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ABSTRACT

OsPLS4 encodes a β-ketoacyl carrier protein reductase (KAR). The role of OsPLS4 in rice sheath blight (Rhizoc-
tonia solani) remains unclear. Our preliminary studies showed that premature leaf senescence mutants (pls4) were
highly susceptive to sheath blight in the early stage of rice development. To explore the role of this gene in the
development of rice sheath blight, the transcriptome profiles of the rice pls4 mutant and wild type were compared
by RNA-seq. The results revealed 2,569 differentially expressed genes (DEGs). The down-regulated genes were
significantly enriched in the defense response-related biological processes. These down-regulated genes included
the chitinase genes and WRKY genes, which were significantly changed in pls4 mutants. Furthermore, 467 genes
induced significant alternative splicing (AS) events. Among them, intron retention (IR) affected gene expression
levels and functions of the vitamin B6 (VB6) metabolism pathway related to sheath blight. This result suggests
that IR plays an important role in the sheath blight resistance of mutant pls4. Together, these results indicate that
pls4 could be involved in the biological process of sheath blight via DEGs and the fine-tuning of IR. The present
study provides a molecular basis for further investigation of the resistance of rice to sheath blight.
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1 Introduction

Rhizoctonia solani, one of the three major diseases (including rice blast, bacterial blight and sheath
blight) affecting rice, has a significant influence on rice yield [1]. Two innate immune systems, i.e.,
pattern-triggered immunity (PTI) and effector-triggered immunity (ETI), have evolved in plants to resist
exogenous pathogen infection [2–4]. PTI originates from the exposure of pathogen-associated molecular
patterns (PAMPs) to pattern recognition receptors (PRRs) on plant cell surfaces. PAMPs contain
important components, including bacterial lipopolysaccharides and fungal chitin cell walls, which are
evolutionarily conserved [5]. However, the innate ETI response is more intense [6]. R proteins in plant
cells recognize effector molecules secreted by pathogens or respond to specific non-toxic Avr proteins
[7]. Therefore, changes in the gene expression patterns of the PTI and ETI pathways likely play essential
roles in the sheath blight resistance of rice.
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PTI is the main early defence response of the indica rice variety and involves activation of pathogenesis-
related (PR) gene expression. For example, over-expression of the chitinase gene in indica rice enhances its
resistance to sheath blight [8]. The co-expression of chitinase and thaumatin-like proteins in rice confers
enhanced resistance to bacterial blight, as compared with lines expressing a single gene [9]. Moreover,
transgenic plants with CHI11, TLP and Xa21 show enhanced resistance to sheath blight and bacterial
blight [10]. Other reports indicate that the co-expression of the chitinase and β-1,3-glucanase genes
enhances the plant’s resistance to sheath blight but also inversely affects rice seed germination [11]. In
another study, the rice oxalate oxidase gene driven by a green tissue-specific promoter was found to
improve the tolerance of transgenic rice to sheath blight pathogens [12]. Similarly, some reports indicate
that green tissue-specific co-expression of the chitinase and oxalate oxidase 4 genes in rice enhances
sheath blight resistance [1]. In other work, stable expression of polygalacturonase RNAi constructs in rice
was able to efficiently silence AG1IA_04727 and suppress sheath blight [13]. It has been reported that
ETI can trigger reactive oxygen species (ROS) burst, hypersensitive response (HR), cyclin-dependent
kinase protein (CDKP) and mitogen-activated protein kinase (MAPK) signaling pathways, and related
transcription factors initiate gene expression, regulate jasmonic acid (JA), endogenous salicylic acid (SA)
and other disease-resistant hormone genes, thereby promoting resistance to disease infection [4].

It should be noted that the over-expression of genes other than the chitinase gene can also affect the
resistance of rice to sheath blight. The over-expression of Dm-AMP1 isolated from Dahlia merckii was
found to enhance indica rice resistance to sheath blight and rice blast [14]. A new gene, Bsr2, which
encodes an unidentified cytochrome P450 protein belonging to the CYP78A family, has also been found
to be related to disease resistance, plant growth rate and seed size of rice [15].

