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Abstract

Bacterial blight (BB) disease caused by Xanthomonas oryzae pv. oryzae (Xoo) drives severe yield and quality
losses in rice (Oryza sativa Xal, Xa3/Xa26, xa5, xal3, Xa2l, and Xa27). Here we employ a transcriptomics
approach to elucidate the Xa21-, NH1- (NPR1 homolog 1) (NH1)-, and NRR- (negative regulator of disease
resistance) mediated defense response to Xoo. Among the candidate genes, we focused on 288 genes showing
significant change in at least two of the above comparisons to support the association with an enhanced defense
response. Gene Ontology enrichment analysis for this gene list revealed that response to biotic stimulus was
25.0-fold more enriched compared to the control, well qualifying the candidate genes for enhanced resistant
response. The biotic stress overview installed in the MapMan toolkit was used to identify diverse components
consisting of defense signaling pathways such as genes involved in disease resistance, redox, signaling,
regulation of transcription, pathogenesis-related functions, secondary metabolism, and protein degradation. Of
these, we validated the expression patterns of genes related to regulation of transcription and pathogenesis-related
functions and suggest a functional network model for WRKY transcription factors mediating defense signaling
pathways against Xoo. We expect that our analysis will contribute to increasing the depth of knowledge on the
molecular mechanism for enhanced disease resistance against bacterial blight disease in rice.
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1. Introduction

Rice (Oryza sativa L.) is an important staple food, feeding more than half of the global population, and is a
model for other monocotyledonous species, including most cereal crops. Rice production, however, is severely
restricted by biotic stresses, such as pathogenic bacteria, fungi, and viruses. Bacterial blight (BB), a disease
which often provokes severe losses of rice grain, is caused by Xanthomonas oryzae pv. oryzae (Xoo) (Nino-Liu,
Ronald, & Bogdanove, 2006). Six of the 34 major resistance genes for BB have been cloned and characterized at
the molecular level (Lee et al., 2011). Of these, Xa2! encodes a leucine-rich repeat (LRR) receptor kinase which
is positively involved in the defense response (Song et al., 1995). In addition, overexpression of non-expressor of
pathogenesis related gene 1 (NPRI) homolog 1 (NHI) in rice results in BB resistance and potentiates a
benzothiadiazole (BTH)-induced lesion mimic or cell death phenotype (Yuan et al., 2007). Overexpression of a
negative regulator of disease resistance (NRR) which interacts with NH1 in rice affects Xa21-mediated resistance
by enhancing susceptibility to BB (Yuan et al., 2007). Recently, we developed a stress interactome mediated by
Xa21, NH1, and NRR, as a hypothetical model to study the molecular mechanism of BB resistance (Seo et al.,
2011).

An integrated omics analysis is one of the most powerful methods to unveil a functional network of molecular
pathways strongly associated with the candidate genes. Network analysis is dependent on integrated omics
analysis. In rice, there are four web tools for this purpose: RiceNet (http://www.functionalnet.org/ricenet/), the
Rice Interaction Viewer (http://bar.utoronto.ca/interactions/cgi-bin/rice interactions viewer.cgi), the Predicted
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Rice Interactome Network (PRIN, http://bis.zju.edu.cn/prin/), and Planet
(http://aranet.mpimp-golm.mpg.de/ricenet) (Gu, Zhu, Jiao, Meng, & Chen, 2011; Lee et al., 2011; Mutwil et al.,
2011). Of these, RiceNet was successfully used to identify three novel regulators which control resistance
mediated by Xa2l: Regulator of X4A2/-Mediated Immunity 1 (ROX1), ROX2, and ROX3 (Lee et al., 2011).

Oligonucleotide microarray analysis provides a global view of transcriptional regulation mediated by a key gene
associated with a significant biological process. More than 4,000 rice oligonucleotide microarray datasets,
including gene expression profiles of rice responses to Xoo infection, are available in the NCBI gene expression
omnibus public microarray database (GEO, http://www.ncbi.nlm.nih.gov/geo/) (Barrett et al., 2011; Jung, Jeon,
& An, 2011). These data serve as a reference to study the rice defense response against a selected pathogen.
Recently, we also generated genome-wide microarray analyses of Xa2/-TP309 vs. TP309, NHlox vs. LiaoGeng
(LG), and NRRox vs. LG after Xoo inoculation. These data were used to evaluate the XA21 interactome.
However, we did not provide a detailed analysis of the transcriptome data.

Genome-wide transcriptome data yield a large amount of candidate genes, ranging from several hundreds to
thousands, which are differentially expressed under the treatment condition. This feature of the transcriptome
data limits further application. Gene ontology (GO) analysis is used to categorize biological meanings of
candidate genes from genome-wide transcriptome data using microarray or RNA-seq technology. GO data are
provided in three principle categories: biological process, cellular component and molecular function (Jung et al.
2008). MapMan is also useful as a user-driven categorization tool for displaying genomic data sets on diagrams
of metabolic pathways and other biological processes (Jung & An, 2012; Peltier, Ytterberg, Sun, & van Wijk,
2004).

