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Rice tungro is a serious viral disease of rice resulting from infection by two viruses, Rice tungro bacilliform
virus and Rice tungro spherical virus. To gain molecular insights into the global gene expression changes in
rice during tungro, a comparative whole genome transcriptome study was performed on healthy and tungroaffected rice plants using Illumina Hiseq 2500. About 10 GB of sequenced data comprising about 50 million
paired end reads per sample were then aligned on to the rice genome. Gene expression analysis revealed
around 959 transcripts, related to various cellular pathways concerning stress response and hormonal homeostasis to be differentially expressed. The data was validated through qRT-PCR. Gene ontology and pathway
analyses revealed enrichment of transcripts and processes similar to the differentially expressed genes categories. In short, the present study is a comprehensive coverage of the differential gene expression landscape
and provides molecular insights into the infection dynamics of the rice-tungro virus system.
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1. Introduction
Rice Tungro Disease (RTD) is one of the most important
viral diseases of rice prevailing in South and Southeast
Asian countries, causing an annual loss of approximately US $1.5 billion in rice production (Bunawan
et al. 2014). RTD is caused by the simultaneous infection with two viral species; Rice tungro bacilliform virus
(RTBV, a pararetrovirus, having a double-stranded DNA
genome, Genus: Tungrovirus, Family: Caulimoviridae)
and Rice tungro spherical virus (RTSV, a plant picornavirus having a single-stranded positive-sense RNA
genome, Genus: Waikavirus, Family: Secoviridae (Hibino et al. 1978; Hay et al. 1991; Jones et al. 1991; Shen
et al. 1993; Thompson et al. 2017). The vector Green
Leaf Hopper (GLH), Nephotettix virescens, jointly
transmits RTBV and RTSV in a semi-persistent manner.
RTBV alone causes severe disease symptoms in the host,

but is incapable of independent transmission through
GLH. RTSV, on the other hand, can be transmitted
independently by GLH, but causes only mild stunting
symptoms in most rice varieties (Hibino et al. 1978;
Hibino et al. 1979; Cabauatan and Hibino 1985).
Attempts have been made earlier to elucidate the
physiological and biochemical changes in rice plants
affected with RTD. For example, several studies indicate a decrease in photosynthetic and accessory pigments, enzymes and substrates along with altered
growth hormone levels, membrane permeability, phenolics and overall mineral content in tungro-affected
tissues (Chowdhury and Mukhopadhyay 1974; Sridhar
et al. 1976, 1977, 1978; Subba Rao et al. 1979; Yadav
and Mishra 1987; Mohanty and Sridhar 1986, 1989;
Srinivasulu and Jeyarajan 1989).
There is, however, much less information available
on the global changes in the gene expression of the
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host, which forms the basis for the pathogenesis of
RTD and symptom development. Encabo et al. (2009)
in a microarray-based study reported changes in the
expression levels of more than a hundred genes
between an RTSV-resistant and an RTSV-susceptible
rice variety upon RTSV inoculation, although none of
them developed any symptoms. The resistant variety
showed 104 genes to be differentially regulated upon
RTSV infection, compared to the 68 genes in susceptible one while around 46 genes appeared to be regulated similarly in both susceptible and resistant
varieties. The above genes included a number of transcription factors and genes known to respond to stress.
Later, Satoh et al (2013) showed, also by a microarray
analysis, that upon RTSV infection, a plethora of stressresponsive genes along with genes for growth and
development were differentially regulated between an
RTSV-susceptible parent and corresponding RTSV-resistant near-isogenic lines (NILs) generated using an
RTSV resistant parent variety. The genes for biosynthesis and maintenance of cell wall were also found to
be suppressed upon RTSV infection in those susceptible lines (Budot et al. 2014).
Although these microarray-based studies have enriched our current repository of information about the
response of the rice plant towards RTSV infection,
there has been till date, no holistic study of the gene
expression changes during RTD, in which plants are
infected with both RTBV and RTSV and show symptoms which are markedly different compared to single
infection with RTSV. We report, for the ﬁrst time, a
whole genome RNAseq-based study, comparing the
whole transcriptome of uninoculated rice plants and
those inoculated with both RTBV and RTSV, with a
view to reveal the affected gene regulatory networks.
Our study reveals signiﬁcant changes in the expression
levels of a large number of genes, and their responsive
pathways.

2.2 Nucleic acid extraction
Total genomic DNA for the detection of RTBV was
isolated following the method as mentioned (Kumar
et al. 2019) from RTD-affected as well as healthy
(control) rice plants. Total RNA for RTSV detection
was isolated using the method as mentioned (Sharma
et al. 2018).

2.3 Detection of RTBV and RTSV in the plants
by PCR
RTBV detection was performed with conventional endpoint PCR using 10-15 ng of the total genomic DNA of
the tungro-affected plant as a template and RTBV
movement protein (MP) speciﬁc primer (RTBV MP
F/R primer pair; supplementary table S1) with optimum thermo-cycling conditions. (supplementary
table S2).

2.4 Successive virus inoculation from source
plants to PB1 plants through GLH
RTBV and RTSV were maintained in plants through
successive inoculation in 15-20 day old seedlings of rice
plants (variety PB1) using GLH as insect vector in the
controlled environment of the glasshouse. The insect
vector was also obtained from ICAR-IIRR and was
maintained over rice plants in the glasshouse. For GLHmediated inoculation of RTBV and RTSV in the PB1
plants, the non-viruliferous GLH were allowed to feed
for approximately 18 hours over source plants displaying
symptoms of RTD. At each successive inoculation, 20
plants (20-day old) were inoculated with three viruliferous GLH per plant by giving an inoculation access
period of 24 hours. This was done till two successive
inoculations and the plants of the second inoculation
were then taken for downstream experiments.

2. Material and methods
2.1 Source of plant material

2.5 cDNA synthesis and conventional RT-PCR
for RTSV detection

Seeds of PB1 (Pusa Basmati-1) rice variety were procured from Indian Agricultural Research Institute
(IARI), New Delhi, India. The RTD-affected Taichung
Native-1 (TN1) plants (six plants in total) were
obtained from Indian Council of Agricultural ResearchIndian Institute of Rice Research (ICAR-IIRR),
Hyderabad, Telangana, India.

