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Abstract
Arabidopsis (Arabidopsis thaliana) FLOWERING LOCUS C (FLC) acts as a key flowering regulator by repressing the expression of
the floral integrator FLOWERING LOCUS T (FT). Prolonged exposure to cold (vernalization) induces flowering by reducing FLC ex-
pression. The long noncoding RNAs (lncRNAs) COOLAIR and COLDAIR, which are transcribed from the 30 end and the first in-
tron of FLC, respectively, are important for FLC repression under vernalization. However, the molecular mechanism of how
COOLAIR and COLDAIR are transcriptionally activated remains elusive. In this study, we found that the group-III WRKY transcrip-
tion factor WRKY63 can directly activate FLC. wrky63 mutant plants display an early flowering phenotype and are insensitive to
vernalization. Interestingly, we found that WRKY63 can activate the expression of COOLAIR and COLDAIR by binding to their
promoters.WRKY63 therefore acts as a dual regulator that activates FLC directly under non-vernalization conditions but represses
FLC indirectly during vernalization through inducing COOLAIR and COLDAIR. Furthermore, genome-wide occupancy profile analy-
ses indicated that the binding of WRKY63 to vernalization-induced genes increases after vernalization. In addition, WRKY63 bind-
ing is associated with decreased levels of the repressive marker Histone H3 Lysine 27 trimethylation (H3K27me3). Collectively, our
results indicate that WRKY63 is an important flowering regulator involved in vernalization-induced transcriptional regulation.

Introduction
The flowering time of Arabidopsis (Arabidopsis thaliana) is
regulated by complex gene regulation networks associated
with different regulation pathways, including photoperiod,
autonomous and vernalization pathways (Hepworth and
Dean, 2015). FLOWERING LOCUS T (FT) and SUPPRESSOR
OF OVEREXPRESSION OF CO 1 (SOC1) are two key integra-
tors perceiving these pathways. In the autonomous and ver-
nalization pathways, the MADS-box transcription factor

FLOWERING LOCUS C (FLC) acts as a repressor of FT and
SOC1 (Michaels and Amasino, 2001; Hepworth et al., 2002;
Searle et al., 2006). The repression of FLC is mediated by the
conserved chromatin-modifying complex Polycomb
Repression Complex 2 (PRC2) (Gendall et al., 2001; De Lucia
et al., 2008; Kim and Sung, 2013). Prolonged exposure to
cold triggers the increased enrichment of PRC2 and in-
creased levels of the repressive histone mark Histone H3
Lysine 27 trimethylation (H3K27me3) at FLC chromatin
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(De Lucia et al., 2008; Kim and Sung, 2013). Two Arabidopsis
long noncoding RNAs (lncRNAs), COLD INDUCED LONG
ANTISENSE INTRAGENIC RNA (COOLAIR) and COLD
ASSISTED INTRONIC NONCODING RNA (COLDAIR), are orig-
inated from the 30 end and the first intron of FLC, respec-
tively. The expression of both COOLAIR and COLDAIR is
induced by vernalization. Furthermore, COOLAIR and
COLDAIR repress FLC transcription by increasing the
H3K27me3 level via interacting with the PRC2 complex
(Swiezewski et al., 2009; Heo and Sung, 2011; Marquardt
et al., 2014; Kim et al., 2017). In addition, COOLAIR and
COLDAIR are also associated with DNA folding and the loop
structure of FLC to repress FLC expression (Sun et al., 2013;
Kim et al., 2017). These findings demonstrate the impor-
tance of COOLAIR and COLDAIR in FLC expression.
However, the molecular mechanism of how COOLAIR and
COLDAIR are transcriptionally regulated remains elusive.

The WRKY protein family is one of the largest groups of
transcription factors in plants (Llorca et al., 2014). All WRKY
transcription factors contain zinc-finger-like motifs and one
or two WRKY domains (Eulgem et al., 2000). The WRKY do-
main is a DNA-binding region of approximately 60 amino
acids composed of the conserved amino acid sequence
WRKYGQK (Rushton et al., 1995). The WRKY transcription
factors containing two WRKY domains are classified as group
I, whereas most WRKY transcription factors containing one
WRKY domain are categorized as group II (Eulgem et al.,
2000). Both of these groups have the C2H2-type zinc-finger
motif (Eulgem et al., 2000). There is a small group of WRKY
transcription factors containing the C2HC-type zinc-finger
motif with one WRKY domain that are classified as group III
(Eulgem et al., 2000). Four members of Arabidopsis group-IIIa
WRKY transcription factors, namely WRKY63, WRKY64,
WRKY66 and WRKY67, share two highly conserved domains
on the N-terminus and the WRKY domain on the C-termi-
nus (Kalde et al., 2003). The biological function of these
group-IIIa WRKY transcription factors remains largely un-
known. Although members of the WRKY protein family are
involved in biotic/abiotic stress responses, vegetative growth,
and reproductive development, only a few of them have
been reported to regulate flowering time (Li et al., 2016b; Yu
et al., 2016; Zhang et al., 2018). Members of the group-IIc
WRKY transcription factors in Arabidopsis, including
WRKY12, WRKY13, WRKY71 and WRKY75, are involved in
flowering (Li et al., 2016b; Yu et al., 2016; Zhang et al., 2018).
WRKY71 promotes flowering by directly activating FT and
LEAFY (LFY), accelerating transition from shoot apical meris-
tems to floral meristems (Yu et al., 2016). WRKY12,
WRKY13, and WRKY75 are involved in GA signaling and
modulate flowering time through interacting with DELLA
proteins (Li et al., 2016b; Zhang et al., 2018). In addition, the
group-I WRKY34 can repress FLC indirectly by activating
ubiquitin-E3 ligase CULLIN3A (CUL3A) to enhance degrada-
tion of the FLC activator FRIGIDA (FRI) (Hu et al., 2014).

Arabidopsis WRKY63, also named as ABA OVERLY
SENSITIVE 3 (ABO3), is a member of group-IIIa WRKY

transcription factors. Previous studies have demonstrated
that WRKY63 plays a role in ABA response and drought tol-
erance by activating ABSCISIC ACID RESPONSIVE ELEMENTS-
BINDING FACTOR 2 (ABF2) (Ren et al., 2010). In addition,
WRKY63 can also regulate stress responses of mitochondrial
target proteins by activating ALTERNATIVE OXIDASE 1a
(AOX1a) (Van Aken et al., 2013). In this study, we found
that WRKY63 functions as a transcriptional activator of FLC.
Furthermore, WRKY63 is involved in vernalization-induced
flowering regulation by activating the expression of the
lncRNAs COOLAIR and COLDAIR.

