
plants

Article

Transcriptome Comparison of Defense Responses in
the Rice Variety ‘Jao Hom Nin’ Regarding Two Blast
Resistant Genes, Pish and Pik

Athipat Ngernmuen 1, Worrawit Suktrakul 1, Sureeporn Kate-Ngam 2

and Chatchawan Jantasuriyarat 1,3,4,*
1 Department of Genetics, Faculty of Science, Kasetsart University, Bangkhen Campus, Ladyao, Chatuchak,

Bangkok 10900, Thailand; athipat.ngern@gmail.com (A.N.); worrawit.s@ku.th (W.S.)
2 Department of Agronomy, Faculty of Agriculture, Ubon Ratchathani University, Warinchamrap,

Ubon Ratchathani 34190, Thailand; sureeporn.k@ubu.ac.th
3 Center for Advanced Studies in Tropical Natural Resources, National Research University-Kasetsart

University (CASTNAR, NRU-KU), Kasetsart University, Bangkok 10900, Thailand
4 Omics Center for Agriculture, Bioresources, Food and Health, Kasetsart University (OmiKU),

Kasetsart University, Bangkok 10900, Thailand
* Correspondence: fscicwj@ku.ac.th; Tel.: +662-562-5444

Received: 11 April 2020; Accepted: 27 May 2020; Published: 29 May 2020
����������
�������

Abstract: Jao Hom Nin (JHN) is a Thai rice variety with broad-spectrum resistant against rice blast
fungus. JHN contains two rice blast resistant genes, Pish and Pik, located on chromosome 1 and on
chromosome 11, respectively. To understand the blast resistance in JHN, the study of the defense
mechanism related to the Pish and Pik genes is crucial. This study aimed to dissect defense response
genes between the Pish and Pik genes using the RNA-seq technique. Differentially expressed genes
(DEGs) of Pish and Pik backcross inbred lines were identified between 0 and 24 h after inoculation
with rice blast spore suspension. The results showed that 1248 and 858 DEGs were unique to the
Pish and Pik lines, respectively. The wall-associated kinase gene was unique to the Pish line and the
zinc-finger-containing protein gene was unique to the Pik line. Pathogenicity-related proteins PR-4
and PR-10 were commonly found in both Pish and Pik lines. Moreover, DEGs functionally categorized
in brassinosteriod, jasmonic acid, and salicylic acid pathways were detected in both Pish and Pik lines.
These unique and shared genes in the Pish and Pik rice blast defense responses will help to dissect the
mechanisms of plant defense and facilitate rice blast breeding programs.
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1. Introduction

Rice, Oryza sativa L., is an important cereal crop and serves as a major source of energy for more
than half of the global population. In the past decade, the total global rice production each year was
more than 700 million tons, which was mainly produced in Asian countries, such as Thailand, India,
Vietnam, and China [1,2]. Currently, a challenge in rice production is the declining rice productivity
due to both abiotic and biotic stresses, which include insect pests, bacteria, and fungi [3]. Rice blast
disease, caused by an ascomycete fungus Magnaporthe oryzae, is one of the most destructive diseases in
rice production worldwide. All above-ground rice plants can be infected by this fungus. This disease
frequently occurs in temperate rice growing regions. An outbreak of the rice blast disease results in
rice yield loss. The rice blast disease is responsible for 30% global rice production losses and results in
an increase of costs to control this disease [4,5]. One of the potential methods to control this disease is
using rice-blast-resistant cultivars [6]. The resistance capability of the resistant cultivars is explained by
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a gene-for-gene interaction, which is an interaction between resistance proteins (R proteins) in plants
and avirulence proteins (Avr proteins) in pathogens. The resistant cultivars contain R proteins that
correspond with Avr proteins, which trigger a plant defense response, leading to plant resistance [7,8].
Plant defense against pathogen initiates with pathogen recognition. After this, a signal transduction is
mediated by several actions, including a phosphorylation–dephosphorylation cascade. The outcomes
of plant defense response are a hypersensitive response (HR), a programmed cell death, and an
expression of defense-related genes to inhibit the pathogen growth [9,10]. To date, there are more than
100 R genes mapped in the rice genome [11]. Some cloned genes have been molecularly characterized.
Most cloned blast R genes encode proteins, encoding a nucleotide binding site (NBS) and leucine-rich
repeats (LRR) [12,13]. For example, the Pish and Pik genes have been cloned and characterized as the
NBS-LRR genes [14,15]. The Pish gene shows partial resistance to rice blast isolates, allowing some
pathogen growth [14,16]. On the other hand, the Pik gene shows complete resistance to rice blast
isolates [15,16]. The improvement of the resistant rice cultivars by an introgression of the desirable
resistance genes into susceptible cultivars provides the best way to protect rice from this disease.
Marker-assisted selection (MAS), the breeding procedure that integrates the DNA marker detection
and selection into a traditional breeding program, is used to produce the resistant rice cultivars [17,18].
Graphical genotype, the display of the proportion of donor and recurrent genomes in the subsequent
backcross generations, allows the selection of the desirable lines with the resistance-related genes and
resistant phenotypes [19]. These selected lines can be used to investigate the gene expression that
reflects how the resistant cultivars were able to overcome the pathogen.

A transcriptome is a whole set of transcribed RNAs from a specific tissue or cell type at
a developmental stage or under certain conditions [20]. Several transcriptomic studies related
to the rice blast resistance using various rice varieties and blast isolates have been previously
reported [21–25]. The RNA-seq was used to dissect the molecular defense mechanism in the early
response at 24 h after blast inoculation in Gigante Vercelli (a durable and broad resistant rice
variety) and Vialone Nano (a highly susceptible rice variety) [26]. The resistant cultivar showed
upregulation of defense-response-related genes encoding diterpene phytoalexin biosynthetic enzymes,
flavin-containing monooxygenase, class I chitinase, and glycosyl hydrolase17. The genes related to
the early steps of defense perception signaling, including chitin oligosaccharides sensing factors, wall
associated kinases, MAPK cascades, and WRKY transcription factors, were also detected [26].

The Thai rice variety named Jao Hom Nin (JHN) is a non-glutinous rice variety with resistance
to leaf and neck blast diseases under natural conditions [27]. JHN demonstrates a broad-spectrum
resistance against various rice blast isolates in Thailand. A previous report showed that JHN
contains two rice blast resistance quantitative trait loci (QTLs), located on chromosome 1 and on
chromosome 11 [28]. These two QTLs were introgressed into a Thai glutinous rice cultivar RD6,
a rice-blast-susceptible cultivar [29]. Later, the two resistance genes in JHN were cloned and revealed to
be the Pish gene on chromosome 1 and the Pik gene on chromosome 11 [30]. In this study, we obtained
nine backcross inbred lines from a cross between RD6 (the recurrent parent) and JHN (the donor parent).
These inbred lines were classified into three groups: three lines containing QTL on chromosome 1
of JHN (labelled as qBL1), three lines containing QTL on chromosome 11 of JHN (qBL11), and three
lines containing both QTLs on chromosome 1 and 11 (qBL1 and 11). Polymorphic DNA markers
between RD6 and JHN were used to construct a graphical genotype to examine the genetic makeup of
all nine inbred lines in order to select the representative lines for the transcriptomic analysis. RNA-seq
technique was used to identify the defense response transcripts in rice containing the Pish and Pik
genes. The data generated from this transcriptomic study revealed the common and unique defense
response pathways of the two different rice blast resistance genes and will lead to understanding the
mechanism of rice blast resistance in the JHN rice cultivar.
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2. Results

2.1. Graphical Genotyping of RD6 Backcross Inbred Lines

A total of 363 selected rice DNA markers consisting of 133 InDel markers (Table S1) obtained from a
previous report of rice InDel marker development [31] and 230 SSR markers (Table S2) from GRAMENE
database were used to determine the polymorphism between JHN rice cultivar (resistant variety) and
RD6 (susceptible variety). In total, 94 out of 363 markers (24.7%) showed polymorphism between JHN
and RD6, including 18 InDel markers and 76 SSR markers. The number of the polymorphic markers
between JHN and RD6 in each chromosome ranged from 5 to 13 markers. Chromosomes 1, 2, 3, 4, 6,
9, 10, 11, and 12 contain both InDel and SSR markers, but chromosomes 5, 7, and 8 only contain SSR
markers (Table S3). These 94 polymorphic markers were consequently used for the graphical genotype
construction of nine backcross inbred lines (BILs).