The total RNA extracted from the RTD-affected plants
was subjected to cDNA synthesis as mentioned
(Sharma et al. 2018). The cDNA thus obtained was
subjected to PCR using the primer pair RTSV 5F/5R
(supplementary table S1) for the detection of RTSV
with optimum thermo-cycling conditions (supplementary table S2).
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2.6 Quantiﬁcation of RTBV and RTSV by real time
PCR
The virus copy number/titer was calculated by quantitative real-time PCR (qRT-PCR) at 24 days post
inoculation (dpi). For estimation of virus copy number
(virus titer), a standard curve was plotted for both
RTBV (supplementary ﬁgure S1a) and RTSV (supplementary ﬁgure S1b) between the logarithm of the
copy number and the threshold CT values obtained by
qRT-PCR by following the absolute quantiﬁcation
method (Sharma and Dasgupta 2012). These graphs
were then used to estimate the titers of RTBV and
RTSV in RTD-affected PB1 plants at 24 dpi. Realtime PCR reaction of the 12 RTD-affected plants
(clubbed as three biological replicates of four plant
each by pooling the DNA) was carried out as mentioned (Sharma et al. 2018) with primer pair RTBV
RT F and RTBV RT R primer pair (supplementary
table S1). For RTSV quantiﬁcation, 1ng of cDNA was
used as a template with primer pair RTSV RT F and
RTSV RT R (supplementary table S1). Cycling
parameters are given in supplementary table S2. Each
sample was also accompanied by three technical
replicates respectively. For nullifying the background
ﬂuorescence a no template control was used as a
negative control.
2.7 Extraction of total RNA, library preparation
and Illumina sequencing
Since according to previous reports (Sharma and Dasgupta 2012; Valarmathi et al. 2016) and as observed in
the present study, the RTBV and RTSV titers are at high
levels in the plants at 24 dpi, the total RNA was hence
isolated from the RTD-affected leaf samples from six
rice plants at 24 dpi as I (Infected) and the six plants of
the same age, not previously exposed to GLH as H
(Healthy). The same plants were used both for RNA
extraction for RNAseq experiment, qRT-PCR validation and RNA and DNA extraction for the detection
and estimation of RTSV and RTBV respectively and
only the samples from plants infected with both the
viruses were taken forward for RNAseq. RNA extraction was performed as mentioned (Zarreen et al. 2018).
The RNA samples were also analyzed for their tapestation proﬁles on the 2200 TapeStation system by
running on the R6K ScreenTape. In this experiment,
the samples with a RIN 6.3-6.5 were used for library
construction. The methodology of library preparation
for RNA-seq after total RNA sample preparation
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typically involves ribosome removal step followed by
conversion to cDNA. The cDNA libraries were prepared using Illumina TruSeqÒ stranded total RNA
sample preparation method following the Low Sample
protocol as mentioned in the instruction manual (Illumina Technologies, San Diego, CA). The complete
transcriptome sequencing of the RTD-affected rice
plants using Illumina Hiseq2500 was outsourced to
SciGenom Labs Private Limited, Cochin, Kerala, India
under the project ID: NGS_P4409. The basic workﬂow
used is shown in supplementary ﬁgure S2

2.8 Bioinformatic analyses (quality estimation
of the reads, differential expression analysis
and comparison)
The overall bioinformatics pipeline scheme followed
for the analysis is shown in supplementary ﬁgure S3.
After the necessary steps of the quality check of the
reads, adapters trimming using Cutadapt, base trimming using Sickle and removal of contamination, the
read quality were determined by using the quality
score, average base distribution pattern and GC percentage of the reads. The obtained sequences were then
aligned to a reference transcriptome model developed
by combining the transcript information from various
databases that included Vega, IncRNA, UCSC, GENCODE, RefSeq and Ensembl. This model helped in
shortlisting all the possible mRNAs, which would have
been error-prone if only one database was to be used as
the reference. At and from this stage only the reads that
were uniquely mapped were taken for downstream
analyses. The unaligned sequence from this step was
then aligned to the rice genome version MSU (Michigan State University) 7.0. To align the missed-out or
still unaligned reads, a de novo assembler named
Tophat program (version 2.1.1; Trapnell et al. 2012)
was used. This ensures that even the spliced variant or
the gene isoforms are aligned to their nearest possible
reference. The expression level of the genes and their
relative differential expression was estimated by the
latest version of Cufﬂinks (version 2.2.1; Trapnell et al.
2012) and Cuffdiff program (provided in Cufﬂinks
package) respectively with default parameters. The
Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) values were set at greater than
equal to 1 for at least one of the two samples being
compared. For the downstream analysis, in case of
differentially expressed genes (DEGs) expression, a
cut-off at p-value of 0.05 was used for the up and
down-regulated genes.
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2.9 Validation of RNA-seq data by real-time PCR
The differential gene expression data for the gene was
validated by qRT-PCR analysis. For this, six genes
each of the up-regulated and down-regulated clade,
which show maximum variation from the normal were
selected. The primer pairs for this were designed by
using Primer Express (version 3.0) software (Applied
Biosystems, Foster City, CA; supplementary table S1).
qRT-PCR was carried out as mentioned (Sharma et al.
2018) Cycling parameters are mentioned in supplementary table S2. Three biological replicates of each of
the healthy and infected samples were taken for the
analyses. Each sample was also accompanied by three
technical replicates respectively. The Rice ubiquitin
gene (UBQ5) based on various previous studies (Bevitori et al. 2014; Jain et al. 2006; Kumar et al. 2011;
Xu et al. 2015) was used as an endogenous control for
all the genes tested. The primer pair for UBQ5 is
mentioned in supplementary table S1. For nullifying
the background ﬂuorescence a no template control was
used as a negative control. The expression pattern of
the genes obtained from qRT-PCR was then compared
to that obtained by RNA-seq analysis.
2.10 Gene Ontology (GO) enrichment
and pathway analysis for the DEGs
The GO enrichment for the DEGs was performed using
Biological Networks Gene Ontology tool (BiNGO)
plug-in (version 3.0.3; Maere et al. 2005) at the Javabased Cytoscape open source software platform (version 3.5.1; http://www.cytoscape.org/; Shannon et al.
2003) and also using Blast2GO (version 4.1; https://
www.blast2go.com; Götz et al. 2008). The GO
enrichment analysis in BiNGO was done with respect
to the rice GO information available on biological
process and molecular function. A p-value of B0.05
was taken as a cut-off for signiﬁcance and a hypergeometric test was applied to identify the GO terms in
BiNGO. For Blast2GO analysis, the rice gene loci IDs
were used to obtain their protein sequence from Rice
Genome Annotation Project (TIGR; http://rice.
plantbiology.msu.edu/; Kawahara et al. 2013), which
were then used as input for analysis using BLAST. The
categories thus formed were mapped, annotated, analyzed statistically and visualized as graph, networks
and pie charts at various hierarchical levels of biological, cellular and metabolic processes respectively.
To obtain a metabolic proﬁle of the DEGs, the RNAseq data was integrated with the metabolic pathway data

available at Gramene RiceCyc database, version 3.2
(Jaiswal et al. 2006). The Omics viewer of the cellular
overview tool for Oryza sativa japonica was used for the
analysis. A tab-delimited text ﬁle was made from the up
and down-regulated excel sheet data and was given as
input in the Omics viewer. In the ﬁle, the ﬁrst column
indicated the gene name/identiﬁers and the fold change
was given in the second column. Since the fold change
ﬁle included both up (?) and down-regulated (-) genes
and the fold change deviates in both positive and negative values, the type of values were selected as ‘relative’
and a zero centered scale was selected. ‘No ratio of data
column’ was used as the command for relative data value
use. The input genes were the ones which were differentially expressed as indicated by the Cuffdiff program
of the Cufﬂinks package with a p-value B 0.05 and
further pathways reconstruction was done through
Microsoft Ofﬁce Power Point 2016.
To have a cross-reference of the effect of differential
expression of the genes related to the primary and
secondary metabolism pathways in RTD-affected
sample, further pathway analysis was performed by
using the MapMan software (version 3.6.0; http://
mapman.gabipd.org/; Thimm et al. 2004) using the
same input genes as used in the Omics viewer. The
differentially expressed transcripts were mapped on to
the several pre-deﬁned pathway maps designed by
taken rice genome (MSU version 7.0) as reference.

3. Results
3.1 Detection of RTBV and RTSV in the source
plants and in plants following GLH-mediated
inoculation
Out of the six source plants tested, ﬁve showed the
ampliﬁcation of DNA fragment of 1kb, indicating the
presence of RTBV (supplementary ﬁgure S4a). The
presence of RTSV in the source plants was not tested at
this stage, because in a vast majority of RTD-affected
plants the plants are usually co-infected with RTBV and
RTSV. The source plants containing RTBV (and presumably RTSV) were then used to transmit the virus(es)
by GLH to rice variety Pusa Basmati-1 (PB1), followed
by testing for the presence of both RTBV and RTSV in
the transmitted plants by PCR and RT-PCR respectively. Out of the 20 plants inoculated at this stage, both
RTBVand RTSV were seen to be present in 12 plants by
the ampliﬁcation of DNA fragments of 1kb and 1.5kb
respectively (ﬁgure 1a, b) and were selected for further
downstream experiments.

