Article

THE

EMBO

w ¥

SOURCE TRANSPARENT
DATA PROCESS

JOURNAL

WRKY transcription factors and OBERON
histone-binding proteins form complexes to
balance plant growth and stress tolerance

Ping Du™*T@, Qi wang™?, Dan-Yang Yuan®®, Shan-Shan Chen? Yin-Na Su?®, Lin Li?, She Chen®® &

Xin-Jian He'**

Abstract

WRKY transcription factors in plants are known to be able to medi-
ate either transcriptional activation or repression, but the mecha-
nism regulating their transcriptional activity is largely unclear. We
found that group Ild WRKY transcription factors interact with
OBERON (OBE) proteins, forming redundant WRKY-OBE complexes
in Arabidopsis thaliana. The coiled-coil domain of WRKY transcrip-
tion factors binds to OBE proteins and is responsible for target
gene selection and transcriptional repression. The PHD finger of
OBE proteins binds to both histones and WRKY transcription fac-
tors. WRKY-OBE complexes repress the transcription of numerous
stress-responsive genes and are required for maintaining normal
plant growth. Several WRKY and OBE mutants show reduced plant
size and increased drought tolerance, accompanied by increased
expression of stress-responsive genes. Moreover, expression levels
of most of these WRKY and OBE genes are reduced in response to
drought stress, revealing a previously uncharacterized regulatory
mechanism of the drought stress response. These results suggest
that WRKY-OBE complexes repress transcription of stress-
responsive genes, and thereby balance plant growth and stress
tolerance.
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Introduction

Because plants cannot move to select suitable growth conditions,
they are easily affected by adverse environmental conditions during
growth and development. In the face of both biotic and abiotic

stresses, plants usually survive by restricting their growth, which is
accomplished through stress-triggered signal transduction (Guo
et al, 2018; Gong et al, 2020; Wang et al, 2020; Zhang et al, 2020).
In response to stress-triggered signals, the expression of many
stress-responsive genes is induced to enhance plant stress tolerance
(Zhu, 2002; Yamaguchi-Shinozaki & Shinozaki, 2006; Shi et al,
2018; Kidokoro et al, 2022). A series of transcription factors are
known to be critical for the induction of stress-responsive genes,
and most of these transcription factor-encoding genes are also
stress-responsive genes (Yamaguchi-Shinozaki & Shinozaki, 2006;
Song et al, 2016). The induced expression of stress-responsive genes
not only enhances stress tolerance but also restricts plant growth
and development (Jaglo-Ottosen et al, 1998; Liu et al, 1998; Kim
et al, 2012). Therefore, maintaining low expression levels of stress-
responsive genes under non-stress conditions is critical for normal
plant growth and development.

In Arabidopsis thaliana, there are more than 1,500 transcription
factors, which form several large transcription factor families includ-
ing MYB, AP2/ERF, NAC, bHLH, bZIP, MADS, WRKY, and ARF
(Riechmann & Ratcliffe, 2000; Ng et al, 2018; Feng et al, 2020).
WRKY transcription factors, which are primarily present in plants,
are involved in the regulation of multiple biological processes,
including development, senescence, hormone signaling, and biotic
and abiotic stress responses (Eulgem et al, 2000; Rushton et al,
2010; Phukan et al, 2016; Jiang et al, 2017). WRKY transcription fac-
tors contain one or two WRKY domains, which consist of nearly 60
amino acids and are specifically responsible for binding to the W-
box (C/T)TGAC(C/T) at the promoter regions (Eulgem et al, 2000;
Ciolkowski et al, 2008). There are 74 Arabidopsis WRKY transcrip-
tion factors that can be classified into three subfamilies (I, II, and
III) based on the number and structure of WRKY domains (Eulgem
et al, 2000). Based on additional domains, subfamily II WRKY tran-
scription factors can be further divided into five groups: 1la, IIb, Ilc,
IId, and Ile (Eulgem et al, 2000). Although WRKY transcription fac-
tors are involved in either transcriptional activation or repression
(Rushton et al, 2010), little is known about how these WRKY
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transcription factors obtain the opposite activities in the regulation
of transcription.

The Arabidopsis group IId WRKY transcription factors contain
six members: WRKY7, WRKY11, WRKY15, WRKY17, WRKY21, and
WRKY39 (Eulgem et al, 2000). Previous studies have shown that
the group IId WRKY transcription factors are involved in the repres-
sion of basal resistance to Pseudomonas syringae (Journot-Catalino
et al, 2006; Arrano-Salinas et al, 2018) and xylem vessel formation
(Ge et al, 2020). Similar to other WRKY transcription factors, the
group IId WRKY transcription factors recognize the W-box motif
(Ciolkowski et al, 2008; Brand et al, 2013). Although WRKY tran-
scription factors are involved in both transcriptional activation and
repression activities (Rushton et al, 2010), group IId WRKY proteins
repress rather than activate the transcription of specific target genes
(Arrano-Salinas et al, 2018; Ge et al, 2020). Further studies are
required to investigate whether group IId WRKY proteins mediate
transcriptional repression at the whole-genome level, and how they
are involved in transcriptional repression. Interestingly, Arabidopsis
WRKY7 was identified as a calmodulin-binding protein using in
vitro assays; a conserved N-terminal domain of group IId WRKY
proteins is responsible for binding to calmodulin (Park et al, 2005).
However, it was unknown whether group IId WRKY transcription
factors interact with calmodulin to induce calmodulin-mediated
Ca®' signaling in Arabidopsis plants.

In this study, we found that all group IId WRKY transcription fac-
tors interact with PHD finger-containing proteins: OBE1, OBE2,
OBE3, and OBE4, thus forming multiple redundant WRKY-OBE com-
plexes. Previous studies have shown that OBE1, OBE2, OBE3, and
OBE4 redundantly function in the auxin response and embryonic
meristem initiation and are essential for early seedling development
(Saiga et al, 2008, 2012; Thomas et al, 2009). By generating high-
order wrky mutants using CRISPR-Cas9-induced mutagenesis and
genetic crossing, we demonstrated that, similar to OBE proteins,
group IId WRKY proteins redundantly regulate early seedling devel-
opment. Furthermore, our observations suggest that the conserved
N-terminal domain of group IId WRKY proteins, previously thought
to interact with calmodulin in vitro (Park et al, 2005), is instead
responsible for interacting with OBE proteins in Arabidopsis plants.
We found that WRKY and OBE proteins co-occupy target promoter
regions at the whole-genome level and function together to mediate
transcriptional repression of numerous stress-responsive genes
under non-stress conditions. This study indicates that the WRKY-
OBE complexes repress the expression of stress-responsive genes,
especially at non-stress conditions, and reveals a previously unchar-
acterized mechanism of the coordination between plant growth and
stress tolerance.

Result

Identification of the conserved WRKY-OBE interaction in higher
plants

Although the conserved DNA-binding WRKY domain of WRKY tran-
scription factors is thought to be responsible for the association of
WRKY transcription factors with their target promoter regions (Miao
et al, 2004; Ciolkowski et al, 2008; Brand et al, 2013), it is unclear
how different subfamilies of WRKY transcription factors affect
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specific subsets of W-box-containing promoters. Given that the
unique domain of a given WRKY subfamily is probably responsible
for targeting specificity, we performed the sequence alignment and
structure prediction for WRKY transcription factors in Arabidopsis
thaliana. We found that all group IId Arabidopsis WRKY transcrip-
tion factors (WRKY7, WRKY11, WRKY15, WRKY17, WRKY21, and
WRKY39) contained a conserved WRKY domain and an N-terminal
coiled-coil (CC) domain composed of two alpha-helices that are
exclusively conserved in group IId WRKY transcription factors
(Appendix Fig S1A and B). Because the CC domains usually have
the capacity to interact with each other or with other CC domains to
form oligomers (Nooren et al, 1999), we predicted that group IId
WRKY transcription factors may interact with each other or with
other cofactors to regulate transcription in vivo.

Because WRKY7 and WRKY11 belong to two different subgroups
of group IId WRKY transcription factors (Appendix Fig S2), we inde-
pendently introduced native promoter-driven WRKY7-Flag and
WRKY11-Flag transgenes into Arabidopsis plants to identify the pro-
teins that interact with the group IId WRKY transcription factors by
affinity purification followed by mass spectrometry (AP-MS). We
found that most of the group IId WRKY transcription factors but not
any other WRKY proteins were co-purified with both WRKY7 and
WRKY11 (Fig 1A and Dataset EV1), suggesting that group IId WRKY
transcription factors can interact with each other. We also found
that four PHD finger-containing proteins, OBE1-4 (OBE1l, OBE2,
OBE3, and OBE4), were co-purified with WRKY7 and WRKY11
(Fig 1A and Dataset EV1). Moreover, we performed AP-MS using
transgenic plants harboring native promotor-driven OBEI-Flag and
OBE3-Flag transgenes, and found that the group IId WRKY transcrip-
tion factors were also co-purified with OBE1 and OBE3 (Fig 1A and
Dataset EV1). These results suggest that group IId WRKY transcrip-
tion factors interact with each other as well as with OBE1-4 in Arabi-
dopsis. As indicated by previous studies (Saiga et al, 2008; Thomas
et al, 2009), the obel/2 (obel obe2) double mutant showed severe
defects in the formation of root and shoot meristems. We trans-
formed the WRKY1I-Flag transgene into obel'/~;obe2™/~ mutant
plants and subsequently identified two independent WRKY11-Flag
transgenic alleles with both the obel/2 double-mutant and obe2
single-mutant backgrounds in the progeny of self-bred WRKY11-Flag
transgenic plants. Although the WRKY11-Flag transcript level was
similar between the obel/2 double mutant and the obe2 single
mutant, the WRKY11-Flag protein level was markedly reduced in
the obel/2 double mutant relative to the obe2 single mutant
(Fig 1B). We also found that the WRKY-Flag protein level but not
the WRKY11-Flag transcript level was markedly reduced in the
obel/2 mutant relative to the wild type (Fig 1B). These results sup-
port the inference that the WRKY-OBE interaction is required for
maintaining the protein level of group IId WRKY transcription
factors.

To determine whether the WRKY-OBE interaction is direct, we
performed an in vitro pull-down assay using bacterially expressed
WRKY11 and OBE1, which indicated that WRKY11 directly interacts
with OBE1l (Fig 1C). Furthermore, we expressed orthologs of
WRKY11 and OBEI1 orthologs from other plants, including bryo-
phytes (Physcomitrium patens), ferns (Selaginella moellendorffii),
gymnosperms (Taxus chinensis), and monocots (Oryza sativa)
(Appendix Figs S2-S4), and investigated whether the WRKY-OBE
interaction is conserved in these plants. As determined by in vitro

© 2023 The Authors
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Figure 1. Determination of the interaction between group Ild WRKY proteins and OBE proteins in plants.

