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Abstract

Sheath blight disease (ShB) severely affects rice production; however, the details of defense against ShB remain unclear. To
understand the rice defense mechanism against ShB, an RNA sequencing analysis was performed using Rhizoctonia solani
inoculated rice leaves after 48 h of inoculation. Among them, 3417 genes were upregulated and 2532 were downregulated
when compared with the control group (> twofold or < 1/2). In addition, the differentially expressed genes were classified
via Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and MapMan analyses. Fifty-nine GO
terms and seven KEGG pathways were significantly enriched. A MapMan analysis demonstrated that the phytohormone
and metabolic pathways were significantly altered. Interestingly, the expression levels of 359 transcription factors, includ-
ing WRKY, MYB, and NAC family members, as well as 239 transporter genes, including ABC, MFS, and SWEET, were
significantly changed in response to R. solani AG1-IA inoculation. Additionally, OsWRKY53 and OsAKT]1 negatively
regulate the defense response in rice against R. solani via gain of function study for OsWRKY53 and loss of function study
for OsAKTI, respectively. Furthermore, several differentially expressed genes contain R. solani-responsive cis acting regula-
tory elements in their promoter regions. Taken together, our analyses provide valuable information for the additional study
of the defense mechanisms against ShB, and the candidate genes identified in this study will be useful resource for future
breeding to enhance resistance against ShB.
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54 Yuan Hu Xuan causes lesions on the rice sheath, leaf, and panicle, resulting
xuanyuanhul15@syau.edu.cn in withered leaves and sheaths, as well as a decreased seed

setting rate, and can reduce the yield by more than 50% in
severe cases (Marchetti and Bollich 1991). Currently, treat-
ment with fungicides is the main approach to protecting rice
from ShB (Singh et al. 2019). However, fungicides are harm-
ful to the environment, and the long-term use of fungicides
could increase the risk of fungicide resistance. Therefore,
alternative methods of control have been attempted, such as
breeding disease-resistant varieties.
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Breeding crops with a durable resistance to pathogens is
an ideal strategy to manage plant diseases; however, disease
resistance breeding against ShB has lagged far behind, and
the primary reason is a lack of donors that exhibit proper
resistance (Bonman et al. 1992). Resistance to ShB is con-
sidered to be a quantitative trait that is controlled by mul-
tiple genes, and some of these quantitative trait loci have
been mapped and functionally characterized (Li et al. 1995;
Richa et al. 2016, 2017). Extensive studies have analyzed
the molecular basis of resistance to ShB. PR (pathogenesis-
related) genes are major contributors to a plant’s defense
against pathogens, and the overexpression of OsOSM1,
which belongs to the PRS family, could enhance resistance
to ShB (Xue et al. 2016). The overexpression of OsACS?2
promotes rice’s defense against rice blast fungus and ShB
(Helliwell et al. 2013). Recent research has shown that
the F-box gene ZmFBL41 and its corresponding homolog
in rice, OsFBX61, are negative regulators of resistance to
ShB. ZmFBLA41 targets ZmCAD, which is responsible for
lignin biosynthesis and 26S proteasome-mediated degra-
dation; additionally, recent results have indicated that the
content of lignin affects resistance to ShB (Li et al. 2019).
We previously identified that brassinosteroids (BRs) biosyn-
thesis gene D2 and receptor gene BRII negatively regulate
rice resistance, whereas the ethylene signaling genes EIN2
and EILI positively regulate rice resistance to ShB. The
BR signaling transcription factor RAVLI activates key BR-
and ethylene-signaling pathways to modulate rice’s defense
against ShB (Yuan et al. 2018). OsWRKY4, OsWRKY13,
OsWRKY30, and OsWRKYS80 have been reported to posi-
tively regulate resistance to ShB (Peng et al. 2012, 2016;
Wang et al. 2015; John Lilly and Subramanian 2019), and
more recently, we identified that sugar will eventually be
exported by sugar transporter 11 (SWEET11), which nega-
tively regulates rice’s resistance to ShB (Gao et al. 2018).
Although much progress has been made, knowledge about
how rice plants defend themselves against ShB is still frag-
mented and limited.

Plants rapidly reprogram their transcription profile to
respond to external stimuli. Monitoring transcriptome
changes provides insights into understanding how plants
manage under adverse conditions (Matsumura et al. 2003).
Numerous reports illustrate that RNA-Seq research plays
an important role in understanding several aspects of patho-
gen—plant interactions. A set of time-series transcriptome
analyses has revealed that functional effector-triggered
immunity (ETI) responses rely on an appropriate time point
for transcriptional reprogramming upon challenge with vir-
ulent or avirulent strains of Pseudomonas syringae (Mine
et al. 2018). Transcriptome analysis has provided useful
information for understanding the resistance mechanism of
Brassica napus to clubroot disease (Mei et al. 2019) and
was performed to investigate the regulatory mechanism of
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Pi9 and Pi21, two R (resistance) genes that control blast
fungus (Zhang et al. 2016; Jain et al. 2017). Differences in
the molecular basis between the interaction of resistant and
susceptible cultivars or species with the pathogens (Zhang
et al. 2017a, b; Zhang et al. 2017a, b) suggest that RNA-Seq
is an ideal tool to dissect the resistance mechanism of host
plants (Venu et al. 2007).

In this study, we performed an RNA-Seq assay using
rice leaves with or without R. solani AG1-IA inoculation
for 48 h. A total of 5949 differentially expressed genes
depict the transcription landscape of rice’s response to R.
solani infection, which were then further classified via Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and MapMan analyses. In addition, differentially
expressed transcription factors and transporters were col-
lected and analyzed. Our results provide new insights into
rice’s defense mechanism against R. solani and may contrib-
ute to resistance breeding.

