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Abstract
  The sequence of the rice genome holds fun-

damental information for its biology, including physiology,
genetics, development, and evolution, as well as information
on many beneficial phenotypes of economic significance.
Using a “whole genome shotgun” approach, we have pro-

duced a draft rice genome sequence of Oryza sativa ssp. in-
dica, the major crop rice subspecies in China and many other
regions of Asia. The draft genome sequence is constructed
from over 4.3 million successful sequencing traces with an
accumulative total length of 2214.9 Mb. The initial assembly
of the non-redundant sequences reached 409.76 Mb in length,
based on 3.30 million successful sequencing traces with a
total length of 1797.4 Mb from an indica variant cultivar
93-11, giving an estimated coverage of 95.29% of the rice
genome with an average base accuracy of higher than 99%.
The coverage of the draft sequence, the randomness of the
sequence distribution, and the consistency of BIG-ASSEM-
BLER, a custom-designed software package used for the
initial assembly, were verified rigorously by comparisons
against finished BAC clone sequences from both indica and
japanica strains, available from the public databases. Over
all, 96.3% of full-length cDNAs, 96.4% of STS, STR, RFLP
markers, 94.0% of ESTs and 94.9% unigene clusters were
identified from the draft sequence. Our preliminary analysis
on the data set shows that our rice draft sequence is consis-
tent with the comman standard accepted by the genome se-
quencing community. The unconditional release of the draft
to the public also undoubtedly provides a fundamental re-
source to the international scientific communities to facilitate
genomic and genetic studies on rice biology.
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Rice is one of the most important crops in the world
and it provides the main resource of energy for more than
half of the world population[1]. The estimated physical size
of the rice genome is about 430 Mb[2] , the smallest among
all the cereal crops. It corresponds to one seventh of the
human genome whose working draft has been estab-
lished[3, 4]. It is also 3.5 times the size of Arabidopsis[5, 6].
The well-established protocols for relatively high-effi-
ciency genetic transformation, the genetic and physical
maps of high density[7—9], and the high degree of synteny
among genes in cereal genomes[10], all make rice an ideal
model organism for studies on physiology, developmental
biology, molecular genetics, evolution, and genomics of
plants, especially of the grass family. Essential biological
information from the rice genome will undoubtedly im-
prove our understanding of the basic genomics and genet-
ics of other related and economically significant crops, not
only wheat, corn, sorghum, and members of the grass
family, but also dicot crops such as soybean and cotton.

The initiation of the Human Genome Project (HGP)
at the beginning of the l990s and the completion of the
human genome working drafts at the beginning of this
century have not only laid the ground work for genomics
and opened a new era for the life science research, but
also have set up an unprecedented example for genomics
studies on many other organisms. HGP has developed
strategies, technologies, definitions and standards for dif-
ferent stages of sequence assembly and analysis such as
“working draft”, “draft sequences” and “complete map”,
which are broadly applicable to other organisms[11,12].
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Inspired by the Human Genome Project, the Interna-
tional Rice Genome Project Consortium, headed by Japan,
has released 174.4 Mb of BAC/PAC-based non-redundant
sequences since 1997, including the complete sequence of
a single chromosome (Chr. 1)[13]. Monsanto and Syngenta,
two private companies, have announced the establishment
of a “working draft”[14, 15], independently, in April of 2000
and February of 2001, respectively, but neither has made
their sequence data completely available to the public. All
of the three projects mentioned above have used subspe-
cies japanica (Nipponbare) as target materials, in spite of
the fact that another subspecies, indica, is dominantly
planted in Asia and other regions in the world, and has
provided the unique template for the unique hybrid rice
strain that has greatly contributed to solving the food sup-
ply problem in China[16].

Here we report a draft assembly of the genome of
93-11, a cultivar of Oryza sativa ssp. indica, the major
food crop in China. The contigs and draft sequences are
being made freely available to the public, in order to pro-
vide important information for the understanding of the
rice genome and its genes at molecular levels. These data
will lay the foundation for a complete map of the rice ge-
nome, which is our ultimate goal.