Transcriptome analyses of RTD-infected rice

3.2 Assessment of symptoms and estimation
of copy number of RTBV and RTSV in inoculated
plants by qRT-PCR
The inoculated plants showed signiﬁcant height
reduction at 24 dpi (ﬁgure 1c) and showed an average
titer of 5.019106 copies/ng of DNA for RTBV and 1.45
9108copies/ng of DNA for RTSV (supplementary
ﬁgure S4b and supplementary table S3). These plants,
conﬁrmed for RTBV and RTSV infection at 24 days
post-inoculation (dpi) were used for the isolation of
total RNA for RNA seq studies.
3.3 Quality of transcriptome sequencing and read
alignment
The concentrations and purity of RNA samples (supplementary ﬁgure S5a, b) as well as the quality of the
total RNA was analyzed for their RIN value (supplementary table S4). The RNA samples were also analyzed for their tapestation proﬁles (supplementary
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ﬁgure S5c-f). The sample I (containing pooled RNA
from six plants infected with RTBV and RTSV) and H
(containing pooled RNA from six healthy plants), with
optimum RIN value were taken for library preparation.
The quality of the generated fastq ﬁles for the paired
reads was checked on the basis of Phred score, percentage GC content, and Q30 values (table 1). A total
of 102,110,172 and 114,592,126 numbers of reads
were obtained in the sample H and I respectively out of
which about 90% passed the C 30 Phred score.
The paired reads in both (R1 and R2) orientations of
the sample H were checked for their quality score,
average base composition and GC distribution (supplementary ﬁgure S6). More than 80% of both R1 and
R2 reads of H had a score value greater than 30 (denotes the optimal quality of the reads obtained), the
average content of an individual base for the total
number of reads was found to be in the range of 20% to
40% and the maximum GC content of 40-50% followed by 30-40% and 50-60% respectively. Similar
values were obtained in case of sample I (supplementary ﬁgure S7).

Figure 1. (a) Conﬁrmation of presence of RTBV in rice plants after successive inoculation from the tungro-affected plants
obtained from IIRR. Lane 1- negative control, Lane 2 to 13 - test plants and Lane 14-Positive Control (plasmid); (b)
Conﬁrmation of presence of RTSV in rice plants after successive inoculation from the infected plants obtained from IIRR.
Lane 1- negative control, Lane 2 to 13 - test plants and Lane 14- positive Control (plasmid); (c) Symptoms of tungro in the
inoculated (I) and un-inoculated (UI) PB1 plants at 24 dpi. The samples used in panels a and b represent the same plants used
for the analysis.
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Table 1. Raw reads summary

Read
S.No. Sample orientation
1

H

2

I

R1
R2
R1
R2

Mean read
quality (Phred
score)

Number
of reads

%
GC

35.16
34.60
35.24
34.55

51055086
51055086
57296063
57296063

45.09
44.97
44.34
44.17

The obtained reads were aligned to the reference
transcriptome model and then to the reference genome
of rice (MSU Version 7.0) followed by alignment of the
remaining reads by de novo assembler TopHat (version
2.1.0; table 2).
3.4 Differential gene expression analysis
In samples from I, a total of 959 genes were differentially regulated, as compared to samples H, of which
722 were upregulated while 237 were downregulated.
The FPKM values for the differential expression
against a p-value signiﬁcance level of both, B 0.05 and
B 0.01 were obtained in the form of the logarithm plots
(supplementary ﬁgure S8). The differential expression
of the genes is represented in the form of detailed
clustered heatmaps (supplementary ﬁgure S9 and S10).
The DEGs are categorized in various functional categories as explained in subsequent sections.
3.4.1 DEGs related to defense response: Many genes,
well known to elicit counter defense responses in plants
against a spectrum of pathogens, were differentially
regulated. A majority of defense responsive genes in
plants encode nucleotide-binding site leucine-rich
repeat (NBS-LRR) proteins (McHale et al. 2006).
Genes (LOC_Os01g25720, LOC_Os01g47070, LOC_
Os06g06850, LOC_Os09g15850, LOC_Os11g38580,
LOC_Os12g11680) encoding NBS-LRR proteins were
upregulated to an average of 4-fold (ﬁgure 2; supplementary ﬁgure S10), except one (LOC_Os11g29990),
which was downregulated to more than 2-fold
(ﬁgure 2).

%
%Q %Q %Q
Q\10 10-20 20-30 [ 30
0.0
0.01
0.0
0.01

3.95
5.89
3.76
6.09

4.73
5.55
4.53
5.63

91.32
88.55
91.71
88.28

Number of
bases
Mean read
(MB)
length (bp)
5105.51
5105.51
5729.61
5729.61

100.0
100.0
100.0
100.0

Transcription factors (TFs) play important roles in
plant defense response against biotic stress (Singh et al.
2002). The genes for AP2/EREBP (APETALA 2/
Ethylene-responsive element binding protein family)
transcription factors (LOC_Os01g04800, LOC_Os02g
29550,
LOC_Os03g08490,
LOC_Os09g11460),
WRKY transcription factors (LOC_Os05g25770,
LOC_Os08g38990, LOC_Os09g25060, LOC_Os11g
02520) and MYB (conserved myeloblastosis-related
DNA-binding domain containing proteins; Stracke
et al. 2001) transcriptions factors (LOC_Os02g45670,
LOC_Os06g45890, LOC_Os06g51260, LOC_Os08g
04840, LOC_Os08g06110, LOC_Os11g45740, LOC_
Os12g37970) were upregulated to an average of more
than 2-fold in infected plants (ﬁgure 2; supplementary
ﬁgure S10).
Plant hormones play a crucial role in regulating
various developmental and signaling processes in
response to a wide range of biotic stresses (Bari and
Jones 2009). The genes encoding enzymes related to
biosynthesis, metabolism and signaling of abscisic acid
(ABA; (LOC_Os03g44380, LOC_Os03g57720, LOC_
Os07g18120), ethylene (LOC_Os01g25010, LOC_Os
01g32780, LOC_Os03g08490, LOC_Os04g52090,
LOC_Os05g05680, LOC_Os08g26840, LOC_Os09g
13470, LOC_Os10g39140, LOC_Os10g40934, LOC_
Os11g33394), jasmonic acid (JA; LOC_Os02g10120,
LOC_Os12g37260) and salicylic acid (SA;
LOC_Os05g01140), were upregulated to an average of
more than 3-fold (ﬁgure 2; supplementary ﬁgure S10).
Secondary metabolites are known to be important in
combating plant pathogens (Zaynab et al. 2018). Many
genes related to biosynthesis and regulation of

Table 2. Read alignment summary

QC Passed

QC
Passed%

Aligned Read
Counts

Aligned
%

Unaligned Read
Counts

Unaligned%

102,110,172 94,514,974
114,592,126 108,657,726

92.56%
94.82%

90,460,566
102,513,577

95.71%
94.35%

4,054,408
6,144,149

4.29%
5.65%

Sample Total Reads
H
I
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Figure 2. Distribution of differentially expressed genes (P-value B 0.05) in tungro-affected plant obtained for biotic stress
using MapMan. The up-regulated genes are shown in red color the down-regulated genes are shown in blue color. The threecolored white centered scale is shown on the left hand side.