Materials and methods
Plant growth and inoculation

Wild-type (WT) rice (Oryza sativa L. Japonica. cv. Dongjin
and Longjing 11), OsWRKY53 overexpression plants, and
Oswrky53 and Osaktl mutants were used in this study.
One-month-old plants were used for R. solani inoculation
by means of the method described in earlier literature (Yuan
et al. 2018). All plants were grown under greenhouse con-
ditions (temperature 23-30°C; relative humidity 80%; and
12 h light: 12 h dark) at Shenyang Agricultural University,
China, and propagated by selfing. In brief, a 10-cm-long
piece was cut from the second youngest leaf of the main
tiller and placed on moistened filter paper in a Petri dish
(diameter, 36 cm; height, 2.5 cm). Each replicate comprised
six leaves, and four replicates per line were used, in a com-
pletely randomized design. Colonized potato dextrose agar
(PDA) blocks (diameter, 7 mm) were excised using a circular
cutter and placed on the abaxial surface of each leaf piece.
Leaves were incubated in a chamber with continuous light,
at 25°C for 72 h. The filter paper was kept moist with sterile
water. After 72 h, the length and width of the lesions within
each leaf piece was measured using Image J Fiji software
and the percentage of leaf covered with lesions was calcu-
lated (Yuan et al. 2018).

RNA extraction and qRT-PCR assay

Rice leaves were inoculated with R. solani for 0, 24, 48, and
72 h, and then the leaves were collected for RNA extrac-
tion. Total RNA was isolated from 1-month-old seedlings
using the RNAiso Plus reagent (Takara, Dalian, China) and
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then treated with RQ1 Rnase-free Dnase (Promega, Madi-
son, WI, USA) to remove genomic DNA contamination.
Complementary DNA was synthesized using the Reverse
Transcription kit (Takara), and all these experiments were
conducted according to the manufacturer’s instructions.
gRT-PCR assays were performed using the BIO-RAD
CFX96 real-time PCR system (Bio-Rad, Hercules, CA,
USA) with ChamQ Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China) by using one of the RNAs used
in the RNA-sequencing. The gene expression levels were
normalized against Ubiquitin as previously described (Moon
et al. 2019). The primers used in the qRT-PCR assays are
listed in Supporting Information Table S5.

mRNA sequencing and data analysis

Three biological replicates were performed for the RNA-Seq
analysis. The total RNA of each sample was extracted using
the TRIzol reagent (Invitrogen, CA, USA) before it was
quantified and qualified using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), NanoDrop
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and a
1.0% agarose gel. One microgram of total RNA with a RIN
value above seven was used for the following library prepa-
ration. Next-generation sequencing library preparations were
constructed according to the manufacturer’s instructions
(NEBNext® Ultra™ RNA Library Prep Kit for Illumina®,
San Diego, CA, USA).

The poly(A) mRNA isolation was performed using a
NEBNext Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs, Ipswich, MA, USA). mRNA fragmenta-
tion and priming were performed using a NEBNext First
Strand Synthesis Reaction Buffer and NEBNext Random
Primers. First-strand cDNA was synthesized using Proto-
Script II Reverse Transcriptase, and the second-strand cDNA
was synthesized using a Second Strand Synthesis Enzyme
Mix. Purified double-strand cDNA by AxyPrep Mag PCR
Clean-up (Corning, Corning, NY, USA) was then treated
with the End Prep Enzyme Mix to repair both ends and add
a dA-tailing in one reaction, followed by a T-A ligation to
add adaptors to both ends. Size selection of the adaptor-
ligated DNA was performed using an AxyPrep Mag PCR
Clean-up kit (Corning), and fragments of ~360 bp (with an
approximate insert size of 300 bp) were recovered. Each
sample was then amplified by PCR for 11 cycles using P5
and P7 primers, with both primers carrying sequences that
could anneal with the flow cell to perform bridge PCR and
with the P7 primer carrying a six-base index allowing mul-
tiplexing. The PCR products were cleaned using AxyPerp
Mag PCR Clean-up (Axygen), validated using an Agilent
2100 Bioanalyzer (Agilent Technologies), and quantified by
a Qubit 2.0 Fluorometer (Invitrogen).

Next, libraries with different indices were multiplexed
and loaded on an Illumina Hi-Seq instrument according
to the manufacturer’s instructions (Illumina). Sequencing
was performed using a 2 X 150 bp paired-end configuration;
image analysis and base calling were conducted using Hi-
Seq Control Software (HCS) + OLB + GAPipeline-1.6 (Illu-
mina) on a Hi-Seq instrument. Quality control, mapping,
expression analysis, differential expression analysis, GO
and KEGG enrichment analysis, novel transcripts predic-
tion, alternative splicing, differential exon usage, principal
component analysis, and protein—protein interaction analyses
were performed as following. Hypergeometric distribution
method was used to enrich the GO category, and calculate
the Hyper P value. Enrichment of GO members among dif-
ferentially expressed genes (DEGs) was performed with the
GO enrichment function in rice oligonucleotide array data-
base (https://ricephylogenomics-khu.org/ROAD_old/analy
sis/go_enrichment.shtml, temporary available for updating).
After retrieving the enrichment data, we applied the criteria
query number > 2, hyper P value < 0.05, and fold enrichment
value (query number/query expected number) > 2 and visu-
alized with ggplot2 R package. The KEGG pathway enrich-
ment was performed to find out the significant pathway of
the DEGs according to KEGG pathway. ClusterProfiler R
package was used to select the significant pathway, and the
threshold of significance was defined by P value of <0.05
(Trapnell et al. 2009; Cole et al. 2010; Love et al. 2014; Rao
et al. 2014; Damian et al. 2015; Cao et al, 2012; Yu et al,
2012). The sequencing data analysis was processed and ana-
lyzed with GENEWIZ (Suzhou, China).