1 Materials and methods

(�) Genomic DNA isolation and shotgun DNA li-
brary construction. A well-cultivated and well-docu-
mented strain of indica, 93-11, which was bred in Jiangsu
Academy of Agricultural Sciences[17] (Yangzhou, Jiangsu,
China), was used for the construction of the reference
genome sequence map. The protocol for DNA isolation
was modified from Sambrook and Russell[18]. Briefly,
fresh leaves at the seeding stage were ground in liquid
nitrogen before complete lysis[19]. The purified genomic
DNA in high molecular weight was sonicated and then
sized on agarose gel for the fractions of 1.5�3.0 kb[20].
QIAEX Gel Extraction Kit (QIAGEN Inc., USA) was
used to extract DNA from the gel slices. The genomic
fragments were ligated to Sma I-linearized pUC18 plas-
mid and the ligation mixture was transformed into the
DH10B competent cells through electroporation.

(�) Preparation and sequencing of the DNA tem-
plates. Single colonies were grown in the 96-deep-well
plates and plasmid DNA was prepared by conventional
alkaline lysis protocol[18, 21]. Quality and insert size were
determined by agarose gel electrophoresis. DNA in the
aliquots of 3—5 µL, corresponding to 200 ng was used for
sequencing reactions according to the manufacture’s in-
struction (Amersham Pharmacia Biotech, Beijing, China).
Sequencing was carried out on MegaBACE 1000 auto-
matic capillary sequencers (Amersham Pharmacia Biotech,
Beijing, China) with parameters adjusted to having high
output, i.e. 10 runs a day on average.

(�) Base calling and initial assembly. The base
calling software, Phred[22, 23], and the alignment software,
CrossMatch[24], were used to remove vector sequences.
A custom-designed software package named BIG-
ASSEMBLER (manuscript in preparation), which explic-
itly detects, masks repeats, and removes mitochondria
contamination and chloroplast contamination, was used to
assemble the draft sequence. The flow chart of the pack-
age is illustrated in fig. 1. All draft sequences longer than
1—2 kb are being submitted to two different public data-
bases (http://www.ncbi.nlm.nih.gov/; http://www. genom-
ics.org.cn).

Fig. 1. A flow-chart demonstrating key procedures for initial assembly
by BIG-ASSEMBLER.

2 Results and discussions

(�) Libraries and high-throughput sequencing. 55
shotgun libraries, with plasmid insert sizes ranging from
1.5 to 3.0 kb, have been used in the sequencing effort so
far. 2.5 million plasmid preparations were processed and
sequenced from both ends. 4.3 million successful reads
have been obtained until the last data freezing on Sept. 18,
2001, giving rise to a success rate of approximately
85.30%. The average length of successful reads is 519.23
bp. The accumulated total length is 2214.9 Mb, corre-
sponding to about 5.15 equivalents of the genome size.

(�) The initial assembly of the draft sequences. In
the first assembly reported in this paper, 3.30 million
reads, with high quality (Q>20) and longer than 200 bp,
have been assembled. The average read-length of the se-
quences for the assembly is 544.34 bp. The distribution of
read-length is shown in fig. 2. The cumulative sequences
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with quality score greater than Q20 are 1797.4 Mb, or,
4.18 equivalents of the genome size. BIG-ASSEMBLER
has given a total of 409.76 Mb initially assembled
non-redundant sequences, indicating a coverage of
95.29% of the genome.

Fig. 2. Read-length distribution of the rice draft sequences.

The initial assembly yields 222263 contigs. The size
distribution of the contigs is shown in fig. 3. The total
number of contigs longer than 1.0 kb is 101733, with a
total length of 236.389 Mb and a coverage of 54.97% of
the genome. The total number of contigs longer than 3.0
kb is 23061 with a total length of 108.879 Mb which
cover 25.3% of the whole genome.

BIG-ASSEMBLER is capable of making scaffolding
automatically with the two-end sequences of templates.
The total length of scaffolds with an accuracy of higher
than 99.9% is about 202.4 Mb, giving a coverage of 47%
of the whole genome. Scaffolds in size of 3.0 kb or longer
are counted as 24576, with a coverage of 40.3% (173.187
Mb) of the whole genome. The total number of scaffolds
longer than 5.0 kb is 14457 with a collective length of
133.589 Mb that cover 31.1% of the genome. There are
4282 scaffolds with size longer than 10 kb, which are cu-
mulated as 62.8 Mb in length, or 14.6% of the genome.
The length distribution of the scaffolds is shown in fig. 4.

