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Abstract
World food security depends on rice production to a large extent, particularly in the developing nations. It has been
the target of major breeding and first crop genome sequencing efforts. There is a need to combine genomic resources
with breeding to evolve new strategies for genetic enhancement of rice. Recently, several efforts have been made to
determine differential expression of rice transcriptome at the level of development, stress, and heterosis to find out
genes associated with such processes and related traits. Function of genes selected on the basis of transcriptome
profiling has been demonstrated by using knock-out and over-expressing transgenics as well as gene mutants.
Interestingly, such information can be used to search for diversity in target genes representing different alleles and
utilized to develop gene-based markers. Association mapping of such genes with target traits can provide direct
proof of the function of gene and its utility for deployment in breeding programs. It is hoped that such strategies
would help desired genetic enhancement of rice.
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Introduction
The monocot crop plant rice is a model system and has
been the subject of genomic research at various levels.
A study of the transcriptome of rice, in different organs,
during development gives an insight into the regulatory
aspects as well as various processes occurring during
development and provides vital clues about genes,
which can be exploited to improve related traits. A
better insight can be gained by analyzing transcriptome
variation amongst varieties with contrasting characters.
These genes can further be used to enhance appropriate
plant features by molecular breeding or genetic
engineering. The protection of loss due to abiotic
stresses like drought, salt and cold is another area to
improve crop production. Hence, it becomes necessary
to take into account this factor while considering
various approaches for increasing the productivity of
rice. Earlier, researchers used a gene-by-gene approach
to decipher the functions of stress responsive genes.
But, abiotic stress response is a complex phenomenon
and involves a large number of genes and modulating a
single gene may not impart the level of tolerance
desired. The availability of the complete rice genome
sequence has provided the means to investigate the
expression profile of the whole genome under various
stress conditions in order to identify stress-responsive

genes for genetic modification.
The utility of
transcriptome resources for marker-assisted breeding is
also being realized.
Differentially expressed
transcriptome or exome related markers can be utilized
in individual or combined approaches of genetic and
association mapping and genetical genomics, for rapid
identification of functionally relevant molecular tags.
Thus, the genes regulating the complex quantitative
traits of agricultural importance have been elucidated
and used in an attempt to improve the crop.
For long, Northern hybridization has been commonly
used to detect the presence of a transcript. Reverse
transcription polymerase chain reaction (RT-PCR)
detects the expression of a gene by means of the
presence of the corresponding cDNA. Before the advent
of modern methods of transcriptome studies, analysis of
transcriptomes by cataloging data on expressed
sequence tags (ESTs) was the method of choice. ESTs
are single-pass partial sequences of cDNA clones
sequenced from one end. Large-scale EST sequencing
has enabled the identification of expressed genes in
many organisms under varying conditions. In different
vegetative and reproductive tissues and developmental
stages of diverse indica, japonica and wild rice
genotypes and under normal growth and stress-induced
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conditions, about 400,000 EST (NCBI GenBank,
http://www.ncbi.nlm.nih.gov) and 60,045 full-length
cDNA sequences (Kikuchi et al 2003; Lu et al 2008)
have been generated. A large number of ESTs have
been submitted in National Centre for Biotechnology
Information (NCBI) in EST database (dbEST;
http://www.ncbi.nlm.nih.gov/dbEST/). Progressing to
relatively newer resources, serial analysis of gene
expression (SAGE) emerged as an efficient tool for
expression studies which could be be applied to
quantitatively analyze the expression levels of a large
number of genes simultaneously. Here, a 9-11 bp
fragment (tag) from 3’ end represents a transcript and
the frequency of these tags is used as a measure to
determine the abundance of a transcript in a sample. On
similar lines, massively parallel signature sequencing
(MPSS) developed as a high throughput tool to quantify
gene expression on a genome-wide scale and is based
on sequencing 17–20 nucleotides (a ‘signature’)
adjacent to the 3′ most DpnII site from millions of
molecules in a sample. This depth provided a
quantitative assessment of transcript abundance. An
efficient and cost effective high throughput technique
for transcriptome analysis is microarray where the
transcriptome is labeled and the signal of its binding to
the probe accounts for the presence or absence of
transcripts. In recent years, next generation sequencing
(NGS) technologies have opened up new vistas in this
field. RNA-sequencing has enabled the detection of the
complete transcriptome, which also includes hitherto
undiscovered genes and their spliced versions (Lu et al
2010; Luo et al 2011).
In this article, we have attempted to bring together
selected knowledge gained about transcriptome
resources for rice development and abiotic stress
response. This comprehensive information can be used
for genetic enhancement of the rice crop not only in
terms of improved yield-related characters but also
imparting it the ability to withstand adverse
environmental conditions, either by molecular breeding
or transgenic approach.