Plant hormones play a vital role in plant growth and development, defence response and secondary
metabolism. Ethylene is a hormone with low content in plants. The synthesis of ethylene is significantly
enhanced under pressure and over-expression of the ethylene biosynthesis gene OsACS2 in rice confers
broad-spectrum resistance to sheath blight and rice blast [16,17]. Transcription factors, such as the WRKY
family, can also regulate multiple resistance responses, achieving resistance to rice blast through gene
expression and hormonal changes; the expression changes in these transcription factors result from the
upstream ETI immune response. Over-expression of WRKY13 in rice plants was found to enhance the
resistance to sheath blight [18]. Over-expressions of OsWRKY4 and OsWRKY80 in rice plants can also
enhance the expression of disease course-related genes and improve the resistance of rice to sheath blight
by activating the JA and ethylene signalling pathways [19]. Plant SA and PR proteins were found to
induce plant defence response manifested as a hypersensitive response (HR) and SA accumulation [20].
OsWRKY30 was also found to promote endogenous JA accumulation and PR gene expression, enhancing
the disease resistance of rice [21]. Subsequently, a previous study showed that SA treatment inhibits the
development of R. solani [22].

At present, RNA-Seq technology has been used to study the changes in gene expression of plants after
pathogen infection, providing a theoretical base for studying the genetic mechanism of plant immune
defences [23]. For example, comparative analyses of leaf transcriptomes were conducted with a medium-
resistant cultivar and a susceptible cultivar at 12, 24, 36, 48, and 72 h after infection with R. solan;
4,802 DEGs were identified, with respiration, JA and phenylpropane metabolism playing important roles
in disease resistance [24]. In another study, 32 and 26 modules, respectively, were found in TeQing and
Lemont rice by Weighted correlation network analysis (WGCNA) [25]. In a recent study, the molecular
responses of the resistant cultivar Yanhui-888 and the susceptible cultivar Jiang-30 to sheath blight were
similar, but there were differences in timing and the expression levels of ethylene-sensitive protein 2, the
transcription factor WRKY33, and trans-cinnamate 4-monooxygenase [24]. In another study, 177 miRNAs
were identified by miRNA-sequencing and bioinformatics; the putative pathogenic miRNA Rhi-milR-16,
which negatively regulated target gene expression, and 23 candidate rice miRNAs involved in plant
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immunity to R. solani, were identified [26]. In another study, 45 differentially expressed proteins (DEPs)
were analysed and identified by mass spectrometry; these proteins were associated with stress, resistance
and pathogenesis, cell wall metabolism, photosynthesis and cytoskeleton development [27]. The relative
proteome and metabolome profiles of untransformed wild-type and AtNPR1 transgenic rice lines before
and after R. solani infection were investigated with the results revealing an increased abundance of
various metabolites and a new protein, 14-3-3gf14f, which was up-regulated in transgenic rice plant
leaves after infection with sheath blight [28]. Through genome-wide association analysis combined with
transcriptome data and resistance QTL locus analysis, 653 genes were found to be significantly associated
with rice sheath blight resistance; overexpression of OsRSR1 and OsRLCK5 was found to significantly
improve the resistance of rice to sheath blight. On the contrary, interference with OsRSR1 and OsRLCK5
was found to significantly reduce the resistance of rice to sheath blight [29].

Previous studies have shown that OsPLS4 (LOC_Os04g30760) encodes a β-ketoacyl carrier protein
reductase (KAR) [30]. Gene annotation showed that this gene mainly affected the synthesis of palmitic
acid and linolenic acid in vivo, thereby affecting the formation of intima [31]. The knockout mutant
showed high temperature sensitivity under heat treatment, but low sensitivity to salt and drought
treatment [32]. To date, OsPLS4 has not been reported to be involved in the stress-related process of
pathogens. In the current study, The pls4 mutants were constructed the resistance phenotypes of the rice
mutants to sheath blight were examined, and their transcriptome changes were compared with the wild-
type rice using high-throughput sequencing technology. The expression patterns of DEGs in resistance-
related genes and WRKY family factors were analysed and the genome-wide alternative splicing (AS) was
analysed in the mutants. This study provides a theoretical scientific basis for interpreting important
biological processes involved in plant immune mechanisms under biotic stress, and also offers new gene
resources for cultivating novel varieties resistant to sheath blight.

