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Abstract

Mitogen-activated protein kinase (MPK) cascades play vital roles in plant innate immunity, growth, and development. Here, we
report that the rice (Oryza sativa) transcription factor gene OsWRKY31 is a key component in a MPK signaling pathway in-
volved in plant disease resistance in rice. We found that the activation of OsMKK10-2 enhances resistance against the rice blast
pathogen Magnaporthe oryzae and suppresses growth through an increase in jasmonic acid and salicylic acid accumulation and
a decrease of indole-3-acetic acid levels. Knockout of OsWRKY31 compromises the defense responses mediated by OsMKK10-2.
OsMKK10-2 and OsWRKY31 physically interact, and OsWRKY31 is phosphorylated by OsMPK3, OsMPK4, and OsMPKé.
Phosphomimetic OsWRKY31 has elevated DNA-binding activity and confers enhanced resistance to M. oryzae. In addition,
OsWRKY31 stability is regulated by phosphorylation and ubiquitination via RING-finger E3 ubiquitin ligases interacting
with WRKY 1 (OsREIW1). Taken together, our findings indicate that modification of OsWRKY31 by phosphorylation and ubi-
quitination functions in the OsMKK10-2-mediated defense signaling pathway.

more pronounced. However, the exact signal transduction
that leads to global transcriptional reprogramming remains
largely unknown.

PAMPs, such as bacterial flagellin or peptidoglycan and
fungal chitin, are perceived by pattern-recognition receptors,
activating a signaling cascade. Upon perception of a chitin
elicitor, rice (Oryza sativa) chitin elicitor-binding proteins di-
merize and then form a receptor complex with CHITIN

Introduction

Plants have developed sophisticated defense mechanisms
during the arms race with pathogens. Preformed defenses in-
clude physical barriers and constitutive chemicals with anti-
microbial activities. Inducible defenses are triggered during
plant-pathogen interactions and include pathogen-
associated molecular pattern (PAMP)-triggered immunity

(PTI) and effector-triggered immunity (ETI), which are acti-
vated to restrict pathogen infection (Jones and Dangl
2006). In general, both PTl and ETI induce similar signal trans-
duction and defense responses, although the ETI response is

ELICITOR RECEPTOR KINASE 1 (OsCERK1) to initiate the sig-
naling process (Hayafune et al. 2014). OsCERK1 directly phos-
phorylates RECEPTOR-LIKE CYTOPLASMIC KINASE 185
(OsRLCK185) in response to chitin and is required to activate
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a mitogen-activated protein kinase (MPK) cascade
(Yamaguchi et al. 2013). MPKs are important players in
many biological processes, including responses to abiotic
and biotic stresses in plants. In each MPK cascade, a MPK
is phosphorylated by a MPK kinase (MKK), which may be ac-
tivated by an MKK kinase (MKKK). The activated MPK can
phosphorylate target proteins to confer their responses to
environmental cues and developmental requirements. The
rice genome contains 74 MKKKs, eight MKKs, and 17
MPKs (Hamel et al. 2006; Reyna and Yang 2006; Yang et al.
2015); MKKs are particularly important because they are
considered the convergence points in the MPK signaling
modules (Andreasson and Ellis 2010).

In rice, OsMPK3 interacts with SUBMERGENCE1A1
(SUB1AT), an ethylene response factor-like protein, regulat-
ing submergence tolerance in rice (Singh and Sinha 2016).
Activation of OsMPK4 can enhance rice resistance against
Xanthomonas oryzae pv. oryzae (Xoo), the causal pathogen
of bacterial blight disease (Shen et al. 2010). Chitin induces
the OsMKK4-OsMPK3/OsMPK6 cascade for cell death and
biosynthesis of diterpenoid phytoalexins and lignin
(Kishi-Kaboshi et al. 2010). OsMKK4 can be phosphorylated
by OsMKKK18 and OsMKKKe, and in turn, OsMKKKe is
phosphorylated by OsRLCK185 (Wang et al. 2017; Yamada
et al. 2017). Interestingly, the OsMKKK10-OsMKK4-
OsMPK6 signaling pathway positively controls grain size
and weight (Guo et al. 2018; Xu et al. 2018). Moreover,
OsMKK10-2 has been reported to activate OsMPK3 and
OsMPKG6 for enhanced resistance to a bacterial streak patho-
gen, X. oryzae pv. oryzicola (Xoc), and tolerance to drought
stress (Ma et al. 2017). OsMKK10-2-OsMPK6 pathway is
required for OsWRKY45-mediated resistance against
Magnaporthe oryzae (Ueno et al. 2013). Recently, OsMPK6
has been shown to phosphorylate a Raf-like kinase
ENHANCED DISEASE RESISTANCE 1 (OsEDR1), leading to in-
creased OsMKK10-2 activity and resistance to Xoc (Ma et al.
2021).

Auxins regulate many processes of growth and develop-
ment in plants, including petiole elongation, root architec-
ture, and gravity perception (Kazan 2013), and implicated
in promoting disease susceptibility in Arabidopsis thaliana
(Chen et al. 2007; Kidd et al. 2011). In this context, fig22 in-
duces accumulation of Arabidopsis microRNA393 (miR393),
which targets the auxin F-box receptor genes TRANSPORT
INHIBITOR 1 (TIRT), AUXIN SIGNALING F-BOX 2 (AFB2), and
AFB3, resulting in repression of auxin signaling and restriction
of Pseudomonas syringae growth (Navarro et al. 2006).
Overexpression of NONEXPRESSOR OF PATHOGENESIS-
RELATED 1 (OsNPR1) increases resistance to Xoo but attenu-
ates rice growth (Yuan et al. 2007). A later study suggested
that the indole-3-acetic acid (IAA) content and the auxin dis-
tribution pattern are altered in OsNPR1-overexpressing
plants, partially owing to the upregulation of IAA-amido syn-
thase gene GRETCHEN HAGEN 3.8 (OsGH3.8) (Li et al. 2016).
Constitutive expression of OsGH3.8 in rice reduces free IAA
content, suppresses plant growth, and enhances resistance

Wang et al.

to bacterial pathogen Xoo (Ding et al. 2008). In Arabidopsis,
the activation-tagged bushy and dwarf 1 (bud1) mutant,
which results from the increased expression of the MKK7
gene, inhibits auxin transport indicating that MKK7 negative-
ly regulates polar auxin transport (PAT) (Dai et al. 2006).
Conversely, bud1 mutant accumulates elevated amounts of
salicylic acid (SA) and displays enhanced resistance to patho-
gens. In this context, MKK7 phosphorylates MPK3 and MPK6
in planta and positively modulates plant basal and systemic
acquired resistance (Zhang et al. 2007; Jia et al. 2016).

WRKY transcription factors (TFs) participate in various
plant processes, including growth, development, and re-
sponses to abiotic and biotic stresses (Chen et al. 2019).
In previous studies, we showed that OsWRKY31 (renamed
as OsWRKY55, Rice WRKY Working Group 2012) and
OsWRKY89 are positive regulators of rice resistance against
M. oryzae (Wang et al. 2007; Zhang et al. 2008). Both
OsWRKY31 and OsWRKY89 belong to the WRKY IlIb sub-
clade, which formed after the divergence of Arabidopsis
and rice (Wu et al. 2005). In a yeast two-hybrid (Y2H)
screen using OsWRKY89 as a bait, OsMKK10-2 and
OsREIW1 were obtained as interactors, and these proteins
also interact with OsWRKY31. Here, we revealed that
OsWRKY31 acts as a key regulator downstream of
OsMKK10-2 and OsMPK3 is also a downstream compo-
nent of the kinase. Moreover, OsWRKY31 stability was af-
fected by its phosphorylation and ubiquitination statuses.
Our study sheds light on post-transcriptional regulation
of plant immunity.

Results

OsWRKY31 physically interacts with OsMKK10-2 and
OsMPKs

The interaction between OsMKK10-2 and OsWRKY31 was
tested in yeast cells with OsMKK10-2 and OsWRKY31 fused
with the Gal4 DNA-binding domain (in pBD bait vector) and
activation domain (in pAD prey vector), respectively. The
interaction between OsMKK10-2 and OsWRKY31 was
confirmed by the growth of yeast cells harboring
BD-OsMKK10-2 and AD-OsWRKY31 plasmids on the selec-
tion media deficient in Leu, Trp, His, and adenine (-LWHA;
Fig. 1A). However, no interaction was observed between
OsMKK10-2 and OsWRKY76.1 or OsWRKY45, suggesting a
specific interaction between OsMKK10-2 and OsWRKY31.
For protein pull-down assays, OsMKK10-2 and OsWRKY31
were expressed as GST-MKK10-2-3myc with glutathione
transferase (GST) and 3XxXMyc epitope tags and GST-
WRKY31-3flag, respectively, in Escherichia coli; GST-
WRKY31-3flag was found to interact specifically with
GST-MKK10-2-3myc (Fig. 1B).

To validate the interaction between OsWRKY31 and
OsMKK10-2 in planta, OsMKK10-2 and OsWRKY31 were
fused with N- or C-terminal parts of a split yellow fluorescent
protein (YFP) for bimolecular fluorescence complementation
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Figure 1. OsMKK10-2 and OsMPKs interact with OsWRKY31. A) OsWRKY31, OsWRKY45, OsWRKY76.1, and OsMKK10-2 were fused to the Gal4
activation domain (prey) or DNA-binding domain (bait). The resulted plasmids in appropriate combinations were introduced into yeast cells and
then incubated in synthetic dropout medium without Leu and Trp (-LW) or lacking Leu, Trp, His, and adenine (-LWHA) and photographed 3 d after
plating. Yeast cells containing AD-T7 plus BD-53, and AD-T7 plus BD-Lam plasmids were used as the positive and negative controls, respectively. B)
OsMKK10-2 and OsWRKY31 were sandwiched with GST and 3xXMyc (GST-MKK10-2-3myc) or GST and 3XxFlag (GST-WRKY31-3flag) tags. Purified
protein (each about 1 pug) was combined accordingly and incubated at 4 °C for 2 h in immunoprecipitation buffer. The protein mixture was pre-
cipitated with anti-c-Myc agarose affinity gels, separated on 10% SDS-PAGE gels, and detected by immunoblots with aMyc and aFlag antibodies. C)
OsWRKY31, OsWRKY45, OsMKK10-2, OsMPK3, OsMPK4, and OsMPK6 were fused in frame with the YFP N-terminal region (YFPN) or the YFP
C-terminal region (YFPS). The Agrobacteria with combined plasmids were infiltrated into the leaves of N. benthamiana. Confocal images were taken
at 2 d after the infiltrations. Red fluorescence signals indicative of the nuclei were from co-infiltrated 35S:dsRed-NLS (NLS: nuclear localization signal).
D) Plasmids of Ubi:MKK10-2-3myc, Ubi:WRKY31-3flag, and Ubi:GFP-3flag control were introduced separately in A. tumefaciens and co-expressed in
appropriate combinations in leaves of N. benthamiana. Total proteins were extracted and immunoprecipitated with anti-c-Flag affinity gels. The
precipitates were subjected for immunoblots with aMyc and oFlag antibodies. E) OsWRKY31 or OsWRKY45 and OsMPK3 were fused with
CFP© and CFPN, respectively. OsMKK10-2*%, a kinase-dead mutant with Lys®' to Arg®' substitution, was fused with YFPN. Images photographed
at 2 d after the infiltrations are CFP (left), YFP (middle), and merged with bright field (right). Bar = 10 um.