The graphical genotype of nine backcross inbred lines was constructed by GGT 2.0: Graphical
GenoTyping. The graphical genotyping-illustrated RD6 genetic background ranged from 92.55 to
96.81 percent (Table S4). Chromosomes 2, 3, 6, 7, 8, 10, and 12 had the entire RD6 genetic background,
while chromosomes 1, 4, 5, 9, and 11 had the introgression fragments from JHN (Figure 1). To select the
representatives of BILs for subsequent transcriptomic study, BILs with the highest percentage of RD6
background with a sufficient amount of seeds were selected, including the qBL1 (3) line, representing
the BIL line containing the Pish gene; and the qBL11 (3) line, representing the BIL line containing the
Pik gene. These lines were designated as Q1 and Q11, respectively, in transcriptomic analysis.
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Note: line names ending with double asterisk indicate the selected lines in the subsequent
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2.2. Transcriptome Sequencing Data of Rice Containing Pish and Pik Genes upon Rice Blast Infection

Two replications of 21-day-old seeding of JHN, RD6, Q1 (the selected rice line containing the
Pish gene), and Q11 (the selected rice containing the Pik gene) were inoculated with rice blast isolate
THL84. The leaf samples were collected at 0 and 24 h after inoculation. After 7 days of inoculation,
the disease reaction was observed. RD6 and Q1 plants showed rice blast disease symptoms, while JHN
and Q11 were resistant to rice blast isolate THL84. KDML105, a Thai rice cultivar, was used as the
susceptible control (Figure 2). RNA was extracted from leaf samples and used for the RNA-seq
experiment. The RNA-seq results showed that each sample had total reads ranging between 11,724,286
and 15,418,460 reads, while the total mapped reads ranged between 92.7% and 93.5%. The reads
with multiple alignments represented approximately 6% of the total (Table S5). The data have been
deposited with links to BioProject accession number PRJNA634330 in the DDBJ BioProject database.
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Figure 2. Pathogenicity of rice varieties and BIL lines inoculated with rice blast isolate THL84. Q1 and
Q11 are BIL containing the Pish and Pik genes in the RD6 background, respectively.

2.3. Identification of Differently Expressed Genes (DEGs) between 0 and 24 H After Innoculation in the
Pish-Containing Rice (Q1) and the Pik-Containing Rice (Q11)

Leaf samples of the Pish-containing rice line Q1 collected at 0 and 24 h after inoculation (hai) were
named Q1-0 and Q1-24, respectively; and leaf samples of the Pik-containing rice line Q11 collected
at 0 and 24 hai were named Q11-0 and Q11-24, respectively. Moreover, leaf samples of the RD6
rice variety, the negative control, collected at 0 and 24 hai were named R-0 and R-24, respectively.
Cuffdiff was used to determine the number of differentially expressed genes (DEGs). There were 5584
DEGs, including 2721 upregulated genes and 2863 downregulated genes. There were 155 upregulated
and 1093 downregulated DEGs unique to the Pish gene that were only presented in Q1. There were
237 upregulated and 631 downregulated DEGs unique to the Pik gene that were only presented in Q11.
There were 222 upregulated and 1162 downregulated DEGs that were commonly found in both Q1
and Q11 (Figure 3). Principal component analysis (PCA) showed that gene expression profiles of the
samples at 0 hai were clustered together, while those of the samples at 24 hai were scattered. Moreover,
the results indicated that the expression profiles between 0 and 24 hai were highly different, suggesting
the different responses of RD6, Q1, and Q11 lines to rice blast infection (Figure S4).
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Figure 3. Venn diagram showing numbers of up- or downregulated genes in RD6, Q1, and Q11 rice
lines at 0 and 24 h after inoculation with rice blast fungus isolate THL84: (a) upregulated genes and (b)
downregulated genes. This Venn diagram was constructed by Venny version 2.1.0.

The top 20 upregulated DEGs unique to Q1 or Q11 are listed in Table 1, while those DEGs that
were common between Q1 and Q11 are listed in Table 2. Some of these genes were hypothetical
genes and unknown function proteins. The genes encoding the late embryogenesis abundant
(LEA) protein, germin-like protein, pathogenesis-related transcriptional factor, wall-associated kinase,
metallothionein-like protein type 1, dehydrin RAB 16D, lipase, GA 2-oxidase3, auxin influx carrier
protein, and ATCNGC15 protein were unique to Q1. Additionally, the genes encoding guanine
nucleotide exchange factors for Rop, zinc-finger-containing protein, atypical basic helix–loop–helix
protein, similar P-type R2R3 Myb protein, MADS box transcription factor, alpha/beta hydrolase fold-3
domain, chitinase III C10150, GAST, bifunctional inhibitor protein, esterase, and lipase were unique to
Q11 (Table 2).

Moreover, 27 upregulated DEGs between R-0 and Q1-0 were identified. These genes
encode for Myb/SANT-like domain containing protein, a beta subunit of polygalacturonase 1 and
peroxidase. Another 32 upregulated DEGs between R-0 and Q11-0 were also identified. These genes
encode for isoflavone reductase homolog IRL, mitochondrial chaperonin-60, and cytosolic pyruvate
orthophosphate dikinase (Table S6).
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Table 1. Log2 (fold change of Fragments Per Kilobase Million value; FPKM value) of top 20 unique
upregulated differentially expressed genes in Q1 and Q11.

Unique to Q1

No. Gene ID Gene Description Log2(FC)

1 OS06G0573500 Hypothetical conserved gene 6.439
2 OS11G0440866 Non-protein coding transcript 5.958
3 LEA3 Late embryogenesis abundant (LEA) protein 5.354
4 OS03G0573750 Conserved hypothetical protein 5.141
5 OS08G0190100 Germin-like protein 8-11, disease resistance 5.043
6 OS01G0899800 Pathogenesis-related transcriptional factor 4.965
7 OS09G0109600 Conserved hypothetical protein 4.552
8 OS04G0617900 Similar to germin-like protein subfamily 1 4.445
9 OS10G0180800 Wall-associated kinase 4.400

10 OS12G0571000 Metallothionein-like protein type 1 4.150
11 RAB16D Dehydrin RAB 16D 3.984
12 OS12G0623400 Conserved hypothetical protein 3.839
13 OS03G0575500 Conserved hypothetical protein 3.826
14 OS01G0223000 Lipase 3.764
15 OS10G0418900 Hypothetical conserved gene 3.666
16 OS03G0223301 Hypothetical gene 3.490
17 OS01G0757200 GA 2-oxidase3, GA metabolism 3.482
18 OS10G0147400 Similar to Auxin influx carrier protein 3.300
19 OS02G0269650 Hypothetical gene 3.238
20 OS02G0627700 Similar to ATCNGC15 3.168

Unique to Q11

No. Gene ID Gene Description Log2(FC)

1 OS05G0454200 Guanine nucleotide exchange factors for Rop 6.649
2 OS09G0240200 Zinc finger, B-box domain containing protein 5.339
3 OS02G0514150 Hypothetical conserved gene 5.186
4 OS05G0261001 Non-protein coding transcript 4.767
5 EPlOSAG00000006021 n.a. 4.695
6 OS08G0335600 Protein of unknown function DUF568 4.681
7 OS02G0747900 Atypical basic helix–loop–helix protein 4.495
8 OS08G0486300 Similar to P-type R2R3 Myb protein 4.407
9 MADS5 MADS-box transcription factor 4.323

