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� Abstract: Background: Histone acetylations acting as active hallmarks for gene transcription is in-
volved in regulating numerous developmental and stress-responsive gene expression.  
Methods: The data from chromatin immunoprecipitation sequencing (ChIP-seq) was performed by us-
ing histone H3 lysine 9 acetylation (H3K9ac) antibody, and RNA sequencing (RNA-seq) utilizing rice 
seedlings inoculated by Magnaporthe oryzae (M. oryzae) were integrated.  
Results: RNA-seq data revealed that 422, 460 and 466 genes were up-regulated at 12h, 24h and 48h 
after inoculation. ChIP-seq data showed that 60%-80% of blast up-regulated genes at different time 
points were marked with H3K9ac, which was prone to be enriched in both TSS and gene body region. 
However, the H3K9ac level at a rather small proportion of the up-regulated genes was elevated after 
M. oryzae inoculation. We found that seven WRKY genes induced by rice blast fungus harbor 
H3K9ac. For different WRKY genes, blast fungus induction led to the increase of H3K9ac in distinct 
regions, including promoter, TSS or gene body, indicating that histone acetylation may play diverse 
roles in the activation of defense-related genes. By searching DNA-binding motifs of transcription fac-
tors in the promoter of genes with increased H3K9ac after M. oryzae infection, we found that ERF 
family protein-binding motifs were enriched with high -log P-value (>20), including ERF1, DEAR3, 
DREB2C, RAP2.6, RRTF1_3ARY, all of which contain GCC-box (GCCGCC).  
Conclusion: In this study, we revealed that the vast majority of genes induced by fungus M. oryzae 
were marked with H3K9ac preferring both TSS and gene body regions. However, H3K9ac enrichment 
was increased, responding to M. oryzae inoculation only at a low proportion of these genes, including 
several WRKY genes. Besides, for different genes, the increment of H3K9ac occurred in different re-
gions. Finally, ERF proteins that have been proved to bind GCC-box might be one of the potential 
transcription factors for recruiting histone acetyltransferases to deposit histone acetylation at defense-
related genes in rice. 
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1. INTRODUCTION 

 Both animals and plants evolve immune systems to cope 
with microbial infection. Animal immune systems are more 
advanced and could be enhanced specifically by multiple 
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strategies [1-4]. Plants are immobile organisms that evolve a 
flexible system to adapt to environmental changes. Plant-
endophytic fungi interactions also contribute to abiotic and 
biotic stress tolerance [5]. Rice (Oryza sativa) is one of the 
most important food crops. Rice blast, caused by the fungus 
M. oryzae, is known as the cancer of rice, and can lead to 
reduced rice yields, or even no grains in severe cases. Dur-
ing the long-term co-evolution with M. oryzae, rice has 
formed a precise signal sensing and defense mechanism [6-
8]. After recognizing pathogen attacks by cell surface recep-
tors, the defense response is triggered immediately to acti-
vate plant immunity. Pathogen-associated molecular pattern 
(PAMP)-triggered immunity (PTI) and effector-triggered 
immunity (ETI) are the most acceptable models used to de-
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scribe the mechanism of plant-microbe interaction. Alt-
hough PTI and ETI employ distinct receptors, they seem to 
share the signaling network, which is constituted by mito-
gen-activated protein kinase (MAPK) cascades, calcium 
flux, reactive oxygen species (ROS) burst, transcriptional 
reprograming and phytohormone signalling [9]. At the ter-
minal of defense signaling, six major transcription factor 
(TF) families (AP2/ERF (APETALA2/ethylene responsive 
factor), bHLH (basic helix-loop-helix), MYB (myeloblasto-
sis related), NAC (no apical meristem (NAM), Arabidopsis 
transcription activation factor (ATAF1/2), and cup-shaped 
cotyledon (CUC2)), WRKY, and bZIP (basic leucine zip-
per)) are dedicated to establish a regulatory network for ac-
tivating downstream defense genes [10].  
 In eukaryotes, transcriptional regulation involves both 
TFs and epigenetic regulators. TFs regulate transcription 
efficiency by binding to specific DNA motifs and recruiting 
or blocking RNA polymerase II (Pol II) to or from the core 
promoter [11]. Epigenetic regulators directly change chro-
matin structure, such as histone modifications, DNA meth-
ylation, and chromatin remodeling, to affect Pol II or TFs 
binding to DNA [12]. TFs and epigenetic regulators are in-
terconnected to cooperatively regulate gene transcription 
[11]. Histone acetylation refers to the addition of acetyl 
group to the lysine residues mainly located at the N-terminal 
tail of histone. Histone acetylation is balanced by opposite 
actions of histone acetyltransferases (HATs) and histone 
deacetylases (HDACs). It is generally accepted that histone 
acetylations serve as active marks for gene activation, par-
ticipating not only in developmental processes but also in 
response to biotic and abiotic stresses in plant [13]. Ge-
nome-wide analysis of histone acetylation enrichment un-
ravels that they are mainly enriched surrounding transcrip-
tion start site (TSS) [14], suggesting that they are possibly 
related to transcription initiation.  
 HATs are more likely to be recruited by TFs to target 
loci to deposit histone acetylation. The homologs of GCN5 
or its partner ADA2 in several plant species have been re-
vealed to interact with multiple kinds of TFs. In Arabidop-
sis, ADA2 interacts with an ERF TF CBF1 to target cold-
induced genes [15]. In wheat, TaGCN5 and TaADA2 form a 
ternary protein complex with a MYB TF TaEPBM1 to acti-
vate TaECR transcription [16]. In Populus, a bZIP TF 
PtrAREB1-2 recruits PtrGCAN5 and Ptr ADA2b to three 
NAC TFs for gene activation [17]. In rice, the recruitment of 
GCN5-ADA2 is required for a WOX TF WOX11 to regulate 
root-specific gene expression [18]. 
 Several HATs and HDACs have been characterized to 
play a crucial role in plant biotic stress responses [13]. In 
soybean, the HAT General Control Non-depressive 5 
(GCN5) positively regulates defense-related genes by de-
positing H3 lysine9 acetylation (H3K9ac) at these genes in 
collaboration with its partner Alteration/Deficiency in Acti-
vation 2 (ADA2) [16]. However, GCN5 in Arabidopsis neg-
atively regulates plant immune response by repressing sali-
cylic acid (SA) accumulation [19]. In addition, GCN5 hom-
ologs in both Arabidopsis and wheat contribute to cuticular 
wax biosynthesis, and stimulation of the cuticular wax bio-
synthesis in wheat can result in the accumulation of VLC 
aldehydes, which triggers the germination of Bgt conidia 

