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Abstract

Draft genome sequences have been reported for two subspecies of rice. The drafts include the
sequences of an estimated 99% of all rice genes and provide major advances in our understanding of
the content and complexity of cereal genomes in general and the rice genome in particular.

A third of the human population depends on rice as a staple
food [1]. Rice is also an important model for other cereal
crops that, along with rice, account for more than 60% of
worldwide agricultural production [2]. Its small genome and
long history of genetic studies led to rice being an early
target for complete genome sequencing. Draft sequence has
recently been reported for two subspecies of rice: japonica
[3], which is widely grown in Japan, and indica [4], which is
widely grown in China and elsewhere. These sequence data
can now be analyzed and compared with the published
genome sequence of the widely adopted model species for
dicotyledonous flowering plants, Arabidopsis thaliana [5].

Gene content of rice

The rice draft genomic sequences were generated by whole-
genome shotgun (WGS) sequencing, largely starting from
plasmid clones of nuclear DNA. This strategy contrasts with
that employed by the International Rice Gene Sequencing
Project (IRGSP) [6], which produces high-quality sequence
from large-insert clones that are individually selected from a
complete physical map.WGS sequencing rapidly and cost-
effectively generates sequence from nearly all of the genes in
the genome, but the lengths of contiguous sequence are
shorter, errors are more numerous and integration with
genetic maps is poorer. The japonica WGS sequencing [3]
was conducted to 6X redundancy - that is, each base was
sequenced an average of six times. Repeated sequences
(which are numerous in the rice genome) were removed,
permitting the assembly of 42,109 contiguous sequences, or

contigs, representing 390 megabases of total sequence (thus,
the mean length of contigs was 9.2 kb). The indica WGS
sequencing [4] was conducted to 4X redundancy. In this
case, repeated sequences were masked, permitting the
assembly of 127,550 sequence contigs, representing 361 Mb
total length (the mean length of contigs was thus 3.5 kb).
The total size of the indica genome was estimated as 466 Mb
[4] and that of japonica should be very similar. On the basis
of comparisons with individually sequenced rice genes, fin-
ished sequence from the IRGSP, and other rice sequences,
the japonica and indica sequences provide 99% and 92%
coverage of genes, respectively [3,4]. The sequence probably
contains relatively few mis-assemblies; this was tested for
the indica data by using cDNA sequences to screen for artifi-
cial exon-sized rearrangements, and putative mis-assemblies
were identified in only 1.1% of the genes tested [4]. Thus,
although highly fragmented, the draft sequence generated by
WGS allows us to gain early insights into many characteristics
of the rice genome.

Automated gene prediction within the rice genome sequence
is complicated by gradients in patterns of the usage of
codons and amino acids. This phenomenon was analyzed in
the indica sequence [4], where the 5 ends of genes were
found to have a higher GC content than the 3" ends by up to
25%. This difference extended approximately a kilobase
from the 5" ends of genes. These gradients are not observed
in A. thaliana, so assessing total gene numbers in rice is
more difficult than in A. thaliana, and the numbers reported
should be considered very much as approximations. Using
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various measures of estimation of true gene numbers, the
range for japonica was reported as being 32,000-50,000 [3]
and for indica as 46,000-56,000 [4]. Both estimates are
considerably more than the 25,500 or so genes predicted in
the A. thaliana genome. They are also greater than for
Caenorhabditis elegans and Drosophila melanogaster
(which have around 19,100 and 13,500 genes, respectively)
[7,8] and, probably, than for human (which has perhaps
38,000) [9]. The relatively larger number of genes
encoded by plant genomes is likely to be a consequence of
the frequency with which polyploidy occurs and the
apparent selective advantage of polyploidy.

The functions of rice genes

The proteins encoded by the predicted genes in both the
indica and japonica sequences were analyzed and classified
using the InterPro [10,11] and Gene Ontology (GO) [12,13]
databases. The results are not directly comparable with the
previously published classification of A. thaliana proteins
[51, which used InterPro and PENDANT [14,15]. But when
25,426 A. thaliana genes were classified using GO, along
with 53,398 predicted complete indica genes, allowing
direct comparison of their functional classifications, the
proportions of genes in each functional category were found
to be almost identical between the two plants [4]. The major
difference, as shown in Figure 1, is that a larger proportion of
rice genes remain unclassified. The classified predicted
proteins (10,893 from indica and 9,230 for A. thaliana) are
very likely to represent the products of genuine genes, but
what about the genes predicted to encode unclassifiable
proteins? For the predicted A. thaliana proteins, 80-85%
(around 21,000 genes) have homologous predicted genes in
the rice indica and japonica sequences [3,4]. This includes
about 8,000 proteins predicted to be in rice but not in
D. melanogaster, C. elegans, Saccharomyces cerevisiae or