Results

WRKY63 is a transcriptional activator involved in
flowering time regulation
Previous studies indicated that WRKY63 is involved in ABA
and stress responses by regulating ABF2 and AOX1a (Ren
et al., 2010; Kim et al., 2017). To further investigate the bio-
logical function of WRKY63, the two wrky63 mutant lines
wrky63-1 and wrky63-2 (abo3) were obtained from The
Arabidopsis Information Resource (TAIR; www.arabidopsis.
org). wrky63-1 and wrky63-2 have T-DNA inserted in the
promoter and third exon of the WRKY63 locus, respectively
(Supplemental Figure S1, A and B). Homozygous wrky63-1
and wrky63-2 lines were identified by reverse transcription
quantitative PCR (RT-qPCR) analysis. Although the WRKY63
transcript was detected in both wrky63-1 and wild-type (WT),
the expression of WRKY63 was decreased in wrky63-1, indicat-
ing that it is a WRKY63 knock-down line (Supplemental
Figure S1, C and D). By contrast, the WRKY63 transcript was
absent in wrky63-2, indicating that it is a WRKY63 knockout
line (Supplemental Figure S1, C and D). Both wrky63-1 and
wrky63-2 displayed an early flowering phenotype in both
long-day (LD, 16 h light and 8 h dark) and short-day (SD, 8 h
light and 16 h dark) conditions (Supplemental Figure 1, A
and E), suggesting that WRKY63 is involved in flowering time
regulation.

WRKY63 has been identified to be a transcriptional activa-
tor by using transcriptional activity assays in yeast (Ren
et al., 2010). To further confirm whether WRKY63 can act as
a transcriptional activator in planta, we conducted transient
transcriptional activity assays in Arabidopsis protoplasts.
WRKY63 fussed with the GAL4 DNA binding domain at the
N-terminus (GALBD-WRKY63) was analyzed for whether it
can activate the Firefly LUCIFERASE reporter with the GAL4
binding sites (GAL4BS) in the promoter. The GAL4 DNA
binding domain fused with the VP16 activation domain
(GAL4BD-VP16) was used as a positive control (Figure 1B).
We found that the LUCIFERASE reporter can be activated by
GAL4BD-WRKY63 (Figure 1C), indicating that WRKY63 can
act as a transcriptional activator in Arabidopsis.

WRKY63 is a transcriptional activator of FLC
To investigate the function of WRKY63 in flowering time reg-
ulation, we analyzed expression of the core floral regulator
genes FT, SOC1, and FLC in wrky63 mutants. The expression
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of FT and SOC1 was significantly increased, but the expression
of FLC was decreased in both wrky63-1 and wrky63-2 com-
pared to WT (Figure 2A), suggesting that WRKY63 acts up-
stream of FT, SOC1, and FLC (Figure 2A). To analyze the
genetic interaction of WRKY63 with FT and FLC in flowering
time control, we generated the wrky63/ft and wrky63/flc dou-
ble mutants. wrky63/ft showed a late flowering phenotype
similar to ft (Supplemental Figure S2), suggesting that
WRKY63 acts upstream of FT in flowering time control.
Compared to WT, wrky63/flc showed an early flowering phe-
notype similar to wrky63-2 and flc (Supplemental Figure S3).

To further investigate whether WRKY63 can directly acti-
vate FLC expression, we generated the FLCpro::FLC-FLAG
construct containing the FLC coding sequence (CDS) fused
with 3�FLAG driven by the FLC native promoter.
FLCpro::FLC-FLAG was co-expressed with 35Spro::WRKY63-
GFP or 35Spro::mcherry control in Nicotiana benthamiana
leaves by using Agrobacterium-mediated infiltration.
Compared to the negative control, the protein level of FLC-
FLAG was increased when FLCpro::FLC-FLAG was co-
expressed with 35Spro::WRKY63, suggesting that WRKY63
can induce FLC expression (Figure 2B).

We also generated WRKY63pro::WRKY63-GFP transgenic
lines, in which the WRKY63 genome sequence containing its
native promoter fused with the GFP epitope tag was trans-
formed into wrky63-2. The early flowering phenotype of
wrky63-2 was rescued by expressing WRKY63pro::WRKY63-

GFP (Supplemental Figure S4), suggesting that WRKY63-GFP
is functional. The binding of WRKY63 to FLC was analyzed
by chromatin immunoprecipitation followed by quantitative
PCR (ChIP-qPCR). ChIP assays were performed with the
anti-GFP antibody using WRKY63pro::WRKY63-GFP trans-
genic seedlings. We found that WRKY63 can be enriched in
the FLC promoter and the transcription starting site regions,
indicating that WRKY63 can activate FLC by directly target-
ing (Figure 2, C and D). Previous studies indicate that the
expression of FLC is highly associated with H3K27me3 level
changes (Gendall et al., 2001; De Lucia et al., 2008; Kim and
Sung, 2013). We further investigated whether WRKY63
affects the level of H3K27me3 on the FLC locus. Compared
to WT, we found that the H3K27me3 level of FLC was in-
creased in wrky63 (Figure 2E). Collectively, these results indi-
cated that WRKY63 can directly target FLC and activate FLC
expression. Furthermore, WRKY63-induced FLC expression is
associated with decreased H3K27me3.

WRKY63 is involved in vernalization-induced
flowering
Previous studies indicated that FLC is involved in
vernalization-induced flowering (De Lucia et al., 2008;
Swiezewski et al., 2009; Heo and Sung, 2011; Kim and Sung,
2013). To investigate whether WRKY63 is involved in
vernalization-induced flowering, wrky63 mutant plants were
treated with 0, 2, and 4 weeks of vernalization. The flowering

Figure 1 Arabidopsis WRKY63 is a transcriptional activator and is involved in flowering regulation. A, The flowering phenotypes and rosette leaf
numbers of WT and wrky63 mutants under LD and SD. **P 5 0.001, *P 5 0.01 (Student’s t test). Values are means ±SD. The experiments were
performed with three biological replicates showing comparable results. B, Schematic structure of the effectors, reporter, and internal control used
in the transient transcriptional activity assays. C, Transient transcriptional activity assays of WRKY63. GAL4BD-WRKY63 activated the expression
of firefly LUCIFERASE (firefly LUC). Blank: no effector was added. GAL4BD was used as a negative control. GAL4BD fused with the activation do-
main VP16 (GAL4BD-VP16) was used as a positive control. Values are means ±SD. **P 5 0.001 (Student’s t test). The experiments were performed
with three biological replicates showing comparable results. RLU, relative luciferase activity.
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time of WT plants was decreased after vernalization.
However, the flowering time of wrky63 mutants was not re-
duced after the vernalization treatment (Figure 3A;
Supplemental Figure S5), indicating that wrky63 mutants are
insensitive to vernalization.

