GA3ox1 in vivo.
Immunoprecipitation was performed with anti-OsWRKY53 antibody. Immunoprecipitated chromatin was analyzed by qPCR using primers indi-
cated in (A). qPCR enrichment was calculated by normalizing to ACTIN and to the total input of each sample. Data are shown as means ± SE (n =
3). D, Transient assay in rice protoplasts showing that WRKY53 suppresses the transcription of GA20ox1. Schematic diagrams of the effector and
reporter plasmids are indicated. The mutated WRKY53 coding sequence in wrky53, causing a frameshift in the coding sequence, was used as the
control. Reporter together with control (35Spro:wrky53) or 35Spro:WRKY53 effector constructs were transfected into rice protoplasts. Relative
LUC activity was calculated as the ratio between firefly LUC and REN LUC. Data are shown as means ± SE (n = 3). Each dot represents the result
from one biological replicate and error bars indicate means ± SE. P-values were calculated by Student’s t test, *P 5 0.05. E, F, and G, Representative
images of panicles (E), seed setting rate (F), and relative seed setting rate (G) of LJ11, wrky53, ga20ox1, and wrky53 ga20ox1 mutants grown under
NC and after LT stress. Scale bar is 1 cm. Data are shown as means ± SE (n = 10). Dotted lines were drawn to separate treatments, and compari-
sons are among different genotypes in the same treatment. Each dot represents the result from one biological replicate. Significant differences are
indicated by different lowercase letters (P 5 0.05, one-way ANOVA with Tukey’s significant difference test).
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that decreased expression of OsCP1 under LT might be one
means by which LT regulates male sterility. In addition, GA
application can raise OsCP1 expression under LT (Figure 7F).
Additionally, to investigate whether the higher expression of
OsCP1 can be responsible for better CTB in the wrky53 mu-
tant, we measured OsCP1 transcript levels under LT: OsCP1
expression was significantly higher in the wrky53 mutant

relative to LJ11 plants (Figure 7G). Consistent with this re-
sult, OsCP1 showed markedly decreased expression levels in
WRKY53-OE plants than in LJ11 plants (Supplemental Figure
S15). Collectively, these results suggest that the SLR1-UDT1
and SLR1-TDR cascades are indeed involved in rice CTB
responses, and support the notion that WRKY53 regulates
CTB via regulating GA levels in anthers.

Figure 6 SLR1 interacts with UDT1 and TDR. A, Interaction between SLR1 and UDT1/TDR in a yeast two-hybrid assay. BD-UDT1, AD-SLR1, BD-
SLR1, and AD-TDR were used as indicated. Clones that grew on SD–Trp–Leu–His–Ade medium indicate protein interaction in yeast cells. The
empty AD-SLR1/BD and AD-TDR/BD were used as negative controls. B, LUC complementation imaging assay showing that SLR1 interacts with
UDT1/TDR in N. benthamiana leaves. Co-infiltration of cLUC-SLR1 and nLUC-UDT1 or nLUC-TDR constructs leads to the reconstitution of the
LUC signal, whereas no signal was detected when cLUC-SLR1 and nLUC, cLUC and nLUC-UDT1 or nLUC-TDR, or cLUC and nLUC were co-infiltrated.
In each experiment, at least five independent N. benthamiana leaves were infiltrated and analyzed. C, BiFC assay showing that SLR1 interacts with
UDT1/TDR in N. benthamiana leaves. Co-infiltration of cGFP-SLR1 and nGFP-UDT1 or nGFP-TDR leads to the reconstitution of the GFP signal,
whereas no signal was detected when cGFP-SLR1 and nGFP, or cGFP and nGFP-UDT1 or nGFP-TDR were co-infiltrated. DAPI was used to visualize
the nuclei. In each experiment, at least five independent N. benthamiana leaves were infiltrated and analyzed. D and E, Pull-down assay showing
the interaction between UDT1/TDR and SLR1. GST-SLR1 was pulled down by MBP-UDT1 and MBP-TDR immobilized on amylose resin beads and
was detected with anti-MBP and anti-GST antibody, respectively.

WRKY53 regulates rice cold tolerance THE PLANT CELL 2022: 34; 4495–4515 | 4505

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac253#supplementary-data


Loss of WRKY53 function shows great potential for
cold tolerance breeding
‘Since wrky53 significantly improved CTB in the LJ11 back-
ground (Figure 1, B–D and Supplemental Figures S2 and S3),

we evaluated agronomic traits and application potential in
rice breeding by fully phenotyping the wrky53 mutant in
the LJ11 background. The thousand-grain weight of the
wrky53 mutant was significantly lower than that of LJ11

Figure 7 SLR1 represses the transcriptional activity of UDT1 and TDR via physical sequestration, and GA alleviates this repression. A, EMSA show-
ing that direct binding of UDT1 and TDR to the CP1 promoter is inhibited by the addition of increasing amounts of recombinant GST-SLR1 pro-
tein. Increasing amounts of GST protein were used as a negative control. B, Schematic diagrams of the effector and reporter plasmids used in the
transient assay in rice protoplasts. C, Relative LUC activity in rice protoplasts co-transfected with the reporter and different combinations of effec-
tors. Relative LUC activity was calculated as the ratio between firefly LUC and REN LUC. Data are shown as means ± SE (n = 3). Each dot represents
the result from one biological replicate. Significant differences are indicated by different lowercase letters (P 5 0.05, one-way ANOVA with
Tukey’s significant difference test). D, Relative CP1 expression levels in developing panicles of LJ11 and ga20ox1 plants grown under NC. Data are
shown as means ± SE (n = 3). E, Time course of relative CP1 expression levels in panicles of the cultivar LJ11 exposed to a 15�C cold treatment dur-
ing the booting stage. The expression level on day 0 was set to 1. Data are shown as means ± SE (n = 3). F, Relative CP1 expression levels in devel-
oping panicles of LJ11 plants grown under LT treatment with or without GA3 application. Data are shown as means ± SE (n = 4). G, Relative CP1
expression levels in developing panicles of LJ11 and wrky53 plants grown under NC or after 4 days of LT treatment. Data are shown as means ± SE

