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Abstract.  Rice is a model species for the cereals and a good candidate for genome sequencing due to its relatively
small genome (430 Mb), dense physical and genetic maps, and good transgenic systems.  As part of an international
effort to decode the rice genome, a PAC clone localized at 10 cM of chromosome 5 is completely determined for its
sequence using shotgun libraries of its two inserts, 2-kb and 5-kb in length. In total 2,998 sequencing reads were used
for the assembly of the final sequence, covering 175,439 bp.  This sequence may code for at least 28 putative proteins,
as deduced from computational search for homology with other known coding sequences and EST, or predicted using
GenScan package.  Also present in this sequence are simple repeats, palindrome and retrotransposons.  On the basis
of these findings, the gene density in the gene-rich region of rice genome is about 6 kb/gene.
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Abbreviations: BAC, Bacterial artificial chromosome; EST, Expressed sequence tags; LTR, Long terminal repeat;
NR, Non-redundant database; ORF, Open reading frame; PAC, P1-derived artificial chromosome.

Introduction

As the first genome of the higher plants, the small mus-
tard species Arabidopsis thaliana will soon be completely
sequenced. The sequences of chromosome 2 and 4 were
recently published (Lin et al., 1999; Mayer et al., 1999).
Additional knowledge of the genomes of other plant spe-
cies is desirable to understand how plant genes evolved
and are organized and regulated.

Rice (Oryza sativa) has been chosen as the first crop
to be sequenced by an international sequencing
consortium, the IRGSP (International Rice Genome Se-
quencing Project, Sasaki and Burr, 2000) for the following
reasons:  (1) Rice is an important crop in the world, feed-
ing about one half of the world’s population; (2) Rice’s
genome size, 430 Mb, is the smallest among crops
(Arumuganathan and Earle, 1991); (3) Rice linkage and
physical maps have been established (e.g. Harushima et
al., 1998), and over 40,000 expressed sequence tags (ESTs)
have been reported (Yamamoto and Sasaki, 1997) and
mostly mapped.  A yeast artificial chromosome (YAC) li-
brary that has been fingerprinted and ordered with mapped
markers currently covers 60% of the rice genome (Kurata
et al., 1997).  Several bacterial artificial chromosome (BAC)
libraries and P1-derived artificial chromosome (PAC) librar-
ies have also been described.  (4) The transgenic technol-
ogy for rice has been established, and rice has become
the easiest of all cereal plants to transform genetically.  (5)
Rice shares a co-linear gene organization with other ce-
real grasses and thus a key to knowledge of the genomic
organization of the other grasses (Gale and Devos, 1998).

IRGSP, of which this lab is a member, adopts a map-
based clone-by-clone shotgun strategy.  Sheared bacte-
rial artificial chromosome/P1-derived artificial chromosome
(PAC) libraries are constructed from Oryza sativa ssp.
japonica variety “Nipponbare” by labs in the States and
Japan, respectively.  BAC end-sequencing, fingerprinting
and marker-aided PCR screening are used to make se-
quence-ready contigs.  Using these libraries and
information, each IRGSP member is for high-throughput
sequencing and subsequent annotation of one or more of
the twelve chromosomes.  In this international effort, this
lab in Taiwan works on the sequencing work of chromo-
some 5.

In this report, we describe the sequencing strategy and
the annotation method used in the study.  We also present
the characterization of all the putative open reading frames
and its repetitive sequence in P0699E04, a contig with a
sequence localized around 10 cM of the short arm of rice
chromosome 5.

Materials and Methods

Sequencing
P0699E04 is a PAC clone of the HindIII PAC library con-

structed by members of the Japan Rice Genome Research
Program (RGP) using the genomic DNA of the japonica
rice Nipponbare with the vector pCYPAC2.  Its PAC DNA
was sheared (1.6-2 kb and 4.5-5 kb), ligated to a pUC18
vector, and transformed into Escherichia coli.  Sequenc-
ing reactions were performed using either BigDye
Terminators, BigDye primers, or Dichlororhodamine Termi-
nators (P.E. Biosystems) and were run on ABI377 sequenc-
ers (P.E. Biosystems).  Shotgun clones were sequenced
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to generate at least 9-10 fold coverage.  In total, about 4000
reactions were carried out to generate the sequence of the
whole PAC clone.  These sequences were then assembled
using the Phred/Phrap/Consed package (developed by P.
Green, E. Ewing and D. Gordon at the University of
Washington).