[16, 19, 20]. HAC1 and HAC5 form a complex with NPR1 
and TGA to activate PR gene transcription by catalyzing 
histone H3 acetylation [21]. Overexpression of the HDAC 
HDA19 in Arabidopsis enhances plant resistance to the 
pathogen, but the mechanism of how HDA19 is involved 
has not been revealed in the study despite those genes relat-
ed to jasmonic acid and ethylene signaling are up-regulated 
in HDA19-overexpression plants [22]. In another study, it 
was demonstrated that HDA19 inhibited transcription acti-
vation activity of two WRKY TFs WRKY38 and WRKY62, 
which function as negative regulators of plant defense [23]. 
By contrast, HDA6 negatively regulates plant immunity by 
repressing pathogen-responsive genes by removing H3 
acetylation at corresponding loci [24]. Similarly, a wheat 
homolog of HDA6 and TaHDA6 also targets defense-related 
genes to deacetylate H3 and H4 [25]. In addition, TaHDA6 
represses target gene expression in concert with TaHOS15 
and TaHDT701 [26]. The latter protein is the homolog of 
rice HDT701, a histone deacetylase 2 (HD2) type HDAC 
that is responsible for H4 deacetylation [27]. The function of 
rice HDT701 in innate immunity has been characterized. 
Overexpression of HDT701 in transgenic rice enhances sus-
ceptibility to the pathogens, whereas silencing of HDT701 
in transgenic rice enhances resistance to the pathogens [27]. 
HDT701 directly binds to defense-related genes to repress 
their expression [27]. The above discoveries uncover the 
common role of histone acetylation in the regulation of plant 
immune response. 
 The development of next-generation sequencing (NGS) 
technologies increases not only the efficiency of genome 
sequencing but also transcriptomic and epigenomic analysis 
[28-30]. To date, the investigation into genome-wide 
H3K9ac enrichment responding to disease is only performed 
in Paulownia fortunei [31]. A small proportion of genes 
with differential H3K9ac levels showed changes in expres-
sion in response to phytoplasma infection [31]. In this paper, 
to explore the potential role of H3K9ac in the activation of 
blast fungus-induced genes in rice, we performed chromatin 
immunoprecipitation sequencing (ChIP-seq) and RNA se-
quencing (RNA-seq) experiment to correlate genome-wide 
H3K9ac profile with gene expression before and after M. 
oryzae infection. We found that H3K9ac was enriched 
around TSS, in line with the previous studies in rice [32]. 
Interestingly, for M. oryzae up-regulated genes, H3K9ac 
tends to be deposited both at TSS and in gene body region. 
However, H3K9ac at most of these genes did not change 
after M. oryzae inoculation, similar to the result studied in 
Paulownia fortunei. Furthermore, GCC-box was identified 
by analyzing motifs of promoter of genes with differential 
H3K9ac, suggesting ERF TFs may serve as potential pro-
teins for recruiting HATs to defense-related genes for his-
tone acetylation. Finally, from ChIP-seq and RNA-seq data, 
we discovered that seven WRKY genes was transcriptional-
ly induced and carry altered H3K9ac after M. oryzae infec-
tion, which was confirmed by ChIP-qPCR and RT-qPCR. 
We used epigenomic and transcriptomic approaches to re-
veal the possible role of H3K9ac in the induction of de-
fense-related genes and the candidate TFs mediating the 
deposition of H3K9ac, which have not been reported before 
in rice. These results lay the foundation for improvement of 
epigenetic mechanism during plant immune response. 
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2. MATERIALS AND METHODS 

2.1. Plant Materials and Growth Conditions 

 Rice variety Oryza sativa ssp japonica cv Hwayoung 
was used for all experiments. Rice seeds are sterilized with 
75% alcohol for 40 seconds, then 20% sodium hypochlorite 
for 40 minutes, rinsed with ultrapure water and soaked in 
water for 24 hours. After the seeds are fully absorbed, they 
are placed in a 32℃ light incubator to accelerate germina-
tion. The germinated seeds were grown in a growth room 
kept at 26°C and 70% relative humidity with a 12-h 
light/12-h dark cycle [6].  