A

Heatmap showing the abundance of proteins co-purified with Flag-tagged WRKY7, WRKY11, OBE1, and OBE3 as determined by AP-MS in Arabidopsis plants. The

number of matched peptides was used to calculate the abundance of purified proteins. Transgenic plants expressing the indicated bait proteins were used for AP-MS.

Effect of obel/2 on the protein abundance of WRKY11-Flag in transgenic Arabidopsis plants. The transcript (top) and protein (bottom) levels of WRKY11-Flag transgene

in obe2 and obel/2 mutants and wild-type backgrounds are shown. The actin protein level is shown as a loading control. Values are means =+ SD of three biological

replicates. P-values were determined by two-tailed Student’s t-test.

Determination of the interactions between WRKY11 and OBE1 orthologs from Physcomitrium patens (Pp), Selaginella moellendorffii (Sm), Taxus chinensis (Tc), Oryza

sativa (0s), and Arabidopsis thaliana (At) by in vitro pull-down assays. His-tagged WRKY11 orthologs and GST-tagged OBE1 orthologs were expressed and purified from

bacteria and then subjected to GST pull-down assays. G, GST; H, His.

Source data are available online for this figure.

pull-down assays, we found that the WRKY-OBE interaction is con-
served in higher plants, including ferns, gymnosperms, and mono-
cots, but not in lower plant bryophytes (Fig 1C). Furthermore, our
AP-MS analysis indicated that the bacterially expressed OsWRKY51,
a rice group IId WRKY transcription factor, specifically interacts
with OBE proteins in the total protein extract of rice seedlings
(Dataset EV1). These results confirm that the interaction between
group IId WRKY transcription factors and OBE proteins is conserved

© 2023 The Authors

in higher plants, suggesting that the interaction is probably impor-
tant for the survival of these plants.

Characterization of the Arabidopsis WRKY-OBE complex

To investigate how the group IId WRKY transcription factors inter-
act with each other and with OBE1-4, we expressed all of the group
IId WRKY transcription factors and the OBE proteins for yeast
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two-hybrid (Y2H) assays, and the results indicated that the tested
WRKY transcription factors interact with OBE1-4 but not with each
other (Fig 2A and B, and Appendix Fig S5). The Y2H assay also indi-
cated that the OBE proteins interact with each other (Appendix
Fig S5), which is consistent with a previous report (Saiga
et al, 2012). Furthermore, we selected WRKY40, WRKY36,
WRKY12, and WRKY14 as the representatives of groups Ila, IIb, IIc,
and Ile of WRKY transcription factors, respectively (Eulgem
et al, 2000), and determined whether these WRKY transcription fac-
tors also interact with the OBE proteins. As shown in our Y2H
results (Appendix Fig S6), unlike group IId WRKY transcription fac-
tors, the other group II WRKY transcription factors did not interact
with the OBE proteins. These results suggest that the OBE proteins
specifically form WRKY-OBE complexes only with group IId WRKY
transcription factors.

To investigate the details of the interaction, we generated a series
of truncated versions of WRKY11 for Y2H and pull-down assays.
Using Y2H assays, we found that the conserved N-terminal CC
domain of WRKY11 (WRKY11-1) was responsible for the interaction
between WRKY11 and OBE proteins. As expected, the conserved N-
terminal CC domain of WRKY15 and WRKY21 (WRKY15-1 and
WRKY21-1) was also responsible for the interaction with OBE pro-
teins (Fig 2A and B). Consistent with the Y2H results, the CC
domain of WRKY11 interacted with OBE1, as determined by pull-
down assays (Fig 2C and Appendix Fig S7). Given that the CC
domain is conserved in group IId WRKY transcription factors of land
plants (Appendix Fig S4A), we inferred that the CC domain is
responsible for the WRKY-OBE interaction in Arabidopsis as well as
in other plants. By performing Y2H and pull-down assays using a
series of truncated versions of OBE1 and OBE2, we found that both
the PHD and CC domains of OBE1 were responsible for the interac-
tion between OBE1 and WRKY11 and that the CC domains of OBE1
and OBE2 were also responsible for the interaction of OBE proteins
with each other (Fig 2A-C).

Although the N-terminal CC domain of group IId WRKY tran-
scription factors was identified as an OBE interaction domain by
Y2H and pull-down assays, whether the CC domain is required for
the WRKY-OBE interaction in Arabidopsis plants remained to be
determined. Therefore, we obtained transgenic plants that indepen-
dently expressed wild-type WRKY11 and CC-deleted WRKY11
(WRKY11-CCA), and then performed AP-MS to identify proteins co-
purified with WRKY11 and WRKY11-CCA, respectively. We found
that high levels of group IId WRKY and OBE1-4 proteins were co-
purified with full-length WRKY11 but not with WRKY11-CCA
(Fig 2D and Dataset EV1), suggesting that the conserved CC domain
is not only required for the WRKY-OBE interaction but also for the
WRKY-WRKY interaction in Arabidopsis.

Furthermore, we performed gel filtration to determine whether
WRKY and OBE proteins form a high-molecular-weight complex in
Arabidopsis. As determined by immunoblotting, we found that
WRKY11 and OBE1 were mainly eluted in high-molecular-weight
fractions (~ 443 kDa) but not in the fractions with monomeric
WRKY11 or OBEIl sizes (~ 36 kDa for WRKY11 and ~ 66 kDa for
OBE1) (Fig 2E), supporting the notion that group IId WRKY transcrip-
tion factors form a large complex with OBE proteins in Arabidopsis.
Subsequently, we determined whether the CC domain of group IId
WRKY transcription factors is required for the WRKY-OBE complex
formation by gel filtration, and found that the WRKY11-CCA protein
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was eluted primarily at the low-molecular-weight fractions (< 66 kDa)
corresponding to the monomeric WRKY11-CCA size (Fig 2E),
suggesting that the CC deletion disrupts the interaction of WRKY11
with other proteins in the WRKY-OBE complex. Based on these
results, we predicted that the OBE proteins form a dimer through their
CC domain and that the dimer functions as a bridge to connect two
group IId WRKY transcription factors, thus resulting in the formation
of WRKY-OBE-OBE-WRKY tetramers in Arabidopsis (Fig 2F).

WRKY-OBE complex regulates plant development and gene
expression

Severe growth retardation was previously observed in root and
shoot development in obel obe2 (obel/2) and obe3 obe4 (obe3/4)
double mutants (Saiga et al, 2008, 2012; Thomas et al, 2009). Given
that group IId WRKY transcription factors interact with OBE1-4 and
form a large complex, we investigated whether these WRKY tran-
scription factors and the OBE proteins have a similar effect on devel-
opment. We obtained wrky and obe single mutants either from the
Arabidopsis Biological Resource Center or from CRIPSR-Cas9-induced
mutagenesis (Appendix Figs S8 and S9); and generated different
orders of wrky or obe multimutants by genetic crossing. Morphologi-
cal analyses revealed that the wrky7/11/21/39, wrky7/17/21/39, and
wrkyl1/17/21/39 quadruple mutants did not show visible develop-
mental defects, whereas the quintuple mutants wrky11/15/17/21/39
and wrky7/11/17/21/39 exhibited smaller plant size than the wild
type (Fig 3A and B and Appendix Fig S10A and B). By genetic cross-
ing between different wrky mutants, we failed to obtain the sextuple
wrky?7/11/15/17/21/39 mutant but obtained the “wrky7/11/17/21/
39 homozygous while wrkyl5 heterozygous” (wrky?~/~; wrkyl1™'~;
wrkyl7~/~; wrky21~/~; wrky39~/~; wrky15"/~, referred as wrky-qm/
15/7) mutant, and found that the wrky-gm/15"~ mutant exhibited
similar defects in root and shoot development to the obel/2 and
obe3/4 double mutants (Fig 3A and B). Moreover, the seedling
growth was retarded at an early stage in the wrky-gm/15/~ mutant
and in the obel/2 or obe3/4 double mutants (Fig 3A and B). The
growth retardation was severer in the wrky11/15/17/21 /39;wrky7”~
mutant than in any of the wrky quadruple or quintuple mutants but
was weaker than in the wrky-gm/15"~ mutant (Appendix Fig S10A—
D). These results indicate that, similar to OBE proteins, group IId
WRKY transcription factors redundantly regulate root and shoot
development.

While the growth of the wrky-qgm/157~, obel/2, and obe3/4
mutant plants was retarded at the early seedling stage, the wrky-gm
and obel/3 mutant plants could complete the whole life cycle but
showed similar developmental defects including shortened root
length, reduced plant size, and late flowering (Fig 3C-F, and Appen-
dix Figs S10A-H and S11A-H). Although obel, obe2, and obe4
single-mutant plants did not show visible developmental defects,
the obe3 single mutant and the obel/3 double mutants had similar
developmental defects and the defects were weaker in the obe3 sin-
gle mutant than in the obel/3 double mutant (Appendix Fig S11A
and B), indicating that OBE3 has a more important role than OBE1,
OBE2, and OBE4 in regulating development. We generated obel/3/
wrkyl5 and obel/3/wrky21 triple mutants by CRISPR-mediated
mutagenesis in the obel/3 double-mutant background, and found
that the triple mutants show similar phenotypes with the obel/3
double mutant (Appendix Fig S12A and B). These results support

© 2023 The Authors
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Figure 2. Characterization of the protein—protein interactions in the Arabidopsis WRKY-OBE complex.

A
B

Diagram showing full-length and truncated versions of WRKY11 and OBE1/2 proteins used in Y2H and/or pull-down assays. Conserved domains are shown.
Determination of the protein—protein interactions in the WRKY-OBE complex by Y2H assays. Yeast strains expressing indicated GAL4-AD- and GAL4-BD-fused pro-

teins were grown on SD medium lacking Trp and Leu (SD-W-L) and SD medium lacking Trp, Leu, and His (SD-W-L-H) supplemented with 3 mM 3-AT. The yeast
strain harboring the empty GAL4-AD and GAL4-BD vectors (VEC) was used as a negative control.

Determination of the protein—protein interactions in the WRKY-OBE complex by pull-down assays. The bacterially expressed full-length and/or truncated versions

of WRKY11, OBEZ, and OBE2 fused with GST or MBP tags were subjected to MBP pull-down assays. G, GST; M, MBP. Arrows point to the indicated proteins.