(n = 3). Each dot represents the result from one biological replicate. P-values were calculated by Student’s t test: **P 5 0.01 and *P 5 0.05.
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plants, likely resulting from the smaller seeds of wrky53 mu-
tant plants (Supplemental Figure S16, A–D). The grain num-
ber per panicle was comparable between the wrky53
mutant and LJ11 plants (Supplemental Figure S16, A–D).
Notably, the wrky53 mutant produced more tillers per plant
than LJ11 (Supplemental Figure S16, A–D), which may com-
pensate for the lower thousand-grain weight of the mutant,
thus resulting in a comparable final yield per plant between
the two genotypes (Supplemental Figure S16, A–D). These
results indicate that the wrky53 mutation does not grossly
negatively affect yield of rice plants grown under NCs
(Supplemental Figure S16).

To further evaluate the potential of wrky53 for application
in cold tolerance breeding, we cultivated LJ11 and wrky53
mutant plants in a paddy field under NC or with LT treat-
ment consisting of 17�C deep water irrigation during the
booting stage. For both LJ11 and wrky53 mutant plants, val-
ues for the thousand-grain weight, grain number per panicle,
and tiller number per plant were comparable between NC
and LT (Figure 8, A–C). In the wrky53 mutant, the seed set-
ting rate was slightly lower under LT than under NC; how-
ever, it was significantly (�37.5%) lower under LT than
under NC in LJ11 (Figure 8D). In effect, the seed setting rate
of wrky53 mutant plants was 32% higher than that of LJ11
plants under LT (Figure 8D) and the yield per 10 plants of

the wrky53 mutant was about 43.8% higher than that of
LJ11 under LT (Figure 8E). To validate this result, we re-
peated the field experiment with 17�C deep water irrigation
in 2021 (Supplemental Figure S17). We found that the
wrky53 mutant reproducibly display a significantly higher
seed setting rate than LJ11 (Supplemental Figure S17E), and
the yield per plot of the wrky53 mutant was 30.8% higher
than that of LJ11 (Supplemental Figure S17F).

Daohuaxiang 2 (DHX2) and Longdao 16 (LD16) are two
elite cultivars with good grain quality that are grown in the
Heilongjiang province, the northernmost rice cultivation re-
gion of China, where they are frequently exposed to LTs (Li
et al., 2015, 2017; Zhang et al., 2017). Unfortunately, DHX2
and LD16 are very sensitive to LT stress at the booting stage,
which greatly restricts their growth region and can threaten
their yields during years with LTs (Guo et al., 2020). To glob-
ally validate the usefulness of nonfunctional WRKY53 in en-
hancing CTB of elite cultivars, we generated loss-of-function
alleles for WRKY53 in the DHX2 and LD16 backgrounds by
genome editing, which we named wrky53-DHX2 and
wrky53-LD16 (or w53-DHX2 and w53-LD16 for simplicity)
(Supplemental Figures S18, S19, A and B, and S20, A and B).
Grains from w53-DHX2 and w53-LD16 plants were slightly
shorter than grains from the respective wild types, DHX2
and LD16 (Supplemental Figures S19 and S20, C–G), which

0

20

30

10

aa
b b

LJ11
wrky53

NC LT G
ra
in
nu
m
be
rp
er
p a
ni
cl
e

0

30

60

90

120

NC LT
0

15

20

10

5

NC LT

a a

b b

LJ11
wrky53

Ti
lle
rn
u m
be
r p
er
pl
an
t

25

50

75

100

Se
ed
se
tti
ng
(%
)

0 0

200

100

150
Yi
el
d
pe
r1
0
p l
an
ts
( g
) 250

50

NC LT NC LT

a a

a a a

ab
b

b

LJ11
wrky53

LJ11
wrky53

R
el
at
iv
e
se
ed
se
tti
ng
(%
)

LD1
6

DH
X2 LD

16
LD
16DH

X2 NC LT 4 dNC LT 4 d

LT 4 dLT 4 d NCNC LD16

****

0

25

50

75

100

Se
ed
se
tti
ng
(%
)

0

25

50

75

100

R
el
at
iv
e
se
ed
s e
tti
ng
(%
)

0

25

50

75

100

Se
ed
se
tti
ng
(%
)