MapMan analysis

The experiment was performed as reported elsewhere. Put
simply, a table of RNA-Seq results, including gene ID and
fold change data, was imported to generate a schematic dia-
gram that shows enriched pathways or processes (Thimm
et al. 2010; Hwang et al. 2018).

Identification of differentially expressed TFs
and transporters

Utilizing the rice TF database (https://ricephylogenomi
cs.ucdavis.edu/tf/index.shtml) and the rice transporter
database (https://ricephylogenomics.ucdavis.edu/transporte
/) (Dardick et al. 2007; Jung et al. 2010), the genes listed
in these databases were searched for in our RNA-Seq data.
Isolated differentially expressed TFs and transporters were
classified according to their families. The nomenclature and
locus number of the rice SWEET genes refer to a previous
publication (Chen et al. 2010).
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Results

Transcriptome analysis of R. solani-infected rice
leaves

ShB is a severe disease that can affect rice production. How-
ever, the molecular mechanism of how rice defends itself
against ShB remains unclear. To analyze rice’s defense
mechanism against ShB, an RNA-Seq analysis was per-
formed. Before performing the sequencing, the optimized
time point for the response of rice to R. solani AG1-IA was
tested. One-month-old rice plants inoculated with R. solani
AG1-IA and the expression of the two PR genes PBZI and
PR1b were examined 0, 24, 48, and 72 h postinoculation
(hpi). The results showed that OsPBZI and OsPR1b exhib-
ited the highest expression at 48 hpi (Fig. 1). Therefore, 48
hpi was chosen for the RNA-Seq analysis.

RNA sequencing data were established by 150 bp pair-
end sequencing and 2.86 x 10® reads of three biological
replicates. The Q20 and Q30 values were 98% and 95%,
respectively, indicating that the RNA-Seq quality is high
enough for further evaluation. On average, 95% of the reads
were mapped to the Nipponbare reference genome (Os-Nip-
ponbare-Reference-IRGSP-1.0; GenBank assembly acces-
sion: GCA_001433935.1). A total of 92.73%, 3.86%, and
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Fig. 1 Expression of OsPBZI and OsPR1b in response to inoculation
with Rhizoctonia solani AG1-IA. (a) One-month-old seedlings were
inoculated with R. solani AG1-IA, and the leaves were sampled at O,
24, 48, and 72 h post inoculation (hpi). R. solani infection-mediated
expression patterns of OsPBZI (b) and OsPRI1b (c¢) were analyzed by
quantitative real-time PCR (qRT-PCR). Data are the means =+ stand-
ard error (SE) of three repeated experiments. Significant differ-
ences between different time points compared with O hpi are shown
(*P<0.05, **P <0.01, ***P <0.001)
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3.41% of these reads were mapped to the exon, intergenic,
and intron regions, respectively. Ht-Seq software was used
to perform the gene expression assay based on a calculation
of the FPKM (fragments per kilobases per million reads)
values of the genes (Mortazavi et al. 2008). To test repro-
ducibility of these data, we calculated correlation coefficient
values between replicates. As a result, we found that the
average correlation coefficient value between replicates of
control was 0.965 and that of the R. solani AG1-IA inocula-
tion was 0.703. Although samples inoculated with R. solani
AGI1-IA were less consistent than those of control, previous
study treated with pathogens such as Xanthomonas oryzae
pv. oryzae and X. oryzae pv. oryzicola retains similar trends
and results in meaningful data from DEGs (Figure S1; Seo
et al. 2008). Next, the volcano and heat map diagrams dis-
play the differentially expressed genes (DEGs) from RNA
sequencing (Fig. 2a). Genes whose expression variation
is more than twofold between the control and inoculated
leaves (Log,FC=>1, P<0.05) were considered as DEGs,
and 5949 genes were significantly changed, including
3417 upregulated and 2532 downregulated genes (Fig. 2b,
Table S1).

Verification of DEGs by quantitative real-time PCR
(qRT-PCR)

To validate the RNA sequencing results, seven upregu-
lated and two downregulated genes were randomly chosen
and further confirmed by qRT-PCR. The qRT-PCR results
indicate that seven genes (OsSWEET2a, OsSWEETI4,
OsWRKY108, OsERF096, OsNAC3, OsPRI1b, and LOC_
0s507g36560) were induced, whereas OsMST1 and LOC_
0503824860 were repressed by inoculation with R. solani at
48 hpi (Fig. 3), suggesting that the RNA-Seq and qRT-PCR
results are consistent.

GO, KEGG, and MapMan analyses of DEGs

To classify the DEGs, GO and KEGG enrichment assays
were performed. To identify core information concerning
the response, we set the value of fold enrichment=>5 as
the threshold of GO analysis. The DEGs were divided into
59 GO terms; the most enriched GO terms of upregulated
genes were sensory perception of chemical stimulus, the car-
bohydrate biosynthetic process, response to other organisms,
and the glucose catabolic process, and the most enriched
downregulated genes were protein import, the fructose
2,6-bisphosphate metabolic process, sensory perception, and
megasporogenesis (Fig. 4a). The DEGs were classified into
different biochemical or signaling transduction pathways
through the KEGG analysis. The results show that the most
enriched pathways are carbon metabolism, photosynthesis,
and biosynthesis of amino acids among the seven KEGG
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Fig.2 Volcano and heat map diagrams of RNA sequencing data. (a)
Distribution of differentially expressed genes (DEGs). Red and blue
spots represent up- and downregulated DEGs, respectively. (b) Hier-
archical clustering map exhibiting DEGs with or without R. solani
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Fig.3 Validation of DEGs by qRT-PCR analysis. Seven upregu-
lated genes (OsSWEET2a, OsSWEETI14, OsWRKY108, OsERF096,
OsNAC3, OsPRI1b, and LOC_0Os07g36560) and two downregulated
genes (OsMSTI and LOC_Os03g24860) were evaluated by qRT-
PCR. The gray and black bars indicate the qRT-PCR and RNA-Seq
results, respectively

pathways (Fig. 4b). The results of GO and KEGG analyses
suggest that carbon metabolism- and photosynthesis-asso-
ciated genes represent the most enriched DEGs.