Annotation
Annotation involved both DNA and protein database

searches and gene prediction programs.  The DNA se-
quences were searched against the non-redundant data-
base using BLASTX (Altschul et al., 1997) and searched
against the EST database using BLASTN (Altschul et al.,
1997).  Gene predictions were made by GenScan (Burge
and Karlin, 1997; Burge and Karlin, 1998) trained for
Arabidopsis or maize.  These were confirmed with EST da-
tabase whenever possible.  Predicted protein sequences
were searched against a non-redundant amino-acid data-
base using BLASTP (Altschul et al., 1997).  Output from
the gene finding and signal detection programs was dis-
played using the Genotator viewer (Harris, 1996).  Genes
encoding tRNAs were predicted by tRNAscan-SE (Rivas
and Eddy, 1999).

Analysis of DNA Sequences and the Putative
Open Reading Frames

The repetitive DNA sequences were identified using
Miropeat (Parsons, 1995) or RepeatMasker (A.F.A. Smith
and P. Green, http://ftp.genome.washington.edu/RM/
RepeatMasker.html).

Each of the putative open reading frames were analyzed
or scanned by several kinds of software, which included:
BLOCKS — looking for the most highly conserved regions
in groups of proteins documented in the Prosite Database
(Henikoff et al., 1999); ChloroP — presenting the cleav-
age site scores for chloroplast protein (Emanuelsson et al.,
1999); Peptidestructure — prediction of protein hydrophi-
licity and glycosylation sites; Pfam — multiple alignments
match the majority of proteins (Bateman et al.,1999);
PRINTS — a protein motif fingerprint database (Attwood
and Beck, 1994); ProDom -- a database of protein domain
families (Corpet et al., 1998); PROSITE Pattern — patterns
defined in the PROSITE Dictionary of Protein Sites and

Patterns (Hofmann et al., 1999); PROSITE Profile — de-
tection of distantly related proteins (Eddy, 1998; Gribskov
et al., 1987); PSORT — prediction of protein localization
sites in cells (Nakai and Kanehisa, 1992); TMHMM — pre-
diction of transmembrane helices in proteins (Sonnhammer
et al., 1998).

Results

Sequence Assembly and its Quality
A total of about 4000 sequencing reads, including 3000

for the 2 kb clones and 1000 for the 5 kb clones, were col-
lected and subjected to Phred/Phrap/Consed for assembly.
The final assembly used 2998 reads, or 2,455,250 bp, with
an average coverage about 14 fold.  The insert length for
the P0699E04 is 175,439 bp, and its Phred/Phrap scores are
listed in Table 1.  All the information for low quality bases
is also displayed on our web site (http://biometrics.sinica.
edu.tw/genome/index_e.htm).  There are several mapping
markers in the sequence, and the orientation of the six mark-
ers was C50503, E50988, S21107, E50955, R830, and C53640,
arranged with the telomere at the 5' end and centromere at
the 3' end.  R830 is the RFLP marker and all the others are
cDNA markers.  According to the sequence we got, the
orientation should be C50503, E50988, S21107, E50955,
R830 and C53640.  The complete sequence of P0699E04
and its annotated information bear the accession number
AP001111.

Gene Identification and Structure
There are 28 genes in the 175,439 bp P0699E04 insert

as predicted through computational search by the pack-
ages indicated in Materials and Methods.  These genes
were named ORF 1-28 as a working nomenclature.  The
average length of these genes is 2,978 bp.  The main
features, localization and similarity search results of each
gene are described in Table 2 and Figure 1.  Out of these
28 ORF, two ABC transporter genes are present tandem
in this fragment, but in reverse direction.  A Ca++-ATPase,
several DNA-binding proteins, and many other membrane
proteins are also present.  There was no tRNA gene in
this 175 kb fragment, according to the analysis by
tRNAscan-SE.

Table 1.  The sequence quality of the P0699E04 DNA by Phred/Phrap analysis.

Quality score Number of bases Cumulative bases Cumulative frequency

> 90 145883 145883 0.8315
80-90 11527 157410 0.8972
70-80 5678 163088 0.9296
60-70 6449 169537 0.9664
50-60 4263 173800 0.9907
40-50 1240 175040 0.9977
30-40 297 175337 0.9994
20-30 70 175407 0.9998
10-20 8 175415 0.9999
0-10 24 175439 1.0000
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Analysis of Intergenic Regions
Altogether, the 28 predicated genes, including exons

and introns, account for about 50.93% of the 175 kb contig.
In other words, about half of the P0699E04 sequence is
intergenic regions.  The overall GC content of the contig
is 44.26%, with an average content of 61.89% in exons and
an average content of 39.94% in other region (introns plus
intergenic region).

Several kinds of repetitive sequences are present in the
intergenic regions, including retrotransposons, short re-
peated motifs of mono-, di-, tri-, tetra- or pantanucleotides,
direct or invert repeats, and palindromes.  To search for
these repetitive sequences present in the 175 kb contig,
two packages were used, as indicated in Materials and
Methods.

