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Summary
Rice sheath blight (RSB) is an economically significant disease affecting rice yield worldwide.

Genetic resistance to RSB is associated with multiple minor genes, with each providing a minor

phenotypic effect, but the underlying dominant resistance genes remain unknown. A genome-

wide association study (GWAS) of 259 diverse rice varieties, with genotypes based on a single

nucleotide polymorphism (SNP) and haplotype, was conducted to assess their sheath blight

reactions at three developmental stages (seedlings, tillering and booting). A total of 653 genes

were correlated with sheath blight resistance, of which the disease resistance protein RPM1

(OsRSR1) and protein kinase domain-containing protein (OsRLCK5) were validated by overex-

pression and knockdown assays. We further found that the coiled-coil (CC) domain of OsRSR1

(OsRSR1-CC) and full-length OsRLCK5 interacted with serine hydroxymethyltransferase 1

(OsSHM1) and glutaredoxin (OsGRX20), respectively. It was found that OsSHM1, which has a

role in the reactive oxygen species (ROS) burst, and OsGRX20 enhanced the antioxidation ability

of plants. A regulation model of the new RSB resistance though the glutathione (GSH)-ascorbic

acid (AsA) antioxidant system was therefore revealed. These results enhance our understanding

of RSB resistance mechanisms and provide better gene resources for the breeding of disease

resistance in rice.

Introduction

Rice (Oryza sativa L.) is one of the world’s most important cereal

crops, providing a key part of the daily dietary intake for

approximately 50% of the global population (Chen et al., 2014).

Rice sheath blight (RSB), a major disease of rice, is caused by the

soil-borne necrotrophic fungus Rhizoctonia solani K€uhn of the

anastomosis group AG1-IA, and results in major losses in the yield

of rice under favourable conditions (Gautam et al., 2003; Lee and

Rush, 1983). RSB resistance is a very complex quantitative trait

involving dynamic and diverse responses that are controlled by

multiple genes (Zuo et al., 2000). The mechanisms of rice

resistance to R. solani AG1-IA remain largely unknown, and no

dominant RSB resistance genes or loci have been discovered.

With the advent of high-throughput genotyping technologies,

such as resequencing and microarrays, a genome-wide associa-

tion study (GWAS) has become a powerful tool for the identi-

fication of genes associated with disease resistance in plants. For

example, GWAS has been used to demonstrate the role of

ZmFBL41, which encodes an F-box protein, in the resistance to

banded leaf and sheath blight in maize (Li et al., 2019). In rice, 27

rice blast resistance loci (Li et al., 2019) and 19 loci associated

with resistance to bacterial blight have been reported (Dilla-

Ermita et al., 2017; Zhang et al., 2017a). Using 299 rice varieties,

a recent study identified two genomic regions, qSB-3 and qSB-6,

that are associated with R. solani resistance (Chen et al., 2019).

Although these studies did identify candidate genes, in most

cases they did not verify new resistance genes using transgenic

methods.

The plant recognized pathogen effectors, such as nucleotide-

binding site leucine-rich repeat (NLR) or receptor-like cytoplasmic

kinases (RLCK) proteins, have critical roles in the regulation of the

immune response (Jia et al., 2000; Shao et al., 2003). In

Arabidopsis thaliana, the RLCK protein PBS1 regulates resistance

against Pseudomonas syringae and recognition by the P. syringae

AvrPphB effector protease (Shao et al., 2003). Plant genomes

encode several hundred NLR proteins involved in defence

responses (Marone et al., 2013), some of which occur in clusters

at specific loci following gene duplication and amplification

events (Liu et al., 2014; Zhou et al., 2019). Furthermore, based on

physical or genetic mapping it is apparent that many NLR genes

co-localize with resistance loci (McHale et al., 2006). Previous

studies have shown that genetically linked NLR genes act together

to recognize pathogen avirulence effectors, such as RPS4/RPS1,

RGA4/RGA5 and Pikp-1/Pikp-2 (Cesari et al., 2013; Yuan et al.,

2011; Zhang and Gassmann, 2003). In these pairs, one gene is a
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sensor that perceives pathogen effectors, while the other is a

helper required for activating immune signalling (Baggs et al.,

2017; Cesari et al., 2013; Wu et al., 2015). Although the role of

NLR and RLCK proteins in plant immunity has been well studied,

there have been no reports indicating the role of NLR or RLCK

proteins in RSB resistance.

Plant defence responses against pathogen infection usually

involve the activation of defence-related hormone pathways, such

as jasmonate acid (JA), salicylic acid (SA) and ethylene (ET); up-

regulation of pathogenesis-related (PR) genes; and the production

of reactive oxygen species (ROS) (van Loon et al., 2006). While the

interactionmechanismof rice and R. solaniAG1-IA remains unclear

(Pinson et al., 2005; Zou et al., 2000; Zuo et al., 2007), the

regulation of JA-dependent defence signalling and ROS has an

important role in the resistance to necrotrophic fungi (Oreiro et al.,

2019; Zhang et al., 2017b). It has been reported that ROS are

involved in triggering plant basal defence responses to biotrophic

and hemi-biotrophic pathogens, as well as necrotrophs. For

example, the NLR gene Pit imparts resistance against the rice blast

fungus through mediated ROS production (Kawano et al., 2010).

In this study, 259 rice lines were evaluated for the response to

RSB at three developmental stages. We used single nucleotide

polymorphism (SNP)-based (SNP-GWAS) and haplotype-based

GWAS (Hap-GWAS) to identify loci associated with RSB resistance

via high-density SNP genotyping. Core candidate genes were

obtained through the weighted co-expression network analysis

(WGCNA) of candidate genes identified by SNP-GWAS, Hap-

GWAS and a transcriptome analysis of resistant and susceptible

varieties. Furthermore, we demonstrated how the disease resis-

tance protein RPM1 encoding gene OsRSR1 and the protein

kinase gene OsRLCK5 are involved in sheath blight resistance

though the glutathione (GSH)-ascorbic acid (AsA) antioxidant

system. These findings set a stage to uncover the mechanism of

plant innate immunity leading to RSB resistance.

Results

Genomic variation and population structure

To map the RSB resistance genes, we sequenced 259 rice varieties

at an average coverage of 12.16 9 using the Illumina HiSeq

platform (Figure S1 and Table S1), generating 1.33 Tb of raw

reads (Table S2). The sequence reads were mapped on to the

Nipponbare reference genome, and 2,888,332 high-confidence

SNPs (missing data < 20%, minor allele frequency [MAF]>1%)

were detected (Table S3). Of these, 464 911, 555 884,

1 146 191, 363 883 and 318 546 SNPs were located in introns,

exons, intergenic regions, upstream regions and downstream

regions, respectively (Figure S1 and Table S3). The SNP annota-

tion revealed 2,850 splicing, 312 857 nonsynonymous, 1085

stop-loss and 16 416 stop gain SNPs in the coding sequences

(CDS) (Table S3). The chromosomal distribution of SNPs among

the 12 rice chromosomes ranged from 334,353 SNPs on Chr. 1 to

192 058 SNPs on Chr. 9 (Table S4). Additionally, SNP frequency

was highest on Chr. 8 (8.50 SNPs/kb) (Figure S2 and Table S4).