To obtain additional insights into the DEGs, a Map-
Man analysis was performed. MapMan data indicated that
biotic stress, metabolism, hormones, and the regulation of

b Mock R. solani
1 2 3 1 2 3

Up-
regulation

Down-
regulation

inoculation. The numbers 1-3 above the map indicate the three rep-
licates of RNA sequencing. Up- and downregulated genes are marked
on the right side of the map. The color key image indicates the up-
and downregulation of DEGs

transcription, as well as transporters, were all enriched. In
the biotic stress overview, phytohormones, abiotic stress,
redox state, secondary metabolites, signaling, proteolysis,
and cell wall biosynthesis-related were enriched. Among
them, proteolysis, signaling, redox state, cell wall, and sec-
ondary metabolic-associated genes were the most enriched
(Fig. 5). In the cell function overview, the regulation of
transcription, regulation, redox state, enzyme families, and
transporters were the most enriched functions, suggest-
ing that DEGs with these functions are major participants
in rice’s response to R. solani infection (Figure S2. In the
regulation overview, the transcription factor was the most
enriched term (Figure S3). The transporter overview showed
that 20 types of transporters, including ATP-binding cassette
(ABC) transporters, nitrate and ammonium transporters, and
amino acid transporters, were classified. The ABC transport-
ers had the highest numbers, and the potassium, sugar, and
amino acid transporters were significantly enriched (Figure
S4). In addition, previous work has reported that the dis-
ruption of lignin biosynthesis in rice significantly impairs
resistance to ShB (Li et al. 2019); therefore, we conducted a
MapMan analysis concerning secondary metabolism. In the
secondary metabolism overview, phenylpropanoids, which
are structural components of the cell wall, had the highest
numbers; lignin and lignans were also shown to be signifi-
cantly enriched (Figure S5). The DEGs in the biosynthesis
pathways of the phenylpropanoids and lignins were further
inspected, and a MapMan analysis showed that the genes
responsible for almost every step of phenylpropanoid and
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lignin biosynthesis were upregulated (Figure S6, Table 1).
These results suggest that the reinforcement of cell walls,
especially regarding the biosynthesis of lignins, is a major
part of rice’s response to R. solani infection.
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Table 1 List of R. solani-induced lignin biosynthesis genes

6

Locus_ID! Log,FoldChange? P value® Padj* BinCode® BinNames

LOC_0Os02g41670 9.158128029 1.01329E-23 1.19515E-21 16.2.1.1  secondary metabolism.phenylpropanoids.lignin biosynthesis.
PAL

LOC_0s05g35290 8.849555294 5.1658E-36  1.78779E-33 16.2.1.1  secondary metabolism.phenylpropanoids.lignin biosynthesis.
PAL

LOC_0s02g41680 8.234169869 3.28275E41 1.50657E-38 16.2.1.1  secondary metabolism.phenylpropanoids.lignin biosynthesis.
PAL

LOC_0Os09g23530 7.95358192 1.50659E-13 4.81904E-12 16.2.1.10 secondary metabolism.phenylpropanoids.lignin biosynthesis.
CAD

LOC_0Os08g34790 6.227596246 2.25494E-28 4.03425E-26 16.2.1.3  secondary metabolism.phenylpropanoids.lignin
biosynthesis.4CL

LOC_0Os09g23560 5.940476467 2.8236E-16  1.37665E-14 16.2.1.10 secondary metabolism.phenylpropanoids.lignin biosynthesis.
CAD

LOC_Os11g42370 5.300230372 1.08813E-05 6.5446E-05 16.2.1.4  secondary metabolism.phenylpropanoids.lignin biosynthesis.
HCT

LOC_0Os04g43800 5.117671488 3.32256E-20 2.69779E-18 16.2.1.1  secondary metabolism.phenylpropanoids.lignin biosynthesis.
PAL

LOC_0s02g41650 4.958643375 5.66693E-12 1.34876E-10 16.2.1.1  secondary metabolism.phenylpropanoids.lignin biosynthesis.
PAL

LOC_0s02g08100 4.52022531 7.24085E-14 2.42036E-12 16.2.1.3  secondary metabolism.phenylpropanoids.lignin
biosynthesis.4CL

LOC_0s02g09490 4.067866414 1.75959E-09 2.60314E-08 16.2.1.10 secondary metabolism.phenylpropanoids.lignin biosynthesis.
CAD

LOC_0Os08g38900 3.991016889 1.65664E-41 7.77183E-39 16.2.1.6  secondary metabolism.phenylpropanoids.lignin biosynthesis.
CCoAOMT

LOC_Os12g10140 3.19117255 0.00050967  0.001908075 16.2.1.9  secondary metabolism.phenylpropanoids.lignin biosynthesis.
COMT

LOC_0s02g46970 2.709657678 0.018368601 0.041257531 16.2.1.3  secondary metabolism.phenylpropanoids.lignin
biosynthesis.4CL

LOC_0s09g37200 2.554454327 0.003615797 0.010443712 16.2.1.4  secondary metabolism.phenylpropanoids.lignin biosynthesis.
HCT

LOC_0s06g06980 1.653555193 0.00046538  0.001763217 16.2.1.6  secondary metabolism.phenylpropanoids.lignin biosynthesis.
CCoAOMT

LOC_0s05g50250 1.504614847 0.000151506 0.000667734 16.2.1.7  secondary metabolism.phenylpropanoids.lignin biosynthesis.

