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Abstract

The ultimate goal of the international rice genome sequencing consortium has been successfully real-
ized with the completion of the entire rice genome sequence in 2004. An accurate sequence totaling
370 Mbp of the japonica rice cultivar Nipponbare corresponding to 95% of the entire genome is now
publicly available. Comprehensive analysis of the sequence has revealed some unique features of the
rice genome. Together with other rice genomics resources, this map-based sequence will revolutionize
rice biology with the rapid identification of genes responsible for many agronomic traits, genome-wide
comparison with other rice species and cereal crops, and establishment of new breeding methods based

on DNA markers.
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Introduction

Rice is one of the most important crops in the world
and is consumed by more than half the world popula-
tion. About 20% of the total calorie supply worldwide
comes from rice, and especially in Asia, more than 2 bil-
lion people derive 60—70% of their daily energy require-
ment from rice and its derivatives. The world population
is increasing at 1-2% per year, but crop production does
not increase proportionally. Recognition of the impor-
tance of rice as the world’s foremost staple crop has
prompted the United Nations to designate the year 2004
as the International Year of Rice under the slogan of
“Rice is Life” (http://www.fao.org/rice2004/).  Rice
research, however, will not only benefit rice. The conser-
vation of gene order among grass genomes®' clearly
indicates that the results of rice genome analysis could be
well utilized for analysis of other grass crops such as mil-
let, sorghum, sugarcane, maize, and wheat.

The Rice Genome Research Program (RGP) has
established the genomic resources such as EST sequences
and YAC framework physical maps as well as the high-

density genetic maps and markers from 1991%. These
maps and sequences served as the framework for estab-
lishing the map-based sequence of rice. All biological
processes involved in the life cycle of rice such as fertili-
zation, germination, growth, development, photosynthe-
sis, metabolism, and response to the environment are
encoded in the genome. Obtaining the master plan
(genome sequence) of the rice plant is therefore indis-
pensable in understanding rice biology. For these rea-
sons, rice has long been a target plant for a
comprehensive genome analysis. However, although
many researchers recognized the impact of this undertak-
ing, it is such an enormous task for one research institu-
tion or even a single country. The International Rice
Genome Sequencing Project (IRGSP), composed of 10
countries, was therefore established in 1997 to pool
resources and manpower, accelerate the sequencing of
the genome and insure public access to the sequence data.
After seven years of global collaboration, it has success-
fully attained its goal and has released an accurate Nip-
ponbare genome sequence of 370 Mbp. In this paper, the
sequencing effort of the RGP from draft sequencing to
the completion of the sequence, as well as the impact of
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the accurate rice genome sequence to crop science and
agriculture both at present and in the future will be
described.

Rice genome sequencing by the IRGSP

1. Physical map construction

The IRGSP sets the accurate rice genome sequence
as the ultimate goal (http://rgp.dna.affrc.go.jp/IRGSP/
bnl/Guidelines.html) of this project. The word “accu-
rate” has two meanings: (1) to identify each specific
nucleotide with high quality; and (2) to ensure that the
sequence is positionally correct. To achieve this goal, the
clone-by-clone methodology coupled with the hierarchi-
cal shotgun sequencing was chosen. This strategy
requires a sequence-ready physical map that covers the
whole genome with genomic clones. The IRGSP con-
structed several genomic libraries with PAC' and BAC
(RGP, unpublished or Mao et al.'®) clones with more than
68 times genome coverage.