2.2. Rice Blast Inoculation 

 M. oryzae JC2 isolates were used for inoculation. Four-
leaf-stage rice seedlings were sprayed with a spore suspen-
sion (2.0 x 105 spores/mL) containing 0.4% gelatin. After 
inoculation the plants were placed inside a dark room (100% 
humidity at 26°C for 24 h) and then transferred to a high 
humidity room kept at 26°C and 12-h light/12-h dark cycle. 

2.3. RNA-Seq and Data Analysis 

 Rice seedlings without roots were harvested at 12 hours, 
24 hours, and 48 hours after inoculation and RNAs were 
extracted using TRNzol Universal Reagent (TIANGEN). 
The RNA quality for RNA-seq and RT-qPCR was examined 
using a Bioanalyzer 2100 (Agilent).To generate the RNA-
seq libraries, the UltraTM RNA Library Preparation Kit 
(NEB, USA�for Illumina was used. A total of 18 libraries 
were sequenced on an Illumina platform and 150 bp paired-
end read were generated [33]. RNA-seq data were obtained 
by removing contaminations and low-quality reads with 
Trimmomatic (version 0.33) [33]. Then, clean reads were 
mapped to the reference genome of rice (MSU7.0) with 
Hisat2 v2.2.0 [33]. The R package of DESeq2 (v4.0.3) were 
used to normalize counts and analyze the difference of RNA 
expression level with adjusted P-value<0.05 and |log2 (Fold 
change)| ≥1. Heat maps were generated by Heml tools. 
KEGG analyses were conducted using the online site 
(http://structuralbiology.cau.edu.cn/PlantGSEA/analysis.php). 

2.4. Chromatin Immunoprecipitation 

 Chromatin Immunoprecipitation �ChIP� experiment 
was conducted as described in Hu et al. [32]. Briefly, 2g of 
rice seedling without roots was cross-linked by 1% (v/v) 
formaldehyde and used to isolate nuclei and chromatin. The 
chromatin was broken into 200- to 250-bp fragments by 
sonication and immunoprecipitated with the H3K9ac anti-
body (Abcam, ab10812). After extensive washing, immuno-
precipitated chromatin was de-cross-linked to release the 
DNA for ChIP-qPCR or ChIP-seq library construction, and 
unimmunoprecipitated chromatin was used as input.  

2.5. ChIP-seq and Data Analysis 

 After the ChIP-seq library was constructed, sequencing 
was performed on the Illumina platform. Fastp (version 
0.20.1) was used to filter out low-quality reads. Clean reads 
were mapped to the rice genome (MSU7.0) by BWA (ver-
sion 0.7.17), allowing up to two mismatches. SAMtools 

(version 1.11) was used to remove potential PCR duplicates. 
MACS2 software (version 2.2.7.1) was used to call peaks by 
default parameters, and the input sample was used as a con-
trol. The R package of DiffBind (v 3.2.0) was used to ana-
lyze the difference in peak level. The differential peaks were 
identified according to the criteria p-value<0.05 and |log2 
(Fold change)| ≥1. AME (version 5.4.1) was used for motif 
analysis of the promoter of genes with increased H3K9ac. 
Differential gene expression data and H3K9ac peaks data 
were integrated to reveal correlations between H3K9ac and 
gene expression using R scripts [17].  

2.6. RT-qPCR and ChIP-qPCR 

 cDNAs were synthesized by reverse transcription with 
HiScript II QRT SuperMix for qPCR (+gDNA wiper) 
(Vazyme) according to the manufacturer’s protocol. RT-
qPCR and ChIP-qPCR were performed using SuperReal 
PreMix Plus (SYBR Green) (TIANGEN) on an ABI System 
(Stepone). The PCR reactions were performed under the 
following conditions: preincubation at 95 ℃ for 15 min, 
then 40 cycles of 95 ℃ for 10 s, and 60 ℃ for 1min. In 
addition, the expression levels were calculated using the 
2−∆∆Ct method for each sample. The Actin gene was used as 
an internal control for RT-qPCR. The primers used in this 
study are listed in Table S1. 