2 Materials and Methods

2.1 Materials
The premature leaf senescence (pls4) mutant utilized in this study was an Ethylmethane sulfonate (EMS)

homozygous mutant from ZH11 rice (O. sativa japonica). Its DNA sequence has a single nucleotide
substitution (G-A) within the ninth exon of the fourth ORF, LOC_Os04g30760 [32]. All plants were
grown at the Nanchang Experimental Base of Jiangxi Agricultural University. At the tillering stage, an
appropriate number of leaves were removed and placed in tin foil, then quickly placed in liquid nitrogen.
The leaves were transferred to a -80°C refrigerator for future analysis.

The Rhizoctonia solani AG-1-IA strain GD118 was provided by South China Agricultural University.
According to the method of Park [33], 5 mm mycelium discs were embedded in the inner side of the top 3rd
leaf sheaths of the rice tillers (after 30 days of incubation at 28°C). The inoculation sites were wrapped with
aluminium foil immediately after inoculation. Three tillers per plant of each variety were inoculated, for a
total of three plants. The temperature was controlled at about 28°C and the humidity was about 90%.
After three days, the aluminium foil was removed, and the condition of plants were investigated after
1, 8 days when most plants showed symptoms of infection.

2.2 OsPLS4 Expression Analysis
Transcripts per million (TPM) values of OsPLS4 24, 36, 48 and 72 h after sheath blight infection in

resistant (TeQing, T) and susceptible (Lemont, L) varieties of rice are stored under accession number
SRP11364 [34].
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2.3 RNA Extraction, RNA-Seq Library Construction and Sequencing
RNA was isolated according to the Trizol Reagent kit protocol and purification was performed

(Invitrogen). The RNA-seq library was prepared with a TruSeq RNA Sample Preparation Kit v2.
Sequencing was completed by Guangzhou GENE NENOVO using an Illumina platform.

2.4 Analysis of RNA-Sequences
Firstly, low-quality reads were removed, leaving only clean reads. The alignment software Tophat2

(2.1.1) was used to align the clean reads to the reference genome of rice and unique alignments were
extracted for subsequent analysis. Using the default parameters, Gene Ontology (GO) enrichment analysis
of the DEGs was conducted with the online analysis software PlantRegMap. Correlation analysis between
biological replicates for each sample was carried out using ggplot2(R function). Then, clustering and
principal component analysis of Fragments Per Kilobase per Million (FPKM) values and reads per gene
for two samples (three biological replicates per sample) were performed using fviz_dend and DESeq2,
respectively. DESeq2 software was used for differential analysis of gene expression between groups, and
the False discovery rate (FDR) and log2FC values were used to screen differential genes. The screening
conditions were as: FDR < 0.05 and |log2FC| > 2. Finally, a Venn diagram was constructed using the
online tool Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/).

2.5 IR Analysis
Analysis of alternative splicing (AS) events was performed using rMATS software (http://rnaseqmats.

sourceforge.net/index.html). Taking each comparison group for differential AS analysis as a unit, the
types and quantities of AS events that occurred were counted and the expression levels of each type of
AS event were then calculated. Splicing events were analyzed by differential analysis (p < 0.01). Specific
criteria were used to identify IR events. The deletion of more than two IR events in a gene was
conducted. We only used “junction count only” for subsequent analysis, which resulted in only counted
reads from the AS regions, i.e., the slashed regions were in the AS event classification graph. The
threshold for significant IR events was p-value < 0.05. Compared with the wild type, one type of mutant
had increased introns while other mutants had decreased. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of AS and IR genes was conducted using the online analysis
software KOBAS [35].

3 Results

3.1 Transcriptomic Profile Across Samples
To test the resistance level of the mutant pls4 to sheath blight, the roots of both the mutant and wild-type

rice were inoculated with rice husks carrying R. solani mycelia. The mutant pls4 exhibited obvious
susceptibility at the seedling stage compared with the wild type (Fig. 1a, Table 1). Further, OsPLS4 was
significantly up-regulated at 24, 36, 48 and 72 h after infection with sheath blight in the resistant
(TeQing, T) and susceptible (Lemont, L) varieties. The largest increase was observed 24 h after infection
(Fig. 1b). This indicates that OsPLS4 plays an important role in rice sheath blight resistance. Thus, we
were interested in the function of the pls4 gene in the process of sheath blight resistance.