0

25

75

100

50

DHX2

DH
X2

**

A B C D E

F G H I J K

a a a a

Th
ou
sa
nd
-g
ra
in
w
ei
gh
t(
g)

w5
3-L
D1
6

w5
3-L
D1
6

w5
3-L
D1
6

w53-LD16

w5
3-D
HX
2

w5
3-D
HX
2

w5
3-D
HX
2

w53-DHX2

**

LJ11
wrky53

Figure 8 Loss-of-function in WRKY53 can improve CTB stage without yield penalty. A–E, Agronomic traits scored in LJ11 and wrky53 plants
grown in a paddy field under LT or NCs at the booting stage. Data are shown as means ± SE (n = 30 in A–D and n = 3 in E). Each dot represents
the result from one biological replicate. Significant differences are indicated by different lowercase letters (P 5 0.05, one-way ANOVA with
Tukey’s significant difference test). F, G, and H, Panicles (F), seed setting (G), and relative seed setting rate (H) of DHX2 and w53-DHX2 plants
grown under NC or after 4 days of LT treatment. Data are shown as means ± SE (n = 11). I, J, and K, Panicles (I), seed setting (J), and relative seed
setting rate (K) of Longdao16 (LD16) and w53-LD16 plants grown under NC or after 4 days of LT treatment. Data are shown as means ± SE (n =
12). Scale bar, 1 cm (F, I). Each dot represents the result from one biological replicate. P-values were calculated by Student’s t test: **P 5 0.01.
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was in agreement with the negative role of WRKY53 in reg-
ulating seed size already observed in the LJ11 background
(Tian et al., 2017). In addition, when compared with DHX2
and LD16, the thousand-grain weight in w53-DHX2 and
w53-LD16 decreased by 8.9%–18.9%, while the tiller number
of w53-DHX2 and w53-LD16 increased by 21.9%–19.6%
(Supplemental Figures S19 and S20, H–J). Therefore, the
yield per plant for w53-DHX2 and w53-LD16 was compara-
ble to that of DHX2 and LD16 under NC (Supplemental
Figures S19 and S20, K). However, after 4 days of an LT
treatment consisting of 15�C at the booting stage, the seed
setting and relative seed setting rates for both w53-DHX2
(Figure 8, F–H) and w53-LD16 (Figure 8, I–K) mutants were
markedly higher than those of their respective wild types.
The relative seed setting rates of w53-DHX2 and w53-LD16
were around 18.86% and 17.1% higher than those of DHX2
and LD16, respectively (Figure 8, H and K). Three indepen-
dent experiments consistently showed similar results
(Supplemental Figure S21, A–L). In parallel, we also exam-
ined the expression levels of GA20ox1, GA20ox3, GA3ox1,
and GAMYB in these materials: all four genes were more
highly expressed in the w53-DHX2 and w53-LD16 mutants
than in their respective wild-type backgrounds under LT
(Supplemental Figure S21, M and N). These results support
the notion that WRKY53 negatively regulates GA biosynthe-
sis (Figure 3). Together, these results indicate that editing
WRKY53 will be a valuable approach to improve rice CTB
without incurring a yield penalty.

Discussion

WRKY53 regulates rice CTB stage
Cold stress at the booting stage is a major factor that limits
rice production in two distinct ways: first, cold stress causes
direct loss of yield by negatively affecting pollen fertility and
seed setting and second, cold stress determines the geo-
graphical limits of rice growth into higher altitudes and lati-
tudes (Zhu et al., 2015; Liu et al., 2019; Guo et al., 2020; Xu
et al., 2020). Because of the difficulty in evaluating CTB and
the genetic complexity of the cold tolerance trait, only a few
genes have been characterized in rice to date (Kuroki et al.,
2007; Saito et al., 2010; Zhou et al., 2010; Zhang et al., 2017;
Liu et al., 2019; Guo et al., 2020). In this study, we demon-
strated that WRKY53 negatively regulates CTB by fine-
tuning GA levels in anthers. First, WRKY53 expression was
rapidly induced by cold treatment at the booting stage
(Figure 1A). Second, WRKY53 overexpression led to lower
seed setting rates, suggesting that WRKY53 might negatively
regulate seed setting (Figure 1, B and C and Supplemental
Figure S1, A and B). Third, wrky53 mutants generated by ge-
nome editing in diverse cultivar backgrounds consistently
showed higher seed setting rates than their respective
parents when exposed to LT, indicating that WRKY53 is a
key negative regulator of CTB in rice (Figures 1, B–I, 2, and
8, F–K and Supplemental Figures S2, S3, and S21, A–L).
Therefore, WRKY53 may provide a suitable target for im-
proving rice CTB. Several studies have previously shown that

WRKY53 functions in diverse developmental processes (seed
size control and BR signaling) and biotic stress responses
(pathogen infections and herbivore attacks) (Chujo et al.,
2007; Hu et al., 2016; Tian et al., 2017, 2021; Yuan et al.,
2019; Xie et al., 2021). This study demonstrates that
WRKY53 plays a key role in cold tolerance responses, likely
by modulating GA biosynthesis in anthers. We previously
showed that WRKY53 positively regulates rice BR signaling,
which is also involved in pollen fertility (Ye et al., 2010; Tian
et al., 2017, 2021; Yan et al., 2020). Therefore, to rule out the
possibility that WRKY53-regulated CTB is dependent on BR
signaling, we applied BRs during LT, but observed no effect
on rice cold tolerance. In addition, we also examined the
CTB of rice lines with defects in two major BR signaling
components, bzr1-D (a dominant allele of the transcription
factor gene BRASSINAZOLE-RESISTANT1) and GSK2-RNA in-
terference (RNAi knockdown of GLYCOGEN SYNTHASE
KINASE2), and found that these two genotypes displayed
similar cold tolerance to the wild type (Supplemental Figure
S22). Given that WRKY53 is a functional transcriptional re-
pressor, it will be informative to identify and characterize its
various direct targets to dissect the multifaced functions of
WRKY53.