(BiFC) assays. The 355:MKK10-2-YFP< and 355:WRKY31-YFPN
plasmids were co-expressed with nuclear localization signal-
targeted dsRED (35S:dsRED-NLS) in Nicotiana benthamiana
leaves via Agrobacterium tumefaciens-mediated infiltration.
The detection of YFP fluorescence indicated the interaction
of MKK10-2-YFPS with WRKY31-YFP"; the co-localization of
YFP and RED fluorescence signals indicated that the inter-
action occurred exclusively in the nuclei of N. benthamiana

epidermal cells (Fig. 1C). OsWRKY45, belonging to the
WRKY llla subclade, functions in the OsMKK10-2-OsMPK6
cascade (Ueno et al. 2015). Interaction between
WRKY45-YFPN and MKK10-2-YFPS was not detected. The
interaction of OsMKK10-2 with OsWRKY31 was also con-
firmed by the transient expression of Ubi:MKK10-2-3myc
and Ubi:WRKY31-3flag proteins in N. benthamiana leaves
using co-immunoprecipitation (ColP) (Fig. 1D).
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OsMKK10-2 has been found to interact with OsMPK3,
OsMPK4, and OsMPK6 but not with OsMPK17-1 (Zhou
et al. 2017). Thus, we further tested the interactions between
OsWRKY31 with these OsMPKs and found that OsMPK3,
OsMPK4, and OsMPK6 were able to interact with
OsWRKY31 in yeast cells (Supplemental Fig. S1). Physical in-
teractions of OsWRKY31 with the three OsMPKs were fur-
ther revealed by BiFC assays using 35S:WRKY31-YFPM
co-transformed with 355:MPK3-YFPN, 355:MPK4-YFP", or
355:MPK6-YFPN in epidermal cells of N. benthamiana leaves
with a dsRed-fused nuclear marker. The co-localization of
YFP and red fluorescence signals indicated that the interac-
tions occurred in the nuclear compartment (Fig. 1C).

Furthermore, multicolor BiFC analysis was used to test the
complex formation among OsWRKY31, OsMPK3, and
OsMKK10-2"® (the kinase-dead mutant generated by chan-
ging the amino acid Lys®' to Arg), as OsMKK10-2 caused
cell death in N. benthamiana leaves, especially in the pres-
ence of OsMPKs (Kamigaki et al. 2016; Zhou et al. 2017).
Two types of fluorescence signals were visualized among
WRKY31-CFPS, MPK3-CFP", and MKK10-2®-YFP" in the
N. benthamiana cells but not with WRKY45-CFP< substitu-
tion of WRKY31-CFP© (Fig. 1E), revealing the formation of
OsWRKY31-OsMPK3-OsMKK10-2®  nuclear complex.
These results indicate that OsWRKY31 can physically inter-
act with OsMPK3 and its upstream OsMKK10-2, forming a
ternary complex.

OsWRKY31 is phosphorylated by the
OsMKK10-2-OsMPK module

To examine whether OsMKK10-2 could activate the phosphoryl-
ation of OsMPKs and OsWRKY31, we first analyzed the autopho-
sphorylation activity of OsMKK10-2. The amino acids Arg”® and
Ser’® of OsMKK10-2 were mutated into Asp (OsMKK10-2°P)
for constitutive activation, although OsMKK10-2 did not contain
the typical S/T-Xs-S/T motif for a MKKK phosphorylation
(Hamel et al. 2006). Autophosphorylation activities were ob-
served for the recombinant GST-MKK10-2°°-3myc protein
and, to a lesser extent, for the wild-type GST-MKK10-2-3myc,
but not for the kinase-dead mutant GST-MKK10-2*®-3myc
(Supplemental Fig. S2A).

Second, we investigated the phosphorylation of
OsWRKY31 by OsMPK proteins in vitro using Phos-tag gel as-
says. The migration of phosphorylated GST-WRKY31-3flag
proteins was clearly retarded for samples treated with
GST-MPK3-3myc and GST-MPK4-3myc, while no significant
retarded bands were found for those treated with only
GST-MPK6-3myc, GST-MKK10-2-3myc, or GST-MKK10-2°°-
3myc. However, GST-WRKY31-3flag was markedly phosphory-
lated when GST-MPK6-3myc was added in combination with
GST-MKK10-2-3myc or GST-MKK10-2°°-3myc (Fig. 2A), sug-
gesting that the activation of OsMPK6 via OsMKK10-2 was re-
quired for OsWRKY31 phosphorylation in vitro.

Third, we examined whether OsMKK10-2 activated phos-
phorylation of OsMPKs and OsWRKY31 in planta.

Wang et al.

Dexamethasone (Dex)-inducible MKK10-2-myc plants and
knockout plants of OsMKK10-2 (mkk10-2ko), OsMPK3
(mpk3ko), and OsWRKY31 (w31ko) were obtained through
the CRISPR/Cas9 method (Supplemental Fig. S3). Rice seed-
lings harboring the Dex:MKK10-2-myc construct were trea-
ted with Dex or dimethyl sulfoxide (DMSO) solvent as
control, and sampled for immuno-blot analysis. The promin-
ent phosphorylation of OsMPK6 and OsMPK3 was detected
after Dex treatment using anti-pTEpY antibody, while in Dex:
MKK10-2 mpk3ko plants, the DEX treatment failed to
activate OsMPK3 phosphorylation (Fig. 2B, Supplemental
Fig. S2B), suggesting that OsMPK3 was also a component
downstream of OsMKK10-2 phosporylation cascade.
Moreover, using an antibody for detection of specific
phosphorylation of OsWRKY31 at Ser® (anti-W31pS6)
(Supplemental Fig. S4), an increase of OsWRKY31 phos-
phorylation levels was observed in Dex-induced plants com-
pared with the mock treatment (Fig. 2B). Furthermore,
chitin-induced OsWRKY31 accumulation was reduced in
the mpk3ko background, although the relative amounts of
phosphorylated OsWRKY31 vs. total OsWRKY31 were found
to be somewhat variable in different experiments (Fig. 2C).

OsWRKY31 is a key player in OsMKK10-2-mediated

resistance against M. oryzae

To examine whether OsWRKY371 acts downstream of
OsMKK10-2 during defense responses, the transgenic and
wild-type plants were inoculated with the rice blast fungus
M. oryzae. Spores of M. oryzae SZ strain were injected into
the leaf sheaths of rice plants (about 3-mo-old), and the new-
ly grown leaves were collected for disease evaluation. The
mkk10-2ko and w31ko plants were more susceptible to M. or-
yzae SZ than those of Zhonghua 17 (ZH17), whereas the
OsWRKY31-overexpressing plants showed reduced suscepti-
bility to the SZ strain compared with the ZH17 controls
(Supplemental Fig. S5). However, introduction of Ubi:
fW31h into the mkk10-2ko and mpk3ko background signifi-
cantly decreased the susceptibility to M. oryzae (Fig. 3, A
and B). To activate OsMKK10-2, Dex:MKK10-2-myc and
Dex:MKK10-2 w31ko plants were sprayed with Dex 12 h be-
fore the pathogen inoculation. Dex-induced expression of
OsMKK10-2 enhanced plant resistance to M. oryzae, but
the resistance was eliminated when the OsWRKY31 gene
was disrupted in the Dex:MKK10-2 w37ko lines (Fig. 3, C
and D). Conversely, knocking out OsMPK3 only partially atte-
nuated OsMKK10-2-conferred resistance against rice blast
fungus. Taken together, these data strongly indicate that
OsWRKY31 is a key player in OsMKK10-2-mediated resist-
ance against M. oryzae at a wide period of vegetative stage.

OsMKK10-2 alters auxin distribution and
accumulation

Phylogenetic analysis revealed that OsMKK10-2 is a homolog of
Arabidopsis MKK10, belonging to the same D group as MKK7
(Supplemental Fig. S6) (Hamel et al. 2006). The
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tations of Arg™- and Ser

to Asp for constitutive activation. B) Seven-day-old seedlings cultured hydroponically were treated with 10 uM

dexamethasone (Dex) or DMSO as the mock. Proteins extracted were separated on 10% SDS-PAGE gels and blotted with apTEpY, aOsMPK6,
or aW31pS6 (generated for detection of OsWRKY31 S6 phosphorylation) antibody. Representative data from four independent experiments. C)
Ubi:fW31h#2 mpk3ko and Ubi:fW31h#2 seedlings were grown hydroponically for 7 d, and then treated with 200 ug mL™" chitin. The proteins ex-
tracted were analyzed by immunoblots with apTEpY, aW31pS6, and aFlag. CBB, Coomassie brilliant blue staining for loading control. Representative
data from three independent experiments. Relative intensity (numbers below the gels) of bands was analyzed using Image) software. The values
below indicate the relative gray density of three experiments. The value marked with * indicates statistically significant difference between Dex treat-
ment B) and chitin C), analyzed by the Student’s t-test (*, P < 0.05). Dex:MKK10-2 for Dex:MKK10-2-myc; mpk3ko for OsMPK3 knockout; Ubi:fW31h

for Ubi:Flag-WRKY31-6xHis.

gain-of-function bud1 mutant with increased MKK7 expression
exhibits PAT deficiency (Dai et al. 2006). To know whether
OsMKK10-2 is involved in auxin transportation, we measured
basipetal movement of tritium-labeled IAA (*H-IAA) in the eti-
olated hypocotyls of the transgenic plants overexpressing
OsMKK10-2. The *H-IAA transport in hypocotyl segments of
Dex:MKK10-2-myc plants was reduced to ~60% of that in
the control plants 12 h after Dex treatment, whereas the levels
of auxin transport were similar between Dex:MKK10-2 w37ko
and ZH17-control plants (Fig. 4A). The basipetal PAT was sig-
nificantly inhibited in OsWRKY31-overexpressing hypocotyls
and enhanced in mkk10-2ko segments when compared with
the control plants (Fig. 4A).

