
Towards an accurate sequence of the rice genome
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Several more- or less-elaborated rice genome sequences have

been produced recently using different strategies. It has become

possible to compare them and to unravel the major features of

the rice genome in terms of nucleotide composition, repeats,

gene content and variability. It has also become possible to

compare the rice and Arabidopsis genomes and to evaluate rice

as a model genome.
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Laboratoire Génome et Développement des Plantes, UMR 5096
CNRS-IRD-UP, University of Perpignan, 52 avenue de Villeneuve,

66860 Perpignan CEDEX, France

e-mail: delseny@univ-perp.fr

Current Opinion in Plant Biology 2003, 6:101–105

This review comes from a themed issue on

Genome studies and molecular genetics

Edited by Takuji Sasaki and Ronald R Sederoff

1369-5266/03/$ – see front matter

� 2003 Elsevier Science Ltd. All rights reserved.

DOI 10.1016/S1369-5266(03)00010-4

Abbreviations
BAC bacterial artificial chromosome

BGI Beijing Genome Institute

EST expressed sequence tag

IRGSP International Rice Genome Sequencing Project

MITE miniature transposable element

Introduction
Rice has a relatively small genome (430 Mbp) compared to

that of wheat or maize, has overall colinearity with other

cereals and can be easily transformed using Agrobacterium
tumefaciens. These advantages have made rice the next

plant species to be targeted for genome sequencing after

Arabidopsis thaliana. The first phase in the ambitious

project to sequence the rice genome was to set up all

the necessary resources in several countries. cDNA,

expressed sequence tag (EST) and large insert genomic

clone libraries, as well as detailed genetic maps, were

developed and laboratories were equipped with robots,

sequencing machines, computers and trained staff. After

several year’s work, it was timely to organize a public

consortium at the end of 1997 to deliver an accurate (i.e.

less than one error in more than 10 000 bp) and completely

assembled sequence for rice. This sequence could serve as

a reference not only for rice varieties but also for other

cereals [1,2].

The official goal of the International Rice Genome

Sequencing Project (IRGSP) was to complete the sequenc-

ing of the japonica variety ‘Nipponbare’ by the end of 2008.

The consortium initially assembled from ten countries

(Japan, Korea, UK, Taiwan, China, Thailand, India, Uni-

ted States, Canada and France) and decided to adopt a

clone-by-clone sequencing strategy once a minimum tiling

path for each chromosome had been established. This

strategy allowed the task of sequencing the Nipponbare

genome to be distributed among the participants on a

chromosome basis [3,4]. It also facilitated the final assem-

bly of the sequence. Meanwhile, two private companies,

Monsanto and Syngenta, and the Chinese government

decided to launch their own sequencing programs. Hence,

four distinct and essentially non-communicating projects

were underway and competing with each other. The

announcement of the Monsanto rice-sequencing program

in April 2000 strongly destabilized the IRGSP, and some

funding agencies decided not to support the project. One

year later, the Syngenta announcement had less impact.

Both the Monsanto and the Syngenta sequences are

private data, which are not readily available outside of

these companies because of intellectual property rights.

Nevertheless, negotiations have allowed the IRGSP to

benefit from these private efforts. Monsanto and Syngenta

sequenced the same variety as the IRGSP, Nipponbare.

The Chinese group sequenced two indica varieties 93-11

and PA64s (Pei-Ai 64s), which are the paternal and

maternal parents of the Chinese super-hybrid rice

LYP9 (Liang You Pei Jiu 9), respectively. From the very

beginning, all sequences determined by groups within the

IRGSP were released on their respective websites (http://

rgp.dna.affrc.go.jp/) as soon as a minimum assembly of

bacterial artificial chromosomes (BACs) or a P1-derived

artificial chromosomes (PACs) was achieved. The Beijing

Genome Institute (BGI) sequence was also made avail-

able on a website (http://btn.genomics.org.cn/rice) imme-

diately after publication. 2002 was a successful year for

rice genome sequencing during which drafts from both

Syngenta and BGI were released [5��,6��,7�]. Also in 2002,

the IRSGP announced the completion of an elaborated

draft of the Nipponbare genome sequence and released

an almost complete sequence of two chromosomes

[8��,9��]. In this review, we summarize the various stra-

tegies used for sequencing and the results of this work, as

well as the salient features of the rice genome that have

been discovered by sequencing. We also discuss problems

and perspectives that remain for the future.

