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Abstract

The key components of drought-stress signaling that are responsible for drought tolerance in rice have not been identified yet.
Although many expressed sequence tags (ESTs) of rice grown under drought stress have been identified and deposited in the
GenBank, they have not been optimally used for functional analyzes. This research was thus established to analyze an EST
dataset in order to understand the global gene expression profile induced by drought stress in rice, to discover novel drought-
tolerance genes using in silico study, and to confirm them through gRT-PCR analysis. A dataset of drought-response-related
ESTs in rice was downloaded from the NCBI, preprocessed and grouped into clusters for functional analysis to obtain stress-
responsive contigs. These contigs were then hierarchically selected to identify those related to transcription factors. The
selected contigs were then incorporated into the drought-tolerant QTL on rice physical maps. The gene expression of each
selected locus was evaluated in rice cv. Hawara Bunar and IR64 under drought stress. Gene Ontology analysis showed that the
contigs consisted of genes encoding proteins involved in metabolic and cellular processes, related to catalytic and binding
function, and located in the nucleus, cell membrane, and endomembrane organelles. Ten candidate genes potentially involved
in regulating tolerance of drought stress were identified. They were located on rice chromosomes 1, 2, 3, 4, 6 and 9, and
colocalized with the QTL for the drought-tolerance trait. Based on in silico and gRT-PCR analyzes, 0Os03g0160100,
0s03g0815100, 0Os06¢g0601000 and Os09g0553100 were considered to be candidates for uncharacterized drought-responsive
regulatory genes that potentially being used for manipulating drought tolerance in rice. © 2019 Friends Science Publishers
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Introduction

Rice (Oryza sativa L.) is one of the most important staple
food crops globally and consumed by almost half of the
world’s population. The growth and productivity of rice are
strongly influenced by the availability of water, which is a
highly limited resource for rice production under drought
conditions. Water deficit leads to the loss of rice production
worldwide. Given the background of a decreasing supply of
water for rice cultivation throughout the world, there is an
increasingly urgent need to improve the adaptability of rice
to drought stress (Pandey and Shukla, 2015).

The complexity of the mechanism of drought
tolerance in rice has made it difficult to characterize
drought-tolerance traits that need to be understood to
enhance the performance of the drought stress response. This
has impeded the improvement of drought-tolerant varieties
of rice. Several phenotypic traits, which are the combination

contributions to drought tolerance. As the most basic
function, the molecular mechanism of drought tolerance in
rice is a challenging project to elucidate (Lenka et al., 2010).

Drought stress can induce the expression of a
considerable number of genes, initiating various responses
that activate adaptive programs or genes related to the
downstream response (Farooq et al., 2009a, b). Drought-
responsive genes encode proteins that contribute to a
variety of biological processes, molecular functions, or
cellular components (Zhang et al., 2016). These can be
grouped into two classes: those that play a direct role in
protecting the plant against drought stress and those that
control the expression of genes or activate signal
transduction in response to drought stress (Shanker et al.,
2014; Silveira et al., 2015). Several drought-induced genes
encode transcription factors (TFs) that are essential for
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regulating drought tolerance. Despite the fact that many
genes that respond to drought stress have been identified, no
studies have yet identified the major genes or key drought
stress signaling factors that play essential roles for drought
tolerance in rice (Farooq et al., 2009b; Silveira et al., 2015;
Shankar et al., 2016; Borah et al., 2017).

The global analysis of gene expression, also known as
transcriptome analysis, has been broadly applied using
various technologies, such as cDNA libraries, microarrays
and RNA-seq, which are based on Sanger sequencing,
hybridization and high-throughput sequencing, respectively
(Wang et al., 2009). Transcriptome studies in rice have
significantly improved our ability to discover and explore
novel genes that play key roles in drought tolerance and
increased our ability to focus on previously identified genes
that might be related to specific molecular responses
induced by drought stress (Silveira et al., 2015).

Single-transcript studies were first performed decades
ago, before omics technologies had been established. In the
1980s, Sanger sequencing, which produces low-throughput
data, began to be used to sequence random transcripts from
cDNA libraries termed expressed sequence tags (ESTS).
Sequences of ESTs represent the products of gene
expression at the transcriptional level, which are the objects
of interest in transcriptomic study. During the 1990s, it
became popular to use ESTs as an efficient technique to
study responses at the molecular level without sequencing
the whole genome of an organism. Exponential growth in
the ESTs data deposited in public databases then occurred in
the 2000s, enabling the discovery of genes or alternative
transcripts, aiding gene structure or functional analysis,
complementing genome annotations, and facilitating
proteome study (Lowe et al., 2017).