CCR1

IRice genome annotation project (RGAP, https://rice.plantbiology.msu.edu/) locus information of lignin biosynthesis genes

2Log?2 transformed fold change value calculated from RNA-Seq data

3Statistical significance of differential expression analysis of each gene as P value

4 Adjusted P value
>BinCodes from MapMan software

SMapMan annotation of each lignin biosynthesis gene

transporters, and the SWEET genes, are well known for
their function in a plant’s defense against disease. There-
fore, the differentially expressed TFs and transporters
from RNA-Seq data were analyzed and classified. The
rice TF database (https://ricephylogenomics.ucdavis.edu/
tf/index.shtml) and the rice transporter database (https://
ricephylogenomics.ucdavis.edu/transporter/) were used to
isolate the TFs and transporters that expressed a differen-
tial response to R. solani inoculation (Dardick et al. 2007;
Jung et al. 2010). In general, 359 differentially expressed
TFs with 45 different types were identified. Among these

TFs, WRKY, AP2-EREBP, bHLH, MYB, and TIFY were
the most enriched TF families, and showed 40, 39, 31,
28, and 11 members in each type, respectively (Fig. 6a,
Table S2). Further, a qRT-PCR analysis was performed to
verify the expression patterns of the TFs in response to R.
solani. The qRT-PCR results indicated that three WRKY
members (OsWKRY28, OsWRKY32, and OsWRKY53) and
three TIFY family genes (OsJAZS5, OsJAZ6, and OsJAZ9)
were induced by infection with R. solani. OsWRKY28
exhibited the highest induction rate (approximately
20-fold) of the three WRKYs, and OsJAZ6 exhibited the
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Fig.6 Isolation of differentially expressed transcription factors
(TFs) and qRT-PCR verification. (a) Among the DEGs, differen-
tially expressed TFs were collected. A total of 40 types of TFs,
including WRKY, MYB, AUX/IAA, and C,H, zinc finger families,
were enriched. The R. solani-dependent expression of OsWKRY28

highest expression (approximately 20-fold) among the JAZ
genes at 48 hpi (Fig. 6b—f).

In addition, 239 differentially expressed transporters with
53 different types were isolated. As the recently character-
ized SWEET sugar transporters (Chen et al. 2010) were not
included in the Rice Transporter Database, we manually

@ Springer

(b), OsWRKY32 (¢), OsWRKY53 (d), OsJAZS (e), OsJAZ6 (f), and
OsJAZ9 (g) was analyzed via qRT-PCR. Data are the means + SE of
three repeated experiments. Significant differences between different
time points compared with O hpi are shown (*P<0.05, **P<0.01,
*#%P <0.001)

added SWEET to the list of transporters. Among the dif-
ferentially expressed transporters, ABC, AAAP, POT, and
F-ATPase were the most enriched superfamilies, accounting
for 22, 21, 19, and 18 members, respectively (Fig. 7a). A
qRT-PCR analysis was performed to verify the RNA-Seq
data. The results showed that OsAKTI, OsSWEET2b, and
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Fig.7 Isolation of differentially expressed transporters and qRT-
PCR verification. (a) Transporters that belong to 53 types of super-
families, including ABC, AAAP, POT, and F-ATPase, were enriched.
The expression levels of OsAKTI (b), OsSWEET2b (c), OsMST4

a monosaccharide transporter (OsMST4) were significantly
induced, whereas OsMST8 was suppressed by R. solani
infection (Fig. 7b—e). In addition, OsSWEET2a and OsS-
WEET14 were induced, whereas OsMST1 was repressed by
R. solani inoculation (Fig. 3), and the expression patterns of
the seven transporters were similar to the results observed
after the RNA-Seq analysis.

OsWRKY53 and OsAKT1 regulate rice’s resistance
to ShB

As 40 WRKY genes differentially responded to R. solani
infection, a genetic study was performed to evaluate their
functions in rice’s defense against ShB. OsWRKY53 was
reported to be involved in BR signaling (Tian et al. 2017)
and was significantly induced by R. solani infection. How-
ever, its function in rice’s defense mechanisms is unclear.
The R. solani AG1-IA detachment assay showed that the
Oswrky53 genome editing-created mutant was less sus-
ceptible, whereas the OsWRKY53 overexpressor (OE) was
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(d), and OsMSTS (e) were verified by a qRT-PCR analysis. Data
are the means+ SE of three repeated experiments. Significant differ-
ences between different time points compared with O hpi are shown
(¥*P<0.01, ***P <0.001, ****P <0.0001, n.s. not significant)

more susceptible, to ShB compared with the wild-type con-
trol Longjingl1 (Fig. 8a). The size of the lesion area was
35.63% of the total surface area of Longjing11 leaves, 9.97%
of Oswrky53 leaves, and 77.15% of OsWRKY53 OE leaves
(Fig. 8b).

Interestingly, the potassium transporter OsAKTI was sig-
nificantly induced by R. solani, and the rice blast fungus
Magnaporthe grisea secreted the effector protein AvrPiz-
t, which targets OsAKT] to inhibit the interaction between
CIPK23 and OsAKTI and partially block the potassium
influx to increase its virulence (Shi et al. 2018). However,
the function of OsAKT]I in rice’s defense against ShB has
not been examined. The results of inoculation with R. solani
AGI1-IA showed that the Osakt]l mutant (Li et al. 2014)
was less susceptible to ShB compared with its correspond-
ing wild-type Dongjin (DJ) (Fig. 8c). The lesion area was
33.69% of the total surface area of DJ leaves and 25.43%
of Osaktl leaves (Fig. 8d). These results suggest that both
OsWRKY53 and OsAKT]I negatively regulate rice’s defense
against ShB.