10 OS07G0600000 Conserved hypothetical protein 4.185
11 OS11G0134950 Hypothetical protein 4.090
12 OS02G0572000 Hypothetical protein 4.087
13 OS11G0701400 Chitinase (EC 3.2.1.14) III C10150-rice 4.069

14 OS04G0465300 A member of the GAST (gibberellin (GA)-Stimulated
Transcript) 3.980

15 OS01G0725400 Uncharacterized protein family UPF0497 3.952
16 OS10G0107866 Non-protein coding transcript 3.926
17 OS06G0711900 Bifunctional inhibitor/plant lipid transfer protein 3.911
18 OS12G0157066 Hypothetical protein 3.809

19 OS10G0463200 Esterase, SGNH hydrolase-type domain
containing protein. 3.764

20 OS01G0728100 Lipase, GDSL-domain-containing protein. 3.714
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Table 2. Log2 (fold change of Fragments Per Kilobase Million value; FPKM value) of top 10 upregulated differentially expressed genes common between Q1 and Q11.

Top 10 Upregulated DEGs of Q1

No. Gene ID Gene Description
Log2FC

Q1 Q11

1 OS10G0150800 Protein of unknown function DUF1210 family protein 6.738 6.007
2 OS02G0185900 Hypothetical conserved gene 6.532 6.011
3 OS10G0150700 Protein of unknown function DUF1210 family protein. 6.310 6.179
4 OS05G0375466 Non-protein coding transcript 6.152 7.593
5 OS08G0189850 Germin-like protein 8-9, disease resistance 5.874 5.836
6 OS09G0319800 Terpene synthase-like domain containing protein 5.842 8.216
7 OS04G0664900 Similar to H1005F08.5 protein 5.596 7.617
8 OS10G0150400 Protein of unknown function DUF1210 family protein 5.515 4.796
9 OS02G0827400 Similar to predicted protein 5.428 3.844

10 OS09G0315000 Similar to mpv17/PMP22 family protein 5.363 4.639

Top 10 Upregulated DEGs of Q11

No. Gene ID Gene Description
Log2FC

Q1 Q11

1 OS09G0319800 Terpene synthase-like domain containing protein 5.842 8.216
2 OS11G0701500 Similar to class III chitinase homologue (OsChib3H-g) 3.739 7.891
3 OS04G0664900 Similar to H1005F08.5 protein 5.596 7.617
4 OS05G0375466 Non-protein coding transcript 6.152 7.593
5 OS10G0150700 Protein of unknown function DUF1210 family protein 6.31 6.179
6 OS02G0185900 Hypothetical conserved gene 6.532 6.011
7 OS10G0150800 Protein of unknown function DUF1210 family protein 6.738 6.007
8 OS08G0189850 Germin-like protein 8-9, disease resistance 5.874 5.836
9 OS07G0124900 Allergen V5/Tpx-1-related family protein 1.646 5.750

10 OS03G0291200 Protein of unknown function DUF231, plant-domain-containing protein 3.485 5.408
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2.4. Identification of Gene Ontology Using agriGO

To examine the function of differentially expressed genes in the Pish-containing rice line (Q1-0
vs. Q1-24), the Pik-containing rice line (Q11-0 vs. Q11-24), and RD6 rice variety (R-0 vs. R-24),
the gene ontologies were classified by GO terms into three groups based on their biological process,
molecular function, and cellular components, using GO Analysis toolkit and database for agricultural
communities, or agriGO v2.0. The major GO term in terms of biological function was the carbohydrate
metabolic process (GO:0005975). The major GO term in terms of molecular function was the protein
tyrosine kinase activity (GO:0004713). The major GO term in terms of the cellular component was
the part (GO:0044464) (Figures S1 and S2). Interestingly, several DEGs were classified in the defense
response group, including biotic stimulus (GO:0009607), defense response (GO:0006952), and defense
response to fungus (GO:0050832). The examples of these DEGs were pathogenesis-related protein
PR-10a, pathogenesis-related protein PR-4b, Tify-domain-containing protein, root specific PR-10,
pathogen resistance protein PBZ1, and the pathogenesis-related protein PR-10b (Figure 4).
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Figure 4. Heat map analysis, indicating expression patterns of 11 DEGs in the defense response group.
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2.5. Identification of Biological Pathway Using Plant Reactome

The differentially expressed genes were categorized based on their function by Plant Reactome
(Tables S7 and S8). The categorized functions in Plant Reactome database were hormone, biosynthesis,
signaling and transport. The results showed that some differentially expressed genes were related to
brassinosteriods, jasmonic acid, and salicylic acid.

Twelve DEGs were classified into the brassinosteriod related group, which includes the genes in
brassinosteriod biosynthesis and genes in brassinosteriod signaling. Based on their expression pattern,
seven genes were upregulated at 24 hai and five genes were downregulated at 24 hai. Seven upregulated
genes were 3-oxo-5-alpha-steroid 4-dehydrogenase, G-box factor 14-3-3b protein, brassinazole-resistant
1 protein, helix–loop–helix DNA-binding domain, DNA-binding WRKY domain containing protein and
basic helix–loop–helix protein 102. Five downregulated genes were BRI1 kinase inhibitor 1, CTV.2-like
protein, cytochrome P450 family protein, transcriptional co-repressor, brassinosteriod signaling kinase
2, and protein phosphatase 2A (Figure 5).
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Thirty-two DEGs were classified into the jasmonic-acid-related gene group. These genes
were involved in a jasmonic acid biosynthesis and in a jasmonic acid signaling. Based on their
expression pattern, thirteen genes were upregulated at 24 hai and 19 genes were downregulated
at 24 hai. These upregulated genes encode for lipoxygenases isoform 1, lipoxygenases isoform 2,
ethylene-responsive transcription factor 2, Tify domain containing proteins, pathogenesis-related
transcriptional factor, DNA-binding WRKY domain containing protein, WRKY transcription factor
72, WRKY transcription factor 26, WRKY transcription factor 24, VQ-domain-containing protein,
and Cp-thionin. The downregulated genes encode for allene oxide synthase, 12-oxophytodienoate
reductase, VQ-domain-containing protein, and jasmonate ZIM domain protein (Figure 6).

Twenty-six DEGs were classified in salicylic acid signaling. Based on their expression patterns,
nine genes were upregulated at 24 hai. These genes encode for transcription factor HBP-1b proteins,
allergen V5/Tpx-1 related family proteins, WRKY transcription factor 62, calmodulin binding protein,
phenylalanine ammonia lyases, and WRKY13 transcription factor (Figure 7).
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2.6. Validation of RNA-Seq Results by a Quantitative Real-Time PCR (qRT-PCR)

To validate the RNA-seq gene expression results, ten DEGs with log2FC values higher than 3
were chosen for a quantitative real-time PCR analysis. The three upregulated genes that were common
among Q1, Q11, and RD6 (Os10G0549000, Os07G0529000, and Os08G01576000), two upregulated that
were common between Q1 and Q11 (Os09G0319800 and Os11G0701500), two upregulated genes that
were unique to Q1 (Os06G0573500 and Os10G0180800), and three upregulated genes that were unique
to Q11 (Os02G0514150, Os11G0701400, and Os11G0134950) were examined. The comparison between
the RNA-seq and qRT-PCR results showed that the expression profiles of nine out of ten genes were
correlated between the qRT-PCR and RNA-seq (Table S10). The results of linear regression analysis
indicated a correlation (r2 = 0.66) between the RNA-seq and qRT-PCR data (Figure S3).