We further analyzed whether the expression of WRK63 is
affected by vernalization. WRKY63pro::WRKY63:GFP transgenic
seedlings were analyzed using a fluorescent microscope. We

found that the GFP signal was presented in the leaves and
root-tips of the transgenic plants (Figure 3B; Supplemental
Figure S6). Interestingly, the fluorescence intensity of GFP was
increased after vernalization treatment (Figure 3, B–D;
Supplemental Figure S6). Western-blot analysis indicated that
the protein level of WRKY63 was increased after vernalization
(Figure 3E). In addition, the transcript of WRKY63 was also in-
creased after vernalization (Figure 3F). These results indicated

Figure 2 WRKY63 can activate FLC by direct targeting. A, The relative expression of FT, SOC1, FLC, MAF1, MAF2, MAF3, MAF4, and MAF5 in
wrky63-1, wrky63-2, and WT Arabidopsis. B, Western blot of FLCpro::FLC-FLAG in Agrobacterium-infiltrated Nicotiana benthamiana leaves trans-
formed with 35Spro::WRKY-GFP or the 35Spro::mcherry control. Western blots were performed with indicated antibodies, H3 and total proteins
stained with CBB were used as the loading control. CBB, coomassie brilliant blue. C, The schematic structure of the FLC genome. The red dots indi-
cate W-boxes like motifs (TGAC), and the regions analyzed for ChIP-qPCR are marked with green lines. D, Binding of WRKY63-GFP to FLC identi-
fied by ChIP-qPCR assays. Fourteen-day-old WRKY63pro::WRKY63-GFP transgenic plants were used for ChIP assays using an anti-GFP antibody.
The 35Spro::GFP transgenic plants were used as a control. The amount of immunoprecipitated DNA was quantified by qPCR. Values represent the
average immunoprecipitation efficiencies (%) against the total input DNA, and ACT2 was used as a negative control. E, ChIP analysis of
H3K27me3 levels on the FLC locus. Fourteen-day-old plants were used for ChIP assays. The amounts of DNA after ChIP were quantified by qPCR
and normalized to TA3. The values of these qPCR assays are means ±SD. These experiments were performed with three biological replicates show-
ing comparable results. **P 5 0.001, *P 5 0.01 (Student’s t test).
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that the expression of WRKY63 can be induced by vernaliza-
tion. Collectively, our results suggested that WRKY63 is in-
volved in vernalization-induced flowering.

WRKY63 is a transcriptional activator of the
lncRNAs COOLAIR and COLDAIR
To further investigate how WRKY63 is involved in
vernalization-induced flowering, we analyzed the expression

of FLC after the vernalization treatment. After vernalization,
FLC expression was decreased in WT but not in the wrky63
mutants (Figure 4, A and B), suggesting that vernalization-
repressed expression of FLC is dependent on WRKY63. The
Arabidopsis lncRNAs COOLAIR and COLDAIR can be in-
duced by vernalization, and both of them can repress the
expression of FLC (Swiezewski et al., 2009; Heo and Sung,
2011; Marquardt et al., 2014; Kim et al., 2017). Interestingly,

Figure 3 WRKY63 is induced by vernalization and is involved in vernalization-induced flowering. A, The flowering phenotypes and rosette leaf num-
bers of WT and wrky63 mutants under 0, 2, and 4 weeks of vernalization treatments in SD. At least 20 plants of each line were counted for the rosette
leaf numbers at flowering. Values are means ±SD. **: P 5 0.001 (Student’s t test). The experiments were repeated 3 times with comparable results.
wV, weeks of vernalization. B, GFP fluorescence signal in WRKY63pro::WRKY63:GFP transgenic plants without vernalization (nV) or with 4 weeks of
vernalization ( + V). The experiments were performed with three biological replicates showing comparable results. Bar = 1 mm. C and D,
Quantification of GFP fluorescent intensity (C) and the relative GFP fluorescent intensity (D) in WRKY63pro::WRKY63:GFP transgenic plants without
vernalization (nV) or with 4 weeks of vernalization ( + V). The X-axis represents the detected section of cotyledons, Y-axis fluorescence indicates the
value of GFP intensity. Values of relative GFP intensity are normalized means ±SD. **P 5 0.001. At least 10 leaves for each treatment were counted for
the GFP intensity. E, Western blot of WRKY63pro::WRKY63:GFP in transgenic plants without vernalization (nV) or with 4 weeks of vernalization
( + V). The western blots were performed with the indicated antibody, and the total protein stained with CBB was used as the loading control. F, The
relative expression of WRKY63 in WT Arabidopsis without vernalization (nV) or with 4 weeks of vernalization ( + V). **P 5 0.001 (Student’s t test).
Values are means ±SD. The experiments were performed with three biological replicates showing comparable results. CBB, coomassie brilliant blue.
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we found that the expression of COOLAIR and COLDAIR
was strongly increased in WT after vernalization treatment,
but not in the wrky63 mutants (Figure 4, A and B). These
results suggested that vernalization-induced COOLAIR/
COLDAIR expression is dependent on WRKY63. To further
confirm whether WRKY63 can activate COOLAIR/COLDAIR
expression, COOLAIR/COLDAIR promoter-driven LUCIFERASE
constructs (COOLAIRpro::LUC/COLDAIRpro::LUC) were co-
expressed with 35Spro::WRKY63 or the 35Spro::mcherry con-
trol. We found that the expression of COOLAIRpro::LUC and
COLDAIRpro::LUC was significantly increased when co-
expressed with WRKY63, but not with the 35Spro::mcherry
control (Figure 4C). By contrast, the GLYCINE RICH PROTEIN
7 (GRP7) promoter-driven LUCIFERASE construct
(GRP7pro::LUC), which was used as a control, did not show
increased expression when co-expressed with WRKY63

(Figure 4C). Together, these data indicated that WRKY63 is
a transcriptional activator of COOLAIR and COLDAIR.

We further tested the wrky63 mutant for its vernaliza-
tion response by the introgression of wrky63 into the
FRIcol (Col-0 with a functional FRI allele) genetic back-
ground (Gazzani et al., 2003). We found that FRI/wrky63
was also insensitive to vernalization (Supplemental
Figure S7, A and B). The gene expression pattern was
also analyzed in FRIcol and FRI/wrky63. We found that
the expression of FLC was significantly decreased in FRI/
wrky63 compared to FRIcol (Supplemental Figure S7C).
In addition, we also found that the expression of
COOLAIR was decreased in FRI/wrky63 compared to
FRIcol (Supplemental Figure S7C). These results indicated
that vernalization-induced COOLAIR expression is depen-
dent on WRKY63.