@ Springer



568

Plant Biotechnology Reports (2020) 14:559-573

48 hpi

72 hpi

96 hpi

N
o
1

-
o
1

% of leaf area covered with lesions =~
% of leaf area covered with lesions =

o
L

Fig.8 Evaluation of OsWRKY53 and OsAKTI mutants in response
to sheath blight disease compared with the wild-type control (WT).
(a) Response of the Oswrky53 and OsWRKY53 overexpressor (OE)
to R. solani AG1-IA compared with the WT plants. The leaves at 24,
48, 72, and 96 dpi were photographed. (b) Percentage of leaf area
covered with lesions in the Oswrky53 and OsWRKY53 OE compared
with the WT plants after 72 hpi. (c¢) Response of Osakt! to R. solani
AG1-IA compared with the WT plants. The leaves at 24, 48, 72, and
96 dpi were photographed. (d) Percentage of leaf area covered with
lesions in Osakt! compared with the WT plants after 72 hpi. Data
are the means +SE (n> 15). Significant differences between mutants
compared with WT are shown (***P <0.001, ****P <0.0001)
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Identification of R. solani-responsive cis-acting
regulatory elements (CREs) in DEGs’ promoters

A previous study identified that a promoter of R. solani-
induced genes commonly harbors four types of CRE
sequences: GCTGA, TATAT, GTTGA, and TATTT (Li et al.
2017a, b; Yang et al. 2017). To test whether the upregu-
lated genes also carry CRE motifs, the 1.5 kb of promoter
sequences from 31 OsWRKYs, four SWEETs, and five
MSTs were searched. The results indicate that all the genes
that were analyzed harbor putative CREs. Among them,
OsWRKY?75 contains the highest number of CREs with 36
in its promoter region, and OsWRKY70 contains the lowest
number of putative CREs with only one (Table 2). Among
the 40 gene promoters examined, 53 GCTGA, 186 TATAT,
61 GTTGA, and 169 TATTT CRE sequences were iden-
tified, indicating that the numbers of TATAT and TATTT
motifs are higher than those of GCTGA and GTTGA.

Discussion

ShB is a major rice disease that severely affects yield pro-
duction; however, defense mechanisms against this disease
remain unknown (Marchetti and Bollich 1991). In this study,
we performed RNA-Seq-based transcriptome analyses to
dissect the molecular mechanism of how rice defends itself
against ShB. Several previously reported genes that con-
tribute resistance to ShB, such as OsACS2 (Helliwell et al.
2013), 14-3GF14f (Karmakar et al. 2019), OsPALA4 (Tonnes-
sen et al. 2015), OsPR4b (Zhu et al. 2006), OsMYB4 (Pooja
etal. 2015), and OsASR2 (Li et al. 2018), are present in our
DEG dataset. These results confirm the effectiveness of our
RNA-Seq experiment. Under this condition, a total of 5949
genes were differentially and significantly expressed: 3417
upregulated genes and 2532 downregulated genes. These
genes were further enriched into 59 GO terms, including
a response to other organisms, the glucose catabolic pro-
cess, protein import, and sensory perception. In addition, a
KEGG analysis showed that the DEGs were classified into
photosynthesis, carbon metabolism, and the biosynthesis of
amino acids. Furthermore, several TFs and transporters were
significantly changed. The promoter sequence analysis of
WRKYs, SWEETs, and MSTs indicated that a number of
DEGs harbor R. solani-responsive CREs in their promot-
ers. However, there is no correlation between the number of
CREs and induction fold.

Phytohormone-related genes were significantly
changed

A MapMan analysis using DEGs indicated that phytohor-
mones, particularly the auxin, BR, abscisic acid (ABA)-,
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Table 2 List of R. solani-
induced CREs in promoters

Locus_ID!

Gene name”

UP/DOWN?® Log,FC*

Number of CREs in 1.5 kb promoters

GCTGA TATAT GTTGA TATTT Total

LOC_0s05g46020
LOC_0s05g50610
LOC_0s01g18584
LOC_0s01g09100
LOC_0s05g49620
LOC_0s01g60640
LOC_0s01g61080
LOC_0s01g51690
LOC_0s06g44010
0s02g0770201°
LOC_Os11g02530
LOC_Os11g02480
LOC_0s04g21950
LOC_0s05g27730
LOC_0s03g20550
LOC_0s09g25070
LOC_0s12g02450
LOC_0s05209020
LOC_0s08229660
LOC_0s05g39720
LOC_0s02g08440
LOC_0s11g29870
LOC_0s09g16510
0505203219007
LOC_0s01g40260
LOC_Os12g40570
LOC_0s12g02440
LOC_0s12g02420
LOC_0s11g02520
LOC_0s01g60600
0s06g0157600°
LOC_0s01g36070
LOC_0s01g50460
LOC_0s02g36490
LOC_0s03g11900
LOC_0s07g01560
LOC_0s07g37320
LOC_0s11g31190
LOC_0s12g29220
LOC_0s04g38042
LOC_0s02g49260
Total

WRKY7
WRKYS
WRKY9
WRKYI10
WRKYI19
WRKY21
WRKY24
WRKY26
WRKY28
WRKY32
WRKY40
WRKY46
WRKY51
WRKY53
WRKY55
WRKY62
WRKY64
WRKY67
WRKY69
WRKY70
WRKY71
WRKY72
WRKY74
WRKY75
WRKY77
WRKY94
WRKY95
WRKY97
WRKY104
WRKY108
WRKY113
SWEET2a
SWEET2b
MSTI
MST4
MST3
MST6
SWEETI14
SWEETI3
MSTI-2C
STA72