3.2 Down-Regulated Genes Involved in Defence Response-Related Biological Processes
To explore the novel resistance function of pls4, transcriptome sequencing was performed with the

mutant and wild-type rice. Six samples from the two sets of data were mapped to the Japonica rice
genome. The mapping rate of the reads across six samples was above 90% (Supplemental Table 1). The
reads of three biological replicates exhibited good correlations (Supplemental Fig. 1; R ≤ 1, p < 0.05).
Moreover, the three biological replicates of each sample were clustered together, and the difference of
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principal component 2 was set as 99% (Fig. 2). Together, these results suggest that the transcriptome data was
of good reliability and repeatability, and was suitable to be used for further analyses.

First, the DEGs between the pls4 mutant and wild-type plants were analysed. There were 1,173 up-
regulated genes and 1396 down-regulated genes (FDR < 0.001, |log2FC| > 2, p > 0.05, Fig. 3a). Second,
the underlying roles of the up- and down-regulated genes in rice sheath blight were investigated, and GO
enrichment analysis was conducted for both the up- and down-regulated genes. Interestingly, the

Figure 1: Phenotypic and expression patterns in the mutant pls4. (a) Phenotypic pls4 mutant and wild type
after inoculation with R. solani. The foil wrap is where the sheath blight infection started. Left is the wild type
(Wt) and right is the pls4 mutant (Mt). (b) The expression pattern of pls4 after inoculation with sheath blight
in the resistant (TeQing, T) and susceptible (Lemont, L) varieties. CK is 0 h after infection with sheath blight
and 12, 24, 36, 48 and 72 h later. TPM is an abbreviation for transcripts per million and is an algorithm for
measuring gene expression levels

Table 1: The relative disease grade (DR) of sheath blight of pls4 mutant

Stages Replications Wild type (Mean ± SE) Mutant pls4 (Mean ± SE)

Seeding

I 4.16 ± 0.05 7.08 ± 0.13

II 4.87 ± 0.06 8.09 ± 0.28

III 4.89 ± 0.14 7.11 ± 0.02

Figure 2: Transcriptomic profile of the rice. (a) Cluster map of DEGs across samples. Mt is the pls4 mutant
while Wt is the wild type. (b) PCA analysis of samples
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down-regulated genes were significantly enriched in fatty acid biosynthesis, secondary metabolism,
oxidation-reduction and defence response processes, among others (Fig. 3), and the up-regulated genes
were not enriched in the above processes.

3.3 Chitin Was Markedly Down-Regulated in Mutant pls4
There were 2,569 DEGs between the mutant and wild type, and some of the genes functioned in the two

innate immune pathways, PTI and ETI. There were significant changes in the expression levels of genes
associated with sheath blight resistance, such as chitinase-related genes, pathogen-related genes, and the
WRKY gene family (p ≤ 0.05). As a whole, the expression level of chitinase-related genes was down-
regulated (Log10(FC) < 0), except for chi 8 and chi11, which were up-regulated (Fig. 4). These results
indicate that OsPLS4 affects the expression of several direct effector genes in PTI innate immunity.

3.4 Expression Pattern of the WRKY Transcription Factor (TF) Family
Transcription factors can regulate the expression of several stress-related genes during plant stress signal

transduction, such as theWRKY TF family. Therefore, the transcription profile of theWRKY gene family was
compared between the pls4 mutant and wild type. Very interestingly, the expression level of theWRKY gene
family in mutants displayed an overall up-regulated trend in comparison to that in the wild type. According to

Figure 3: Analysis of DEGs between mutant and wild-type rice. (a) Volcano map of DEGs. FDR < 0.05 and
|log2FoldChange| > 2. (b) GO analysis of down-regulated genes

Figure 4: The fold change in the FPKM of the chi gene between the wild type and mutant. FDR < 0.05.
FPKM is a measure of relative gene expression after normalization
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the heat map of WRKY gene family expression (Q value ≤ 0.05), 20 WRKY genes were significantly up-
regulated in the mutant. Some of these WRKY transcription factors were related to rice sheath blight
resistance, such as WRKY13, WRKY71 and WRKY30, with the WRKY104 expression level showing the
largest change. A small number of WRKY genes, e.g., WRKY125, WRKY33, WRKY74, WRKY76, and
WRKY55, were significantly down-regulated, with WRKY125 exhibiting a large variation range (Fig. 5).
These results suggest that the expression pattern of WRKY family TFs was changed in the mutant pls4.