3. Discussion

A total of 94 out of 363 markers showed polymorphism between JHN and RD6 (28.4%), which was
lower than the polymorphism between IR64 and KDML105 (35.71%) from previous reports [32].
IR64 was developed by the International Rice Research Institute (IRRI), the Philippines, but KDML105
was developed by the Rice Department, Thailand. In this study, both JHN and RD6 are Thai rice
varieties, therefore they may share a genetic background and show low levels of polymorphic markers.
A higher polymorphic rate was found between rice from two subspecies, Indica and Japonica [33].
The 133 InDel markers used in this study were developed by the comparison between genome sequences
of two different rice subspecies, Indica and Japonica. When applied to JHN and RD6, which are Indica
rice, a low percentage (13.5%) of polymorphism was found [31].

Ninety-four polymorphic markers between JHN and RD6 were consequently used for graphical
genotype construction of nine backcross inbred lines. The graphical genotyping illustrated that the
genetic background of RD6 ranged from 92.55% to 96.81%. This result was fit with the expected
percentage of the recurrent parent RD6 after 4 generations of backcrossing, with a hypothetical
percentage of 96.875%. The RD0114 marker, a marker linked to a rice blast resistance QTL on
chromosome 1, revealed a JHN background in all three qBL1 lines and all three qBL1&11 lines, but
showed an RD6 background in all three qBL11 lines. This result indicated the successful introgression
of the rice blast resistance QTL on chromosome 1. Similar to the three DNA markers (RM1233, RM224,
and RM144) linked to a rice blast resistance QTL on chromosome 11 [27], all three markers revealed a
JHN genetic background in all qBL1 lines and qBL1&11 lines, indicating the successful introgression of
this QTL.

From the pathogenicity assay, JHN and Q11 were resistant to a rice blast fungus THL84 isolate,
but showed blast symptom with RD6 that was more severe than with Q1 (Figure 2). Our result was
consistent with the previous report, showing that the Pish-containing rice line was partially resistant to
the rice blast isolate THL84, while RD6 was susceptible to THL84. Moreover, the Pik-containing rice
line and JHN showed resistance to the rice blast isolate THL84 [27].

Differentially expressed genes (DEGs) in the Pish and Pik backcross inbred lines and their gene
function were identified and categorized into unique and shared sets. Identified DEGs uniquely
present in the Pish rice line in this study were previously reported, including the wall-associated
kinase gene involved in pathogen response [34], late embryogenesis abundant genes involved in
desiccation and defense responses [35], and metallothionein-like protein regulation responses to stress
stimuli and microbial challenge [36]. The identified DEGs uniquely present in the Pik rice line in
this study were also previously reported, including zinc-finger-containing protein genes related to
the regulation of resistance mechanisms for various biotic stress [37]; Myb transcription factor genes
involved in controlling various processes, such as responses to biotic and abiotic stresses, development,
differentiation, metabolism, and defense [38]; and chitinase genes involved in defense against fungal
pathogens [39]. Finally, identified DEGs commonly present in both Pish and Pik rice lines were
also previously reported, for example chitinase and substilin, which are associated with pathogen
resistance [39,40].
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Several identified DEGs were characterized based on their biotic stimulus (GO:0009607), defense
response (GO:0006952), and defense response to fungus (GO:0050832). These defense response genes
were highly expressed at 24 hai when compared with 0 hai. Pathogenesis-related protein class 10
(PR-10) plays a role as a ribonuclease. PR-10 was reported in several biotic stresses, including fungal
pathogens [41]. Pathogenesis-related protein class 4 (PR-4) plays a role in mobilizing compounds
during the senescence program and plays a protective role by degrading DNA or RNA of foreign
invading pathogens [42]. PBZ1, another protein in the PR-10 family, was highly responsive to rice blast
fungus infection and the reported RNase activity inside the cell [43]. Overall, our results showed that
the Pish and Pik resistance genes share common signal transduction and defense response pathways in
rice blast defense mechanisms, with few exceptions for specific genes in each case.

The pathway analysis using Plant Reactome showed that brassinosteroids (BRs) are a class
of steroid phytohormones regulating many aspects of plant growth and development. BRs are
also reported to be involved in pathogen defense response [44]. In the brassinosteroid pathway,
BKI1 (BRI1 kinase inhibitor1) is a negative regulator of brassinosteroid signaling [45]. Interestingly,
brassinazole-resistant 1 protein (BZR1) showed high expression in both Pish and Pik rice lines at 24 hai.
BZR1 is a nuclear component of the BR signal transduction pathway. BZR1 is a positive regulator of the
BR signaling pathway, which mediates the downstream BR response and regulates BR biosynthesis [46].
Therefore, the resistance in the Pish and Pik rice lines may relate to the brassinosteroid signaling
pathway. The higher expression level of the BZR1 gene in the Pik rice line may correspond with the
pathogenicity assay showing more resistance of the Pik rice line than the Pish rice line. Jasmonic acid
(JA) signaling plays a role in plant defenses against pathogens [47]. The Pik rice line in our study
showed high expression level of JA signaling genes CM-LOX1 and LOX2 lipoxygenase at 24 hai [48].
Moreover, Tify-domain-containing protein [49] and WRKY transcription factor genes [50], both of
which are the JA signaling genes, were upregulated in the Pik rice line. Salicylic acid (SA) also plays an
important role to induce plant defense against a variety of biotic and abiotic stresses [51]. In this study,
pathogenesis-related protein PRB1-2 [52], BZIP transcription factor [53], allergen V5/Tpx-1-related
family protein [54] and pathogenesis-related 1a protein genes were upregulated. PR-1 is a dominant
protein group reported to be induced by pathogens [55]. The validation of RNA-seq results using
real-time PCR showed that the expression levels in nine out of ten selected genes were consistent with
expression levels assessed by the RNA-seq. Many studies have used a real-time PCR to validate the
gene expression profiles generated from the RNA-seq [22,56,57]. Our study also showed that the gene
expression data from the RNA-seq could be validated by the real-time PCR, and the RNA-seq could
indicate the reliability of the results of the gene expression levels.

4. Materials and Methods

4.1. Rice Materials

Jao Hom Nin (JHN) is a non-glutinous rice variety that resists both leaf and neck blast diseases
under natural conditions. RD6 is a commercial glutinous rice grown in the northeast region of Thailand,
which is susceptible to various insect pests and diseases, including rice blast [27]. The development
of RD6 backcross inbred lines introgressed by the rice-blast-resistant QTLs from JHN cultivar by
marker-assisted selection was conducted at the Rice Science Center and Rice Gene Discovery Unit,
Kasetsart University, Kamphaengsaen campus. The backcross inbred lines (BILs) containing a QTL
from JHN were selected by markers linked to QTLs on chromosome 1 and 11. Nine BILs were
obtained and classified into three groups, which consisted of three BILs with introgression of a rice
blast resistance QTL on chromosome 1 of JHN (qBL1), three BILs with a rice blast resistance QTL on
chromosome 11 of JHN (qBL11), and three BILs with both of these QTLs of JHN (qBL1&11). The rice
line names were based on the group names, with the number of lines given in parentheses: qBL1
(1), qBL1 (2), qBL1(3), qBLl1 (1), qBLL11(2), qBL11(3), qBL1&11 (1), qBL1&11 (2), and qBL1&11 (3).
KDML105 was used as a susceptible control in the pathogenicity assay.
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4.2. Screening of Polymorphic Markers in JHN and RD6

To find polymorphic markers in JHN and RD6, InDel and simple sequence repeat (SSR) markers
were used. Genomic DNA samples of JHN and RD6 rice cultivars were used for a PCR reaction to
screen for polymorphic markers. Each PCR reaction component was filled in the 96-well plates. Then,
50 ng/µL DNA solution of each rice cultivar was used as the DNA template. The PCR reaction was
prepared by mixing 2 µL of 50 ng/µL DNA, 0.5 µL of forward primer, 0.5 µL of reverse primer, 1 µL of
2.5 mM dNTP, 1 µL of 10× Buffer A, 0.5 µL of 50mM MgCl2, 0.15 µL of Taq DNA polymerase (Vivantis,
CA, USA), and 4.35 µL of dH2O per 1 reaction. The PCR reaction was conducted by PCR machine
(Eppendorf, Hamburg, Germany). The conditions for each step were as follows: 94 ◦C for 3 min for the
predenaturation step, 94 ◦C for 45 s for the denaturation, 55 ◦C for 45 s for the annealing step, 72 ◦C
for 1 min for the extension step, and 10 ◦C for 10 min for the postextension step. The denaturation to
extension step was conducted over 35 cycles.