UpP
8]
UpP
Up
Up
Up
Up
Up
Up
up
Up
Up
Up
Up
Up
Up
Up
Up
UPpP
UP
Up
Up
Up
)4
Up
Up
UP
UP
UP
UP
Up
Up
Up
Up
UP
UP
UP
UP
UP
UP
UP

3.198282
2.090289
1.744841
4.289374
4.751344
3.353674
4.046747
4.494687
5.709364
3.703045
4.561835
1.498728
1.090485
1.376023
2.625267
3.772405
1.641784
2.340772
1.885488
2.355018
3.281913
2.696032
1.654339
2.885381
2.038999
2.005375
2.384793
1.536944
9.995043
4.131182
3.048136
5.78317

6.993259
2.290565
4.860401
1.135706
1.758687
1.398355
1.390425
1.865579
2.535833
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13
15
12
5

15
6

21
7

19
12
11
12
10
6

12
11
11
15
1

26
9

14
36
17

13
7
12
24
8
10
13
2

7
469

a—d in the total number of each motif indicate significant differences with simple estimated number, 120,
which is calculated from the multiplication of three (presence number of 5 bp CRE for 1.5 Kb of each pro-
moter at both strands) and 40 (total promoter number)

'RGAP or Rice Annotation Project (RAP, https://rapdb.dna.affrc.go.jp/) locus information of each gene

2Gene symbols that have been previously reported

3Whether the gene is an up- or downregulated DEG

“Log2 transformed fold change value calculated from RNA-Seq data

SNCBI (https://www.ncbi.nlm.nih.gov/) locus information of each gene
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and jasmonic acid (JA)-related genes, changed significantly.
Our previous study identified that BR signaling negatively
regulates rice’s defense against ShB (Yuan et al. 2018), and
exogenously treated auxin promotes rice’s defense against
ShB, and also identified that the auxin polar transporter
OsPINla positively regulates rice’s defense against ShB
(Sun et al. 2019). JA regulates plant defenses against necro-
trophic fungi (Glazebrook 2005), and the JAZ family of
proteins are key regulators of JA signaling. In our results,
the expression of 11 JAZ genes was significantly altered
by R. solani inoculation. A number of ABA-related genes
were also enriched. Some research has demonstrated that
ABA is involved in pathogen—plant interactions as a regula-
tor of immunity (Audenaert et al. 2002; Ulferts et al. 2015;
Lievens et al. 2017). These results suggest that infection by
R. solani rapidly influences net phytohormone signaling,
which might be important in rice’s defense against ShB. Of
note, additional experiments would be valuable to investi-
gate the detailed role of phytohormone signaling in rice’s
defense against ShB.

Cell wall- and redox state-related genes were
significantly changed

Plant cell wall provide mechanical support and defense
against the invasion of pathogens (Mirabet et al. 2011;
Hamann 2012). R. solani penetrates host cells using hyphae,
requiring enzymes that can be secreted. A previous study
found that the R. solani AG1-IA genome contains an
expanded set of genes encoding cell wall-degrading enzyme,
such as those encoding pectinase, xylanase, and laccase, sug-
gesting that cell wall degradation is also an important pro-
cess for infection by R. solani AG1-IA (Zheng et al. 2013).
Secondary cell wall deposition, a burst of reactive oxygen
species (ROS), and the expression of PR genes are important
parts of plant immunity. Secondary cell wall deposition will
reinforce this barrier to prevent further invasion by patho-
gens or block the infected cell to stop the spread of patho-
gens. In this context, lignin, a component of secondary cell
walls, was focused on for further inspection because of its
resistance to physical disruption and enzymatic degradation.
A recent breakthrough exploring the molecular basis of ShB
resistance showed that lignin positively regulates resistance
to ShB in both maize and rice (Li et al. 2019). A MapMan
analysis illustrated that cell wall-related genes, especially
the biosynthesis genes of lignin, are significantly enriched
in DEGs, suggesting that alteration of the cell wall is a com-
mon strategy in the defense against pathogens. In addition,
another significantly enriched MapMan term is redox state-
related genes. The redox state tightly correlates with ROS
production and salicylic acid signaling (Mou et al. 2003;
Noctor et al. 2018). ROS plays an important role in plant
immunity, because they are signal molecules that induce
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programmed cell death to protect the host from pathogen
infection (Alvarez et al. 1998). These results suggest that
the cell wall- and redox state-related genes might play an
important role in rice’s defense against ShB.

R. solani infection significantly alters carbon
and nitrogen metabolism

Nitrogen and carbon sources are necessary for living organ-
isms and need to be obtained from the host plants by patho-
gens. A KEGG analysis indicated that photosynthesis, and
pyruvate metabolism- and amino acid metabolism-related
genes were significantly enriched. In addition, a Map-
Man overview showed that several genes related to starch,
sucrose, TCA, and amino acid metabolism were signifi-
cantly changed. Comparative proteomic and metabolomic
analyses illustrated that altering the energy and primary
metabolism contributes to rice’s resistance to ShB (Kar-
makar et al. 2019). These results suggest that plants might
rapidly reprogram their carbon and nitrogen metabolisms to
provide energy and metabolic sources for defense when they
are infected by pathogens.