Sequencing strategies and outputs
IRGSP sequence

The IRGSP’s sequencing strategy relies on organizing an

accurate physical map and sequencing all of the BAC
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ends [10�,11�,12–14], defining a minimum tiling path and

seed clones, and then shotgun sequencing each selected

clone. A x10 coverage of the rice genome was achieved by

this strategy during phase 1 of the IRGSP project. Phase 2

consisted of assembling the sequence of each clone in a

minimum number of large ordered contigs. Gaps in the

sequence were then filled, poor-quality sequences were

identified and the completed sequence was annotated

[15]. Phase 2 has now been completed for the whole

Nipponbare genome: a total of 480 016 794 bp were

delivered by December 12, 2002 when only 11 Mbp were

still in phase 1. Three of the twelve chromosomes are

nearly complete (Chromosomes 1, 4 and 10) with less than

one error every 104 bp, and two chromosomes have been

published. Chromosome 1 has 43.3 Mbp of non-overlap-

ping sequence and is organized into nine contigs [8��].
Chromosome 4 has 34.6 Mbp and is organized into eight

contigs [9��]. The size of the gaps between contigs on

chromosomes 1 and 4 has been evaluated by a variety of

methods, including fluorescent in situ hybridization

(FISH). The gaps on chromosome 1 vary in size from 51

to 317 kbp, with the exception of a 1400 kbp gap around

the centromere; on chromosome 4 the gaps vary from 47.8

to 301.7 kbp. In addition, the chromosome 4 centromere

has been completely sequenced over 1.16 Mbp.

BGI sequence

The BGI strategy was to create a direct shotgun

sequences of 93-11 with a x4 coverage [6��] and PA64s

with x2 coverage [16], representing 4.62 million success-

ful runs. Their main problem was the automatic assembly

of the reads, as nearly half of the rice genome sequence is

expected to be made up of repetitive sequences. The

repetitive sequences were identified mathematically by

determining the frequency of any 20-mer in the non-

assembled genome: those 20-mer sequences that

occurred more frequently than a fixed threshold (com-

prising 78 Mb in total) were automatically discarded from

the assembling set [17]. Both 93-11 and PA64s were

assembled separately. The assembly for 93-11 was the

more successful and resulted in 127 550 contigs that

cover 362 Mbp. The quality of the BGI sequence was

verified using set of 2845 mapped sequence tagged site

(STS) markers from Nipponbare and a unigene set

assembled from 87 842 ESTs from 93-11. These markers

revealed coverage of 92% of the functional genome [6��].
Accuracy of the sequence was estimated to be better than

one error every 103 bp for 83.5% of the sequence [6��].
The reported BGI sequence was not anchored on the

genetic map.

Monsanto and Syngenta sequences

Monsanto’s strategy was essentially the same as that of

the IRGSP [18], except that their tiling path was not as

robust as that of the IRGSP and the coverage was only

x4–5. The reported contig number was of the order of

51 000. The Monsanto data have been regularly incorpo-

rated into the sequences released by IRGSP. Syngenta

also used a total shotgun strategy and produced a x6

coverage of the genome [5��]. After masking about

38 Mbp of repeats, the sequence was assembled into 42

109 contigs that covered 389.8 Mbp. A limited comparison

of the Syngenta sequence with 1 Mb of the IRGSP

sequence revealed 63 gaps, representing 6370 bp. If this

is extrapolated to the whole genome, the Syngenta

sequence would cover of more than 98% of the genome

and it would appear that many of the supposed gaps are not

real but rather artifacts of conservative assembly. Finally,

the assembled Monsanto and Syngenta sequences were

anchored to the genetic and physical maps of rice using

known markers, BAC-end hits and anchored BAC contigs

from the IRGSP.

General features of the rice genome
sequences
GC content and composition

The rice genome is more GC-rich than that of Arabi-
dopsis. When rice sequences are scanned for a 500 bp

window, an asymmetric distribution of GC content is

observed. GC content makes up a mean of 43% of the

base pairs and is enriched at the tail of the asymmetric

distribution. More careful analysis revealed that pre-

dicted exons, rather than introns, are found within this

tail. Although a large number of GC-rich islands were

detected in the draft sequences [6��], they seem to be

fairly randomly distributed along the completed

sequence of chromosome 1 [8��]. In contrast to results

from the analysis of GC content using buoyant density

gradients [19], genes do not seem to be restricted to

specific GC-rich isochores. Analysis of chromosome 1

simply revealed that gene density is higher (18–19

genes per 100 kb) in distal than in proximal regions

(10–12 genes/100 kb), confirming the results of EST

mapping on the physical map [8��,10�]. Finally, the

analysis of several genes revealed a gradient of GC

content within the genes, the 50 exons are richer in

GC than the 30 exons [6��].

