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Abstract

Sheath blight (ShB) severely threatens rice cultivation and production; however,
the molecular mechanism of rice defence against ShB remains unclear. Screening of
transposon Ds insertion mutants identified that Calcineurin B-like protein-interacting
protein kinase 31 (CIPK31) mutants were more susceptible to ShB, while CIPK31 over-
expressors (OX) were less susceptible. Sequence analysis indicated two haplotypes of
CIPK31: Hap_1, with significantly higher CIPK31 expression, was less sensitive to ShB
than the Hap_2 lines. Further analyses showed that the NAF domain of CIPK31 in-
teracted with the EF-hand motif of respiratory burst oxidase homologue (RBOHA) to
inhibit RBOHA-induced H,0, production, and RBOHA RNAi plants were more suscep-
tible to ShB. These data suggested that the CIPK31-mediated increase in resistance
is not associated with RBOHA. Interestingly, the study also found that CIPK31 inter-
acted with catalase C (CatC); cipk31 mutants accumulated less H,O, while CIPK31 OX
accumulated more H,O, compared to the wild-type control. Further analysis showed
the interaction of the catalase domain of CatC with the NAF domain of CIPK31 by
which CIPK31 inhibits CatC activity to accumulate more H,O,,.
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1 | INTRODUCTION

Rhizoctonia solani causes sheath blight (ShB), a major threat to rice
cultivation and production (Zheng et al., 2013). In recent years, the
incidence area and yield loss due to ShB have been increasing in
China (Qi et al., 2021); therefore, there is an urgent need to iden-
tify new genetic resources to support resistance breeding. Previous
studies demonstrated that resistance against ShB is a trait con-
trolled by multiple quantitative trait loci (QTLs). Researchers have

identified several QTLs and cloned a few (Eizenga et al., 2013;
Pinson et al., 2005; Richa et al., 2016, 2017). In addition, studies
have attempted to dissect the mechanisms of rice resistance against
ShB (Molla et al., 2020). Our previous work showed that ethylene
(ET) positively regulates rice resistance against ShB, while brassino-
steroid (BR) signalling had a negative influence (Yuan et al., 2018).
Several other studies have demonstrated the role of lignin in ShB
resistance. Overexpression of pathogenesis-related protein 5 (PR5)
family member OsOSM1 improved ShB resistance (Xue et al., 2016).
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Similarly, overexpression of the ET biosynthetic gene OsACS2 en-
hanced ShB resistance (Helliwell et al., 2013). A rice and maize
gene, cinnamyl alcohol dehydrogenase (CAD), responsible for lig-
nin biosynthesis, also positively regulates rice resistance against
ShB (Li et al., 2019). In addition, we found that INDETERMINATE
DOMAIN (IDD) IDD14 and IDD13 activate PIN1a to promote ShB
resistance (Sun et al., 2019a, 2020), and Dense and Erect Panicle 1
(DEP1) interacts with IDD14 to negatively regulate ShB defence (Liu
et al., 2021). A recent study identified that RESISTANCE OF RICE
TO DISEASES1 (ROD1) interacts with catalase B (CatB), modulates
cellular H,0, levels, and controls ShB defence (Gao et al., 2021).
However, the function of other catalases in rice resistance against
ShB remains unknown.

Calcineurin B-like protein (CBL)-interacting protein kinases
(CIPKs) play key roles in plant defence. In Arabidopsis thaliana,
AtCIPKé6 negatively regulates plant resistance to Pseudomonas sy-
ringae by modulating reactive oxygen species (ROS) production
(Sardar et al., 2017). AtCIPK26 interacts with AtCBL1, and AtCBL9
phosphorylates the NADPH oxidase AtRBOHF and promotes ROS
generation (Han et al., 2019). In wheat, TaCBL4-TaCIPK5 regulates
ROS signalling and controls defence against stripe rust fungus (Liu
et al., 2018). TaCIPK10 improves tolerance to stripe rust fungus by
controlling ROS accumulation (Liu et al., 2019). In rice, OsCIPK14
and OsCIPK15 interact with OsCBL4 to regulate microbe-associated
molecular pattern (MAMP)-mediated defence signalling (Kurusu
et al., 2010). OsCIPK23 positively regulates rice blast resistance by
controlling the cellular potassium levels (Shi et al., 2018). Our recent
finding showed that CIPK31 promotes potassium uptake to increase
rice resistance to blast disease (Lin et al., 2021). However, CIPK's role
in rice defence against ShB has not been investigated.