To further illustrate the impact of OsMKK10-2 on auxin le-
vels, an auxin responsive reporter line was crossed with the
Dex:MKK10-2-myc plant to generate the DR5:GUS Dex:
MKK10-2 progeny. To visualize the distribution of auxin in
vivo, GUS staining was performed from the early stage of
seed germination on the resulting seedlings treated with
Dex or DMSO solvent. A marked reduction of GUS staining
was observed on germinating seeds 24 h after Dex treatment
(Fig. 4Ba, b), suggesting the decrease of free auxin levels dur-
ing seed germination when OsMKK10-2 protein was induced.
In the 5-d-old seedlings, the Dex treatment also reduced the
GUS activity in the leaves and upper part of the primary roots
but enhanced the staining in the lower part of the primary
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Figure 3. OsWRKY31 and OsMPK3 are involved in OsMKK10-2 activated disease resistance. Lesion length A) and disease symptoms B) of the trans-
genic and wild-type ZH17 plants after infiltration with M. oryzae SZ strain. Plants of tillering stage (about 3-mo-old) in paddy field were injected with
SZ spores (1 x 10° conidia mL™") in year 2020. The segments of leaves were photographed and quantified at 9 d after the infiltrations. The median
was the crossline in each boxplot showing the lesion length distributions (n > 9). Disease symptoms C) and lesion areas D) of the transgenic and
ZH17 plants infected with SZ strain by spraying. Eighteen-day-old plants were inoculated with SZ spores (5 x 10° conidia mL™") by foliar spraying;
the Dex-inducible lines were treated with 20 pM Dex for 12 h before the pathogen inoculation and the other plants were received with DMSO as the
mock. Evaluation of disease severity and photography taken were conducted at 7 d after the inoculation. Ubi:fW31h mkk10-2ko for Ubi:fW31h and
mkk10-2ko genetic crossing progeny; other plants described in Fig. 2. The median was the crossline in each boxplot showing the lesion area distribu-
tions (n = 16). Significance was evaluated by comparing with ZH17 or each other as bracketed using the Student’s t-test (*, P < 0.05; **, P < 0.01; ***,

P <0.001). Bar=1cm.

roots (Fig. 4, Bc and C). These observations suggested a po-
tential perturbation of auxin distribution in plant tissues
upon activation of OsMKK10-2 expression.

We then investigated the expression of genes related to
auxin metabolism and signaling in Dex:MKK10-2-myc plants.
OsGH3.1 and OsGH3.8 genes, encoding members of the GH3
family of IAA-amido synthetases, are implicated in auxin
homeostasis by conjugating free IAA (Ding et al. 2008;
Domingo et al. 2009; Li et al. 2016). Levels of OsGH3.7 and
OsGH3.8 expression were remarkably increased by the activa-
tion of OsMKK10-2 transcription (Fig. 4D). Other genes of the
OsGH3 family such as OsGH3.2, OsGH3.6, and OsGH3.9 were
upregulated, whereas OsGH3.4 was downregulated in
Dex-treated Dex:MKK10-2-myc plants at the time point ex-
amined (Supplemental Fig. S7). The YUCCA (YUC) family of

flavin monooxygenase genes encodes the rate-limiting en-
zymes in IAA biosynthesis via the tryptophan-dependent
pathway (Yamamoto et al. 2007). OsARF12 and OsARF16
are transcriptional activators in regulating auxin response
genes and affect auxin transport and root elongation (Qi
et al. 2012; Shen et al. 2015). The levels of OsYUCCAT,
OsARF12, and OsARF16 expression were decreased in
Dex-induced  Dex:MKK10-2-myc  plants  (Fig.  4D).
Collectively, the results indicate that OsMKK10-2 regulates
auxin homeostasis and signaling.

To examine possible growth phenotypes of OsMKK10-2 ex-
pression, the germinated Dex:MKK10-2-myc seeds were
transferred onto half strength Murashige and Skoog (MS)
medium containing different concentrations of Dex. Root
and coleoptile growth of Dex:MKK10-2-myc seedlings was
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Figure 4. Activation OsMKK10-2 suppresses auxin transport and homeostasis. A) Polar auxin transport (PAT) assay of coleoptiles. Seven-day-old
seedlings growing in the dark were treated with 10 uM Dex for 12 h and then segmented for PAT assay. Values shown are means + SD of five in-
dependent replicates. Values marked with different letters indicate statistically significant differences as analyzed by Duncan’s multiple range test,
a = 0.05. GUS staining B) and activity C) of DR5:GUS Dex:MKK10-2 (genetic crossing of DR5:GUS and Dex:MKK10-2) plants. Seedlings of 2 d after
germination were treated with 10 uM Dex or DMSO for 6 (a) and 24 h (b). DR5:GUS Dex:MKK10-2 seedlings of 5 d old were treated with DMSO
solvent or Dex for 12 h for GUS staining (c) and activity determination (n = 14) C). DR5:GUS for auxin responsive elements (DR5) controlled GUS
reporter gene; Bar = 1 cm. D) Expression of auxin related genes. Dex:MKK10-2 seedlings of 12 d old were treated with 10 uM Dex for 6 h and DMSO
as the mock, and the leaves were sampled for total RNA isolation. Gene expression was determined by RT-qPCR using OsUBQ as the reference gene.
Results from representative experiments are shown. Experiments were repeated three times with similar results. Values are means + SD with sig-
nificant difference compared with DMSO mock using Student’s t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

highly inhibited with increased Dex concentration
(Supplemental Fig. S8, A to C), suggesting that the elevation
of OsMKK10-2 expression was responsible for these pheno-
types. Furthermore, the inhibition of root growth in Dex:
MKK10-2-myc plants was attenuated under w37ko back-
ground in Dex:MKK10-2 w31ko (Supplemental Fig. S8, D
and E), indicating that OsWRKY31 is an important regulator
downstream of OsMKK10-2.

Activation of OsMKK10-2 prioritizes defense
responses over growth

As the activation of OsMKK10-2 promoted disease resistance
and suppressed auxin transport and metabolism, we ana-
lyzed transcript levels of genes related to these phenotypes.
Transcript levels of OsMKK10-2 increased in different Dex:
MKK10-2-myc plants by Dex treatment; however, the in-
creased transcript levels of OsMKK710-2 was slightly sup-
pressed in Dex:xMKK10-2 w31ko lines (Fig. 5A, Supplemental
Fig. S9A). Activation of OsMKK10-2 increased OsWRKY31 ex-
pression in Dex:MKK10-2-myc. However, the level of
OsMKK10-2 transcript was not changed significantly in Ubi:

fW31h plants, in which the level of OsWRKY31 transcript
was very high (Fig. 5B).

The jasmonic acid (JA)-inducible allene oxide synthase
OsAO0S2, a JA biosynthetic gene, was significantly induced by
the activation of OsMKK10-2 (Fig. 5C). OsWRKY45 has been re-
ported to play an important role in SA-mediated defense re-
sponses in rice (Shimono et al. 2007). The level of OsWRKY45
transcript was upregulated approximately 3-fold in Dex:
MKK10-2-myc plants, and this increase required functional
OsWRKY31 (Fig. 5D). Moreover, the expression of OsPR1a
and OsPR1b was elevated in the Dex-induced OsMKK10-2
and Ubi:fW31h plants (Supplemental Fig. S5, E and F).

Overexpression of OsPIN2, which encodes an auxin efflux
transporter of the PIN family, enhances auxin transport
from shoots to roots (Chen et al. 2012). In our study,
OsPIN2 expression was strongly suppressed in Dex-induced
Dex:MKK10-2-myc plants (Fig. 5G). Conversely, the expres-
sion of OsAUX3, belonging to the auxin influx carrier family,
was elevated in Dex:MKK10-2-myc plants compared with the
controls (Fig. 5H). Furthermore, the expression of OsKS1,
leading to the synthesis of gibberellin (GA), was downregu-
lated in UbifW31h and Dex-induced Dex:MKK10-2-myc
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Figure 5. OsWRKY31 is required for OsMKK10-2-activated immune response. The transgenic and control plants were hydroponically cultured for 10
d, treated with 10 uM Dex, and sampled at designated time points for RNA and chemical isolations. Transcript level of each gene A to H) was de-
termined by RT-qPCR using OsUBQ as the internal reference. Values represent means + SD of three indepent treatments, each including three seed-
ling leaves. Values marked with different letters indicate statistically significant differences as analyzed by the SPSS software (Duncan’s multiple range
test, o = 0.05). I to N) Contents of compounds were determined by liquid chromatography-tandem mass spectrometry using DsABA as the internal
standard. | to M) sampled at 6 h after the Dex treatment. N) Leaf samples at 6 and 24 h after the Dex treatment; ND, no detection; root X 10, in-
dicating 10 times upscale the value in root. Data are means = SD of three or four biological repeats. Significance test was evaluated using the
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plants, whereas OsKS4, leading to synthesis of phytoalexin
momilactones, was upregulated (Supplemental Fig. S9B).
Increased OsWRKY11 and OsGH3.8 expression led to growth
retardation and enhanced disease resistance (Ding et al. 2008;
Cai et al. 2014). Transcript levels of both OsWRKY11 and
OsGH3.8 genes were also upregulated in UbifW31h and
Dex-treated Dex:MKK10-2-myc plants (Supplemental Fig.
S9B).

Hormonal profiling revealed that the accumulation of JA,
jasmonoyl isoleucine (JA-lle), and SA was remarkably ele-
vated in both leaves and roots of Dex-treated Dex:
MKK10-2-myc and, to a lesser extent, in Dex:MKK10-2
w31ko plants (Fig. 5, | to K). In contrast, IAA content in
both roots and leaves decreased significantly by the induc-
tion of OsMKK10-2 expression (Fig. 5L) but without notice-
able changes in abscisic acid (ABA) accumulation
(Supplemental Fig. S5M). The levels of the phytoalexin sakur-
anetin were highly increased in Dex:MKK10-2-myc leaves
24 h after Dex treatment; however, this induction was insig-
nificant in Dex:MKK10-2 w37ko plants (Fig. 5N). We also ex-
amined phytohormone accumulation in mkk10-2ko, w31ko,
and UbifW31h plants with or without the inoculation of
rice blast fungus. Contents of SA, JA, and JA-lle were lower
in the leaves of mkk10-2ko and w37ko mutants compared
with Ubi:fW31h#2 and ZH17, although induction of JA and
JA-lle was still observed (Supplemental Fig. S10). SA content
was not changed largely by M. oryzae challenge, consistent
with the previous report (Yang et al. 2004). Collectively,
the results suggest that activation of OsMKK10-2 promoted
defense responses with a synergistic increase of SA and A ac-
cumulation and suppressed auxin-related plant growth.