ESTs are short sequences generated by single-pass
sequencing of cDNA libraries picked at random. They
should be processed and annotated to provide biologically
relevant information. Raw ESTs contain low-quality
sequences and vector regions that have to be removed to
obtain a qualifiable sequence for further analyzes.
Considering the random selection of cDNA clones from the
library, a clustering step is required to obtain the unique
consensus sequences or unigenes that are not redundant.
Finally, annotation of the structural or functional unigenes is
required to add biologically relevant information to the
sequences (Huang et al., 2017). ESTs can now potentially be
used to obtain a more comprehensive understanding of
global gene expression because of the increase in the number
of data sequences deposited in GenBank and development of
more accurate and efficient software for transcriptomic data
processing. They can also enable information to be obtained
about novel genes that play key roles in the molecular
mechanism of drought tolerance in plants.

Here, we processed an EST dataset from the database
to study rice responses to drought stress at the
transcriptomic level. There is an abundance of EST
sequences of rice grown under drought stress deposited in
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the NCBI, which enables studies on various genotypes,
treatment levels, specific tissues, and developmental stages.
The objectives of the present study were to understand the
global gene expression profile induced by drought stress, to
discover novel drought-response-related genes through in
silico study and to confirm the validity of the selected gene
candidates using expression analysis in rice.

Materials and Methods
EST Data Resources and Preprocessing

The drought stress-related ESTs in rice were downloaded
from NCBI using the keywords “(rice [Organism]) AND
drought.” They were preprocessed to remove parts of the
sequence that might cause incorrect matching in the
assembly step using SeqClean software. A plasmid dataset
from UniVec (ftp://ftp.ncbi.nih.gov/pub/UniVec/) NCBI
and the Escherichia coli genome (NC_000913.2) were used
to screen out contaminants from the ESTs. The
preprocessed ESTs were then clustered based on their
sequence similarity. Subsequently, the software programs
PHRAP and CAP3 were used, and their assembly
performances were compared to obtain the best contigs.
Only contigs produced from the better software were used
for further analyzes.

Locus Identification

The contigs were mapped into the Nipponbare IRGSP 1.0
rice genome (Sakai et al., 2013) to determine their positions
along all 12 chromosomes using ReadsMap software. They
were also aligned into rice full-length cDNA (RAP-DB) to
identify the physical locations of loci using local BLASTN
software with maximum E-value of less than 1e—5. The loci
were determined based on the Top-Hit BLASTN results
using rice cDNA database were used as gene loci.

Functional Analysis of EST Contigs

Functional analysis of the contigs produced from the
clustering step was performed using Blast2GO v5.021
(Conesa and Gotz, 2007). Contigs containing homologous
sequences with annotated proteins in the NCBI nr database
were used for functional characterization based on a
maximum E-value of less than le—3 using BLASTX.
Sequences were also imported into InterProScan. CDD,
HAMAP, HMMPanther, HMMPfam, HMMPir,
FPrintScan, BlastProDom, Gene3D, SFLD, SuperFamily,
Coils, MobiDBLite, Phobius, SignalPHMM and TMHMM
were used as the databases. The contig sequences were
translated into six reading frames and then aligned to the
dataset of selected databases. According to the mapping of
the corresponding Top-Hit of BLASTX and InterProScan
results to Gene Ontology (GO), the GO accession numbers
were assigned to the contigs for the classification of
functional groups.


ftp://ftp.ncbi.nih.gov/pub/UniVec/
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Determination of Drought-responsive Regulatory Gene
Candidates

Three selection steps were performed to determine the
candidates for drought-responsive genes in rice. First, GO
analysis was narrowed on the subhierarchy of the biological
process term. The predicted contigs involved in the stress
response were selected. Nucleotides of the selected contigs
in fasta format were extracted for further analyzes
(Ramalingam et al., 2006). Second, stress-responsive
contigs were aligned to the sequences of rice genes involved
in the transcriptional control in PlantTFDB4.0 (Jin et al.,
2017), PInTFDB (Pérez-Rodriguez et al., 2010) and
GRASSIUS (Mukundi et al., 2017) using local BLASTX
software. Third, the drought-responsive contigs that
putatively encode TFs proteins were incorporated into the
drought stress-tolerant QTL in a rice database. The QTARO
(Yonemaru et al., 2010) database was explored to collect
data on the physical positions of QTL controlling traits
related to drought stress tolerance in rice. The physical
positions of the selected contigs and the collected QTL were
mapped along the 12 rice chromosomes using the ggplot2
package in R software.