We therefore isolated ShB-susceptible mutant cipk31 from Ds-
insertion mutant pools. We then examined the role of CIPK31 in
generating ROS by analysing the six respiratory burst oxidase homo-
logues, RBOHA, B, C, D, E, and H, and three catalases, CatA, CatB,
and CatC. The results showed that CIPK31 inhibits both RBOHA
and CatC to modulate ROS homeostasis, promoting rice resistance
against ShB. In addition, CIPK31 promotes ROS levels, which con-
fers a broad-spectrum resistance in rice. Thus, the paper shows that
CIPK31 promotes rice resistance against ShB, exhibiting a great ad-

vantage in breeding for improved resistance.

2 | RESULTS

2.1 | CIPK31 positively regulates rice resistance
against ShB

Previously, we screened ShB resistance/susceptibility genes using
a transposable element Ds insertion mutant pool (Sun et al., 2019b)
(Figure 1a). We identified two cipk31 mutants with an insertion in the
fourth (cipk31-1) and 11th (cipk31-2) exons, respectively; these cipk31
mutants showed no CIPK31 expression (Figure 1b). Inoculation with
Rhizoctonia solani AG1-1A showed that cipk31 mutants were more

susceptible to ShB than the wild-type Dongjin (DJ) (Figure 1c-f). To
further investigate the CIPK31 function, CIPK31 overexpression (OX)
plants were generated in the Zhonghua 11 (ZH11) background. The
CIPK31 expression level was significantly higher in these CIPK31 OXs
(#1-#5) than in ZH11 (Figure 2a). Moreover, these CIPK31 OX lines
(#1, #4) were less susceptible to ShB as evaluated by inoculation with
R. solani AG1-IA to leaves (Figure 2b,c) and sheaths (Figure 2c,d).
Analysis of the natural variation in CIPK31 revealed that the ge-
nomic sequences were divided into two haplotypes (Haps). Except
for a few single-nucleotide polymorphisms (SNPs) in the promoter
and exons, Hap_2 had deletions in the promoter region. At location
11,527,010 on rice genome, base C in Hap_1 and T in Hap_2, the
SNP difference does not cause amino acid change. Similarly, at lo-
cation 11,527,188, base G in Hap_1 and A in Hap_2, which does not
cause amino acid change either (Figure 3a). Reverse transcription-
quantitative PCR (RT-gPCR) showed that the CIPK31 level was
significantly higher in the five cultivars belong to Hap_1 (JRC0O3,
Beigeng2, Longdao18, BO01, and BO03) than in the five cultivars be-
long to Hap_2 (Amane, ARC10633, Djimoron, Qishanzhan, Bakiellal)
(Figure 3b). Inoculation of R. solani AG1-1A revealed that Hap_1 culti-

vars were less susceptible to ShB than Hap_2 varieties (Figure 3c,d).

2.2 | CIPK31 interacts with RBOHA and inhibits
its function

To investigate the molecular mechanism of underlying CIPK31-
mediated regulation of rice resistance, CIPK31 interaction proteins
were screened by yeast two-hybrid assay. Among the interactors,
the N-terminal region of RBOHA showed interaction with CIPK31
but not the other ROBHs (RBOH B-F; Figure S1a). The open-source
AF2 complex (https://github.com/FreshAirTonight/af2complex) pre-
dictive analysis system was used to predict the CIPK31-RBOHA
interaction model (Gao et al., 2022). The result showed that the
NAF domain of CIPK31 interacts with the EF-hand motif of RBOHA
(Figure Sib,c). The expression of ROBHA significantly increased
H,0, levels; however, the coexpression of CIPK31 and RBOHA in-
hibited RBOHA-induced H,0, accumulation (Figure S1d). Therefore,
to test RBOHA function in rice resistance against ShB, RBOHA RNA
interference (RNAI) lines were generated in the ZH11 background.
RT-gPCR showed significant suppression in RBOHA levels in the
RBOHA RNAI plants (#1, #2) (Figure Sle). Inoculation of R. solani
AG1-IA revealed that RBOHA RNAI plants (#1, #2) were more sus-
ceptible to ShB than ZH11 (Figure Sif,g).