WRKY53 regulates CTB via modulating the GA-
SLR1-UDT1/TDR module
GA biosynthesis and signaling mutants display aborted pol-
len and result in impaired fertility and even sterility in rice
(Oikawa et al., 2004; Sakamoto et al., 2004; Chen et al.,
2019). Mutants of the GA-inducible anther-regulator gene
GAMYB, the GA20ox3 regulator SWOLLEN ANTHER WALL1
(SAW1), and the GA-biosynthesis gene GA20ox1 showed
male sterility with defective tapetal cell development
(Supplemental Figure S12; Aya et al., 2009; Wang et al.,
2020). Interestingly, LT at the booting stage also causes male
sterility due to abnormal enlargement of tapetal cells
(Figure 2, B–D and M–O; Oda et al., 2010). In addition, GA
contents decreased in cold-treated anthers and exogenous
application of GA effectively rescued cold-induced male ste-
rility (Figure 3B and Supplemental Figure S4; Sakata et al.,
2014). Moreover, GA biosynthesis and signaling mutants are
hypersensitive to LT at the booting stage (Sakata et al.,
2014). In this study, we propose that GA regulates male fer-
tility by alleviating the sequestration imposed by SLR1 on
the transcriptional activity of UDT1 and TDR (two critical
transcription factors for tapetum development) (Figures 6
and 7). Together with results of previous studies, our current
results indicate that cold stress leads to a decrease in GA
content in anthers, which slows the degradation of the an-
ther tapetum layer, decreasing pollen fertility and the seed
setting rate (Figures 1–3). These results suggest that GA
plays a positive role in rice CTB through maintaining timely
tapetal cell degradation to ensure normal pollen fertility and
increasing the seed setting rate under cold stress.

In this study, we established that WRKY53 can bind to
the promoter regions of GA biosynthesis genes to suppress
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their transcription in anthers, leading to the higher GA con-
tent seen in wrky53 relative to the wild type under LT
(Figures 3 and 5). This model is supported by higher
GAMYB transcript levels and lower SLR1 protein abundance
in the wrky53 mutant than in the wild type under LT
(Figure 3, F and G). In addition, we found that SLR1 can in-
teract with UDT1 and TDR, and repress their transcriptional
activity toward OsCP1, whereas GA application alleviated
this repressive sequestration (Figures 6 and 7). Accordingly,
expression of OsCP1 was downregulated in ga20ox1 mutants
and by LT treatment, and can be upregulated by GA appli-
cation (Figure 7). These results suggest that GA-alleviated re-
pression of UDT1/TDR imposed by SLR1 may represent a
possible mechanism by which GA regulates male fertility be-
sides GAMYB (Figures 6 and 7). Moreover, under LT, wrky53
mutant anthers contained more bioactive GA than wild-
type anthers, and OsCP1 was more highly expressed in
wrky53 anthers compared with wild-type anthers (Figures 3,
A–E and 7, G). These results support the idea that WRKY53
negatively regulates CTB by modulating the GA biosynthetic
pathway (Figure 9). By contrast, GA application reduced the
seed setting rate and overexpression of GA20ox1 similarly
decreased the seed setting rate (Supplemental Figure S4;
Oikawa et al., 2004), suggesting that both a higher and a
lower GA content in anthers will affect seed setting, and
that GA contents must be precisely controlled to within a
specific range to maintain normal seed setting. In this sce-
nario, the fact that WRKY53 expression is induced by LT
treatment and that WRKY53 suppresses GA biosynthesis in
anthers indicates that WRKY53 is a suitable target that can
be employed to mitigate the LT-mediated repression of GA
biosynthesis in anthers (Figures 1, 3, and 5). We therefore
propose a model in which WRKY53 is induced in wild-type
plants under cold stress, leading to the repression of GA bio-
synthesis and a decline in GA content. Lower GA leads to
higher SLR1 protein abundance and lower GAMYB transcript
levels. SLR1 then interacts with and suppresses TDR/UDT1
transcriptional activity, and finally results in impaired pollen
development and a decreased seed setting rate (Figure 9).
By contrast, in wrky53 mutant plants subjected to cold
stress, GA biosynthesis is no longer repressed by WRKY53,
such that GA content does not significantly decline and is
instead maintained at a suitable physiological level.
Moreover, SLR1-mediated repression of TDR/UDT1 is re-
lieved to facilitate the normal development of anthers and
pollen, and GAMYB transcript levels do not significantly de-
crease, thus contributing to normal seed setting (Figure 9).

Knocking out WRKY53 in rice has promising
breeding potential
To date, four genes have been identified with functions in
CTB stage in rice: CTB1, CTB4a, bZIP73, and LTT1. CTB1 enc-
odes an F-box protein, but its target for degradation is un-
known; bZIP73 and CTB4a have been shown to positively
regulate CTB stage, and have undergone strong selection
during domestication and northward expansion of rice