3.5 AS Genes Were Significantly Changed in the Mutant pls4
AS is a post-transcriptional regulation mode involved in plant development and resistance. The AS

analysis was performed in mutant varieties. The results showed that there were five AS patterns in the
mutant, which changed significantly compared with the wild type. AS events occurred in 337 genes of
the mutant shown by the current analysis. Among the AS events, Skip Exon (SE) was the main mode
(Fig. 6a), accounting for 61.59%, and IR was the second mode, accounting for 16.82%; the other modes
accounted for no more than 10%. Then, the potential biological functions of these AS genes were
investigated, and KEGG enrichment analysis of these AS genes was performed. The gene enrichment
pathways in the different splicing modes were also distinct (p < 0.05). Genes with SE were only enriched
in ubiquinone and other terpenoid-quinone biosynthesis biological processes. Genes with mutually
exclusive exons (MXE) were enriched in glycosaminoglycan degradation and cutin and suberine and wax

Figure 5: Pattern expression of WRKY family transcription factors. FDR < 0.05 and |log2FoldChange| > 1
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biosynthesis. Genes with alternative 3’ splice sites (A3SS) were enriched in aminoacyl-tRNA biosynthesis
and inositol phosphate metabolism. Genes with alternative 5’ splice sites (A5SS) were enriched in valine,
leucine and isoleucine degradation, fatty acid degradation, proteasome, and fatty acid metabolism. IR
genes were enriched in carbon metabolism, VB6 metabolism, amino sugar and nucleotide sugar
metabolism, butanoate metabolism, and propanoate metabolism (Fig. 6b). These findings illustrate that
different splicing modes perform different biological functions in the mutant pls4. Although the genes
with IR were not the most common, the pathways with IR genes exhibited the greatest enrichment,
suggesting that IR might have significantly changed in mutants and affected gene expression levels
(Fig. 6c). Consequently, the relationships between these IR-producing genes and the corresponding gene
expression levels were calculated.

It was well known that AS can affect gene expression, and thus, a Venn diagram was constructed
(Fig. 6d). Among the 2,556 DEGs, only 12 genes overlapped with 325 AS genes, which indicates AS
eventshad little effect on gene expression levels. Similarly, in the mutant pls4, the enriched KEGG
pathways for DEGs differed from those for AS genes. Two genes had IR AS events, two genes had MXE
AS events, and eight genes had SE AS events. Then, GO annotation of these genes was performed. The
results demonstrated that four of these genes were hypothetical proteins and eight genes were involved in
4Fe-4S ferredoxin, cyclin, oxidoreductase, acyl carrier, peptidase C1A, cellular response to nitrate,
transporter-like, and RNA recognition. This suggests that the DEGs and the genes in which AS events
presented were involved in multiple biological processes in the mutant pls4.

3.6 IR Affected the Gene Expression Level by Fine-Tuning Regulation and Was Mainly Involved in the
VB6 Metabolism Pathway
As an important form of AS, IR is ubiquitous in the post-transcriptional regulation of cellular genes.

Most IR results in premature termination codons (PTC) for transcripts and thus, affects gene expression
levels [36]. To explore the relationship between changes in IR and the corresponding genes, IR was
divided into increased IR and reduced IR in mutants, as compared to the wild type. There was a greater
number of reduced IR in mutants than increased IR. Moreover, the gene expression levels with increased

Figure 6: AS analyses between Mt and Wt. (a) Typical AS type statistics. p-value < 0.01. (b) Enrichment
analysis of different types of AS pathways. p-value < 0.05. (c) IR gene expression boxplot. (d) Venn analysis
of DEGs and AS genes. (e) Pattern of expression of intron splicing (IS) factor
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IR were globally down-regulated in the mutant pls4, and, in contrast, were up-regulated with reduced IR
(Fig. 6d). These findings suggest that IR affects gene expression levels.