Here we analyzed the rice transcriptome to identify genes associated with resistance to Xoo infection. Three rice
lines with different levels of BB resistance were compared to the susceptible controls through transcriptome
analysis: the Xa2l line carrying functional Xa2l from wild rice species in TP309 (Xa2l-TP309) and
NHloverexpressing line (NHlox) both had enhanced resistance phenotypes to BB, whereas the NRR
overexpressing line (NRRox) had enhanced susceptibility. We identified 338, and 610 genes which were
significantly upregulated in Xa21 and NH/ox, respectively, compared to the susceptible controls. In addition, we
identified 186 genes which were significantly downregulated in the NRRox line compared to the susceptible
control. Among them, we focused on 288 genes showing significant change in at least two of the above
comparisons for further scrutiny by GO enrichment analysis, MapMan analysis, and functional gene network.

2. Materials and Methods
2.1 Plant Growth

Seeds from NRRox, NHlox, LG, TP309, and Xa21-TP309 (1106) rice plants were germinated by placing them in
water for 2 days (d). Seeds were then planted in clay soil and maintained in a greenhouse. After 8 weeks, the
plants were moved to a growth chamber with controlled temperature and humidity. The plants were adapted for
2 d and then inoculated on the leaf with Xoo isolate PXO99 by the clipping method. LG has the same genetic
background as NRRox and NH]ox, and TP309 has the same background as Xa21. For the microarray experiment,
NRRox was compared to LG (WT), NHIox was compared to LG (WT), and Xa2! was compared to TP309 (WT).
Eight-week-old leaf tissues were collected 1 d after inoculation with Xoo for the NHIox and NRRox lines, and 2
d after inoculation with Xoo for the Xa2/ line. We prepared at least two replicates for each sample and each
replicate contained at least five pooled leaves.

2.2 RNA Extraction and Microarray Experiment

At least 500 ug total RNA was isolated using TRIZOL reagent (Invitrogen), followed by DNasel-treatment for
15 minutes, purification with an RNeasy Midi Kit (Qiagen), and enrichment for poly-A RNA using the Oligotex
mRNA Kit (Qiagen). All steps were performed according to the manufacturer's instructions. All hybridizations
were conducted at the ArrayCore Microarray Facility at the University of California, Davis
(http://array.ucdavis.edu/home/) as previously described (Jung et al., 2008).

2.3 Microarray Data Processing and Analysis

Spot intensities were quantified using Axon GenePix Pro 4.0 image analysis software. GenePix Pro 4.0 result
data files (.gpr files) were generated using high PMT and low PMT settings. For high PMT, the data were
normalized using the Lowess normalization method in the LMGene Package in R (Lu et al., 2008). The LMGene
method developed by Rocke (2004) was also used to identify differentially expressed genes. “S” was used to
indicate a susceptible response, “ES” an enhanced-susceptible response, and “R” a resistant response. False
discovery rates (FDRs) and fold changes of NRRox (ES) compared to LG (S), NHlox (R) compared to LG (S),
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and Xa2l (R) compared to 7P309 (S) were generated. Data with p-values <0.05 by a t-test and >1.5-fold change
(i.e. log, R/S=20.6 or log, SS/S<-0.6) in at least two comparisons are presented in Table S1. These microarray
data were deposited in the NCBI GEO with Accession No. GSE22112. Other data were collected from the NCBI
gene expression omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). The marray R package in Bioconductor was
used to normalize Agilent 22K array data (GSE5906 and GSE32635), followed by calculation of the average of the
log, fold changes for each comparison (Wang, Nygaard, Smith-Sorensen, Hovig, & Myklebost, 2002). To
process Agilent 44K array data (GSE7567), median signal intensities of Cy3 were converted to log, median
intensities, then normalized using the quantile normalization method (Bolstad et al., 2003).

2.4 Gene Ontology (GO) Enrichment Analysis

The GO terms and assignments for rice genes were downloaded from the Gramene database
(http://www.gramene.org/) (Youens-Clark et al., 2011). A hypergeometric distribution was then used to calculate
the p value for GO enrichment analysis installed in the Rice Oligonucleotide Array Database (ROAD,
http://www.ricearray.org/analysis/go_enrichment.shtml) (Cao, Jung, Choi, Hwang, & Ronald, 2012). We
uploaded locus IDs of 288 genes in a toolbox for the GO enrichment analysis in the biological process category
and identified 333 GO terms assigned to 160 genes. Significant GO terms in the biological process category
were identified based on a more than 2-fold enrichment value with less than 0.05 hypergeometric p-values.
Eleven GO terms in the biological process category were identified (Figure 1, Tables S2 and S3).

50 77

41

B Querid Number
B Expected Number

e 19
.6
12
2
I5.3

GO enrichment value

40 +

30 17

20 17

GO repeat number

10 1

e e R

3017 250

20 17
1

128 119
101" = &9 6.3 48
£ Cf" .