3. RESULTS 

3.1. Transcriptomic Changes at Different Time Points in 
Response to M. oryzae Infection 

 More and more attention has been paid to the research 
and application of rice blast resistance. Up to now, about 
100 rice blast resistance genes, about 500 quantitative trait 
loci (QTL) and 77 defense-regulator (DR) genes have been 
identified [34]. In order to determine transcriptomic profiles 
responding to M. oryzae infection, rice seedlings with four 
leaves were inoculated with M. oryzae JC2. Seedlings with-
out roots were harvested at 12h, 24h and 48h after M. oryzae 
inoculation. RNAs were extracted for library construction 
and illumina sequencing. Three biological repeats were per-
formed for RNA-seq. 28-50 million reads per sample were 
obtained, and the mapping rate of all the samples was more 
than 98% (Table S2). The results indicate that 422, 460 and 
466 genes were up-regulated (termed as up-DEGs, fold 
change >2, FDR<0.05) at 12h, 24h and 48h, while 46, 178 
and 159 genes were down-regulated (termed as down-DEGs 
fold change <0.5, FDR<0.05) in response to blast fungus 
infection (Fig. 1A, Table S3 and Table S4). This suggests 
that more genes are required to be activated than repressed 
for blast resistance. We found that over 50% of the genes 
up-regulated at each time point were specifically induced at 
that time point, including 251, 216 and 264 genes at 12h, 
24h and 48h, respectively (Fig. 1B and 1D), demonstrating 
that those genes were transiently and successively activated 
during blast fungus infection. Similarly, temporary repres-
sion was also observed for the down-regulated genes (Fig. 
1C and 1E). However, 59 genes were induced at three-time 
points (Fig. 1B, Table 1). Many of these genes have been 
reported to be defense-related genes, such as OsPR1, 
OsPR4b, chitinase (Table 1). And we also found two genes 
encoding hormone metabolism enzymes: Gn1a/OsCKX2
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Fig. (1). Differential gene expression after M. oryzae inoculation. (A) Volcano plot of differential gene expression at 12h, 24h and 48h after 
M. oryzae inoculation. Red dots indicate genes with unchanged expression, and blue dots indicate differentially expressed genes (DEGs). 
Overlapping of up-DEGs (B) and down-DEGs (C) at 12h, 24h and 48h after M. oryzae inoculation is presented by venn diagram. Heat maps 
show log2 (Fold change) of up-DEGs (D) and down-DEGs (E) at 12h, 24h and 48h respectively after M. oryzae inoculation. (A higher reso-
lution / colour version of this figure is available in the electronic copy of the article). 
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Table 1. The list of 59 genes induced at all three time points after M. oryzae infection. 

Locus Number 

��MSU�  
Gene Name 

log2FC 

(12h) 

log2FC 

(24h) 

log2FC 

(48h) 

LOC_Os07g03730 OsPR1 1.17 1.66 1.55 

LOC_Os11g37960 OsPR4b 1.11 1.12 1.54 

LOC_Os08g40690 C10122 1.25 1.59 3.01 

LOC_Os06g51050 Cht3 2.72 4.25 3.70 

LOC_Os10g39680 Cht8 2.09 2.46 2.88 

LOC_Os04g10060 OsKS4 2.08 3.15 3.34 

LOC_Os11g17440 OsRLCK322 2.55 1.40 2.74 

LOC_Os04g29580 OsWAK37 1.97 1.38 2.52 

LOC_Os04g28780 SDRLK-25 1.83 1.66 1.96 

LOC_Os08g09080 GLP8-11 1.33 1.43 1.50 

LOC_Os08g13440 GLP8-12 2.30 3.17 5.17 

LOC_Os04g09900 OsCPS4 1.70 1.52 2.28 

LOC_Os03g13210 poxN 1.56 1.73 2.76 

LOC_Os12g30824 OsKSL10 1.67 2.75 4.64 

LOC_Os03g51740 ACS1 3.41 3.20 2.61 

LOC_Os09g25070 WRKY62 1.41 2.36 1.06 

LOC_Os05g47650 AP2/EREBP#096 1.12 1.01 1.10 

LOC_Os01g64310 ENAC1 1.33 1.47 1.79 

LOC_Os03g10210 HOX12 1.46 1.74 1.07 

LOC_Os09g27500 CYP76L1 1.45 1.20 1.04 

LOC_Os10g37160 - 2.88 6.02 7.91 

LOC_Os01g10110 Gn1a/OsCKX2 3.38 3.73 3.41 

LOC_Os01g51570 Gns10 1.80 2.20 2.49 

LOC_Os07g35560 - 1.06 1.00 1.07 

LOC_Os07g35480 Gns11 2.07 1.54 1.98 

LOC_Os07g48020 POX22.3 2.72 3.02 2.46 

LOC_Os07g48050 POX3006 8.45 6.97 5.87 

LOC_Os02g14430 prx30 1.31 1.96 2.57 

LOC_Os05g04490 prx70 1.50 1.42 2.49 

LOC_Os06g32990 prx83 1.46 1.40 1.77 

LOC_Os04g36670 OsARGOS 1.12 1.70 1.53 

LOC_Os01g11860 OsDJ-1A 2.30 2.22 1.60 

LOC_Os07g23430 OsFAD2-2 1.46 2.00 2.51 

LOC_Os07g23410 OsFAD2-3 1.37 1.85 1.62 

LOC_Os11g24070 OsLTP1.14 3.53 5.16 2.84 

(Table 1) contd…. 
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Locus Number 

��MSU�  
Gene Name 

log2FC 

(12h) 

log2FC 

(24h) 

log2FC 

(48h) 