secondary metabolites, such as those encoding for
mevalonate (LOC_Os01g02020, LOC_Os01g50050,
LOC_Os07g36190) and non-mevalonate (LOC_Os02g
39160,
LOC_Os02g51080,
LOC_Os05g50550
LOC_Os03g52170) pathways, tocopherol biosynthesis
(LOC_Os02g20360, LOC_Os06g23684, LOC_Os11g
42510), isoprenoid derivatives of carotenoid phytoene
synthase (LOC_Os09g38320, LOC_Os12g43130),
metabolism of terpenoids (LOC_Os03g22620,
LOC_Os08g07080), phenylpropanoids involved in the
biosynthesis of the structural polymer lignin
(LOC_Os04g43800, LOC_Os04g15920) and ﬂavanols
(LOC_Os01g25010, LOC_Os10g40934) were upregulated to an average of more than 2-fold (ﬁgure 2;
supplementary ﬁgure S10). However, the gene encoding for cytochrome P450 catalyzing the phenylpropanoid biosynthesis pathway was downregulated to
1.5 fold (ﬁgure 2; supplementary ﬁgure S9).
The expression of Heat Shock Proteins (HSPs)
increases upon virus infection (Chen et al. 2008)
probably due to their chaperonic activity acting on
account of protein accumulation in cytosol due to
virus-induced aggregation (Gorovits and Czosnek
2017). The genes encoding for HSP40 (LOC_Os05g

45350), Erd1 of the HSP100/Clp family (LOC_Os02g
32520), HSP70 (LOC_Os03g60620) and HSP81-1
(LOC_Os08g39140, a gene from HSP90 family) were
upregulated more than 2-fold (ﬁgure 2; supplementary
ﬁgure S10), while several others for J-protein family
(LOC_Os06g28050, LOC_Os04g57880) that are known
to act as act as co-chaperones for HSP70 in yeast (Sarkar
et al. 2013) were found to be downregulated to approximately 2-fold (ﬁgure 2; supplementary ﬁgure S9).
Host cellular proteases are integral enzymes of the
plant innate immunity (Thomas and van der Hoorn
2018). The genes encoding for prolyl oligopeptidases
(LOC_Os04g47360), ATP-dependent proteases (LOC_
Os01g54040), serine proteases (LOC_Os06g08720,
LOC_Os11g24510), cysteine proteases (LOC_Os09g
38920, LOC_Os09g39060), aspartate proteases (LOC_
Os02g27360, LOC_Os11g08100, LOC_Os12g39360
etc.) were upregulated to more than 2- fold (ﬁgure 2;
supplementary ﬁgure S10), while the subtilisin-like
serine proteases (subtilases, LOC_Os01g52750,
LOC_Os01g58280, LOC_Os11g15520) were 2-fold
downregulated (ﬁgure 2; supplementary ﬁgure S9).
The F-box proteins are essential components of
ubiquitin (Ub) proteasome system (Correa et al. 2013).
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The genes for the F-box protein complex (LOC_
Os06g03580, LOC_Os06g39370, LOC_Os09g39190)
were upregulated in infected plants (ﬁgure 2; supplementary ﬁgure S10).
3.4.2 DEGs related to cellular redox state: Perturbation in cellular reduction-oxidation (redox) status is one
of the primary responses in a pathogen-challenged host
(Torres et al. 2006). Hence, our observation of differential expression of several genes involved in maintaining the redox homeostasis of the cell in tungroaffected plants was in line with earlier ﬁndings. Genes
related to biosynthesis and metabolism of thioredoxin
(LOC_Os01g68480, LOC_Os07g08840, LOC_Os09g
38670), ascorbate and glutathione peroxidase (LOC_
Os04g35520, LOC_Os04g46960) heme (LOC_Os06g
39690), glutaredoxins (LOC_Os01g13480, LOC_Os
01g47760, LOC_Os07g46570), oxidoreductase (LOC_
Os04g27060) and NADPH oxidase (LOC_Os04g
58734) were upregulated more than 2-fold on an
average (ﬁgure 2; supplementary ﬁgure S10 and S11),
while the genes for peroxiredoxin (LOC_Os02g09940,
LOC_Os06g09610) and superoxide dismutase
(LOC_Os04g48410, LOC_Os07g46990, LOC_Os08g
44770) were downregulated to the same extent (ﬁgure 2; supplementary ﬁgures S9 and S11).

be upregulated to more than 3-fold on an average
(ﬁgure 3; supplementary ﬁgure S10 and S11). Other
important genes related to developmental pathways
upregulated to more than 3-fold included the late
embryogenesis abundant protein gene (LOC_
Os04g49980), genes encoding for ‘no apical meristem’
protein family members (LOC_Os05g10620, LOC_
Os11g08210, LOC_Os12g03040, LOC_Os12g03050)
transmembrane protein (LOC_Os01g08460) and NAC
domain containing proteins (LOC_Os03g60080,
LOC_Os07g12340, LOC_Os11g03300; ﬁgure 3; supplementary ﬁgures S10 and S11). Genes encoding for
caleosin related proteins (LOC_Os02g50174), tetratricopeptide repeat domain containing protein
(LOC_Os03g06970, LOC_Os05g43040), WD repeatcontaining protein 5 (LOC_Os03g51550) and MUR
Ligase family protein (LOC_Os10g 40130) were
downregulated to more than two fold on an average
(ﬁgure 3; supplementary ﬁgures S9 and S11). The
genes related to carbohydrate, amino acid, fatty acid
and lipid biosynthesis were upregulated (ﬁgure 3 and
4; supplementary ﬁgure S10). In addition, the genes for
the metabolic pathway components of DNA, RNA and
protein metabolism were also found to be differentially
regulated in infected plants (ﬁgures 3 and 5; supplementary ﬁgures S9 and S10).

3.4.3 DEGs related to primary metabolism and development processes: Among the genes related to photosynthesis, the genes encoding for the components of
the light reaction such as those for the synthesis of
polypeptide subunits of the photosystem I (PSI) and II
(PSII; LOC_Os10g39150, LOC_Os02g36850), electron carrier (ferredoxin, LOC_Os01g20110) and those
encoding for the enzymes of the dark reaction (Calvin
cycle) such as phosphoglycerate kinase were downregulated 2-fold in infected plants (supplementary
ﬁgure S9). Similarly, the genes for the metabolism of
auxin (LOC_Os01g08320, LOC_Os03g09900) and
cytokinin (LOC_Os04g25440, LOC_Os10g09990) and
the genes encoding for receptors and modulators of
gibberellic acid (GA) were upregulated (LOC_
Os03g14730, LOC_Os06g11130, LOC_Os10g22430)
to more than 2-fold (ﬁgure 3; supplementary
ﬁgure S10). Genes encoding for enzymes of brassinosteoid (BR) synthesis pathway (LOC_Os03g12660)
were downregulated to about 2-fold (ﬁgure 3; supplementary ﬁgure S9).
Homeobox genes are important determinant of plant
growth and development (Jain et al. 2008). The
homeobox-associated genes (LOC_Os02g43330,
LOC_Os03g08960, LOC_Os04g 45810) were found to

3.4.4 DEGs related to cell organization, cell cycle
and transport: The genes encoding for components of
cellular organization such as those of plastid lipid
associated proteins (PAP/ﬁbrillin family proteins;
LOC_Os03g49720, LOC_Os09g04790), genes for
chloroplast positioning (LOC_Os11g01439; LOC_
Os12g01449) membrane cytoskeleton maintaining
ankyrin protein (LOC_Os02g29210) or ankyrin
domain containing protein (LOC_Os03g46440), cellular ROS and calcium transport mediating annexin
proteins (LOC_Os02g51750, LOC_Os05g31750) and
microtubule-based organelle transport mediating
dynein motor protein (LOC_Os02g16909) etc. were
upregulated to more than 2-fold. Similar upregulation
levels were also found in case of genes encoding
components of cell cycle (LOC_Os01g38229,
LOC_Os05g38270, LOC_Os10g06630) (ﬁgure 3 and
5; supplementary ﬁgure S10).
The genes encoding the various proteins responsible
for the transport of amino acids, di-positive ions,
citrate, malate, nicotinamaine and purine were signiﬁcantly upregulated while the genes for sulphate, urate,
uni-positive and uni-negative ion transporters along
with some metal ion exchangers were signiﬁcantly
downregulated (ﬁgures 3 and 4).
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Figure 3. Bin wise distribution of differentially expressed genes (P-value B 0.05) in tungro-affected plant obtained by
mapping on pre-deﬁned metabolic pathways using MapMan. The up-regulated genes are shown in red color the downregulated genes are shown in blue color. The three-colored white centered scale is shown on the left hand side.