The primer pairs of 133 InDel markers [26] were used as primers to amplify DNA targets from
DNA templates of JHN and RD6. The primer sequence information of InDel markers is shown in
Table S1. The PCR products were visualized using 1.5% agarose gel electrophoresis. The 100 bp DNA
ladder (Vivantis, CA, USA) was used to determine the sizes of PCR products in base pair units. For
SSR markers, the primer pairs of 230 SSR markers were selected to study the polymorphism between
JHN and RD6 rice cultivars. The primer sequence information of SSR markers is shown in Table S2.
The PCR products were visualized by polyacrylamide gel electrophoresis.

4.3. Graphical Genotyping

The polymorphic screening data generated from InDel and SSR markers of JHN, RD6, and nine
BILs was used to construct the graphical genotype using GGT 2.0: Graphical GenoTyping [58]. In each
marker, the PCR products of the same size as JHN were determined as the JHN genetic background,
while the PCR products of the same size as RD6 were determined as the RD6 background.

4.4. Rice Blast Fungus Inoculation

The filter paper rice mycelium stock was used as the culture in the Petri dishes, containing rice
flour agar (20 g rice flour, 28 g agar, and 2 g yeast extract in 1 L of dH2O) in an incubator at 28 ◦C for
7 days. The cultured fungus was recultured by cutting the 1 × 1 cm2 mycelial mat and transferring it to
a Petri disc containing new rice flour agar for 7 days. The fungus was then scraped using a spreader and
kept in a dry condition with black light exposure to induce conidia induction. The conidia suspension
was prepared by washing the conidia in the Petri dishes using distilled water and preparing the 15 mL
spore suspension. A hemocytometer was used to measure the conidia concentration. The conidia
concentration was adjusted to 2× 105 conidia/mL by mixing with 0.01% Tween20. The spore suspension
was sprayed onto 21-day-old rice seedlings. Rice plants were kept at 24 ◦C in high humidity (95–100%
humidity) and dark conditions for 24 h. Rice leaf samples were collected at 0 and 24 h after inoculation
for the transcriptomic study, while several rice plants were kept in the greenhouse for disease severity
observation at 7 days post inoculation. The disease severity used a severity score ranging from 0
(resistance) to 6 (susceptibility), which measured the performance by lesion per unit area and lesion
size [59].

4.5. Transcriptome Experiment and Data Analysis and Validation of Gene Expression Profiling

Three rice lines, namely RD6, a susceptible rice variety; Q1 BIL line with the Pish gene in RD6
genomic background; and Q11 BIL line with the Pik gene in RD6 genomic background, were used
in the transcriptome experiment. A completely randomized design with two replications was used.
The 21-day-old rice seedlings were grown in clay–loam soil in a cultivation tray. Each individual pot
contained five plants, which were pooled and determined as one sample. The rice seedlings were
inoculated by THL84, which can infect RD6, but this isolate cannot infect JHN, a resistant rice variety
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containing rice blast resistance genes Pish and Pik [30]. The pooled leaf samples of RD6, Q1, and Q11
lines were collected right before the inoculation. These samples were labelled as R-0, Q1-0, and Q11-0,
respectively; and the leaves samples of RD6, Q1, and Q11 lines at 24 h after inoculation were collected
and labelled as R-24, Q1-24, and Q11-24, respectively. The total RNA in each sample was isolated
by GF-1 Total RNA Extraction Kit (Vivantis, CA, USA). Then, 5 µg of total RNA was subjected to
library preparation using the True Standard mRNA Library. The quality and concentration of the
RNA and library were assayed on a bioanalyzer (Agilent, CA, USA). The RNA integrity number (RIN)
scores ranged from 8.00 to 8.60, which were sufficient quality for RNA-seq experiments (Table S9).
Libraries were single-end sequenced by NextSeq 500/550 High-Output V2 Kit (Illumina, CA, USA).

After obtaining RNA-seq raw data, the sequencing data in FASTQ format were evaluated for quality
using FASTQC. Low-quality bases were trimmed by Trimmomatic. High-quality single-end reads
from each sample were aligned to the International Rice Genome Sequencing Project-1.0 (IRGSP-1.0) as
the rice reference genome by using TopHat version 1.4.1 and assembled with Cufflinks. The cufflinks
assemblies were merged together by Cuffmerge. Cuffdiff was used for identification of differentially
expressed genes (DEGs), with false discovery rates (FDR) less than 0.05 between two samples and
the expression level indicated by fragments per kilobase of transcript per million fragments (FPKM)
value [60]. The expression levels were compared between RD6 and Q1, and between RD6 and Q11.
Log2FC (binary logarithm of fold change) was calculated using the binary logarithm of the FPKM in
24 hai samples divided by the FPKM in 0 hai sample. The DEGs with Log2FC > 1 were determined
as upregulated genes and with Log2FC < 1 were determined as downregulated genes. GO terms
analysis of rice DEGs as enriched by agriGO v2.0 using the Rice Gramene locus as reference. The FDR
significance level was 0.05 for GO enrichments using the hypergeometric method as the statistical test
method and Yekutieli’s method (FDR under dependency) as the multitest adjustment method. A Venn
diagram was built using Venny version 2.1. A heat map was displayed using heatmaply package in
Rstudio software, using Z-scores that were transformed from FPKM values in each gene. The two
different principal component analysis (PCA) plots were generated using the ggfortify package [61]
in R studio, using FPKM values of ten randomly selected genes to analyze the association between
samples and between biological replications to verify the correctness of sampling (Figure S4).

Quantitative RT-PCR was conducted using a one-step real-time PCR system and 100 ng of total
RNA per reaction. Primers were designed using Primer3. The rice actin constitutively expressed gene
was used as the reference gene. PCR amplification was performed in 10 µL of final contacting volumes
of 2× QuantiFast SYBR Green Master Mix (Qiagen, Hilden, Germany). Three technical replicates for
each of the two biological replicates were performed at 0 and 24 h after inoculation. Relative gene
expression was calculated using the 2−∆∆Ct method.