At the same time, the DEG enrichment pathways were found to be significantly different from the
differential AS gene enrichment pathways. Again, AS had little effect on DEGs. So, what is the function
of differential AS genes? To answer this, we investigated the potential roles of several genes in IR-
enriched pathways. Very interestingly, Os03g0115500 that a gene involved in the VB6 metabolism
pathway and encoding the pyridoxine 5’-phosphate oxidase-related protein, significantly inhibited IR and
was slightly up-regulated in the mutant pls4. This suggests that the VB6 content might be affected in the
mutant. Os01g0796400 that encodes 3-hydroxy acyl-CoA dehydrogenase was significantly up-regulated.
It reduced the IR of mutant pls4 and played a role in β-oxidation and butyrate metabolic pathways
OsUXE2 (Os04g0618200), which encodes UDP-xylose epimerase, was significantly up-regulated and
reduced IR in the mutant pls4; it was enriched in the amino sugar and nucleotide sugar metabolism
pathway. VB6 metabolism and genes related to the metabolic pathways were found to be affected by IR
AS events. It is well known that VB6 is an important antioxidant and plays a crucial role in plant stress
response and co-expression. Furthermore, the pathogen-derived VB6 gene is crucial in the development
of R. solani [37].

Intron splicing (IS) plays an important role in IR events, and the expression pattern of IS factors in the
mutant pls4 was detected. Interestingly, IS factors were significantly up-regulated overall in the mutant pls4
(p-value < 0.05; Fig. 6e). This indicates that IR events might be associated with the overall upregulation of
this factor in the mutant pls4.

4 Discussion

This study investigated transcriptome-level gene changes in the mutant pls4, which is susceptible to
sheath blight at the seedling stage. Down-regulated genes were significantly enriched in known biological
processes related to defence responses, with most genes enriched in biological processes related to plant
immunity. In addition, 467 genes had AS events, and IR, one of the AS events, affected the
corresponding gene expression levels in the mutant pls4. Gene-enriched pathways were associated with
sheath blight resistance.

One of the most important findings in this research is that down-regulated genes in pls4 mutants were
significantly enriched in defence biological processes such as the oxidation-reduction process and defence
response. This suggests that there is significant down-regulation of genes in these pathways related to rice
sheath blight resistance, which might be the main reason for the early susceptibility of these mutants to
sheath blight. Cytochrome P450 (Os06g0599200), which acts upon the defence response, exhibited 380-
fold down-regulation in the mutant pls4. A previous study demonstrated that overexpression of this gene
enhances resistance to rice sheath blight [15]. Thus, the significant down-regulation of this gene might be
an important reason for the susceptibility of the mutant pls4 to sheath blight. According to reports,
cytochrome P450 is involved in the biosynthesis of the plant diterpenoid hormone gibberellin [38].
Interestingly, the encoding gene of ent-kaurene synthase was significantly down-regulated in the mutant
pls4 and was involved in the biological process of defence response. Similarly, BAK1 (Os06g0274500)
showed distinct down-regulation in mutant pls4 and was also enriched in the defence response. The
brassinosteroid mutant bri1-D is more susceptible to sheath blight [39]. Pathogenesis-related (PR) genes
are direct response genes that respond to the invasion of external pathogens in plants [40,41]. Here,
chitinase-related genes in the plant PTI immune pathway were mainly down-regulated, which is in
contrast to previous research results where chitinase proteins were found to play a role in plant disease
resistance. Chitinase5 (Os04g0494100) involved in defense response was also significantly down-
regulated in this study. Previous studies have illustrated that PR-5 gene overexpression in rice enhances
the plant’s resistance to sheath blight [42]. JIOsPR10 (Os03g0300400), which encodes the jasmonate

Phyton, 2023, vol.92, no.7 2043



inducible pathogenesis-related class 10 protein, was also significantly down-regulated in the mutant pls4 and
involved in the defence response. Although no studies have reported that this gene may be involved in sheath
blight resistance, it is related to the occurrence of rice blast [18]. Peroxiredoxin (Os02g0192700), which
encodes an antioxidant protein, was also down-regulated in pls4, but was up-regulated during sheath
blight infection [43]. This indicates that the down-regulation of defence response-related genes in the
mutant pls4 confers the main susceptibility to sheath blight.