Two methods which complemented each other were
used to construct physical contigs with a relatively high
genome-coverage. The RGP constructed a transcript
map with 6,591 EST markers which were then used to
screen the PAC and BAC clones. Fingerprint contigs
were constructed by the US group using the restriction
digest fingerprints and the FPC software® that facilitated
alignment of clone-contigs based on the similarity in the
fragment patterns. With these combined strategies, the
RGP succeeded in the construction of the physical maps
of the 6 chromosomes (chr 1, 2, 6, 7, 8, and 9) in early
2003*. The remaining clone gaps were filled by “walk-
ing” from the clones at the contig ends, and the
“Sequence-Tagged-Connector” method'® in which blast-
ing the gap-proximal sequence against the BAC end-
sequence database automatically identified the contig-
extending clones. The unsequenced regions consist of 36
gaps in the euchromatin, 9 gaps in the centromere
regions, and the chromosome ends (telomere region)
even if some BAC or fosmid clones extended into the
specific repeat sequences that correspond to the telom-
eres. To determine the total physical size of the rice
genome, the contig-gap length was measured by the
fiber-FISH (fluorescence in situ hybridization) method”.
Although most of the physical gaps were found to be rel-
atively small (10-90 kb in size), PAC or BAC clones
were not obtained even by the extensive screening of the
whole libraries. This may imply that some regions in the
genome may be unstable in . coli and could not be eas-
ily cloned. In total, 3,453 clones of PACs, BACs, fos-
mids, and other artificial sequences were aligned to the
12 rice chromosomes.
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2. Clone-based sequencing strategy

Two major methodologies are now widely used for
genome sequencing: the hierarchical shotgun sequencing
strategy and the whole-genome shotgun sequencing
strategy''. In the former, an individual PAC/BAC clone
is shotgun-sequenced and locally assembled® so that mis-
assembly could be significantly minimized. In the latter,
shotgun clones from the whole genome are sequenced
and globally assembled by the high-throughput assembly
software to reconstruct the genome sequences. The
IRGSP adopted the hierarchical shotgun sequencing
strategy although it requires several years of extra work
to map the clone especially for a large genome such as
rice. Additionally, the RGP constructed an efficient
draft-sequencing pipeline which facilitated the comple-
tion of the high-quality draft sequence of the entire
genome in December 2002 (http://rgp.dna.affrc.go.jp/rgp/
Dec18 NEWS.html).

Completion of sequencing from the draft status
involved several “finishing” protocols such as (1) gap-
filling, (2) improving sequence quality to the IRGSP pub-
lication standard (99.99% accuracy), and (3) resolving
mis-assembly. The sequence gaps were filled by full-
sequencing of bridge clones and the low quality regions
were re-sequenced using other chemistries and
polymerases®. Mis-assembly was resolved by manual
detection of the degenerated part of the sequence, selec-
tion of a representative subclone, and full sequencing of
the subclone®. The sequencing pipeline was further
modified with emphasis on manual editing and high-
throughput re-sequencing of the regions to improve the
sequence quality. These modifications increased the rate
of finishing to 80-90 PAC/BACs per month, which corre-
sponds to approximately 8 Mbp of genome sequence per
month. During the same period, the RGP published the
completed whole chromosomal sequence of chromo-
some 1%’ and the group from China (NCGR) published
the sequence of chromosome 4'°. To date, two other pub-
lications from the US group have been published****.

The completion of rice genome sequencing was offi-
cially declared in December 2004. The total assembled
nucleotide sequence is 370.7 Mbp (Build 3.0 Pseudomol-
ecules). Adding the estimated size of gaps, the entire rice
genome is estimated to be 388.82 Mbp in total. This is at
present the most accurate size estimation of rice
(japonica) mostly based on calculations from the nucle-
otide sequences. This estimation also indicates that the
IRGSP revealed 95% of the total genome or 98.9% of the
euchromatin region. The remaining 5% exists mostly as
centromere regions and heterochromatin regions (Fig. 1).
This indicates that we have obtained most of the genic
information of the rice plant. The assembled genome
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Chr1 I TEEN DN 45 Vb
A
Chr2 I 37 Mb
A
Chr 3 I N 37 Mb
A
Chr 4 T 36 Mb
A
Cchr5 NN 30 Mb
A
Chr6 NN T 32 Mb
A
chr7 I 30 Mb
A
chr s NN 29 Mb
A
Chr9 [N N 31 Mb
A
chr 10 NN W 24 Mb
A
Chr11 IIEEEEE T 31 Mb
A
Chr 12 I 28 Mb
A

Fig. 1. Sequenced regions of the 12 rice chromosomes
For each chromosome, the length of the bar corresponds to the total physical size in kb
which is also numerically shown in the right. Black boxes show the sequenced regions,
while blank areas correspond to the unsequenced regions because of lack of clone con-
tigs. The triangles in the middle indicate the approximate positions of the centromeres.

sequence used in the analysis described above (http://
rgp.dna.affrc.go.jp/IRGSP/Build3/build3.html) and its
updated version (Build 4.0 Pseudomolecules, http://
rgp.dna.affrc.go.jp/IRGSP/Build4/build4.html) could be
accessed from the IRGSP website (Fig. 2). From then on,
the IRGSP has continued to analyze the unsequenced het-
erochromatin regions. The sequences of the centromere
regions of chromosomes 8 and 4 have been revealed and
analyzed™***, Sequencing of the ribosomal gene clus-
ter region and telomere regions is also in progress.