Deletion of the CC domain from WRKY11 disrupts the WRKY-OBE complex formation as determined by AP-MS and gel filtration. In AP-MS assays (D), transgenic

plants expressing Flag-tagged wild-type WRKY11 and WRKY11-CCA proteins were independently used for identifying the WRKY-OBE complex. The abundance of
purified proteins is represented by identified peptides as detected by AP-MS. For gel filtration (E), proteins extracted from indicated Flag-tagged transgenic plants
were separated in a Superose 6 column (10/300 GL; GE Healthcare Life Sciences) and were detected by immunoblotting.

regions are labeled by red frames.

Source data are available online for this figure.
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Diagrams showing the interaction regions of WRKY and OBE proteins in the WRKY-OBE complex as determined by Y2H and pull-down assays. The interaction
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Figure 3. WRKY and OBE proteins contribute to plant growth and development by regulating gene expression.
A Morphological phenotypes of wild-type, obel/2, obe3/4, wrky-gm/157~
wrky7/11/17/21/39 quintuple mutant is referred to as wrky-gm.

Effect of obel/2, obe3/4, wrky-qm/15*~, and wrky-gm on plant growth. Fresh weight per five plants as a group was determined. The fresh weight was calculated from
a minimum of 20 groups.

C Morphological phenotypes of adult plants of wild type and wrky-gm mutant.

D Effect of wrky-gm on plant height. The height was calculated from a minimum of 20 plants.
E Flowering time phenotypes of wild-type and wrky-gm mutant plants.
F
G

, and wrky-gm mutant plants. Two-week-old plants of the indicated genotypes are shown. The

@

Flowering time was measured by counting the days to bolting and the number of rosette leaves at bolting. The data were calculated from a minimum of 20 plants.
The overlap of differentially expressed genes (DEGS) in the wrky-qm/ls*/’, obel/2, and wrky-gm mutants relative to the wild type, as identified by RNA-seq. RNA was
extracted from 11-day-old seedlings. P-values were determined by the hypergeometric test (one-tailed). RF (representation factor) represents the number of observed
overlapping genes divided by the number of expected overlapping genes drawn from two independent groups.

H The expression change (log,FC) of DEGs identified in the wrky-qm/lS*”, obel/2, and wrky-gm mutants relative to the wild type. Red and blue represent up- and
downregulated genes, respectively.

| The expression change (log,FC) of representative DEGs in indicated mutants relative to the wild type. Red and blue represent up- and downregulated genes,
respectively.

Data information: (B), (D), and (F) represent means + SD. P-values were determined by two-tailed Student’s t-test as compared to the wild-type Col-O control and are
indicated above columns.
Source data are available online for this figure.
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the idea that group IId WRKY transcription factors collaborate with
OBE proteins to regulate multiple developmental processes.

We performed RNA deep sequencing (RNA-seq) to determine
how group IId WRKY transcription factors and OBEs proteins regu-
late gene expression at the whole-genome level. Three biological
replicates of RNA-seq showed that numerous genes were signifi-
cantly (FDR < 0.05; log, (fold change) > 1 or < —1) up- or downre-
gulated in obel/2 (3,068 up and 5,224 down), wrky-qm/lS”’
(2,773 up and 3,584 down), and wrky-gm (2096 up and 960 down)
relative to the wild type (Fig 3G and Dataset EV2). In the obel/2
mutant, our RNA-seq analysis identified substantially more differen-
tially expressed genes (DEGs) than those identified by previous
microarray analysis (Thomas et al, 2009), and most of the DEGs
identified by microarray analysis overlapped with the DEGs identi-
fied by our RNA-seq analysis (Appendix Fig S13), suggesting that
our RNA-seq data were reliable.

The RNA-seq data showed that both up- and downregulated
DEGs identified in the obel/2, wrky-gm/15"~, and wrky-gm
mutants highly overlapped with each other (Fig 3G). The expression
changes in DEGs were similar in obel/2, wrky-gm, and wrky-qm/
15"~ (Fig 3H, and Appendix Fig S14A and B, and Dataset EV2).
Gene ontology (GO) analyses indicated that biotic and abiotic stress-
responsive genes were enriched in upregulated DEGs in all three
mutants, whereas genes related to organ development, auxin signal-
ing, and cell division were enriched in downregulated DEGs in
obel/2 and wrky-gm/15"~ but not in wrky-gm (Fig 31 and Appendix
Fig S15). Notably, while the number of upregulated DEGs in wrky-
gm was only slightly lower than that in obel/2 and wrky-gm/15"~,
the number of downregulated DEGs in wrky-gm was substantially
lower than that in obel/2 and wrky-qm/157~. Therefore, we
predicted that the downregulation of genes related to organ develop-
ment, auxin signaling, and cell division in obel/2 and wrky-qm/ 15"
~ mutants was probably caused by the absence of well-developed
roots and leaves in these plants. Moreover, the RNA-seq data identi-
fied numerous upregulated DEGs (n = 1,003) in wrky-gm that were
not upregulated in obel/2 or wrky-qm/lS“’ mutants (Fig 3G). It is
possible that the upregulated DEGs that were specifically identified
in wrky-gm were exclusively expressed in well-developed roots and
leaves and that the absence of well-developed roots and leaves in
obel/2 or wrky-qm/lS”’ may affect the identification of these
genes. In support of this notion, we found that three genes encoding
critical stress-responsive transcription factors, DREBIA/CBF3,
DREBIB/CBFI, and DREBIC/CBF2 (Yamaguchi-Shinozaki & Shino-
zaki, 2006; Kidokoro et al, 2022), were upregulated in wrky-gm but
downregulated in obel/2 and wrky-qm/15" /= (Fig 31).

WRKY-OBE complex functions as transcriptional repressor

We performed chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq) using WRKY11-GFP and OBEI-GFP transgenic
plants in the wrkyI1 and obel mutant backgrounds, respectively, to
determine the enrichment of WRKY11 and OBEl at the whole-
genome level. Based on two independent replicates of ChIP-seq, we
identified 11,407 WRKY11 peaks and 9,914 OBE1l peaks at the
whole-genome level (Dataset EV3). The distribution of WRKY11 and
OBE1 peaks showed a preference for the promoter and 5° UTR
(untranslated region) compared to random genomic regions
(Fig 4A). Metaplots and heatmaps showed that both WRKY11 and

© 2023 The Authors
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OBE1 ChIP-seq signals formed larger peaks at the transcription start
site (TSS)-proximal promoter region and smaller peaks at the tran-
scription end site (TES)-proximal region (Fig 4B and C), indicating
that WRKY11 and OBE1 are predominantly located at the TSS-
proximal promoter region at the whole-genome level.

By assigning ChIP-seq peaks to proximal genes, we identified
9,237 WRKY11-enriched genes and 8,293 OBE1-enriched genes. We
found that the vast majority (6,498/9,237 = 70.3%) of WRKY11-
enriched genes were also OBEl-enriched genes, and referred to
these overlapping genes as group A (Fig 4D). By combinatorically
analyzing ChIP-seq and RNA-seq data, we noticed that group A
genes significantly overlapped with upregulated DEGs in both wrky-
qm/15"~ and obel/2 but not with downregulated DEGs in either of
these mutants (Fig 4E), implying that WRKY11 and OBEI are pri-
marily responsible for transcriptional repression. We identified 979
WRKY11 and OBE1 co-enriched genes that overlapped with upregu-
lated DEGs in both wrky-gm/15”~ and obel/2 (designated group
B); and 434 WRKY11 and OBE1 co-occupied genes that overlapped
with downregulated DEGs in both wrky-qm/15" /= and obel/2 (des-
ignated group C) (Fig 4E). As indicated by the box plots, the overall
enrichment levels of both WRKY11 and OBEl were significantly
higher in group B genes than in groups A and C (Fig 4F), further
supporting the notion that WRKY11 and OBE1 mediate transcrip-
tional repression of their common target genes.

The DNA-binding ability of group Ild WRKY is required for the
recruitment of WRKY-OBE complex to chromatin

Considering that the conserved WRKY domain is responsible for the
binding of WRKY transcription factors to the W-box-containing
DNA (Ciolkowski et al, 2008), we performed ChIP-seq to determine
whether the WRKY domain binding to the W-box motif is responsi-
ble for the association of WRKY11 and OBE1 with chromatin. From
the ChIP-seq data, the W-box motif was the most significantly
enriched WRKY11/0BE1-bound motif, as determined by the Homer
de novo motif analysis (Appendix Fig S16). Next, we mapped the
enrichment level of WRKY11 and OBE1 in the W-box motif-flanking
region, and found that both WRKY11 and OBE1 formed a peak cen-
tered on the W-box motif, suggesting that the binding of WRKY11 to
the W-box is responsible for the association of WRKY11 and OBE1
with chromatin (Fig 5A). If the W-box motif was responsible for the
binding of WRKY11 and OBEl to chromatin, we predicted that
the enrichment of WRKY11 and OBE1 was positively associated
with the number of W-box motifs in their target regions. Therefore,
we counted the number of W-box motifs in each of the WRKY11
and OBE1 ChIP-seq peaks and then compared the enrichment levels
of WRKY11 and OBE1 at the ChIP-seq peaks with different numbers
of W-box motifs. As expected, box plots showed that, as the number
of W-box motifs increased, the enrichment of WRKY11 and OBE1
became stronger (Fig 5B), suggesting that the WRKY domain bind-
ing to the W-box motif is critical for the association of WRKY11 and
OBE1 with chromatin in vivo.

Although it is reasonable to assume that the binding of WRKY11
to the W-box motif is responsible for the association of
WRKY11 with chromatin, it is unknown whether this binding is
required for the recruitment of OBEl to DNA. Therefore, we
performed electrophoretic mobility shift assay (EMSA) to determine
the DNA-binding properties of WRKY11 and OBEl in vitro.
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Figure 4. WRKY11 and OBE1 co-occupy chromatin and repress gene expression.

A Distribution of WRKY11 and OBE1 ChIP-seq peaks in distal promoter, proximal promoter, 5 UTR, CDS (coding sequence), 3' UTR, and intergenic regions. Distal and
proximal promoters represent 401-1,000 and 0-400 bp upstream of transcription start sites, respectively. The distribution of random genomic regions is shown as a

control.

B Metaplots showing WRKY11 and OBE1 ChIP-seq occupancy over protein-coding genes. TSS, transcription start site; TES, transcription end site. The ChIP-seq data of
WRKY11 and OBE1 are from two independent biological replicates. The input genomic DNA is shown as a negative control.