OsMKK10-2 and OsWRKY31 participate in PAMP
regulation of defense and auxin pathways
OsPIN2 mediates auxin distribution and plays an important
role in root development and system architecture in rice
(Wang et al. 2018). We examined the response of
OsPIN2pro:GUS to chitin and verified that GUS staining
was weakened at the lateral root primordia and root tips
upon chitin treatment (Fig. 6A). Meanwhile, the number of
the lateral root primordia was reduced by chitin treatment.
Tests on basipetal PAT revealed a significant inhibition of
PAT in rice seedlings in the presence of chitin or flg22
(Fig. 6B). Gene expression analysis revealed a downregulation
of OsPIN2 and upregulation of OsGH3.8 in rice seedlings by
chitin (Supplemental Fig. S11, C and D), consistent with
the decrease of free IAA and suppression of its translocation
by chitin. Expressions of OsMKK10-2 and OsWRKY31 were in-
duced by chitin treatments, and notably, the chitin-induced
defense-related OsPR1b and OsKS4 expressions were substan-
tially compromised in the mkk10-2ko and w37ko lines
(Supplemental Fig. S11, A, B, E, and F).

As the activation of OsMKK10-2 promoted the accumula-
tion of JA and SA and decreased IAA content (Fig. 5), we in-
vestigated the effects of methyl jasmonate (MeJA) and SA on
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auxin responses using OsPIN2pro:GUS and DR5:GUS plants.
Histochemical assays of OsPIN2pro:GUS revealed that the
GUS signal was significantly suppressed at the tips of primary
roots by SA and MeJA treatments with or without IAA
(Fig. 6C). Similarly, GUS activities of DR5:GUS and DR5:GUS
w31ko were inhibited by SA and MeJA treatments
(Fig. 6D), suggesting that SA and MeJA antagonize auxin ef-
fects. Analysis of gene expression revealed that OsPIN2 ex-
pression in both roots and leaves is suppressed by the
exogenous application of MeJA and SA, even in the presence
of IAA (Fig. 6E, Supplemental Fig. S12). Conversely, IAA treat-
ment inhibited the expressions of the MeJA-inducible marker
gene OsLOX2 and SA-inducible gene OsWRKY76. These find-
ings suggest that PAMPs triggered immunity recruits
OsMKK10-2 and OsWRKY31 to enhance defense reactions,
and auxin pathway antagonizes with JA and SA pathways
in rice plants.

Phosphomimetic OsWRKY31 enhances
cis-element-binding activity and disease resistance
We adopted an in vitro mutation approach to localize poten-
tial phosphorylation sites of OsWRKY31. Some of the Ser/Thr
residuals of Ser/Thr-Pro loci—potential MAP kinase phos-
phorylation sites—in OsWRKY31 were mutated to Ala to
produce non-phosphorylatable variants of the sites.
OsWRKY31 and its mutants were subjected to phosphoryl-
ation assays by the interacting MPKs, and Ser® and Ser™” re-
sidues were found as the major phosphorylation sites of
OsMPK3, OsMPK4, or OsMKK10-2-activated OsMPK6
(Supplemental Fig. S13).

To investigate whether OsWRKY31 phosphorylation could
affect its W-box-binding capability, we tested OsWRKY31
binding with probes of various combinations of W-box ele-
ments by electrophoretic mobility shift assays (EMSA). The re-
combinant OsWRKY31 protein interacted specifically with the
probes from the promoter of OsPR1b with different affinity;
however, OsWRKY31 contained a hepta WRKYGEK instead
of the more conserved WRKYGQK motif in most of WRKY
TFs (Supplemental Fig. S14A) (Chen et al. 2019). OsWRKY31
showed weaker binding to BP22-f1 (containing the core se-
quence TGAC of W-box) than BP22-f3 (containing TTGAC)
probe, suggesting that OsWRKY31 might prefer to interact
with the full W-box elements. Moreover, the phosphomimetic
OsWRKY31%P>1010 protein showed stronger intensity of the
retarded bands compared with those of OsWRKY31, whereas
the phosphonull OsWRKY31%* and OsWRKY31%%4510™A (.
minished markedly in the binding activity compared with
the wild-type protein (Fig. 7, A and B, Supplemental Fig.
S14B). Transactivation activity of OsWRKY31 and its phospho-
mutants was tested by using Wbox:GUS reporter in N.
benthamiana leaves. A steady increase of relative activity was
observed using OsWRKY31 and OsWRKY31°°2°1%™® effectors
compared with OsWRKY313*°'" or the GFP control
(Fig. 7, C and D), and the activity was increased by additional
chitin treatment (Fig. 7E), which might increase OsWRKY31
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Figure 6. OsMKK10-2 and OsWRKY31 are involved in PAMP regulation of defense and auxin pathways. A) Changes of OsPIN2pro:GUS expression
pattern and primordia formation by chitin treatment. Five-day-old OsPIN2pro:GUS seedlings were treated with 200 ug mL™" chitin for 12 h and
stained at 37 °C for 4 h. Values are means + SD of three biological replicates. B) Chitin and flg22 suppress auxin transport. Seven-day-old ZH17
seedlings grown in the dark were treated with 1 pM fig22 or 200 ug mL™" chitin for 12 h, and then the coleoptiles were collected for PAT assay
as described in Fig. 4. Error bars represent standard deviation of five replicate experiments. Significance test was evaluated using the Student’s
t-test (***, P < 0.001). Suppression of OsPIN2 C) and DR5 D) promoter activities by MeJA and SA. Five-day-old OsPIN2pro:GUS, DR5:GUS, and
DR5:GUS w31ko seedlings were treated with MeJA (200 uM), SA (500 uM), or in combination with IAA (1 pM), and the mock received the
same amount of DMSO at 28 °C for 12 h. Representative GUS staining images of OsPIN2pro:GUS primary roots stained at 37 °C for 4 h, and
DR5:GUS and DR5:GUS w31ko staining at 37 °C for 1 h. Bar=0.5 mm C and D). E) Expression of SA (OsWRKY76), JA (OsLOX2), and IAA
(OsPIN2) marker genes in roots. Five-day-old DR5:GUS seedlings were treated with phytohormones as described in D). Gene expression was deter-
mined by RT-qPCR analysis using OsUBQ as the reference. Data are means + SD of three independent treatments. Values marked with different
letters indicate statistically significant differences as analyzed by the SPSS software (Duncan’s multiple range test, o = 0.05).

and its phosphorylation levels with chitin application (see  phosphonull plants in the w31ko#14 genetic background
Fig. 8, A and B). The data indicated that OsWRKY31 is a  (Ubi:W31°°P*'°"®_3flag w31ko and Ubi:W31°¢*19".3flag
transactivator. w31ko; abbreviated W31°P-3flag w31ko and W31**-3flag

To investigate the effects of OsWRKY31 phophosites in w31ko, respectively). The phosphomimetic W31°°-3flag
planta, we generated OsWRKY31 phosphomimetic and w31ko plants presented a markedly increased resistance



OsWRKY31 in OsMKK10-2 signaling pathway THE PLANT CELL 2023: 35; 2391-2412 2401

A N o o © B
~2 AN - NN - AN 8
o e e e (e g 4
2.0 wo S
™ n
ol b - o o3
1.5+ .

. oBiotin

1 " '
x
‘ “ . Anl')\ '?@Y é\b\ éoo @@Q
1 Q“l\‘ @“) %@Y‘ A(b &
N Q

Relative density
(probe binding/protein)
5

O
- e o W W Fg & &
C
Reporter— 358 LUG | Ter |—{promolsy
Effector m WRKY31s Ter Promoter: W-box
WRKY31s: WRKY31(W31), W31S6AS101A(\W31A4) or
Control mﬁ’ GFP | Ter \W31856DS101D(\\/31DD)
D, 5, Wbox:GUS E 5 WboxGUS ﬁ
=4 EE— =
2 2
5] 3 3 3 *
22 g2
Bl rﬁ & i
o T .
GFP W31 W31 Wa{o GFP W31 GFP W31
+chitin
G T '
€ 2.5 —
% 2.0 ne
15
Bey )
< 1.0
% 0.5
[0)]
_I 0 T T T T T
Nk o 5 9 o
7 \Nrg,’\\ko% ag\rm Q,«\’@)‘)‘VN Ao 5 «\@*‘
A\
‘“,5,\,’5 PP,g\\'a‘) ,bx\'a‘) ,bs\\o‘é
W& e’
H | OzZH17
200 T a a 5.0- O w31ko#14
S OsWRKY31 5§ a  EW31Allag w3tko#
§ 150 § 4.0 -W31DD -3flag w31ko#6
s 53.0- ia
3 100
o m 2.0 b
k= 2 bc b b
& 50 - ©
1.0- c
& b b & ﬂ ° r]cc
0- 0

Y o) O OSGH3.8 OsPIN2 OsWRKY76 OsPR1a OSAOSZ
’L‘(\'\ o’*"}\ e
R

3‘\\"9 rix,‘\\'ég
\N’b @’5
Figure 7. Phosphomimetic OsWRKY31 enhances DNA-binding activity and disease resistance. A) Phosphomimetic (GST-WRKY31%P-3flag and
GST-WRKY31%¢P51910_3134), phosphonull (GST-WRKY31°¢A-3flag and GST-WRKY31°*45'°"_3flag), and GST-WRKY31-3flag protein were expressed
in E. coli. and purified for electrophoretic mobility shift assay using BP22-f3 probe (biotin-labeled P22-f3 probe, Supplemental Fig. S14A). The mixture

(continued)
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against M. oryzae in comparison with W31**-3flag w31ko,
w3Tko, and ZH17 (Fig. 7, F and G, Supplemental Fig. S14, C
and D). Expression of defense-related genes, OsGH3.8,
OsPIN2, OsWRKY76, OsPR1a, and OsAOS2, was upregulated
in W31°P-3flag w31ko, whereas OsPIN2 expression was sup-
pressed (Fig. 71). The transcript levels of defense-related genes
were similarly much lower in phosphonull W31**-3flag
w31ko and w37ko plants than in W31°°-3flag w31ko lines, al-
though both of the transgene W31**-3flag and W31°°-3flag
were highly expressed (Fig. 7, H and I). The observations indi-
cated that the two phosphosites of OsWRKY31 are essential
for its role in activation of disease resistance.

Rapid induction of OsWRKY31 protein by chitin and
M. oryzae

When the abundance of OsWRKY31 protein was examined,
we found that the level of OsWRKY31 accumulation was low
in Ubi:fW31h plants compared to the very high transcript
levels of OsWRKY31, especially in hydroponic culture condi-
tions (Fig. 5B). Rapid and transient induction of OsWRKY31
protein was observed in Ubi:fW31h plants treated with chitin
(Fig. 8A). Similar to chitin treatment, the levels of OsWRKY31
protein and its phosphorylation were simultaneously ele-
vated in Ubi:fW31h#2 plants treated with MG132, an inhibi-
tor of proteasome-mediated protein degradation (Fig. 8B),
suggesting that OsWRKY31 protein is regulated by the ubi-
quitin—proteasome system.