sequenced bacterial genomes, so these probably represent
the plant-specific set of genes. The approximately 4,000
predicted proteins of A. thaliana that did not have homologies
in rice are either artefacts or are unique to dicotyledonous
plants. When the predicted rice gene sequences are compared
with the A. thaliana genome, less than half (about 30,000)
have significant homologs. This represents the minimum
number of genes in rice, therefore, although it should be
recognized that they are not necessarily all functional. The
predicted rice proteins with no homologs in A. thaliana are
either artefacts of the automated annotation (probably most
of them) or are unique to monocotyledonous plants.
Although the number of genes in rice is relatively large, the
number of distinct gene families that appear to be present
(15,000 reported for japonica [3]) is similar to the number
for A. thaliana, D. melanogaster and C. elegans (13,382,
10,736 and 14,177, respectively [5]). The increased number
of genes per family in plants is clearly a consequence of
gene duplication, but it is not necessarily the case that the
functions of members of a family are redundant.

Comparative analyses

Analysis of the japonica sequence has revealed extensive
gene duplication in rice [3]. The sequences of more than
2,000 mapped rice cDNA markers were used to identify
homologs in the genome sequence. Using a threshold value
of 80% identity over 100 base-pairs, the mean number of
homologous loci per ¢cDNA was over 1.94. Evidence of
extensive duplication of genomic segments was also
detected. Most of the segments identified were very small (four
markers or fewer), suggesting that extensive recombination
and/or rearrangement has occurred since the duplication
event(s). Dating of the duplications suggested that whole-
genome duplication occurred 40 to 50 million years ago. The
genome of A. thaliana also appears to be the result of whole

A. thaliana

.

25,426 proteins

Rice

S

53,398 proteins

B Enzymes

[ Unclassified [ ] Ligand-binding/carrier [l Transporter
O Nucleic-acid-binding

B Structural
[ Signal transduction [] other

Figure |

Comparison of the functional classifications of predicted rice and A. thaliana proteins (see text for further details; the figure is redrawn from [3,4]).




genome duplication - a tetraploidy event - in its ancestry,
followed by extensive rearrangement [16]. This underlines
the importance of polyploidy in plant evolution and as a key
feature of plant genomes to be recognized when planning
comparative analyses.

There is extensive conservation in the japonica genome
sequence [3] of genes previously identified in other cereals.
The alignment of cereal genomes using sequence-based
markers from cereals other than rice showed extensive
conservation of gene order (conserved synteny), confirming
previous results [17]. But can the draft rice sequence be used
to assess the extent of conservation of synteny between the
rice and A. thaliana genomes? Although the fragmented
nature of WGS-derived sequence data makes such data
poorly suited to the comparative analysis of distantly related
genomes, conservation of genome structure was identified
between japonica and A. thaliana [3]. At least 137 blocks of
conserved synteny (defined as three or more A. thaliana
genes from the same chromosome mapping to one rice bac-
terial artificial chromosome, or BAC, contig) were identified.
This finding supports the general applicability of previous
data from a specific region of the rice genome for which
conserved genome microstructure could be identified in
A. thaliana [18]. Several of the syntenic blocks in japonica
aligned to multiple regions of the A. thaliana genome,
providing further confirmation for observations that the
A. thaliana genome is the result of multiple rounds of
duplication [18,19]. More extensive analyses were reported
[3] for adjacent pairs of genes present in A. thaliana, for
which the positions in the japonica sequence were assessed.
This analysis showed that many pairs of genes show synteny,
but most pairs had intervening genes in rice. This pattern
of interspersion of conserved and non-conserved genes
confirms previous similar findings in comparisons of the
microstructure of the genomes of rice and A. thaliana
[18,20] and provides support for the generality of this
feature of plant genome microstructure [21].

Towards a high-quality rice genome sequence
The published draft rice genome sequences contain at least
parts of almost all rice genes. The annotation of those genes
is presently poor, and their number could be anywhere in the
range 30,000 to 60,000. Future rice genome sequencing
plans include the integration of the draft sequence data
recently reported [3,4] with data being generated by the IRGSP
[6], which already incorporates sequence data generated by
Monsanto [22]. This will allow the most rapid progress
towards the completion of fully contiguous, high quality
genome sequence, which will be needed to underpin com-
parative genomics and gene discovery in cereals. Verification
and functional analysis of the predicted genes will be important
if they are to fulfil their potential for aiding the development
of our understanding of plant science and the advancement
of agricultural production worldwide.
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