038
7
& 2 & & &‘;: \#’\;, & QQ(‘v &
. . & &F 4 3 & & §
9 & & 4 ¢ 8 N & &

GO enrichment value

Figure 1. Gene Ontology enrichment analysis of 288 genes associated with enhanced bacterial blight defense. The
Gene Ontology (GO) enrichment analysis tool installed in the rice oligonucleotide array database (ROAD,
http://www.ricearray.org/) was used to identify GO terms enriched in the selected 288 genes. The x-axis indicates
the name of the GO term, and the y-axis indicates the GO enrichment value in the lower panel or number of each
GO term in the upper panel. The GO enrichment value and number of each GO term are represented as numeric
values in this figure. Detailed gene information of enriched GO terms in this analysis is shown in Tables S2 and S3

2.5 MapMan Analysis

A total of 36 MapMan BINs were generated for the Rice MapMan classification; these were extended in a
hierarchical manner into subBINs (Urbanczyk-Wochniak et al., 2006; Usadel et al., 2005). We generated a
dataset using locus IDs in RGAP version 7 annotation, and a fixed numeric value, 1, indicating 288 genes
associated with multiple enhanced defense responses. The data were uploaded to the biotic stress overview
which we had recently introduced and installed in the MapMan toolkit (Jung & An, 2012). The image data of the
biotic stress overview was used for Figure 2. Detailed information is shown in Table S4.
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Figure 2. MapMan analysis in biotic stress overview of genes associated with enhanced bacterial blight defense.
The biotic stress overview installed in the MapMan toolkit was integrated with 288 genes associated with
enhanced bacterial blight defense. In the overview, 95 elements were identified. Red squares indicate genes
associated with enhanced bacterial blight defense in this overview. Detailed information on the MapMan
overviews is provided in Table S4

2.6 Generation of Heatmap Using Microarray Data

We used MeV software to generate heatmap expression patterns using the fold data in Table S4 as an input
(tap-delimited txt format) (Figure 3).

2.7 RT-PCR Analysis

We isolated 20-50 ug of total RNAs extracted from 8-week-old leaf before inoculation, after 1 d and 2 d Xoo
(PX099) inoculation using Trizol reagent, and then treated it with DNasel for 15 min before purifying it with an
RNeasy Midi Kit (Qiagen, USA). Quantities of total RNA and mRNA were determined by measuring 4,4, and
Ango with a Nanodrop ND-1000. The level of protein contamination in the RNA was estimated based on the A4
to Ajgo ratio. Only RNA samples with ratios of 2.0 to 2.2 were used for these experiments. cDNA was
synthesized from 2 pg of total RNA using Moloney murine leukemia virus reverse transcriptase (Promega, USA)
in a reaction buffer. PCR was performed in a 30 pL solution containing a 1-pL aliquot of the cDNA reaction, 0.2
uM gene-specific primers, 10 mM dNTPs, 1 unit of ExTaq DNA polymerase (Takara, Japan), and reaction
buffer. The reaction included an initial 5-minute denaturation at 94 °C, followed by 21 to 40 cycles of PCR
(94 °C for 45 sec, 60 °C for 45 sec, and 72 °C for 1 minute), and a final 10 minutes at 72 °C. The balance of
cDNA synthesis was estimated by RT-PCR using rice Ubiquitin 5 (OsUbi5/0s01g22490 with forward primer
5'-GCACAAGCACAAGAAGGTGA-3" and reverse primer 5'-GCCTGCTGGTTGTAGACGTA-3"), and rice
Ubiquitin 1 (OsUbil/Os03g13170; forward primer 5’-TGAAGACCCTGACTGGGAAG-3’ and reverse primer
5’-CACGGTTCAACAACATCCAG-3’). We then analyzed expression patterns for 18 genes belonging to RNA
category and pathogen-related protein group in Figure 3. RT-PCR was conducted as described previously (Jung
et al., 2006). Primer sequences are listed in Table S5.
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Figure 3. Expression patterns of 95 genes associated with enhanced bacterial blight defense. Two comparisons of
enhanced resistance and susceptibility strains and one comparison of enhanced-susceptibility and susceptible
strains identified 95 genes in the MapMan biotic stress overview associated with defense response, oxidative

burst, protein phosphorylation, transcriptional regulation, hormone signaling, and pathogenesis. In addition, the
expression patterns of these genes in response to hormones such as SA/BTH and JA were used to generate a
heatmap. Functional groups are assigned according to the order of each defense process after pathogen
recognition. Green color indicates downregulation in enhanced resistance or enhanced-susceptible lines after Xoo
inoculation or treatment with phytohormones, and red indicates upregulation. The detailed experimental
conditions are provided in Table 1 and microarray data are provided in Table S4
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3. Results and Discussion
3.1 Identification of Rice Genes Differentially Expressed in Response to Xoo Infection

To identify rice genes associated with response to Xoo infection, we used genome-wide microarray analyses of
Xa21-TP309 vs. TP309 after 2 d of Xoo inoculation, NHlox vs. LG after 1 day of Xoo inoculation, and NRRox vs.
LG after 1 day of Xoo inoculation. In these transcriptome analyses (GSE22112), the TP309 line (susceptible to
Xoo) was used as a control for the TP309 line that carried a functional Xa2/ gene. LG was susceptible to Xoo,
and served as a control for both the NH/ox line, which had enhanced resistance, and the NRRox line, which had
enhanced susceptibility in the LG background. Four biological replicates were used to compare NHIox and
NRRox to LG, and two replicates were used to compare Xa2/ to TP309. Compared to the controls, upregulated
genes in the resistant lines (Xa2/ and NHlox) or downregulated genes in the enhanced susceptibility line
(NRRox) were candidates for enhanced defense response genes against Xoo challenge in rice. A total of 610
genes in Xa21 and 338 genes in NHIox were upregulated by more than 1.7-fold (log, 0.8), based on a p-value of
<0.05 using a t-test, compared to the susceptible controls (Table S1). In NRRox, 186 genes were significantly
downregulated compared to the susceptible control (Table S1).