Development related resources
As a step towards understanding rice development,
transcriptome atlases covering many organs have been
generated (Jiao et al 2009). Laser microdissection of 40
cell types at different developmental stages (various
stages of germinating seeds, root development zones
and leaf stages) from japonica rice followed by
microarray revealed the expression of 80.8% of genes in
at least one of the cell types. Each cell type had an
individual transcriptome comprising of 26-52% genes
examined. Around 7% genes were specific and a similar
number was ubiquitous as well. Cell type-specific genes
showed chromosomal clustering. The authors conclude

that many genes with specific developmental roles
include hormone-responsive and regulatory genes. As
an example, they found the enrichment of a specific
type of CCAAT box variant in a particular cell type in
co-ordination with its corresponding NF-Y regulatory
genes (Jiao et al 2009). In Nipponbare, the
transcriptome of 48 different developmental tissues
showed 731 specific genes. The analysis also revealed
that the leaf transcriptome changes twice in accordance
with the reproductive stages (Sato et al 2011a). Another
atlas of reproductive development in Nipponbare, across
25 stages, brought to light the expression of many
previously unknown genes. It was also shown that a
group of genes got up regulated as anther development
progressed while another group was down-regulated,
indicating essential genes. Two anther-specific genes
had male-sterile mutants, implying their role in the
process (Fujita et al 2010). In indica rice, IR64, our
microarray analysis across 19 stages of vegetative and
reproductive development, also
revealed the
transcriptomic dynamics and genes essential for
reproductive development (Sharma et al 2012). An atlas
of 39 tissues throughout indica rice plant development,
in varieties Zhenshan 97 and Minghui 63, revealed 5.2%
tissue-specific genes. These varieties are parents of a
well used, high yielding and highly adaptable hybrid
Shanyou 63. Since this cross has been used to derive
many QTLs contributing to positive plant characters,
such as yield heterosis, bacterial blight resistance, grain
size etc., the authors postulate that integration of such
genetic information with expression data, will help to
identify genes and pathways responsible for the
superiority of the hybrid (Wang et al 2010). All the
above mentioned transcriptome resources show the
presence of transcription factors specifically expressed
in a given tissue indicating their indispensable roles in
development. Thus, a transcriptomic atlas, across a
variety of developmental events, can deepen the
understanding of important biological processes.
Apart from transcriptome databases covering various
stages, those containing organ or tissue-specific data are
also important. These give an idea about genes
responsible for controlling the development of the organ
under consideration and can be used for desirable
manipulation of that organ. RNA-seq of indica cultivar
93-11 developing embryos at 3-5, 7 and 14 DAP
indicated changes in expression profiles, including
stage-specific and differentially expressed genes. Auxin
controlled genes seemed to be important, as
substantiated by embryo-defective mutants. Members of
AP2, MADS box and homeobox transcription factor
families emerged as significant ones (Xu et al 2012a).
Microarray of japonica cultivars Zhongua 11 (coldsensitive) and Hanfeng (cold-resistant) at various
embryo/endosperm stages showed the down regulation
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of essential seed regulatory genes on exposure to low
temperature during early seed development, providing
an explanation for slow growth. ABA-responsive genes
and many transcription factor encoding genes,
homologs of which are essential for Arabidopsis seed
development emerged important (Xue et al 2012).
Tissue covering the entire panicle developmental stages
of japonica rice Shiokari was used for microarray to
determine essential participating genes including
transcription factors (Furutani et al 2006). In another
japonica cultivar Zhonghua 10, microarray analysis
revealed an array of genes responsible for anther
development and pollen germination (Wei et al 2010).
Microarray at four stages of anther development in IR64
has led to identification of specific genes and also of
those with similar functions in other plants (Deveshwar
et al 2011). Microarray of laser capture micro-dissected
cells
of Nipponbare developing anther revealed
involvement of gibberellin and abscisic acid
biosynthesis and signaling pathways as major players
(Hirano et al 2008) along with scores of specific genes
and essential cis-elements (Hobo et al 2008). A large
number (33) of microarrays on laser microdissected
anthers of Nipponbare rice at various stages of
development were analyzed for co-expressing genes to
elucidate the networking genes at meiosis and pollen
wall synthesis, resulting in new putative participating
genes (Aya et al 2011). Apart from reproductive
development, RNA-seq has also been used for analyzing
root development (Kyndt et al 2012).
Research has also moved in the direction of examining
the transcriptome with the direct aim to understand
improved quality traits in rice. Transcriptomes of
various japonica cultivars - long grained and high
yielding Cypress, low milling and long grained LaGrue,
good eating quality Ilpumbeyo, low eating quality
YR15965 and Nipponbare - from 6 days after planting
seed were studied by massively parallel signature
sequencing (MPSS) and RNA-seq. Each variety had
certain specific genes, and its own set of differentially
regulated ones. Starch metabolism and essential amino
acid synthesis genes were not only up-regulated in
Cypress but were also alternatively spliced. Seedstorage protein encoding genes were also up-regulated
in Cypress and Ilpumbeyo. The up-regulated genes in
both these varieties were found to have specific ciselements in their promoter regions, which were
proposed to be responsible for high milling and good
eating grain qualities (Venu et al 2011). Similarly, the
mature embryos of super-hybrid rice LYP9 and its
parents, 93-11 and PA64, were used to construct cDNA
libraries. Though stress and development-related genes
were found in abundance in all the three varieties, there
were certain genes that differentially expressed amongst
them (Ge et al 2008).
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As a next step towards analysis of microarray databases,
co-expressing genes are now being determined, with the
hypothesis that they may be involved in the same
pathway. Based on their analysis of developmental
tissues as mentioned above, the efforts are being made
to compile the data in web accessible formats e.g.
RiceXPro, to asses the expression of desired loci and
co-expressed genes (Sato et al 2011b). Another publicly
available data compilation is ‘Rice oligonucleotide array
database’ which compares expression across 105
experiments
on
six
platforms
(http://www.ricearray.org/). The other such platforms
are PlantArrayNet (http://arraynet.mju.ac.kr/arraynet/),
gene
co-expression
network
browser
(http://www.clemson.edu/genenetwork/network.php)
and ATTEDII (http://atted.jp/). A database of 136
Affymetrix® rice microarray datasets, covering
development, stress and hormone treatments, has been
used to elucidate 151 stably expressed genes (Narsai et
al 2010). The sequence read archive (SRA;
http://www.ncbi.nlm.nih.gov/sra) database of NCBI is a
storehouse for next generation sequencing data,
including RNA-seq from various rice organs. The
integration of transcriptome data from multiple sources
is advancement towards determination of common as
well as variety-specific genes. With the availability of
more such data, genes can subsequently be correlated
with desired plant traits. Moreover, the elucidation of
gene networks in a particular developmental process
may eventually provide us with clues to engineer the
requisite genes for genetic enhancement of the plant.
Once genes essential to development have been
identified by expression, their role should be validated.
MADS29, a seed-specific gene, was shown to be
essential for early seed development. Silencing showed
that MADS29 causes the PCD of maternal tissues after
fertilization (Yin et al 2012). Rice prolamin box binding
factor (RPBF) was isolated from EST clones, which
have the conserved Dof sequence. RPBF is endospermspecific and the protein regulates seed storage protein
encoding genes (Yamamoto et al 2006). HAZ1 was
identified by screening a 3-day-old seed cDNA library.
Though it shows ubiquitous expression, it is said to be a
marker for embryonic radial axis differentiation (Ito et
al 2004). OsiEZ1, identified by screening rice postfertilization cDNA library, restored yeast telomeric
silencing (Thakur et al 2003). Another gene identified
by a cDNA library screen, OsEBP-89, is probably
involved in seed maturation and shoot development
(Yang et al 2002). OsMYB2P-1, shown to be expressed
by phosphate starvation by microarray, was also found
to be regulating root architecture (Dai et al 2012). These
examples demonstrate that transcriptome resources can
be used to search for genes of our interest, followed by
determination of their function.
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As can be seen, utilization of microarray data has begun
at a global level wherein different datasets are being
integrated or compared to find out genes really essential
for a particular developmental process. The next step
after the availability of such huge amounts of
transcriptomic datasets is the functional validation of
the genes designated to be important for development.
The data will provide actual clues if the gene can be
exploited for genetic enhancement of the plant.