3.5 Validation of differential gene expression
A total of 12 transcripts, 6 transcripts each of the upregulated and down-regulated clade, which showed
signiﬁcant variation from the normal were selected for
qRT-PCR validation. The variation pattern of the
transcript was found to be similar (correlation coefﬁcient of 0.98; supplementary ﬁgure S12) in both qRTPCR and RNA-seq data (ﬁgure 6).
3.6 Functional categorization of differentially
expressed transcripts
The DEGs upon tungro infection were functionally
categorized by GO enrichment analysis to understand
their involvement during the tungro pathogenesis. The
GO enrichment analysis of down-regulated transcripts
involved signiﬁcant number of GO categories (ﬁgure 7). The largest number of GO categories in
downregulated transcripts belonged to metabolic processes followed by cellular processes and response to
stimulus categories. Thereafter, the GO categories for
the response to stress, biosynthetic process, protein
modiﬁcation process and response to endogenous
stimuli were signiﬁcantly enriched. Among the downregulated genes based upon their sequence distribution

under biological processes, the category for the oxidation-reduction process had the largest number, followed by protein phosphorylation, response to stress
and cellular response to chemical stimulus (supplementary ﬁgure S13). On the basis of score distribution
under biological processes, maximum score was again
assigned to the GO category oxidation-reduction process, followed by protein phosphorylation, response to
stress and cellular response to chemical stimulus
(supplementary ﬁgure S13).
The largest number of GO categories in upregulated
transcripts belonged to metabolic processes followed
by cellular and response to stimulus categories (ﬁgure 8). Thereafter, the GO categories for the response
to stress, biosynthetic process, protein modiﬁcation
process, localization and transport were signiﬁcantly
enriched. Among the upregulated genes based upon
their sequence distribution under biological processes,
the category for the single-organism cellular process
was maximally enriched followed by the oxidationreduction process, regulation of cellular process and
trans-membrane transport (supplementary ﬁgure S14).
On the bases of score distribution under biological
processes, the maximum score was again assigned to
the GO category oxidation-reduction process, followed by trans-membrane transport, cellular macromolecule biosynthetic process and gene expression
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Figure 4. Differentially regulated genes (P-value B 0.05) mapped over pre-deﬁned transport and biosynthesis related
pathway map of the cellular overview of the Ricecyc Gramene database.

(supplementary ﬁgure S14). The descending hierarchical distribution of enriched GO categories at each
level showing the relative share for the up- and downregulated genes was also generated (supplementary
ﬁgures S15–S19).
3.7 Mapping of the differentially-expressed
transcripts to the metabolic pathways
A large number of DEGs were mapped to the pathways
related to membrane transport, biosynthetic pathways
of carbohydrates, amines and polyamines, amino acids,
fatty acid and lipid, hormones and secondary metabolites along with those of pathways involved in

cofactors, prosthetic groups, electron carriers, nucleoside, nucleotide and cell structure biosynthesis (ﬁgure 4 and 5). The DEGs were also mapped to the
pathways of glycolysis, TCA cycle, fermentation,
photosynthesis and other oxidative and non-oxidative
pathways along with degradation pathways of several
amino acids (ﬁgure 5).
In the bin-wise distribution of the differentially
expressed genes in Mapman, the maximum mapped
category was that of transport, protein metabolism,
signaling and nucleic acid metabolism followed by
categories related to stress, the redox state of the cell,
secondary metabolism and hormone metabolism (ﬁgure 3). The distribution of DEGs over the metabolic
pathways revealed that they were mapped to pathways
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Figure 5. Differentially regulated genes (P-value B 0.05) mapped over pre-deﬁned metabolic and biosynthesis related
pathway map of the cellular overview of the Ricecyc Gramene database. The blank arrows indicate the step of the process not
affected and the black arrows indicate the connected pathways.

Figure 6. Validation of RNA-seq data via qRT-PCR. Bar graphs depicting the relative transcript abundance of selected
transcripts in rice in RTD. The data points represents the log2 fold change values calculated with respect to control healthy
uninfected plant. The red and blue bars represent the expression via qRT-PCR and the green bars represent expression via
RNA-seq. Three biological and three technical replicates were used for each gene.
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Figure 7. Gene ontology (GO) enrichment analysis of down-regulated transcripts upon Tungro virus infection obtained
through BINGO plugin on Cytoscape platform: Node size is proportional to the number of transcripts in that category and
color shaded is according to signiﬁcant level (white represents-no signiﬁcant difference, color scale yellow-P-value = 0.05,
orange- P-value \ 0.0000005).

Figure 8. Gene ontology (GO) enrichment analysis of up-regulated transcripts upon Tungro virus infection obtained
through BINGO plugin on Cytoscape platform : Node size is proportional to the number of transcripts in that category and
color shaded is according to signiﬁcant level (white represents-no signiﬁcant difference, color scale yellow-P-value = 0.05,
orange- P-value \ 0.0000005).
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Figure 9. Distribution of differentially expressed genes (P-value B 0.05) in RTD-affected plant obtained on pre-deﬁned
metabolic pathways using MapMan. The up-regulated genes are shown in red color the down-regulated genes are shown in
blue color. The three-colored white centered scale is shown on the right hand side.

related to amino acid metabolism, secondary metabolism, lipid metabolism, cation and anion transport,
pathways related to photorespiration and photosynthesis and cell wall metabolism (ﬁgure 9).
The DEGs were mapped to almost all categories of
the pathway ontologies (supplementary ﬁgure S20).
Since it was found that the upregulated genes were
more in number than the downregulated genes, most of
the pathway ontologies were enriched heavily by the
former. The upregulated genes were mapped to the
pathways such as that of abiotic and biotic stress,
regulation of transcription, protein modiﬁcation, protein degradation, redox, vesicle transport and protein
targeting (supplementary ﬁgure S20). Few of the
upregulated genes were mapped to categories such as
cell division or cell cycle, development, biotic stress,
abiotic stress such as heat and light, and redox such as
ascorbate, glutathione and glutaredoxin metabolism.
(supplementary ﬁgure S11).
When the secondary metabolism-related pathways
were checked, it was found that the upregulated genes
were mapped to the mevalonic and non-mevalonic