Hormones such as salicylic acid (SA, GSE7567) and jasmonic acid (JA, GSE32635) are also involved in the
plant disease response (Table 1) (Desaki et al., 2006). BTH is a functional analog of SA and protects plants from
diseases by activating the SA signaling pathway (Shimono et al., 2007). The molecular mechanisms underlying
BTH-induced disease resistance, which were elucidated by transcriptome analysis (GSE7567), were used to
demonstrate that OsWRKY45 plays a crucial role in the BTH-inducible defense program in rice (Shimono et al.,
2007). To investigate the induction of rice defense responses by JA, transcriptome analyses (GSE32635) were
performed. The gene expression patterns in response to hormones were used as reference data to evaluate the
gene expression patterns associated with enhanced Xoo defense identified in our transcriptome analysis. The
overall scheme of our analysis is presented in Figure 4.

As we were more interested in the enhanced defense responses against a broad range of Xoo isolates, we
identified 288 genes showing significant differential expression patterns in at least two of the following
comparisons: upregulation in log, NHlox/LG 1 d after Xoo inoculation, upregulation in log, Xa21/TO309 2 d
after Xoo inoculation, and downregulation in log, NRRox/LG 1 d after Xoo inoculation (Figure 4, Table S1).
These genes were used for further analyses.
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Genome-wide transcriptome analyses for enhanced defense responses against Xoo
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Figure 4. Overall scheme to develop a functional gene network for enhanced bacterial blight defense response in rice

3.2 Identification of Biological Processes Associated With Broad Spectrum Resistance

Recently, we developed a GO enrichment tool to identify the biological meaning of a selected gene list from
high-throughput data analysis (Cao et al., 2012). In this tool, p-values are used to support enriched GO terms.
The fold enrichment value is the ratio of the queried number of selected GO terms over the expected number
(Jung et al., 2008). By applying GO enrichment analysis of the 288 genes found to be involved in the response to
a broad range of pathogens, we identified eleven GO terms which were highly overrepresented in the gene list
with a smaller than 0.01 p-value and a greater than 2-fold increased enrichment value. Specifically, response to
biotic stimulus was 25.0-fold more enriched than the standard; chitin catabolic process, 12.8; regulation of
nitrogen utilization, 11.9; tricarboxylic acid cycle, 10.8; lipid biosynthetic process, 7.1; steroid biosynthetic
process, 6.9; cellular metabolic process, 6.3; glycolysis, 4.8; metabolic process, 2.5; transport, 2.3; and defense
response, 2.3 (Figure 1, Table S2). The gene list belonging to these GO terms is shown in Table S3.

Of these GO terms, response to biotic stimulus showed the highest GO fold enrichment, and the features of
genes selected in our analysis were well described by the enrichment of defense response and chitin catabolic
process together with response to biotic stimulus GO terms. Close interplay between the plant immune system
and plant steroids supported the roles of steroid biosynthetic processes in pathogen responses of rice (Belkhadir
et al., 2012). Metabolic process is the most abundant GO term associated with response to a broad range of
pathogens. The functions of four of these genes belonging to metabolic process have been identified:
LOC _0s02g08100 encoding 4-Coumarate:coenzyme A ligase regulates of a broad range of biological events
over the course of rice growth and development (Goodstein et al., 2012); LOC 0Os03g09250 encoding
myo-inositol 3-phosphate synthase 1, seed phytic acid content (Long et al., 2008); LOC 0Os05g31140 encoding
B-glucanase, blast resistance (Shimono et al, 2012); and LOC Os08g03290 encoding cytosolic
glyceraldehyde-3-phosphate dehydrogenase GAPDH protein 3, salinity tolerance (Shimono et al., 2007). Of
these, B-glucanase was the only gene known so far to be related to pathogen responses. The contribution of
glucosinolate transport to Arabidopsis defense responses, and depression of auxin transport capacity of infected
Arabidopsis plants by A. brassicicola supported the significance of the transport GO term in the pathogen
response of rice (Ellerbrock, Kim, & Jander, 2007; Qi et al., 2012). Among rice genes belonging to the transport
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GO term, rice phosphate (Pi) transporter, OsPhtl; 1, is known to function in Pi uptake and translocation in rice
under Pi-replete conditions (Sun et al., 2012), but its role in pathogen responses has not yet been analyzed. In
summary, GO enrichment analysis effectively suggested the primary candidate genes for an enhanced defense
response against Xoo.