LOC_Os06g49190 OsLTP2.6 3.04 6.34 4.48 

LOC_Os10g38350 OsGSTU20 2.92 3.44 4.64 

LOC_Os06g44300 OsGL1-3 3.42 2.82 2.68 

LOC_Os07g34260 OsPKS15 1.99 2.16 2.35 

LOC_Os01g43890 OsSCP4 1.54 2.29 1.60 

LOC_Os04g10000 OsSDR110C-MS2 1.84 1.76 2.48 

LOC_Os01g58280 OsSub8 1.34 1.04 2.08 

LOC_Os03g50160 OsUCL9 1.06 1.11 1.04 

LOC_Os08g10310 SHR5 1.45 1.26 4.28 

LOC_Os09g37200 - 2.86 1.78 3.98 

LOC_Os12g24320 - 1.22 1.30 1.46 

LOC_Os02g48200 - 1.47 1.77 2.53 

LOC_Os02g56860 - 3.69 3.11 3.41 

LOC_Os03g48540 - 1.01 1.09 1.34 

LOC_Os04g39300 - 1.29 1.22 1.31 

LOC_Os04g39380 - 2.61 1.56 2.32 

LOC_Os06g11450 - 1.15 1.10 1.05 

LOC_Os06g21210 - 1.75 1.20 1.06 

LOC_Os10g42040 - 2.70 2.75 2.67 

LOC_Os11g05800 - 1.13 1.17 1.08 

LOC_Os02g50470 - 1.29 1.38 1.21 

LOC_Os04g49950 - 4.13 1.77 1.30 

LOC_Os11g28530 - 1.28 1.21 1.79 

LOC_Os06g39120 - 1.61 1.72 2.63 

 
and ACS1. OsCKX2 is a cytokinin oxidase, the key enzyme 
for maintaining cytokinin homeostasis. Overexpression of 
this gene in young panicle dramatically reduces grain num-
ber and vice versa, suggesting OsCKX2 to be a key regulator 
of rice grain yield [35]. Up-regulation of OsCKX2 by blast 
infection indicates that it may be involved in balancing de-
fense response and plant growth. ACS1 encodes an enzyme 
for catalyzing biosynthesis of the ethylene, which has been 
reported to be induced by rice blast fungus [36].  

 To understand the induced genes activity at each time 
point, we categorized the induced genes into four classes 
according to the fold change of induction (I: 1≤log2FC≤2; 
II: 2<log2FC≤3; III: 3<log2FC≤4; IV: log2FC>4). The pro-
portion of class I genes at 12h is higher than that at 24h and 
48h, whereas the proportion of class IV genes at 12h is 
much lower than at 24h and 48h (Fig. S1A). This suggests 
that genes with strong induction is induced later after M. 
oryzae infection. We also categorized them into five classes 
according to gene transcription levels before induction (I: 

0≤normalized count≤10; II:10<normalized count≤100; 
III :100< normalized count≤300; IV: 300< normalized 
count≤500; V: normalized count>500). The percentage of 
genes in each class in relation to all the induced genes at 
each time point was calculated. The results showed that the 
proportions of class I and V genes at 24h (18% and 15%) 
and 48h (21% and 12%) were higher than those at 12h (8% 
and 10%) (Fig. S1B), which demonstrates that the genes 
with extremely lower or higher expression levels are prone 
to be induced in the later stage after infection while more 
moderately expressed genes were induced in the early stage.  

3.2. Biosynthesis of Secondary Metabolites are Activated 
by Blast Infection 

 Synthesis of some secondary metabolites, such as "Phe-
nylpropanoid biosynthesis", "Phenylalanine metabolism" 
and “Phenylalanine, tyrosine and tryptophan biosynthesis”, 
are mainly involved in the synthesis of secondary antibacte-
rial metabolites (serotonin, lignin and antitoxin, etc.), which 
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play an important role in the process of rice resisting patho-
genic infection [37, 38]. Considering that many genes were 
induced specifically at a certain time point, we would like to 
learn whether the induced genes could be involved in specif-
ic biological pathways. The blast fungus-induced genes at 
each time point were used for KEGG analysis. We found 
that genes involved in metabolic pathways and biosynthesis 
of secondary metabolites were enriched at all the three-time 
points. Secondary metabolites such as terpenoids and Phe-
nylalanine-derived phytoalexins, coined as Phytoalexins, 
have indeed been reported to contribute to plant innate im-
munity and their de novo synthesis is triggered by pathogen 
infection [39-41]. Our analysis revealed that Phenylalanine 
metabolism and phenylpropanoid biosynthesis genes were 
induced at 12h while diterpenoid metabolism genes were 
induced at 24h and 48h (Fig. 2A). These results demonstrate 
that blast induces synthesis of different secondary metabo-
lites successively in rice. To further confirm the observation, 
we use cytoscape to construct the network of pathways. 
MAPK signaling pathway was identified in addition to 
diterpenoid biosynthesis and phenylpropanoid biosynthesis 
(Fig. 2B). No connection was established among the three 
pathways. However, genes related to synthesizing Phytoa-
lexins such as OsCPS2, OsCPS4, OsKS4 and OsKSL10 
were found in diterpenoid biosynthesis pathway [42-44]. 

And Lignin biosynthesis genes exemplified by CYP84A5, 
4CL5, poxN and poxA were included in phenylpropanoid 
biosynthesis pathway [45-47]. 