acid pathways, the shikimate pathway and the pathways for tocopherol, wax and ﬂavonoids. Both the
upregulated and downregulated genes mapped to the
pathways for terpenoids and lignin (supplementary
ﬁgure S21).
Among the DEGs mapped to the mitochondrial
genes and pathways, the upregulated genes were
mapped to the pathways for alternative oxidases,
membrane complex I transporting proton intracellular
to extracellular, mitochondrial membrane metabolite
transporters and NADH oxidase at the membrane while
only one downregulated gene mapped to the membrane
complex IV of the mitochondria (supplementary
ﬁgure S22).
Among the DEGs mapped to the chloroplast metabolism, the upregulated genes were those related to the
components of photosystem I and II of the light reaction, the regeneration and carboxylation step of the
Calvin cycle, and the reduction of ribulose after the
Calvin cycle in photorespiration. The downregulated
genes were those encoding the components of electron
transport of the Z-scheme of the light reaction and the
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end reduction step of the light reaction and the Calvin
cycle (supplementary ﬁgure S22).
4. Discussion
The titers of RTBV and RTSV in the samples used for
the analysis (supplementary ﬁgure S4; supplementary
table S3) resembled previous reports (Sharma and
Dasgupta 2012; Valarmathi et al. 2016) in which the
viruses have been transmitted by GLH in the same way
as was done in this study. Hence, the degree of infection at the time of transcriptome analysis in the inoculated plants was considered to be a true reﬂection of
the natural infection process leading to RTD.
As mentioned earlier, Satoh et al. (2013) reported
RTSV-induced changes by a microarray analysis
between a rice variety susceptible to RTSV and resistant NILs generated using a resistant variety as the
donor. Subsequently, Budot et al. (2014) reported
changes in the expression patterns of cell wall synthesis
genes, following RTSV infection between Asian and
African rice varieties, differing in RTSV-induced
stunting. In both the above studies, genes giving rise to
the resistance in the NILs (Satoh et al. 2013) or those
responsible for susceptibility in the African rice variety
(Budot et al. 2014) were unknown, which could
inﬂuence the interpretation of the data regarding the
gene expression changes reported. In the present study,
since the susceptible rice variety PB1 was studied for
the global transcriptome changes following infection
with both RTBV and RTSV, the changes observed in
the gene expression patterns are more reﬂective of the
overall molecular perturbations, providing a more
comprehensive insight compared to the previous
studies.
The samples I consisted leaf tissues of plants inoculated with viruliferous GLH at 24 dpi and samples H
consisted of plants of the same age, not inoculated with
GLH, but grown under identical conditions. Since the
inoculation procedure consisted of releasing viruliferous GLH for 24 hours on the plants to be inoculated,
the gene expression changes at 24 dpi can be considered to be reﬂective only for the effects of RTBV and
RTSV, and not due to any damage due to the GLH
inoculation process, as any molecular changes due to
such damage are unlikely to persist at 24 dpi.
The transcriptome analysis of these samples revealed
a signiﬁcant proportion of the total genes to be differentially regulated (about 2% of the total rice genome
with p-value B 0.05) in plants affected with RTD with
a higher number of upregulated genes compared to the