Figure 4 The expression of COOLAIR and COLDAIR is activated by WRKY63. A, The FLC structure and the fragments used for the RT-qPCR assay.
Arrows indicate the primer sets in RT-qPCR. The blocks represent transcribed regions of FLC, COLDAIR and COOLAIR. The dashed lines indicate in-
tron regions. B, The relative expression of FLC, COLDAIR, Class I COOLAIR (COOLAIR I), and Class II COOLAIR (COOLAIR II) in wrky63-1, wrky63-2,
and WT treated with 0, 2, or 4 weeks of vernalization (nV, 2wV, and 4wV). C, Transient transcriptional activity assays of COOLAIRpro::LUC,
COLDAIRpro::LUC, and GRP7pro::LUC. The firefly LUCIFERASE (LUC) driven by the COOLAIR promoter, COLDAIR promoter, or GRP7 promoter
were co-transformed with the effector 35S::WRKY63 and the 35Spro::mcherry control. RLU represents firefly LUCIFERASE normalized by co-
expressed 35Spro::Renilla luciferase. The value of above assays represents means ±SD. These experiments were performed with three biological repli-
cates showing comparable results. **P 5 0.001, *P 5 0.05 (Student’s t test). RLU, relative light units.
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The binding of WRKY63 to FLC under vernalization (V) or
non-vernalization (nV) treatment was further analyzed by
ChIP-qPCR using WRKY63pro::WRKY63:GFP transgenic seed-
lings. We found that the binding of WRKY63 on the first in-
tron (W1 and V1) and down-stream regions (U1 and W2) of
FLC was significantly increased after vernalization treatment
(Figure 5, A and B). Interestingly, two WRKY63 binding sites,
W2 and W1, are located in the 50 upstream regions of the
transcription start sites (TSS) of COOLAIR and COLDAIR, re-
spectively (Figure 5A). Collectively, these results suggested
that WRKY63 can directly target the FLC locus to activate
FLC under non-vernalization conditions. Furthermore, vernali-
zation increases the binding of WRKY63 to the COOLAIR/
COLDAIR promoter, which activates COOLAIR/COLDAIR tran-
scription and suppresses the expression of FLC.

Previous studies have revealed that the vernalization-
repressed expression of FLC is associated with PRC2-mediated
H3K27me3 enrichment (De Lucia et al., 2008; Swiezewski
et al., 2009; Heo and Sung, 2011; Kim and Sung, 2013). To fur-
ther investigate whether WRKY63 is involved in the regula-
tion of histone modifications, we also analyzed the
H3K27me3 and H3 acetylation (H3Ac) levels in wrky63
treated with vernalization ( + V) or non-vernalization (nV).
The H3K27me3 level of FLC in wrky63 was increased com-
pared to WT before vernalization (Figure 5C). Furthermore,
the H3K27me3 level of FLC was significantly increased after

vernalization in WT. By contrast, the H3K27me3 level of FLC
in wrky63 was not changed after vernalization (Figure 5C). In
addition, the H3Ac level of FLC was not substantially affected
by vernalization in both wrky63 and WT (Supplemental
Figure S8). These results indicated that WRKY63-induced
gene expression is associated with decreased H3K27me3
levels.

Genome-wide occupancy profiles of WRKY63
To investigate the genome-wide function of WRKY63 in gene
regulation, we mapped the genome-wide occupancy of
WRKY63. Chromatin immunoprecipitation followed by se-
quencing (ChIP-seq) was carried out to identify the WRKY63-
targeted genomic regions using WRKY63pro::WRKY63:GFP
transgenic plants under vernalization or non-vernalization
treatment. Similar to the ChIP-qPCR data, the genome
browser views of WRKY63 ChIP-Seq data also show that
WRKY63 can target the FLC promoter and first exon, and ver-
nalization increased the binding of WRKY63 on the first in-
tron and downstream regions (Figure 6A). Compared to the
Arabidopsis genomic region distribution, we found that the
enrichment of WRKY63 was higher in the 1-kb promoter
regions, but lower in the exon regions (Figure 6B). The geno-
mic distribution ratio of WRKY63 was similar among vernali-
zation and non-vernalization treatments (Figure 6B). In
addition, we identified many cis-elements that were enriched

Figure 5 Binding of WRKY63 and the H3K27me3 level on the FLC locus in vivo. A, The schematic structure of the FLC genome. The blocks repre-
sent transcribed regions of FLC, COLDAIR and COOLAIR. The dashed lines indicate intron regions. B, Binding of WRKY63pro::WRKY63:GFP to FLC
identified by ChIP-qPCR assays. Fourteen-day-old WRKY63pro::WRKY63:GFP transgenic plants without vernalization (nV) or with 4 weeks of ver-
nalization ( + V) were used for ChIP assays using an anti-GFP antibody. The 35Spro::GFP transgenic plants were used as a control. The amount of
immunoprecipitated DNA was quantified by qPCR. Values represent the average immunoprecipitation efficiencies (%) against the total input
DNA, and ACT2 was used as a negative control. C, ChIP analysis of H3K27me3 levels on the FLC locus. Plants without vernalization (nV) or with 4
weeks of vernalization ( + V) were used for ChIP assays. The amounts of DNA after ChIP were quantified by qPCR and normalized to TA3. Error
bars indicate SD from three biological replicates. *P 5 0.01, **P 5 0.001, ns: no significant difference (Student’s t test).

538 | PLANT PHYSIOLOGY 2022: 190; 532–547 Hung et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac295#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac295#supplementary-data


within the WRKY63 binding sites, including TGACC/T,
CCRCCR, TATA-box, G-box (CACGTG), AACCCTA and AG/
AAG sequences (Figure 6C). The enriched cis-element
TGACC/T is the W-box like motif, which is found to be tar-
geted by many WRKY family transcription factors (Eulgem
et al., 2000; Maeo et al., 2001). We found that the WRKY63
enriched cis-elements of vernalization and non-vernalization
treatments were similar (Figure 6C). Taken together, these

results suggested that the genomic distribution ratio and the
DNA binding motifs of WRKY63 are not affected by
vernalization.

However, we also found that the number of WRKY63-
targeted genes is increased after vernalization (Figure 6D).
Many of the WRKY63-targeted genes under vernalization
were not targeted by WRKY63 without vernalization
(Figure 6D), suggesting that WRKY63 binds to a subset of

Figure 6 Genome-wide occupancy profiles of WRKY63. A, IGV showing the binding of WRKY63 on the FLC locus without (nV) or with ( + V) ver-
nalization. Bars: normalized reads = 25. B, Pie charts showing the distribution of WRKY63 annotated genic and intergenic regions in the genome.
C, The DNA binding motifs significantly enriched in the WRKY63 binding sites. D, A Venn diagram showing the overlap between WRKY63 tar-
geted genes among vernalization (WRKY63 + V) and non-vernalization (WRKY63 nV) treatments. E, Heat map representation of the occupancy
of WRKY63 and RNA polymerase II (pol II) in the WRKY63 occupied genomic region. Each horizontal line represents a WRKY63 binding region,
and the signal intensity is shown for the occupancy of WRKY63 and pol II (center). Columns show the genomic region surrounding each WRKY63
peak. Signal intensity is indicated by the shade of heatmap.
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genes only after vernalization. These results indicated that
WRKY63 might be involved in the vernalization-induced
gene activation. We further classified the WRKY63 target
genes into three different groups, namely the genes specific
for vernalization, those specific for non-vernalization, and
those for both vernalization and non-vernalization. These
WRKY63-targeted genes were further analyzed according to
Gene Ontology Biological Processes (GO-BP). We found that
the WRKY63 target genes are involved in different types of
hormone responses, stress responses, and development
pathways (Supplemental Figure S9). Interestingly, we found
that the GO term “vernalization response (GO:0010048)”
was only enriched in the genes specifically targeted by
WRKY63 after vernalization (Supplemental Figure S9). By
contrast, the genes specifically targeted under non-
vernalization were more associated with the light response
and circadian rhythm, but less associated with developmen-
tal responses (Supplemental Figure S9). These results sug-
gested that WRKY63 may be involved in different regulation
processes under vernalization and non-vernalization.