The RepeatMasker was used to screen for different
classes of simple repeats present in the sequences.  There
are many AT-rich, CT-rich, GA-rich, GC-rich regions, with
lengths ranging from 20 bp to about 100 bp.  For instance,
the sequence from bp 2 to bp 27 is an AT-rich one, with
the sequence of AAAATTTTATTTATAATATTTATTAT.
The sequence from bp 1701 to bp 1784 is another AT-rich
one, with the sequence of TAAATTTATTATAAAAATA
TTTTTAATTATTAATTTAATAAACTTAATTTGGTAA
TATAAAATATTACTATATTTGTATATAAA.  There are
also many simple repeats like (G)n, (TA)n, (TC)n, (CGG)n,
(CCG)n, (TCC)n, (CCA)n, (CAG)n, (CGA)n, (TCG)n,
(TTAA)n, (TTTTC)n, (CCGGG)n where n ranged from 3 to
60.  These are typical microsatellite motifs.  Generally they
were found upstream from the 5'-UTR of several genes and
sometimes in the ORF of specific genes.  For instance, the
sequence from bp 10562 to bp 10581 is a (TA) n repeat,
with the sequence of TATATATATATATATATATA, and
is localized at the intergenic region.  The sequence from
bp 52771 to bp 52790 is a (G)n repeat, with the sequence
of GGGGGGGGGGGGGGGGGGGG, and is part of ORF12.

Figure 1.  Organization of genes on P0699E04.  The display shows the directions and exon-intron structure of the annotated genes.
The pseudogenes and LTR are also illustrated.

Figure 2.  The repeats present in the P0699E04 sequence ana-
lyzed by Miropeats.  The threshold value is set to 100.  The
lower section includes the first base to 90,000 bp, and the up-
per section includes 90,001 bp to 175,439 bp.  Keys to graph-
ics are illustrated as above.
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Miropeats (Parsons, 1995) was used to search for the
presence of direct repeats, invert repeats and palindromes
present in sequences.  Figure 2 illustrates that many of
these repeats are indeed present in the 175 kb conitg, in-
cluding two palindromes, three invert repeats, and many
direct repeats.  The length and type of these repeats, and
the occurrence of these repeats in other PAC/BAC genome
sequences available now, are listed in Table 2.  The stem-
loop structure of one of the palindromes is indicated in
Figure 3.  The length of these repeats ranged from about
135 bp to 1,000 bp.  Some of these repeats occur very of-
ten in the rice genome while some are very rare.

Two pairs of the direct repeats are long terminal repeats
(LTR) of retrotransposons, the first pair are 59272-59714
and 70145-70587, and the others are 121315-122341 and
131769-132797.  According to the results of BLASTX,
polyproteins, the characteristics of retrotransposons, are
in the regions between the two terminal repeats in each
pair. The distances between the two terminal repeats of

each set, about 11 kb, also fitted well with the average
length of retrotransposon.  Thus, two retrotransposons
were in the 175 kb contig of P0699E04. The one in the 5’
side (59 kb to 90 kb) contained the orf5 of a gypsy-type
retrotransposon and a pseudo polyprotein, with many stop
codons in its reading frame, between the LTRs.  The one
in the 3’ side (121 kb to 132 kb) contained a pseudo
polyprotein and an unknown protein which shared simi-
larity with another unknown protein present in rice
genome.   The length  of  the  LTRs of  the  two
retrotransposons was also quite different: the former one
had the LTR of 443 bp in length, and the latter had one of
1027 bp.  The two LTR sets had no sequence homology.

Discussion

Sequence Quality
The IRGSP has adopted the standards of the Human

Genome Project, which sets a standard of less than one
base-pair error in 10,000 bp.  Although this level of accu-
racy is difficult to verify, it is achievable through a combi-
nation of high-quality shotgun sequence reads, at least
seven-fold redundancy, and the insistence that 97% of all
bases are sequenced on both strands or that two sequenc-
ing chemistries are used.  Thus, the requirement set by
IRGSP is that “ninety percent of the bases should have a
Phred score higher than 70, and ninety-nine percent
should have one higher than 40” (Sasaki and Burr, 2000).
Table 1 illustrates the sequence quality of P0699E04.  The
two Phred scores for this clone are 96.64% and 99.94%,
indicating the sequence quality meets the standard de-
manded by IRGSP.