Heterosis: Present understandings from high
throughput studies
Heterosis refers to the better performance of the hybrid
with respect to both the parents in a biological trait that
would have survival advantage. Genetically, heterosis
has been categorized as, ‘mid-parent heterosis’,
‘heterobeltiosis’ and ‘standard heterosis’, where
comparison of hybrid performance for any trait is
measured with respect to mid-parental value, the better
parent and standard check variety growing in a
particular area, respectively. First documented by
Chales R Darwin (1876) while studying hybridization in
vegetables, the phenomenon heterosis was revisited by
GH Shull and CB Davenport (Davenport 1908; Shull
1908), who came up with ‘overdominance’ and
‘dominance’ models to explain the genetic basis of
heterosis. The overdominance model advocated genetic
advantage of a combination of different allele at single
locus over the same alleles, while, the effects of
recessive alleles were postulated to be masked by
dominant alleles in case of dominance hypothesis. Later
epistasis was also included to explain heterosis at
genetic level (Powers 1945). Recently, with increasing
understanding of the molecular components involved in
epigenomic and small RNA mediated regulation of gene
expression, epigenetic factors have also been shown to
play vital role in manifestation of heterosis (Chen 2007;
Eichten et al 2011). However, despite consistent efforts
for over a century to incorporate physiological, genetic,
biochemical, and molecular aspects to understand the
underlying basis of heterosis, we have not been able to
arrive at a common single explanation. In the following
paragraphs, attempts have been made to compile recent
views that reflect our current understanding of this longstanding riddle of heterosis.
Heterosis, as understood, is a multigenic complex
quantitative trait that could be a cumulative effect of
vegetative growth rate, biomass accumulation,
flowering, number of reproductive features etc.
(Lippman and Zamir 2007). Taking lead from the
dominance and the overdominance hypotheses by Shull
and Davenport, a number of investigations were
undertaken to delineate the contribution of dominance
and/or
overdominance
phenomenon
during
manifestation of heterosis. In 2003, Birchler and