We also compared the WRKY63-occupied genomic
regions with the previously published ChIP-Seq data of RNA
polymerase II (pol II) (Liu et al., 2018). The plotprofile and
plot heatmap analyses indicate that the center of WRKY63-
binding regions was highly associated with the enrichment
of pol II (Figure 6E). These results support that WRKY63 can
act as a transcriptional activator and may be associated with
the regulation of transcription initiation.

WRKY63 is associated with vernalization-induced
gene activation and decreased H3K27me3
We further investigated the function of WRKY63 in the
vernalization-induced gene activation. A subset of
vernalization-induced genes was previously identified by the
RNA-sequencing data of Arabidopsis treated with vernaliza-
tion (Gibbs et al., 2018). We found that the binding of
WRKY63 was highly enriched near the TSS of these
vernalization-induced genes. In addition, the binding of
WRKY63 on these genes was substantially increased after
vernalization (Figure 7A). We also identified a subset of
genes with decreased H3K27me3 levels after vernalization
from the published ChIP-seq datasets (Xi et al., 2020).
Similarly, the binding of WRKY63 to these genes with de-
creased H3K27me3 was substantially increased after vernali-
zation (Figure 7B). Compared to the non-vernalization-
specific targets of WRKY63, the vernalization-specific targets
of WRKY63 tend to have high degrees of overlap with the
vernalization-induced genes and the H3K27me3 decreased
genes (Supplemental Figure S10).

To further analyze the function of WRKY63 in association
with H3K27me3, we compared the H3K27me3 level in the
WRKY63 targeted genomic regions under vernalization
(WRKY63 + V) or non-vernalization (WRKY63 nV) treat-
ments. Interestingly, we found that the H3K27me3 level on
the targeted regions of WRKY63 + V was substantially de-
creased after vernalization (Figure 7C). By contrast, the

H3K27me3 level on the binding regions of WRKY63-nV was
not changed (Figure 7C). Furthermore, the relative H3K27me3
levels of the vernalization-specific target genes of WRKY63
were substantially decreased after vernalization (Figure 7, D
and E). Collectively, these results indicated that WRKY63 is
involved in both gene activation and H3K27me3 decreasing
induced by vernalization. However, a subset of vernalization-
specific WRKY63 targets did not show decreased H3K27me3
after vernalization (Supplemental Figure S10), suggesting that
in addition to H3K27 demethylation, other histone modifica-
tions may also be involved in WRKY63-regulated genes.

We selected several vernalization-induced genes that are
targeted by WRKY63 with decreased H3K27me3 after ver-
nalization for further analysis. Genome browser views of the
RNA-seq data also indicated that the expression of these
genes was increased after vernalization (Figure 8A).
Furthermore, these vernalization-induced genes were also di-
rectly targeted by WRKY63, and the binding of WRKY63
was increased after vernalization (Figure 8A). We found that
the expression of several cold-response genes was also de-
creased in wrky63 compared to WT after vernalization, such
as C-REPEAT/DRE BINDING FACTOR 1 (CBF1) (Stockinger
et al., 1997), COLD-REGULATED 47 (COR47) (Guo et al.,
1992), KIN1 (Knight et al., 1996), ACYL-LIPID DESATURASE2
(ADS2) (Chen and Thelen, 2013), and CA2 + -BINDING
PROTEIN 1 (AtCP1) (Knight et al., 1996; Delk et al., 2005)
(Figure 8B). Recent studies indicate that the HD2-type his-
tone deacetylase HD2C and the flowering regulator
GIGANTEA (GI) are involved in cold responses (Fornara
et al., 2015; Park et al., 2018; Lim et al., 2020). We found
that vernalization-induced expression of HD2C and GI was
decreased in wrky63 (Figure 8B). Together, these results indi-
cated that WRKY63 is required for the activation of
vernalization-induced genes. In addition, the increased ex-
pression of these vernalization-induced genes was associated
with decreased H3K27me3 after vernalization (Figure 8A).
We further analyzed the H3K27me3 levels of these genes in
wrky63 using ChIP-qPCR. Vernalization reduced H3K27me3
levels in WT (Figure 8C). However, the H3K27me3 levels of
these genes in wrky63 were significantly higher compared to
WT after vernalization (Figure 8C). Collectively, these results
indicated that WRKY63 is associated with the decreased
H3K27me3 of the vernalization-induced genes.

Discussion
Arabidopsis WRKY63 is a member of group-IIIa WRKY tran-
scription factors (Eulgem et al., 2000). Previous studies have
demonstrated that WRKY63 plays a role in ABA response
and drought tolerance by directly targeting to the W-boxes
of ABF2 and AOX1a (Ren et al., 2010; Van Aken et al., 2013).
In this study, we identified that WRKY63 functions as a
transcriptional activator of FLC and is involved in the
vernalization-induced flowering. The transcript and protein
of WRKY63 are increased after vernalization. Furthermore, a
subset of vernalization-induced genes can be activated by
WRKY63. In addition to flowering, WRKY63-regulated genes
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are also involved in the other development processes as well
as hormone and stress responses. Recently, the genomic
binding patterns of WRKY18, WRKY33, and WRKY40 were
also investigated by using ChIP-seq (Birkenbihl et al., 2017).
It was found that WRKY18 and WRKY40 are redundantly
involved in flg22-induced defense responses (Birkenbihl
et al., 2017). Our ChIP-seq analyses indicate that the enrich-
ment of WRKY63 was higher in the promoter regions, but
lower in the exon regions. In addition, the binding of
WRKY63 is highly enriched in regions near the TSS. Similar
binding patterns were also observed for WRKY18, WRKY33,
and WRKY40 (Birkenbihl et al., 2017).