downregulated ones, affecting a wide range of GO
categories (ﬁgures 7 and 8). Some of the GO categories
affected such as ‘‘response to stimuli’’, ‘‘cellular processes’’, ‘‘secondary metabolic process’’ and those
related to redox state of the cell were on the expected
lines as reported in other cases of virus infections
(Ascencio-Ibánez et al. 2008; Catoni et al. 2009; Laliberté and Sanfaçon 2010; Lu et al. 2012; M. Yang
et al. 2018).
Genes for HSPs serves as a chaperone during virus
infection and helps in protein folding and assembly.
They affect most of the vital processes of viruses such
as assembly and localization of virus replicases (e.g.
HSP70, Gorovits et al. 2013), movement proteins
(HSP40 and HSP70; Soellick et al. 2000). On the other
hand HSP70 along with SGT1 protein of plant and
HSP40 have been found to cause hypersensitive-response (HR) mediated cell death, thus having a direct
role in plant immunity against virus (Liu and Whitham
2013; Park and Seo 2015). HSP90 is a positive regulator of plant immunity as it directly interacts with R
proteins and with various kinases and transcription
factors that activates defense response (Park and Seo
2015). The DNA-J proteins are reported to increase the
host susceptibility towards Potato virus Y infection
possibly by recruiting HSP70 for virus assembly and/or
cell to cell spread (Hoﬁus et al. 2007). HSP genes were
more upregulated in RTSV-susceptible rice plants,
following RTSV infection, as compared to resistant
plants (Satoh et al. 2013). It would be interesting to
know whether the HSPs in this case also interact with
the RTSV/RTBV replicases/related proteins and initiate
their active replication or they assist with the RTBV/
RTSV movement in host by interacting with the
movement protein.
Most plant R proteins contain NBS-LRR domains
which play crucial role in host defense against pathogen. The R proteins bring about HR, restricting virus to
local infection site thus preventing virus spread (Liu
et al. 2002; Moffett et al. 2002 Belkhadir et al. 2004;
Bao et al. 2018; Xun et al. 2018). Our observation, that
several genes encoding NBS-LRR proteins were
upregulated to more than 4-fold (ﬁgure 2; supplementary ﬁgure S10) probably indicated the operation of one
or more such defense processes. WRKY, are known for
response to biotic stresses in plants including virus
infection, such as, in rice upon RSV infection and in
hot pepper upon TMV infection (Eulgem and Somssich
2007; Pandey and Somssich 2009; Sarris et al. 2015;
Satoh et al. 2011; Shimizu et al. 2007). An ectopic
expression of AP2/ERF component factor induces PR
protein expression providing broad range of resistance
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against various pathogens including TMV (Zhang et al.
2009). MYB TF is reported to provide immunity
against an Arabidopsis-infecting begomovirus by
interacting with a leucine-rich repeat receptor-like
kinase and inhibiting the translation of viral proteins
(Zorzatto et al. 2015). The MYB and ERF TFs are
known for directly or indirectly acting against biotic
stress (Abe et al. 2003; Dubos et al. 2010; Liu et al.
2004). Our observation of general upregulation of TF
gene expression may reﬂect the activation of plant
defense pathways against virus infection.
BR signaling plays major role in defense responses
against cucumber mosaic virus (CMV) by inducing
several defense responsive genes (Zhang et al. 2015).
Genes for BR biosynthesis were found to be downregulated in the present study (ﬁgures 3 and 5; supplementary ﬁgure S9). JA and SA have also been
recently implicated in the response of plants towards
viral infection (Rosas-Dı́az et al. 2016; Zhang et al.
2016; Li et al. 2017; Yang et al. 2017). ABA has
multifaceted role in case of plant-virus interaction. At
the initial phase of infection, it restricts intercellular
movement of virus by increasing callose deposition at
plasmodesmata or if activated at later stages, it inhibits
SA action and decreases the resistance at the infection
site by repressing HR, decreasing the production of
ROS and SA and, ﬁnally, weakening the distal SAR
and siRNA systems by affecting the host mRNA processing, siRNA and miRNA (Alazem and Lin 2015).
ABA, in association with NBS-LRR genes, is reported
to confer broad range resistance against multiple viruses in soyabean (Xun et al. 2018). Very recently, ABA
has also been reported to negatively affect the plant
defense against rice black streaked dwarf virus by
suppressing the JA pathway and regulating the host
ROS (Xie et al. 2018). A report of rice dwarf virus,
manipulating the ethylene biosynthesis pathway for its
own infection (Zhao et al. 2017) strengthens the positive interplay of virus with host hormonal pathways .
Hence, the observation that genes related to the
biosynthesis, signaling and regulation of brassinosteroids, JA, SA and ethylene are differentially regulated
during RTD (ﬁgures 2, 3 and 5) indicates a striking
similarity between the plant responses during RTD and
other viral infections.
Auxin has major role in development and growth of
the plant by its prime function of maintenance of apical
dominance (Teale et al. 2006). During viral infection,
plants become stunted because of loss of apical dominance, phenocopying auxin mutants having impaired
biosynthesis or the pathways for its signaling (Kazan
and Manners 2009). During biotrophic infection, auxin
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biosynthesis and signaling is induced to a level that
downregulates the hypersensitive response and represses the SA signaling pathway, thus indirectly facilitating pathogenesis (Benjamins and Scheres 2008;
Robert-Seilaniantz et al. 2007). Genes for Auxin
Response Factor (ARF) and AUX/IAA family were
differentially regulated in both RTSV susceptible and
resistant plants (Satoh et al. 2013). This regulation was
presumably to maintain the overall homeostatic balance
by controlling protein-protein interaction between
AUX/IAA and viral replicase, thereby, selectively
enhancing the pathogenicity in tissues where AUX/
IAA proteins accumulate. This has been reported in
TMV where it reprograms the host cellular environment using a similar mechanism (Padmanabhan et al.
2008, 2005). Some viruses manipulate the factors
involved in apical dominance, by altering their functions and sub-cellular localization and using them for
virus proliferation, resulting in symptoms (Alazem and
Lin 2015). Increased auxin in cell induces the expression of the genes for expansins (responsible for pHdependent loosening of cell wall), making the plant
more vulnerable to pathogen attack (Ding et al. 2008;
Majda and Robert 2018). The genes for biosynthesis,
metabolism and signaling of auxin were found to be
signiﬁcantly upregulated in the present study (ﬁgure 2,
3 and 5; supplementary ﬁgure S10) indicating their
possible role primarily in increasing the pathogenicity
of RTBV and RTSV.
Although there is no direct evidence of GA
involvement in plant defense response against biotic
stress, there are reports that suggest that a GA-GA
receptor-GRAS (‘GIBBERELLIC-ACID INSENSITIVE’, ‘REPRESSOR of GAI’ and ‘SCARECROW’)
interaction may activate resource mobilization in plants
more towards pathogen defense than to the development processes (Harberd et al. 2009). In addition,
DELLA proteins, a subfamily of GRAS (Itoh et al.
2008) are known for activation of JA/ethylene-mediated defense response in plants (Navarro et al. 2008).
GRAS family genes along with genes for GA receptors
were found to be upregulated in RTD-affected plants
during this study (supplementary ﬁgure S10).
An upregulation in genes for mevalonate pathway
along with genes for carotenoid synthesis was observed
(ﬁgure 4 and supplementary ﬁgure S21). Since carotenoids and gibberellins share the common mevalonate pathway for their biosynthesis (Yang et al. 2012),
an escalated carotenoid biosynthesis in tungro-affected
plants is expected to affect the availability of precursors
for gibberellin biosynthesis, thus inhibiting its formation (Mohanty and Sridhar 1989).
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Secondary metabolites are an important class of
compounds essential for plant survival under stressed
environment. They are also known for modulating the
plant response to the attack of various pathogens
(Bennett and Wallsgrove 1994; Killiny et al. 2017;
Pinheiro et al. 2017). Although there are no reports of
the direct effect of secondary metabolites over virus
infection, their role in affecting cellular ROS leading to
stomatal closure and programmed cell death or callose
deposition for restricting pathogen entry may have a
defensive role (Piasecka et al. 2015) The differentially
regulated genes (mostly upregulated ones) mapped to
the pathways related to a number of secondary
metabolites (ﬁgures 2, 3, 4 and 9; supplementary
ﬁgure S21), indicating their importance during the
pathogenesis during RTD.
The ubiquitin (Ub)-mediated post-translational
modiﬁcation of the proteins as well as the degradation
of proteins by the Ub-proteasome system has now been
established as a major regulator in almost all of the
cellular processes (Alcaide-Loridan and Jupin 2012).
Studies have revealed the role of Ub in plant-virus
interactions (Becker et al. 1993; Liu et al. 2002;
Shackelford and Pagano 2005). Ub plays a central role
in hormonal cross-talks during biotic stress (e.g. virus
infection) regulating the hormonal signaling cascades
(Dreher and Callis 2007; Isaacson and Ploegh 2009).
However, recently it has been reported that viruses
modulate the host ubiquitination machinery and impair
the host hormonal defense for its own proliferation (Jia
et al. 2016) and gene expression (Kushwaha et al.
2015). Viruses are also known to encode for their own
cysteine, aspartic and serine rich endoproteases to
cause the proteolytic cleavages for their co- and posttranslational modiﬁcations (Rodamilans et al. 2018). In
some viruses of the order Bunyavirales the aspartyl
proteases of the host are utilized by the virus to process
the primary product of the M (medium) genomic RNA
to yield the cleaved glycoproteins (Shi et al. 2016). In
the present study, many upregulated genes mapped to
the Ub-mediated host proteolysis pathway indicating a
conjugation between Ub versatility and host proteolytic
regulatory pathway. In addition, several genes encoding for host proteases were also upregulated indicating
their probable role in processing of viral polyproteins
(ﬁgure 2; supplementary ﬁgure S10).
Many steps in plant defense response are affected by
ROS accumulation (Baker and Orlandi 1995; Camejo
et al. 2016; Doke and Ohashi 1988; Levine et al.
1994). ROS metabolites, such as hydrogen peroxide,
play dual role by locally causing the death of the
infected cell thus trapping the pathogen within itself

and by acting as a diffused signal for eliciting other
plant defense responses in nearby and distant tissues
during pathogen infections (Levine et al. 1994). Role
of ROS as a defense molecule against plant viruses has
also been demonstrated many a times (Hernández et al.
2016; Hyodo et al. 2017; Yi et al. 2003). In contrast,
some viruses (eg. red clover necrotic mosaic virus,
brome mosaic virus) hijack the host ROS machinery
and modulate it for their own replication (Hyodo et al.
2017). A common strategy for the decrease in ROS and
increase in antioxidant enzymes during the initial phase
of infection for establishing the compatible infection in
the host plant and increase in ROS and decrease in
antioxidant enzymes at the later stages, leading to
senescence-like symptom development was found in
case of interactions of potexviruses (Clarke et al. 2002;
Garcı́a-Marcos et al. 2009), sobemovirus (Li and
Burritt 2003), ilarvirus (Amari et al. 2007) and caulimovirus (Love et al. 2005) with their respective hosts.
In the present study, among the upregulated genes,
some mapped to the pathways related to heme,
thioredoxin, ascorbate/glutathione and glutaredoxin
metabolism (ﬁgures 2, 3 and 9). Several downregulated
genes mapped to the peroxiredoxin, dismutase- and
catalase-associated
pathways
(supplementary
ﬁgure S11). In addition, the GO categories for the
oxidation-reduction process were also highly enriched
by the DEGs (supplementary ﬁgures S13 and S14). It
will be interesting to further analyze the positive or
negative effect of RTD on host redox state and ROS
machinery since by its successful infection and symptoms in rice plant it implies that the virus manipulates
the host ROS machinery in its favor for its accumulation and symptoms.
The degree of upregulation of the genes for fatty acid
and lipid biosynthesis were found to be more in this
study (ﬁgure 4; supplementary ﬁgure S10), compared
to the report by Satoh et al. (2013). Fatty acid and lipid
components have been reported to play important roles
in inducible plant defense responses against plant
viruses (turnip crinkle virus, CMV and TMV) by either
directly affecting their in-host proliferation or signaling
to activate a set of defense genes (Dhondt et al. 2000;
Kachroo and Kachroo 2009; Lim et al. 2017).
Impaired photosynthetic electron transport in PSII,
altered polypeptide pattern in oxygen evolving complex in thylakoid membrane, modulated chlorophyll
ﬂuorescence and reduced efﬁciency of excitation capture in PSII were found in Nicotiana benthamiana
infected with pepper mild mottle virus and paprika
mild mottle virus (Rahoutei et al. 2000). Reduced
chlorophyll content and decreased net photosynthetic
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Figure 10. Diagrammatic representation of putative response mechanism in rice against RTBV and RTSV based on the
previous ﬁndings and their correlation with the present RNA-seq data. RTBV-Rice tungro bacilliform virus; RTSV- Rice
tungro spherical virus; HSP- Heat shock protein; HR-Hypersensitive response; PCD- Programmed cell death; R- Resistance
proteins; PRR- Pattern recognition receptor; NBS-LRR- Nucleotide-binding site leucine-rich repeat proteins; TFTranscription factors; ROS- Reactive oxygen species; SA-Salicylic acid; JA- Jasmonic acid; MP-Movement Protein; RPReplicase protein; ABA- Abscisic acid; BR- Brassinosteroid; PSII- Photosystem II.