Plant Growth and Stress Treatments

Seeds of IR64 and Hawara Bunar (HB), drought-sensitive
and -tolerant rice cultivars, respectively, were germinated
and grown in Yoshida culture medium (Yoshida et al.,
1976) for 14 days. To determine the relative expression
levels of the genes of interest under water-limiting stress,
plants at the four-leaf stage were removed from the medium
and air-dried for 3 h, or were grown under low-osmotic
conditions using 20% polyethylene glycol (PEG) 6000 for
24 h. The shoots and roots were collected separately after
drought stress treatment for the isolation of RNA. Each
stress treatment was repeated as biological triplicates, giving
a total of 36 experimental units in this study.

RNA Isolation and cDNA Synthesis

Total RNA isolation was performed in biological triplicates
from the shoot or root tissues from 14-day-old rice seedlings
using TRIzol reagent (Invitrogen, California, USA). The
quantity of RNA was measured using GenQuant (Bio-Rad,
California, USA) and the quality was visualized by agarose
gel electrophoresis. The genomic DNA was removed by
treatment with DNAse | (Thermo Scientific, Massachusetts,
USA). Each sample was reverse-transcribed into cDNA
using RevertAid First-strand cDNA Synthesis Kit (Thermo
Scientific, Massachusetts, USA).

Primer Design and qRT-PCR Analysis

The ten selected drought-responsive contigs derived from
previous EST analysis were used in the primer design and
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gRT-PCR analysis. The primers for gRT-PCR analysis were
designed using the Primer3 program with the following
parameters: melting temperature (Tm), 57-63°C; GC
content, 40%-60% and amplicon size, 100-250 bp
(Table 1). The actin transcript was used as an internal
control for expression analysis. Each reaction was
performed in technical triplicates in the StepOnePlus Real-
Time PCR System (Applied Biosystems, California, USA)
using DyNAmo Flash SYBR Green gPCR Kit (Thermo
Scientific, Massachusetts, USA). The 22" method was
used to calculate the relative expression levels of the
selected genes (Livak and Schmittgen, 2001).

Results
Expressed Sequence Tag Processing

A total of 12,129 EST sequences related to drought and rice
were curated from the NCBI database and preprocessed in
order to generate 11,847 (97.67%) clean ESTs with an
average length of 514 bp. Using PHRAP software, the high-
quality ESTs were clustered into 6,504 unigenes, including
1,680 (25.83%) contigs and 4,824 (74.26%) singletons.
Moreover, using CAP3 software, the high-quality ESTs
were also clustered into 7,734 unigenes, including 1,298
(16.76%) contigs and 6,436 (83.12) singletons. Although
both of these software programs produced more than a
thousand contigs, those produced by PHRAP were better
than those produced by CAP3. Specifically, the contigs
from PHRAP were more numerous and had longer average
lengths, longer maximum lengths and fewer singletons than
the CAP3 contigs (Fig. 1). Based on the assembly and
clustering results, only PHRAP contigs were used for
subsequent analyzes. Singletons produced from the
assembler, which are potentially products of low-quality
sequences, were not used for further analyzes in this study.

Global Expression Profile of Drought-Responsive Genes
in Rice

Locus identification and mapping of contigs derived from
ESTs into the rice chromosomes. A BLASTN search using
rice Nippponbare cDNA sequences revealed that the contigs
generated from the ESTs were mapped onto all 12 of the
rice chromosomes at both plus and minus strands. For the
EST sequences in chromosomes 2, 3, 4, 9 and 11, the
distribution was predominantly in the plus strand, while
those in chromosomes 1, 5, 6, 7, 8, 10 and 12 were
predominantly in the minus strand. The number of drought-
responsive sequences in the chromosomes was not
always positively correlated with the chromosome
length. In terms of the abundance of sequences, the
greatest number were located in chromosome 3, despite
this being shorter than chromosomes 1 and 2. Most of the
contigs were located on these three chromosomes, with a
total of 207 (13.15%), 195 (12.38%) and 210 (13.34%)
sequences on chromosomes 1-3, respectively (Fig. 2).
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Table 1: List of primers used for gRT-PCR analysis