Figure 1a shows the phylogenetic tree of 259 rice core

varieties. A population–structure analysis showed that these

259 rice lines comprised three genetic groups (K = 3): japonica

(19), landrace (94) and an improved indica cultivar (146)

(Figure 1b and Table S1). A principal component analysis (PCA)

showed that the first two PCs explained 29.54% of the genetic

variation within these 259 rice lines (Figure 1c). These results

indicate that the rice accessions selected in this study represent

abundant genetic variation in the core rice germplasm despite

some variation due to sequence errors. Based on the r2 value,

which declined to half of the maximum value, the linkage

disequilibrium (LD) decay for 259 rice cultivars was estimated at

194 kb (Figure 1d), indicating that the rice lines exhibited a

moderate LD (Huang et al., 2010).

Phenotypic variation among rice cultivars

Rice plants are more susceptible to R. solani at the seedling,

tillering and booting stages under high humidity and temperature

conditions (Molla et al. 2020; Oreiro et al. 2019). These stages are

considered key for R. solani infection because they directly affect

rice yield. Therefore, we investigated the resistant phenotypes in

different ecological niches in China (Wenjiang and Lingshui) and

in different years. At the seedling stage, the RSB incidence rate in

all lines ranged from 11.71 to 100% in Wenjiang (2016;

average = 34.97%) and 6.18-100% in Lingshui (2017; aver-

age = 35.85%) (Table S1 and Figure S3). Moreover, in Wenjiang

and Lingshui, the RSB incidence rate at the tillering (4.04–87.71%
and 5.79–76.87%, respectively) and booting (4.91–82.22% and

4.47–84.97%, respectively) stages displayed more than a 16- and

12-fold difference, respectively, between the resistant and

susceptible lines. However, the RSB incidence rate in the three

stages was normal (Figure S3). These results indicate a broad

range of RSB resistance levels among the rice varieties used in the

GWAS analysis. An analysis of variance (ANOVA) of the RSB

incidence rate at the three developmental stages revealed

significant differences among genotypes (Figure S4), implying

the presence of dominant RSB resistance loci.

Identification of significant RSB resistance loci via
whole-genome screening

Based on the 2 888 332 high-confidence SNPs, a GWAS of the

three traits (each growth stages was considered to be a different

trait) was performed using a mixed linear model (MLM). The

phenotypic data of the three traits at two locationswere used in the

GWASanalysis, aswell as the best linear unbiased prediction (BLUP)

values for two locations of each trait. A total of 1, 396 SNP loci had

a significant association with the three traits (�log10P ≥ 6)

(Figure 2a, Figure S5 and Table S5), of which 968 SNP loci were

common to at least two traits. Among the three growth stages, the

number of associated SNPs was highest at the tillering stage. We

further detected candidate genes within 200 kb upstream and

downstream of the associated SNP loci, based on the LD decay in

the whole genome (Figure 1d). A total of 8, 371 expressed genes

were detected among the three traits. The number of these genes

was higher on Chr. 3, Chr. 8, Chr. 7 and Chr. 11 than on the other

chromosomes (Table S6). Some of the previously reported RSB

resistance genes were also included in the GWAS results, including

phenylalanine ammonia-lyase 4 (OsPAL4), loose plant architecture

1 1 (LPA1), oxalate oxidase 4 (OsOXO4), auxin efflux carrier

component (OsPIN1a) and chitinase 11 (OsCHI11) (Figure 2c and

Figure S6) (Karmakar et al., 2016;Miyashita et al., 2010; Sun et al.,

2019; Tonnessen et al., 2015).

The traditional SNP-GWAS method results in a high rate of

false-negative results, and the identification of all genes related

to complex traits is difficult because of the presence of a large

number of loci with small effects (Ma et al., 2018). To overcome

this limitation of SNP-GWAS, we performed a Hap-GWAS using

67, 081 haplotype blocks identified from the whole genome in

our data. The results showed that 5, 549 haplotype blocks were

significantly associated with RSB resistance in the three growth
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stages (Figure 2b, Figure S7 and Table S7). These haplotype

blocks contained 7, 691 potential candidate genes (Table S8). A

comparison of the SNP-GWAS and Hap-GWAS results revealed

2, 947 candidate genes common to both data sets. However,

some previously reported RSB resistance genes were unique to

Hap-GWAS data; for example, haplotype block 66, 367 (Hap-

block ID: 66, 367) on Chr12, was located in the CDS of osmotin

1 (OsOSM1) (Figure 2d and Figure S6), which positively regu-

lates RSB resistance and is mainly expressed in the leaf sheath at

the booting stage (Xue et al., 2016).

To further confirm that these candidate genes were associated

with RSB resistance, we compared our results with those of

previously reported quantitative trait loci (QTLs). Of the candidate

genes that were detected in the seedling stage, the number of

located on QTL previously identified from biparental mapping

studies was 3,175 (SNP-GWAS) and 3543 (Hap-GWAS) (Fig-

ure S8a). Of the loci that were detected in the tillering and

booting stage, the number of located on QTL previous reported

ranged from 4566 (Hap-GWAS) �4846 (SNP-GWAS) and from

4557 (Hap-GWAS) �4602 (SNP-GWAS), respectively (Figure S8b,

c). This confirmed that our data were accurate and reliable,

indicating a strong potential for the mining novel resistance

genes.

Identification of new RSB resistance genes by GWAS and
WGCNA

To further identify the core candidate genes associated with RSB

resistance, we performed a WGCNA of 8, 371 genes (SNP-GWAS

data; Table S6), 7, 691 genes (Hap-GWAS data; Table S8) and

13, 524 differentially expressed genes (DEGs) (transcriptome data

of the resistant variety Teqing and susceptible variety Lemont,

which were inoculated at different time points; Table S9). In the

SNP-GWAS data set, a total of 11 co-expression modules were

detected (Figure S9 and Table S10), with the number of genes in

each module ranging from 45 (grey module) to 911 (turquoise

module) (Table S10). In the Hap-GWAS data set, 12 co-

Figure 1 Population structure of 259 rice accessions. (a) Population structure based on different numbers of ancestry kinships (K) set to 2 or 3. The x-axis

indicates the japonica (red), improved indica cultivar (IC, blue), and landrace (Lan, purple) subgroups. The left y-axis quantifies genetic diversity in each

accession. (b) Neighbour-joining phylogenetic tree of 259 rice accessions based on 2 888 332 high-quality SNPs; branch colours indicate different

subgroups of rice, using the same colours as in (a). (c) Principal component analysis (PCA) plots of the first two components for all 259 rice accessions, using

the same colours as in (a). (d) Genome-wide average linkage disequilibrium (LD) decay rate of 259 rice accessions.