3. Analysis of rice genome

A comprehensive analysis of the completed genome
sequence has been published recently'’. Some remark-
able characteristics of the rice genome are the following:

(1) Predicted genes. A total of 37,544 genes have been
predicted in the rice genome. This is the largest number
of genes identified in plant and animal genomes that have
been completely sequenced so far. About 71% of these
genes are homologous to Arabidopsis genes and 29%
exist in cluster.
(2) Transposable elements. About one third of the rice
genome is occupied by various kinds of transposons, ret-
rotransposons and other families of transposable ele-
ments.
(3) Organelle insertions. About 0.2% of rice genome cor-
responds to sequences which are highly homologous to
the chloroplast and mitochondrial DNA indicating recent
transfer of these DNA fragments.

For the genome wide annotation, two automated
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Chromosome 8 PAC / BAC Physical Map AARCCCTATAASCCC T AT TEAATOC T AAATCT Al CCT AaalC CT a0l TAKG
Marker cM PAC / BAC contigs TATE T A O T AL TTAGTGT T T AGGGT T AGGETT TAGGGTT TAGGETTTALGETTTAS
Scale: m 10 kb GGGTTTAGGETTTTTTTCTAGT TAACATAALAAAGAGAAAAATECTTGCATCECTOCTGAS
TEAGET TGOGGETGA T AGGA G AGATG TG T A GET G TG T AGEACCC T AGETT TGO S
GG T A GOGEC GEAT GA GG CGAGETC TG TACC T O GUGAATC TOGET GAA T AGGAGE s
B1147B12 G T O GGOGC O G TCO TACC AL CA GO GG T TACAA TG T TGO T GEC A T AGGOGGET -
Esonnns ol THOGGAGAGTTOGT TAGT AACGCOGAATETT G GHAGETTTGACAGATAAGGATGGALE S
AGGTACCOCGATCTRATTTTCATTCATCACTAATATCCTTTCTTTCTCCACGAATCTCAT S
CTTCCTAATTCTTAAAGETCGGTETTGTCGAACCTCCGTETGLAAGATGTCTGATTCOG
§2104 0.5, 001507 COTTCAGGTCCATAGCTATCCCGAAGTCCATEGCEATATAGCAGTEETGAGTTCAAGTC
s2518 0.5 TTATTOCATCATEO OO TACTGCASACATCCCTTETTTITITCTTTEETATGACTTE T T
GTTTGTGCTGAGCCATCTAGAATACTACCCTCCATTGRATCTACCCATATGATTATTAGT
CAATATCTACTTGTTTATAAGCAATAGTATAAGTGACTACAGTGGEAAAGAATACTTAGCAS
01300 E01 AATGAAAATGTGAATTATGEGATTGTCAAAGECACAAT AGATAATTCGTATTGTCAAAATS
C508155 1.8 ATATATC AL AALTTGT AT T AR AT TCATTAGD AT TCATTAGLC TAAAAC A=
ATGTTT T TAGAATATATTTTTATGATTCACTAAAAAGAACAGATGTTTTCCTTAAGATS
CATATATTAATTTTICTC TGO GATGTAATATTCATGLATTGTCAATCACTTATCTAGGE TS
R1943 1.8 = 450504 COCAGETTCATGTGAALL O TATATCAACTAGGTOCGOCACTCTTAAGTACAATTALT =
C400 1.3 TTITCTTCAAAL CAAGARAAGT TCAGAAAGLAGTTTCTACTTTCTAATGCATGTAC TGOCT
ATTGATTTCAGTGACTRATAATTHGECATAAACAGACAATTCACCATGTGOTTTATATRAT
GATCAAGTGACATAG GAGGHGHLAACAAATTAAAGACATTTTTACACACAATATTTTGTGT
ACTRLCTATTGATTTCAGTT TR AGCTTRC TTCAAC TAAGACGTTGATTTTTTTTTCTTC:
P0007D08 TTRAAGTHCAGC TTRAT GAATTAT AT TR TRATGAAAACATGTC GRCCATGTT TAAT G
THTTGAAGAAGAAAAAA T THCAAGGETAGAAAACTAGTGT TOGATAGAAATTCATTT T
e AAA TGO T A AT AR AT AAAT AL TT TGGCAT TOC T TOT T TATGE TOGRAAGGGT AGAAA=
TR T AT EAA T A T GG G T ATAT TG A TG TAAGTGTC TCATTACTTGT TETETAT
T T AT TG T AT T TGT AT TAT A TTAAC TTRATGC TATTATATTTGTTGGT =
ATAGALCCAAGGAATGEAC AT GO AAGACA TAACC THTOEAAATGTAAAAT ACAGIT A=
GTTTGTATTCAGGTTGRATT T AAGGAC GO AGGTATGTAGTCATTCATAACATTTC TGS