Repeats

A large number of repeats have been discarded from the

assembled draft sequences of the rice genome [5��,6��].
Nevertheless, not only were all the expected types of

repeats found in rice [12,20–22] but new repeat subfa-

milies were also discovered [5��,6��]. For instance, the

BGI reports that 60% of the fully masked sequences

correspond to transposable elements, the vast majority

of which are retroelements and in particular a high

proportion of gypsy-type elements. A further 1.57% and

1.1% of repeats are transposons and miniature transpo-

sable elements (MITEs), respectively. These elements

also represent 16% of the assembled contigs. Within these

contigs, however, the proportions of retroelements (41%),

MITEs (41%) and transposons (17.6%) differ from those

in the fully masked sequences. More than 10% of MITEs
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are inserted as multimers [22]; indeed, multiple subfa-

milies can be identified within the retroelements, MITEs

and transposons. The distribution of these elements along

the chromosomes can, however, be inferred only from the

completely assembled sequences. 2157 gypsy-type and

384 copia-like retroelements were observed along chro-

mosome 1, where they correspond to 13% of the sequence

[8��]. On chromosome 4, most retrotransposons are

located in the pericentromeric and heterochromatic

regions, whereas transposons are more dispersed and

MITE are associated with euchromatine and gene-rich

regions. On chromosome 4, repeated sequences account

for 18.2% of the sequence [9��]. When the complete rice

genome sequence is annotated, it will be interesting to

compare the distribution of transposable elements with

that of heterochromatin [23].

Gene number

The estimated number of genes in rice varies greatly

among the different reports. Estimates from draft

sequences range from 46 022–55 615 genes and from

32 277 to 61 668 predicted genes [5��,6��]. Such wide

variations are due to the use of different approaches and

to the poor quality of the draft sequences. Different

combinations of gene-prediction programs, none of which

has been properly trained for rice, have been used and the

predictions are based on different types of parameters such

as open reading frame (ORF) size or confidence scores.

Extrapolation from the sequences of chromosomes 1 and

4 provides estimated gene numbers for the whole rice

genome of 62 500 and 57 000 genes, respectively [8��,9��].
However, the estimate extrapolated from chromosome 1

is likely to be an overestimate because chromosome 1 is

less heterochromatic than the other rice chromosomes

[23]. The wide range of the estimates illustrates the

difficulty of predicting gene numbers from draft

sequences and emphasizes the size of the task to be

undertaken before the genome is annotated correctly.

The draft sequences of both chromosome 1 and chromo-

some 4 have been aligned against a variety of EST

sequences from rice and cereals, providing some confi-

dence in a fraction of gene predictions. Gene prediction

will remain difficult even when the sequence is correctly

assembled: among the 6756 predicted genes for chromo-

some 1, only 2073 (31%) were functionally characterized

by homology with a known protein using BLAST P,

whereas 69% correspond to putative proteins with no

known function. BLAST N analyses against ESTs from

cereals show that 2985 of the predicted chromosome 1

genes have a homologue in another cereal. The search for

protein domains has yielded another set of 3660 predicted

genes. Hence, among the 6756 genes predicted by com-

puter analysis, only 4803 show some evidence of homol-

ogy to a domain, a functional site, a cereal EST or a

protein, and therefore probably correspond to real genes

[8��]. Similar results were obtained either with the

sequence of chromosome 4 or with the draft whole-

genome sequence. When the two chromosome sequences

were compared to the draft whole-genome sequences,

between 43% and 52% of the predicted genes were found

to be incomplete in the drafts.

Another way to estimate gene number is to compare the

rice sequences with the relatively well-characterized

Arabidopsis gene set. About 85% of Arabidopsis genes

have a homologue in rice. More than half of the predicted

rice genes had no homologue in Arabidopsis, however,

pointing to the possibility that a significant proportion of

rice genes might be cereal-specific and another portion

artifacts of annotation [5��,6��,8��,9��]. The number of

predicted rice genes without any homology seems unu-

sually high, and a different picture might emerge when

the automatic annotation is revised and improved.