ª 2021 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 19, 1553–1566

Identification for sheath blight resistance genes in rice 1555



expression modules were detected (Figure S9 and Table S11),

with each module comprising 74 (greenyellow module) to 726

(turquoise module) genes (Table S11). Additionally, 13, 524 DEGs

were assigned into 12 co-expression modules (Figure S9), each

comprising 22 (grey module) to 2051 (turquoise module) genes

(Table S12). To identify the modules associated with RSB resis-

tance, we correlated the selected modules with RSB resistance

and searched for significant associations. The results showed that

three modules each in the SNP-GWAS data (pink, r = 0.87,

P = 3e�12; yellow, r = �0.54, P = 7e�04; and brown,

r = �0.44, P = 0.007), Hap-GWAS data (purple, r = 0.83,

P = 3e�10; turquoise, r = �0.55, P = 5e�04; and brown,

r = �0.43, P = 0.009) and DEGs data (pink, r = 0.86,

P = 2e�11; black, r = �0.53, P = 0.001; turquoise, r = �0.46,

Figure 2 Genome-wide association study (GWAS) and weighted gene co-expression network analysis (WGCNA) of rice accessions for identification of rice

sheath blight (RSB) resistance candidate genes. (a, b) Distribution of the loci associated with RSB resistance in rice based on single nucleotide polymorphism

(SNP)-GWAS (a) and haplotype (Hap)-GWAS (b). Incidence of RSB was classified into three stages: seeding (purple); tillering (milky); booting (blue). The

associated loci for each trait are indicated by red vertical lines in the chromosome map. Seeding_2017_WJ indicates the GWAS result for RSB resistance at

seeding stage using 2017 phenotypic data; Seeding_2018_LS indicates the GWAS result for RSB resistance at seeding stage using 2018 phenotypic data;

Seeding indicates the GWAS result for RSB resistance at seeding stage using the best linear unbiased prediction (BLUP) values for two years. The same

markers were used in tillering and booting stages. (c, d) Genes with known function for rice disease resistance under candidate genes are shown in

significant GWAS association positions, SNP-GWAS (c), Hap-GWAS (d). The x-axis indicates the genomic coordinates, and the y-axis indicates the

association score of each SNP; the score represents a transformed P value, -log10P. (e) Module detection for candidates in the GWAS and DEGs data sets.

The correlation of different modules is indicated below. We selected one module showing positive correlation with the trait and two modules showing

negative correlation with the trait for further study (high expression of resistance genes leads to low RSB incidence thus the negative correlation modules

were selected). Each pane corresponds to a module. The module–trait relationships (MTRs) are coloured based on their correlation: red indicates a strong

positive correlation and blue indicates a strong negative correlation. (f) Three modules showing the highest correlation with each trait. We selected the

module showing clear correlation with the trait as the final candidate module (gene expression was negatively correlated with the resistant phenotype and

positively correlated with the susceptible phenotype). Each row corresponds to a module. Every three columns corresponds to a time result. The MTRs are

coloured based on their correlation: red indicates a strong positive correlation and blue indicates a strong negative correlation. (g) Venn diagrams showing

the number of core candidate genes detected by GWAS and transcriptome analysis.
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P = 0.004) had a significant correlation with RSB resistance

(Figure 2e). Among these, SNP-GWAS candidate genes in the

brown module (n = 563), Hap-GWAS candidate genes in the

brown module (n = 570) and DEGs in the turquoise module

(n = 2, 051) had the strongest positive correlation with RSB

incidence in the susceptible genotype Lemont, and the highest

negative correlation in the resistant genotype Teqing (Figure 2f

and Table S13). Interestingly, in these three modules, 653 genes

were found to be shared by at least two modules and were

named ‘core candidate genes’ (Figure 2g and Table S14).

Moreover, these 653 genes were categorized into two differ-

ent expression profiles: (Ⅰ) a total of 537 genes (named type 1),

which had a high expression level in the susceptible variety

Lemont after inoculation with R. solani AG1-IA, and a low

expression level in the resistant variety Teqing; and (Ⅱ) a total of

116 genes (named type 2), which had a high expression level in

the resistant variety Teqing after inoculation with R. solani AG1-

IA, and a low expression level in the susceptible variety Lemont

(Figure S10). Gene ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) enrichment analyses showed that

type 2 genes were associated with kinase activity; positive

regulation of developmental process; cutin, suberin and wax

biosynthesis; glutathione metabolism; and fatty acid degradation

(Figure S10), and these terms or pathways were involved in plant

resistance. A total of 71 genes were detected among the type 2

gene set after the removal of genes encoding unknown/trans-

poson/retrotransposon proteins, and another eight genes had

been previously published (Table S14). These 71 genes were

therefore selected for further analysis.

OsRSR1 positively regulates resistance to R. solani
AG1-IA

NLR genes play a vital role in the plant response to pathogenic

bacteria (Marone et al., 2013). Among the 71 type 2 genes, there

were three NLR genes: LOC_Os11g12320, LOC_Os11g12330

and LOC_Os11g12340 (Table S14). We further found that these

three genes and LOC_Os11g12350 formed an NLR gene cluster

(R-cluster), which showed a significant association with RSB

resistance (�log10P = 6.269), based on SNP-GWAS results (Fig-

ure S11). This R-cluster mapped to a 36.83 kb size (6 876 516–
691 3345 bp) on Chr. 11 (Figure 3a) and formed a co-localized

LD block (block 56755) with a significant association with SNP

6898599 (A/G) (Figure 3b). We further analysed the R-cluster

sequences to identify structural variations and discovered a

21.8 kb deletion in the sequences. These structural variations

formed three haplotype groups (Figure 3c), and rice accessions

carrying the deletion haplotype (hap1) were more susceptible

than those of the hap2 and hap3 (Figure 3d). Transcriptome data

showed that the expression of LOC_Os11g12320,

LOC_Os11g12330 and LOC_Os11g12340 in the resistant variety

Teqing was much higher than that in the susceptible variety

Lemont after inoculation with R. solani AG1-IA (Figure 3e);

however, the most significant difference was in the expression of

LOC_Os11g12340 (named OsRSR1) in the resistant and suscep-

tible variety. These results were verified by a real-time quantitative

polymerase chain reaction (qRT-PCR) (Figure 3f). Furthermore,

the PCR amplification results showed that OsRSR1 was absent in

seven randomly selected rice lines (with the deletion haplotype),

which verified that the deletion haplotype was accurate (Fig-

ure S12). A homogeneous analysis demonstrated that OsRSR1

was found to share a close genetic relationship with

AT3G07040.1 (Figure S13), which encodes the NB-ARC

domain-containing disease resistance protein and confers resis-

tance to P. syringae, in Arabidopsis (Jung et al., 2020). These

results indicate that this R-cluster was significantly associated with

RSB resistance and the OsRSR1 could be a candidate sheath blight

resistance gene.