Locus ID Primer Forward Primer Reverse Fragment Length (bp)
050390128700 GAGTGGAGTGCCACCATTTT CCTTTGCACTGTCAGATATC 190
050390160100 TCCTTCACCGTCCTAATTGC CAGGTGCCATCCACTCCGGA 237
0s0390815100 AGAAGGCGCTCGTGTTCTAC TTCACCTCCTTCCCCTGCTG 115
0s04g0584600 AAACTGGAGCGAGAGGAACA CCGACTCCCATATTGCCCTT 248
0s06g0601000 TGAGGATGATGACGATGGAA GCCAGTTTTTCAGCTCTGGC 201
0s0690622700 TCTAGAGGCCGAGTGTCGTC TGGGTAGACCGGGCACCGGG 220
050990323700 CGTGTACAAGACGTGGGTGT AAGAGGTCGGAGTTGGCGAG 181
050990553100 AGAGGCACAGGAAGGTGCT TGACGGTCTTGCGGCGGGC 208
0s01g0867300 GAGATGACGCTGGAGGACTT ATCGCGGCGCGGTCCATCGG 206
050290218550 CAGCACCACCGTCTCCAC CCAACCTCGTCCCCGCTGGA 197
OsAct (actin) GAAGGATGCCTATGTTGGTGA GAAAGTCTCAAACATGATCT 235
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Fig. 1: Distribution of expressed sequence tags, contigs, and
singleton lengths. The EST raw data related to drought stress in
rice were downloaded from NCBI, consisting of 12,129
sequences. Preprocessing was performed using SeqClean software
to generate 11,847 clean preprocessed ESTs. Clustering and
assembly were performed using PHRAP and CAP3 software to
generate contigs from preprocessed ESTs and unassembled ESTs
were categorized as singletons

Functional Analysis of Global Transcripts

A BLASTX search revealed that there were 1,438 (85.59%)
contigs with high similarity to proteins in the NCBI nr
database. Of these, 1,347 (93.67%) showed high similarity to
proteins with a recognized function, while only 90 (6.25%)
showed similarity to deduced proteins of unknown function.
Species distribution analysis showed that the best BLASTX
hits of 967 (67.24%), 522 (36.30%) and 60 (4.17%) of the
EST sequences were with the O. sativa japonica group, O.
sativa indica group and O. sativa database, respectively,
while 264 (18.35%) of the annotated sequences showed
similarity to EST sequences from other plant species.

An InterProScan search revealed that there were 981
(58.39%) and 465 (27.67%) contigs distributed in 586
families and 310 domains, respectively. The “P-loop
containing nucleoside triphosphate hydrolase”, “protein
kinase-like ~ domain  superfamily,”  “glycosidase
hydrolase superfamily”, “NAD(P)-binding domain
superfamily,” and “leucine-rich repeat domain superfamily”
were the most abundant families, containing 29, 24, 11, 11
and 11 contigs, respectively. In terms of the domains,
the most abundant were “protein kinase domain”, “EF-
hand domain”, “bifunctional inhibitor/plant lipid transfer
protein/seed storage helical protein domain”, “serine-
threonine/tyrosine-protein  kinase/catalytic domain”, and

1527

“RNA recognition motif domain”, containing 16, 8, 8, 8 and
7 contigs, respectively.

The EST accessions produced from BLASTX and
InterProScan analyzes were used to redeem symbols or gene
names utilizing mapping files provided by the NCBI and
EBI. The identified gene names were then searched in the
species-specific entries of the gene-product list of the GO
database for GO Mapping. GO annotation was then
performed by applying an annotation rule to the retrieved
ontology terms. This rule searches for the most specific
annotations based on a particular reliability threshold using
BLAST2GO software (Conesa and Gotz, 2007).

A total of 1,298 (77.26%) annotated contigs belonged
to one or more ontological categories. Of these, 939
(55.98%), 978 (58.21%) and 923 (54.94%) sequences were
assigned to the GO categories of biological process (BP),
molecular function (MF) and cellular component (CC),
respectively. These three categories were grouped
predominantly into four, two and eight level | subgroups,
respectively (Fig. 3-5).