To address why W31°P-3flag w31ko and W31-3flag w31ko
lines showed similar levels of resistance against M. oryzae
(Fig. 7, F and G), we analyzed the levels of the proteins en-
coded by the respective transgenes. The abundance of the
phosphomimetic mutant OsWRKY31°® was higher than
wild-type OsWRKY31 revealed by comparing the samples
(0 h) before the pathogen infection (Fig. 8C) and among dif-
ferent transgenic lines (Supplemental Fig. S14D). OsWRKY31
abundance was markedly elevated after inoculation of M.

Figure 7. (Continued)
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oryzae SZ strain in 3 h, a very early infection period for the
pathogen infection, and reached to the Ilevel of
OsWRKY31°P (Fig. 8C). The results imply that the rapid in-
duction of OsWRKY31 protein is able to compensate for
the lower level at the beginning than OsWRKY31°°, and
also the phosphorylated OsWRKY31 is more stable than its
wild type (Figs. 2C and 8B).

To further confirm the relationship between OsWRKY31
abundance and its phosphorylation status, we transiently ex-
pressed OsWRKY31 with OsMPK3 in N. benthamiana leaves
via agroinfiltration. The levels of OsWRKY31 protein and its
phosphorylation were higher in plants expressing Ubi:
W31-3flag with 355:MPK3-myc than with 355:MPK3"?*-myc
or 35S:GFP-myc (Fig. 8D), supporting the idea that
OsWRKY31 phosphorylation favors its protein accumulation
and is consistent with that observed in Fig. 2C. The increased
OsWRKY31 could be because an increase of phosphorylated
active OsWRKY31 triggers a large variation in defense signal-
ing and stimulates a higher level of expression of unpho-
sphorylated OsWRKY31. Collectively, the rapid induction
of OsWRKY31 accumulation by chitin and during the early
infection of rice blast fungus suggested that OsWRKY31 is
highly controlled for efficient defense responses.

OsWRKY31 stability is regulated by ubiquitination

Since OsWRKY31 stability is mediated by the proteasome
system, we searched E3 ubiquitin ligases as potential interac-
tors of OsWRKY31. A RING-finger E3 ubiquitin ligase inter-
acting with WRKY, designated as OsREIW1, was previously
obtained through a Y2H screen. By transcriptomic analyses
of plant responses to a panel of phytohormone treatments
(Sato et al. 2013), we found that OsREIW1 is co-regulated
with  OsWRKY31 (Supplemental Fig. S15A). Further,
OsWRKY31 was verified to interact with OsREIW1 protein,
but not the E3 ligase PUBG in yeast cells and by pull-down
experiment (Fig. 9, A and B). Interaction of OsWRKY31

of protein (about 2 ug) with probe (0.03 tM) was separated on native PAGE gels and detected with aBiotin antibody. The presence of retarded band
indicating the formation of protein—-DNA complex. Protein loading was analyzed using aFlag antibody. B) The relative density is the retarded band in
related to the loading protein and normalized with the wild-type OsWRKY31 protein. Values are means =+ SD of six repeats. P-values are shown in
the graph. C) Schematic diagrams of the reporter and effector constructs. The promoter was fused with GUS reporter gene. LUC gene driven by the
cauliflower mosaic virus (CaMV) 35S was used as an internal control. The W-box DNA was put ahead of 35S minimal promoter with TATA-box to
generate Wbox:GUS construct. D and E) Effector of OsWRKY31 (W31), phosphomimetic OsWRKY31%P51°"® (\w31PP) " phosphonull
OsWRKY31%¢451914 (\W3144) or GFP control was co-infiltrated with the reporter of Wbox:GUS in the leaves of N. benthamiana. The treated tobacco
plants were grown 25 °C for 3 d and sampled for GUS activity. In case of chitin treatment, the leaves were sprayed with chitin solution (200 pg mL™")
5 h before the sample collection. Values are means + SD of different leaf discs (n > 14). Overexpression of phosphomimetic OsWRKY31°" elevated
resistance to M. oryzae SZ strain. F and G) The phosphomimetic W31°°-3flag, the phosphonull W31*4-3flag, and W31-3flag genes (all controlled by
ubiquitin promoter) were transformed into w37ko background. The hygromycin-resistant transgenics of T, progenies and the ZH17 control were
grown to the tillering stage in the paddy filed and inoculated with spores of M. oryzae SZ (1 x 10° conidia mL™") in year 2020. The leaf segments were
photographed and quantified at 9 d after the infiltrations. The median was the crossline in each boxplot showing the lesion length distributions (n >
8). Significance was evaluated by comparing with each other as bracketed using the Student’s t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Bar =
1 cm. H and 1) Gene expression. Leaves of 10-d-old seedlings cultured hydroponically were used for total RNA isolation. Gene expression was de-
termined by RT-qPCR using OsUBQ as the reference gene. Values are means + SD of three independent expereiments, each including three seedling
leaves. Values marked with different letters indicate statistically significant differences as analyzed by the SPSS software (Duncan’s multiple range
test, o = 0.05).
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Figure 8. Rapid induction of OsWRKY31 protein by chitin and M. oryzae. A and B) Induction of OsWRKY31 accumulation by chitin and proteasome
inhibitor MG132. Leaves of 7-d-old Ubi:fW31h#2 were treated with 200 pg mL™" chitin, 100 pM MG132 or DMSO as the mock for 1 h B) or with
200 pug mL™" chitin at various time points A). The extracted proteins were analyzed by immunoblots with antibodies of aFlag, aW31pS6, and aActin
as the loading control. C) Induction of OsWRKY31 protein by M. oryzae. Eighteen-day-old rice plants (Ubi:W31°°-3flag w31ko and Ubi:W31-3flag
w31ko) growing in soil were inoculated with spores of M. oryzae SZ (5 x 10° conidia mL™") by spraying, and the leaves were sampled for protein
analysis at 3 h after or before (0 h) the challenge. The proteins extracted were analyzed by immunoblots with aFlag antibody. Results from repre-
sentative experiments are shown. Experiments were performed in three replicates. D) Increase OsWRKY31 accumulation by phosphorylation.
Agrobacteria harboring Ubi:W31-3flag plasmid were co-infiltrated with agrobacteria containing 355:MPK3-myc, 35S:MPK3®-myc, or 355:
GFP-myc, into the leaves of N. benthamiana. Proteins were extracted from the leaves of 2 d after the infiltrations and analyzed by immunoblots
with aMyc and aFlag antibodies. CBB, Coomassie brilliant blue staining for loading control. Representative data from three independent

experiments.

with OsREIW1"%¢Y (His>® to Tyr, to eliminate the enzymatic
activity) mutant was mainly in the nucleus of N. benthami-
ana leaves by BiFC assay (Fig. 9C), supported by the predom-
inant localization of both OsREIW1 and OsWRKY31 in the
nuclei (Supplemental Fig. S15B) (Zhang et al. 2008).
Recombinant GST-REIW1-3myc protein exhibited self-
ubiquitination activity, and the OsREIW1"*¢" mutant showed
no enzymatic activity (Supplemental Fig. S15C). OsWRKY31
was highly ubiquitinated by OsREIW1 (Fig. 9D). In contrast,
ubiquitination of the phosphomimetic OsWRKY31°° was
weaker than the phosphonull OsWRKY31** and
OsWRKY31 (Fig. 9D), implying that phosphorylation of
OsWRKY31 at the two sites potentially attenuates the ubiqui-
tination and increases the protein stability. This note is consist-
ent with the higher level of OsWRKY31°® in its transgenic
plants compared to OsWRKY31 plants (Fig. 8C, 0 h).
Moreover, we used a cell-free approach to compare the
stability of OsWRKY31 and OsWRKY31°® during incubation
with protein extracts from OsREIWT1-overexpressing plants.

GST-WRKY31°P-3flag showed slower degradation than
GST-WRKY31-3flag (Supplemental Fig. S15D). Compared
with OsREIW1 knockout (reiwlko) plants, GST-WRKY31-
3flag degradation was faster in the extracts from
OsREIW1-overexpressing or wild-type ZH17 plants (Fig. 9, E
and F). Lower OsWRKY31 abundance was detected in Ubi:
fW31h Ubi:REIW1 plants (Ubi:fW31h and Ubi:REIW1-3myc
cross progeny) than in UbifW31h reiw1ko plants (Fig. 9G).
Notably, OsWRKY31 levels in Ubi:REIW1-3myc plants but
not in reiwlko plants were increased upon MG132 treatment
(Fig. 9G), suggesting that OsWRKY31 is a target of OsREIW1
for degradation via 26S proteasome.

The OsREIW1-related plants were tested for the response
to M. oryzae SZ. The knockout mutant of OsREIW1 exhibited
enhanced resistance against the fungal pathogen, whereas
Ubi:REIW1-3myc plants were more susceptible to the SZ
pathogen than ZH17 (Fig. 9, H and I). The elevated resistance
in Ubi:fW31h plants was compromised in the presence of
Ubi:REIW1-3myc, indicating that OsREIW1 is a negative
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Figure 9. OsREIW1 regulates OsWRKY31 stability. A to C) OsREIW1 interacts with OsWRKY31. A) OsREIW1 and PUBG6 as a control were fused to
the Gal4 DNA-binding domain (bait). The prey-OsWRKY31 was from Fig. 1. Yeast cells were incubated in SD medium without Leu and Trp (-LW) or
lacking Leu, Trp, His, and adenine (-LWHA), and photographed 3 d after plating. Yeast cells containing AD-T7 plus BD-53 and AD-T7 plus BD-Lam
plasmids were used as the positive and negative controls, respectively. B) Purified GST-REIW1-3myc and GST-WRKY31-3flag protein (each about
1 ug) were mixed and incubated at 4 °C for 2 h in immunoprecipitation buffer. The protein mixture was precipitated with anti-c-Myc agarose af-
finity gels, separated on 10% SDS-PAGE gels, and detected by immunoblots with aMyc and oFlag antibodies. C) Agrobacteria harboring 35S:
REIW17°Y.YFPS, 355:WRKY31-YFP" or 355:WRKY76.1-YFPN plasmid were combined accordingly and infiltrated into the leaves of N. benthamiana.

(continued)
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regulator of OsWRKY37-mediated defense responses.
Collectively, these findings demonstrated that OsWRKY31
stability is regulated by phosphorylation and ubiquitination.

Discussion

In this study, we provided evidence that OsWRKY31 is a key
regulator of rice defense and growth, acting downstream of
OsMKK10-2 in a OsMKK10-2-OsMPK3-OsWRKY31 cascade.
In addition, we found that OsWRKY31 stability is regulated by
phosphorylation and ubiquitination via a RING-finger E3 lig-
ase, OsREIW1.