coworkers for the first time proposed to analyze
transcriptome of a hybrid and its parental lines to
establish correlation between genome wide fluctuations
in transcript accumulation patterns and the hybrid vigor
(Birchler et al 2003). The transcriptome level
investigations were then extended to several
hybrid:parent combinations in a number of species
using SAGE, cDNA microarrays, high density
expression arrays and next generation sequencing
technologies (Bao et al 2005; Huang et al 2006b;
Swanson-Wagner et al 2006; He et al 2010). Although
these investigations varied in the both the
developmental stage and tissues as well as the hybrid
parent combinations used, they helped to formalize a
unifying code for defining expression profiles in hybrids
vis-à-vis their parental lines. Broadly, the expression
profiles were divided into ‘additive’ and ‘non-additive’,
respectively, if the genes exhibited mid-parental
transcript accumulation level or significantly deviated
from it in the hybrid. While some studies concluded
additive mode as the major mode of gene action
amongst differentially expressed genes (Hoecker et al
2008; Huang et al 2006a; Hui-Yong et al 2008;
Swanson-Wagner et al 2006), others found
predominance of the non-additive mode in younger and
developing tissues (Fu et al 2011; Ge et al 2008; He et
al 2010; Hoecker et al 2008; Huang et al 2006b).
Efforts have been made, and are also on going, to
establish correlations between additive and non-additive
modes of gene action and biomass/yield-linked
metabolic and regulatory pathways. The differentially
expressed genes have been associated with
carbohydrate, lipid and energy metabolic pathways as
well as with photosynthesis. Interestingly, a recent
transcriptome level analysis of an Arabidopsis
allotetraploid has demonstrated changes in two major
clock components, AtCCA1 and AtTOC1, leading to
positive entrainment of the circadian clock for high
biomass production (Ni et al 2009). Further analyses of
molecular processes leading to changes in the clock
components have revealed involvement of variable
histone methylation (H3K4) resulting in lowering of the
AtCCA1 expression. Distribution and amplitude of
epigenetic marks have been found to vary amongst
different cultivars, genotypes, and ecotypes etc. and
could be the potential cause of diversity in gene
expression pattern.
In a recent study, attempt have been made to associate
small RNA-mediated increase in the methylation levels
at certain loci with the phenomenon of heterosis using
an Arabidopsis hybrid (Groszmann et al 2011). In
another study methylome profiling of a maize heterotic
parental pair Mo17 and B73, led to the identification of
approximately 700 differentially methylated regions
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(Eichten et al 2011). In a similar study in Arabidopsis
hybrid resulting from a cross between Ler and C24
ecotypes, large numbers of differentially methylated
clusters were identified, which were further categorized
into additive and non-additive methylation categories
based on relative methylation amplitude in the hybrid
and its parental lines. The methylation profiles of most
of the loci were found to be additive, nevertheless, nonadditivity was observed in ~18-22% of the loci. The
heterotic potential of hybrid was compromised when
treated with an agent that demethylates DNA or when
production of functional small RNAs was abolished due
to mutations in Arabidopsis RNA methyltransferase,
HUA ENHANCER1, suggesting the role of RNA
dependent DNA methylation (RdDM) pathway in the
manifestation of heterosis (Shen et al 2012).
The phenomenon heterosis has been investigated at
various levels including functional genomics;
proteomics, metabolomics and all these studies have
helped in cataloging the differentially accumulated
components. These components have been shown to
affect basic metabolic and regulatory pathways like the
clock, photosynthesis, carbohydrate and lipid
metabolism and in some instances reproductive traits
leading to higher yield in the hybrids. The stage is now
set to undertake systems level analyses, which are able
to assimilate the knowledge accumulated so far and take
it to a level where the heterotic potential of a parental
combination can be predicted even without making in
single cross in the field.