GO of the category BP is a valuable tool for the
functional analysis of gene datasets. The BP categories were
here grouped into four subgroups, namely, metabolic
process, cellular process, regulation of gene expression and
response to stress terms, consisting of 737 (78.49%), 744
(79.23%), 100 (10.65%) and 140 (14.91%) sequences,
respectively. Twelve processes belonged to the metabolic
process subgroup, whereas three processes belonged to the
cellular process subgroup (Fig. 3).

The assignment of GO terms within the MF category
revealed representatives within each of several categories,
with the highest numbers of annotations occurring in two
subgroups, namely, binding activity and catalytic activity,
consisting of 625 (63.97%) and 600 (61.41%) sequences,
respectively. Seven MF terms were found to belong to the
binding activity subgroup, while only three MF terms
belonged to the catalytic activity subgroup.

Within the CC category, cell (80.82%) was the most
strongly represented subgroup, followed by intracellular
(72.91%), cytoplasm (55.04%), intracellular membrane-
bound organelle (51.25%), membrane (47.24%) and
cytoplasmic part (44.53%) terms. Most of the sequences
were localized in the cell, suggesting that they may
contribute to cytosol, membrane, nucleus and plastid
components or functions.
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Fig. 2: Contigs generated from ESTs were mapped in the rice
genome. Contigs were mapped in the Nipponbare IRGSP 1.0
genome using ReadsMaps software. The contigs were spread over
all 12 of the rice chromosomes in both plus and minus strands
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Identification  of
Candidate Genes

Drought-Responsive  Regulatory

The analysis of drought-responsive regulatory candidate
genes was performed by gradual selection, starting with the
extraction of contigs in a functional analysis step, then
selection of the contigs exhibiting similarity to TF
sequences, followed by their incorporation into QTL maps
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Fig. 5: Global transcript expression of drought-responsive genes
related to the cellular component (CC) term in Gene Ontology.
Darker colors indicate higher numbers of sequences

for drought-tolerant traits in rice. Response to stress term,
which consisted of 140 stress-responsive contigs were then
hierarchically selected from the BP term. A BLASTX
search using the rice plant TF database was also performed
to select drought-responsive transcription factors. Upon the
identification of rice TFs using the TFDB 4.0, PInTFDB,
and GRASSIUS TF databases, 26 contigs with the best
matches were predicted, with E-values of less than le—5.
The TF families identified were bHLH, bZIP, WRKY,
LSD, NAC and MYB.

The roles of the 26 selected genes were then
determined by incorporating them into the drought-tolerant
QTL on physical maps. Based on the QTARO database, the
QTL for drought-tolerant traits in rice were distributed along
all 12 of the rice chromosomes. However, only ten selected
genes that were determined from the previous step were
incorporated into the QTL for drought-tolerant traits in rice
(Table 2). Fig. 6 shows the distribution of the selected
contigs along the 12 rice chromosomes.

To confirm the validity of the drought-responsive
regulatory candidate genes, ten primer pairs were generated
to quantify the gene expression using qRT-PCR (Table 1).
The results showed that the expression levels of all ten
genes were increased or decreased in response to drought
stress depending on the genetic background, specific tissue,
or type of treatment (Fig. 7).

Two clusters of genes were obtained based on the
expression patterns of the selected genes. The first cluster
consisting of 0s09g0323700, (0s0290218550 and
0s03g0128700 was predominantly upregulated in the root
or shoot tissue of the IR64 cultivar under both air-drying
and PEG treatments. The second cluster consisting of
0s04g0584600, 0s01g0867300, 0s0390815100,
0s03g0160100,  Os06¢0622700,  Os06g0601000  and
0s09g0553100 was predominantly upregulated in the root
or shoot tissue of the HB cultivar under air-drying and PEG
treatments. This second cluster showed a better pattern and
was recommended to undergo further characterization,
considering that the genes were relatively upregulated in
the rice cv. HB, which is a drought-tolerant variety.
However, the genes in the second cluster exhibited different
patterns of expression between root and shoot tissues in the
HB cultivar under PEG treatment. Os06g0601000 and
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Table 2: Drought-responsive regulatory candidate genes with co-localized QTLs in the corresponding rice chromosomes. The
highlighted loci (Os03g0160100, Os03g0815100, Os06g0601000, Os09g0553100) were upregulated under drought stress conditions in
the rice cv. Hawara Bunar, which is a drought-tolerant variety, as revealed by qRT-PCR