C Heatmaps showing the enrichment of WRKY11 and OBE1 ChIP-seq reads over protein-coding genes. TSS, transcription start site; TES, transcription end site.

D Venn diagram showing the overlap between WRKY11- and OBE1-enriched genes. The overlapping genes are defined as group A genes. P-values were determined by
the hypergeometric test (one-tailed). RF (representation factor) represents the number of observed overlapping genes divided by the number of expected overlapping

genes drawn from two independent groups.

E Venn diagrams showing the overlap between WRKY11 and OBEL co-enriched genes and up- or downregulated genes in the wrky-gm/15

+/—

and obel/2 mutants.

Group B and group C genes represent the overlap between WRKY11 and OBE1 co-enriched genes and co-upregulated genes (left) or co-downregulated genes (right)

+/—

in the wrky-qm/15

and obel/2 mutants. P-values were determined by the hypergeometric test (one-tailed). RF (representation factor) represents the number of

observed overlapping genes divided by the number of expected overlapping genes drawn from two independent groups.

F Box plots of WRKY11- and OBE1-enriched levels at group A, group B, and group C genes. Sample size of each box plot: group A (n = 6,498), group B (n = 979), and
group C (n = 434). In box plots, center lines and box edges are medians and the interquartile range (IQR), respectively. Whiskers extend within 1.5 times the IQR. P-
values were determined by two-tailed Mann—Whitney U-test (unpaired) for non-normally distributed data.

Source data are available online for this figure.

Considering that WRKY11 and OBE1 form a sharp ChIP-seq peak at
the promoter region of ZARI, a well-characterized disease resistance
gene (Lewis et al, 2010; Bi et al, 2021), and that the ZARI expres-
sion was markedly increased in wrky-qgm/15"/~ and obel/2 mutants
(Figs 31 and 5C), we chose a W-box motif-containing promoter
sequence of ZARI as a DNA probe in EMSA (Fig 5C). The EMSA
results showed that the WRKY11 protein strongly binds to the W-
box motif-containing DNA probe, and this binding was completely
disrupted by mutation of the W-box motif (Fig 5D), supporting the
binding specificity of WRKY11 for the W-box motif. Both the full-
length WRKY11 and the WRKY11-CCA could efficiently bind to
DNA, whereas OBE1 and the CC domain of WRKY11 were incapable
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of binding to DNA (Fig 5E). When we mixed OBE1 and the DNA
probe in the presence of full-length WRKY11, OBE1 was recruited to
DNA by WRKY11l to form a high-molecular-weight complex
(Fig 5F). Because the WRKY11-CCA lacks the OBEl-interacting abil-
ity as previously indicated (Fig 2A-F), OBE1 could not be recruited
to DNA and did not form a high-molecular-weight complex (Fig SF).
To determine whether the group IId WRKY transcription factors are
required for the recruitment of OBE proteins to chromatin in vivo,
we performed ChIP-PCR for OBE1-Flag in the wild-type and wrky-
gm mutant backgrounds. The result indicated that the association of
OBE1 with target genes was significantly reduced in the wrky-gm
mutant relative to the wild type (Fig 5G and H). These results

© 2023 The Authors
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Figure 5. Determination of the binding of WRKY11 and OBE1 to W-box in vivo and in vitro.

A

Metaplots showing WRKY11 and OBE1 ChIP-seq signals at WRKY11- and OBE-bound regions centered by the W-box motif. The signals of input genomic DNA are
shown as controls.

Enriched levels of WRKY11 and OBE1 at the WRKY11- and OBE1-bound regions harboring different numbers of W-box motifs. Relative enrichment level is referred to
as the fold change of ChIP-seq reads and input reads. In box plots, the sample size of WRKY11-bound regions is n (0) = 5,491, n (1) = 3,972, n (2) = 1,384, n (3) = 369,
n (4) =137, and n (=5) = 54; the sample size of OBE1-bound regions is n (0) = 5,554, n (1) = 2,920, n (2) = 1,029, n (3) = 268, n (4) = 103, and n (=5) = 40). In box
plots, center lines and box edges are medians and the interquartile range (IQR), respectively. Whiskers extend within 1.5 times the IQR.

Genome browser view of WRKY11 and OBEL ChIP-seq signals at the representative target gene ZAR1. The scale of RPKM is indicated for each panel.

Effect of W-box mutation on binding of the WRKY protein to DNA as determined by EMSA. A W-box-containing DNA from ZAR1 was labeled by Cy5 and used as the
DNA probe. The W-box was mutated as indicated. The wild-type and mutated W-boxes are labeled by red boxes.

The binding of full-length WRKY11, WRKY11-CCA, the CC domain of WRKY11 (WRKY11-CC), and full-length OBE1 to DNA as determined by EMSA.

Determination of the binding of full-length and CC-truncated WRKY11 proteins to DNA by EMSA, in the presence or absence of OBE1.

The protein level of OBE1-Flag in the wild-type (Col-0) and wrky-gm mutant backgrounds determined by immunoblotting. The actin protein level is shown as a load-
ing control.

Enrichment of OBE1-Flag at WRKY53, ZAR1, WRKY22, CAR1, and DREBIC loci as determined by quantitative ChIP-PCR in the wild-type (Col-0) and wrky-gm mutant
backgrounds. Values are means =+ SD of three independent biological replicates. P-values were determined by two-tailed Student’s t-test.

Source data are available online for this figure.
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strongly suggest that the DNA-binding ability of group IId WRKY
transcription factors is responsible for the recruitment of the WRKY-
OBE complex to its target genes.

The coiled-coil domain of group Ild WRKY proteins regulates
target selection

Although the binding of WRKY11 to the W-box motif provides a
plausible explanation for the association of the WRKY-OBE complex
with specific target genes, it is unknown how different subfamilies
of WRKY transcription factors affect different subsets of W-box-
containing promoters. We predicted that the conserved OBE-
interacting domain of group IId WRKY transcription factors may be
involved in target selection. Therefore, we performed ChIP-seq for
WRKY11-CCA and determined whether the CC deletion affects the
association of WRKY11 with chromatin. By comparing the ChIP-seq
peaks for the wild-type WRKY11 and WRKY11-CCA, we identified
9,147 specific peaks for WRKY11-CCA (group N), which was mark-
edly higher than the number (1,127) of the wild-type WRKY11-
specific peaks (group A) (Fig 6A). Interestingly, we found 10,280
overlapping peaks (group A&N) between wild-type WRKY11 and
WRKY11-CCA, which accounted for 90.1 and 53.0% of wild-type
WRKY11 and WRKY11-CCA peaks, respectively (Fig 6A), indicating
that WRKY11-CCA binds to numerous target genomic loci that are
not bound by wild-type WRKY11l. The presence of specific
WRKY11-CCA peaks was verified by comparing the WRKY11 and
WRKY11-CCA ChIP-seq signals at representative genomic loci in the
genome browser (Fig 6B). By annotating the W-box-containing
peaks to different genomic regions, we found that the W-box motif
was enriched not only in the wild-type WRKY11 and WRKY11-CCA-
overlapping peaks but also in WRKY11-CCA-specific peaks (Fig 6C).
Moreover, the distribution of WRKY11-CCA peaks showed a prefer-
ence for the promotor and 5° UTR, which is similar to the distribu-
tion of wild-type WRKY11 peaks (Fig 6C). These analyses suggest
that the CC domain is responsible for limiting the binding of the
WRKY-OBE complex to a subset of W-box-containing promoters.

To determine how the CC domain affects the target selection, we
independently investigated the occupancy of OBEl, WRKY11, and
WRKY11-CCA at WRKY11l and WRKY11-CCA overlapping peaks
(group A&N peaks) and at WRKY11-CCA-specific peaks (group N
peaks). Although OBE1, WRKY11, and WRKY11-CCA were enriched
in group A&N peaks at a comparable level, WRKY11-CCA, but not
wild-type WRKY11 or OBE1, was enriched in group N peaks (Fig 6D
and E). We also analyzed the enrichment of general WRKY transcrip-
tion factors as determined by ChIP-seq using an antibody of the con-
served WRKY domain (Birkenbihl et al, 2018). We found that the
enrichment of general WRKY transcription factors was comparable to
the enrichment of OBE1, WRKY11, and WRKY11-CCA in group A&N
peaks, and was markedly higher than the enrichment of OBE1 and
WRKY11 in group N peaks even though it was lower than the enrich-
ment of WRKY11-CCA (Fig 6D and E), suggesting that the CC domain
is required for the selection of a subset of WRKY domain-binding loci
as targets of the WRKY-OBE complex. By integrating the ChIP-seq
and RNA-seq data, we found that wild-type WRKY11, but not
WRKY11-CCA, was more enriched in upregulated DEGs in the wrky-
gm/15"~ mutant (Fig 6F). Together, these results support the notion
that the CC domain is responsible for preventing the binding of the
WRKY-OBE complex to undesired W-box-containing promoters.
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OBE1 and OBE2 cooperatively bind to histone H3 with H3K4me2
and H3K4me3 modifications

To determine how the OBE proteins affect the target selection of the
WRKY-OBE complex, we analyzed the domain structures of OBE1-4
and found that OBE1 and OBE2 contain a PHD finger (Fig 7A),
which is similar to the previously reported H3K4me2-binding PHD
domain in VIN3 (Kim & Sung, 2013; Franco-Echevarria et al, 2022).
Consistently, OBE1 was also shown to bind to H3K4me2 (Franco-
Echevarria et al, 2022). Therefore, we purified the PHD domains of
OBEl and OBE2 and determined whether they bind to methylated
histone peptides. Histone peptide pull-down assays indicated that
the PHD domain of OBE1 specifically bound to H3K4me3 and to a
lesser extent H3K4me2 but not H3 peptides methylated at K9, K27,
or K36, while the PHD domain of OBE2 weakly bound to a series of
histone H3 peptides without any preferences for methylated histone
peptides (Fig 7B). As determined by previous studies (Yang
et al, 2018; Tan et al, 2020), aromatic amino acids in the conserved
PHD domains of ARIDS5 and EBS were necessary for their binding
ability with methylated histones. By sequence alignment, we found
that two conserved aromatic amino acids F234 and W252 may be
responsible for binding to methylated histone (Fig 7A). Therefore,
we mutated the two aromatic amino acids into alanine and then
performed the histone peptide pull-down assay. We found that the
mutations disrupted the binding of the PHD domain to H3K4me2
and H3K4me3 (H3K4me2/3) peptides (Fig 7B), suggesting that the
aromatic amino acids F234 and W252 are necessary for the -
H3K4me2/3-binding ability of OBE1. The dimerization of OBE pro-
teins in the WRKY-OBE complex prompted us to investigate
whether OBE1 and OBE2 cooperate to bind to histone peptides. By
performing histone pull-down assays using the OBE1 and OBE2 mix-
ture, we found that OBE2 enhanced the binding affinity of OBE1
with H3K4mel/2/3 peptides and that OBE1 enhanced the binding
affinity of OBE2 with histone peptides non-specifically (Fig 7C),
suggesting that the two OBE proteins in the WRKY-OBE complex
cooperate to bind to histone.