3.3. Genome-wide Changes of H3K9ac in Response to 
Blast Fungus Inoculation 

 In order to explore the role of H3K9ac in the response of 
blast infection, we used the same tissues as RNA-seq to 
conduct ChIP-seq experiment at 48h after blast infection. 
Two biological repeats were performed. Over 30 million 
reads per sample were obtained and the mapping rate of all 
the samples was more than 83% (Table S5). Sharp peak of 
H3K9ac enrichment at TSS was observed by metaplots 
analysis (Fig. 3A). The Overall H3K9ac level was slight 
increased by rice blast fungus infection compared to the 
mock (Fig. 3A). Integration of ChIP-seq data and RNA-seq 
data revealed that no correlation was found between 
H3K9ac change and gene induction, although for some in-
duced genes H3K9ac level was increased (Fig. 3B). Howev-
er, metaplots analysis indicated that H3K9ac levels at up-
DEGs at three-time points were dramatically increased 
compared to the change of overall H3K9ac level (Fig. 3C). 
Moreover, we found that H3K9ac enrichment peaks at TSS 
of up-DEGs at three-time points (Fig. 3C), especially at

 
Fig. (2). Pathway enrichment of up-DEGs. (A) The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of up-DEGs at 12h, 24h 
and 48h after M. oryzae inoculation. (B) Pathway network diagram of up-regulated DEGs with P-value < 0.05 were visualized by Cytoscape. 
(A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Fig. (3). H3K9ac alteration responding to M. oryzae infection. (A) Metaplots of genome-wide H3K9ac profile in genic regions before 
(H2O) and after (JC2) M. oryzae infection. (B) Correlation analysis of gene expression and H3K9ac enrichment responding to M. oryzae 
infection at 12h, 24h and 48h. (C) Metaplots of H3K9ac profiles of up-DEGs at 12h, 24 and 48h after inoculation. (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 

12h, were apparently less sharp than genome-wide, while 
H3K9ac enrichment peaks of down-DEGs were not (Fig. 
S2). This suggests that H3K9ac at up-DEGs is more likely 
to be enriched at TSS as well as in the gene body region. 
And H3K9ac level in both regions was increased in the pro-
cess of gene induction after blast infection. 
 Histone acetylation marks may represent the permissive 
state of chromatin for defense priming. To understand how 
many genes are primed before blast induction, we investi-
gated the proportions of the induced genes carrying H3K9ac 
in different classes categorized according to gene transcrip-
tion level before induction at a three-time point. 79%, 72%, 
and 64% of genes transcriptionally induced at 12h, 24h and 
48h possess H3K9ac (Table S6). With the increase of gene 
transcription level, the proportion of genes marked with 
H3K9ac rises, which coincide with the active role of 
H3K9ac in gene transcription. Specifically, we found that 
nearly half of class I genes which were expressed in an ex-
tremely low level (47% at 12h, 55% at 24h and 54% at 48h) 
possess H3K9ac (Table S6). To further learn whether the 
permissive state conferred by H3K9ac is related to gene 

induction strength, the proportions of the induced genes 
carrying H3K9ac in different classes categorized according 
to induction fold change were calculated. Interestingly, the 
result showed that the percentage of the genes marked with 
H3K9ac was decreased with the growth of fold change (Ta-
ble S7), suggesting that the permissive state of M. oryzae 
induced genes is not an essential prerequisite for strong in-
duction. 

3.4. GCC Box was Identified in Promoters of the Genes 
with Increased H3K9ac 

 It has been evidenced that HATs can be recruited to tar-
get genes by TFs that bind specific DNA sequences or mo-
tifs. The ABRE motif bound by AREBs (bZIP TFs) has been 
identified from Populus trichocarpa by analyzing promoters 
of genes with differential H3K9ac levels responding to 
drought stress [17]. Molecular and genetic evidences indi-
cate that GCN5 is responsible for H3K9ac at three NAC 
genes [17], which carry the ABRE motif in the promoter, by 
interacting with AREB1. Similarly, in order to identify TFs 
that may guide H3K9ac at blast-responding genes, we 
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scanned the promoter of genes with increased H3K9ac after 
blast infection to find the most enriched DNA motifs. The 
result showed that many ERF family protein-binding motifs 
were enriched with high -log P-value (>20), including 
ERF1, DEAR3, DREB2C, RAP2.6, RRTF1_3ARY, all of 
which contain GCC-box (GCCGCC) (Fig. 4A and 4B). Rice 
genome contains 139 ERF family genes divided into 15 
groups [48]. ERF1, DEAR3, DREB2C, RAP2.6 and RRTF1 
belong to groups IX, III, IV and X, respectively. Forty-nine 
ERF genes covering these groups were found to be induced 
by responding to blast fungus infection disclosed by RNA-
seq data (Fig. S3). This demonstrates that ERF TFs might 
mediate histone acetylation at blast fungus induced genes, 
which is consistent with activation of the biosynthesis of 
ethylene by a blast fungus infection. 