To confirm this result, we randomly selected five resistant and

five susceptible varieties to examine the expression level of

OsRSR1 after inoculation with R. solani AG1-IA. Expression of the

OsRSR1 gene was higher in resistant varieties than that in

susceptible varieties at 24-h postinoculation (hpi) (Figure 3g). We

then investigated the function of OsRSR1 in rice using the

transgenic approach. The expression of OsRSR1 was either down-

regulated by RNA interference (RNAi) or enhanced by expressing

OsRSR1 under the control of the cauliflower mosaic virus (CaMV)

35S promoter. The expression of OsRSR1 in OsRSR1-RNAi and

overexpression (OE) lines was verified by qRT-PCR (Figure 3h). The

expression of OsRSR1 in OsRSR1-OE lines was 20-fold greater

than in the wild-type (WT) (Figure 3h). The T1 progenies of the

OsRSR1 RNAi and OE lines were evaluated for disease resistance

and lesion length and mycelia biomass was measured at 4 days

postinoculation (dpi). The OsRSR1-RNAi plants of the resistant

genotype Teqing were more susceptible than the WT (Figure 3i, j

and Figure S14). We then transformed the susceptible rice variety

Lemont with the dominant OsRSR1 allele of Teqing, and the

resulting transgenic lines exhibited a significantly enhanced

resistance to R. solani AG1-IA compared to the WT (Figure 3i, j

and Figure S14). Additionally, the expression of OsRSR1 was

higher in leaves and leaf sheaths, which characteristically show

symptoms of sheath blight, than in roots and panicles (Figure 3k).

Moreover, there were no significant differences in yield and

agronomic traits between OsRSR1-OE and WT plants (Fig-

ure S15). In a further examination, the T2 progenies of OsRSR1

RNAi and OE lines were evaluated for disease resistance in the

field and were found to exhibit similar results to those obtained

for T1 (Figure S16a, b). These results suggested that OsRSR1

positively regulates resistance to R. solani AG1-IA without

compromising fitness.

OsRLCK5 positively regulates resistance to R. solani
AG1-IA

The enrichment of kinase activity in the type 2 gene set indicated

that protein kinase plays a key role in the regulation of RSB

resistance. Therefore, we also analysed LOC_Os01g02390

(named OsRLCK5), which encodes the protein kinase domain-

containing protein, and was associated with RSB resistance,

based on the Hap-GWAS results (Figure 4a and Figure S17).

Haplotype block 70 on Chr. 1 was located in the CDS of

OsRLCK5 (Figure 4a, b). There were five subtypes in this

haplotype: GTAG, ATAG, AGAG, AGGG and AGGA, and AGGA

showed as significant association with RSB resistance

(�log10P > 6 in the four traits association results) (Figure 4b).

One synonymous SNP, Chr1_769280 (A/G), and three nonsyn-

onymous SNPs, Chr1_769292 (G/T), Chr1_769480 (G/A) and

Chr1_769492 (A/G) in OsRLCK5, were formed in this haplotype

(Figure 4b, c). We analysed two homozygous haplotypes (AGGG

and AGGA) and found that accessions carrying the haplotype

AGGG were resistant, whereas those with the haplotype AGGA

were susceptible (Figure 4d). Furthermore, these findings were

confirmed by the genotyping results of the nonsynonymous SNP

Chr1_769492 (A/G), which indicated that accessions carrying the

homozygous GG allele were more resistant than those with the

heterozygous AG and homozygous AA alleles (Figure 4d). In
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Figure 3 OsRSR1 regulates RSB resistance. (a) Manhattan plots of loci on chromosome 11 associated with RSB incidence at the tillering stage at Wenjiang

in 2017 (Tillering_2017_WJ). Arrowheads indicate significantly associated SNPs located in a nucleotide-binding site leucine-rich repeat proteins encoded (R)

gene cluster. Horizontal dashed lines indicate the significance threshold (P < 10�6). LD heat map (bottom) reflected that associated SNP localized in a

haploid between the red dashed lines. (b) This haploid (named block 56 755) contains the R gene cluster mentioned above, which included four R genes

LOC_Os11g12320, LOC_Os11g12330, LOC_Os11g12340 and LOC_Os11g12350. Red rectangles indicate four R genes, respectively. (c) Three haplotypes

were identified through sequence analysis of R gene cluster. Blue areas indicated deletion type mapping to reference genomes (hap1); green areas

indicated variant type mapping to reference genomes (hap2); yellow areas indicated consistent with reference genomes (hap3). (d) Box plots for RSB

resistance, based on the genotypes of sequence analysis of R cluster. The horizontal line in the centre of each box denotes the median. The upper and lower

limits of each box represent quartiles; whiskers indicate the range of the data; statistical significance of differences was analysed by the two-tailed t-test.

Hap1, hap2 and hap3 are shown in red, blue and green, respectively. (e) Expression of four genes in the R gene cluster in resistant and susceptible rice lines

(Transcriptome data). Each row corresponds to a time result. Each column corresponds to a gene. The expression level is coloured based on their FPKM

value: red indicates a high expression and green indicates a low expression. (f) Verification of four R genes expression in resistant and susceptible rice lines

at different infection time points by qRT-PCR. (g) Expression analysis of OsRSR1 in five resistant and five susceptible varieties at 24 h postinoculation (hpi) of

Rhizoctonia solani AG1-IA by qRT–PCR. (h) Identification of overexpression (OE) and RNA interference (RNAi) lines of OsRSR1 by qRT–PCR. (i) Incidence of

OsRSR1-OE plants was decreased compared with WT, and the incidence of OsRSR1-RNAi plants was increased compared with WT. (j) Average incidence

rate (n = 10 sheath) of Teqing, OsRSR1-RNAi lines, Lemont, and OsRSR1-OE lines at 4 day post inoculation (dpi) with R. solani AG1-IA. (k) Expression

analysis of OsRSR1 in different tissues of rice by qRT–PCR (leaves, sheath, root and panicle). The rice UBQ gene was used as an internal control. Data are

represented as average values with four biological replicates (e–h, and k).
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Figure 4 OsRLCK5 regulates RSB resistance. (a) Manhattan plots of loci on chromosome 1 associated with RSB incidence at the seedling, tillering and

booting stages at Wenjiang in 2017 (seedling_2017_WJ, tillering_2017_WJ and booting_2017_WJ, respectively). Red markings indicate the strongly

associated loci containing the candidate gene OsRLCK5. Horizontal dashed lines indicate the significance threshold (P < 10�6). (b) Local Manhattan plot.