Because the WRKY-OBE interaction is conserved in higher land
plants (Fig 1C), we investigated whether the binding of OBE pro-
teins to histone is also conserved. By using purified OBE1 orthologs
in Physcomitrium patens (Pp), Selaginella moellendorffii (Sm),
Taxus chinensis (Tc), and Oryza sativa (Os), and an OBE2 ortholog
in Oryza sativa (Appendix Fig S4B), we performed histone peptide
assays to determine whether the OBE orthologs bind to histone H3
with and without H3K4 methylation. We found that the OBE1 ortho-
logs from higher land plants bound to H3K4me2/3 and to a lesser to
H3K4mel, and that the OBE1 ortholog from the lower land plant
Physcomitrium patens did not bind to any H3 peptides (Fig 7D). It
was worth noting that the rice OBE1 ortholog OsOBE1 but not the
rice OBE2 ortholog OsOBE2 specifically binds to H3K4me2/3
(Fig 7D). These results suggest that the binding of OBE1 orthologs
to H3K4me2/3 is conserved in higher land plants.

Given that the PHD domain of OBE1 is capable of binding to
H3K4me3, we determined whether the WRKY-OBE complex tends
to occupy H3K4me3-enriched genes. By analyzing previous
H3K4me3 and H3K27me3 ChIP-seq data (Shang et al, 2021; Zhao
et al, 2022), we found that the H3K4me3 levels are significantly
higher in WRKY11- and OBEl-occupied genes than in random
genes, while the H3K27me3 levels are significantly lower in
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Figure 6. The coiled-coil domain is required for target selection of WRKY11.

A

Venn diagram showing the overlap between WRKY11 and WRKY11-CCA peaks as determined by ChIP-seq. The overlap between WRKY11 and WRKY11-CCA peaks is
defined as group_A&N. WRKY11- and WRKY11-CCA-specific peaks are defined as group_A and group_N peaks, respectively. P-values were determined by the hyper-
geometric test (one-tailed). RF (representation factor) represents the number of observed overlapping genes divided by the number of expected overlapping genes
drawn from two independent groups.

Genome browser view of the ChIP-seq signals of WRKY11 and WRKY11-CCA at randomly selected genomic regions. WRKY11 and WRKY11-CCA shared peaks are
labeled by black boxes, and WRKY11-CCA-specific peaks are labeled by red boxes. Two replicates of ChIP-seq are shown.

Distribution of the WRKY11 and WRKY11-CCA W-box distribution and peaks distribution in different genomic regions. Distal and proximal promoters represent 401—
1,000 and 0-400 bp upstream of transcription start sites, respectively. The distribution of random genomic regions is shown as a control.

Heatmaps showing the ChIP-seq signals of WRKY11, WRKY11-CCA, OBE1, and general WRKY TFs over group A&N and group N peaks. The enrichment level is indi-
cated by RPKM as determined by ChIP-seq.

Box plots showing the enrichment levels of WRKY11, WRKY11-CCA, OBEL, and general WRKY TFs at group N peaks (n = 9,147).

Box plots of WRKY11- and WRKY11-CCA-enriched levels at total WRKY11-bound genes and at the overlap between WRKY11-bound genes and up- or downregulated
genes in wrky—qm/lS”’. Sample size of each box plot: total WRKY11-bound genes (n = 9,237), WRKY11-bound genes and upregulated (n = 1,424), WRKY11-bound
genes and downregulated (n = 773).

Data information: In box plots in (E) and (F), center lines and box edges are medians and the interquartile range (IQR), respectively. Whiskers extend within 1.5 times the
IQR. P-values were determined by two-tailed, paired Mann-Whitney U-test in (E) and by two-tailed, unpaired Mann-Whitney U-test in (F) for non-normally distributed
data.

Source data are available online for this figure.

© 2023 The Authors
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Figure 7. OBE proteins bind to histone peptides and are responsible for transcriptional repression of WRKY-OBE complexes.

A
B

Diagram of the wild-type and mutated PHD domains in OBE1. Mutated residues in the PHD domain are shown in red.

Interaction of the PHD domains of OBE1 and OBE2 with histone peptides as determined by pull-down assays. The wild-type and mutated PHD domains in OBE1
and the wild-type PHD domain in OBE2 were purified and then mixed with indicated histone peptides for pull-down assays.

Interaction of GST-OBEL, His-OBE2, and the GST-OBE1 and His-OBE2 mixture with histone peptides as determined by pull-down assays. H, high exposure; L, low
exposure.

Interaction of OBE1 and/or OBE2 orthologs with histone peptides as determined by pull-down assays. PpOBE1, SmOBE1, TcOBE1, and OsOBE1 are OBE1 orthologs
in Physcomitrium patens (Pp), Selaginella moellendorffii (Sm), Taxus chinensis (Tc), and Oryza sativa (Os), respectively. OSOBE2 is an OBE2 ortholog in Oryza sativa.
Determination of the transcriptional repression activity of OBE1, WRKY11, WRKY11-CCA, and the mixture of WRKY11 or WRKY11-CCA with OBE1 by a luciferase
reporter assay. The transcriptional repression activity of OBE1, WRKY11-WT, and WRKY11-CCA was determined by fusing with the transcription factor VP16. Values
are means =+ SD of three independent biological replicates.

The expression levels of Flag-tagged wild-type WRKY11 and WRKY-CCA proteins determined by immunoblotting. The ribosome protein stained by Ponceau S is
indicated as a loading control.

Restoration of the developmental defects of the wrky-gm mutant by WRKY11 and WRKY11-CCA transgenes. Morphological phenotype (G) and the statistical data of
rosette diameter and plant height (H) are shown. The data were calculated from a minimum of 20 plants. Values are means + SD. P-values were determined by
two-tailed Student’s t-test and are indicated above columns.

Expression levels of representative stress-responsive genes in wild-type, wrky-gm, and WRKY11 and WRKY11-CCA transgenic lines. Values are means + SD of three
biological replicates.

Source data are available online for this figure.
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WRKY11- and OBEl-occupied genes than in random genes (Appen-
dix Fig S17A and B), supporting the inference that the binding of
OBE1 to H3K4me3 is involved in the association of the WRKY-OBE
complex with chromatin. Previous studies showed that some WRKY
transcription factors can regulate gene expression by affecting his-
tone modifications (Kim et al, 2008; Hung et al, 2022). Our immuno-
blotting results indicated that the H3K4me2, H3K4me3, and
H3K27me3 levels were not significantly affected by obel/2, wrky-
gm/157~, or wrky-gm at the whole-genome level (Appendix
Fig S17C). Moreover, our AP-MS analysis did not identify that the
WRKY-OBE complex interacts with any histone modifiers. These
analyses suggest that the WRKY-OBE complex is unlikely to repress
transcription by affecting histone modifications.

The WRKY-OBE interaction is required for WRKY-mediated
transcriptional repression

To determine how the WRKY-OBE complex mediates transcriptional
repression, we performed a luciferase reporter assay to investigate
the transcriptional repression activity of the WRKY-OBE complex.
While the transcription factor VP16 fused with the GAL4-binding
domain showed a strong transcriptional activation activity as deter-
mined by the reporter assay, the fusion of VP16 to OBE1 and, to a
lesser extent, to WRKY11 markedly repressed the transcriptional
activation activity of VP16, whereas the fusion of VP16 to WRKY11-
CCA did not repress the transcriptional activation activity of VP16
(Fig 7E). By combining OBE1 with VP16-fused WRKY11 and
WRKY11-CCA, the reporter assay indicated that OBE1 markedly
enhances WRKY11-mediated transcriptional repression, and showed
that the effect of OBE1 on transcriptional repression is disrupted by
the deletion of the CC domain in WRKY11 (Fig 7E), suggesting that
the WRKY-OBE interaction is involved in WRKY-mediated transcrip-
tional repression.

To further investigate whether the WRKY-OBE interaction con-
tributes to transcriptional repression in Arabidopsis, we generated
a WRKY11-CCA construct driven by its native promoter and intro-
duced the construct into the wrky-gm mutant for complementation
testing. We found that, while the wild-type WRKY11 construct
completely complemented the developmental defects in the wrky-
gm mutant, the WRKY11-CCA constructs failed to complement the
defects (Fig 7F and H), suggesting that the CC domain is required
for the function of group IId WRKY transcription factors in Arabi-
dopsis. Furthermore, we performed quantitative RT-PCR to deter-
mine whether the CC domain is required for transcriptional
repression. We randomly selected four representative WRKY11
and OBEl co-occupied genes and found that their expression
levels were significantly increased in the wrky-gm mutant, as
determined by RNA-seq, which included WRKYS53, ZARI, JAZI,
and WRKY18 (Fig 3I). We found that the increased levels of these
genes in the wrky-gm mutant were restored by the wild-type
WRKY11 transgene, but not by the WRKYI1I-CCA transgene
(Fig 7I). This result indicated that the expression of these genes
can be repressed by wild-type WRKY11 but not by WRKY11-CCA,
suggesting that the WRKY-OBE interaction is required for tran-
scriptional repression in Arabidopsis. Given that the WRKY-OBE
complex binds to the TSS-flanking promoter region proximal to
the +1 nucleosome, we speculated that the OBE proteins bind to
the +1 nucleosome and thereby enable the complex to fulfill its

© 2023 The Authors
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transcriptional repression function by anchoring the promoter to
the +1 nucleosome.