3.5. Many WRKY Genes are Transcriptionally Induced 
by M. oryzae Infection 

 Rice experience four stages after infected by M. oryzae 
to activating its autoimmune response: Perception, Signal 
transduction, Transcription activation and Defense response 
[49]. WRKY genes encode a large family of TFs which play 
a crucial role in immune signal transduction to induce de-
fense genes. Many of WRKY genes have been characterized 
as key regulators of disease resistance in rice [50]. The 
RNA-seq data revealed that 42 WRKY genes were up-
regulated and 5 WRKY genes were down-regulated re-
sponding to blast infection (Fig. 5A). When we chose seven 
WRKY genes for confirmation of the induction by qRT-
PCR, we found that they were indeed induced by blast fun-
gus infection (Fig. S5A). However, the induced time point 
for some of these genes does not conform well to the RNA-
seq data. For example, OsWRKY70 was induced at 48h in 
the RNA-seq data while up-regulation was detected at 12h 
by qRT-PCR (Fig. S5A). OsWRKY50 was up-regulated at 
12h in the RNA-seq data while dramatic induction was ob-
served until 24h by qRT-PCR (Fig. S5A).  

3.6. H3K9ac is Involved in the Induction of Seven 
WRKY Genes 

 Involvement of histone acetylation in the regulation of 
WRKY genes has been reported in chickpea and pear [51, 
52]. Our ChIP-seq data revealed that H3K9ac at seven of 42 
induced WRKY genes (OsWRKY28, OsWRKY40, 
OsWRKY45, OsWRKY50, OsWRKY62, OsWRKY70, 
OsWRKY76) were increased after rice blast fungus infection 
(Fig. 5B). Four of the seven WRKY genes (OsWRKY28, 
OsWRKY45, OsWRKY62, OsWRKY76) have been reported 
to be essential regulators of rice immune response [34, 53-
55]. Interestingly, we found that H3K9ac was enriched both 
at TSS and in gene body region of the seven WRKY genes 
(Fig. 5B), consistent with the above genome-wide observa-
tion (Fig. 3C). However, H3K9ac was increased in different 
regions of seven WRKY genes. For OsWRKY40 and 
OsWRKY50, H3K9ac was elevated only in the gene body 
region, whereas for OsWRKY70, H3K9ac was increased 
only around TSS. Both TSS and gene body-enriched 
H3K9ac were increased for OsWRKY28 and OsWRKY76. 
The increment of H3K9ac enrichment in the promoter of 
OsWRKY45 and OsWRKY62 was also observed in addition 
to TSS and gene body region (Fig. 5B). These results were 
testified by ChIP-qPCR (Fig. S5B). Furthermore, H3K9ac 
enrichment in the gene body region at the seven WRKY 
genes appears to have a bias towards exons (Fig. 5B). To 
investigate if these WRKY genes could be potential targets 
of ERF TFs, we searched the GCC-box motif in the promot-
er of these genes. Three and five GCC-box motifs were 
found in the promoter of OsWRKY45 and OsWRKY76, re-
spectively (Fig. S4), suggesting the possible involvement of 
ERF TFs in mediating epigenetic regulation of these two 
genes.  

4. DISCUSSION 

 It has long been accepted that histone acetylation posi-
tively correlates with gene activation, possibly by neutraliz-

Fig. (4). Identification of transcription factor binding motifs related to H3K9ac. (A) Analysis of motif enrichment of the promoters with in-
creased H3K9ac [log2 (Fold change)≥1]. B represents C or G or T, V represents A or C or G, W represents A or T, S represents C or G, R 
represents A or G, and M represents A or C. (B) The top five motifs in the promoters of genes with increased H3K9ac [log2 (Fold change) 
≥1]. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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ing positive charges of histone to impair the interaction be-
tween histones and negative-charged DNA. Disruption of 
the interaction between histones and DNA gives rise to a 
permissive state of chromatin prepared for transcription ac-
tivation. In this study, we could not find de novo histone 
acetylation at any rice blast fungus induced gene, which was 
defined as the gene with no H3K9ac peak before induction 
and marked by H3K9ac after induction. This suggests that 
activation of defense response genes does not require the 
transition of chromatin state coupled by H3K9ac. However, 
the possibility could not be ruled out that in certain cell 
types de novo, H3K9ac deposition does occur due to mixed 
tissue sample used for our ChIP experiment, which may be 
validated by the future application of the single-cell ChIP-
seq in plant sample. Furthermore, 20-30% of induced genes 
did not possess the H3K9ac mark both before and after the 
induction indicating that H3K9ac is not necessary for acti-
vating these genes (Table S6). Maybe other active histone 
marks such as H3K4me3 are involved in the induction of 
these genes. Next, we would like to know if histone acetyla-
tion is related to the strength of induction. Unexpectedly, we 
found that the more strongly genes are induced, the lower 
proportion of genes harbor H3K9ac (Table S7), excluding 
the correlation of histone acetylation with the strong gene 
induction. Less strongly induced genes enriching H3K9ac 
are hypothesized to result from the extremely low expres-
sion of these genes before induction which is observed from 
the heat map in Fig. S1B. 