3.3 Identification of MapMan Terms in Biotic Stress Overview With Response to Xoo Infection

The biotic stress overview installed in the MapMan tool is useful to identify major elements in signaling
pathways for defense response. We uploaded 288 genes to the MapMan tool and identified 95 genes in the biotic
stress overview (Figure 2). The primary step is recognition of pathogen attack by R genes related to the defense
response, such as pattern recognition receptors (PRRs) located at the plasma membrane (Boller & Felix, 2009;
Dardick & Ronald, 2006; Desclos-Theveniau et al., 2012; Lee et al., 2009; Tena, Boudsocq, & Sheen, 2011).
Next is an oxidative burst including redox reactions and miscellancous functions for an early hypersensitive
response, hormone metabolism to modulate the defense response, signal transduction by phosphorylation,
transcriptional regulation by transcription factors, and defense response by pathogenesis-related (PR) protein
genes, genes relating to secondary metabolism and protein degradation (Delteil, Zhang, Lessard, & Morel, 2010).
Figure 3 shows the differential expression patterns of these genes in two enhanced resistance lines and an
enhanced susceptibility line after Xoo inoculation, and after treatment with BTH and JA, compared to controls.
Four genes were related to the defense response, 7 to the oxidative burst, 12 to hormone metabolism, 18 to
phosphorylation cascades, 8 to transcriptional regulation, 10 to PR genes, 12 to secondary metabolism, 21 to
protein degradation, and 3 to other functions (Figure 3; Table S4).

3.4 Defense Response

Among the defense response genes, we identified four genes belonging to the nucleotide-binding site
(NBS)-LRR family. Two of these genes (Osl1gl1960 and Osl1g12340) encode resistance to Pseudomonas
syringae pv. maculicola 1 (RPM1) homologous proteins, one (Os/2g25170) encodes an NBS-LRR protein, and
one (Os08g07330) encodes resistance gene homolog la. Defense response is the most obvious functional group
related to enhance BB resistance.

The NBS-LRR genes are particularly important for enhanced defense responses to BB (Bryan et al., 2000; Jeung
et al., 2007; Lin et al., 2008; Okuyama et al., 2011; Yoshimura et al., 1998). Os/2g25170 was upregulated in the
NHlox and Xa21 lines and downregulated in the NRRox line. Osl1g11960 and Os11g12340 encoding the RPM1
homolog were upregulated in the NH/ox line and downregulated in the NRRox line (Figure 3). Arabidopsis
RPM1 (At3g07040) is a disease resistance protein that specifically recognizes the AvrRpm1 type III effector, a
virulence protein from Pseudomonas syringae, and protects the plant from the pathogen (Grant et al., 2000). This
gene interacts with RPMl-interacting protein 4 (RIN4) and triggers plant resistance when RIN4 is
phosphorylated by AvrRpm1 (Mackey, Holt, Wiig, & Dangl, 2002). We expect that rice RPM1 homologs have
similar roles to Arabidopsis RPMI in the disease resistance response. Four genes described in this section
belonged to different classes of the NBS-LRR protein family, suggesting that there might be diverse routes
mediated by NBS-LRR for enhanced defense against BB.

3.5 Respiratory Burst

Among the respiratory burst genes, we identified seven genes associated with redox response and miscellaneous
functions. Among them, Os02g43360 encoding cytochrome b5-like heme protein, Os/0g28200 encoding NAD
dependent epimerase, and Os/2g08810 encoding vacuolar transporter chaperone 2 (VTC2) were relating to
redox reactions. Os07g37730 and Os09g29200 encoding glutathione S-transferase (GST), and Os07g48020 and
Os0748050 encoding peroxidase were related to genes with miscellancous functions. All these genes showed
upregulation in the Xa2!/ lines. In addition, Os07g48020, Os0748050, Os09¢29200, and Os12g08810 were
upregulated in the NHlox line, and by SA treatment, except for Os/2g08810; in contrast, Os07g37730,
0509229200, and Osl10g28200 were downregulated in the NRRox line (Figure 3). Respiratory burst is an
immediate response to a pathogen attack leading to the production of diverse reactive oxygen species (ROS)
(Peltier et al., 2004). ROS generation mainly depends on NADPH oxidase and peroxidase activities. GSTs are a
major group of enzymes that detoxify ROS produced after an infection (Hayes & Pulford, 1995). A series of
redox reactions are required to develop a cooperative network for antioxidant activity (Blokhina, Virolainen, &
Fagerstedt, 2003). In plants, hydrogen peroxide (H,0,) is generated during the exposure to pathogen attack, and
due to its relative stability the level of H,0, is regulated by an array of catalases and peroxidases localized in
almost all compartments of the plant cell (Blokhina et al., 2003). Therefore, the seven genes associated with
respiratory burst might be components of a cooperative network for antioxidant activity mediated by Xa2l or
NHI.
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3.6 Signaling