The candidate region lies between the red dashed lines. Significant haplotype structures (block 70), P-values and variant types are indicated on the right

side. Dashed line represents the significance threshold (P < 10�6). Red indicated the strongly associated haplotype, which are located within OsRLCK5. (c)

Haplotype with three nonsynonymous variations in OsRLCK5 exon. Blue rectangles and black lines indicate exons and introns, respectively. (d) Box plots for

RSB resistance, based on the genotypes of two homozygous haplotypes. The horizontal line in the centre of each box denotes the median. The upper and

lower limits of each box represent quartiles; whiskers indicate the range of the data. n indicates the number of accessions with the same genotype. (e)

Expression analysis of OsRLCK5 in five resistant and five susceptible varieties at 24 hpi by qRT–PCR. (f) Verification of OsRLCK5 expression in resistant and

susceptible rice lines at different infection time points by qRT-PCR. (g) Spatial expression analysis of OsRLCK5 in rice plants. (h) Expression analysis of

OsRLCK5 in five resistant and five susceptible varieties at 24h postinoculation (hpi) of R. solani by qRT–PCR. (i) Identification of OsRLCK5-OE and -RNAi lines

by qRT–PCR. The rice UBQ gene was used as an internal control. Data are represented as average values with four biological replicates (e–i). (j) Incidence of

OsRLCK5-OE plants was decreased compared with WT, and the incidence of OsRLCK5-RNAi plants was increased compared with WT. (k) Average

incidence rate (n = 10 sheath) of Teqing, OsRLCK5-RNAi lines, Lemont and OsRLCK5-OE lines at 4 dpi with R. solani AG1-IA.
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addition, transcriptome data showed that the expression of

OsRLCK5 dramatically increased in Teqing at 12 h and remained

high throughout the experiment, but there was almost no

expression in Lemont (Figure 4e). The qRT-PCR results were

consistent with the transcriptome data (Figure 4f). Furthermore,

in Teqing, the expression of OsRLCK5 in the leaf and leaf sheath

was higher than in the panicle and root at 24 hpi (Figure 4g).

Additionally, there was a higher expression in OsRLCK5 in five

randomly selected resistant lines than in susceptible lines at 24

hpi (Figure 4h). A comparison of its kinase domain with others

from the blast results revealed that several typical conserved

serine-threonine protein kinase subdomains were found in

OsRLCK5 (Figure S18), and some homogeneous genes of

OsRLCK5 were found in Arabidopsis (Figure S13). These results

suggest that the OsRLCK5 protein is a typical serine-threonine

kinase, and the expression of OsRLCK5 may be induced following

R. solani AG1-IA infection, enabling it to participate in RSB

resistance.

To further verify our results, we generated OsRLCK5-RNAi

lines in a Teqing background and OsRLCK5-OE lines in a Lemont

background. Transcript levels of OsRLCK5 were substantially

reduced in OsRLCK5-RNAi lines and markedly elevated in

OsRLCK5-OE lines compared with Lemont (Figure 4i). Inocula-

tion of transgenic T1 lines with R. solani AG1-IA revealed

enhanced symptoms (lesion length and mycelial biomass) in

OsRLCK5-RNAi plants compared with the WT (Figure 4j, k and

Figure S19) and significantly enhanced resistance in OsRLCK5-

OE lines compared with Lemont at 4 dpi (Figure 4i, k and

Figure S19). Moreover, there were no significant differences in

the yield and agronomic traits of OsRLCK5-OE lines compared

with the WT (Figure S15). The transgenic T2 lines were

evaluated for disease resistance in the field and the results

were similar to those obtained for T1 (Figure S16a, b). These

results suggest that OsRLCK5 positively regulates resistance to R.

solani AG1-IA without a fitness cost.

OsRSR1 and OsRLCK5 enhance defence activation

We compared the expression of JA (OsAOC, OsAOS2) (Mei et al.,

2006; Michael et al., 2013), ET (OsACS2) (Iwai et al., 2006) and

SA (OsNPR1) (Li et al., 2013) signalling genes in WT, RNAi and OE

plants at 72 hpi. The expression levels of OsAOC, OsAOS2 and

OsACS2 were significantly higher in OsRSR1-OE lines than in

Lemont and significantly lower in OsRSR1-RNAi plants than in

Teqing (Figure S20). However, there was no significant difference

in the expression of OsNPR1, a marker gene of the SA-induced

resistance response, between OsRSR1 transgenic plants and the

WT (Figure S20). The expression levels of OsAOC, OsAOS2 and

OsACS2 were significantly enhanced in OsRLCK5-OE lines com-

pared with Lemont and down-regulated in OsRLCK5-RNAi lines

compared with Teqing after AG1-IA infection (Figure S20).

Furthermore, the qRT-PCR analysis showed that at 72 h, the

transcript levels of PR1b and PAL were significantly higher in

OsRSR1-OE lines than in Lemont; however, the transcript level of

PR1b, PR10a, and PAL was down-regulated in OsRSR1-RNAi lines

compared with Teqing plants. Similarly, the expression levels of

PR1b, PR10a and PAL in OsRLCK5-OE plants were significantly

higher than in Lemont (Figure S20), while only PAL had a

significantly lower expression in OsRLCK5-RNAi lines compared

with Teqing (Figure S20). Interestingly, OsACO2 and OsACO3 are

key genes in ET-induced plant defence, and OsLOX4 and OsLOX1,

which are important JA biosynthesis genes, were identified in the

core candidate gene set (Table S6).

OsRSR1 and OsRLCK5 are involved in the ROS pathway
to resistance

The N-terminal coiled-coil (CC) domain of some NLR proteins is

required for interaction with downstream signalling components

or for the induction of immune responses (Shen et al., 2007). We

therefore performed yeast two-hybrid (Y2H) assays using the CC

domain of OsRSR1 (OsRSR1-CC; 3–133 aa) as bait. From a

complete rice cDNA library, we identified several OsRSR1-CC

interactors, including an OsSHM1 (Figure 5a) and a serine

hydroxyl methyltransferase that was involved in photorespiration

and ROS generation (Wang et al., 2015), but had not previously

been reported to have a role in plant disease resistance. We

further confirmed the interaction between OsRSR1-CC and full-

length OsSHM1 using bimolecular fluorescence complementation

(BiFC) assays. Fluorescence signals were mainly distributed in the

cytoplasm and nucleus (Figure 5b); thus, we speculated that

OsSHM1 is involved in OsRSR1-mediated RSB resistance. We also

identified the OsRLCK5 interaction partner using the Y2H assay, a

glutaredoxin (OsGRX20), which is involved in ROS regulation

(Rohini et al., 2010; Str€oher and Millar, 2012) and was identified

among 69 potential interactors. The direct interaction between

OsRLCK5 and OsGRX20 was confirmed via a BiFC analysis by their

co-expression in tobacco leaf epidermal cells (Figure 5a, b). Based

on these results, we speculated that OsRSR1 and OsRLCK5 confer

RSB resistance by regulating ROS.