lncRNAs are involved in diverse gene regulation processes,
including chromatin remodeling, histone modification,

alternative splicing, and transcriptional activation (Wang
et al., 2011; Bardou et al., 2014; Liu et al., 2015; Hung et al.,
2020a). In Arabidopsis, the lncRNAs COOLAIR and COLDAIR
are necessary for vernalization-induced FLC repression by in-
creasing the occupancy of PRC2 at FLC chromatin
(Swiezewski et al., 2009; Heo and Sung, 2011; Marquardt
et al., 2014; Kim et al., 2017). The expression of COOLAIR
and COLDAIR is highly increased under prolonged cold
treatment (Swiezewski et al., 2009; Heo and Sung, 2011;
Marquardt et al., 2014; Kim et al., 2017). However, the mo-
lecular mechanism of how COOLAIR and COLDAIR are tran-
scriptionally activated remains elusive. In this study, we
found that WRKY63 can directly bind to the FLC locus.
Furthermore, WRKY63 binding on the promoters of

Figure 7 WRKY63 is associated with vernalization-induced gene activation and H3K27me3 demethylation. A and B, Metagene ChIP-seq binding
profiles of WRKY63 among the vernalization-induced genes (A) and the H3K27me3-decreased genes after vernalization (B). The profile is from
2-kb upstream of the TSS to 1-kb downstream of the TTS, and the gene lengths were scaled to the same size. C, The mean density of H3K27me3
enrichment in the WRKY63 occupied regions under non-vernalization (WRKY63 nV) or vernalization (WRKY63 + V) treatments. The average
H3K27me3 signal under vernalization (H3K27me3 + V) or non-vernalization (H3K27me3 nV) within 0.5-kb genomic regions flanking the center of
WRKY63 peaks is shown. D, X–Y scatter plots showing the relative enrichment of H3K27me3 levels ( + V: nV) and the binding level of WRKY63
under vernalization with the vernalization-specific WRKY63 targeted genes. E, Boxplot showing the relative H3K27me3 level ( + V: nV) of the ver-
nalization-specific WRKY63 targeted genes. Center line: median value; box limits: central 50% of the data, upper/lower quartiles: first/last 25% of
the data; points: value of the outliers. **P 5 0.001 (Student’s t test).
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COOLAIR and COLDAIR is significantly increased after vernal-
ization. We also found that the vernalization-induced ex-
pression of COOLAIR and COLDAIR is decreased in the
wrky63 mutant compared to WT. In addition, WRKY63 can
also activate the LUC reporter gene driven by COOLAIR and
COLDAIR promoters in the transactivation assays. These
results indicated that WRKY63 can act as a transcriptional
activator of COOLAIR and COLDAIR. Our recent study has
revealed that the expression of lncRNAs is associated with
H3Ac/H3K4me2 changes regulated by the HDA6-LDL1/2
histone modification complex in Arabidopsis (Hung et al.,
2020a). In addition, COOLAIR interacts with the FRI

super-complex and was predicted to be involved in forming
a loop on the FLC transcript during vernalization (Sun et al.,
2013). It remains to be determined whether COOLAIR and
COLDAIR activation mediated by WRKY63 is related to
these processes. Intriguingly, we found that WRKY63 can
target different genomic regions of the FLC locus. Although
WRKY63 can bind to the FLC promoter and first exon with-
out vernalization, the binding of WRKY63 on COOLAIR and
COLDAIR promoters is increased after vernalization. These
results suggested that WRKY63 can activate FLC under non-
vernalization conditions and also activate COOLAIR/
COLDAIR transcription to suppress the expression of FLC

Figure 8 The WRKY63 binding, expression and H3K27me3 level of WRKY63 regulated genes. A, IGV showing the WRKY63 binding, expression,
and H3K27me3 level of selected genes. Bars: normalized reads = 25. B and C, Expression (B) and H3K27me3 patterns (C) in WT and wrky63
mutants. Expression of the indicated genes was analyzed by RT-qPCR. UBQ10 was used as an internal control. ChIP assays were performed with
the H3K27me3 antibody. The amounts of DNA after ChIP were quantified by qPCR and normalized to TA3. Error bars correspond to standard
derivations. *P 5 0.05; **P 5 0.005 (Student’s t test). At least three independent biological replicates were performed with similar results.
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during vernalization. However, the mechanism underlying
the binding of WRKY63 to different regions of the FLC locus
is still unclear. It is possible that WRKY63 may associate
with different protein complexes under vernalization and
non-vernalization conditions. It has been reported that the
protein components of the PRC2 complex are different and
can target different regions of FLC under vernalization and
non-vernalization conditions (Wood et al., 2006; Swiezewski
et al., 2009; Heo and Sung, 2011; Marquardt et al., 2014; Kim
et al., 2017). Changed binding of WRKY transcription factors
under specific stress conditions has also been reported
(Rushton et al., 2010; Llorca et al., 2014; Li et al., 2016b).
Genome-wide analyses of WRKY63 occupancy indicated
that WRKY63-targeted genes are substantially changed after
vernalization, suggesting that WRKY63 may regulate gene
expression under different environmental conditions by tar-
geting different genomic regions.

There are 21 JmjC domain-containing proteins in
Arabidopsis, which can act as demethylases to remove
methyl-group on lysine residues of histone proteins and are
involved in developmental processes (Lu et al., 2008; Luo
et al., 2014; Hung et al., 2020b, 2021). The KDM4 group of
JmjC-demethylases is specific for H3K27me3 demethylation
(Lu et al., 2008; Luo et al., 2014). EARLY FLOWERING 6
(ELF6/JMJ11) is an activator of FLC (Noh et al., 2004), but
RELATIVE OF EARLY FLOWERING 6 (REF6/JMJ12) positively
regulates FT by removing H3K27me3 (Lu et al., 2011). In ad-
dition, the H3K27 demethylase REF6 can directly bind to
DNA by its own DNA-binding domain (Li et al., 2016a). In
this study, we found that WRKY63-activated gene expres-
sion in vernalization is associated with decreased H3K27me3
level, suggesting that WRKY63 might be functionally associ-
ated with H3K27me3 demethylation to regulate gene ex-
pression in Arabidopsis. Further studies are needed to
investigate the functional association between H3K27me3
demethylases and WRKY63. However, since the removing of
H3K27me3 can be directly caused by the transcriptional ac-
tivation (Holoch et al., 2021), the decreased H3K27me3
might be indirectly caused by the transcriptional activation
of WRKY63.