growth (Saito et al., 2010; Zhang et al., 2017; Liu et al., 2019;
Xu et al., 2020). Although both bZIP73 and CTB4a contain
functional SNPs that can be used in pyramid breeding, the
fact that they must be overexpressed to significantly increase
cold tolerance has greatly limited their application value
(Zhang et al., 2017; Liu et al., 2019). In addition, although
the ltt1 mutant is more tolerant to cold than the wild type,
its associated lesion mimic phenotype negatively affects yield
(Xu et al., 2020). Moreover, bZIP73 has been reported to reg-
ulate cold tolerance both at the vegetative stage and boot-
ing stage via modulating ABA biosynthesis. We also
examined the cold tolerance of the wrky53 mutant at the
seedling stage and found that the wrky53 mutant and LJ11
seedlings display comparable cold tolerance at the vegetative
stage and similar expression levels of NINE-CIS-
EPOXYCAROTENOID DIOXYGENASE3 (NCED3) and NCED5,
suggesting that WRKY53 does not play roles in cold toler-
ance at the vegetative stage and that ABA might not medi-
ate the WRKY53-regulated CTB response (Supplemental
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Figure 9 Working model explaining how WRKY53 regulates rice CTB
stage. In wild-type plants under cold stress, WRKY53 expression is in-
duced, leading to the repression of GA biosynthesis and a decline in
GA contents. Lower GA leads to higher SLR1 protein abundance and
lower GAMYB transcript levels. SLR1 then interacts with and sup-
presses TDR/UDT1 transcriptional activity, finally resulting in impaired
pollen development and a decreased seed setting rate. In the wrky53
mutant subjected to cold stress, GA biosynthesis is no longer re-
pressed by WRKY53; GA contents do not significantly decline; SLR1-
mediated suppression of TDR/UDT1 is alleviated to facilitate normal
development of anthers and pollen; and GAMYB transcript levels are
not significantly decreased. Therefore, normal seed setting occurs.
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Figure S23, A–D). Here and in previous work, we have dem-
onstrated that although the seed size and thousand-grain
weight of the wrky53 mutant is lower than that of the wild
type, this defect was fully compensated by an increased tiller
number per plant in the mutant, and therefore the final
yield for the wrky53 mutant is comparable to that of the
wild type when grown under NCs (Figure 8, A–E and
Supplemental Figures S16 and S17). It will be worth investi-
gating the mechanism by which WRKY53 regulates tiller
number. Interestingly, IDEAL PLANT ARCHITECTURE1
(IPA1), a critical regulator of rice plant architecture and
grain yield, is also a transcriptional activator (Jiao et al.,
2010; Lu et al., 2013). WRKY78, which is highly similar to
WRKY53, is a putative IPA1 target, which suggests that
WRKY53 might function downstream of IPA1 to regulate til-
ler development (Lu et al., 2013).

In this study, we found that WRKY53-OE plants under
NCs exhibited lower seed setting rates than wild-type plants,
indicating that over expression of WRKY53 might have no
application value (Figure 1 and Supplemental Figures S1 and
S2). By contrast, wrky53 mutants show better cold tolerance
than wild-type plants, as described in this study, and also an
increased resistance to Xanthomonas oryzae pv. oryzae (Xoo)
sheath blight and the striped stem borer (Hu et al., 2016;
Yuan et al., 2019; Xie et al., 2021). Although the 1,000-grain
weight of wrky53 mutants was lower than that of wild-type
plants, they had more tillers and therefore their yield per
plant was not lower under NCs (Supplemental Figure S16).
These results suggest that wrky53 has great putative applica-
tion value for improving rice yield in natural rice production
subjected to diverse biotic and abiotic stress. For example,
under cold stress conditions, the seed setting rate and yield
of wrky53 mutants was significantly higher than that of
wild-type plants, suggesting that inactivating WRKY53 will
be a valuable strategy to improve tolerance to cold stress in
rice (Figure 8, D and E and Supplemental Figure S17, E and
F). It will also be interesting to evaluate the comprehensive
practical application value of wrky53 mutants by assessing
their yield under multiple pathogen infections insect pest
attacks, LTs, and other stresses in the field. Knocking out
WRKY53 will be facilitated by CRISPR/Cas9 technology,
which bypasses the generation of genetically modified organ-
isms, thus alleviating consumer concerns and minimizing
the associated regulatory burden.

Materials and methods

Plant materials and growth conditions
The rice (O. sativa L.) genotypes used in this study were the
cultivars LJ11, DHX2, and Longdao16 (LD16). They were
grown in a field (under natural long-day conditions) or in a
greenhouse at 30�C for 14 h (day) and 24�C for 10 h
(night).

Generation of transgenic rice plants
The WRKY53 overexpression line (WRKY53-OE) and the
wrky53 mutants, both in the LJ11 background, were

described previously (Tian et al., 2017). In this study, the
mutants wrky53-1 and wrky53-2 were used; wrky53-2 was
used for most experiments and labeled wrky53 if not indi-
cated otherwise. Previously published gene editing vectors
targeting WRKY53 for transformation were used to generate
a loss of function wrky53 mutant in the DHX2 and
Longdao16 cultivars (Tian et al., 2017). To generate the
ga20ox1, ga20ox3, and ga3ox1 single mutants and the
wrky53 ga20ox1, wrky53 ga20ox3, and wrky53 ga3ox1 double
mutants in the LJ11 background, the target sequences for
GA20ox1, GA20ox3, GA3ox1, and WRKY53 (Supplemental
Data Set S1) were synthesized and ligated into respective
single-guide RNA (sgRNA constructs), and then were se-
quentially ligated into the CRISPR/Cas9 binary vector
pYLCRISPR/Cas9Pubi-H as described (Ma et al., 2015a).

CTB stage assays
For CTB assays in the greenhouse, each plant was grown in
a cylindrical plastic pot 15 cm in height and 15 cm in diam-
eter containing dry soil and watered with fertilizer.
Approximately 10 days before booting, when the distance
between the auricles of the flag leaf and the penultimate
leaf of the tiller was –5 cm to 0 cm (between the meiotic
stage and the uninucleate pollen stage), tillers were tagged
and a subset of the pots were moved to a LT greenhouse
(15�C or 18�C constant temperature and 14-h light and 10-
h dark photoperiod). After the indicated number of days of
cold treatment, the treated pots were returned to the
greenhouse for normal growth (NC; 30�C for 14-h light and
24�C for 10-h dark) until maturity, at which point plants
were harvested and traits of tagged tillers were measured.
The seed setting rate was determined as the percentage of
full grains per panicle relative to the total grain number per
panicle. The relative seed setting rate was determined as the
percentage of the seed setting rate under LT relative to that
under NC. More than 10 plants per line were used for treat-
ment in each biological replicate. For CTB assays in paddy
fields, plants were grown in a normal field with a cold-water
irrigation system (Acheng Farm, Harbin, China). Plants were
treated with cool water (25 cm depth) kept at 17�C from
the primordium stage until the completion of heading.