C1017 3.0

Fig. 2. Access to the rice genome sequence through the IRGSP website
(a): IRGSP homepage (front page)
(http://rgp.dna.affrc.go.jp/IRGSP/index.html).
(b): IRGSP physical map (part of chromosome 8).
Clone positions and corresponding DNA markers are shown.
(c): Part of the nucleotide sequence of rice chromosome 7
pseudomolecule (text file, downloaded).
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genome annotation systems developed by RGP and TIGR
(The Institute for Genomic Research), respectively, were
used for analysis of the IRGSP genome sequence. The
RiceGAAS (http://ricegaas.dna.affrc.go.jp/) from RGP
automatically retrieves rice genomic sequences from the
GenBank entries, analyzes the sequence with 5 kinds of
gene prediction programs, and searches for homology
with the rice ESTs, rice cDNAs, and known proteins in
the databases. The annotation system developed by
TIGR also facilitates comprehensive gene prediction and
construction of gene models based on homology searches
with annotation features enhanced by the TIGR PASA
program'>. An initial attempt to provide a standardized
annotation of the rice genome sequence was organized
through the First Rice Annotation Project Meeting
(RAP1) held in Tsukuba in December 2004 and partici-
pated by plant biologists and informaticists from around
the world. The curated gene models and database gener-
ated from this annotation jamboree will be published
soon (Rice Annotation Project, submitted).

Functional genomics

Although many unique genes have been discovered
in the rice genome, only 60% of the predicted genes are
supported by ESTs or full-length cDNAs. On the other
hand, about 40% of the predicted genes have no clues as
to function (no match to the Swiss-plot entries).
Although some of these unknown gene models may be
false-positives, a significant number should be real since
71% of all the predicted genes have homologues in Ara-
bidopsis. Recent analysis by tiling microarray designed
for chromosome 4 indicates that 81% of the computation-
ally predicted gene transcriptional
activities'*. Therefore elucidation of the function(s) of
predicted genes is much more important. Forward genet-
ics is the most powerful tool where genetic mapping
could delimit a useful trait at the specific region of
genome to identify the candidate gene. This method,
positional cloning, also helps to map quantitative trait
loci (QTLs) as Mendelian factors with the use of isogenic
lines™.

Recently, new genomic resources such as tagging
lines in which specific genes are mutated artificially have
been developed and put into usage. 7os!/7, one of the rice
innate retrotransposons, has a tendency to be inserted in
the genic region”, establishing a series of the gene dis-
ruption lines that could be useful in identifying gene
function and relating the genome with the phenome
directly”?*'. Other gene-tagging systems such as that
using T-DNA are also utilized to clone the trait genes'.
Regulated gene expression is the most important indica-

models have
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tor of gene function. Monitoring the gene expression
with oligomicroarray based on the sequence information
from the comprehensive full-length cDNA collection'®
will let us know the global dynamics of rice gene expres-
sion. A 22K of rice oligomicroarray (G4138A) is now
commercially available through Agilent Technologies.