In addition to COOLAIR and COLDAIR, we found that
WRKY63 can also activate the expression of other
vernalization-induced genes, such as CBF1, COR47, KIN1,
ADS2, AtCP1, HD2C, and GI. Intriguingly, the expression of
these genes is increased after vernalization. By contrast, FLC
expression is decreased after vernalization. In addition,
WRKY63 can activate FLC under non-vernalization condi-
tions. Since there is no difference in the expression of KIN1,
ADS2, AtCP1, and HD2C between wrky63 and WT before
vernalization treatment, WRKY63 may not affect these genes
under non-vernalization conditions. These results support
our hypothesis that WRKY63 may associate with different
protein complexes to regulate gene expression under vernal-
ization and non-vernalization conditions. Interestingly,
WRKY63 functions as a transcriptional activator of FLC un-
der non-vernalization condition. However, vernalization

increases the binding of WRKY63 to the promoters of the
lncRNA COOLAIR/COLDAIR, resulting in the activation of
COOLAIR/COLDAIR and repression of FLC during vernaliza-
tion. Therefore, WRKY63 acts as a dual regulator that acti-
vates FLC directly under non-vernalization conditions but
represses FLC indirectly during vernalization through
COOLAIR/COLDAIR.

According to the GO-BP analysis, we found that the
WRKY63 target genes are involved in hormone and stress
responses as well as developmental processes, suggesting that
in addition to vernalization and flowering regulation,
WRKY63 may also be involved in other developmental pro-
cesses. For example, we found that CBF1, COR47, and GI can
be regulated by WRKY63 under both vernalization and non-
vernalization conditions. Similar to WRKY63, CBF1, COR47,
and GI have also been reported to be involved in drought
stress response (Welin et al., 1994; Haake et al., 2002; Riboni
et al., 2013). In addition, GI is one of the core regulators in
the evening-loop of circadian rhythm and is involved in
photoperiod-mediated flowering (Fowler et al., 1999). CBF1 is
also regulated by the circadian rhythm and PHYTOCHROME
INTERACTING FACTOR 7 (PIF7) (Kidokoro et al., 2009).
Further research is required to analyze whether WRKY63 is
involved in these processes.

In conclusion, we demonstrated that the transcription
factor WRKY63 is involved in the regulation of vernalization-
induced flowering. WRKY63 binds to the FLC locus and acti-
vates the lncRNAs COOLAIR and COLDAIR under vernaliza-
tion. Furthermore, WRKY63 can also activate the expression
of a subset of vernalization-induced genes and the activation
of gene expression mediated by WRKY63 is associated with
decreased H3K27me3 (Figure 9).

Materials and methods

Plant materials and growth conditions
In this study, the WT Arabidopsis (A. thaliana) Columbia
(Col-0) ecotype was used. Plants were grown in growth
chambers under 16/8 h light/dark LD or 8/16 h light/dark
SD conditions at 22�C. For vernalization treatment, seeds
were germinated and grown for 10 days under standard
conditions (LD, 22�C), and then transferred to 4�C for 2, 4,
or 6 weeks. The wrky63-2 (abo3) mutant (SALK_007496) has
the T-DNA insertion in the third exon (Ren et al., 2010),
and wrky63-1 (SALK_068280) has the T-DNA insertion in
the promoter region. These wrky63 mutants were obtained
from TAIR (www.arabidopsis.org). The wrky63/ft and
wrky63/flc mutant plants were generated by crossing
wrky63-2 (abo3) with ft-10 and flc-3, respectively. All the
above mutants used in this study are in the Col-0 back-
ground. FRI/wrky63 mutant plant was generated by crossing
wrky63-2 (abo3) with FRIcol (Col-0 with a functional FRI al-
lele) (Gazzani et al., 2003).

Plasmid construction and plant transformation
The full-length CDS fragments of WRKY63 were PCR-
amplified and cloned into the pCR8/GW/TOPO vector
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(Invitrogen). Point mutation constructs were constructed by
specific primer sets then cloned into the pCR8/GW/TOPO
vector (Invitrogen). WRKY63 was recombined into the
PK7WGF2 (Invitrogen) to generate the GFP:WRKY63 plasmid.
To construct WRKY63pro::WRKY63:GFP, approximately 2-kb
promoter with the genome sequence of WRKY63 was
cloned into the pCR8/GW/TOPO vector (Invitrogen), then
recombined into the pMDC107 binary vector. The transgenic
plants were generated by using the floral dip method.

LUCIFERASE transient assays
The analysis of LUCIFERASE transient expression was per-
formed as described previously (Fujimoto et al., 2000; Ohta
et al., 2000).The reporter construct [GAL4BS(4X)-GCC
box(4X)-TATA box-Translational enhancer::Firefly LUC]
(Fujimoto et al., 2000; Ohta et al., 2000) contains the bind-
ing site (GAL4BS) of the yeast transcription factor GAL4
(Ma and Ptashne, 1987). The effector construct contains the
GAL4 DNA binding domain (GAL4-BD) fussed at the N-ter-
minus of WRKY63 (GALBD-WRKY63). GAL4BD was used as
a negative control, and GAL4BD fused with the VP16 activa-
tion domain (GAL4BD-VP16) (Triezenberg et al., 1988) was
used as a positive control. The analyses of LUCIFERASE tran-
sient expression in protoplasts were described in previous
studies (Ohta et al., 2000; Ding et al., 2018). Four micro-
grams of reporter constructs and 5 lg of effector constructs
were used for each co-transfection assays. To analyze the
promoter activity of COOLAIR and COLDAIR, 1.2 kb of
COOLAIR promoter and 1.5 kb of COLDAIR promoter were
PCR-amplified, then cloned into the pCR8/GW/TOPO vector
(Invitrogen). The COOLAIR promoter and COLDAIR
promoter were recombined into pKGWL7 with the
firefly LUCIFERASE (LUC) as reporter constructs. Effector con-
structs 35Spro::WRKY63 and 35Spro::mcherry control were

co-transformed as described previously (Ohta et al., 2000;
Ding et al., 2018) for transcriptional activity assays. The
reporter luciferase activities were standardized by activities
of the co-expressed Renilla LUCIFERASE (rLUC), and relative
reporter activities were calculated. Experiments were re-
peated at least three times for each reporter–effector com-
bination. Signals of Firefly and Renilla luciferase were assayed
with the dual luciferase assay reagents (Promega).

Fluorescence imaging and western blot
The vernalization or non-vernalization treated
WRKY63pro::WRKY63:GFP transgenic plants were used for
the fluorescence imaging. GFP fluorescence was visualized by
using the Zeiss Axio Imager.Z2 microscope system (https://
www.zeiss.com/microscopy). The GFP signal was quantified
in the middle section of cotyledons for analyzing GFP inten-
sity by the Zeiss ZEN software (https://www.zeiss.com/mi
croscopy/int/products/microscope-software/zen.html). GFP
fluorescence was observed through the filter sets 46 HE (ex-
citation at 500 nm, beamsplitter at 515 nm, and emission at
535 nm). Images were captured using a 5� objective with
tile scan mode. The vernalization and non-vernalization
samples were captured in the same field together and then
processed and analyzed using the Zeiss ZEN software as de-
scribed above.