No. Contig Locus Strand Chr TF description Traits for QTL References for QTL
1 Contigh19 0s01g0867300 - 1  bzIP family plant height no stress Hemamalini et al. (2000)
2 Contig668 0s0290218550 - 2 0sIBCD020180 spikelet fertility Lafitte et al. (2004)
3 Contigl142 Os03g0128700 + 3 OsIBCD019262 days to heading, days to 50% flowering Moncada et al. (2001); Bernier et al
(2007)
4 Contig829 0s03g0160100 + 3 OsIBCD020180 days to flowering, root volume and weight low Venuprasad et al. (2002); Bernier et
moisture, days to 50% flowering, days to flowering al. (2007); Lafitte et al. (2002)
5 Contigl400 Os03g0815100 + 3 NAC family panicle length Nguyen et al. (2004)
6 Contigl218 Os04g0584600 + 4 OsIBCD019262 root fresh weight Qu et al. (2008)
7 Contig827 0Os06¢g0601000 + 6 HB-other family penetrated root thickness Moncada et al. (2001)
8 Contigl01 0s06g0622700 + 6  bzIP family penetrated root thickness Moncada et al. (2001)
9 Contigl73 0s0990323700 + 9 MYB:_related family relative water content Price et al. (2002)
10 Contig1360 Os09g0553100 - 9 bHLH family relative water content, days to heading Babu et al. (2003)
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Fig. 6: Candidates for drought-responsive transcription factors
were incorporated into the drought-tolerant QTL in rice. Ten
candidate genes potentially involved in the regulation of drought
stress tolerance were found in rice chromosomes 1, 2, 3, 4, 6 and 9
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Fig. 7: Expression patterns of ten drought-responsive candidate
genes in rice were measured using qRT-PCR. All of the genes
were upregulated in at least one experiment under drought stress
treatments. C: control, D: air-drying treatment for 3 h, P: 20%
PEG6000 treatment for 24 h

0s09g0553100 were highly upregulated in the root tissue of
HB, while 0s03g0160100 and Os03g0815100 were highly
upregulated in the shoot tissue of HB under PEG treatment
and its root tissue under air-drying treatment, respectively.

Discussion

Drought-responsive ESTSs in rice were retrieved from the
NCBI, preprocessed to obtain high-quality ESTs and
clustered using PHRAP or CAP3 software. We used these
two software tools because of the different procedures that
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fragment overlap, formation of the contig and generation of
the consensus sequence. First, the overlaps between each
pair of input fragments are determined. Second, the contigs
are assembled by adding the best overlapping fragments one
at a time. Third, the consensus sequences are generated from
the contigs, merging each pairwise alignment into multiple
alignments (Minetti et al., 2012). In the present study, better
contig quality was achieved using the PHRAP software, in
terms of the contig number and maximum and average
lengths of the sequence. In subsequent analyzes, we only
used contigs produced from the PHRAP software.

The contigs derived from ESTs were then subjected to
GO-based functional analysis to determine their functional
roles. The BP category included the subgroups of metabolic
process, cellular process, regulation of gene expression and
response to stress (Fig. 3). The metabolic and cellular
processes included the largest numbers of EST sequences,
indicating that a large number of metabolic processes occur
in the drought-stressed tissue. Response to stress, which
may reflect a regulatory process, was not a dominant
subgroup within the BP category. On the other hand, the
metabolic processes of primary and nitrogen compounds,
which might be indirectly involved in the stress response,
were abundant in the BP category. It was also indicated that
only a small proportion of sequences directly involved in
responses and regulatory processes are required as they can
in turn affect many biological processes to establish the
traits of stress tolerance.

The metabolic process terms of primary, carbohydrate,
and nitrogen compound metabolism were strongly
associated with carbohydrate partitioning, protein synthesis,
and osmotic adjustment in rice under drought conditions.
Sugar and proline are well-known as osmolytes that play
roles in controlling cellular water potential in plants (Zhang
et al., 2018). Oxidation-reduction processes were also
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reported to be related to the mechanism of control of
reactive oxygen species (ROS) detoxification in plant cells
(Nakashima et al., 2014; Arum et al., 2018).