2.3 | CIPK31 interacts with CatC to increase
cellular H,0, levels

Further analysis showed that CIPK31 OXs accumulated more H,0,
while cipk31 mutants accumulated less than their corresponding
wild-type plants (Figure 4a,b). The results suggested that CIPK31
interacts with RBOHA and inhibits RBOHA-mediated induction of
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FIGURE 1 cipk31 mutants are more susceptible to sheath blight. (a) Ds insertion mutants inoculated with Rhizoctonia solani AG1-1A. (b)
Ds insertions in cipk31-1 and cipk31-2 mutants. Blue and white boxes indicate exons and untranslated regions, respectively; the red triangles
indicate Ds. CIPK31 expression levels in Dongjin (DJ), cipk31-1, and cipk31-2 plants. (c) DJ, cipk31-1, and cipk31-2 leaves inoculated with

R. solani AG1-1A. (d) The percentage of lesions on leaves shown in (c). (e) DJ, cipk31-1, and cipk31-2 sheaths inoculated with R. solani AG1-1A.
(f) The length of lesions on the sheaths shown in (e). Different lowercase letters indicate significant differences at p<0.05

ROS production, and RBOHA positively regulates rice resistance
against ShB (Figure S1). We tested other interactors and found that
CatC but not CatA and CatB interacted with CIPK31 (Figure 4c).
CatB and CatC are localized in the peroxisome, with punctuated
2021; You et al., 2022). The

present study localized GFP-CatC in the punctuated cellular com-

localization in the cells (Gao et al.,

partment and CIPK31-RFP mainly in the cytosol, while they local-
ized together in the punctuated cellular compartment (Figure 4d).
A bimolecular fluorescence complementation (BiFC) assay showed
that CatC interacted with CIPK31 in the punctuated cellular com-
partment (Figure 4e), and a yeast two-hybrid assay showed that the
CIPK31 C-terminal interacted with CatC (Figure 5a). The interaction
between CIPK31 and CatC was predicted by the open-source AF2
complex (https://github.com/FreshAirTonight/af2complex) predic-
tive analysis system (Gao et al., 2022). Structure simulation revealed
that the NAF domain of CIPK31 interacts with the catalytic domain
of CatC (Figure 5b). Functional analysis showed that CIPK31 OXs
had lower catalase activity while cipk31 mutants exhibited higher
activity than their corresponding wild-type plants (Figure 5c,d). To
clarify whether NAF interacts with CatC to inhibit catalase activity,
glutathione S-transferase (GST) or recombinant NAF-GST proteins
were expressed in Escherichia coli. First, 100, 200, and 500ng of GST

or NAF-GST proteins (Figure 5e) were added into the CatC-Myc OX
plant total protein extracts. Western blot analysis results detected
increasing levels of GST or NAF-GST in CatC-Myc OX plant total pro-
tein extracts with the addition of the recombinant proteins, while
similar levels of CatC-Myc were detected in each treatment group
(Figure 5f). Catalase activity measurement showed that addition of
GST protein did not affect catalase activity, but the degree of the
activity inhibition increased as the concentration of NAF-GST in-
creased (Figure 5g).

We further generated CatC RNAi and OX plants to evaluate CatC
function. CatC expression levels were significantly higher in CatC OX
plants than in the wild-type ZH11 (Figure 6a). Inoculation of R. solani
AG1-1A revealed that CatC OXs were more susceptible to ShB than
the wild-type plants (Figure 6b,c); the catalase activity was much
higher in CatC OXs than in wild-type ZH11 (Figure 6d). CatC expres-
sion levels were significantly lower in CatC RNAI plants than in the
wild-type ZH11 (Figure 6e). Inoculation of R. solani AG1-1A revealed
that CatC RNAI lines were less susceptible to ShB (Figure 6f,g); the
catalase activity was much lower in CatC RNAI lines than in the wild-
type ZH11 (Figure 6h).