 H3K9ac is mainly enriched downstream TSS at most 
genes, which is conserved in animals and plants [14, 32]. 
The location of H3K9ac determines that it may play a role 
in transcription initiation. The SAGA complex containing 
GCN5 and the TAFIID complex containing TAF1 are both 
required for the recruitment of Pol II to core promoter, fur-
ther supporting the view [56, 57]. It has also been proved 
that H3K9ac acts as an anchor for the binding of super elon-
gation complex (SEC), through which RNA polymerase II 
(pol II) pause release that is important for the switch from 
transcription initiation to elongation takes place [58]. Our 
ChIP-seq data also showed enrichment of H3K9ac sur-
rounding TSS in genome-wide (Fig. 3A). Nevertheless, our 
data revealed that H3K9ac at blast up-DEGs is inclined to 
occupy both TSS and gene body region (Fig. 3C). Genome 
browser screenshots of H3K9ac at seven WRKY genes ex-
hibit a similar inclination (Fig. 5B). Intriguingly, in the gene 
body region of these WRKY genes, H3K9ac is more concen-
trated in exons than introns. It has been postulated that the 
distribution bias of histone marks towards exons might be 
involved in co-transcriptional splicing by slowing down pol 
II [9]. It is of great interest to verify if H3K9ac might play 
roles in modulating both transcription initiation and elonga-
tion as well as splicing. However, we found that H3K9ac in 
distinct regions (promoters, TSSs or gene body) was in-
creased for the different WRKY genes responding to rice 
blast fungus infection, suggesting that this mark maybe play 
divergent roles for the induction of specific genes. 

 
Fig. (5). Changes of expression and H3K9ac levels of WRKY genes. (A) Heat map of log2(fold change) of WRKY genes at 12h, 24h and 
48h after M. oryzae inoculation. The data were extracted from our RNA-seq data. (B) Genome browser screen shots of H3K9ac at seven 
WRKY genes before (H2O) and after (JC2) M. oryzae infection. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article). 
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 Interaction between HATs and various TFs that bind 
specific cis-element is an important way for the recruitment 
of HATs to target loci. Thus, the identification of transcrip-
tion factor binding motifs in the promoter of genes with 
dynamic change of histone acetylation is probably a useful 
method to predict HAT-interacting TFs. A bZIP TF AREB1 
has been successfully identified in Populus to associate with 
GCN5 by obtaining ABRE motif enriched in drought-
responsive genes with altered H3K9ac level [17]. By using a 
similar method, we identified the GCC-box as the most en-
riched motif in the promoter of genes with increased 
H3K9ac after blast fungus inoculation. Therefore, GCC-
box-binding ERF family TFs could be potential candidates 
for recruiting HATs to defense-related genes. The associa-
tion of ERF TF (CBF1) with GCN5 and ADA2 has been 
proved in Arabidopsis [15]. Functional studies of ERF TFs 
carried out in several plant species reveal the importance of 
ERF TFs in the regulation of defense-related gene expres-
sion [59]. Our RNA-seq data also showed that more than 
one-third of ERF TFs are up-regulated by M. oryzae in rice 
(Fig. S3). Future work for identifying ERF TFs and HATs 
responsible for coupling histone acetylation of defense-
related genes is required. We narrow the ERF gene list down 
from 139 to 49 genes, since they are induced by defense 
response. However, as some ERF genes could also be post-
transcriptionally regulated by defense signaling [59], these 
genes can not be removed from the list. In addition, only 
two of seven WRKY genes characterized in this study have 
GCC-box in the promoter, suggesting additional TFs are 
needed for deposition of histone acetylation. Since the com-
plex containing TGA and HAC1/5 is also essential for plant 
immunity and PR induction in Arabidopsis [21], their homo-
logs in rice should be taken into account in addition to ERF 
proteins and GCN5. 

CONCLUSION 

 In this study, we performed RNA-seq to reveal blast-
induced genes, and the result showed that 422, 460 and 466 
genes were up-regulated at 12h, 24h and 48h after M. oryzae 
inoculation, many of which have been functionally studied 
for the role in rice immune response. ChIP-seq data demon-
strated that most of these up-regulated genes carried 
H3K9ac before induction, but H3K9ac at a minority of them 
was increased after induction, including seven WRKY 
genes, four of which are the essential regulators of rice im-
mune response. This suggests that H3K9ac may serve as a 
priming chromatin state for the induction of most defense-
related genes. However, whether H3K9ac is necessary for 
the induction requires further confirmation by studying the 
function of histone acetyltransferases. In addition, H3K9ac 
at blast-induced genes preferred to be enriched in both TSS 
and gene body regions, echoing that the priming chromatin 
state is possibly important for transcriptional initiation and 
elongation in the process of induced expression. 
 By searching DNA-binding motifs of transcription fac-
tors in the promoter of genes with increased H3K9ac after 
M. oryzae infection, we found that ERF family protein-
binding motifs were enriched with high -log P-value (>20), 
including ERF1, DEAR3, DREB2C, RAP2.6, RRTF1_ 
3ARY, all of which contain GCC-box (GCCGCC). This 
demonstrates that ERF proteins might be responsible for 

recruiting HATs to acetylate histone at many defense-related 
genes. Both functional studies of ERF genes on the induc-
tion of defense-related genes and protein-protein interaction 
between ERFs and HATs are necessitated in the future to 
confirm the candidate ERF proteins. 
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