5. Conclusions

Ninety-four polymorphic DNA markers between JHN and RD6 were used to construct the
graphical genotypes of BC4F2 rice-blast-resistant Q1 and Q11 backcross inbred lines (BILs). The selected
BILs with the highest percentage of RD6 genetic background, except for the QTLs on chromosome 1
and 11, were used for transcriptome analysis. RNA-seq results revealed 6466 and 6030 differentially
expressed genes (DEGs) upon rice blast infection in the Pish and Pik rice lines, respectively. DEG analysis
showed that rice blast resistance genes Pish and Pik have both unique and shared genes and pathways
in defense response. Genes involved in recognition, signal transduction, and defense response were
reported. Unique genes in the Pish rice line include wall-associated kinase gene and late embryogenesis
abundant genes. Unique genes in the Pik rice line included chitinase gene and guanine nucleotide
exchange factors for Rop gene. PR-4 and PR-10 protein genes were shared defense response genes
in the Pish and Pik rice lines. Moreover, genes in brassinosteroid, jasmonic acid, and salicylic acid
pathways were involved in defense response in the Pish and Pik rice lines. This study revealed that
there are both unique and shared defense response genes involved in rice blast resistance of the Pish and
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Pik rice lines. The information obtained from this study will help to dissect and understand the defense
response pathways in plants and will benefit rice-blast-resistant breeding programs worldwide.
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and RD6. Table S2: Details of 230 rice SSR markers for screening of polymorphism between Jao Hom Nin (JHN)
rice cultivar and RD6. Table S3: List of 94 polymorphic markers between JHN and RD6. Table S4: Percentage of
markers indicating JHN and RD6 genetic backgrounds in each rice backcross inbred line. Table S5: RNA-seq
sample quality measured by bioanalyzer (Agilent 2100 Bioanalyzer system). TableS6: The list of upregulated
DEGs in R-0 vs. Q1-0, and R-0 vs. Q11-0. Table S7: The number of upregulated genes grouped in each pathway
by Plant Reactome database. Table S8: The number of downregulated genes grouped in each pathway by Plant
Reactome database. Table S9: RNA integrity number (RIN) scores of twelve RNA samples in transcriptome
analysis experiments. Table S10: The comparison of the Log2FC of expression values between RNA-seq and
quantitative real-time PCR. Figure S1: Gene Ontology analysis indicated the top five GO terms of upregulated
genes in Q1, Q11, and RD6 groups, based on the number of genes in each GO term. Figure S2: Gene Ontology
analysis indicated the top five GO terms of downregulated genes in Q1, Q11, and RD6 groups, based on the
number of genes in each GO term. Figure S3: Linear regression analysis indicated a correlation between the log2
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gene expression (FPKM) level.

Author Contributions: Conceptualization, C.J.; methodology, C.J. and A.N.; software, A.N. and S.K.-N.; validation,
A.N. and W.S.; formal analysis, A.N. and C.J.; investigation, A.N. and C.J.; resources, S.K.-N. and C.J.; data
curation, A.N. and W.S.; writing—original draft preparation, A.N.; writing—review and editing, A.N. and C.J.;
visualization, A.N., W.S., and C.J.; supervision, C.J.; project administration, C.J.; funding acquisition, A.N., S.K.-N.
and C.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported from graduate scholarship provided by the National Research Council of
Thailand (NRCT) as of fiscal year 2018, Faculty of Science, Kasetsart University; and Omics Center for Agriculture,
Bioresources, Food, and Health, Kasetsart University and Ubon Ratchathani University.

Acknowledgments: The authors would like to thank Robert Harman II for critically and grammatically reviewing
the manuscript. The first author was financially supported by the fellowship from the Development and Science
Achievement Scholarship of Thailand (SAST). The authors would like to thank the Rice Science Center and Rice
Gene Discovery Unit, Kasetsart University, Kampaensaen campus, for providing rice materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lin, H.C.; Fukushima, Y. Rice cultivation methods and their sustainability aspects: Organic and conventional
rice production in industrialized tropical monsoon Asia with a dual cropping system. Sustainability 2015,
8, 529. [CrossRef]

2. Zibaee, A. Rice: Importance and Future. J. Rice Res. 2013, 1. [CrossRef]
3. Ansari, M.U.R.; Shaheen, T.; Bukhari, S.A.; Husnain, T. Genetic improvement of rice for biotic and abiotic

stress tolerance. Turk. J. Bot. 2015, 39, 911–919. [CrossRef]
4. Khush, G.S.; Jena, K.K. Current Status and Future Prospects for Research on Blast Resistance in Rice

(Oryza sativa L.). In Advances in Genetics, Genomics and Control of Rice Blast Disease; Wang, G.L., Valent, B.,
Eds.; Springer: Berlin, Germany, 2009; pp. 1–11.

5. Nalley, L.; Tsiboe, F.; Durand-Morat, A.; Shew, A.; Thoma, G. Economic and environmental impact of rice
blast pathogen (Magnaporthe oryzae) alleviation in the United States. PLoS ONE 2016, 11, e0167295. [CrossRef]

6. Miah, G.; Rafii, M.Y.; Ismail, M.R.; Puteh, A.B.; Rahim, H.A.; Islam, K.N.; Latif, M.A. A review of microsatellite
markers and their applications in rice breeding programs to improve blast disease resistance. Int. J. Mol.
2013, 14, 22499–22528. [CrossRef]

7. Grennan, A.K. Plant response to bacterial pathogens. Overlap between innate and Gene-for-Gene defense
response. Plant Physiol. 2006, 142, 809–811. [CrossRef]

8. Gururani, M.A.; Venkatesh, J.; Upadhayaya, C.P.; Nookaraju, A.; Pandey, S.K.; Park, S.W. Plant disease
resistance genes: Current status and future directions. Physiol. Mol. Plant Pathol. 2012, 78, 51–65. [CrossRef]

9. Prell, H.H.; Day, P. Plant-Fungal Pathogen Interaction: A Classical and Molecular View; Springer:
Berlin/Heidelberg, Germany, 2001.

10. Gachomo, E.W.; Shonukan, O.O.; Kotchoni, S.O. The molecular initiation and subsequent acquisition of
disease resistance in plants. Afr. J. Biotechnol. 2003, 2, 26–32.

http://www.mdpi.com/2223-7747/9/6/694/s1
http://dx.doi.org/10.3390/su8060529
http://dx.doi.org/10.4172/jrr.1000e102
http://dx.doi.org/10.3906/bot-1503-47
http://dx.doi.org/10.1371/journal.pone.0167295
http://dx.doi.org/10.3390/ijms141122499
http://dx.doi.org/10.1104/pp.106.900207
http://dx.doi.org/10.1016/j.pmpp.2012.01.002


Plants 2020, 9, 694 16 of 18

11. Tanweer, F.A.; Rafii, M.Y.; Sijam, K.; Rahim, H.A.; Ahmed, F.; Latif, M.A. Current advance methods for the
identification of blast resistance genes in rice. Comptes Rendus Biol. 2015, 338, 321–334. [CrossRef]

12. Wang, X.; Lee, S.; Wang, J.; Ma, J.; Bianco, T.; Jia, Y. Current Advances on Genetic Resistance to Rice Blast
Disease. In Rice-Germplasm, Genetics and Improvement; Yan, W.G., Ed.; IntechOpen: London, UK, 2014;
pp. 195–217.

13. Li, W.; Chern, M.; Yin, J.; Wang, J.; Chen, X. Recent advances in broad-spectrum resistance to the rice blast
disease. Curr. Opin. Plant Biol. 2019, 50, 114–120. [CrossRef]

14. Takahashi, A.; Hayashi, N.; Miyao, A.; Hirochika, H. Unique features of the rice blast resistance Pish locus
revealed by large scale retrotransposon-tagging. BMC Plant Biol. 2010, 10, 175. [CrossRef]

15. Kanzaki, H.; Yoshida, K.; Saitoh, H.; Fujidaki, K.; Hirabuchi, A.; Alaux, L.; Fournier, E.; Tharreau, D.;
Terauchi, R. Arms race co-evolution of Magnaporthe oryzae AVR-Pik and rice Pik genes driven by their physical
interactions. Plant J. 2012, 72, 894–907. [CrossRef]

16. Corwin, J.A.; Kliebenstein, D.J. Quantitative Resistance: More than Just Perception of a Pathogen. Plant Cell.
2017, 29, 655–665. [CrossRef]

17. Jiang, G.L. Molecular Markers and Marker-Assisted Breeding in Plants. In Plant Breeding from Laboratories to
Fields; Andersen, S.B., Ed.; IntechOpen: London, UK, 2013; pp. 45–83.