OsMKK10-2-OsMPK3/6 activates OsWRKY31 in rice
immunity

In the MPK cascades, OsMKK10-2 has been shown to interact
directly or indirectly with environmental stress-related
OsMPK3, OsMPK4, and OsMPK6 (Ueno et al. 2015; Ma et al.
2017; Zhou et al. 2017). Ueno et al. (2013, 2015) have addressed
the OsMKK10-2-OsMPK6—-OsWRKY45 pathway in M. oryzae
resistance, in which ABA treatment leads to dephosphorylation
of OsMPKG via activation of protein tyrosine phosphatases and
improves disease resistance. Thus, OsMKK10-2-OsMPK3-
OsWRKY45 appears to mediate SA-ABA signaling crosstalk
between disease-resistance and abiotic-stress responses.
Similarly, Ma et al. (2017) have shown that overexpressing
OsMKK10-2 increases resistance to the bacterial pathogen
Xoc and tolerance to drought, whereas its RNAi-knockdown
plants are more sensitive to Xoc and drought stress compared
with the control plants. The disease-resistance and drought-
tolerance pathways are regulated separately by OsMKK10-2-
OsMPK6 and OsMKK10-2-OsMPK3 modules, respectively
(Ma et al. 2017). In this study, we showed that activation of
OsMKK10-2-OsMPK3-OsWRKY31 promotes defensive re-
sponses and this particular signaling cascade has a negative ef-
fect on auxin-related activities including downregulation of
genes for auxin biosynthesis, signaling, and transportation

Figure 9. (Continued)
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(Figs. 3 to 5). These results point to an involvement of
OsMKK10-2-OsMPK3-OsWRKY31 in SA-IAA signaling cross-
talk. We find it interesting that both OsMKK10-2-OsMPK6-
OsWRKY45 and OsMKK10-2-OsMPK3-OsWRKY31 cascades
regulate rice defense but have negative crosstalk with ABA
(in the case of OsWRKY45) or auxin (in the case of
OsWRKY31) hormonal pathways. Likely, OsWRKY31 is involv-
ing defense and auxin, whereas OsWRKY45 participated in de-
fense and ABA signaling. Future research is needed to further
examine if OsWRKY31 and OsWRKY45 have nonredundant
and/or overlapping roles in mediating other aspects of defense-
growth trade-offs. Phylogenetically, OsWRKY45 belongs to the
WRKY llla subclade, whereas OsWRKY31 is in the llIb subclade.
These two subclades appear to have evolved after the diver-
gence of dicots and monocots (Wu et al. 2005).
Furthermore, we found the formation of OsMKK10-2-
OsMPK3-OsWRKY31 ternary complex (Fig. 1E), which po-
tentially increases the efficiency of OsWRKY31 phosphoryl-
ation and specificity of the signaling pathway. The protein
complex is often observed in the metabolic channeling,
which allows an efficient control of metabolic flux
(Achnine et al. 2004). The complex of LOX2, AOS2, and
AOC2 in the plastid envelope of Arabidopsis chloroplasts
provides a channel for JA precursor biosynthesis (Pollmann
et al. 2019). In Arabidopsis, MEKK1 interacts with and directly
phosphorylates WRKY53 and regulates WRKY53 through
binding to its promoter, suggesting that MEKK1 can act as
a short cut in MPK signaling (Miao et al. 2007). However,
the biochemical function associated with the interaction be-
tween OsMKK10-2 and OsWRKY31 is yet to be clarified.

OsMKK10-2 and OsWRKY31 mediate the defense and
growth trade-off

PAMPs, such as flg22, have been demonstrated to repress
auxin signaling in Arabidopsis (Navarro et al. 2006). Our re-
sults showed that chitin inhibited IAA transport in rice seed-
lings and downregulated OsPIN2 expression (Supplemental

Confocal images were taken at 2 d after the infiltrations. Red fluorescence signals indicative of the nuclei were from co-infiltrated 35S:dsRed-NLS
(NLS: nuclear localization signal). Bar = 10 pm. D) Ubiquitination of OsWRKY31 by OsREIW 1. OsWRKY31 recombinant protein GST-W31-3flag and
its phosphomimetic GST-W31°P-3flag and phosphonull GST-W31**-3flag were incubated with E1, E2, and ubiquitin in the presence of
GST-REIW1-3myc. The reaction mixture (30 pL) contained 50 ng wheat ubiquitin-activating enzyme E1, 100 ng human ubiquitin-binding enzyme
E2 (UBCHS5b), 5 pg Arabidopsis ubiquitin (Ub), 500 ng GST-REIW1-3myc, and 2 pug OsWRKY31 or its mutant protein in buffer (50 mM Tris-HCl pH
7.5, 10 mM MgCl,, 2 mM DTT, and 5 mM ATP) and incubated at 30 °C for 1 h. The reaction was stopped by adding the 5X SDS loading buffer.
Samples were separated by 10% SDS-PAGE gels and analyzed by immunoblots using aUb or aFlag antibody. Relative intensity (numbers in the
gel) of ubiquitinated bands was analyzed using Image) software. E and F) Cell-free degradation of OsWRKY31. Total proteins were extracted
from the leaves of Ubi:REIW1-3myc, reiwTko, and ZH17 seedlings grown hydroponically for 1 wk. Protein extracts (about 500 pg) were incubated
with GST-WRKY31-3flag (2 ng) for various time points at 25 °C. The protein samples were separated and analyzed by immunoblot with aFlag anti-
body. Representative data from three independent experiments. Quantification of treatments at 0 min was set as 1. Values are mean + SD (n = 3).
G) Segments of leaves from 7-d-old seedlings cultured hydroponically were treated with 100 pM MG132 or DMSO solvent for 1 h and then sampled
for protein isolation. The protein mixture was separated on 10% SDS-PAGE gels and detected by immunoblots with aMyc and oFlag antibodies.
Representative results from three independent experiments. CBB, Coomassie brilliant blue staining for loading control. H and 1)
Eighteen-day-old plants were inoculated with M. oryzae SZ spores (5 X 10° conidia mL™") by foliar spraying. Disease symptoms H) and lesion areas
1) were conducted at 7 d after the inoculation. Representative data from three independent experiments. Significance was evaluated by comparing
with ZH17 or each other as bracketed using Student’s t-test (* P < 0.05; **, P < 0.01). Bar =2 cm.
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Fig. S11C). GUS signal depletion in OsPIN2pro:GUS and DR5:
GUS plants by the addition of SA or MeJA revealed the antag-
onistic effect of SA and MeJA on IAA in rice plants (Fig. 6, C to
E). Activation of OsMKK10-2 increased the levels of SA and
JA/lle-)A, whereas knockout of OsWRKY31 compromised
the induced phytohormnone accumulation (Fig. 5, | to K).
This is consistent with the activation of OsMKK10-2 or over-
expressing OsWRKY31 inhibiting root growth and enhancing
resistance against M. oryzae (Supplemental Fig. S8, B and C;
Zhang et al. 2008). The effects on growth and defense via
OsMKK10-2 are remarkably suppressed by knockout of
OsWRKY31 (Fig. 3, C and D, Supplemental Fig. S8, D and E),
indicating that OsWRKY37 is an important downstream
component of OsMKK10-2. Additionally, OsWRKY31 pos-
sibly has a feedback effect on OsMKK10-2 expression because
OsMKK10-2 expression is slightly suppressed in the w31ko
background (Figs. 5A, Supplemental Fig. S9, A and S11A),
but we cannot exclude the possibility of partial silencing of
the DEX-induced OsMKK10-2 in the w31ko background.
Together, our data indicate that the OsMKK10-2-
OsMPK3/6-OsWRKY31 module functions at a node for
rice defense and growth, even though the study here was fo-
cused on the seedling stage, which may not reflect growth ef-
fects at the whole-plant scale.

Role of OsMPK3 in rice resistance

We demonstrated, using a mpk3ko mutant, that OsMPK3 is
an important kinase activated by OsMKK10-2 in defense re-
sponse (Figs. 2B and 3, A to D), providing updated informa-
tion on MPK signaling in rice. Knockout of OsMPK3 only
partially compromised OsMKK70-2-induced resistance to
M. oryzae (Fig. 3D), suggesting that other kinases may have
contributed to OsMKK10-2-mediated disease resistance, as
OsMKK10-2 was able to phosphorylate several OsMPKs
(Fig. 2B) (Zhou et al. 2017). Disease assays on mpk3ko mu-
tants, Dex:MKK10-2 mpk3ko and Ubi:fW31h mpk3ko plants,
suggested that OsMPK3 acts as a positive regulator of resist-
ance against rice blast fungus, which differs from previous
studies showing OsMPK3 as a negative regulator (Xiong
and Yang 2003; named as OsMAPKS5 therein). The phenotypic
discrepancies between gene knockout and gene knockdown
may be caused by a genetic compensation response, as noted
in zebrafish (Rossi et al. 2015; Ma et al. 2019) and plants (Gao
et al. 2015). Alternatively, the difference is possible due to
cultivar variations and pathogens used in the studies.

Phosphomimetic OsWRKY31 facilitates its
DNA-binding activity

OsWRKY31 with a hepta WRKYGEK instead of the more
conserved WRKYGQK motif shows binding activity to differ-
ent combinations of W cis-elements (Supplemental Fig.
S14A). Phosphorylation analyses in vitro demonstrated that
OsWRKY31 could be phosphorylated directly by OsMPK3
and OsMPK4 but not OsMPK6 and that OsWRKY31 S6
and S101 are major phosphosites of the OsMPKs

Wang et al.

(Supplemental Fig. S13). Other studies have shown that
MPKs can directly phosphorylate substrates in vitro. For in-
stance, Arabidopsis MPK6 directly phosphorylates
elFiso4G1, a component of the translational preinitiation
complex and OsMPK3 phosphorylates SUB1A (Singh and
Sinha 2016; Wang et al. 2022). We found that the phospho-
mimetic OsWRKY31%P%1%'® facilitated W-box-binding and
enhanced disease resistance against rice blast fungus, where-
as the phosphonull OsWRKY31***™"  diminished
W-box-binding activity (Fig. 7, A and B).

Phosphorylation-mediated effects on WRKY binding to
target DNA have been reported previously. For example,
Arabidopsis WRKY70 is able to bind the W-box for inhibition
and WT-box for activation regulation (Liu et al. 2021).
Phosphomimetic WRKY70 can still bind the WT-box but
not the W-box. Phosphorylation of OsWRKY53 markedly en-
hances binding activity to a W-box-containing DNA se-
quence (Tian et al. 2017). Similarly, phosphomimetic
MdWRKY 17 elevates W-box binding, and its nonphosphory-
latable mutant compromises the DNA-binding activity (Shan
et al. 2021). Change of phosphorylation status may affect
protein charges, conformation, and formation of homocom-
plexes, leading to alteration of DNA-binding activity. The re-
sults indicate that the selectivity and affinity of a WRKY TF
towards variant W-boxes is influenced by its post-
translational modification by phosphorylation (Chen et al.
2019; Liu et al. 2021).