Stress associated
databases

transcripts

and

their

A large collection of ESTs generated from drought
stressed indica rice (Nagina 22) seedlings has been
reported by Reddy et al (2002). Out of these, 334 ESTs
possessed no expressional evidence from any public
database, indicating that they expressed during drought
conditions only. Also, a comparison with transcriptome
data of other diverse plants such as, Arabidopsis, maize,
rice and barley, identified 589 putative stress responsive
genes shared by all these species (Gorantla et al 2007).
In addition to this, many other studies have identified
ESTs related to salt and low temperature stress
(Shiozaki et al 2005; de los Reyes et al 2003; Sahi et al
2003). Matsumura et al (1999) used SAGE technique to
study global gene expression in rice. Ten thousand one
hundred and twenty two tags were derived from 5921
expressed genes from rice out of which only 23.1%
matched the expressed genes from databases.
Differentially expressed genes between anaerobically
treated and untreated seedlings were also identified.
Additionally, MPSS datasets are available for
Arabidopsis, rice, grape and Magnaporthe grisea (rice
blast fungus) (http://mpss.udel.edu). The rice database
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comprises of 20 MPSS libraries derived from different
tissues, abiotic stress (cold, salt and drought) treated
tissues and developmental stages.
Microarray has been used to study the change in
expression patterns of genes in response to various
stress conditions. Expression profiles of salt-tolerant
(Pokkali) and salt-sensitive (IR29) rice varieties in
response to high salinity were investigated with
microarray having 1728 cDNAs from library of saltstressed roots. Quick up- or down-regulation of
transcripts in Pokkali within an hour of stress was
proposed to be responsible for the tolerance while this
response was delayed in IR29 (Kawasaki et al 2001). To
identify rice genes that are up-regulated by cold,
drought, salt and ABA, Cy3- and Cy5-labelled probes of
plants treated with these stress conditions were
hybridized
with
microarrays
including
1700
independent cDNAs from drought, cold and salt treated
libraries. Further, stress-inducible expression of
candidate genes was confirmed by RNA gel-blot and 73
genes were identified out of which 58 were novel genes
(Rabbani et al 2003). To gain insight into the expression
patterns of stress-responsive genes in different organs
during drought and salinity conditions, whole-genome
expression analysis in rice shoot, flag leaf and panicle
was done using 70-mer oligomer microarray covering
36,926 unique genes or gene models (Zhou et al 2007).
A significant number of genes involved in transcription
and cell signaling were found to be differentially
expressed under both drought and salt stress in an
organ-specific manner. To investigate the difference in
response of two drought-tolerant (IR57311 and LC-934) and two drought-sensitive (Nipponbare and Taipei
309) rice cultivars under long-term drought stress,
expression profiles were analyzed with 20K NSF
oligonucleotide microarray. More genes were found to
be differentially expressed in sensitive than in tolerant
cultivars. Also, drought stress induced senescence
processes were more pronounced in sensitive than in
tolerant cultivars (Degenkolbe et al 2009).
Plant roots are the main organ for uptake of water and
nutrients from soil and they can transduce water-deficit
signals to the plant most efficiently. Therefore to
analyze the root transcriptome under different levels of
drought stress, two pairs of near-isogenic lines (NILs)
with a common genetic background (IR64) but with
contrasting drought tolerance were studied using
Agilent 4 × 44 K oligoarray. As the level of stress
increased, the number of differentially expressed genes
in all NILs was increased suggesting that more genes
were affected by increasing stress. The highly tolerant
NIL showed the highest number of differentially
regulated genes involved in cell growth, hormone
biosynthesis, metabolism, signaling etc. (Moumeni et al
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2011). The common link among different stresses such
as drought, salt, extreme temperature, nutrient
deprivation, UV-B radiation and air pollutants, is that
they all produce an oxidative burst with damaging
effects on cellular macromolecules such as lipids,
enzymes and DNA. To investigate the oxidative stress
response of japonica (Nipponbare) and indica (93-11)
variety of rice, methyl viologen (MV) as a reactive
oxygen species (ROS) generating agent was applied and
it was observed that 93-11 seedlings exhibited leaf
senescence with severe lesions under MV treatment
compared to Nipponbare. Microarray analysis identified
1,062 probe sets to be differentially expressed between
these two cultivars. These probe sets were analyzed by
gene ontology (GO) and highlighted with enrichment
GO terms related to toxin and oxidative stress responses
as well as other responses (Liu et al 2010).
Recently, mRNA-Seq (an Illumina cDNA sequencing
application) has been used to analyse the transcriptome
of rice seedlings treated with salt stress. Thirty six base
pair reads were mapped on the rice genomic sequence
and 76.9% to 80.9% of the reads were mapped uniquely
to the rice genome. After piling up of these short reads
mapped on the genome, a series of programs (Bowtie,
TopHat and Cufflinks) predicted 2,795 (shoot) and
3,082 (root) genes currently unannotated in the Rice
Annotation Project database. Among the unannotated
genes, 213 (shoot) and 436 (root) genes were
differentially expressed in response to salinity stress. To
predict the functions of un-annotated genes, BLASTX
search against UniProt and RefSeq identified 995
(shoot) and 1,052 (root) transcripts which had ORFs
similar to those encoding functional proteins (Mizuno et
al 2010).
As can be seen, a huge amount of transcriptome data is
now available for analyzing the stress responsive
regulation of genes (Table 1). It is necessary to use
these resources to validate functions of candidate genes
involved in abiotic stress regulation. Work has already
begun and a list of select genes that have been picked up
from any transcriptome data and functionally
characterized is given in Table 2. This will ultimately
lead to construction of a network of stress regulatory
pathways and will improve the understanding of the
mechanism of stress tolerance, enabling us to eventually
generate stress-tolerant plants.

Molecular mapping for genetic enhancement
The large-scale validation and high-throughput
genotyping of transcript-derived genic markers,
particularly encoding the known or candidate genes, in
natural germplasm collections and mapping/mutant
populations have been initiated recently in rice, using
novel high-throughput and cost-effective next-

generation sequencing and array-based genotyping
technologies. The enormous transcript sequences
generated for diverse rice genotypes have the potential
to develop a large number of genic microsatellite and
single nucleotide polymorphism (SNP) markers
distributed over 12 chromosomes of rice genome. This
has led to the identification of about 58,845 ESTderived and 13,637 unigene-derived microsatellite
markers and over one million EST-derived genic SNP
markers so far in rice (Varshney et al 2002; Parida et al
2006). This includes the known cloned or candidate rice
genes which have been used to find homologous
sequences amongst diverse rice genotypes (Caicedo et
al 2007; Ebana et al 2010).
Many studies have also correlated the genome-wide
single nucleotide polymorphism (SNP) with differential
transcript profiling pattern based on the expression level
polymorphism (ELP, West et al 2006) and single feature
polymorphism (SFP, Kumar et al 2007). The nextgeneration whole genome transcriptome sequencing
using Illumina Solexa Genome Analyzer has identified
about 65,000 SNP loci between indica and japonica rice
genotypes (Lu et al 2010). Of these, 262 SNP loci in the
imprinted transcripts show differential expression
specifically in the embryo and endosperm of
Nipponbare and 93-11 (Luo et al 2011). Rice is rich in
germplasm resources with wealth of trait diversity
(Rafalski and Morgante, 2004) and thus has utility in
analysis of allelic diversity of transcripts. At present
about 110,000 cultivated and wild rice accessions
representing diverse agro-climatic regions of the world
including India are available at International Rice
Germplasm Collection (IRGC) and International Rice
Research Institute (IRRI). A detailed phenotypic
characterization of these readily available genetic
resources of rice for important agronomic traits
including tolerance to biotic and abiotic stresses, yield,
nutrition, and grain quality have been initiated. In recent
years, efforts have also been made for constructing the
core collections in rice (Zhang et al 2011) by identifying
the largest amount of genetic diversity with a minimum
number of accessions.
A larger set of advanced generation bi-parental and
back-cross mapping population e.g. RILs (recombinant
inbred lines), NILs (near isogenic lines) and DHs
(double haploids) derived from the parental rice
genotypes contrasting for yield and stress tolerance
traits are available in rice. Besides, a total of about
66,891 EMS (ethyl methanesulfonate), fast neutron and
gamma ray mutant lines of IR64 (Wu et al 2005) and
Nipponbare (Till et al 2007) have been generated in
rice to identify point mutations or SNP sites having
functional
relevance
for
trait
regulation
(http://tilling.ucdavis.edu; http://www.iris.irri.org).
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Table 1. Certain transcriptome resources available for analyzing stress responsive mechanisms
Transcriptome
resource/
GEO* id