To further confirm our speculation, we examined the activity of

ROS-related antioxidant enzymes and the relative expression of

OsCATC in transgenic and WT rice plants. The relative expression

of OsCATC in OsRSR1-RNAi was significantly reduced compared

with Teqing, and significantly increased in OsRSR1-OE plants

compared with Lemont at 72 hpi (Figure 5c). Moreover, the

peroxidase (POD), superoxide dismutase (SOD) and polyphenol

oxidase (PPO) activities were significantly reduced in OsRSR1-RNAi

plants compared with Teqing (Figure 5c), while the SOD and PPO

activities were significantly increased in OsRSR1-OE plants com-

pared with the WT; however, there were no significant differ-

ences in POD activity between OsRSR1-OE plants and Lemont

(Figure 5b). Similar results were obtained in OsRLCK5 transgenic

lines (Figure 5c). Additionally, following R. solani AG1-IA infec-

tion, more DAB- and NBT-stained spots appeared on the leaves

surrounding the lesions on OsRSR1-OE plants than on the WT

(Figure S21), suggesting that OsRSR1-OE plants increased the

accumulation of H2O2 and O2� in the transgenic rice. These data

suggested that OsRSR1 and OsRLCK5 positively regulate the

transcription of OsCATC and influence the SOD and PPO

activities, thus affecting the ROS content of rice plants infected

by R. solani AG1-IA.

The GSH-AsA antioxidant system was activated in the
overexpression of OsRSR1 and OsRLCK5

The interaction between 653 core candidate genes was per-

formed through a protein–protein interaction network analysis

(Figure S22). We found an interaction between some proteins

that are involved in the GSH-AsA antioxidant system (a nonen-

zyme system involved in scavenging ROS, Conklin, 2001; Sun

et al., 2018). For example, there were interactions between

cytosolic dehydroascorbate reductase (OsDHAR1, Kim et al.,

2013) and lipoxygenase 1 (OsLOX1), the glutathione synthetase

gene LOC_Os11g42350, the SOD gene LOC_Os06g02500, the

glutathione peroxidase gene LOC_Os11g18170, and the glu-

tathione S-transferase gene LOC_Os01g72170. Thus, we
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Figure 5 OsRSR1 and OsRLCK5 regulate reactive oxygen species (ROS) burst. (a) Detection of interaction between OsRLCK5 and OsGRX20, and OsRSR1-

CC and OsSHM1 in a yeast two-hybrid (Y2H) assay, respectively. Photograph shows the growth behaviour of transformants on SD/Leu-Trp media (SD-2) and

SD/Ade-Leu-Trp-His (SD-4) plus AbA and X-a-gal media. pGBKT7-p53 and pGADT7-SV40 large T-antigen were set as the positive control pair. pGBKT7-Lam

and pGADT7-SV40 large T-antigen were set as the negative control pair. (b) Bimolecular fluorescence complementation (BiFC) assay verified the interaction

between OsRLCK5 and OsGRX20, and OsRSR1-CC and OsSHM1 in tobacco leaf epidermis cells, respectively. Scale bars: 50 mm. 35S-YFP was employed as

positive control, and negative control means the pXY104 (nYFP; contains OsRLCK5 or OsRSR1-CC) were co-expressed in tobacco leaf epidermis cells with

empty pXY106 (nYFP) vector. (c) Changes in ROS levels, activities of POD, SOD and PPO, and OsCATC expression in transgenic and wild type (WT; Teqing

and Lemont) leaves at 72 hpi. Values of POD, SOD and PPO activities represent the average of four lines. Data indicate mean � standard error of mean

(SEM) of four technical replicates. Statistically significant differences were analysed by one-way ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001).
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speculated that the GSH-AsA antioxidant system may be involved

in RSB resistance and was mediated by OsRSR1 and OsRLCK5.

We further examined the AsA, dehydroascorbate (DHA), GSH,

and oxidized glutathione (GSSG) content in transgenic and WT

rice plants at 72 hpi. The AsA and DHA levels in OsRSR1-OE plants

were significantly enhanced compared with Lemont, while no

significant difference was found between OsRSR1-RNAi and

Teqing plants at 72 hpi. Consistent levels of GSH and GSSG were

found, with the contents of these two enzymes being clearly

higher in OsRSR1-OE than in Lemont plants at 72 hpi (Fig-

ure S23). For OsRLCK5 transgenic lines, only the levels of GSH

and GSSG were significantly different between transgenic and

WT plants at 72 hpi (Figure S23). The GSH and GSSG contents in

OsRLCK5-RNAi were significantly reduced compared with Teqing

and significantly increased in OsRLCK5-OE plants compared with

Lemont at 72 hpi (Figure S23). We also analysed the expression

levels of OsAPX1, DHAR1 and GRX20 in transgenic and WT rice

plants at 72 hpi. These genes play key roles in the AsA-GSH

antioxidant system. The relative expression of OsAPX1, DHAR1

and GRX20 in OsRSR1-OE was significantly increased compared

with Lemont and significantly reduced in OsRSR1-RNAi plants

compared with Teqing at 72 hpi (Figure S24). A similar expression

pattern was found in OsRLCK5 transgenic lines (Figure S24).

These results indicated that the AsA-GSH antioxidant system was

involved in the process of resistance to R. solani AG1-IA regulated

by OsRSR1 and OsRLCK5.

Discussion

RSB caused by R. solani AG1-IA is one of the most destructive

diseases in rice (Srinivasachary and Savary, 2011). Mining gene

resource that is resistant to RSB, and applying elite resistance

genes to improve the resistance of rice is the most practical and

effective way to manage the disease. The analysis and mapping

of RSB resistance genes using traditional genetic methods are

difficult because inoculation methods and environmental factors

affect the accuracy of RSB resistance phenotyping. For these

reasons, most previous studies of QTL mapping for RSB resistance

in rice have been based on early-segregating mapping popula-

tions that could not be evaluated repeatedly (Zuo et al., 2013;

Zuo et al., 2007; Zou et al., 2000; Wang et al., 2002). Recently,

RSB studies that have utilized GWAS approaches have reported a

number of QTLs contributing to resistance (Chen et al., 2019;

Oreiro et al., 2019). However, these reports have had limited

success in the identification of functional genes because a large

number of loci are associated with traits. In this study, we

obtained 653 core candidate genes associated with RSB resis-

tance using a combination of SNP-GWAS, Hap-GWAS and

WGCNA. A WGCNA can overcome the limitations of a GWAS

by identifying the functional connections among genes in an

unbiased manner using trait-relevant expression data (Liu et al.,

2017; Van-Nas et al., 2009).

Although substantial progress has been made in the mapping

and cloning of resistance genes or QTLs, only a few resistance

genes against R. solani AG1-IA have been cloned in rice. For

example, WRKY30 positively regulates RSB resistance by activat-

ing JA biosynthesis-related genes and the subsequent increase of

endogenous JA accumulation (Peng et al., 2012). Both WRKY4

and WRKY80 have been found to enhance RSB tolerance by

inducing the up-regulation expression of JA- and ET-responsive PR

genes (Peng et al., 2016). The study reported that upon RSB

infection, the rice polygalacturonase inhibiting protein OsPGIP1

can be induced, and improving the RSB tolerance in transgenic

rice plants overexpressing the OsPGIP1 gene (Chen et al., 2016).

