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Abstract

Rice (Oryza sativa L) is the leading genomics system
among the crop plants. The sequence of the rice genome,
the first cereal plant genome, was published in 2005.
This review summarizes progress made in rice genome
annotations, comparative genomics, and functional
genomics researches. It also maps out the status of rice
genomics globally and provides a vision of future research
directions and resource building.
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RICE (OryzA sATIVA L.) 1s ONE of the most important
crops feeding about half of the world’s popula-

tion. With a compact genome, the cultivated rice spe-
cies Oryza sativa represents a model for cereals as well
as other monocot plants (Shimamoto and Kyozuka,
2002; Paterson et al., 2005; Xu et al., 2005). Because of
the availability of the whole genome sequences of both
indica and japonica subspecies and abundant genetic and
genomic resources, including mutants and wild rice spe-
cies, rice has become a model for comparative genome
analysis. The completion of the genome sequence of rice
in 2005 opens a new and exciting chapter in our quest to
functionally characterize all of the annotated genes in
rice (IRGSP, 2005). A systematic approach to character-
izing these genes will allow us to dissect and understand
the regulatory networks and evolutionary selection con-
trolling such complex traits as yield, grain quality, biotic
and abiotic stresses, reproductive barriers, epigenetics,
and flowering time. The next essential steps toward deci-
phering the sequenced genome are to develop complete
and accurate maps of actively transcribed regions dur-
ing rice development, and to generate more and more
genome-wide rice mutant resources. These will facilitate
the identification of all the genes and proteins encoded
in the DNA sequence. Such information will allow
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further analysis of their function and regulation, and
how they cooperate in complex biological processes in a
systems manner.

Progress in Sequencing
and Annotation of the Genome

The International Rice Genome Sequencing Project
(IRGSP) has adopted the clone-by-clone approach for
sequencing rice Oryza sativa ssp. japonica Nipponbare
genome sequence, because it allows efficient gap-filling,
avoids problems arising from distant repetitive sequences
and results in the early completion of larger contiguous
segments of a genome (Sasaki and Burr, 2000). A map-
based, finished quality sequence of rice japonica Nippon-

To further understand rice adaptation
and facilitate genetic improvement of rice
a comparative genomics approach will
be necessary to make a more integrated
and detailed map that collects all kinds
of genetic variations, which will need to
include copy-number variation, gene loss
caused by frame-shift or point mutation,

and other specific evolutionary events.

bare, which covers 95% of the 389 Mb genome, including
virtually all of the euchromatin and two complete cen-
tromeres, was completed in 2005 (IRGSP, 2005; Feng

et al. 2002; Sasaki et al. 2002; The Rice Chromosome

10 Sequencing Consortium, 2003). At the same time, a
whole-genome shotgun sequencing approach was per-
formed for sequencing an indica variety 93-11 genome
(Yu et al., 2002; Yu et al., 2005).

With the completion of the rice genome sequencing,
the Rice Annotation Project Database (RAP-DB) was
created to provide the genome sequence assembly of the
IRGSP release 3, a manually curated annotation of the
sequence, and other genomics information that could
be useful for comprehensive understanding of rice biol-
ogy (Ohyanagi et al., 2006; The Rice Annotation Project,
2007; Rice Annotation Project, 2008). Also, the Rice
Genome Annotation Project of The Institute for Genomic
Research (TIGR) continues to improve the quality of the
annotation and to update the rice genome sequence with
new data (Ouyang et al., 2007). In the current release
4.0 of the annotation, 42,653 non-transposable element-
related genes encoding 49,472 gene models were identi-
fied as a result of the detection of alternative splicing.

Moreover, transposon is an important content of the rice
genome, which is populated by representatives from all
known transposon superfamilies (Juretic et al., 2004;
IRGSP, 2005). Among them, Pack-MULEs can mobilize
thousands of gene fragments, which may have an impact
on rice genome evolution (Jiang et al., 2004; Juretic et
al., 2005). The completion and annotation of the rice
genome have afforded an unprecedented opportunity
for systematic studies of plant gene function. The rice
genome sequence provides a complete catalog of genes
that are important for improving not only rice but also
other cereals, as functionally important sequences are
conserved and may be identified by their similarity.