Western blot assays were performed as previously de-
scribed (Hung et al., 2018). Anti-GFP (Santa Cruz
Biotechnologies, catalog no. SC-9996; 1:3,000 dilution), anti-
FLAG (sigma, M2; 1:3,000 dilution), and anti-H3 (Abcam,
ab1791; 1:3,000 dilution) antibodies were used as primary
antibodies for Western blot; the resulting signals were
detected by using an Advansta ECL Western blotting kit
(Advansta, K-12045-D20).

Figure 9 A model of how Arabidopsis WRKY63 is involved in vernalization-induced flowering. Without vernalization, WRKY63 can activate FLC
expression by direct targeting. During vernalization, the binding of WRKY63 is increased in the promoters of the lncRNAs COOLAIR and COLDAIR,
resulting in COOLAIR and COLDAIR activation. Therefore, the expression of FLC is repressed by increased COOLAIR and COLDAIR during vernaliza-
tion. Furthermore, WRKY63 can also activate the expression of other vernalization-induced genes.
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Reverse transcription quantitative PCR analysis
Total RNA was isolated using TRIZOL reagent (Invitrogen,
15596026) according to the manufacturer’s instructions.
Two micrograms of DNAse (Promega, RQ1 #M6101) treated
total RNA were used to synthesize cDNA (Promega,
#1012891). RT-qPCR was performed using iQ SYBR Green
Supermix solution (Bio-Rad, #170-8880). The CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, Inc.) was
used with the following cycling conditions: 95�C for 10 min,
followed by 45 cycles of 95�C for 15 s, 60�C for 30s, and
then fluorescent detection. This was immediately followed
by a melting curve (65�C–95�C, incrementing 0.5�C for 5 s,
and plate reading). The melting curve analysis confirmed the
absence of non-specific products. Each sample was quanti-
fied at least in triplicate and normalized by calculating delta
Cq (quantification cycle) to the expression of the internal
control Ubiquitin10 (UBQ10). The Cq and relative expression
level are calculated by the Biorad CFX Manager 3.1 based on
the MIQE guidelines. Standard deviations represent at least
three technical and two biological replicates. The variance in
average data is represented by standard error of the mean
(SEM). The standard deviation (SD), SEM determination, and
P-value were calculated using Student’s paired t test. The
gene-specific primers used for RT-qPCR are listed in
Supplemental Table S1.

Chromatin immunoprecipitation assays
ChIP assays were performed as previously described (Hung
et al., 2018, 2021). Chromatin extracts were prepared from
seedlings treated with 1% formaldehyde (v/v). The chroma-
tin was sheared to the mean length of 500 bp by sonication,
proteins and DNA fragments were then immunoprecipitated
using antibodies against GFP (Abcam, catalog no. ab290),
H3K27me3 (Diagenode, catalog no. C15410195), or H3Ac
(Millipore, catalog no. 06-599). The DNA cross-linked to
immunoprecipitated proteins were reversed and then ana-
lyzed by qPCR using specific primers (Supplemental Table
S1). Percent input was calculated as follows: 2^(Cq(IN)-
Cq(IP))X100. Cq is the quantification cycle as calculated by
the Biorad CFX Manager 3.1 based on the MIQE guidelines.
Standard deviations represent at least three technical and
two biological replicates. The variance in average data is rep-
resented by SEM . The SD, SEM determination, and P-value
were calculated using Student’s paired t test.

ChIP-seq and data analyses
ChIP-seq assays were performed based on previous research
(Hung et al., 2018, 2021). Two nanograms of DNA from
ChIP was pooled to ensure that there are enough starting
DNA for library construction. Two biological replicates were
prepared and sequenced for each ChIP-seq experiment. The
ChIP DNA was first tested by RT-qPCR and then used to
prepare ChIP-seq libraries. End repair, adaptor ligation, and
amplification were carried out using the NEBNext Ultra II
DNA Library Prep kit (cat no. E7103) according to the man-
ufacturer’s protocol. The Novoseq PE150 was used for high-
throughput sequencing of the ChIP-seq libraries. The raw

sequence data were processed using the GAPipeline Illumina
sequence data analysis pipeline. Reads were mapped to the
TAIR10 Arabidopsis genome (Lamesch et al., 2012) using
Qiagen CLC Genomics Workbench (https://www.qiagenbioin
formatics.com) with default settings. Reads that mapped to
multiple regions were discarded. The data were then
imported into the Integrated Genome Viewer (IGV)
(Thorvaldsdottir et al., 2013) for visualization. The distribu-
tion of the ChIP binding peaks was analyzed with
ChIPseeker (Yu et al., 2015), and a high-read random
Arabidopsis genomic region subset (1,350,000 regions) was
used to represent the ratio of the total Arabidopsis genomic
regions. The regions with peak value less than 15 were ex-
cluded to locate the target genes (Supplemental Table S2).
To identify DNA motifs enriched sites, 400-bp sequences
encompassing each peak summit (200-bp upstream and
200-bp downstream) were extracted and searched for
enriched DNA motifs using MEME-ChIP with the default
parameters (Machanick and Bailey, 2011). To compare the
association between RNA expression and histone modifica-
tions, the ChIP-seq results as well as previously published
Arabidopsis RNA-seq (GSE123459), H3K27me3 (GSE130291),
and Pol II (GSE95301) ChIP-seq data (Gibbs et al., 2018; Liu
et al., 2018; Xi et al., 2020) were analyzed by using
deepTools. The WRKY63 ChIP-seq short read data have
been submitted to the NCBI Gene Expression Omnibus
(GEO) database (GSE177884).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
(Supplemental Table S1). Short read data of WRKY63 ChIP-
seq have been submitted to the NCBI-Gene Expression
Omnibus (GEO) database (GSE177884).

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

Supplemental Figure S1. Identification of wrky63 T-DNA
insertion mutants.

Supplemental Figure S2. Flowering phenotypes of WT,
wrky63, ft and wrky 63 ft.

Supplemental Figure S3. Flowering phenotypes of WT,
wrky63, flc and wrky63 flc.

Supplemental Figure S4. Flowering time of
35Spro::GFP:WRKY63 and pro::WRKY63:GFP transgenic plants.

Supplemental Figure S5. The flowering phenotype of
WT, wrky63-1 and wrky63-2 under vernalization in LD.

Supplemental Figure S6. The protein accumulation of
WRKY63 is induced by vernalization.

Supplemental Figure S7. The flowering phenotype and
gene expression patterns of FRIcol and FRI/wrky63.

Supplemental Figure S8. H3Ac level on the FLC locus
in vivo.

Supplemental Figure S9. Gene Ontology Biological
Processes (GO-BP) analysis of WRKY63 targeted genes.
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Supplemental Figure S10. WRKY63 is associated with
vernalization-induced gene activation and demethylation of
H3K27me3.

Supplemental Table S1. Primers used in this study and
the gene accession numbers.

Supplemental Table S2. ChIP-seq data of WRKY63 tar-
geted genes.
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