Because cellular ROS levels are associated with broad-spectrum
resistance in rice, the resistance of cipk31 and CIPK31 OX plant to
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FIGURE 2 CIPK31 overexpressing (OX) plants are less susceptible to sheath blight. (a) CIPK31 expression levels in Zhonghua 11 (ZH11)
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(c) The percentage of lesions on leaves shown in (b). (d) The sheaths of ZH11 and CIPK31 OXs (#1, #4) inoculated with R. solani AG1-1A. (e)
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FIGURE 4 CIPK31 interacts with CatC to accumulate cellular H,O

rice blast and bacterial blight were examined. Inoculation with
Magnaporthe grisea strain Guy11 showed that cipk31 was more sus-
ceptible while CIPK31 OX was less susceptible to rice blast than their
wild-type plant (Figure S2a-d). The cipk31 mutants were more sensi-
tive, while CIPK31 OXs were less susceptible to Xanthomonas oryzae
pv. oryzae PXO®, causing bacterial blight, than the wild-type plant
(Figure S2e-h).

3 | DISCUSSION

ShB severely affects rice production, but the defence mechanism
against ShB still remains largely unknown. We previously used 300
rice Ds-insertion mutants to isolate ShB resistance/susceptibility
genes (Sun et al., 2019b), which are useful genetic resources for ShB
resistance breeding in rice. Among the Ds-insertion lines, cipk31
mutants were more susceptible to ShB (Figure 1), while CIPK31 OX
showed an opposite phenotype (Figure 2), indicating that CIPK31
positively regulates rice resistance against ShB. Natural variations
in CIPK31 sequences revealed the presence of two haplotypes of
CIPK31 among the rice resources (Wang et al., 2018). Hap_1 and

,- (a) 3,3'-diaminobenzidine staining of Zhonghua 11 (ZH11), CIPK31
overexpression lines (OXs) (#1, #4), wild-type Dongjin (DJ), cipk31-1, and cipk31-2 leaves. (b) H,0, content in ZH11, CIPK31 OXs (#1, #4),
DJ, cipk31-1, and cipk31-2 leaves. (c) Yeast two-hybrid assay for CIPK31 interactions with CatA, CatB, and CatC. (d) Colocalization of GFP-
CatC and CIPK31-RFP in Nicotiana leaves. The figure shows the GFP, RFP, differential interference contrast (DIC), and merged images. (e)
Bimolecular fluorescence complementation assay for CIPK31 and CatC interaction. nYFP-CatC+ cCFP, nYFP +cCFP-CIPK31, or nYFP-
CatC+cCFP-CIPK31 were coexpressed in Nicotiana leaves, and YFP reconstruction was examined. Bar = 20pm

Hap_2 showed differences in the sequences of the promoter and
exon regions, including SNPs and indel. The two SNPs in the exon
did not change the encoded amino acid (Figure 3a). Dongjin (DJ) and
Zhonghua 11 (ZH11) belong to Hap_1 type. The CIPK31 expression
level was significantly lower in the Hap_2 cultivars than in the Hap_1
cultivars (Figure 3b), which might be caused by deletions in the pro-
moter region of the Hap_2 type cultivars. The Hap_2 cultivars were
less susceptible to ShB than the Hap_1 cultivars (Figure 3c,d), sug-
gesting a positive association between CIPK31 expression and rice
resistance against ShB.

3,3'-diaminobenzidine (DAB) staining and H,0, measurement in-
dicated that cellular H,O, levels were positively associated with the
CIPK31 expression level. RBOHA, an NADPH oxidase that synthe-
sizes extracellular superoxide (Groom et al., 1996), was identified as
an interactor of CIPK31 in the study. Further examination revealed
that the C-terminal of CIPK31 interacts with the second EF-hand
motif (a Ca?*-binding motif) (Hao & Rasmusson, 2016) of RBOHA.
Structure simulation implied interaction between the NAF domain of
CIPK31 and the EF-hand motif of RBOHA. In tobacco leaves, the co-
expression of CIPK31 and RBOHA inhibited RBOHA-induced H,0,
levels, suggesting that CIPK31 interacts with and inhibits RBOHA
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function. A previous study also reported that Ca?* addition to the
membrane protein fraction activated ROS generation, implying that
the RBOH EF-hand motif might bind with Ca?* to activate its en-
zyme activity (Nagano et al., 2016) and induce an ROS burst, main-
taining immune homeostasis during plant-microbe interaction (Yuan
et al.,, 2017). These findings implied that the CIPK31 NAF domain
might interact with the EF-hand motif to inhibit Ca%* binding, hin-
dering RBOHA activity. In addition, the study found that ROBHA mu-
tants were more susceptible to ShB, while CIPK31 OX plants were

resistant to ShB, suggesting that CIPK31 might activate defence via
other mechanisms.