Gene Identification and Density
Of the 28 genes identified by the prediction programs

in the 175,439 bp contig, only one lacks intron while the
others contain from one to ten.  The gene density is about
6.3 kb per gene, very similar to those obtained from other
rice BAC/PAC clones sequenced.  For rice plant, the ge-
nome size is 430 Mb, and the estimated number of rice
genes is about 30,000, thus the average gene density
should be about 14.5 kb per gene.  Our work has used
BAC/PAC clones pulled out by ES and RFLP markers, thus
a gene-rich region may have been selected.  This phenom-
enon has also been pointed out in the sequencing projects
of Arabidopsis chromosome 2 and chromosome 4 (Lin et
al., 1999; Mayer et al., 1999)

For the 28 predicted genes in P0699E04, nine of them
are similar to sequences in EST databases; five of them
are similar to sequences in NR databases; six of them are
similar to sequences in both EST and NR databases; and
eight of them do not have any hit in the database.  These
numbers are also very similar to those of Arabidopsis ge-
nomic clones (Lin et al., 1999; Mayer et al., 1999).  However,
many studies indicate that the annotation of long stretches
of genomic sequences generally results in many mistakes.
For instance, the 60 kb around the Arabidopsis thaliana

Figure 3.  The stem-loop structure of the palindrome 104,882
bp-105,262 bp.
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AtEm1 locus on chromosome 3, analyzed by the commonly
used prediction programs specifically trained for
Arabidopsis, i.e. GENSCAN, GeneFinder and GeneMark,
failed to locate any of the exons of the ten genes in that
region (Comella et al., 1999).  Thus, the exon status of the
predicted genes in our study should be viewed with res-
ervation until the putative gene product can be identified.

Simple Repeats
As Table 2 shows, many simple repeats are present in

the sequences of P0699E04.  Several of the direct repeats
occur only rarely, e.g. those within the 13347-13881
fragment.  However, several of the direct repeats occur
very often, e.g. those within the 102318-102545 fragment.
Similarly, of the two palindromes, one does not have a
match in the database, while the other one appears fre-
quently in other genome in the rice database.  Our obser-
vation is consistent with reports on Arabidopsis
chromosome 2 and 4, which showed that the occurrence
of simple repeats is region specific (Mayer et al., 1999).

Retrotransposons in Rice Genome
Retrotransposons, a group of mobile elements that

transpose via the RNA intermediate, are important com-
ponents of the eukaryotic genomes (Boeke and Corces,
1989).  The structure of retrotransposons resembles that
of integrated retroviruses, with long terminal repeats
(LTRs), andan internal domain encoding a group-specific
antigen, and a polyprotein (Pol).  The Pol region has con-
served domains characteristic of protease, reverse
transcriptase, integrase, and RNase H genes, and this re-
gion is present in both retrotransposons of P0699E04.

Many clones containing retrotransposons are currently
in the annotated rice BAC/PAC database.  About three-
fourths of them are LTR-retrotransposons, as those present

Table 3.  The presence of the simple repeats in 52 rice BAC/PAC clones available in the databasea.  BLASTN comparison was
used.  The subject fragment >75% of query fragment in length with >80% sequence identity would be counted.

Fragment Fragment Repeat Clone number (fragment number)

position length (bp)  type Chrom. 1 Chrom. 4 Chrom. 5 Chrom. 6 Chrom. 10

13347-13481 135 Direct repeat – – 1 (2)b – –
33406-33591 186 Direct repeat 14 (22) 1 (1) 1 (2) 6 (6) 3 (3)
54755-54954 220 Direct repeat – – 1 (2) – –
59272-59714 443 LTR of retrotrans. 2 (4) – 1 (2) – 2 (4)
73170-73982 803 Direct repeat – – 1 (2) – –
102318-102545 228 Direct repeat 17 (38) 2 (3) 1 (2) 8 (19) 8 (14)
104882-105262 381 Palindrome – – 1 (1) – –
108856-109019 164 Direct repeat 5 (8) – 1 (2) 3 (3) 1 (1)
121315-122341 1027 LTR of retrotrans. 4 (8) – 1 (2) 4 (8) –
124026-124597 572 Invert repeat 3 (3) – 1 (2) 2 (2) –
137518-137703 186 Invert repeat 14 (26) 1 (1) 1 (2) 6 (7) 3 (3)
142355-142518 164 Direct repeat 7 (10) 1 (1) 1 (2) 4 (4) 1 (1)
151458-151743 286 Palindrome 10 (12) 1 (2) 1 (1) 3 (5) 3 (5)
164068-164254 187 Invert repeat 3 (4) – 1 (2) – –
172973-173108 136 Direct repeat – – 1 (2) – –

aThere were 52 rice genome BAC/PAC sequences available in the database at the end of May, 2000.
bBAC/PAC clone number (fragment number).

in P0699E04.  Many of the rice retrotransposons, such as
the two described here, are pseudogenes because they are
interrupted by stop codons or frameshifts.  Thus, the rice
genome indeed contains many retrotransposons, although
many are inactive.
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