Fig. 3. Contig-length distribution of the initially assembled rice draft sequences.

Fig. 4. Scaffold-length distribution of the initially assembled rice draft sequences.
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(�) Coverage verification of the rice draft sequence.
The major benefits of using BIG-ASSEMBLER is that
sequences can be assembled without reference to biologi-
cally characterized repeats, which make it powerful for
genomes with high repeat-content (WANG Jun and LI
Songgang, manuscript in preparation). The success of its
application to this project were confirmed through simula-
tion studies and comparisons of the initially assembled
draft sequences to other types of publicly available se-
quences, including human, rice and corn (data not shown).

(1) Comparison to finished rice sequences from BAC
clones. 650 kb finished sequences from 8 BAC clones
(GenBank accession numbers: AL442007, AL442112,
AL442114, AL42115, AL512542, AL512545, AL512546,
AL512547) of indica (Strain Guang Lu Ai) were com-
pared with the initially assembled draft sequences, after
repeats longer than 5 kb (41 kb) were removed. The re-
sults indicate that about 590 kb finished sequences are
aligned to the draft sequence, given a coverage of 96.82%
(fig. 5(a)) with a contig-length error of 0.8%. The com-
parative results also suggest a random distribution and
high representation of the shotgun sequences.

Another confirmation of the coverage with the fin-
ished rice sequences was performed on 788 kb sequences
(BAC sequences from GenBank with accession numbers:
AP002538, AP003197, AP003201, AP003339, AP003537,
AP003707, AP003853) from japanica (cultivar Nippon-
bare). A coverage of 95.75% were obtained in the re-
peat-free region of 518 kb (devoid of repeats longer than 2
kb), despite numerous sequence variations were detected
in the repeat-rich regions (fig. 5(b)).

(2) Comparison to STS, STR, RFLP markers of the
rice genome. A physical map with dense STS, STR,
RFLP markers of japanica has been established, which
has relatively high representation in the rice genome. To-
tal of 4854 STS, STR, RFLP sequences, available from all
public domains of genome databases were compared to
our initially assembly[25]. Among them, 4679 STS, STR,
RFLP sequences were unambiguously aligned and the
coverage of the working draft was estimated at 96.4%.

(3) Comparison to rice full-length cDNA, EST, and
unigene sequences. 896 published full-length cDNAs
from japanica[26], retrieved from the databases, were
compared to our assembly. 863 were aligned with high
confidence to our assembly and the result yielded an
overall coverage of 96.3%.

Furthermore, 3155 unigene clusters were compared
to our assembly in a similar way. 2956 out of the total
were aligned, and the alignment yielded the coverage of
94.9%.

Finally, 10831 ESTs, taken randomly from our own
EST resources, were compared to the assembled draft,
after repeats were masked. 10533 ESTs out of the total
were aligned (97.2%). As far as the sequence length of the
ESTs used for the analysis was concerned, 4.7 Mb out of

5.0 Mb were fully aligned (94.0%).

3 Conclusions

Genome coverage is the most important parameter
for a working draft proposed by the International Human
Genome Sequencing Consortium. The coverage is com-
plicated by the repeat contents that are abundant in higher
eukaryotic genomes, such as human and rice. The overall
coverage estimate, 95.29% of the rice genome being rep-
resented in our draft sequences, resulted from the applica-
tion of our BIG-ASSEMBLER. The results were con-
firmed vigorously by sequence comparisons with finished
sequences from rice BAC clones, STS/STR/RFLP mark-
ers, full-length cDNAs, ESTs, and unigene clusters to our
rice assembly. The coverage, in addition to the total ac-
cumulated length of redundant sequences and high se-
quence quality, has reached the standard for a genome
working draft. This initially assembled working draft will
be further improved through deeper sequencing, gap-fill-
ing, map integration, gene identification and data analysis.
The ultimate goal of the project is to provide a highly ac-
curate and well-annotated rice genome to the research
communities worldwide in genetic and biologic studies on
rice and other cereal crops.
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