WRKY-OBE complex negatively regulates drought resistance

The increased expression of stress-responsive genes in the wrky and
obe mutants prompted us to determine whether these mutants show
an increase in stress tolerance. We selected the wrky-gm and obel/3
mutants with a weak growth retardation for stress tolerance ana-
lyses. Nine-day-old plants grown in soil were subjected to drought
treatment until the mortality of Col-0 occurred, followed by rehydra-
tion, and the survival rate of the plants was subsequently deter-
mined. We found that 100% of the wrky-gm mutant plants and
93.1% of the obel/3 mutant plants survived and continued to grow
after rehydration, whereas the lower-order wrky and obe mutant
plants without an obvious growth retardation and the wild-type
plants showed low survival rates (10%) after rehydration (Fig 8A
and B), suggesting that the drought stress tolerance of the wrky-gm
and obel/3 mutants is associated with growth retardation. Given
that the prevention of water loss is crucial for the plant drought tol-
erance (Farooq et al, 2009), we determined the rate of leaf water
loss in wild type, wrky-gm and obel/3 mutants. The result indicated
that the water loss rate was substantially reduced in wrky-gm and to
a lesser extent in obel/3 compared with the wild type (Fig 8C),
which is consistent with the increased drought tolerance of these
mutants.

In the increased stress-responsive genes identified by RNA-seq in
the wrky-gm mutant (Fig 31), DREBIA, DREBIB, and DREBIC
encode critical transcription factors that are responsible for drought
and cold stress tolerance (Yamaguchi-Shinozaki & Shinozaki, 2006;
Shi et al, 2018). Quantitative RT-PCR analysis indicated the expres-
sion levels of DREBIA, DREBIB, and DREBIC were increased in the
wrky-gm mutant and to a lesser extent in the obel/3 mutant
(Fig 8D), which is consistent with the finding that the growth retar-
dation and stress tolerance were weaker in the obel/3 mutant than
in the wrky-gm mutant (Fig 8A-C). As determined by ChIP-seq, both
WRKY11 and OBE1 were enriched at the TSS-proximal promoter
regions of the three DREBI genes (Fig 8E), suggesting that the
WRKY-OBE complex directly mediates transcriptional repression of
these genes. Considering that overexpression of DREBIA, DREBIB,
and DREBIC in Arabidopsis plants not only enhances tolerance to
drought and/or cold conditions but also causes growth retardation
(Liu et al, 1998), we suspected that the growth retardation in the
wrky-gm mutant is associated with increased expression of DREBIA,
DREBIB, and DREBIC.

Considering that the WRKY-OBE complexes are responsible for
repressing the expression of stress-responsive genes, we asked
whether the repressive effect is reduced when stress-responsive
genes need to be highly expressed under stress conditions. Based on
previous transcriptome analyses (Kilian et al, 2007), the expression
levels of WRKY and OBE genes were not significantly reduced by
any short-term stress treatments. Our RNA-seq data showed that the
expression levels of most group IId WRKY and OBE genes were
markedly reduced in plants grown under long-term drought stress
conditions (Fig 8F). As a control, the expression levels of DREBIA,
DREBIB, DREBIC, RD29A, and RD29B were markedly increased in
plants grown under the long-term drought stress conditions in our
RNA-seq data (Fig 8F). Furthermore, we observed a time-dependent

The EMBO Journal 42: €113639(2023 13 of 21



The EMBO Journal Ping Du et al

A
Col-0
obe1/3
wrky-gm : :
Drought treatment 2-d rehydration
B Mortality rate C o Coko <obets3 —o-wrky-gm E DREB1C ~ DREBI1A DREB1B
mm Survival rate  — e T
807 0-3000 &
100 Q . . - ‘ a R1|<
s >
s @ 60 0-3000 s
< 75 8 R2|Z
Q =
® 2 0-3000
e 40 - a
3 50 2 .L,.L.._L—_‘.‘._A.A. R1IZ
e _2 0-3000 R2 i
@ 25 T 207 | ot A e .. b, AA %O
o 0-3000 Input,
0 0 : : : i NN WRKY11
N > Q@ 0 2 4 6 8
N N & . 0-3000 Input,
P 5 ‘Q&:\ Time (hour) OBE1
D ECol-0 Mobe1/3 Mwrky-gm
H Normal B Drought H Normal B Drought
101 1.57 1200 -
800 -
T 81 ° 400
o o
& s 1018 _ i ' 201
‘n 61 17
(2] %] T
o o
=3 3 :
o 4- o 5
E I o5, 10
© ©
o 21 Jo)
o o
N1 | B |1 | olin wh a®
\a O \O L N 0 @ R L NS\ SR 4
S £ L & PP P &L &L &
OQ“ O?* Q@ Q @Q‘ @Q‘ ‘Q?* Q\Q* @Q‘ OQ* OQ‘ QQ* & &

Figure 8. The WRKY-OBE complex regulates the expression of stress-responsive genes and drought tolerance in response to drought stress.

A The morphological phenotype of wild type and obel/3 and wrky-gm mutants under well-watered and drought stress conditions. Nine-day-old seedlings were trans-
ferred from MS medium to soil and then subjected to drought treatment until the mortality of Col-0 occurred. The morphological phenotype is shown before and
2 days after rehydration. The well-watered plants are shown as a control.

B The survival rate of wild type and obe1/3 and wrky-gm mutants under drought stress conditions. The survival rate was calculated from a minimum of 25 plants after
rehydration.

C Relative water loss of detached leaves from wild type and obe1/3 and wrky-gm mutants. Values are means + SD of three biological replicates.

D Effect of wrky-gm and obel/3 on the expression of DREBIA, DREB1B, and DREBIC as determined by quantitative RT-PCR. Values are means = SD of three biological
replicates.

E Genome browser view of WRKY11 and OBE1 ChIP-seq peaks at DREBIA, DREBIB, and DREBIC. The scale of RPKM is indicated in each panel. Two replicates are shown.

F The expression levels of indicated genes under non-stress and drought stress conditions as determined by RNA-seq. Well-watered and drought-treated Arabidopsis
Col-0 plants were grown at 22°C under long-day conditions (16 h light/8 h dark) for 28 days. Values are means + SD of three biological replicates.

Source data are available online for this figure.
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Figure 9. The WRKY-OBE complex represses the expression of stress-responsive genes to coordinate plant growth and drought tolerance.

Under normal growth conditions, the group Ild WRKY genes are well expressed, and the WRKY-OBE complexes repress the transcription of stress-responsive genes in
order to prevent the inhibitory effect of the stress-responsive genes on growth. Under drought stress conditions, the transcription of stress-responsive genes is initially
induced by stress-activated transcription factors, and subsequently, the expression of group Ild WRKY genes is repressed to further release the transcription of stress-
responsive genes, thereby enhancing the drought stress tolerance. The boxes A, W, and D shown in the promoter regions represent ABA-responsive elements (ABRES),

WRKY-binding elements, and dehydration-responsive elements (DREs), respectively.

reduction in the expression level of WRKY17 upon exposure to
drought, whereas the expression level of DREBIA was induced over
time (Appendix Fig S18). We predicted that the expression levels of
these WRKY and OBE genes are reduced in plants that are subjected
to a long-term drought treatment and that the reduced expression of
these WRKY and OBE genes contributes to releasing the transcrip-
tion of stress-responsive genes (Fig 9). Therefore, this study
revealed a previously uncharacterized regulatory mechanism
responsible for balancing plant growth and stress tolerance.

Discussion

Land plants evolved from ancestral charophycean alga 450 mya,
which is an important event for plant expansion on Earth (Bowman
et al, 2017). To survive on land, the higher land plants have evolved
a multicellular diploid sporophyte generation and many specialized
tissues and organs, such as vascular tissues, roots, leaves, seeds,
and flowers (Ishizaki, 2017). Although WRKY transcription factors
exist in both lower and higher plants, they are greatly expanded in
higher land plants (Zhang & Wang, 2005), suggesting that WRKY
transcription factors are involved in the adaptation of plants to land.
Our study indicated that group IId WRKY transcription factors inter-
act with PHD-containing proteins and form redundant protein com-
plexes that are required for root and shoot development. Previous
studies have consistently shown that OBE proteins are required for
root and shoot development and vascular formation (Saiga

© 2023 The Authors

et al, 2008, 2012; Thomas et al, 2009). These results suggest that the
expansion of WRKY transcription factors contributes to root and
shoot development and vascular tissue formation, thereby facilitat-
ing the adaptation of higher plants to terrestrial environments.
Because the WRKY-OBE complexes function as transcriptional
repressors and prevent the overexpression of numerous stress-
responsive genes under non-stress conditions, we predicted that
transcriptional repression of stress-responsive genes mediated by
the WRKY-OBE complexes is required for the maintenance of nor-
mal plant growth under non-stress conditions. The WRKY-OBE
interaction is conserved in higher plants, including ferns, gymno-
sperms, and monocots, but not in lower land bryophytes, suggesting
that the WRKY-OBE interaction is especially important in higher
land plants. Therefore, WRKY-OBE complexes may have evolved in
higher land plants to balance plant growth and tolerance to
increased environmental challenges.

Although several WRKY transcription factors have been shown
to form dimers (Xu et al, 2006; Liu et al, 2012), dimerization of
these WRKY proteins depends on the direct interaction between
WRKY proteins. The results of this study indicated that the interac-
tion between group IId WRKY proteins is not direct. In the WRKY-
OBE complex, two copies of OBE proteins directly interact to form a
dimer, and the OBE dimer functions as a bridge connecting two cop-
ies of WRKY proteins, thus revealing a previously uncharacterized
mechanism underlying the dimerization of WRKY proteins. More-
over, we found that the number of W-box motifs is positively corre-
lated with the enrichment levels of WRKY and OBE proteins at their
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target promoter regions, implying that two copies of WRKY proteins
in the WRKY-OBE complex probably bind to two adjacent W-box
motifs at its target promoter region and that the dual binding sites
cooperate to enhance the binding of WRKY-OBE complexes to their
target promoter regions. Alternatively, the two copies of WRKY pro-
teins in the WRKY-OBE complex may bind to different target pro-
moters. Previous studies have shown that functionally related genes
usually form chromatin clusters and are co-regulated in eukaryotes
(Reimegard et al, 2017; Nutzmann et al, 2020). As the WRKY-OBE
complex co-regulates numerous stress-responsive genes, we
predicted that two copies of WRKY proteins in the WRKY-OBE
complex probably bind to the promoters of two different stress-
responsive genes, thereby mediating the connection of the two pro-
moters in the chromatin cluster to co-regulate the expression of
stress-responsive genes.