Although these genes have been detected, little progress has

been made in rice breeding for RSB resistance, with none of these

genes selected for use in breeding RSB resistance. In this study,

the ability of OsRSR1 and OsRLCK5 to confer RSB resistance in

rice was identified by adopting a transgenic approach. These two

loci were the first cloned RSB-related QTL and therefore represent

a crucial target for developing R. solani AG1-IA resistance

through rice breeding. Furthermore, the haplotype analysis of

OsRLCK5 revealed the presence of the resistant allele (GG) in six

improved cultivars. This is probably because the OsRLCK5 allele is

the result of natural selection and breeding. However, because

this allele was identified in only 4.3% of our selected improved

rice cultivars, there is a large potential for the introduction of this

natural allele into other rice varieties. Additionally, OsRSR1 and

OsRLCK5 transgenic plants represent a valuable genetic resource

for breeding RSB resistance in rice. More importantly, we

obtained transgenic lines showing increased expression of

cytochrome P450 LOC_Os07g33440 (CYP716A16) and SAM-

dependent carboxyl methyltransferase LOC_Os06g20960

(OsSam12) in a Nipponbare rice variety background (Figure S25a

and Figure S26a). These two genes were selected from the 653

core candidate gene set. Inoculation of transgenic T1 lines with R.

solani AG1-IA resulted in enhanced resistance in OE lines to R.

solani AG1-IA compared with the WT (Figure S25b, c and

Figure S26b, c). Thus, our studies provide a valuable genetic

resource for the study of RSB resistance; more work is needed to

validate additional genes involved in RSB resistance.

Our results demonstrated that OsRSR1-CC and OsRLCK5

interact with OsSHM1 and OsGRX20, respectively, to regulate

the level of ROS, which serve as a secondary messenger in signal

transduction, leading to the activation of PR genes and an

immune response. Furthermore, the GSG-AsA antioxidant system

played a role in the resistance to R. solani AG1-IA regulated by

OsRSR1 and OsRLCK5. Thus, we developed a model of RSB

resistance regulation by OsRSR1 and OsRLCK5 to summarize our

results (Figure 6). The overexpression of OsRSR1 results in H2O2

accumulation at the infection site and, more importantly,

increased antioxidant activities through activation of the GSG-

AsA antioxidant system. Additionally, OsRLCK5 is involved in the

activation of the GSG-AsA antioxidant system through its

interaction with GRX20. We have uncovered a molecular mech-

anism of RSB resistance mediated by OsRSR1 and OsRLCK5

through their regulation of the level of ROS. Similar results were

previously obtained in tobacco, where the suppression of tobacco

catalase 1 or catalase 2 resulted in the accumulation of H2O2,

elevated levels of PR1 protein and SA, and enhanced resistance to

the tobacco mosaic virus (Takahashi et al., 1997).

We have reported the role of the NLR protein OsRSR1, and

RLCK protein OsRLCK5 in RSB resistance for the first time. There

were no significant differences in yield and agronomical traits of

transgenic OsRSR1 and OsRLCK5 plants compared with WT

plants. We first demonstrated that OsRSR1 and OsRLCK5

conferred RSB resistance through the GSG-AsA antioxidant

system. To better understand the molecular mechanisms control-

ling the OsRSR1 and OsRLCK5 regulated resistance to R. solani

AG1-IA, it is necessary to determine the ability of OsRSR1 and

OsRLCK5 to recognize an effector in a pathogen. Further studies

are needed to explore the mechanism of disease resistance in rice

and to advance our understanding of the resistance pathways

involved in the rice–R. solani AG1–IA interaction.
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Methods

Pathogen inoculation and disease resistance assay

All 259 rice accessions were evaluated for RSB resistance at the

seedling stage using the ‘mist-chamber’ method, as described

previously (Zuo et al., 2007); the experiment was performed

under field conditions. In the field, seedling–breeding plates

(55 cm long 9 29 cm wide 9 12 cm deep) with 32 holes were

filled with presterilized soil. Six seeds were sown in each hole. Five

replicates were prepared for each variety, and plates were placed

under natural light conditions. Seedlings were thinned at the

third-leaf stage to retain one uniform seedling per hole. At the

fourth leaf stage, the plates were moved into a prebuilt ‘mist-

chamber’ and acclimated for 24 h before pathogen inoculation,

which was performed as described previously (Liu et al., 2009),

with a slight modification. A standard strain of R. solani AG1-IA

was used for inoculation of rice plants. The pathogen was grown

on truncated thin matchsticks (0.8–1.0 cm long 9 2–3 mm

wide 9 1 mm thick) on potato dextrose broth medium at 28

�C in the dark for 2–3 days. To perform the inoculation, the

inoculum was closely affixed to one side of the base of the

seedling stem, ensuring that a hypha was directly touching the

plant. Five plants per variety were inoculated as replications.

When disease symptoms appeared on the whole stems or leaves

of the susceptible control Lemont, all 259 rice lines were screened

for disease. At the tillering and booting stages, inoculum was

placed at the base of the leaf closest to the ground. Fifteen tillers

per plant of each variety were used as replications. When the

lesion length of the susceptible control Lemont reached approx-

imately 50% of the collar height, the 259 rice lines were screened

for morbidity. The RSB disease score was recorded for each

seedling as the lesion length divided by the collar height (distance

from the ground to the tallest leaf collar on the main stem)

(Lavale et al., 2018). Data were processed with Microsoft Excel

2010. A statistical analysis of the RSB scores among different

varieties or subpopulations was performed through an analysis of

variance (ANOVA) and Dunnett’s multicomparison tests using

SPSS version 16.0 (IBM Corp., Armonk, NY).

Other methods

Details of the plant materials and growth conditions, DNA extrac-

tion, PCA, population genetics, LD analysis, GWAS and WGCNA

analyses, GO and KEGG pathway analyses, plasmid construction,

plant transformation, gene expression and antioxidant enzyme

activity analysis, Y2H assays, and BiFC assay are provided in the

supplementary methods. All primers used for plasmid construction

and gene expression analysis are listed in Table S15.
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Figure S1 The geographic distribution of 259 rice accessions.