We identified 18 genes involved in signaling (Figure 3). Of them, eight encoded receptor-like protein kinases
with an extracellular region and a transmembrane domain, and the others were kinases lacking these structures, a
WD40-like protein, and a Tre-2/Bub2/Cdcl6 (TBC)-domain-containing protein. The former group included
three LRR-receptor-like protein kinases (Os05g40270, Os05g40270, and Os12g10740), one lectin-like receptor
kinase (Os07g03900), one brassinosteroid insensitive 1 (BRI1)-associated receptor kinase (BAK, Os11g39370),
one wall-associated receptor kinase (OsWAKI11, Os02g02120), and two less well defined receptor-like protein
kinases (Os09239650 and Os11g46810). A functional association between lectin-like receptor kinases and the
pathogen defense response was uncovered by identifying Arabidopsis LecRK-1.9. The knockout mutant had a
gain-of-susceptibility phenotype and the activation mutant had enhanced resistance to Phytophthora brassicae
(Bouwmeester et al., 2011), suggesting possible involvement of rice lectin-like receptor kinase in the defense
response against bacterial pathogen challenge. BAK gene, Osl1g39370, was upregulated in the NHIox and Xa21
lines and by BTH (SA) treatment, and was downregulated in the NRRox line. These results indicated that BAK
was involved in SA-dependent signaling. Recent studies revealed that Arabidopsis BAK1 is an important
regulator of pathogen-associated molecular pattern (PAMP) signaling (Bari & Jones, 2009; Boller & Felix, 2009;
Schulze et al., 2010; Schwessinger et al., 2011). In addition, Arabidopsis receptor kinase flagellin sensitive 2
(FLS2)/BAKI1 receptor complex triggers the accumulation of SA (Mersmann, Bourdais, Rietz, & Robatzek,
2010; Mishina & Zeier, 2007). This finding supported the significance of finding the above BAK gene in Xa21-
and NH1-mediated defense responses via SA signaling. Expression of the wall-associated receptor kinase gene
(OsWAKI11, Os02g02120) depended on NH1, XA21 and NRR. In summary, we expect that the BB defense
mechanism may be modulated by diverse types of LRR-receptor-like kinases, including Xa2/ (Song et al.,
1995).

Among the non-receptor kinases, there were one mitogen-activated protein kinase kinase kinase (MAP3K)
(Osl11gl0100) and two calcium/calmodulin-dependent protein kinases (CAMKSs) (Os01gl0890 and
Os01g18800). MAP3Ks are components of the MAPK signaling cascade. Xa2l stimulated expression of
Os11gl10100 (encoding a MAP3K) and NRR repressed its expression, suggesting that Os//gl0100 may be
involved in Xa2l-mediated defense responses. Calcium/calmodulin-dependent signaling was also implicated in
the BB defense response by transcriptome analysis (Figure 3). Os01g18800 was upregulated in the NH/ox line
and Os01g10890 was upregulated in the Xa2/ line, while JA treatment repressed the expression of both genes.
Regarding calcium signaling, four genes encoding calmodulin binding protein or calreticulin precursor protein
might function upstream of these CAMKSs. In addition, we identified two genes relating to G-proteins: one
(Os12g31440) encoded a WD40-like protein and the other (Os02g48000) a TBC-domain-containing protein.

3.7 Hormone Metabolism

Based on our transcriptome analysis, there were 12 genes associated with hormone metabolism (Figure 3). Of
these, two were related to ABA, five to ethylene signaling, three to JA signaling, and two to SA signaling. Plants
infected with diverse pathogens change their levels of disease-responsive phytohormones such as JA and SA
(Bari & Jones, 2009). This report supported the significance of JA and SA signaling in disease resistance.
Among the genes related to JA signaling, Os03g32314 encoding allene oxide cyclase 4 was upregulated in the
Xa21 line and by JA treatment, and was downregulated in the NRRox line. Osi2g37260 encoding lipoxygenase
and Os12g37350 encoding lipozygenase also showed upregulation in response to JA treatment in NH/ox and
Xa2l lines. JA stimulated the expression of these genes, suggesting that they might be involved in a
JA-dependent BB defense response. Allene oxide cyclase, along with allene oxide synthase, is a key enzyme in
JA synthesis. Transgenic rice overexpressing a pathogen-inducible Os4OS2 gene encoding allene oxide synthase
showed JA-dependent induction of PR genes and enhanced Magnaporthe grisea (M. grisea) resistance (Mei, Qi,
Sheng, & Yang, 2006), supporting the possible involvement of allene oxide cyclase 4 in the BB defense response.
Regarding ethylene signaling, we identified two genes (Os04g49194 and Os04g49210) encoding
naringenin,2-oxoglutarate  3-dioxygenase, one (Os/0g39140) encoding flavonol synthase/flavanone
3-hydroxylase, and two genes of unknown function (Os08226820 and Os08g26840). All these genes were
commonly upregulated in the NH/ox line and by BTH treatment. In addition, Os04g49194, Os04g49210, and
Os10g39140 were upregulated by JA treatment. Naringenin,2-oxoglutarate 3-dioxygenase with
1-aminocyclopropane-1-carboxylate (ACC) oxidase and flavanone 3-hydroxylase generates products such as
ethylene and flavanone, a precursor of JA and SA. This result explains why Os04g49194, Os04g49210, and
Os10g39140 might be involved in multiple hormone signaling pathways. Regarding SA signaling, we identified
two genes (0s02g48770 and Os05g01140) encoding S-adenosyl-L-methionin (SAM)/salicylic acid
(SA)-dependent carboxyl methyltransferase which catalyzes the formation of methyl SA from SA. Both showed
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upregulation in NH/ox and Xa21 lines. This result suggested that SA signaling regulates a broad range of BB
resistance response via these genes. In addition, Os02g48770 was upregulated by BTH and JA treatments.
Crosstalk among different hormones for BB defense response could be enabled by Os02g48770. We found two
genes related to ABA metabolism. The involvement of ABA signaling in the regulation of Arabidopsis
resistance to R. solanacearum was demonstrated by the enhanced susceptibility of abil-1 and abi2-1, two
ABA-insensitive mutants (Hernandez-Blanco et al. 2007). This finding supports the role of ABA signaling in BB
disease resistance of rice. Direct evidence will require functional analysis using genetic approaches.