Sample description

Treatment

Reference

dbEST

Seedling at coleoptile, radicle and prophyll
emergence stages (cv. CT6748-8-CA-17)

Germination under cold stress

de los Reyes et al (2003)

dbEST

1 week old seedling (indica cv. CSR 27,
Pokkali, PB-1)

96 h salt stress

Sahi et al (2003)

dbEST

10 day old seedling (cv. Dee-Geo-WooGen)

5 h salt stress treatment

Shiozaki et al (2005)

GSE14403

30 day old plant root (salt-tolerant FL478,
Pokkali and IR63731, and salt-sensitive
IR29)

3 day salt stress to 22 day old
seedlings

Walia et al (2005)

GSE6600

14 day old rice seedling (indica cv. FR13A
(tolerant) and IR24 (susceptible))

Salt stress for 15 min and 24
h

Data submitted by Kottapalli
KR and Kikuchi S (2006)

dbEST

1 month old plant (indica cv. Nagina 22)

Drought treatment until leaf
relative water content was 5060%

Gorantla et al (2007)

GSE6362

14 day old rice seedling (indica cv. FR13A
(tolerant) and IR24 (susceptible))

Submergence stress for 15
min and 24 h

Kottapalli et al (2007)

GSE6533

Shoot at 4 tiller stage, flag leaf and panicle
at one-week before heading (indica cv.
Minghui 63)

Drought and salt stress at
different time points

Zhou et al (2007)

GSE6901

7 day old rice seedling (indica cv. IR64)

3 h drought, cold and salt
stress

Ray et al (2007)

GSE6908

4 day old rice
cv.Nipponbare)

Germination under anoxia for
4 days

Lasanthi-Kudahettige
(2007)

GSE4438

coleoptile

(japonica

Rice crown and growing point tissue at
panicle initiation stage (sensitive japonica,
m103, tolerant japonica agami, sensitive
indica IR29 and tolerant indica IR63731)

GSE4471

1 week old seedling root (cv. Azucena and
Bala)

E-MEXP-2267

Seedling development stage (cv. Amaroo)

GSE14275

et

al

Walia et al (2007)

Salt stress

Arsenate treatment

Norton et al (2008)

Anaerobic germination up to
24 hr

Narsai et al (2009)

14 day old rice seedling (japonica cv.
ZhongHua 11)

Heat stress at 420 Cfor 3 h

Hu et al (2009)

GSE16108

10 day old seedling (CSR27 and MI48
parental lines, tolerant bulk and susceptible
bulk RILs)

24 h salt stress

Pandit et al (2010)

GSE20345

Developing caryopsis (cv. Nipponbare)

GSE20746

7 day old rice seedling shoot and root (cv.
Nipponbare)

1 h salt treatment

Mizuno et al (2010)

Second youngest fully expanded leaf of 83
day old field grown plant (cv. Azucena and
Bala)

24 day old drought stress
starting from 59 days after
sowing

Data submitted by Price AH,
Jones HG, Norton GJ, Huang S
and Xiong L (2010)

14-day old seedling (indica cv. Nagina 22
and IR64)

Drought stress treatment until
leaf rolling was observed

Lenka et al (2011)

Leaves and roots at tillering stage and
panicle elongation stage, leaves and young
panicle at booting stage (DK151, a drought
tolerant line from indica cv. IR64)

Drought stress treatment until
leaf relative water content was
65%-75%

GSE24048

E-MEXP-2401
GSE26280

*GEO = Gene expression omnibus

15 day
stress

high

temperature

Yamakawa and Hakata (2010)

Wang et al (2011a)

16

Society for Advancement of Rice Research, Directorate of Rice Research, Hyderabad, India

Table 2. Selected recent examples of genetic modification of rice using genes derived from
transcriptome resource
Gene

Transcriptome
resource used

Target
organism

System*

Activity

Reference

OsiSAP1 (Stress
associated protein)

Northern blotting

tobacco

OE

Abiotic stress tolerance

Mukhopadhyay et
al (2004)