Each dot of a given colour on the world map represents the

geographic distribution of the corresponding rice accession

Figure S2 Distribution of single nucleotide polymorphisms (SNPs)

and nucleotide diversity across the rice Nipponbare genome in the

rice association panel

Figure S3 The frequency distribution of incidence rate of 259 rice

lines after inoculation with Rhizoctonia solani AG1-IA

Figure S4 Histograms and box plots showing the resistance

phenotypic data of 259 rice lines at three grown stages to rice

sheath blight (RSB)

Figure S5 Manhattan plots and QQ plots resulting from the SNP-

based GWAS for RSB resistance

Figure S6 Several known rice sheath blast resistant genes were

identified by SNP-based and haplotype-based GWAS

Figure S7 Manhattan plots resulting from the haplotype-based

GWAS for RSB resistance

Figure S8 Chromosomal positions of loci for RSB resistance

identified via SNP-based and haplotype-based GWAS. (a) Seedling

stage. (b) Tillering stage. (c) Booting stage. The mapped loci in

this study are shown on the right, and previously mapped QTLs

are shown in pink region

Figure S9 WGCNA of genes in SNP-GWAS, haplotype-based

GWAS and DEGs three datasets

Figure S10 The expression profiles and pathway analysis of 653

core candidate RSB resistant genes in this study

Figure S11Manhattan plots for RSB resistant on chromosome 11

Figure S12 PCR amplification results of OsRSR1 in resistant and

susceptible rice line. M: DNA marker; 1-14 represent ID of rice

lines 267, 136, 139, 142, 158, 178, 14, 283, 202, 307, 197, 199,

208, and 323, respectively

Figure S13 Phylogenetic and structural analysis of two candidate

resistant genes. (a) Phylogenetic analysis of the deduced amino

acid sequence of OsRSR1 and OsRLCK5 compared with Ara-

bidopsis thaliana and rice sequences. (b) Schematic diagram of

the OsRSR1 and OsRLCK5 proteins

Figure S14 Changes in the disease resistance of OsRSR1-RNAi

and OsRSR1-overexpressing (OE) transgenic rice plants. Leaf

lesion represents the means of four lines. Statistically significant

differences were analysed based on four technical replications

(one-way ANOVA; ***P < 0.001). Bars indicate standard errors of

the mean

Figure S15 The plant height, number of tillers, setting percent-

age, and 1,000-grain weight of OE transgenic plant and wild type

(WT) were observed

Figure S16 (a) Expression analysis of OsRLCK5 and OsRSR1 in WT

and OE transgenic T2 rice plants by qRT–PCR. (b) Changes in the

disease resistance of OsRSR1 and OsRLCK5 T2 transgenic lines.

Leaf lesion represents the means of five lines. Statistically

significant differences were analysed based on four technical

replications (one-way ANOVA; **P < 0.01, ***P < 0.001). Bars

indicate standard errors of the mean

Figure S17Manhattan plots for RSB resistant on chromosome 01

Figure S18 Alignment of the conserved serine-threonine domain

of OsRLCK5, its homologs in Arabidopsis thaliana, and other rice

serine-threonine kinases. Underlined regions represent the con-

served subdomains of serine/threonine protein kinases; the

residues marked with asterisks are the three phosphorylated

catalytic sites

Figure S19 Changes in the disease resistance of OsRLCK5-RNAi

and OsRLCK5-OE transgenic rice plants. (a) Disease symptoms in

TeQing, Lemont, OsRLCK5-RNAi and OsRLCK5-OE plants at 72 h

after inoculation with AG1 IA. Leaf lesion represents the means of

four lines. (b) Disease severity was evaluated as relative lesion area

at 72 hour postinoculation (hpi). Statistically significant differ-

ences were analysed based on four technical replications (one-

way ANOVA; *P < 0.05). Bars indicate standard errors of the

mean

Figure S20 The expression of two PR genes (PR1b and PR10a),

two JA related genes (OsAOC and OsAOS2), one ET related gene

(OsACS2), SA related genes (OsNPR1), and OsPAL in transgenic

and WT plants after R. solani AG1-IA infection at 72 hpi. The

relative expression levels of OsAOC, OsAOS2, OsACS2, OsNPR1

and OsPAL are shown as the means of four lines. Statistically

significant differences were analysed based on four technical

replications (one-way ANOVA; *P < 0.05). Bars indicate the

standard errors of the mean

Figure S21 Changes in reactive oxygen species (ROS) levels of

transgenic and WT

Figure S22 The interaction of 653 core candidate genes has been

predicted
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Figure S23 Concentrations of enzymes involve in the AsA-GSH

cycle in transgenic and WT; Teqing and Lemont) leaves at 72 hpi.

Values of AsA, DHA, GSH, and GSSG activities represent the

average of four lines. Data indicate mean � standard error of

mean (SEM) of four technical replicates. Statistically significant

differences were analysed by one-way ANOVA (*P < 0.05;

**P < 0.01; ***P < 0.001)

Figure S24 The expression levels of OsAPX1, DHAR1, and GRX20

in transgenic and WT; Teqing and Lemont) leaves at 72 hpi. The

rice UBQ gene was used as an internal control. Data are

represented as average values with four biological replicates.

Statistically significant differences were analysed by one-way

ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001)

Figure S25 Changes in the disease resistance of CYP716A16-OE

transgenic rice plants. (a) Identification of OE lines of CYP716A16

by qRT–PCR. (b, c) Disease symptoms in CYP716A16-OE plants

and WT (Nipponbare) at 72 h after inoculation with AG1-IA.

Lesion represents the means of four lines. Statistically significant

differences were analysed based on four technical replications

(one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001). Bars

indicate standard errors of the mean

Figure S26 Changes in the disease resistance of OsSam12-OE

transgenic rice plants. (a) Identification of OE lines of OsSam12 by

qRT–PCR. (b, c) Disease symptoms in OsSam12-OE plants and WT

(Nipponbare) at 72 h after inoculation with AG1-IA. Lesion

represents the means of four lines. Statistically significant

differences were analysed based on four technical replications

(one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001). Bars

indicate standard errors of the mean

Table S1 Names, origin, and population structure of 259 O.

sativa accessions.

Table S2 Sequence information on the genomes of 259 rice

accessions.

Table S3 Results of filtered SNP annotation.

Table S4 Number of SNPs in 259 rice accessions using the

sequenced data mapped to the Nipponbare reference genome.

Table S5 GWAS of RSB resistant with 259 rice lines using the

SNP-set generated by mapping reads to the Nipponbare.

Table S6 The expression of SNP-GWAS candidate genes (L:

Lemont T: Teqing).

Table S7 The results from haplotype-based GWAS of RSB

resistant with 259 rice lines.

Table S8 The expression of Hap-GWAS candidate genes (L:

Lemons T:Teqing).

Table S9 The expression of DE candidate genes (L: Lemons T:

Teqing).

Table S10 The different module gene set of WGCNA analyse

(SNP-GWAS candidate genes).

Table S11 The different module gene set of WGCNA analyse

(HAP-GWAS candidate gene).

Table S12 The different module gene set of WGCNA analyse

(DEGs candidate genes).

Table S13 Final module candidate gene list and intersection gene

(We chose the genes selected by the two methods as our final

candidate gene set).

Table S14 Candidate genes expression and classification.

Table S15 Specific primer sequences used in our experiment.

Methods S1 Supplementary Methods.
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