WRKY transcription factors bind to specific target genes through
the recognition of the W-box by their conserved WRKY domains,
which play a major role in the target selection of WRKY proteins
(Ciolkowski et al, 2008). Although WRKY domains are highly con-
served, the structure of WRKY domains also shows diversity, which
is involved in the specific recognition of the W-box flanking
sequence, contributing to the target specificity of WRKY proteins
(Miao et al, 2004; Ciolkowski et al, 2008; Brand et al, 2013). More-
over, the dimerization of WRKY proteins and the interaction of
WRKY proteins with other cofactors have also been shown to affect
the binding affinity of WRKY proteins with the W-box (Xu
et al, 2006; Zou et al, 2008; Liu et al, 2012; Chi et al, 2013). However,
these studies cannot completely explain how a given group of WRKY
transcription factors targets a subset of W-box-containing promoters.
This study indicated that the conserved N-terminal CC domain in
group IId WRKY proteins interacts with OBE proteins and is responsi-
ble for transcriptional repression. Given that the PHD finger of OBE
proteins binds to histones in vitro and that the WRKY-OBE complexes
associate with the promoter proximal to the +1 nucleosome, which
forms an obstacle for transcription initiation in vivo, we predicted that
the OBE proteins binding to histones in the +1 nucleosome are
responsible for the transcriptional repression activity of group IId
WRKY proteins. Moreover, considering that deletion of the OBE-
interacting domain in WRKY11 reduces its target specificity, the bind-
ing of WRKY-OBE complexes to the +1 nucleosome also mediates the
selection of a subset of W-box-containing promoters. Further studies
are required to determine how the binding of OBE proteins to the +1
nucleosome contributes to the target selection and transcriptional
repression activities of WRKY-OBE complexes.

We found that WRKY-OBE complexes are directly responsible for
repressing the transcription of stress-responsive genes rather than
for activating the transcription of development-related genes. As the
inhibitory effects of induced expression levels of biotic and abiotic
stress-responsive genes on plant growth have been extensively stud-
ied (Guo et al, 2018; Zhang et al, 2020), it is reasonable to predict
that the growth defects in the wrky and obe mutants are indirectly
caused by the overexpression of stress-responsive genes. Although
multiple mechanisms are responsible for the induction of stress-
responsive genes, a given transcription factor is only responsible for
activating a subset of stress-responsive genes. This study showed
that WRKY-OBE complexes repress the expression of a wide range
of biotic and abiotic stress-responsive genes. Considering that
expression levels of group IId WRKY genes are reduced under
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drought stress conditions, we predicted that the reduced expression
of group IId WRKY genes in response to stress conditions represents
a previously uncharacterized regulatory mechanism mediating the
induction of stress-responsive genes (Fig 9). Although expression
levels of stress-responsive genes are induced by stress treatments in
a short time, the expression levels of group IId WRKY genes are
reduced only in long-term drought stress-treated plants, suggesting
that reduced expression of group IId WRKY genes is responsible for
a long-term stress response. In response to stress conditions,
stress-responsive genes are initially induced by stress-activated tran-
scription factors, and this induction is subsequently enhanced by
reducing the expression of group IId WRKY genes (Fig 9). By com-
bining short- and long-term induction of stress-responsive genes,
plants can obtain sufficient stress tolerance with the least impact on
plant growth.

Materials and Methods
Plant materials growth and transformation

Arabidopsis  T-DNA  insertion  mutants including obel
(SALK_075710), obe3 (SALK_042597), obe4 (SALK_016218), wrky7
(SALK_093993C), wrkyl1 (SAIL_349_G09), and wrkyl7
(SALK_076337C) were obtained from the Arabidopsis Biological
Resource Center. The obe2, wrkyl5, wrky21, and wrky39 mutants
were obtained using CRISPR-Cas9 (Xing et al, 2014). Guide RNAs
were designed on the CRISPR-P 2.0 website. All the mutants used in
this study were in the Columbia (Col-0) background. The obel/2,
obe3/4, obel/3, and obel/4 double mutants and wrky multiple
mutants were generated by crossing. Given the rootless phenotype
of obel/2, obe3/4, and wrky-qm/lS”’, seedlings were generated
from the separation of heterozygotes. The seedlings were grown on
MS (Murashige and Skoog) medium plates at 22°C under long day
(16 h light/8 h dark) conditions. After 11 days of growth, the seed-
lings were prepared for RNA-seq and ChIP-seq, transplanted into
soil, and grown under the same conditions for genotyping and phe-
notype observation. The genomic sequences of OBEI, OBE3,
WRKY?7, and WRKY11 with their native promoters were inserted
into the pCAMBIA130S vector with a 3 x Flag or GFP tag at their 3’
terminus (Vazyme, C112-01). The WRKY11-CCA sequence was also
inserted into the vector using the multi-one-step in-fusion method
(Vazyme, C113-01). The constructs were transformed into Agrobac-
terium strain GV3101 and prepared for transgenesis via the floral-
dipping method. Primers used for the construction are listed in
Dataset EV4. Transgenic plants were selected using hygromycin
(30 mg/1) and ampicillin (50 mg/1).

Drought treatment and water loss rate measurements

Dehydration treatment and water loss rate measurement were
performed as described previously with minor modifications
(Verslues et al, 2006). To induce dehydration, 9-day-old seedlings
grown on MS medium plates were transplanted into moist soil and
kept under long-day conditions (16 h light/8 h dark) at 22°C, with-
out any additional water, until the Col-0 plants exhibited wilting
symptoms. The rate of plant survival was assessed 2 days after
rehydration. To measure the water loss rate of detached leaves, the
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second to fourth leaves were cut from 24-day-old wild-type and
mutant plants grown under long-day conditions (16 h light/8 h
dark) at 22°C. Equal weights of leaves were cut from the wild-type
and mutant plants and subjected to water loss measurement at dif-
ferent times. The rate of water loss was shown as a percentage of
the initial weight of fresh leaves.

Immunoprecipitation, mass spectrometry analysis, and gel
filtration

For AP-MS, a mixture of 2.5 g seedling and 2.5 g flower was col-
lected to extract protein. The materials were then ground in liquid
nitrogen and homogenized in 15 ml cold plant lysis buffer (50 mM
Tris-HCl [pH 7.5], 150 mM NacCl, 5 mM MgCl,, 10% glycerol, 0.1%
NP-40, 5 mM DTT, 0.1 mM PMSF, and Roche proteinase inhibitor
cocktail) and incubated for 20 min with rotation at 4°C. After centri-
fugation, the supernatant was passed through a micro-cloth (Milli-
pore, 475855), and anti-Flag M2 agarose beads (Sigma, A2220) were
incubated with supernatant at 4°C for at least 2.5 h, and then the
agarose beads were washed six times with cold plant lysis buffer to
remove the non-specific binding proteins. The protein complexes
were eluted with 3x FLAG peptide (Sigma, F4799), subjected to
SDS-PAGE, and visualized by silver staining (Sigma, PROT-SIL2).
The silver-stained protein complex was then subjected to MS analy-
sis as previously described (Zhang et al, 2013; Luo et al, 2020).

Gel filtration was performed as previously described (Ning
et al, 2015). In brief, the transgenic seedlings of OBE1/WRKY11/
WRKY11-CCA-3 x Flag were ground and suspended in 2.5 ml cold
plant lysis buffer. After centrifugation at 14,000 g, the supernatant
was filtered through a 0.22 pm filter, and the proteins were loaded
into a Superose 6 column (10/300GL) (GE Healthcare, 17-5172-01).
Next, 500 pl elute was collected and the proteins were immediately
run on SDS-PAGE gel and detected by immunoblotting with Flag
antibody (Sigma, F7425).

Yeast two-hybrid assays

For Y2H assays, the full-length OBE1-4 and WRKY7/11/15/17/21/
39/12/14/36/40 coding sequences and a series of truncated coding
sequences were cloned into pGADT7 and pGBKT?7 vectors using a
cloning kit (Vazyme, C112-01). Primers used for cloning are listed
in the Dataset EV4. The pGADT?7 vectors were transformed into the
AH109 strain, and the pGBKT7 vectors were transformed into
the Y187 strain. The AH109 strain was grown on solid medium
lacking Leu (SD-L), and the Y187 strain was grown on solid medium
lacking Trp (SD-W); both were grown at 28°C. Positive strains on
SD-L and SD-W were then mated for 16-20 h in YPDA lipid
medium. After mating, the mixtures were transferred to solid
medium lacking Trp and Leu (SD-W-L). Finally, the positive strains
grown on SD-W-L medium were resuspended in sterile ddH20 and
spotted on solid medium lacking Trp, Leu, and His (SD-W-L-H) for
Y2H assays. To reduce background growth, different concentrations
of 3-amino-1,2,4-triazole (3-AT) were added to the SD-W-L-H.

Protein purification and pull-down assay

For protein purification, the full-length and truncated coding
sequences of Arabidopsis WRKY11, OBEI, and OBE2, as well as
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their  orthologs from  Physcomitrium  patens, Selaginella
moellendorffii, Taxus chinensis, and Oryza sativa, were cloned into
DPGEX-6p-1 in fusion with GST tag, pSMT3 in fusion with His tag, and
modified pET30a in fusion with the MBP and His tag. Primers used
for cloning are listed in Dataset EV4. The constructs were confirmed
by Sanger sequencing and transformed into the BL21 strain for pro-
tein purification. Protein purification was performed as previously
described (Tan et al, 2020). In brief, the protein expression was
induced with 0.2 mM IPTG and the E. coli bacteria were precipitated
and resuspended in GST-tag lysis buffer (20 mM Tris-HCI [pH 8.0],
150 mM NaCl, 1 mM DTT, and 1 mM PMSF), His-tag lysis buffer
(20 mM Tris-HCI [pH 8.0], 500 mM NaCl, 20 mM imidazole, 1 mM
DTT, and 1 mM PMSF) and MBP-tag lysis buffer (20 mM Tris—HCl
[pH 8.0], 200 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF),
followed by sonication and centrifugation at 30,000 g for 1 h. The
supernatant was filtered and incubated with GST beads (GE Health-
care, 17075601), Ni-NTA Resin (Millipore, 70666-4), or MBP Resin
(Smart-life sciences, SA077005) for 1 h at 4°C with rotation. The
beads were then washed three times with GST-tag lysis buffer, His-
tag lysis buffer, or MBP-tag lysis buffer to remove non-specific pro-
teins. Proteins were eluted with GST elution buffer containing 10 mM
glutathione, His-tag lysis buffer containing 250 mM imidazole, or
MBP-tag lysis buffer containing 10 mM maltose. Purified proteins
were confirmed using Coomassie blue staining.