18. Lema, M. Marker assisted selection in comparison to conventional plant breeding: Review article. Agric. Res.
Technol. Open Access J. 2018, 14, 1–10. [CrossRef]

19. van Eck, H.J.; Vos, P.G.; Valkonen, J.P.T.; Uitdewilligen, J.G.A.M.L.; Lensing, H.; de Vetten, N.; Visser, R.G.F.
Graphical genotyping as a method to map Ny (o,n)sto and Gpa5 using a reference panel of tetraploid potato
cultivars. Theor. Appl. Genet. 2017, 130, 515–528. [CrossRef]

20. Dong, Z.C.; Yan, C. Transcriptomics: Advance and Approaches. Sci. China Life Sci. 2013, 56, 960–967.
[CrossRef]

21. Manthioni, S.M.; Beló, A.; Rizzo, C.J.; Dean, R.A.; Donofrio, N.M. Transcriptome profiling of the rice blast
fungus during invasive plant infection and in vitro stress. BMC Genom. 2011, 12, 49.

22. Wang, Y.; Kwon, S.J.; Wu, J.; Choi, J.; Lee, Y.H.; Agrawal, G.K.; Tamogami, S.; Rakwal, R.; Park, S.R.;
Kim, B.G.; et al. Transcriptome analysis of early responsive genes in rice during Magnaporthe oryzae infection.
Plant Pathol. J. 2014, 30, 343–354. [CrossRef]

23. Gupta, S.K.; Rai, A.K.; Kanwar, S.S.; Chand, D.; Singh, N.K.; Sharma, T.R. The single functional blast
resistance gene Pi54 activate a complex defence mechanism in rice. J. Exp. Bot. 2011, 63, 757–772. [CrossRef]

24. Wolf, J.B.W. Principles of transcriptome analysis and gene expression quantification: An RNA-seq tutorial.
Mol. Ecol. Resour. 2013, 13, 559–572. [CrossRef]

25. Nagalakshmi, U.; Waern, K.; Snyder, M. RNA-Seq: A method for comprehensive transcriptome analysis.
Curr. Protoc. Mol. Biol. 2010, 89, 4–11.

26. Bagnaresi, P.; Biselli, C.; Orru, L.; Urso, S.; Crispino, L.; Abbruscato, P.; Piffanelli, P.; Lupotto, E.; Cattivelli, L.;
Vale, G. Comparative transcriptome profiling of the early response to Magnaporthe oryzae in durable resistant
vs susceptible rice (Oryza sativa L.) genotypes. PLoS ONE 2012, 7, e51609. [CrossRef]

27. Noenplab, A.; Vanavichit, A.; Toojinda, T.; Sirithunya, P.; Tragoonrung, S.; Sriprakkhon, S.; Vongsaprom, C.
QTL mapping for leaf and neck blast resistance in Khao Dawk Mali105 and Jao Hom Nin recombinant inbred
lines. Sci. Asia 2006, 32, 133–142. [CrossRef]

28. Sreewongchai, T.; Toojinda, T.; Thanintorn, N.; Kosawang, C.; Vanavichit, A.; Tharreau, D.; Sirithunya, P.
Development of elite indica rice lines with wide spectrum of resistance to Thai blast isolates by pyramiding
multiple resistance QTLs. Plant Breed. 2010, 129, 176–180. [CrossRef]

29. Wongsaprom, C.; Sirithunya, P.; Vanavichit, A.; Pantuwan, G.; Jongdee, B.; Sidhiwong, N.;
Lanceras-Siangliw, J.; Toojinda, T. Two introgressed quantitative trait loci confer a broad-spectrum resistance
to blast disease in the genetic background of the cultivar RD6 a Thai glutinous jasmine rice. Field Crops Res.
2010, 199, 245–251. [CrossRef]

30. Chaipanya, C.; Telebanco-Yanoria, M.J.; Quime, B.; Longya, A.; Korinsak, S.; Korinsak, S.; Toojinda, T.;
Vanavichit, A.; Jantasuriyarat, C.; Zhou, B. Dissection of broad-spectrum resistance of the Thai rice variety
Jao Hom Nin conferred by two resistance genes against rice blast. Rice 2017, 10, 18. [CrossRef]

31. Wu, D.H.; Wu, H.P.; Wang, C.S.; Tseng, H.Y.; Hwu, K.K. Genome-wide InDel marker system for application
in rice breeding and mapping studies. Euphytica 2013, 192, 131–143.

http://dx.doi.org/10.1016/j.crvi.2015.03.001
http://dx.doi.org/10.1016/j.pbi.2019.03.015
http://dx.doi.org/10.1186/1471-2229-10-175
http://dx.doi.org/10.1111/j.1365-313X.2012.05110.x
http://dx.doi.org/10.1105/tpc.16.00915
http://dx.doi.org/10.19080/ARTOAJ.2018.14.555914
http://dx.doi.org/10.1007/s00122-016-2831-y
http://dx.doi.org/10.1007/s11427-013-4557-2
http://dx.doi.org/10.5423/PPJ.OA.06.2014.0055
http://dx.doi.org/10.1093/jxb/err297
http://dx.doi.org/10.1111/1755-0998.12109
http://dx.doi.org/10.1371/journal.pone.0051609
http://dx.doi.org/10.2306/scienceasia1513-1874.2006.32.133
http://dx.doi.org/10.1111/j.1439-0523.2009.01669.x
http://dx.doi.org/10.1016/j.fcr.2010.07.013
http://dx.doi.org/10.1186/s12284-017-0159-0


Plants 2020, 9, 694 17 of 18

32. Tongnun, P.; Prasongmaneerut, T.; Sriwongchai, T.; Jantasuriyarat, C. Graphical genotype of KDML105xIR64
backcross lines exhibited rice blast resistance. Chiang Mai J. Sci. 2017, 44, 1322–1333.

33. Zhao, K.; Wright, M.; Kimball, J.; Eizenga, G.; McClung, A.; Kovach, M.; Tyagi, W.; Ali, M.L.; Tung, C.W.;
Reynolds, A.; et al. Genomic Diversity and Introgression in O. sativa Reveal the Impact of Domestication
and Breeding on the Rice Genome. PLoS ONE 2010, 5, e10780.

34. Kohorn, B.D.; Kohorn, S.L. The cell wall-associated kinases, WAKs, as pectin receptors. Front. Plant Sci. 2012,
3, 88.

35. Magwanga, R.O.; Lu, P.; Kirungu, J.N.; Lu, H.; Wang, X.; Cai, X.; Zhou, Z.; Zhang, Z.; Salih, H.; Wang, K.;
et al. Characterization of the late embryogenesis abundant (LEA) proteins family and their role in drought
stress tolerance in upland cotton. BMC Genet. 2018, 19, 6.

36. Vignesh, K.S.; Deepe, G.S., Jr. Metallothioneins: Emerging modulators in immunity and infection. Int. J.
Mol. Sci. 2017, 18, 2197.

37. Gupta, S.K.; Rai, A.K.; Kanwar, S.S.; Sharma, T.R. Comparative analysis of zinc finger proteins involved in
plant disease resistance. PLoS ONE 2012, 7, e42578. [CrossRef]

38. Ambawat, S.; Sharma, P.; Yadav, N.R.; Yadav, R.C. MYB transcription factor genes as regulators for plant
responses: An overview. Physiol. Mol. Biol. Plants 2013, 19, 307–321. [CrossRef] [PubMed]

39. Punja, Z.K.; Zhang, Y.Y. Plant chitinases and their roles in resistance to fungal disease. J. Nematol. 1993, 25,
526–540.

40. Figueiredo, J.; Silva, M.S.; Figueiredo, A. Substilisin-like proteases in plant defense: The past, the present
and beyond. Mol. Plant Pathol. 2018, 19, 1017–1028.