Functional annotation

Because so many predicted rice genes do not correspond to

anything in the gene databases, it is difficult to classify

them. However, an overview has emerged from the draft

sequences. Genes that are absent from Arabidopsis but

present in other eukaryotes, such as nuclear steroid recep-

tors and several families of signal transducer and transcrip-

tion factors, are also lacking in rice. Genes encoding the

major classes of transcription factors are present in rice in

roughly the same proportions as in Arabidopsis. Several

genes families, such as flowering-time genes, have been

analyzed in more detail [5��]. Many orthologues of Arabi-
dopsis flowering-time genes have been identified in rice,

but rice orthologues have not been recognized for several of

the Arabidopsis genes including FRIGIDA (FRI), AGA-
MOUS LIKE20 (AGL20), FLOWERING LOCUS C (FLC),

AINTEGUMENTA (ANT), UNUSUAL FLORAL ORGANS
(UFO) and SUPERMAN (SUP). The distribution of

defense genes differs between Arabidopsis and rice: one

of the two major classes described in Arabidopsis, the TIR–

NB–LRR (Toll-Interleukin Region–Nucleotide-Binding

Site–Leucine-Rich Repeat) type, is completely absent

from rice and probably other cereals. A completely

assembled sequence allows the analysis of the distribution

of individual genes. The two most striking gene families

reported to be on chromosome 1 are the serine/threonine

receptor kinase family, with 132 members, and hypothe-

tical protein 1 family, which has 53 members including a

cluster of ten tandemly organized genes on the short arm

[8��]. Similarly, chromosome 4 carries a set of 161 genes

that resemble disease resistance protein genes [9��].

Comparisons with other genomes
The availability of several drafts of the rice genome allows

comparisons to be made among them as well as with the

genome of Arabidopsis or other organisms.

Comparisons of completed sequence and draft sequence

revealed that alignment between the indica and japonica
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genomes is sometimes difficult. In a limited comparison

between a region of chromosome 1 from both rice sub-

species, nearly 22% of the japonica sequence could not be

recognized in the indica draft [8��]. A similar comparison

between the two complete sequences of chromosome 4

revealed that this chromosome has been extended in

japonica by the insertion of transposable elements, and

that a single nucleotide polymorphism (SNP) occurs

every 268 bp. Within a 2.3 Mbp region, 63 insertions/

deletions (InDels) were observed in the indica sequence

and 138 in the japonica sequence [9��]. Han provides a

more extensive comparison of the indica and japonica
genomes in this issue [24�].

Although synteny between rice and Arabidopsis has long

been the subject of controversy, direct comparison has

revealed a large number of small blocks in which genes

are in the same order in both species. Nevertheless,

considerable reshuffling and loss (or insertion) of many

genes are typically observed when the sequences of rice

and Arabidopsis are compared [5��,25,26�].

A fully assembled rice sequence also allows the more

accurate assessment of rice’s macro- and microsynteny

with other cereals. Although these studies are still in their

early stages many exceptions and breakages in synteny

have been observed when comparing various cereal gen-

omes [27,28,29��].

Finally, comparisons between the sequences and the

genetic maps indicate that different chromosomal regions

have different rates of recombination. Recombination rates

range from 210 kb per cM in euchromatine up to 636 kb

per cM in heterochromatic regions. Reshuffling and loss

(or insertion) of many genes are observed [8��,9��].

Conclusions
The availability of a completely assembled high-quality

draft of the rice sequence represents very significant

progress. Sequencing is the only way to establish a precise

catalogue of all the rice genes and to provide the neces-

sary background for their annotation and functional char-

acterization. Even with an accurate sequence, this task

remains difficult. Rice gene annotation is still in its

infancy, but the availability of more than 300 000 public

ESTs, the recent direct identification of 2528 proteins

[30] and, soon, the availability of a large set of full-length

cDNA clones should make the annotation of the rice

genome a slightly less daunting task. A correctly

assembled sequence opens the way for accurate compar-

isons with other cereal genomes. The elaborated draft

provides the necessary background for the positional

cloning of agronomically important genes both in rice

and in other cereals. The availability of drafts of both an

indica and a reference japonica sequence constitutes a

tremendous resource, which considerably facilitates posi-

tional cloning. Finally, the release of the fully assembled

and precise rice genome sequence opens the way for the

next steps in functional genomics, the development of

DNA chips, proteomics and mutant collections, and the

analysis of multigene families.
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