Comparative Genomics in Rice
The Asian cultivated rice Oryza sativa contains two
major subspecies indica and japonica, which show dis-
tinct divergence from sequence variations to phenotypic
changes (Oka and Chang, 1962; Cheng and Lu, 1984).
Indica-japonica genome comparison has been chosen
as a model system for understanding the origin, specia-
tion, domestication, and genome evolution of rice. Indica
and japonica cultivars can be classified based on their
agronomic traits (Oka and Morishima, 1997) and the
use of molecular markers (Glaszmann, 1987; Cheng et
al., 2003). The sequencing of indica and japonica rice
genomes provides a powerful resource for comparative
analyses, which could help to detect polymorphisms
between them and also give clues to recent genome varia-
tions. With the available genome sequences and compar-
ative analysis, DNA polymorphisms across the entire rice
genome were discerned to develop molecular markers
(Han and Xue, 2003; Feltus et al., 2004; Shen et al., 2004;
Garris et al., 2005), which greatly facilitates gene cloning
and also molecular-assisted breeding in rice.

Comparisons of chloroplast, mitochondrial, and
nuclear genomes revealed that the two subspecies diverged
~0.44 million years ago (Tang et al., 2004; Ma and Ben-
netzen, 2004; Vitte et al., 2004; Tian et al., 2006). In-depth
sequence comparison of genomic DNA sequences has
also shown a large number of variations in intergenic and
genic regions between indica and japonica (Feng et al.,
2002; Han and Xue, 2003). Among them, transposable ele-
ments (TEs) serve as an important evolutionary driving
force for intra-specific variation. The genome sizes of both
indica and japonica have increased substantially, mainly
because of the insertions of TEs (Ma and Bennetzen, 2004;
Huang et al., 2008). The activities of the mobile elements
are responsible for a series of genetic differences between
two subspecies via various ways, including interrupting
host genes, creating different expression forms, drastically
changing intron length, and affecting expression levels of
adjacent genes (Huang et al., 2008).

From a comparative standpoint of the genus Oryza,
a comprehensive set of 12 bacterial artificial chromo-
some (BAC) libraries that represent the 10 genome
types of Oryza has been constructed, as a first step to
performing comparative genomic analysis within the
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genus (Ammiraju et al., 2006). Furthermore, rice is also
an important model species for the Poaceae. Compara-
tive genome analysis of closely related species in cereals
would be a powerful tool to identify conserved func-
tional units and regulatory elements. Through compari-
sons with other plant genome sequences and transcript
sequences, structural and functional features of the rice
genome itself have been confirmed and improved (Zhu
and Buell, 2007).

To further understand rice adaptation and facilitate
genetic improvement of rice a comparative genomics
approach will be necessary to make a more integrated
and detailed map that collects all kinds of genetic varia-
tions, which will need to include copy-number variation,
gene loss caused by frame-shift or point mutation, and
other specific evolutionary events.

Functional Genomics Studies

Rice functional genomics is a scientific approach that
seeks to identify and define the function and interaction
of genes to produce phenotypic traits. Rapid progress

in rice genome sequencing has facilitated research in
rice functional genomics. The rice functional genomics
researches include development of technical platforms,
and molecular cloning and functional analysis of agro-
nomic genes. The platforms are aimed at enabling high-
throughput analyses and effective determination of gene
functions, which consist of three major components (i)
generation and characterization of a large mutant library,
(ii) expression profiling of the predicted exons and
expressed sequence tags (ESTs) of the entire genome, (iii)
and isolation of full length cDNAs.

Development of Technical Platforms

After the release of the rice genome sequence, one of the
significant challenges has been the large-scale identifica-
tion of gene functions. Various methods and technical
platforms have been employed to enable high-throughput
analyses and effective determination of gene functions.
Two major platforms of functional genomics studies are
generation of a large mutant library and isolation of full-
length cDNAs.