Phosphomimetic OsWRKY31 increases its stability

We found that degradation of OsWRKY31 is mediated by
OsREIW1, a RING-finger ubiquitin E3 ligase, through the
26S proteasome (Fig. 9), likely explaining the low level of
OsWRKY31 protein in OsWRKY31-overexpressing plants
(Fig. 2C). Intriguingly, the phosphomimetic OsWRKY31°°
seems more stable than the wild-type protein (Fig. 8D,
Supplemental Fig. S14D), which is consistent with weaker
ubiquitination in in vitro assays (Fig. 9D). Transcription reg-
ulators activated via phosphorylations are inclined to de-
grade in comparison with their native forms (Min et al.
2019; Liu et al. 2021). This on-and-off regulatory process
can presumably avoid overdose responses to stimuli.
Upregulation of defense-related genes in Ubi:W31°P-3flag
w31ko plants is consistent with the relatively high amount
of OsWRKY31P® protein; however, levels of the increase in
gene transcripts, such as OsPR7a and OsAOS2, are lower
than those induced by activation OsMKK10-2 at 12 h (Figs.
5, C and E and 7l), implying a restricted elevation of
OsWRKY31°P. Conversely, OsWRKY31 protein can be rapid-
ly induced by chitin and M. oryzae (Figs. 2C and 8C), thereby
promptly raising the defenses in OsWRKY31-overexpressing
plants. Under chilling stress, OsbHLH002/OsICE1 is phos-
phorylated by OsMPK3, leading to inhibition of
OsbHLHO002 ubiquitination by the OsHOS1 E3 ligase and en-
hanced chilling tolerance (Zhang et al. 2017). Nevertheless,
the stability of OsWRKY31°° needs further clarification.
Based on our findings and those of previous studies, we
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propose that OsMKK10-2 activated by biotic and abiotic
stimuli phosphorylates OsMPKs that lead to the phosphoryl-
ation of TFs including OsWRKY31 to promote immunity;
OsWRKY31 protein is controlled by phosphorylation and
ubiquitination for fine-tuning the defense and growth
balance.

Materials and methods

Plant growth and treatments

The seeds of wild-type (O. sativa L. ZH17) and transgenic
plants were surface sterilized and germinated in 1/2 MS me-
dium. The seedlings were transferred to 96-hole plates and
cultured in 1/4 MS liquid medium at 28 °C under the white
fluorescent light intensity of 200 umol m™2s™" with a 12 h
light/12 h dark photoperiod. Seedlings at designated age
were treated with 5 mM MES (4-morpholineethanesulfonic
acid, pH 5.8) buffer containing 500 uM SA, 200 UM MelA,
1 UM fig22, or 200 pg mL™~" chitin and used for RNA isolation
or GUS activity.

To investigate the effect of OsMKK10-2 on seedling
growth, the germinated seeds of Dex:MKK10-2-myc and
ZH17 controls were transferred to 1/2 MS solid medium con-
taining 0.24% [w/v] phytagel and various contents of Dex or
the same amount volume of DMSO solvent as the mock
treatment and grown at 28 °C for 5 d.

Generation of transgenic plants

The coding sequences of OsMKK170-2 and OsREIW1 were
amplified from ZH17 ¢DNA using gene specific primers
(Supplemental Table S1, including all primers used in this
study).  OsMKK10-2°°,  OsWRKY31%¢451914 and
OsWRKY31%P31%"® varjants were generated by PCR-based
site-directed mutagenesis. The sequence of OsMKK10-2 was
fused with one Myc tag at the 3’ end and put under the con-
trol of a Dex-inducible promoter to generate Dex:
MKK10-2-myc. OsWRKY31°¢41%" and OsWRKY31°¢P3101P
were cloned to fuse with 3XFlag and controlled by the maize
(Zea mays) Ubiquitin promoter, ligated into restriction endo-
nuclease sites of BamH | and PmaC | in a modified
pCAMBIA1301 vector to generate Ubi:W31**-3flag and
Ubi:w31°P-3flag plasmids, respectively (Liu et al. 2016).
Similarly, OsREIW1 was constructed as Ubi:REIW1-3myc.
For CRISPR/Cas9 editing, the target sequence of each gene
(Supplemental Table S1) was put under the control of the
U3 promoter in pOsCas9 vector and verified by sequence.
DR5:GUS vector was constructed by substitution of the
W-box fragment in Wbox:GUS plasmid (Liu et al. 2016).

All of the plasmids constructed were verified by sequen-
cing and introduced into A. tumefaciens EHA105 for rice
transformation. The transgenic plants were generated from
the immature seeds of ZH17 by the Agrobacterium-mediated
transformation method (Hiei et al. 1994) unless indicated
specifically. Ubi:W31**-3flag and Ubi:W31°P-3flag plasmids
were transformed into the immature seeds of OsWRKY31
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knockout (w31ko#14) segregant without the transferred
CRISPR/Cas9 vector. Transgenic plants were analyzed by
PCR amplification and the positive plants of T, or higher pro-
geny were used in the experiments. Dex:MKK10-2 w37ko,
Dex:MKK10-2 mpk3ko, and Ubi:fW31h mkk10-2ko were gen-
erated by genetic crossing.

Pathogen inoculation

Eighteen-day-old rice plants, grown in soil containing peat
moss and vermiculite (1:1), were inoculated with a virulent
M. oryzae SZ strain by spraying the spore suspension (5 X
10° conidia mL™" containing 0.005% [v/v] Silwet L-77) as de-
scribed by Liu et al. (2016). In the case of Dex treatment re-
quired, 20 M Dex solution containing 0.002% [v/v] Silwet
L-77 was sprayed 12 h before the spore inoculation, whereas
the mock treatment received the same amount of DMSO
solvent. For injection of rice blast spores, rice plant after til-
lering (3-mo-old) was injected with the spores (1 x 10° co-
nidiamL™") to each leaf sheath at the bottom, and the
newly grown leaves were collected for disease severity
evaluation.

Auxin transport assay

The sterilized seeds were grown in 1/2 MS liquid medium
with 5mM MES (pH 5.8) at 28°C in the dark
Seven-day-old seedlings were treated with 200 ug mL™" chi-
tin or 1 uM fig22 (in 5 mM MES, pH 5.8) for 12 h, and the
seedlings harboring Dex:MKK10-2-myc construct were trea-
ted with 10 uM Dex for 12 h. The seedlings were segmented
from 2 mm below the tip (20 mm length) and incubated in
1/2 MS medium with moderate shaking for 3 h to deprive en-
dogenous IAA. A microdroplet of *H-IAA (30 uL, 500 nM
’H-IAA and 500 nM unlabeled IAA in 1/2 MS medium con-
taining 5 mM MES, pH 5.8) was applied to the apical tips
at 28 °C for 3 h. Fifteen-millimeter segments from the other
ends were harvested and quickly rinsed with 1/2 MS medium
for three times. The samples were incubated in 3 mL scintil-
lation fluid for 18 h and then used for radioactivity measure-
ment on liquid scintillation counter (Perkin-Elmer, 1450
MicroBeta TriLux).

Yeast two-hybrid assay

The DNA fragments of genes and their mutants were in-
serted into pGBKT7 or pGADT?7 vector (Clontech) to gener-
ate bait or prey plasmid. Appropriate combinations of bait
and prey constructs were transformed into yeast cells and
then grown at 28 °C for 3 d on the synthetic dropout me-
dium without Leu and Trp and the selection medium defi-
ciency of Leu, Trp, His, and Ade for interaction test.

Protein expression and purification

OsMKK10-2, OsMPK3, OsMPK4, OsMPK6, OsWRKY31,
OsREIW1, and their mutants were cloned into a modified
pGEX-tag vector, respectively (Liu et al. 2016), with 3xXMyc
or 3XFlag at the C-terminus of the recombinant protein.
Each plasmid was transformed into E. coli BL21 (DE3), and
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protein expression was induced by addition of 0.2 mM IPTG
followed by incubation at 28 °C for 6 h. The recombinant
proteins were purified using Glutathione Sepharose 4B (GE
Healthcare).

Pull-down assay

GST-MKK10-2-3myc, GST-MKK10-2°®-3myc (Arg’®® and
Ser’® mutated to Asp), GST-MKK10-2*-3myc (Lys®' mu-
tated to Arg), or GST-3myc was combined with
GST-WRKY31-3flag (each recombinant protein 2 ug) and in-
cubated with EZview Red anti-c-Myc affinity gels
(Sigma-Aldrich, E6654) with moderate shaking at 4 °C for
3 h. The beads were washed five times for 5 min with IP buf-
fer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
0.1% [v/v] Triton X-100). Proteins bound to the affinity gels
were eluted by boiling the beads in 100 pL 1X Laemmli
SDS loading buffer. The immunocomplexes were separated
on 10% polyacrylamide gels, blotted onto PVDF membranes,
and detected using horseradish peroxidase (HRP)-
conjugated anti-Flag (Sigma-Aldrich, A8592, 1: 10,000 dilu-
tion) and HRP-conjugated anti-Myc (Sungene Biotech,
LK8003, 1: 10,000 dilution) antibodies.

BiFC assay

BiFC assays were performed as described previously
(Kamigaki et al. 2016; Liu et al. 2016). The coding sequences
of OsWRKY31, OsMPK3, OsMPK4, OsMPK6, and OsMKK10-2
were constructed in-frame with YFPN (N-terminal YFP)
and/or YFPS (C-terminal YFP). For multicolor BiFC analysis,
OsMPK3, OsWRKY31, and OsWRKY45 were fused with
CFPN or CFPS, whereas OsMKK10-2® was fused with YFP",
Each plasmid was introduced into A. tumefaciens EHA105,
and then appropriate combinations of BiFC constructs
with the nuclear localization signal-targeted dsRED (35S:
dsRED-NLS) plasmid were co-infiltrated into the abaxial
side of 4-wk-old N. benthamiana leaves with a 1 mL needle-
less syringe. Two days later, fluorescence was visualized with a
confocal microscope (Eclipse TE2000, Nikon) using the preset
settings for YFP (Ex: 514 nm, Em: 510 to 550 nm), dsRED (Ex:
557 nm, Em: 579 to 586 nm), and CFP (Ex: 458 nm, Em: 470 to
500 nm).