SNAC1 (NAC transcription
factor)

Microarray

rice

OE

Improved drought and salinity
tolerance

Hu et al (2006)

OsMYB3R-2 (MYB
transcription factor)

Microarray

Arabidopsis

OE

Abiotic stress tolerance

Dai et al (2007)

OsMKP1 (mitogenactivated protein kinase
(MAPK) phosphatases)

FL-cDNAs, EST

rice

M

Negative regulation of rice
wound responses

Katou et al (2007)

OsUGE-1 (UDP-glucose 4epimerase)

Microarray

Arabidopsis

OE

Abiotic stress tolerance

Liu et al (2007)

Nakashima et al
(2007)

OsNAC6 (NAC
transcription factor )

Microarray

rice

OE

Tolerance to dehydration and
high salt stress; growth
retardation and low
reproductive yields

OsIRO2 (bHLH
transcription factor )

Microarray

rice

R, OE

Positive regulator of Fe
deficiency responses

Ogo et al (2007)

OsLEA3-1 (LEA protein)

Microarray

rice

OE

Tolerance to drought stress

Xiao et al (2007)

ZFP177 (Stress associated
protein)

Microarray

tobacco

OE

Differential responses to
various abiotic stresses

Huang et al
(2008)

OsiSAP8 (Stress
associated protein)

Microarray

tobacco, rice

OE

Abiotic stress tolerance

Kanneganti and
Gupta (2008)

OsbZIP23 (bZIP
transcription factor )

Microarray

rice

OE, M

ABA-dependent drought and
salinity tolerance

Xiang et al (2008)

OsDHODH1
(dihydroorotate
dehydrogenase)

Microarray, EST

rice, E.coli

R, OE

Tolerance to drought and salt

Liu et al (2009)

AP37 (APETELA2
transcription factor)

Microarray

rice

OE

Tolerance to drought stress

Oh et al (2009)

ONAC045 (NAC
transcription factor)

Microarray

rice

OE

Tolerance to drought and salt
stress

Zheng et al (2009)

OsABF2 (AREB
transcription factor)

Microarray

rice

M

Abiotic stress tolerance, ABA
signalling

Hossain et al
(2010)

OsABF1 (AREB
transcription factor)

Microarray

rice

M

Abiotic stress tolerance

Hossain et al
(2010)

OsNAC10 (NAC
transcription factor)

Microarray

rice

OE

Tolerance to drought stress

Jeong et al (2010)

ZFP179 (Zinc finger
protein)

Microarray

rice

OE

Tolerance to salt stress

Sun et al (2010)

OsNAC5 (NAC
transcription factor)

Microarray,
northern blotting

rice

OE

abiotic stress tolerance

Takasaki et al
(2010)

OsSDIR1 (RING E3ligase)

Northern blotting

rice,
Arabidopsis

OE

ABA sensitivity in Arabidopsis
, drought tolerance in rice

Gao et al (2011)
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Gene

Transcriptome
resource used

Target
organism

System*

Activity

Reference

OsRLCK253 (Receptor like
cytoplasmic kinase)

Microarray

Arabidopsis

OE

Tolerance to water deficit and
salt stress

Giri et al (2011)

OsMAPK33 (Mitogen
activated protein kinase)

EST

rice

R, OE

Sensitivity to salt stress

Lee et al (2011)

OsbHLH148 (bHLH
transcription factor)

Microarray

rice

OE

Tolerance to drought

Seo et al (2011)

OsMSR2 (Calmodulin like
protein)

Microarray

Arabidopsis

OE

Tolerance to drought and
salt, sensitivity to ABA

Xu et al (2011)

OsCPK12 (Calcium
dependent protein kinase)

Microarray

rice

R, OE

Tolerance to salt, susceptible
to blast fungus

Asano et al (2012)

OsCBSX4 (CBS domain
containing protein)

Microarray

tobacco

OE

Tolerance to salt, oxidative,
heavy metal stress

Singh et al (2012)

Osmyb4 (MYB
transcription factor)

Microarray

barley

OE

Tolerance to frost, improved
germination

Soltész et al
(2012)

OsMYB2 (MYB
transcription factor)

Microarray

rice

OE

Tolerance to cold, salt,
dehydration

Yang et al (2012)

*OE = overexpression; R = RNAi silencing; M = mutant
Considering the importance of high-throughput and
precision phenotyping for gene isolation and markerassisted breeding, the automated modern highthroughput phenotyping and E-typing platforms have
recently been developed for precise phenotyping and
multi-environmental assays of a larger set of rice natural
or mutant and mapping populations for complex yield
component and abiotic stress tolerance traits,
respectively (Clark et al 2011; Xu et al 2012b). The
TILLING (targeting induced local lesions in genomes,
Till et al (2007)) and EcoTILLING (Raghavan et al
2007; Till et al 2007) using the diverse natural rice
germplasm collections and mutant population,
respectively, has made it possible to mine novel
functional allelic variants in candidate transcripts.
A subset of these mined functional allelic variants has
been correlated with traits of agricultural importance
including drought (Yu et al 2012) and salinity (Negrao
et al 2011) tolerance in rice. Remarkably, using the
TILLING approach, about 6,000 mutated loci (novel
SNPs and alleles) in the transcripts encoding the known
or candidate genes have been identified from the MNU
(methyl nitrosourea) and sodium azide induced selected
mutants of Nipponbare at a genome-wide scale (Till et
al 2007). The recent development of high-throughput
array-based next-generation sequencing and marker
genotyping technology such as automated fragment
anlyzer, Illumina GoldenGate and Infinium assay and
KASP (KBioScience Allele-Specific Polymorphism)
profiling has expedited the evaluation of functional
allelic variation or diversity level in the naturally