3.8 Transcriptional Regulation

Eight genes related to transcriptional regulation were identified (Figure 3). These included seven WRKY
transcription factors (TFs) (Os05g46020, Os09g25060, Os09225070, Osl11g02530, Os11g02540, Os12g02450,
and Osl2g02470), and an apetalata2 and ethylene responsive transcription factor (AP2/ERF, Os09g20350)
(Figure 3). Among the TFs, the WRKY gene family is typically responsible for enhanced pathogen defense
(Pandey & Somssich, 2009a) and is the most abundant TF related to enhanced BB resistance (Figure 3).
0s09g25060 (OsWRKY76), Os09¢25070 (OsWRKY62), Os11g02530 (OsWRKY40), Os11g02540 (OsWRKY50),
Os12g02450 (OsWRKY64) and Os12g02470 (OsWRKY65) were upregulated in the NHIox and Xa21 lines. Of
these, OsWRKY50, OsWRKY62, and OsWRKY76 were also downregulated in the NRRox line, and OsWRKY40
and OsWRKY64 were upregulated by SA and JA treatments. Os05g46020 (OsWRKY7) was upregulated in the
Xa?2l line and by SA and JA treatments, and was downregulated in the NRRox line. Therefore, most WRKY's
identified in this study were differentially expressed by multiple factors, suggesting they might be involved in a
broad range of BB defense responses. Identification of multiple WRKY genes suggested diversity in the detailed
mechanism triggering BB defense responses.

In the AP2/ERF family, one gene (Os09220350) was related to a broad range of BB resistance. This gene was
upregulated in the Xa2/ line and downregulated in the NRRox line. Tobacco (Nicotiana tabacum) osmotin
promoter binding protein 1 (OPBP1) which belongs to the AP2/ERF family is involved in enhanced resistance to
Pseudomonas syringae pv tabaci and Phytophthora parasitica var nicotianae (Guo, Chen, Wu, Ling, & Xu,
2004). Overexpressing Arabidopsis cytokinin response factor 5 (CRF5) which belongs to the AP2/ERF family
increases pathogen resistance and concomitantly activates the expression of a large number of GCC-box
pathogenesis-related genes (Liang et al., 2010). These studies suggested that the function of a rice AP2/ERF gene
might be associated with multiple BB defense responses as demonstrated by transcriptome analysis.

3.9 Pathogenesis Related Protein, Secondary Metabolism and Protein Degradation

To date, 17 groups of pathogenesis-related (PR) genes have been identified (Sels, Mathys, De Coninck, Cammue,
& De Bolle, 2008). Two hundred fifty-six putative PR genes were identified from Greenphyl
(http://greenphyl.cirad.fr/v2/cgi-bin/index.cgi), a phylogenomic database for plant comparative genomics
(Rouard et al., 2011). Of these PR protein genes, 10 were related to multiple BB resistance responses in our
analysis. Four genes encoding pathogenesis-related Bet v I family protein (PR10) (Os03g18850, Os12g36830,
Os12g36860, and Os12g36880) were found to be significantly upregulated in Xa2/ and NHIox lines. In addition,
Os12g36830, Os12g36860, and Os12g36880 were also upregulated by SA and JA treatments. In the PR2 family,
we identified three genes: two (Os01g71350 and Os05g31140) encoding glycosyl hydrolase family 17 proteins
and one (Os07g35560) encoding a glucan endo-1,3-beta-glucosidase. All of these genes were upregulated in the
Xa2l line and by JA treatment (Figure 3). In addition, Os01g71350 was upregulated in the NHlox line, and
Os05¢31140 and Os07g35560 were downregulated in the NRRox line (Figure 3). Two PR3 family genes were
identified. Os11g37950 and Os11g37960 encoded wound-induced proteins (WIP). Expression of Os/1g37950
and Osl1g37960 was upregulated in Xa2/ and NHlox lines (Figure 3). In addition, Os/1g37950 was
upregulated by JA treatment (Figure 3). Os/2g43380 encodes thaumatin belonging to the PR-5 family and was
upregulated in Xa2/ and NH1ox lines, as well as by SA and JA treatments (Figure 3). PR proteins are a group of
heterogeneous proteins encoded by genes that are rapidly induced in response to a pathogen. Elevated expression
of PR genes is associated with systemic acquired resistance (SAR), emphasizing the requirement of PR gene
expression for enhanced defense response to BB attack (Seo, Lee, Xiang, & Park, 2008).

We identified 13 and 21 genes involved in secondary metabolism and protein degradation, respectively. These
functional groups are also known to contain active molecules for defense response against pathogen attack
because higher concentrations of secondary metabolites might result in a more resistant plant (Bednarek, 2012).
Exact roles of genes in these functional groups remain to be characterized.

Validation of expression patterns for candidate genes in the mainstream signaling pathway associated with
multiple defense responses against bacterial blight disease.