Insertional mutagenesis, an effective strategy to
study gene function, has been widely applied to construct
mutant libraries (Jeon et al., 2000; Wu et al., 2003; Hiro-
chika et al., 2004). For mutant generation, T-DNA is the
most frequently used foreign DNA, as it both disrupts the
gene function to facilitate gene identification and provides
tags making gene isolation easier. About 29,482, 47,932,
and 13,804 T-DNA tag lines in japonica rice were indi-
vidually generated (Sallaud et al., 2004; Jeong et al., 2006;
Zhang et al., 2007). Mapping T-DNA flanking sequence
tags on chromosomes revealed that T-DNA integration
frequency was generally proportional to chromosome
size; however, T-DNA insertions were nonrandomly dis-
tributed on each chromosome (Zhang et al., 2007). The
Tos17 disruption system is another efficient method and
widely used for mutational analysis (Agrawal et al., 2001;

Sakamoto et al., 2004). More than 50,000 disruption

lines of japonica were produced using the endogenous
retrotransposon Tos17 (Miyao et al., 2007). Phenotypes

of these lines in the M2 generation were observed and
characterized. This combination of phenotypic and flank-
ing sequence data will stimulate the functional analysis of
rice genes. In the rice T-DNA mutant library, large-scale
characterization of Tos17 insertion sites has also been con-
ducted (Piffanelli et al., 2007).

Full-length ¢cDNA clones are valuable resources for
the functional analysis of genes not only at transcrip-
tional level but also at the translational level (Nishiyama
et al., 2003). The promoter sequences can be obtained by
comparing the 5’-end sequences of cDNAs with the rice
genome sequences. Large-scale new gene discovery was
accelerated by utilizing these procedures. Over 32,000
japonica full-length cDNAs have been published (The
Rice Full-Length cDNA Consortium, 2003). Collections
of over 20,000 full-length cDNAs and over 40,000 5’
ESTs isolated from various cDNA libraries of two indica
varieties Guangluai 4 and Minghui 63 have also been
done (Xie et al., 2005; Liu et al., 2007). In addition, the
indica cDNA clones are useful for comparative analysis
between indica and japonica subspecies, improvement
for genome sequence annotation, and for identification of
lineage of specific genes. Moreover, about 1888 wild rice
Oryza rufipogon W1943 full-length cDNAs have been
collected (Lu et al., 2008b). All these full-length cDNA
clones provided important resources for further func-
tional studies and could be broadly utilized in rice bio-
logical studies. Moreover, through comparative analysis
among rice varieties, some putative indica-specific genes
and wild rice specific genes were identified (Liu et al.,
2007; Lu et al., 2008Db).

Cloning and Functional Analysis
of Agronomics Related Genes and QITLs

The rice genome sequence provides a complete catalog of
genes that are very important for identification of the rice
genes through map-based cloning strategy. Great progress
has been made by rice researchers in recent years in the
cloning and functional analysis of agronomically impor-
tant traits, including plant architecture (Li et al., 2003),
stress tolerance (Ren et al., 2005; Xu et al., 2006; Fukao et
al., 2006), disease resistance (bacteria blight) (Chu et al.,
2006), grain yielding (Ashikari et al., 2005; Song et al.,
2007; Xue et al., 2008; Shomura et al., 2008), shattering
habit (Li et al., 2006; Konishi et al., 2006), fertility (Wang
etal., 2006; Chen et al., 2008), and nutrition efficiency.
Here, we describe the cloning of a number of rice
genes and quantitative trait loci (QTLs). Tillering in rice
is an important agronomic trait for grain production, and
also a model system for the study of branching in mono-
cotyledonous plants. A gene MONOCULM 1 (MOCI) that
controls rice tillering has been cloned and characterized
(Liet al., 2003). Soil salinity is a major abiotic stress in
crop productivity worldwide. Salt tolerance is a complex
trait controlled by QTLs and is the final manifestation of
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several components, such as Na* uptake, K" uptake, ions
balance, and ions compartmentation. The SKCI gene that
encodes an ion transporter was cloned from a high salt
tolerance indica variety ‘Nona Bokra’ by using advanced
backcross progeny and map-based cloning (Ren et al.,
2005). The QTL Ghd7, which has played crucial roles in
increasing productivity and adaptability of rice globally,
was isolated from an elite rice hybrid and was found to
encode a CCT domain protein (Xue et al., 2008). Ghd7 has
major effects on an array of traits in rice, including num-
ber of grains per panicle, plant height, and heading date.
Enhanced expression of Ghd7 under long-day conditions
delays heading and increases plant height and panicle size.
Natural mutants with reduced function enable rice to be
cultivated in temperate and cooler regions.