41. Jain, S.; Kumar, A. The pathogenesis related class 10 proteins in plant defense against biotic and abiotic
stresses. APAR 2015, 2, 1–11. [CrossRef]

42. Guevara-Morato, M.A.; de Lacoba, M.G.; Garcia-Luque, I.; Serra, M.T. Characterization of a
pathogenesis-related protein 4 (PR-4) induced in Capsicum chinense L3 plants with dual RNase and DNase
activities. J. Exp. Bot. 2010, 61, 3259–3271.

43. Kim, S.G.; Kim, S.T.; Wang, Y.; Yu, S.; Choi, I.S.; Kim, Y.C.; Kim, W.T.; Agrawal, G.K.; Rakwal, R.; Kang, K.Y.
The RNase activity of rice probenazole-induced protein1 (PBZ1) plays a key role in cell death in plants.
Mol. Cells 2011, 31, 25–31. [CrossRef]

44. Deng, X.G.; Zhu, T.; Peng, X.J.; Xi, D.H.; Guo, H.; Yin, Y.; Zhang, D.W.; Lin, H.H. Role of brassinosteroids
signaling in modulating Tobacco mosaic virus resistance in Nicotiana benthamiana. Sci. Rep. 2015, 6, 20579.

45. Wang, X.; Chory, J. Brassinosteroids regulate dissociation of BKI1, a negative regulator of BRI1 signaling,
from the plasma membrane. Science 2006, 313, 1118–1122. [CrossRef] [PubMed]

46. Vidhyasekaran, P. Brassinosteroids Signaling in Plant Immune System. In Plant Hormone Signaling Systems in
Plant Innate Immunity; Vidhyasekaran, P., Ed.; Springer: Dordrecht, The Netherlands, 2014; pp. 403–444.

47. Carvalhais, L.C.; Schenk, P.M.; Dennis, P.G. Jasmonic acid signaling and the plant halobiont.
Curr. Opin. Microbiol. 2013, 37, 42–47. [CrossRef] [PubMed]

48. Kolomiets, M.V.; Hannapel, D.J.; Chen, H.; Tymeson, M.; Gladon, R.J. Lipoxygenase is involved in the control
of potato tuber development. Plant Cell 2000, 13, 613–626. [CrossRef] [PubMed]

49. Saha, G.; Park, J.I.; Kayum, M.A.; Nou, I.S. A genome-wide analysis reveals stress and hormone responsive
patterns of TIFY family genes in Brassica rapa. Front. Plant Sci. 2016, 7, 936. [CrossRef]

50. Phukan, U.J.; Jeena, G.S.; Shukla, R.K. WRKY transcription factors: Molecular regulation and stress responses
in plants. Front. Plant Sci. 2016, 7, 760. [CrossRef]

51. War, A.R.; Paulraj, M.G.; War, M.Y.; Ignacimuthu, S. Role of salicylic acid in induction of plant defense system
in chickpea (Cicer arietinum L.). Plant Signal Behav. 2011, 6, 1787–1792. [CrossRef] [PubMed]

52. Mouradov, A.; Mouradova, E.; Scott, K.J. Gene family encoding basic pathogenesis-related 1 proteins in
barley. Plant Mol. Biol. 1994, 26, 503–507. [CrossRef] [PubMed]

53. Llorca, C.M.; Potschin, M.; Zentgraf, U. bZIPs and WRKYs: Two large transcription factor families executing
two different functional strategies. Front. Plant Sci. 2014, 5, 169. [CrossRef] [PubMed]

54. Gong, M.L.; Zhang, Y.H.; Meng, Q.L.; Shi, F.M.; Liu, J.; Li, Y.C.; Wang, Z.Y. Cloning and function analysis of
pathogenesis related protein gene HaPR1 from sunflower (Helianthus annuus). AAS 2015, 41, 1819–1827.

55. Miche, L.; Battistomni, F.; Gemmer, S.; Belghazi, M.; Hurek, B.R. Upregulation of jasmonate-inducible defense
proteins and differential colonization of roots of Oryza sativa cultivars with the endophyte Azoarcus sp.
Mol. Plant Microbe Interact. 2006, 19, 502–511. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0042578
http://dx.doi.org/10.1007/s12298-013-0179-1
http://www.ncbi.nlm.nih.gov/pubmed/24431500
http://dx.doi.org/10.15406/apar.2015.02.00077
http://dx.doi.org/10.1007/s10059-011-0004-z
http://dx.doi.org/10.1126/science.1127593
http://www.ncbi.nlm.nih.gov/pubmed/16857903
http://dx.doi.org/10.1016/j.mib.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28437665
http://dx.doi.org/10.1105/tpc.13.3.613
http://www.ncbi.nlm.nih.gov/pubmed/11251100
http://dx.doi.org/10.3389/fpls.2016.00936
http://dx.doi.org/10.3389/fpls.2016.00760
http://dx.doi.org/10.4161/psb.6.11.17685
http://www.ncbi.nlm.nih.gov/pubmed/22057329
http://dx.doi.org/10.1007/BF00039561
http://www.ncbi.nlm.nih.gov/pubmed/7524728
http://dx.doi.org/10.3389/fpls.2014.00169
http://www.ncbi.nlm.nih.gov/pubmed/24817872
http://dx.doi.org/10.1094/MPMI-19-0502


Plants 2020, 9, 694 18 of 18

56. Kawahara, Y.; Oono, Y.; Kanamori, H.; Matsumoto, T.; Itoh, T.; Minami, E. Simultaneous RNA-seq analysis of
a mixed transcriptome of rice and blast fungus interaction. PLoS ONE 2012, 7, e49423.

57. Zhang, Y.; Zhao, J.; Li, Y.; Yuan, Z.; He, H.; Yang, H.; Qu, H.; Ma, C.; Qu, S. Transcriptome analysis highlights
defense and signaling pathways mediated by rice pi21 gene with partial resistance to Magnaporthe oryzae.
Front. Plant Sci. 2016, 7, 1834. [CrossRef] [PubMed]

58. van Berloo, R. Computer note. GGT: Software for the display of graphical genotypes. J. Hered 1999, 90,
328–329. [CrossRef]

59. Roumen, E.; Levy, M.; Notteghem, J.L. Characterisation of the european pathogen population of Magnaporthe
grisea by DNA fingerprinting and pathotype analysis. Eur. J. Plant Pathol. 1997, 103, 363–371. [CrossRef]

60. Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.;
Pachter, L. Differential Gene and Transcript Expression Analysis of RNA-seq Experiments with TopHat and
Cufflinks. Nat. Protoc. 2012, 7, 562–578. [CrossRef] [PubMed]

61. Son, K.; Yu, S.; Shin, W.; Han, K.; Kang, K. A Simple Guideline to Assess the Characteristics of RNA-Seq
Data. Hindawi 2018, 2018, 2906292.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fpls.2016.01834
http://www.ncbi.nlm.nih.gov/pubmed/28008334
http://dx.doi.org/10.1093/jhered/90.2.328
http://dx.doi.org/10.1023/A:1008697728788
http://dx.doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Graphical Genotyping of RD6 Backcross Inbred Lines 
	Transcriptome Sequencing Data of Rice Containing Pish and Pik Genes upon Rice Blast Infection 
	Identification of Differently Expressed Genes (DEGs) between 0 and 24 H After Innoculation in the Pish-Containing Rice (Q1) and the Pik-Containing Rice (Q11) 
	Identification of Gene Ontology Using agriGO 
	Identification of Biological Pathway Using Plant Reactome 
	Validation of RNA-Seq Results by a Quantitative Real-Time PCR (qRT-PCR) 

	Discussion 
	Materials and Methods 
	Rice Materials 
	Screening of Polymorphic Markers in JHN and RD6 
	Graphical Genotyping 
	Rice Blast Fungus Inoculation 
	Transcriptome Experiment and Data Analysis and Validation of Gene Expression Profiling 

	Conclusions 
	References