57



www.ccsenet.org/jas Journal of Agricultural Science Vol. 6, No. 7; 2014

To validate expression patterns of candidate genes in the mainstream signaling pathway associated with multiple
defense responses against bacterial blight disease from our study, we carried out real-time PCR analysis for 8
genes belonging to RNA category and 10 to pathogenesis (PR) related protein group in Figure 3. As a result, we
confirmed that 7 WRKY genes except AP2/ERF gene in RNA category were upregulated in NH/ox and Xa2l
lines compared to their background varieties, LG and TP309, in response to Xoo (Figure 5, Figure S1). In case of
PR genes, all genes except glycosyl hydrolase (GHI7, Os05g31140) were upregulated in Xa2/ line compared
with TP309, and expression patterns of PRs (Os03g18850, Os12g36830 Os12g36860, and Os12g36880), WIP3
(Os11g37950) and glucanase (Os07g35560) genes were upregulated in NHIox line compared with LG. Based on
this data, 4 PR, WIP3 and glucanase genes are expected to function downstream of multiple defense signaling
pathways mediated by Xa2!/ or NHI, while WIP4 (Oslig37960), Thaumatin (Osi12g43380), and GHI17
(Os01g71350) genes show Xa2l dependent response (Figure 5, Figure S1). This result indicates that candidate
genes from our transcriptome data are mostly relevant for further functional analysis to elucidate defense
singling pathways associated with Xa2/ or NH]I.
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Figure 5. Model of WRKY transcription factors mediating bacterial blight defense responses in rice. Differential
expression patterns in Figure 3 were used to develop a model of bacterial blight defense responses. SA and JA in
yellow circles are phyotohormones; Xa21, Xa3/Xa26, and NHI in weak purple circles are defense genes with
known function; genes in weak gray boxes are downstream transcriptional regulators of Xa2l, Xa3/Xa26, and
NH1 genes; and PR genes are indicated as dark gray box

4. Conclusion

Transcriptome analyses using multiple resistance lines or an enhanced-susceptible line against BB revealed
diverse views of enhanced BB resistance response. Genes associated with disease resistance, and hormones such
as SA and JA, are good candidates to study the molecular mechanism of an enhanced BB defense response
(Table S1). Out of our candidate genes in Table S1, functions of 43 genes were identified and 8 of them are
related to defense responses (Table S6), suggesting that our transcriptome analysis retains useful information to
elucidate molecular mechanism underlining enhanced defense responses against pathogen attack or pathogen
responses. Especially, NH1 is functionally related to multiple WRKY's including three WRKY genes previously
characterized: two (OsWRKY62 and OsWRKY76) belonging to the WRKY II-a subfamily, one (OsWRKY7) to
WRKY II-c, and two (OsWRKY64 and OsWRKY65) to WRKY III. These data suggested that NH1 mediated
diverse defense mechanisms in rice through different types of WRKY subfamilies. Thus, NH1 may be a hub
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modulator of broad-spectrum BB resistance, like Arabidopsis NPR1 (Wang, Amornsiripanitch, & Dong, 2006).
The functional association with WRKY and NH1 is supported by the recent study that Arabidopsis NPR1 was
functionally associated with six WRKYs (WRKY18, WRKY38, WRKY53, WRKY54, WRKY58, and WRKY70) (ref
plos genetics). In addition, Arabidopsis WRKY6, an OsWRKYI ortholog, was found to be active during
NPRI-dependent defense priming by B-amino-butyric acid (Van der Ent et al., 2009). This finding further
enhances the functional association between WRKY TFs and NH1. Functions of uncharacterized WRKY genes
for enhanced BB defense response remain to be determined. In addition to the above-mentioned WRKYs,
OsWRKY13 mediates the defense response downstream of Xa/ and Xa3/Xa26 (Kou & Wang, 2011) and
OsWRKY45-1 negatively regulates rice resistance to Xoo in an SA-induced and NH1-independent manner (Tao
et al., 2009), indicating that transcriptional regulation, mainly modulated by the WRKY family, plays a central
role in BB defense signaling (Liu, Bai, Wang, & Chu, 2007; Pandey & Somssich, 2009b; Peng, Bartley, Canlas,
& Ronald, 2010; Peng et al., 2008; Qiu et al., 2007; Ryu et al., 2006; Tao et al., 2009). Since OsWRKY13 binds
to OsWRKY45-1 promoters and negatively regulates its expression (Tao et al., 2009), we expect that an
understanding of the mutual regulation among WRKY genes would provide important clues to explain enhanced
defense responses mediated by these TFs.

Mainstream processes for disease resistance signaling pathways were well represented. Assignment of
candidates from our transcriptome analyses into each step of the pathway could provide a useful molecular
framework to study the defense mechanism through signaling pathways. Ninety-four genes were mapped to nine
processes in the mainstream pathway for enhanced BB resistance response. Further functional elucidation of
these candidate genes will clarify the detailed molecular mechanism. The integration and refinement of multiple
omics data related to BB resistance provides useful information to design or develop crops with enhanced BB
defense capabilities. To expand the Xa21- and NHI-mediated defense signaling pathway based on the stress
interactome that was recently established, we might need to apply a functional gene networking tool for rice
genes with 94 mainstream candidates for enhanced BB resistance response. The information of differentially
expressed new linkages associated with Xa21 and NHI provided the clues for key players associated with
enhanced defense response against bacterial blight disease. Systematic functional analysis of the main candidate
genes identified in this study might accelerate the discovery of the molecular mechanism for enhanced Xoo
resistance response.
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