In the MF category, only two subgroups were
identified: binding activity and catalytic activity (Fig. 4).
The sequences with binding function were strongly
associated with regulatory processes. Carbohydrate, protein,
cation, organic cyclic and heterocyclic binding functions
can be possessed by receptor proteins or other proteins
functioning in signaling cascades. Nucleotide binding or
nucleic acid binding function found in this analysis is
closely related to functioning as a TF or regulatory protein
influencing gene expression. On the other hand, catalytic
activities play a role as a functional protein or enzymatic
activity. ROS scavenging is one example of a process
involved in oxidoreductase activity as a mechanism of
drought tolerance at the cellular level (Nakashima et al.,
2014; Liu et al., 2019).

Within the CC category, the subgroups of cell,
intracellular, cytoplasm, intracellular, membrane-bound
organelle, membrane and cytoplasmic were identified (Fig.
5). The results revealed a greater diversity of proteins
involved in membranes that act as receptors or signaling
proteins rather than proteins functioning in the nucleus and
potentially acting as transcriptional regulators of drought
stress tolerance in rice.

In terms of the results previously obtained by GO
analyses in other plant species treated under various stress
conditions, some similarities and some differences were
identified compared with the findings obtained here. In the
case of chickpea under drought or salinity stress (Varshney
et al., 2009; Deokar et al., 2011), Arabidopsis pumila under
salt stress (Huang et al., 2017) and also in cotton (Lin et al.,
2013), metabolic and cellular processes were also
particularly identified within the BP category. In addition, in
these previous studies, the response to stress term was only
identified at a low rate. Moreover, in a library of ESTs
constructed from a variety of tissues and organs under a
range of conditions representing challenges typically
encountered by common wheat, it was also found that the
most abundant BP term was metabolic process, followed by
transport, translation, redox, biosynthetic and other
processes (Manickavelu et al., 2012). In a different study in
wheat, it was also found that cellular process was the most
abundant term within the BP category, followed by the
physiology and regulation of biological processes (Kawaura
et al., 2009). Furthermore, in a recent transcriptomic study
in rice treated with aluminum stress, it was also found that
cellular process was the most abundant term within the BP
category (Zhang et al., 2019). As such, a general pattern has
been identified showing that metabolic and cellular
processes are almost always the most abundant BP terms
identified in stress-treated tissue in plants.

The results for the MF category in this study are also
identical to the results of previous studies. Specifically,
binding and catalytic functions were the terms with the

1530

highest proportions in the MF category, which matches
previous findings in chickpea, A. pumila, cotton and
common wheat EST libraries generated from different
tissues and stress conditions (Kawaura et al., 2009;
Varshney et al., 2009; Deokar et al., 2011; Lin et al., 2013;
Huang et al., 2017).

Similar proportions were also found in ontology terms
of CC from the same studies. This finding of a similarity of
these phenomena indicated that water stress induced the
same pattern of transcriptome dynamics across various
species. However, differences of particular terms and their
proportions among the low-abundance terms were
identified, which may have been caused by differences in
transcriptome dynamics or just a difference in the GO
version that was used. This suggests the need to repeat
functional analyses periodically, in view of the constant
updating of GO through the release of new versions.

To analyze the contribution of each genomic region
containing genes expressed in response to drought stress and
conferring tolerance to it, we mapped contigs generated
from the previous step onto the 12 rice chromosomes. The
results showed that the contigs were mapped in all of the 12
rice chromosomes at both plus and minus strands. Previous
studies aimed at revealing genes responsible for drought
tolerance through genetic mapping approaches also showed
similar results. Loci of QTL for drought-tolerant traits in
rice deposited in the QTARO database (Yonemaru et al.,
2010) showed that drought-tolerant QTL were also located
in all 12 of the rice chromosomes (Fig. 6). The distributions
of contigs and QTL on chromosomes are important
information for discovering novel genes. In the present
study, we used this information to narrow down a set of
contigs to identify novel drought-responsive regulatory
candidate genes.

Drought-responsive candidate genes were identified by
a gradual selection approach to narrow down the contigs
generated from the previous step. The first step involved
extracting the 140 stress-responsive contigs associated with
the response to stress term within the BP category. Second
step involved selecting 26 contigs with high similarity to rice
TFs. Third step involved incorporating selected contigs into
the QTL for drought-tolerant traits in rice.