Plant protein extraction and immunoblot
Total plant proteins were extracted with buffer (50 mM
Tris-HCl, pH 7.5, 1 mM EDTA, 10% [v/v] glycerol, 150 mM
NaCl, 1% [v/v] Triton X-100, 1T mM DTT, 1 mM PMSEF,
0.1 mM MG132, 1 mM cantharidin, and 1:200 protease in-
hibitor cocktail) on ice for 30 min. The supernatants were
collected after centrifugation at 12,000 X g for 10 min at
4 °C, and repeated the centrifugation again for use.
Proteins or protein—-DNA complexes after separation on
gels were transferred to nylon membranes. Inmunoblots
were performed by using appropriate dilution of each anti-
body and then exposed to X-ray films.
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Phosphorylation assay

Potential MPK phosphorylation (SP/TP) sites of OsWRKY31
(including S2, S6, S101, S133, and T143) were sequentially
mutated to phosphonull (S or T substituted to A) mutants
and cloned for protein expression. OsWRKY31 and each mu-
tant protein were subjected to phosphorylation with
GST-MPK4-3myc. Phosphorylation mixture was 4:1:2 for
OsWRKY31 (2 pg), OsMKK10-2, and OsMPK recombinant
protein, in 100 pL volume containing 50 mM Tris-HCl (pH
7.5), 10 mM MgCl,, 10 mM MnCl,, T mM DTT, and 2 mM
ATP, and reacted at 30 °C for 2 h. The reactions were termi-
nated by adding 5x SDS loading buffer. GST-WRKY31-3flag
and its S6A and S101A single and double mutants were
also examined for phosphorylation by OsMPK3 or OsMPK6
in combination with OsMKK10-2. Dephosphorylation was
carried out by addition of 0.5 pL calf intestinal alkaline phos-
phatase (CIAP) and appropriate amount of 10X alkaline buf-
fer provided by the supplier into aliquot phosphorylation
mixture and incubated at 37 °C for 1h. The denatured
samples were separated on Phos-tag gels and analyzed by
immunoblots. To detect phosphorylation of OsMPKs and
OsWRKY31 in plants, anti-pTEpY (Cell Signaling
Technology, 9101S, 1:2,000 dilution) and anti-W31pS6
(ChinaPeptides, 2286-R4, 1:10,000) were wused in
immunoblotting.

Electrophoretic mobility shift assay

The W-box containing DNA elements were derived from the
promoter region of OsPR1b and labeled on 3’ end with biotin.
EMSA was performed in a 20 pL reaction volume (10 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, and
5% [v/v] glycerol) containing about 2 pig recombinant protein,
0.03 pM biotin-labeled probe, and designated amount of com-
petitor probes if required, at 25 °C for 30 min. The reaction
was terminated by addition of 2 uL 10X loading buffer
(250 mM Tris-HCI, pH 8.0, and 40% [v/v] glycerol), separated
on 6% native polyacrylamide gels, and then transferred onto
PVDF membranes for immunoblot using HRP-conjugated
anti-Biotin antibody (Thermo Fisher 89880).

Ubiquitination assay

Ubiquitination assay was performed by following the method
described previously with slight modification (Chen et al.
2021). Each 30 pL reaction mixture contained 50 ng recom-
binant wheat (Triticum aestivum) ubiquitin-activating en-
zyme E1 (Gl: 136632), 100 ng human ubiquitin-binding
enzyme E2 (UBCHS5b), 5pg ubiquitin protein (UBQ14,
At4g02890), 500ng  GST-REIW1-3myc, and 2pug
OsWRKY31 substrate or its mutant in a reaction buffer
(50 mM Tris-HCl pH 7.5, 10 mM MgCl,, 2 mM DTT, and
5 mM ATP) and incubated at 30 °C for 1 h. The reaction
was stopped by adding 5Xx SDS loading buffer. Samples
were separated by 10% SDS-PAGE gel and analyzed by immu-
nobloting with anti-Ubiquitin  (Sigma-Aldrich, U0508,
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1:10,000 dilution) and HRP-conjugated anti-Flag (Sigma-
Aldrich, A8592, 1: 10,000 dilution) antibodies.

Protein degradation assay

To investigate whether the stability of OsWRKY31 is related
with OsREIW1, the leaves of Ubi:REIW1-3myc, reiwiko, and
ZH17 seedlings grown hydroponically for 1 wk were used to
extract the total proteins in buffer (50 mM Tris-HCI, pH 7.5,
1 mM EDTA, 10% [v/v] glycerol, 150 mM NaCl, 1% [v/v]
Triton X-100, and 1 mM DTT). The protein extracts (about
500 pg) were incubated with GST-WRKY31-3flag (2 pg) for
designated time points at 25 °C. The protein samples were se-
parated and analyzed by immunobloting with HRP-conju-
gated anti-Flag (Sigma-Aldrich, A8592, 1: 10,000 dilution).

GUS and LUC assays

Whole seedlings or various tissues were collected for GUS
staining in the staining buffer (50 mM sodium phosphate
at pH 7.0, 0.5 mM KsFe[CN]s 0.5 mM K Fe[CN]s, 10 mM
EDTA, 0.1% [v/v] Triton X-100, and 0.5 mgmL~" X-gluc),
and 70% [v/v] ethanol was used to remove chlorophyll.

For GUS and luciferin (LUC) activities, the samples were
homogenized in liquid nitrogen and lysed in 200 uL GUS |
buffer (50 mM sodium phosphate, pH 7.0, 10 mM EDTA,
0.1% [v/v] Triton X-100, and 10 mM B-mercaptoethanol).
After centrifugation, 5 pL supernatant was incubated with
45 pL GUS Il buffer (GUS | buffer/methanol/20 mM 4-methyl
umbelliferone glucuronide [MUG] = 7/4/1) for 30 min at
37 °C in the darkness, and the reaction was terminated by
addition of 200 uL 02 M Na,COj;. Fluorescent product
4-methylumbelliferone (MU) was measured at Ex: 360 nm
and Em: 485 nm using Multiscan Spectrum (TECAN F200).
The values were calibrated against a standard curve prepared
with known concentrations of MU. For LUC activity, 5 pL
supernatant was added to 100 puL LR buffer (20 mM
Tricine, pH 7.8, 26.7 mM MgSO,, 0.1 mM EDTA, 2 mM
DTT, and 5 uM ATP). After addition of 15 pL LUC, chemilu-
minescence was immediately measured using TECAN F200.
The protein contents were detected using BSA method.

Transcriptional activity assay

The Wbox:GUS reporter plasmid was constructed by fusion
the W-box and 35S mini-promoter to GUS gene. The reporter
and effector plasmids were transferred separately into A. tu-
mefaciens EHA105 and then co-infiltrated into leaves of N.
benthamiana with designated combinations. When chitin
treatment required, the chitin solution (200 ugmL™") was
smeared on the injection sites 3 h before the samplings.
GUS and LUC activities were determined 48 h after the
agroinfiltration.

Rt-qPCR analysis

Total RNAs of various tissues was extracted via the TRIzol
method and treated with DNase | to remove possible DNA
contaminations. Two micrograms of total RNAs were tran-
scribed with random hexamers and oligo(dT);g primers using
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Moloney murine leukemia virus (M-MLV) reverse transcript-
ase (Takara). The relative transcript levels were quantified
using SYBR Green PCR MasterMix (Takara) and normalized
to the ubiquitin gene (OsUBQ, XM_01587471). The relative
expression level of each gene was analyzed using the delta—
delta Ct method. Gene-specific primers used in Reverse tran-
scription quantitative PCR (RT-qPCR) are listed in
Supplemental Table S1.

Determination of metabolites

Compound extraction and determination were described
previously (Liang et al. 2017). Briefly, the leaves or roots
freeze-dried (approximate 25 mg for each replicate) were ex-
tracted with 90% [v/v] aqueous methanol containing 0.1%
[v/v] formic acid and internal standards of 10 ng D;ABA
and 0.05 ng lidocaine. After dry of the supernatants by nitro-
gen gas, the residues were dissolved in 0.1 mL of 90% aqueous
ethanol containing 0.1% formic acid for LC-MS/MS.
Chemicals were separated by a C;g column (2.1 X 150 mm,
3 um, Phenomenex) on Agilent 1260 separation module
(Agilent).

Statistical analysis

GraphPad Prism 8.0 and Microsoft Office Excel were used for
statistical analysis of the numerical data. Significant differ-
ences between two groups were analyzed by using the one-
tailed or two-tailed Student’s t-test. Significant differences
between multiple samples were determined by one-way ana-
lysis of variance (ANOVA) followed by Duncan’s multiple
range test with SPSS statistics software. Statistical data are
provided in Supplemental Data Set 1.

Phylogenetic analysis

The full-length amino acid sequences of 10 Arabidopsis and
one maize MKK proteins combine with eight rice MKK pro-
teins were aligned by ClustalW, and the neighbor-joining tree
was constructed using MEGA7.0 with 1,000 bootstrap
replicates.

Accession numbers

Sequence data from this article can be found in the GenBank
data libraries or Rice Genome Annotation Project Database
under accession numbers showed below and also listed in
Supplemental Table S1. OsWRKY11 (LOC_Os01g43650),
OsWRKY31 (LOC_0s03g20550), OsWRKY45 (LOC_Os05g2
5770), OsWRKY76 (LOC_Os09g25060), OsMKK10-2 (LOC_
0s503g12390), OsMPK3 (LOC_Os03g17700), OsMPK4
(LOC_0Os10g38950), OsMPK6 (LOC_0s06g06090), OsAOS2
(LOC_0s03g12500), OsLOX2 (LOC_Os03g08220), OsAUX3
(LOC_0Os05g37470), OsPIN2 (LOC_Os06g44970), OsARF12
(LOC_Os04g57610), OsARF16 (LOC_0s06g09660),
OsYUCCA1 (LOC_Os01g45760), OsYUCCA4 (LOC_Os01g
12490), OsGH3.1 (LOC_Os01g57610), OsGH3.2 (LOC_
0s01g55940), OsGH3.3 (LOC_Os01g12160), OsGH3.4
(LOC_Os05g42150), OsGH3.5 (LOC_Os05g50890), OsGH3.6
(LOC_Os05g05180), OsGH3.7 (LOC_Os06g30440), OsGH3.8
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(LOC_0s07g40290), OsGH3.9 (LOC_0Os07g38890),
OsGH3.10 (LOC_0s07g38860), OsGH3.11 (LOC_Os07g4
7490), OsGH3.12 (LOC_Os11g08340), OsGH3.13 (LOC_
0Os11g32520), OsKS1 (LOC_Os04g52230), OsKS4
(LOC_Os04g10060), OsPR1a (LOC_0Os07g03710), OsPR1b
(LOC_0s07g03600), OsPUB6 (LOC_Os06g46770), OsREIW1
(LOC_Os04g44820).
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