For reverse transcription quantitative PCR (RT-qPCR)
analysis of cold-regulated gene expression, ChIP assay and
detection of SLR1 protein abundance, approximately 10 days
before booting, when the distance between the auricles of
the flag leaf and the penultimate leaf of the tiller was within
–5 cm to 0 cm (between the meiotic stage and the uninu-
cleate pollen stage), tillers were tagged and pots were
moved to an LT greenhouse (15�C constant temperature,
14-h light, and 10-h dark photoperiod). NC samples were
taken on the first day of LT treatment and LT samples were
taken 4 days into LT treatment.

The LT treatment was as follows for measuring GA con-
tents in cold-treated anthers. Plants were transferred to LT
when the distance between the auricles of the flag leaf and
the penultimate leaf of the main tiller was –8 to –6 cm
(meiotic stage). Plants remained in the LT greenhouse
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(18�C, 14-h light, and 10-h dark photoperiod) until 1 day
before flowering (around 15 days). For the NC treatment,
plants were grown under NC until 1 day before flowering
(around 11 days).

For semi-thin sections, plants were transferred to LT when
the distance between the auricles of the flag leaf and the
penultimate leaf of the main tiller was –8 cm to –6 cm
(meiotic stage). Plants were grown in the LT greenhouse
(15�C, 14-h light, and 10-h dark photoperiod) for 4 days.
Anther of NC and LT samples was taken from panicle with
the –5 cm pulvinus distance to 1 day before flowering.

Cold tolerance assays at seedling stage
Four-week-old LJ11 and wrky53 plants were cold treated at
4�C for 48 h or 72 h in a growth chamber (RXZ-0405) and
then recovered at 28�C for 7–10 days. The survival rates
were determined as the percentage of surviving seedlings.

GA and BR application experiment
At the booting stage, when the distance between the
auricles of the flag leaf and the penultimate leaf of the tiller
was –10 cm to –5 cm, plants were irrigated with water con-
taining 5 lM GA3 four times in 3-day intervals or 4.16 lM
brassinolide two times in 3-day intervals.

Microscopy
Starch staining of pollen grains and observations of anther
morphology were performed 1 day before flowering. For pol-
len viability assays, anthers were fixed in a formalin–acetic
acid–alcohol (FAA) solution (5% formaldehyde, 5% glacial
acetic acid, 63% ethanol, and 27% water, 5/5/63/27) Fixed
anthers were ground to release pollen grains, stained with
1% (w/v) I2-KI Lugol’s iodine solution, then observed under
a light microscope (Olympus BX53). Pollen grains that were
stained blue were counted to score pollen fertility. Anther
morphology was observed directly under a microscope
(Olympus SZX16) without staining.

For semi-thin sections, tissues were fixed in FAA solution.
After dehydration through a graded ethanol series, samples
were placed in resin and then cut into 1-mm-thick sections
with a microtome (Leica UC7). The sections were stained
with 0.5% (w/v) toluidine blue, rinsed with distilled water,
dried overnight, and examined with an optical microscope
(OLYMPUS BX43).

Quantification of GAs
The contents of endogenous GAs in anthers were measured
by the Wuhan Greensword Creation Technology Company
(http://www.greenswordcreation.com) by UHPLC-MS/MS. In
brief, anther samples (100 mg) were ground to a fine pow-
der and extracted with 1 mL 80% (v/v) methanol at 4�C for
12 h. Then, 1.0 ng/g diverse [2H2]-labeled GA components
([2H2] GA1 [1 ng/g], [2H2] GA3 [1 ng/g], [2H2] GA4 [1 ng/g],
[2H2] GA5 [1 ng/g], [2H2] GA7 [1 ng/g), [2H2] GA8 [1 ng/g),
[2H2] GA9 [1 ng/g], [2H2] GA12 [1 ng/g], [2H2] GA19 [1 ng/
g], [2H2] GA24 [1 ng/g], [2H2] GA34 [1 ng/g], [2H2] GA51 [1
ng/g], and [2H2] GA53 [1 ng/g]) were added as internal

standards for quantification. The analysis of GA contents
was performed on a Thermo Scientific Ultimate 3000
UHPLC coupled with a TSQ Quantiva. For this assay, due to
the limited amounts of each sample, the anthers from
around 30 plants were collected and mixed, and then the
mixed samples were split into three technical repeats with
two biological replicates. A representative GA chromato-
gram is shown in Supplemental File S2.

Total RNA isolation and RT-qPCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen)
and treated with Dnase I. First-strand cDNA was synthesized
from 2 mg of total RNA using Superscript II Reverse
Transcriptase (Invitrogen). Quantitative PCR was performed
with SYBR Green PCR master mix (Takara). Data were col-
lected using a Bio-Rad chromo 4 real-time PCR system. All
expression values were normalized against UBIQUITIN
(Os01g0328400). The primers used are listed in
Supplemental Data Set S1. Four biological repeats with three
technical repeats per biological repeat were performed for
each analysis. Values are means ± SE of three or four biologi-
cal repeats.