occurring germplasm and mutant collections and thus
could significantly improve the productivity and
sustainability of rice agriculture.
The construction of high-resolution functional transcript
maps, fine mapping of genes and QTLs and map-based
cloning and positional cloning have traditionally proved
to be the most powerful tools for gene isolation and
dissection of the complex quantitative yield and stress
tolerance traits in rice. Utilizing the whole genome
transcriptome sequencing based high-throughput SNP
genotyping assays in RILs, recently ultra-high-density
linkage or transcript maps have been constructed in rice
(Xie et al 2010; Wang et al 2011b) which successfully
identified and mapped genes and QTLs at a high
resolution scale in the transcript sequences regulating
many important agronomic traits (Yu et al 2011). So far,
about 125 genes for regulatory QTLs involved in
important agronomic traits including grain yield and
quality, stress tolerance and nutrient-use efficiency have
been isolated and characterized using the positional
cloning strategy based on fine-mapping of QTLs (Jiang
et al 2011). However, such strategies are time
consuming and provide difficulties in isolating causal
genes of the QTLs, especially with minor effect.
Recently, the integration of RIL population-based QTL
mapping and microarray-based transcriptome profiling
involving the parents and bulks of homozygous RILs is
found to be a powerful approach to narrow down and
pin-point the candidate genes underlying the QTLs of
interest regulating the traits like seedling vigor (Yano et
al 2012), grain number (Deshmukh et al 2010), and
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salinity tolerance (Pandit et al 2010) in rice. The
“genetical genomics” or “expression genetics”
integrating the genetic or QTL mapping with transcript
profiling has been demonstrated to be an effective
approach for identification of candidate genes encoding
transcripts and its regulatory sequences involved in
expression of an individual trait in crop plants
(Emilsson et al 2008). Using such and integrated
approach, several recent studies have mapped the
transcripts showing differential expression in the whole
rice genome. Further, correlation of the transcript
profiling with QTL mapping has been used to identify
‘expression QTLs’ (eQTLs) involved in the trait of
interest. The candidate gene-based and genome-wide
association mapping relies on the large-scale genotyping
information of genic functional microsatellite and SNP
markers. The recent discovery of low cost whole
genome next-generation transcriptome sequencing and
high-throughput genotyping technologies and novel
advanced structural, functional and comparative
genomic tools, have proven to be an effective approach.
This has led to the identification of genes and alleles
regulating complex quantitative yield and stress
tolerance traits in rice (Zhao et al 2011; Li et al 2011).
Specifically, the integrated approach of genome-wide
and candidate gene-based association mapping and
traditional bi-parental linkage mapping have been
demonstrated as efficient approaches for precise
identification of yield component trait related genes in
rice (Mao et al 2010; Li et al 2011).
The natural genetic variation, particularly for yield
component traits, scanned in a larger set of rice
germplasm lines including landraces and wild species,
has been transferred into the cultivated genetic
background of rice for crop improvement. This has been
achieved through introgression of favourable genes,
QTLs or chromosomal segments using traditional
approaches like introgression lines (ILs) and advancedbackcross QTL (AB-QTL) analysis, as well as modern
methodologies such as association genetics and multiparent advanced generation intercross (MAGIC)
population (Tan et al 2008).
The trait-specific favourable genomic regions, superior
functional genes or QTLs with major as well as minor
effects and natural allelic variants once identified or
validated, can be easily combined and pyramided in the
selected rice genotypes of interest. This is done by the
conventional breeding methods like marker-assisted
selection (MAS) and marker-assisted back-crossing
(MABC) or marker-assisted foreground and background
selection. Also, novel approaches such as markerassisted recurrent selection (MARS) and genomic or
genome-wide (haplotype) selection for genetic
enhancement in rice can be used. In summary, the

transcriptome resources have utility in developing largescale genic markers, establishing marker-trait linkages
and rapid identification of favourable novel genes,
QTLs and superior alleles, regulating the simpler
qualitative as well as complex quantitative traits of
agricultural importance. They can also be used for
genetic enhancement through individual or integrated
approach of positional cloning, association mapping and
genetical genomics. Thus, this can expedite highthroughput marker-assisted breeding, eventually leading
to development of superior high-yielding stress tolerant
rice varieties with enhanced nutritional value.

Prospects
Analysis of transcriptome profiles is becoming cost
effective and can be conducted at quantitative level with
multiple genotypes unravelling hitherto unknown basis
of diversity. This also needs to be extended to small
RNAs and microRNAs leading to a better understanding
of regulatory net-works. Epigenetic components
involved in control of differential expression may
provide additional useful targets for genetic
enhancement. A combination of information on
transcriptome, exome, promoters and epigenome with
diversity analysis would provide useful specific targets
in the genome for association with desired traits and
their deployment for genetic enhancement by molecular
breeding and transgenics approaches.
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