In the last few years, many genes suspected of being
responsible for drought tolerance or those involved in the
response to drought stress in rice have been reported and
some excellent reviews of these studies have been published
(Shinozaki and Yamaguchi-Shinozaki, 2007; Nakashima et
al., 2014). The TFs act as the main regulators of gene
expression at the transcription level, playing an important
role in stress responses. The most well-known model of the
mechanism of drought tolerance at the molecular level
involves two pathways related to the presence of abscisic
acid (ABA). In this model, the response to drought stress in
rice occurs through the ABA-dependent pathway or ABA-
independent pathway. The ABA-dependent pathway
involves the interaction of a cis-acting element, called the
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ABA-responsive element (ABRE) and TFs, called ABRE-
binding protein (AREB)/ABRE-binding factors (ABFS).
The AREB/ABFs regulate the transcription of downstream
genes known as the AREB/ABF regulon. In contrast, the
ABA-independent  pathway  involves  dehydration-
responsive element binding protein (DREB), NAM, ATAF,
and CUC as major regulons. Minor regulons, namely,
MYB/MYC, WRKY, and nuclear factor-Y (NF-Y) TFs, are
also known to be involved in drought responses at the
molecular level (Joshi et al., 2016). Considering the
complexity of the molecular pathways involving TFs, many
of which may not yet have been revealed, we decided to
select the EST contigs with high similarity to TF proteins.
We also selected EST contigs based on their location in the
published QTL associated with drought-tolerant traits in
rice. These steps of gradual selection led to only ten contigs
being obtained, which were found on rice chromosomes 1,
2, 3, 4, 6 and 9 (Table 2). These might correspond to
drought-responsive genes that encode regulatory proteins.

These ten candidate genes were identified based on in
silico analysis, so their expression needed to be confirmed in
a biological system. For this, we here used two rice
accessions as genetic backgrounds with different levels of
drought tolerance: IR64 as a drought-sensitive accession and
HB as a drought-tolerant one. We also used two different
tissues, namely, root and shoot, for spatial study, and three
different types of stress, namely, control, 3 h of air-drying,
and 24 h of exposure to 20% PEG6000, for different
treatment study. Expression analysis using gRT-PCR
showed that all ten genes were upregulated by the drought
stress in at least one experiment (Fig. 7). This validated the
results obtained from the In silico EST analyzes.

Two main clusters showed different dominant
expression patterns in the different genetic backgrounds.
Three genes were dominantly expressed in IR64, while
seven were in HB. The expression analysis revealed
interesting patterns regarding the genes that were highly
expressed in the drought-tolerant cultivar HB in both root
and shoot under drought treatment. Specifically, the results
revealed that the loci Os06g0601000 and Os09g0553100
were highly expressed in HB root tissue under 24 h of
treatment with 20% PEG6000, Os03g0815100 was highly
expressed in HB root tissue under 3 h of treatment with air-
drying and that Os03g0160100 was highly expressed in HB
shoot tissue under 24 h of treatment with 20% PEG6000.
These were thus suggested to be genes responsible for
drought tolerance.

0Os06g0601000, 0s09g0553100 and 0Os03g0815100
are genes that have not been characterized, but were
predicted to encode a homeodomain-like containing protein,
a bHLH-domain-containing protein and an NAC-domain-
containing protein, respectively. The GO terms
corresponding to these proteins in the BP category were
“response to water deprivation”, “regulation of abscisic acid-
activated signaling pathway”, “stomatal movement”, and
“regulation of jasmonic acid mediated signaling pathway”,
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whereas that in the MF category was “DNA binding” and
that in the CC category was “nucleus.” We thus suggested
that these proteins might act as transcriptional regulators and
be involved in the mechanism of drought tolerance in rice.
The proteins were slightly different with the Os03g0160100
that has been well characterized as mitogen-activated protein
kinase kinase kinase, disease resistance, or defense/stress
response (Wang et al., 2015). Although the BLASTX
analysis indicated that Os03g0160100 is similar to TFs, this
protein appears to act as a protein kinase. However, it still
exerts a function related to the response to stress.

Conclusion

The genes 0s06¢g0601000, 0s09g0553100, and
0s03g0815100, which were highly expressed in rice root,
and 0s03g0160100, which was highly expressed in rice
shoot under drought treatment, were deduced to be
responsible for drought tolerance and potentially encoding
regulatory proteins. To the best of our knowledge, the first
three genes mentioned above are identified here for the first
time as potential contributors to drought tolerance in rice.
Further characterization of these genes is needed to clearly
understand their roles and utilize them to improve rice and
establish drought-tolerant varieties.
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