ChIP assay
Wild-type and WRKY53-OE plants were used for ChIP assays,
as previously described (Tian et al., 2017). Briefly, 2 g of rice
plant leaves collected at the booting stage for each treat-
ment (LT and NC) was crosslinked with crosslinking solution
containing 1% (w/v) formaldehyde under a vacuum; cross-
linking was then stopped by the addition of 5 mM glycine
for 5 min. The samples were ground to a fine powder in liq-
uid nitrogen and used to isolate nuclei. The protein–DNA
complexes were immunoprecipitated with anti-WRKY53 an-
tibody (Beijing Protein Innovation, Abp80095) and the pre-
cipitated DNA was recovered and analyzed by qPCR.
Chromatin precipitated without antibody was used as a neg-
ative control. The primers used for qPCR are listed in
Supplemental Data Set S1. Data are presented as means ± SE

of three biological replicates, each consisting of three techni-
cal replicates.

EMSAs
The full-length coding sequences of WRKY53, UDT1, TDR,
and SLR1 were amplified from Nipponbare cDNA and
cloned into the pVP13 vector or pDEST15 vector via LR re-
combination to generate the MBP-WRKY53, MBP-UDT1,
MBP-TDR, and GST-SLR1 fusion protein constructs, respec-
tively. These constructs were transformed into Escherichia
coli strain BL21 (DE3) for producing the fusion proteins. The
recombinant proteins were affinity-purified using Dextrin
Beads 6FF (SMART LIFESCIENCE, Cat No. SA026010) and
Glutathione Beads (SMART LIFESCIENCE, Cat No.
SA008050). Oligonucleotide probes of �52 bp containing
the wild-type W-box (TGACC) or a mutated W-box
(AAAAA) motif and the wild-type E-box (CANNTG) were
synthesized and labeled with biotin using the EMSA Probe
Biotin Labeling Kit (Beyotime, Cat No. GS008). For unlabeled
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probe competition, unlabeled probe was added to the reac-
tions. EMSA was performed using a Chemiluminescent
EMSA kit (Beyotime, Cat No. GS009). Probe sequences are
shown in Supplemental Data Set S1.

Transient transcription dual-LUC assays
The 35Spro:WRKY53, 35Spro:UDT1, 35Spro:TDR, and
35Spro:SLR1 constructs were generated and used as effectors.
The 35Spro:wrky53 construct overexpressing the WRKY53
coding region from the wrky53-2 mutant allele was used as
control. The promoter regions (upstream of the ATG) of
GA20ox1 and CP1 were cloned into the pGreenII 0800-LUC
vector and used as reporters (Supplemental Data Set S1).
The resulting effector and reporter constructs were co-
transfected into protoplasts (Tian et al., 2017). To investigate
the effects of the SLR1–UDT1/TDR interaction, protoplast
cells co-transfected with the indicated reporter and effector
constructs were treated with 10 lmM GA3 for 6 h. Then,
the protoplasts were collected and subjected to LUC activity
assays. Renilla (REN) LUC driven by the 35S promoter in the
pGreenII 0800-LUC vector was used as an internal control.
Firefly LUC and REN activities were measured with a dual-
LUC reporter assay kit using a GloMax 20/20 luminometer
(Promega). LUC activity was normalized to REN activity. For
each plasmid combination, three independent transforma-
tions were performed with three technical replicates per in-
dependent transformation. Values are means ± SE of three
independent transformations.

Protein gel blot analysis
For immunoblots, anti-OsSLR1 antibody (Huang et al., 2015)
and anti-ACTIN antibody (Abmart, M20009M, 1:2,500) were
used as primary antibodies, and peroxidase-labeled goat
anti-rabbit antibody (Abcam, ab6721) or goat anti-mouse
antibody (Abcam, ab6789) were utilized as secondary anti-
bodies. Membranes were developed with a Super signal west
pico chemiluminescent substrate kit (Pierce Biotechnology)
and the signal was detected by chemiluminescence imaging
(Tanon 5200).

Yeast two-hybrid assay
The coding sequences of UDT1 and SLR1 were cloned into
the EcoRI and PstI sites of the pGBKT7 vector to generate
the BD-UDT1 and BD-SLR1 constructs. The coding sequen-
ces of SLR1 and TDR were cloned into the EcoRI and XhoI
sites of the pGADT7 vector to generate the AD-SLR1 and
AD-TDR constructs. The resulting constructs were trans-
formed into yeast strain Y2H Gold. The presence of the plas-
mids was confirmed by growth on synthetic defined (SD)
medium lacking Trp and Leu (SD–Trp–Leu). To assess pro-
tein interactions, the positive yeast clones were suspended
in liquid SD–Trp–Leu medium to an OD600 = 1.0. The sus-
pended cells and dilution series were spotted onto plates
containing SD–Trp–Leu–His–Ade- medium. Interactions
were observed after 3 days of incubation at 30�C.

LUC complementation imaging assays
The cLUC-SLR1, nLUC-UDT1, and nLUC-TDR constructs were
generated using the primers listed in Supplemental Data Set
S1. Agrobacterium (Agrobacterium tumefaciens) colonies
harboring different combinations of constructs were co-
infiltrated into N. benthamiana leaves, and the infiltrated
leaves were analyzed for LUC activity using chemilumines-
cence imaging (Tanon 5200) 48 h after infiltration. The leaf
was sprayed with 1 mmol D-luciferin and then imaged 10
min later.

BiFC assay
For BiFC assays, the OsSLR1, OsUDT1, and OsTDR coding
sequences were cloned in-frame with the sequence encoding
the N-terminal or C-terminal half of green fluorescent pro-
tein (GFP), and generated cGFP-OsSLR1, nGFP-OsUDT1, and
nGFP-OsTDR constructs using the primers listed in
Supplemental Data Set S1. The Agrobacterium strain
GV3101 carrying corresponding vector combinations was in-
filtrated into young N. benthamiana leaves. The fluorescence
was observed by confocal microscopy (Leica) after 3 days of
growth.