Combined with the pls4 phenotype, the differential changes in the above genes seem to be well
explained. In our previous study, OsPLS4 was found to be involved in the fatty acid synthesis and the
regulation of cuticular wax synthesis in rice. Plants need wax as the first protective layer to resist various
biotic and abiotic stresses. A base mutation in OsPLS4 disrupts the wax synthesis pathway, alters cuticle
synthesis and leaf senescence in pls4 mutants, and confers sensitivity to chilling stress. Therefore,
defence-related genes are significantly down-regulated in pls4 mutants, and many factors contribute to the
susceptibility of the mutants to sheath blight. The above analysis indicates that OsPLS4 has important
potential value in modifying rice agrologic traits.

This study found significant upregulation of the WRKY transcription factor family in the mutant rice
variety. Thousands of genes involved in innate immunity, including ETI and PTI, exist in plants and
interact with each other to jointly regulate multiple anti-stress biological processes, including the WRKY
transcription factor family. Previous studies have reported that three of these WRKY families are
associated with fungal pathogens, e.g., Magnaporthe oryzae and Rhizoctonia solani [21,24]. For example,
overexpression of WRKY30 in transgenic rice enhanced the plant’s resistance to sheath blight by
activating JA-related gene biosynthesis and increasing endogenous JA accumulation [21]. Moreover,
WRKY80 was found to grant sheath blight resistance by activating WRKY4 and the JA/ET pathway [19].
Note that these WRKY family genes were found to be significantly up-regulated in the non-infection
period of R. solani in the mutant pls4; however, early-stage resistance to rice sheath blight in pls4 was
not conferred. It is speculated that the main reason for this might be that the up-regulation of these genes
was not large enough compared with the overexpression of WRKY TFs in transgenic rice plants.

The other important finding in this study was that IR events affected the expression levels of the
corresponding genes in the mutant pls4, and genes with IR were involved in VB6 metabolism. AS is a
process by which pre-mRNA can be cleaved to produce different proteins. It has been shown to be a key
post-transcriptional regulatory mechanism during plant development and stress. A recent study reported
that the tomato Russet Burbank is sensitive to R. solani, perhaps due to a reduction in VB6 content [44],
and the VB6 salvage pathway seemed to be involved in the oxidative stress response to R. solani [45].
The above studies suggest that VB6 metabolism is an important emergency response to R. solani
infection in plants. Further, R. solani infection in potato significantly activates both fungal and de novo
VB6 genes in both the host and the pathogen [46]. Interestingly, previous studies have shown that there
are three VB6 genes with IR events in R. solani AG3, and different intron numbers exist in different VB6
de novo biosynthetic genes. [47,48]. This suggests that IR events are widespread in the VB6 metabolic
pathway in hosts and pathogens. Os05g0157300 homologous gene affects 4Fe-4S ferredoxin. Silencing
of this gene can lead to necrotic lesions with typical cell death symptoms and ROS production in leaves,
which enhances tomato resistance to Pseudomonas syringae PV. [32]. This also implies that some genes
might be involved in mutant resistance through AS and differential expression. Overall, the expression
levels of genes with reduced IR tended to be up-regulated in the mutant pls4 and vice versa; however, the
expression levels of individual IR genes were not significantly altered. Moreover, only 12 DEGs had AS
events, of which, only two genes had IR. This indicates that the IR event is a fine-tuning regulation
method, which is different from gene transcription inheritance and produces low protein yield. Therefore,
IR may play a fine-tuning role in the sensitivity of R. solani. In summary, pls4 mutations and AS events
were found to be significantly enriched in the VB6 metabolic pathway in pls4 mutants. It is hypothesized
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that a base mutation of OsPLS4 may cause the occurrence of IR events in VB6 metabolic pathway genes,
which indirectly leads to a reduction in VB6 in the pls4 mutant. This may also fine-tune the susceptibility
of pls4 mutants to R. solani.

The breeding and application of disease-resistant rice varieties are the most economical and effective
means to prevent and control sheath blight. However, there are no reports of rice resources with high
resistance or immunity to sheath blight, and the main disease-resistance genes are unknown. This study
identified susceptible gene resources in pls4 mutants from high-throughput data. This approach not only
allowed for the analysis of gene expression changes, like traditional transcriptomics, but also revealed
that IR in AS can fine-tune the susceptibility of pls4 mutants to R. solani at the post-transcriptional
regulatory level. The findings of this study not only provide genetic resources for rice molecular breeding
but also offer a theoretical foundation for the study of plant AS.
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