Interestingly, CatC, not CatA and CatB, interacted with
CIPK31,

Generally, catalases, localized in the peroxisome, catabolize H,0,

indicating that CIPK31 specifically regulates CatC.

to H,0 and oxygen (Tung et al., 2015). CatB mutants showed a
broad-spectrum resistance in rice (Gao et al., 2021). The CIPK31
NAF domain interacts with the catalase domain of CatC, by
which CIPK31 inhibits catalase activity and the CatC-mediated
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accumulation of cellular H,O,. A genetic study using CatC RNAI
and CatC OX plants indicated that CatC negatively regulates rice
resistance against ShB, but R. solani AG1-1A inoculation did not
alter CIPK31 and RBOHA expression levels (Figure S3). Meanwhile,
blast fungal inoculation highly induced RBOHA and RBOHB (Yang
et al.,, 2017), suggesting that RBOHA might not be the primary
NADPH oxidase acting in response to ShB. In addition, these data
implicated CatC action over RBOHA in the production of ROS
during R. solani infection.

Further analysis of the catalase activity and H,O, levels
showed that CIPK31 inhibited CatC's ability to accumulate H,0,
(Figures 4a-e and 5a-g), which might be the main regulatory
mechanism by which CIPK31 controls rice resistance against ShB.
CIPK23 and CIPK31 promote rice resistance to blast disease by
activation of potassium uptake (Lin et al., 2021; Shi et al., 2018),
but the potassium transporter mutant aktl contains less potas-
sium in rice and is less susceptible to ShB (Yuan et al., 2020),
implying a differential and complex regulatory mechanism of
rice resistance to blast and ShB. Previously, a study found that
the mutants of NOE1, which encodes CatC, accumulate and
exhibit a programmed cell death phenotype (Lin et al., 2012).
Meanwhile, RESISTANCE OF RICE TO DISEASES1 (ROD1) is
known to interact with CatB to control cellular ROS levels and
suppress the broad-spectrum resistance of rice; ROD1 interacts
with CatA also (Gao et al., 2021). CatC was recently identified

as a target of E3 ligase APIP6, which regulates plant immunity
(You et al., 2022). However, CIPK31 specifically interacts with
CatC to provide resistance against rice blast (Lin et al., 2021), ShB
(Figures 1a-f and 2a-e), and bacterial blight (Figure S2e-h), sug-
gesting that CIPK31 promotes cellular ROS levels and provides
broad-spectrum resistance.

In Arabidopsis, AtCIPK26 interacts with AtCBL1 and AtCBL9
at the plasma membrane, phosphorylates the NADPH oxidase
AtRBOHF, and promotes ROS generation via a phosphorylation
mechanism (Han et al., 2019). However, in this study, we identified
that CIPK31 interacted with RBOHA or CatC via the NAF domain
rather than a kinase domain (Figures 4, 5, and S1), suggesting a
diverse regulatory mechanism of CIPKs in signal transduction.
Further investigation is necessary to elucidate the significance
of the interaction between the NAF domain of CIPK31 and the
interactors. Because CIPK31 inhibits both RBOHA and CatC
and promotes ROS levels, further genetic study with a combina-
tion of rboha x catc will be interesting to dissect the mechanism
of CIPK31-mediated ROS homeostasis. Taken together, CIPK31
confers resistance to ShB (Figures 1la-f and 2a-e), rice blast (Lin
et al., 2021), and bacterial blight (Figure S2e-h), and plays roles
in growth and development in plants (Cho et al., 2019; Nagarjuna
et al,, 2016; Peng et al., 2018; Piao et al., 2010). However, clearly,
CIPK31 interacts with CatC to modulate ROS homeostasis to pro-

mote rice resistance.



ﬂwl LEY- Molecular Plant Pathology &8

CHEN ET AL.