MicroRNA and Gene Expression
Since the completion of the rice genome sequence,
various technologies have been used to generate
genome-wide expression profiles and to perform rice
transcriptome analysis, including ESTs, microarrays
platforms, and massively parallel signature sequenc-
ing (MPSS). As yet, more than 1,220,877 rice ESTs
constructed from various kinds of tissues under vari-
ous conditions have been sequenced and released in the
NCBI-dbEST database. These are currently the most
important resources for transcriptome exploration in
rice. The experimental evidence greatly improved struc-
tural annotation of gene models, and also facilitated the
development of whole-genome exon arrays. For example,
Affymetrix (Santa Clara, CA, USA) rice whole genome
array is a widespread exon array, which covered ~51,279
transcripts in rice. Moreover, there are also many tran-
scription units outside of the annotated rice genes, of
which the expression levels cannot be detected by these
exon arrays. For this reason, several rice genome tiling
arrays were developed to identify novel transcripts, espe-
cially in the non-coding region (Jiao et al., 2005; Li et al.,
2005; Li et al., 2006). Furthermore, taking advantage of
the development of sequencing technology, expression
data are becoming available at considerably accelerated
speeds. As a powerful alternative to microarray tech-
nologies, MPSS uses a unique method to quantify gene-
expression levels and generate millions of short sequence
tags per library. The recent discovery and analysis of rice
MPSS data (i.e., 46,971,553 mRNA transcripts from 22
libraries) has characterized many previously unknown
transcripts and demonstrated the biological importance
of these noncoding molecules (Nobuta et al., 2007). With
the advent of these platforms, the high-throughput anal-
ysis of global gene expression has become a useful and
powerful tool in the study of functional genomics.
MicroRNAs (miRNAs) are 21 to 24 nucleotide
sequences, which are involved in various biological pro-
cesses often by interfering with mRNA translation. Vari-
ous approaches using MPSS, the 454 technology, or the
Ilumina technology have been used in rice for miRNA

discovery. By carrying out deep sequencing of the small
RNA populations of rice tissues at different developmen-
tal stages, currently about 240 miRNAs have been dis-
covered and annotated in rice (Nobuta et al., 2007; Lu et
al., 2008a). The published studies reveal that most of the
miRNAs in rice are conserved in plants (Johnson et al.,
2007; Zhu et al., 2008). These newly identified miRNAs
in rice exhibit tissue-specific expression patterns and
suggest a recent evolutionary origin (Morin et al., 2008;
Sunkar et al., 2008).

Future Research

Although tremendous progress has been made in rice
genomics, there is still a huge gap of knowledge between
the genotype and phenotype; a gap which must be
bridged in order to breed elite varieties suitable for sus-
tainable agriculture. A highly coordinated effort that
brings together scientists and resources worldwide is a
desirable step and perhaps the only practical and efficient
one. Zhang et al. (2008) proposed an International Rice
Functional Genomics Project (IRFGP), with the ulti-
mate goals of determining the function of every gene in
the rice genome by the year 2020, to identify functional
diversity of alleles for agriculturally useful genes from
the primary gene pool, and to apply the findings of func-
tional genomics research to rice crop genetic improve-
ment and beyond. The following objectives for this
international effort, with elaboration of specific aims to
be achieved, were proposed: (i) development of enabling
tools and genetic resources for an international commu-
nity of scientists to conduct functional genomics research
in rice; (ii) assignment of biological functions to every
annotated gene; (iii) global analyses of the proteome and
protein-protein interactions; (iv) natural variation of O.
sativa and its relatives; (v) bioinformatics, data manage-
ment, and exchange of information; (vi) establishment
of the toolkit for high throughput knowledge-based rice
breeding. These provide vision for future research direc-
tions and resource-building in rice genomics studies.

In the application aspect, Zhang (2007) outlined
strategies for the development of what he referred to as
Green Super Rice based on advances in genome research.
On the premise of continued yield increase and quality
improvement, Green Super Rice should possess resis-
tances to insects and diseases, high nutrient efficiency,
and drought resistance; all of which promises to greatly
reduce the consumption of pesticides, chemical fertil-
izers, and water. This would ensure that rice production
is in harmony with the environment, thus safeguarding
a proper level of sustainability. As rice is a major world
crop, rice functional genomics research will have an
immense global impact on sustainable agriculture.
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