TFs might play a role in rice’s defense against ShB

In RNA-Seq data, 359 TFs among the 5949 genes, com-
prising 6.03%, were identified to be significantly altered
by R. solani infection. These TFs include 40 WRKY, 39
AP2-EREBP, 28 MYB, 11 TIFY, and several indeterminate
domain (IDD) family genes. WRKYs are well known for
their pivotal roles in plant responses to stress conditions.
Several studies have illustrated that OsWRKY4, OsWRKY13,
OsWRKY30, and OsWRKYS80 positively regulate rice’s
resistance to ShB (Peng et al. 2012, 2016; Wang et al. 2015;
John Lilly and Subramanian 2019). In this study, we identi-
fied that OsWRKY53 was induced by R. solani; a further
genetic study showed that OsWRKY53 overexpression in
the plant rendered it more susceptible to ShB, whereas
Oswrky53 rendered it less susceptible. OsWRKY53 was pre-
viously reported to positively regulate BR signaling down-
stream of the BR receptor OsBRII (Tian et al. 2017). Our
previous study showed that BR signaling negatively regu-
lates rice’s defense against ShB (Yuan et al. 2018), implying
that OsWRKY53 might activate BR signaling to suppress
rice’s defense against ShB. A few IDD family genes, includ-
ing OsIDDI14/LPA1, were changed in the RNA-Seq data.
Our recent result has shown that LPA activates the expres-
sion of OsPIN1a to promote rice’s defense against ShB (Sun
et al. 2019), and the RNA-Seq data further suggest that LPA/
activation on R. solani infection might be important in pro-
moting rice’s defense. In addition, OsWRKY4, OsWRKY 13,
OsWRKY30, and OsWRKYS0 regulate the resistance of rice
to ShB (Peng et al. 2012, 2016; Wang et al. 2015; John Lilly
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and Subramanian 2019). These results suggest that TFs
might play a key role in rice’s defense against ShB, and this
will be interesting to examine in additional experiments.

Diverse types of transporters are involved in rice’s
defense against ShB

The cell membrane is a selective-permeable physical barrier
that separates cell components from the external environ-
ment. To communicate with other cells or respond to exter-
nal stimuli, plant cells use membrane-anchored proteins such
as receptors, transporters, and enzymes. In plant—pathogen
interaction systems, transporters play a crucial role in plant
defense against invading microbes. In total, 239 transport-
ers were isolated from 5949 DEGs, including ABC, AAAP,
AMT, and SWEET family members. In Arabidopsis, the
pleiotropic drug resistance transporters PEN3 and PDR12
mediate a camalexin export that induces resistance to Bot-
rytis cinerea (He et al. 2019). In wheat, a broad-spectrum
resistance gene, Lr34, was reported to be an ABC trans-
porter, which transports ABA (Krattinger et al. 2019). In
addition, the expression levels of sugar, nitrate, ammo-
nium, amino acids, and peptide transporters were obviously
changed. The SWEET family members, sugar transporters
that have been recently identified, play a key role in phloem
loading, seed filling, nectar secretion, and feeding pathogens
(Chen et al. 2010, 2012; Lin et al. 2014; Yang et al. 2018).
In rice, several SWEET members are transcriptionally acti-
vated by TAL effectors secreted by Xanthomonas oryzae pv.
oryzase (Xoo), the causal agent of bacterial leaf blight, to
increase susceptibility (Yang et al. 2006; Romer et al. 2010;
Streubel et al. 2013). OsSWEET11 is a type of SWEET sugar
transporter that negatively regulates rice’s defense against
ShB (Gao et al. 2018). In RNA-Seq data, we identified that
OsSWEET2a and OsSWEET2b were both dramatically
induced by R. solani, suggesting that other SWEET mem-
bers besides OsSWEET] 1 might also play a role in rice and
R. solani interactions. In Arabidopsis, AMTI1; I changes the
basal defense, inducing resistance to Pseudomonas syringae
and Plectosphaerella cucumerina (Pastor et al. 2014), and
TaAMTs was induced in wheat by a Puccinia graminis f.
sp. tritici infection (Li et al. 2017a, b). Our RNA-Seq data
and qRT-PCR analysis showed that the rice potassium influx
transporter OsAKT] transcriptionally activated a response to
R. solani infection. OsAKT] facilitates potassium absorp-
tion, and a high level of potassium concentration in planta
confers resistance to rice blast disease, while potassium
inhibits the growth of M. grisea on media (Shi et al. 2018).
In response to R. solani, Osaktl has improved rice resist-
ance to this pathogen. These data indicate that potassium
may differentially regulate the resistance of rice to different
types of fungal pathogens and strongly suggest that several
transporters might be involved in the regulation of rice’s

defense against ShB. In addition, OsWRKY53 and OsAKTI
are induced by R. solani infection, but these two induced
DEGs negatively regulate rice defense to ShB, implying that
R. solani might has a mechanism to transcriptionally activate
negative regulators to suppress rice defense during infec-
tion. The detailed mechanism might need further analysis
for the clarity.

Supplemental Table 1. The list of DEGs by R. solani
infection.

Supplemental Table 2. The list of differentially expressed
transcription factors.

Supplemental Table 3. The list of differentially expressed
transporters.

Supplemental Table 4. List of MapMan analysis belong-
ing to six Binnames.

Supplemental Table 5. Primer sequences used in this
study.

Supplemental Fig. 1. Correlation coefficient analy-
sis between replicates of control and R. solani AG1-IA
inoculation.

Supplemental Fig. 2. MapMan analysis of cell function
related DEGs.

Supplemental Fig. 3. MapMan analysis of regulation pro-
cesses related DEGs.

Supplemental Fig. 4. MapMan analysis of transporter
related DEGs.

Supplemental Fig. 5. MapMan analysis of secondary
metabolism related DEGs.

Supplemental Fig. 6. MapMan analysis of lignin biosyn-
thesis related DEGs.
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