4 | EXPERIMENTAL PROCEDURES

4.1 | Plant growth and pathogen inoculation

The rice plants were grown in the glass cultivation room of Shenyang
Agricultural University under controlled conditions at 24-30°C, 70%
relative humidity, and 12h light. Two-month-old cipk31, CIPK31 OX,
RBOHA RNAI, CatC RNAI, CatC OX, and their corresponding wild-
type plants were used for R. solani inoculation. The R. solani isolate
AG1-1A was incubated on potato dextrose agar (PDA) at 26°C for
2-4days before inoculation (Cao et al., 2021). A mycelium disk was
put on the centre of the PDA covered with wood veneers for about
7 days. Wood veneers from outermost ring of of the culture medium
plate covered with mycelium were placed onto rice sheaths. The in-
cidence was investigated after 7 days. Mycelium disks were used for
the leaf inoculation method. The severity of sheath blight was indi-
cated by the area (inoculation on leaf) and the length (inoculation on
sheath) of the lesion.

4.2 | RNA extraction and RT-gPCR

Total RNA was isolated from 1-month-old rice leaves using TRIzol
reagent (Takara), and the genomic DNA contamination was removed
using the RQ-RNase-free DNase (Promega). Complementary DNA
was synthesized from the extracted RNA using a GoScript Reverse
Transcription Kit (Promega) according to the manufacturer's instruc-
tions. The gene expression levels were determined using RT-qPCR
performed with SYBR Green (Takara) on a CFX96 real-time PCR sys-
tem (Bio-Rad), normalizing to Ubiquitin levels. A minimum of three
biological replicates and three technical replicates were used for

each analysis. The primers used for RT-qPCR are listed in Table S1.

4.3 | Protein extraction and western blot analysis
Leaf tissues collected from 1-month-old rice wild-type and CIPK31
OX plants were thoroughly ground in liquid nitrogen, and 4-week-old
Nicotiana benthamiana leaves were used for transient expression.
One gram of each sample was lysed with 200pl of 2x SDS sample
buffer to extract the proteins. Samples were then centrifuged at
13,000xg and 4°C for 20min, and the supernatant was removed
to a fresh tube. The protein content of the supernatant was quan-
tified using modified Bradford protein assay kit (Sangon Biotech).
The protein (20 pg) was separated on a 10% SDS-PAGE gel and elec-
trotransferred onto Immobilon-P membrane (Millipore) for subse-
quent western blot analysis using the following primary antibodies:
anti-GFP antibody (1:2000; Sigma) and anti-Myc antibody (1:2000;
Sigma). The membranes were subsequently incubated for 1 h with
anti-mouse or anti-rabbit horseradish peroxidase (HRP)-conjugated
secondary antibody (1:2000; Cell Signalling Technology), and the sig-
nal was detected using an ECL Western Blotting Detection System
(GE Healthcare).

4.4 | Yeasttwo-hybrid and BiFC assays

To analyse the interactions of CIPK31 with other proteins, a
MatchMaker yeast two-hybrid system (Y2H; Takara) was used. The
complete, N-terminal, and C-terminal coding sequences of CIPK31
were subcloned into the pGBT9 (DNA-binding domain, BD) vector,
and the coding sequences of the RBOHs (RBOH A, B, C, D, E, H) and
Catalases (CatA, CatB, and CatC) were subcloned into pGAD424 (ac-
tivation domain, AD). The recombinant AD and BD plasmid pairs
were cotransformed into the yeast strain Y2HGold, following the
yeast transformation protocol (Takara). The transformants were
coated on nutrient-deficient medium plates SD/-Leu-Trp. A single
colony was selected to put in a glass tube with SD/-Leu-Trp liquid
medium and cultured on a shaker at 220rpm. After 2-3days, 5 pl
culture solution were placed on SD/-Leu-Trp and SD/-Leu-Trp-His
plates.

Primers used for Y2H are listed in Table S1.

The coding sequences of CIPK31 and CatC were cloned into
the fluorescent protein vectors pXNGW and pXCGW, and these
constructs were cotransformed into Nicotiana leaves using
Agrobacterium tumefaciens GV3101-mediated infiltration transfor-
mation (Kim et al., 2009). H2B-RFP was used as a nuclear marker,
and pXNGW and pXCGW vectors with no target genes were used
as the negative control. The fluorescence due to the yellow fluores-
cent protein (YFP) was detected using an Olympus confocal laser-

scanning microscope after 48 h of infiltration.