Comparative genomics

Rice has been estimated to diverge from other cereal
species such as barley, maize, and wheat from about 10—
60 million years ago’. Although it is believed that
domestication of rice occurred about 10,000 years ago,
the present major subspecies, namely, japonica and
indica must have diverged from a common rice ancestor
at about 200,000 to 440,000 years ago'™*>. The genus
Oryza consists of 23 species adapted to a wide range of
environmental conditions worldwide*. These diverse
Oryza species could be a natural germplasm bank and
rich sources of many novel genes which could be utilized
for agriculture. Several research institutions including
the International Rice Research Institute (IRRI), the
National Institute of Genetics (NIG), and the Genebank
at the National Institute of Agrobiological Sciences
(NIAS) are making significant efforts in collecting, pre-
serving, analyzing, and distributing materials and infor-
mation on cultivated and wild rices. Recently, the Oryza
Map Alignment Project (OMAP, http://www.omap.org/
resources.html) has been organized in the US to develop
materials for genetic analysis of wild rice species and to
unravel the molecular biology of the genus Oryza. In
Japan, the MAFF Genome Diversity Project aims to
investigate the molecular mechanism of the reproductive
barrier, which is a major obstacle to gene introduction
across species.

The rice genome sequence is considered as a “gold
standard” and is therefore pivotal to sequence compari-
son among the grass genomes. Several studies on
microsynteny provide an overview on the magnitude of
systenic regions among cereal crops>>’.
have shown that while colinearity is generally maintained
at sequence level, some small insertions/deletions(in-
dels), gene duplications and inversions may disrupt the
microcolinearity’. To date, Arabidopsis and rice are the
only plants for which the high-quality genome sequences
have been revealed. These sequences will lead to a
detailed comparison of monocot and dicot biosystems to
verify how these systems are similar or how they differ.
The high-percentage of the homolog detection between
rice and Arabidopsis indicates that the basic system in
plants may be the same, while some specific genes may
have developed in cereal crops in the process of crop evo-

These studies
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lution and domestication. Recent progress of DNA clon-
ing and sequencing technology may pave the way for the
initiation of genome sequencing in other crops (Whitelaw
et al’*, Wheat genome sequencing pilot project at
IGROW, http://www.k-state.edu/igrow/IGROW _sequenc
ing.html). Comprehensive genomic information of maize
and wheat will be greatly useful for understanding how
the crop genomes changed and evolved from a common
ancestor.

Application to breeding

Various kinds of DNA markers such as RFLPs,
SSRs, and SNPs have been constructed. Comparison of
the Nipponbare sequence with the genome sequence of
indica rice also shows a significant amount of SNPs and
in-dels genomewide®'***, which could be rich sources for
polymorphic DNA markers throughout the genome. The
DNA marker-assisted selection (MAS) is now widely
applied in rice breeding as well as breeding of other
crops. The established fine DNA markers at nucleotide
level will identify the trait markers which are most proxi-
mal to the responsible gene, or dissect the neighboring
genes to facilitate the introduction of only a desired trait
by conventional breeding. The DNA marker-based
breeding will be much more desirable than preexisting
breeding strategies because selection of the introgressed
lines can be performed even at a very early stage of
development thereby reducing the time and labor
required to establish new varieties.

Conclusion—Future aspects of rice biology and
breeding

The completed rice genome sequence is revolution-
izing rice biology. From now on, researchers will find it
easier to identify corresponding genes for specific traits
or for a specific response. Moreover, each gene function
will be understood in the background of the gene network
and traffic of the gene products. Integration of genomics
with the newly emerging fields of proteomics, phenom-
ics, metabolomics etc. will help us in understanding vir-
tually all life processes as a dynamic system. An in-
depth understanding of the rice genome structure will
also pave the way for modification of metabolic pro-
cesses to improve a specific agronomic trait without sac-
rificing other beneficial traits. The notion of “breeding
by design” could be easily facilitated with the technical
improvements in introducing novel genes, accumulating
genes (pyramiding), and perturbing systems by modifica-
tion of gene activities. This new concept of breeding will
progress dramatically with the development of marker-
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assisted selection and genetic engineering. In this corol-
lary, utilization of the genetic resources world wide
including remote wild rice species as the main source of
natural variation should be greatly promoted.
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