Pull-down assay
The full-length coding sequence of SLR1 in pENTR/D-TOPO
was subcloned into the expression vector pDEST15 to gener-
ate the GST-SLR1 fusion vector. The coding sequences of
UDT1 and TDR were cloned into the pVP13 vector to gener-
ate the MBP-UDT1 and MBP-TDR constructs using the pri-
mers listed in Supplemental Data Set S1. The resulting
vectors were transformed into E. coli (strain BL21) to pro-
duce the protein, and the fusion proteins were purified us-
ing the appropriate affinity chromatography. Recombinant
MBP, MBP-UDT1, or MBP-TDR was incubated with beads
for 2 h at 4�C and subsequently incubated with GST-SLR1
for 2 h. Beads were then washed thoroughly in PBS buffer,
boiled in 1� SDS-PAGE sample buffer, and analyzed by im-
munoblot using anti-GST antibody (Abmart, M20007) and
anti-MBP antibody (CWBIO, CW0288M), respectively.

Yield experiment
To investigate the potential use of WRKY53 for rice breed-
ing, seeds for LJ11, w53-LJ11, Daohuaxiang2 (DHX2), w53-
DHX2, Longdao16 (LD16), and w53-LD16 were sown in a
paddy field under natural conditions in Heilongjiang and
Hainan provinces. The following agronomic traits were in-
vestigated: thousand-grain weight, grain number per panicle,
tiller number, seed setting rate, yield per plant, and yield per
plot. Values are means ± SE of the indicated number of
plants.

Statistical analyses
Student’s two-tailed t test was used for significant difference
analysis between two samples. One-way ANOVA analyses
followed with Tukey’s test (P 5 0.05) were used for pairwise
multiple comparisons. All the analyses were performed using
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SPSS software. Data for all statistical analyses are shown in
Supplemental Data Set S2.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL databases under the following accession
numbers: WRKY53 (Os05g0343400); GA20ox1 (Os03g085
6700); GA20ox3 (Os07g0169700); GA3ox1 (Os05g0178100);
GAMYB (Os03g0578900); CYP703A3 (Os08g0131100);
UBIQUITIN (Os01g0328400); ACTIN1 (Os03g50885); GA2ox1
(Os05g0158600); GA2ox2 (Os01g0332200); GA2ox3 (Os01g07
57200); KAO (Os06g0110000); KO2 (Os06g0570100); SLR1
(Os03g0707600); UDT1 (Os07g0549600); TDR (Os02g012
0500); CP1(Os04g0670500); NCED3 (Os03g0645900); and
NCED5 (Os12g0617400).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Panicles and seed setting rate of
LJ11, wrky53, and WRKY53-OE plants.

Supplemental Figure S2. The wrky53 mutant shows en-
hanced CTB in multiple independent replications.

Supplemental Figure S3. The wrky53-1 mutant shows en-
hanced CTB in multiple independent replications.

Supplemental Figure S4. Exogenous application of GA
improves rice CTB.

Supplemental Figure S5. SLR1 protein abundance in LJ11
and wrky53 plants under NCs and LT treatment.

Supplemental Figure S6. LT repressed the expression of
GA20ox1, GA20ox3, and GA3ox1.

Supplemental Figure S7. Expression of GA catabolism
genes in LJ11 and wrky53 plants.

Supplemental Figure S8. SLR1 protein abundance in LJ11
and WRKY53-OE plants grown under NCs.

Supplemental Figure S9. LT treatment does not affect
the binding ability of WRKY53 to the promoters of GA bio-
synthesis genes.

Supplemental Figure S10. Generation and identification
of ga20ox1, ga20ox3, ga3ox1, wrky53 ga20ox1, wrky53
ga20ox3, and wrky53 ga3ox1 mutants.

Supplemental Figure S11. Phenotypic analysis of ga20ox1,
ga20ox3, ga3ox1, wrky53 ga20ox1, wrky53 ga20ox3, and
wrky53 ga3ox1 mutants.

Supplemental Figure S12. Histological analysis of anther
development in LJ11 and ga20ox1 mutant plants under NCs.

Supplemental Figure S13. SLR1 interacts with UDT1 and
TDR in pull-down assays (supports Figure 6).

Supplemental Figure S14. UDT1 can bind to the CP1
promoter directly in vitro.

Supplemental Figure S15. Expression of CP1 in LJ11 and
WRKY53-OE plants.

Supplemental Figure S16. wrky53 shows no accompany-
ing yield penalty.

Supplemental Figure S17. wrky53 has higher yield under
cold stress at the booting stage.

Supplemental Figure S18. Generation and identification
of wrky53 mutants in DHX2 and LD16.

Supplemental Figure S19. Phenotypic analysis of wrky53
mutants in DHX2.

Supplemental Figure S20. Phenotypic analysis of wrky53
mutants in LD16.

Supplemental Figure S21. wrky53 mutants in both DHX2
and LD16 show increased CTB in multiple independent
replications.

Supplemental Figure S22. BRs are not involved in rice
CTB.

Supplemental Figure S23. WRKY53 does not play a role
in cold tolerance at the seedling stage.

Supplemental Data Set S1. Primers used in this study.
Supplemental Data Set S2. ANOVA data for this study.
Supplemental File S1. Tissue-specific expression of diverse

GA biosynthesis genes.
Supplemental File S2. Representative chromatograms for

diverse GA components.
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