4.5 | RNAI and overexpression vector construction
Three hundred base pairs of RBOHA and CatC cDNA fragments
were cloned into the modified pBSK(+) vector (Biovector) with the
B-glucuronidase gene (GUS) intron sequences in sense and antisense
directions, and the sense-GUS intron-antisense fragment was sub-
cloned into the pCAMBIA1381-UBI vector (Cambia) to generate
the RNAI vectors. The open reading frame sequences of CIPK31,
RBOHA, and CatC were cloned into pCAMBIA1381-UBI to generate
the overexpression vector. The primers used for vector construction
are listed in Table S1.

Rice transformation was carried out by using Agrobacterium-
mediated methods in Zhonghua 11 (ZH11) japonica cultivar
background (Nandi et al., 2000). The transformed plants were re-
generated in the presence of hygromycin 50mg/L and transferred to
soil after 4weeks of growth on Murashige and Skoog medium with

hygromycin 50mg/L.

4.6 | DAB staining and H,0, measurement

Neatly trimmed fresh leaf was immersed in a centrifuge tube con-
taining DAB solution, with a three-quarter portion exposed to air.
The tube was wrapped in aluminium foil and incubated at 37°C for
12-18h. The tube containing the sample was then dehydrated with
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90% ethanol solution in a water bath kettle for 2-3 h. After complete
decolourization, the leaf samples were put into fresh 90% ethanol
solution, cooled, and observed.

The H,0, concentrations were measured using an assay kit
(Nanjing Jiancheng Bioengineering Institute), following the manu-
facturer's instructions. The leaf samples were weighed and put in a
mortar. Nine times the weight of sample of (1:9 wt/vol) phosphate-
buffered saline (pH 7.0-7.4) was added. The samples were ground
under ice bath conditions then centrifuged at 1000x g for 10 min.
The absorbance of the supernatant was examined by spectropho-
tometer UV752 (Yoke) at 405 nm. The control group included 0.1 ml
of double-distilled water. The standard group included 0.1 ml of
163mM H,0O,. The content of H,0, (mmol/g protein) = [(A
A /A A
concentration of tissue.

measure

X Ciandaral/Cpr, where Cpr is the protein

control/standard control)

4.7 | Measurement of catalase activity

The catalase (CAT) activity was measured using the Micro Catalase
(CAT) assay kit (Solarbio), following the manufacturer's protocol.
Two-week-old plants leaves were used for protein extraction and
subsequent catalase activity calculation. Samples of 0.1 g of leaves
were ground in 1 ml of abstraction solution in an ice bath then cen-
trifuged at 8000x g, 4°C for 10 min. The absorbance of superna-
tant was examined by microplate reader at 240nm, zero setting by
using distilled water. CAT activity (U/g) = [AAthotal/(exd)xloé]/
(Veample” Vs xW)/T, where V, . is the total volume of the re-
action system (2x107* L), ¢ is the H,0, molar extinction coefficient
(43.6 L/mol/cm), d is the optical path of the 96-well plate (0.6 cm),
V.

sample

otal sample

is the sample volume (0.01ml), V, is the volume of

otal sample
extraction solution (1 ml), T is the reaction time (1 min), and W is the

sample weight (g).

4.8 | Simulation models of protein interactions

The amino acid sequences of rice CIPK31, CatC, and RBOHA
were downloaded from UniProt. The open-source AF2 complex
(https://github.com/FreshAirTonight/af2complex) predictive anal-
ysis system was used to predict the protein interaction model (Gao
et al., 2022).

4.9 | Recombinant protein expression

To produce GST or NAF-GST recombinant proteins, NAF domain
region sequences were subcloned into the pGEX5x -1 expression
vector, and the resulting pGEX5 x -1-NAF plasmid was used for
transformation of E. coli BL21 (DE3). Recombinant proteins were
harvested after 4 h of 0.5mM isopropyl-$-D-thiogalactopyranoside
(IPTG) treatment at 37°C.
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4.10 | Statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad). All
data were expressed as mean=+SE (n = 3). Student's t test was
used to compare and determine statistically significant differ-
ences between the two groups. A one-way analysis of variance
(ANOVA) was used to compare more than two groups. The t test
and ANOVA were followed by Bonferroni's multiple comparison
tests. The differences among the samples were considered signifi-
cant at p<0.05.
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