For in vitro pull-down assays, the MBP-tagged Arabidopsis
OBE2-4 and WRKY11-1 proteins were mixed with GST-tagged full-
length or truncated versions of Arabidopsis OBE1; the GST-tagged
full-length OBE1 ortholog and the MBP-tagged full-length WRKY11
ortholog from each of other plants were also mixed. The mixture
was incubated with MBP or GST beads and gently rotated for 1 h at
4°C. After washing at least five times, the proteins were eluted with
MBP or GST elution buffer containing 10 mM maltose or glutathi-
one, and input and elution samples were subjected to SDS-PAGE
and immunoblotting using GST antibody (Abmart, 12G8) and His
antibody (Abmart, 10E2). The rice group IId WRKY protein
OsWRKY51 was expressed and purified from bacteria in fusion with
the MBP tag. The MBP-fused OsWRKY51 protein was mixed
with the total protein extract of rice seedlings and subjected to pull-
down assays using the MBP beads. The OSWRKYS51-interaction pro-
teins were identified by mass spectrometry.

Electrophoretic mobility shift assay

Purified full-length and truncated WRKY11 proteins or a mixture of
WRKY11 and OBE1 proteins were incubated with 1.25 uM double-
stranded probe DNA labeled with Cy5 fluorescent dyes in binding
buffer (25 mM HEPES-KOH [pH 7.6], 50 mM KCI, 0.1 mM EDTA,
12.5 mM MgCl,, 0.5% (w/v) BSA, 5% glycerol, and 1 mM DTT) at
room temperature for 30 min. The binding reaction mixture was
resolved with 10% native PAGE in 0.5 x TBE at 4°C for 150 min at
80 V. The interaction between the proteins and DNA was detected
using a Bio-Rad scanner.

Domain prediction, sequence alignment, and phylogenetic
analysis

Protein sequences were downloaded from the TAIR and NCBI data-
bases. Protein structures were predicted using Alphafold (https://
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www.alphafold.ebi.ac.uk/). The domains of each protein were
predicted using the NCBI database (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). Multiple protein sequence alignments
were performed using DNAMAN (version 7) software. A phyloge-
netic tree was generated by MEGA (version 7) using the neighbor-
joining method. Bootstrapping was performed using 500 replicates.

Quantitative RT-PCR, RNA-seq, and data analysis

Total RNA was extracted using TRIzol reagent (Invitrogen,
15596018) from Arabidopsis plants. For quantitative RT-PCR, cDNA
was synthesized using 5xAll-In-One RT Master Mix (Abm, G492),
and quantitative PCR was performed using the Bio-Rad CFX96 Real-
Time System. For RNA-seq, 11-day-old seedlings and 28-day-old
well-watered plants and drought-treated plants were subjected to
RNA extraction. RNA libraries were built by Novogene and
sequenced with Illumina NovaSeq 6000 using a paired-end scheme
(PE150). After adaptors and low-quality reads were filtered, clean
reads were mapped to the Arabidopsis genome (TAIR10) using the
default parameters of HISAT2 (v2.2.0) (Kim et al, 2019). Unique
reads mapped to the transcripts were counted using the feature-
Counts algorithm (v2.0.2) (Liao et al, 2014). The differentially
expressed genes (DEGs) were defined as those with |log,(fold
change)| > 1 and FDR < 0.05 with the R package edgeR (v3.32.1)
(Robinson et al, 2010). GO analyses were performed using the
DAVID 2021 website (https://david.ncifcrf.gov/tools.jsp). The heat-
maps of DEGs and GO analysis were drawn using R package gplots
(v3.1.1). Box plots and scatter plots were drawn using the R pack-
age ggplot2 (v3.3.5). Venn diagrams were drawn using the R
package ggvenn (v0.1.9). RNA-seq data were obtained from three
independent biological replicates.

ChIP-seq and quantitative ChIP-PCR

ChIP assays were performed as described previously with some
modifications (Guo et al, 2022). Briefly, OBE1-GFP, WRKY11-GFP,
and WRKY11-CCA-GFP transgenic plants were subjected to ChIP-
seq. In brief, 6 g of 11-day-old seedlings were fixed with 1% form-
aldehyde under vacuum for 12 min (four times at 3 min each
time), and the reaction was stopped by the addition of 0.125 M
glycine under vacuum for 5 min (twice for 2.5 min each time).
The cross-linked seedlings were ground into a powder in liquid
nitrogen. The nuclei were extracted using 30 ml cold lysis buffer
(0.4 M sucrose, 10 mM Tris-HCl [pH8.0], 10 mM MgCl,, 0.25%
Triton X-100, 1 mM DTT, 0.1 mM PMSF, and Roche protease
inhibitor cocktail) for 30 min at 4°C. The sample was then filtered
through two layers of microcloth (Millipore, 475855) to remove
debris and pelleted by centrifuging at 1,500 g at 4°C for 20 min.
The pellet was washed with buffer II (10 mM Tris—HCl [pH8.0],
10 mM MgCl,, 0.25 M sucrose, and 1% Triton X-100, 1 mM DTT,
0.1 mM PMSF, and Roche protease inhibitor cocktail) until the pel-
let became gray. The pellet was resuspended in buffer III (10 mM
Tris-HCl [pH8.0], 10 mM MgCl,, 1.7 M sucrose, and 0.25% Triton
X-100, 1 mM DTT, 0.1 mM PMSF, and Roche protease inhibitor
cocktail) and centrifuged at 14,000 g at 4°C for 1 h. Chromatin was
sonicated to a size from 100 to 500 bp using a Bioruptor (Diage-
node). After the sample was centrifuged at 13,000 g at 4°C for
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15 min, dilution buffer (20 mM Tris—HCl [pH8.0], 2 mM EDTA,
200 mM NaCl, 1 mM PMSF, and Roche protease inhibitor cocktail)
was added to dilute the supernatant. GFP antibody (Abcam, ab290)
was used to immunoprecipitate the protein-DNA complex over-
night at 4°C. Next, 40 pul protein A beads (Thermo Scientific,
10001D) were added to immunoprecipitate the protein~-DNA com-
plex by interacting with GFP antibody at 4°C for 2 h with rotation.
The beads were then washed with low salt buffer (20 mM Tris—
HCl [pHS8.0], 150 mM NaCl, 0.1% SDS, 1% Triton X-100, and
2 mM EDTA), high salt buffer (20 mM Tris-HCl [pH8.0], 500 mM
NaCl, 0.1% SDS, 1% Triton X-100, and 2 mM EDTA), LiCl buffer
(0.25 M LiCl, 1% NP-40, 1% SDS, 1 mM EDTA, and 10 mM Tris—
HCIl [pH8.0]), and TE buffer (10 mM Tris—HCl [pH8.0] and 1 mM
EDTA), and the protein~-DNA complex was reverse crosslinked at
65°C overnight. DNA was extracted from the eluted sample with
phenol/chloroform/isoamyl (Biorigin; 25:24:1) reagent, and the
purified DNA was sent to Novogene (Beijing, China) for library
generation and paired-end (PE150) sequencing on the Illumina
NovaSeq 6000 platform.

After adaptors and low-quality reads were filtered, the clean data
were mapped to the Arabidopsis TAIR10 genome using Bowtie2
(v2.3.4) with parameters -k 1 and -N 1, allowing one mismatch
(Langmead & Salzberg, 2012). ChIP-seq peaks were identified
against input-controlled peaks using MACS2 (v2.2.7.1) with the
parameter -f BAMPE (Zhang et al, 2008). PCR duplicates were
removed by using Picard Tools (v2.23.0) with MarkDuplicates. The
read counts were normalized to RPKM (reads per kilobase per mil-
lion mapped reads) by the number of clean reads mapped to the
genome in each library. The ChIP-seq results in this study were
obtained from two independent biological replicates. The profile
plot and heatmap were drawn using the plotProfile and
plotHeatmap functions in DeepTools (v3.5.1). Box plots, scatter
plots, and stacked histograms were drawn using the R package
ggplot2 (v3.3.5). Venn diagrams were drawn using the ggvenn R
package (v0.1.9). For quantitative ChIP-PCR, 2 g of 11-day-old seed-
lings and anti-Flag antibody (Sigma, F1804) were used. Primers
used for quantitative ChIP-PCR are listed in Dataset EV4.

Peptide pull-down assay

For peptide pull-down assays, 1 pg of purified proteins were incu-
bated with 1 pg of different biotinylated histone peptides in binding
buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, and 0.05% NP-40)
at 4°C for 4 h. The protein mixture was then incubated with 40 pl of
Streptavidin MagneSphere Para-Magnetic Particles (Promega,
75481) for 1 h with rotation at 4°C. The particles were washed and
boiled in SDS sample buffer and were subjected to immunoblotting
using anti-GST antibody. Histone peptides used in this study were
previously described (Qian et al, 2021). For determining the cooper-
ation between OBE1 and OBE2 in binding to histone peptides, the
purified GST-OBE1 and His-OBE2-4 proteins were pre-incubated
overnight in binding buffer. Then, the protein mixture was incu-
bated with 1 pg of biotinylated histone peptides at 4°C for 4 h,
followed by 40 pl of Streptavidin MagneSphere Para-Magnetic Parti-
cles for 1 h with rotation at 4°C. After washing with binding buffer,
the protein-bound particles were subjected to SDS-PAGE and
immunoblotting.
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Dual luciferase reporter assay

The luciferase reporter assay was performed as described with
minor modifications (Ning et al, 2015). In brief, the transcriptional
activator VP16 fused to the GAL4 DNA-binding domain activates the
transcription of the reporter gene. OBE1, WRKY11, and truncated
WRKY11 sequences were ligated in frame with the GAL4-BD-VP16
fusion sequence in the effector construct. The reporter construct and
each of the effector constructs were co-transformed into protoplast
cells for the luciferase activity assay as previously reported (Yoo
et al, 2007). The luciferase activity was measured with Dual-
Luciferase® Reporter Assay System (Promega, E1910).

Data availability

Raw RNA-seq and ChIP-seq data were deposited in the Gene Expres-
sion Omnibus (GEO) database under the accession code GSE221660
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE221660).
Accession numbers: WRKY7 (AT4G24240), WRKY11 (AT4G31550),
WRKY1S5 (AT2G23320), WRKY17 (AT2G24570), WRKY21 (AT2G
30590), WRKY39 (AT3G04670), OBEI (AT3G07780), OBE2 (ATS5G
48160), OBE3 (AT1G14740), OBE4 (AT3G63500), ZARI (AT3G50950),
DREBIA (AT4G25480), DREBIB (AT4G25490), and DREBIC (AT4G
25470).

Expanded View for this article is available online.
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