rates were observed in mustard plant infected with
turnip mosaic virus (Guo et al. 2005). Virus infection
was reported to cause localized changes in plant
chloroplast apparatus, unusual carbohydrate accumulation, changes in the expression of genes that lead to
perturbations in level of chloroplast protein complex as
well as enzymes of photosynthesis process (Sailaja
et al. 2013). Physical interaction of RTBV ORF I with
the rice D1 protein of the PSII and perturbations in FeZn homeostasis resulting into reduced chlorophyll
content and photosynthesis along with differential
regulation of photosynthesis and chlorophyll metabolism genes were recently observed in rice and were
considered as the symptom determinants of RTD (Srilatha et al. 2019). In the present study also, the genes
for polypeptide subunits of PSI and PSII, electron
carriers and enzymes of the Calvin cycle were found to
be downregulated (Online Resource 13) indicating the
occurrence of similar processes.

The homeobox genes that play important role in
plant growth and development (Jain et al. 2008) were
found to be downregulated upon RTSV infection in the
resistant variety compared to the susceptible one (Satoh
et al. 2013). Interestingly, mutants of homeobox genes
show constitutive expression of genes of GST and
those associated with JA pathway (Coego et al. 2005;
Ramı́rez et al. 2010) indicating a level of control by the
those genes. In the present study the homeobox genes
were found to be upregulated (ﬁgure 3; supplementary
ﬁgure S10 and S11) although the genes for the GST, JA
biosynthesis (ﬁgures 2 and 4) and signaling pathways
were also upregulated, indicating a possible uncoupling
of this control.
A class of development-related peptide hormone,
Rapid Alkalinization Factor (RALF) (Pearce et al.
2001) was found to be upregulated in this study (ﬁgure 6; supplementary ﬁgure S10). This was also found
to be upregulated more in RTSV-susceptible than in
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RTSV-resistant plants (Satoh et al. 2013). An interesting hypothesis by Gupta et al. (2010) states that the
pathogen induces RALF in plants to use it as a decoy to
indicate decrease in pathogen load without adding to
pathogen ﬁtness or activating any kind of defense
signal, but triggers immune response in an indirect
manner. The upregulation of RALF observed in RTDaffected plants gives an indication that it might be used
as a decoy RTBV and RTSV.
The mapping of the DEGs to the genes and pathways
related to chloroplast and mitochondria (supplementary
ﬁgure S22) indicate the effect of RTBV and RTSV on
host cellular organelles which may lead to redox
homeostasis or redox imbalance depending upon
whether the infection is incompatible or compatible
(Hernández et al. 2016).Viruses are also known to
interfere with the host cellular organization (Nelson
and Citovsky 2005; Patarroyo et al. 2013), cell division
(Boutant et al. 2009; Nagar et al. 2002) and transport
(Carrington et al. 1996). In this study too, the genes for
cell organization, cell cycle and transport across the cell
were all found to be differentially regulated (ﬁgures 3,
4 and 5; supplementary ﬁgure S10).
Taking the ﬁndings of this study, the overall effects
of the differential regulation of gene expression of the
host and their effect on the primary metabolism, secondary metabolism, the defense pathways and their
roles in the development of symptoms during RTD are
presented in ﬁgure 10.
To conclude, the global changes in the gene expression
proﬁle in RTD-affected rice plant in this study has
revealed many key genes and pathways to be differentially regulated, which reﬂect the response of the host to
virus infection. The roles of these genes in the process of
pathogenesis require further study, involving gene
silencing, protein-protein interactions and, if possible,
using viruses carrying mutated genes. Such studies will
be the key by which additional information on the
molecular interactions during RTD may be unlocked.
Hence, the present study, the ﬁrst to reveal the identity of
DEGs in RTD-affected rice plants, will contribute to the
control of this devastating disease of rice, and will go a
long way in strengthening food security in the regions of
the world affected by this disease.
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Silveira RD and Petrofeza S 2014 Selection of optimized
candidate reference genes for qRT-PCR normalization in

Transcriptome analyses of RTD-infected rice

rice (Oryza sativa L.) during Magnaporthe oryzae infection and drought. Genet. Mol. Res. 13 9795–9805
Boutant E, Fitterer C, Ritzenthaler C and Heinlein M 2009
Interaction of the Tobacco mosaic virus movement protein
with microtubules during the cell cycle in tobacco BY-2
cells. Protoplasma 237 3
Budot BO, Encabo JR, Ambita ID V, Atienza-Grande GA,
Satoh K, Kondoh H, Ulat VJ, Mauleon R, Kikuchi S
and Choi I-R 2014 Suppression of cell wall-related
genes associated with stunting of Oryza glaberrima
infected with Rice tungro spherical virus. Front Microbiol. 5 26
Bunawan H, Dusik L, Bunawan SN and Amin NM 2014
Rice tungro disease: From identiﬁcation to disease
control. World Appl. Sci. J. 31 1221–1226
Cabauatan PQ and Hibino H 1985 Transmission of rice
tungro bacilliform and spherical viruses by Nephotettix
virescens Distant. Philipp. Phytopathol. 21 103–109
Camejo D, Guzmán-Cedeño Á and Moreno A 2016 Reactive
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Götz S, Garcı́a-Gómez JM, Terol J, Williams TD, Nagaraj
SH, Nueda MJ, Robles M, Talón M, Dopazo J and
Conesa A 2008 High-throughput functional annotation
and data mining with the Blast2GO suite. Nucleic Acids
Res. 36 3420–3435
Guo D-P, Guo Y-P, Zhao J-P, Liu H, Peng Y, Wang Q-M,
Chen J-S and Rao G-Z 2005 Photosynthetic rate and
chlorophyll ﬂuorescence in leaves of stem mustard
(Brassica juncea var. tsatsai) after turnip mosaic virus
infection. Plant Sci. 168 57–63
Gupta S, Chakraborti D, Basu D and Das S 2010 In search of
decoy/guardee to R genes: deciphering the role of sugars
in defense against Fusarium wilt in chickpea. Plant Signal
Behav. 5 1081–1087
Harberd NP, Belﬁeld E and Yasumura Y 2009 The
angiosperm gibberellin-GID1-DELLA growth regulatory
mechanism: how an ‘‘inhibitor of an inhibitor’’ enables
ﬂexible response to ﬂuctuating environments. Plant Cell
21 1328–1339

27

Page 20 of 23

Gaurav Kumar and Indranil Dasgupta

Hay JM, Jones MC, Blakebrough ML, Dasgupta I, Davies
JW and Hull R 1991 An analysis of the sequence of an
infectious clone of rice tungro bacilliform virus, a plant
pararetrovirus. Nucleic Acids Res. 19 2615–2621
Hernández JA, Gullner G, Clemente-Moreno MJ, Künstler
A, Juhász C, Dı́az-Vivancos P and Király L 2016
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