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DNA polymorphism is the basis to develop molecular markers that are widely used in genetic mapping today. A genome-wide
rice (Oryza sativa) DNA polymorphism database has been constructed in this work using the genomes of Nipponbare, a cultivar
of japonica, and 93-11, a cultivar of indica. This database contains 1,703,176 single nucleotide polymorphisms (SNPs) and 479,406
Insertion/Deletions (InDels), approximately one SNP every 268 bp and one InDel every 953 bp in rice genome. Both SNPs and
InDels in the database were experimentally validated. Of 109 randomly selected SNPs, 107 SNPs (98.2%) are accurate. PCR
analysis indicated that 90% (97 of 108) of InDels in the database could be used as molecular markers, and 68% to 89% of the 97
InDel markers have polymorphisms between other indica cultivars (Guang-lu-ai 4 and Long-te-pu B) and japonica cultivars
(Zhong-hua 11 and 9522). This suggests that this database can be used not only for Nipponbare and 93-11, but also for other
japonica and indica cultivars. While validating InDel polymorphisms in the database, a set of InDel markers with each
chromosome3 to 5markerwas developed. Thesemarkers are inexpensive and easy to use, and can beused for any combination of
japonica and indica cultivars used in this work. This rice DNA polymorphism database will be a valuable resource and important
tool for map-based cloning of rice gene, as well as in other various research on rice (http://shenghuan.shnu.edu.cn/ricemarker).

Molecular markers are valuable tools in both basic
and applied research, such as fingerprinting geno-
types, analyzing genetic diversity, determining variety
identity, marker-assisted breeding, phylogenetic anal-
ysis, and map-based cloning of genes (McCouch et al.,
1997; Joshi et al., 2001; Nagaraju et al., 2002; Ni et al.,
2002;). In rice (Oryza sativa), more than 10,000 molec-
ular markers have been developed (Saito et al., 1991;
Causse et al., 1994; Kurata et al., 1994; Harushima et al.,
1998; Wu et al., 2002). Most of them are expressed
sequence tags and RFLPs. In addition to expressed
sequence tags and RFLPs, simple sequence repeat
(SSR) markers and single nucleotide polymorphism
(SNP) markers have been developed in recent years.

Approximately 2,740 SSR markers have been geneti-
cally mapped in rice, about one SSR marker every
157 kb (Chen et al., 1997; Temnykh et al., 2000, 2001;
McCouch et al., 2002). The use of SNPs in various rice
cultivars is increasing and becoming more significant.
A total of 213 SNP markers have been established in
rice (Nasu et al., 2002).

The use of rice genetics has become increasingly
popular as a model system for the study in mono-
cotyledonous plants. Map-based cloning is one of the
most important gene cloning methods used in rice,
and it is becoming a common tool in rice molecular
genetics. In Arabidopsis, the first flowering plant
for which a genome has been completely sequenced,
a genome-wide DNA polymorphism database has
been constructed (Jander et al., 2002). It allows the
development of high-density markers and enables the
mapping of a gene to a region as small as 0.16 cM
(approximately 40 kb) or less (Lukowitz et al., 2000).
Thus, map-based cloning of Arabidopsis genes just
requires genetic mapping of a target gene using
molecular markers currently available or developed
from the genome-wide DNA polymorphism database
(Jander et al., 2002) and genetic complementation.
Compared with Arabidopsis, the main difficulty in
map-based cloning in rice is to narrow a gene in a small
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region so that a candidate gene can be identified by
sequencing and genetic complementation. Relatively
low density of molecular markers in rice is available.
In addition, some of molecular markers, including
RFLP markers in the current rice map, need to be
detected by radiolabeling and hybridization, which are
expensive and inefficient. Generally, fine-scale map-
ping in rice narrows down the target interval to about 1
or more cM by using the existing marker map (Yang
et al., 2002; Albar et al., 2003; Blair et al., 2003; Wang
et al., 2003).Although some rice geneshavebeen cloned
usingmap-based cloning strategy (Ashikari et al., 1999;
Yano et al., 2000; Takahashi et al., 2001; Kojima et al.,
2002; Yamanouchi et al., 2002; Li et al., 2003), extensive
molecular markers, including RFLP and cleaved am-
plified polymorphic sequence markers, have to be
developed to further narrow the target gene in a small
genomic region. Thus, a genome-wide mapwith abun-
dant highly efficient molecular markers will largely
facilitate the map-based cloning in rice.
Japonica cv Nipponbare was chosen as a common

template for complete genome sequencing by the In-
ternational Rice Genome Sequencing Project (IRGSP),
which used a map-based clone-by-clone shotgun strat-
egy (Sasaki and Burr, 2000; http://rgp.dna.affrc.go.jp/
IRGSP/index.html). The genomic sequence was an-
nounced to be finished on December 18, 2002, and
sequence analysis of chromosomes 1, 4, and 10was also
published (Feng et al., 2002; Sasaki et al., 2002; The Rice
Chromosome 10 Sequencing Consortium, 2003). Some
indica cultivars were also chosen for genome sequenc-
ing. The indica cv 93-11 has been sequenced using the
whole-genome shotgun sequencing approach, and
409.76-Mb nonredundant draft sequences have been
reported (Yu et al., 2002; http://btn.genomics.org.cn/
rice/). As for another typical indica cultivar, Guang-
lu-ai 4 (GLA4), about 8.4 Mb of chromosome 4 have
been sequenced, and 2.3 Mb of them released (Zhao
et al., 2002; http://www.ncgr.ac.cn/english/ep2-i.htm).
The emergence of rice genomic sequences made it

possible to construct genome-wide DNA polymor-
phisms that could be used as genetic markers for
high-resolution genetic analysis. Previous studies com-
pared the genome sequences between various rice cul-
tivars. A 493-kb sequence of Nipponbare chromosome
1 and an entire length of chromosome 4were compared
with the indica 93-11 draft sequences. The sequence of
93-11 covered 78% of 493 kb in Nipponbare and 75.42%
of chromosome 4, respectively (Feng et al., 2002; Sasaki
et al., 2002). In chromosome 10, 96% of a given 1-Mb
Nipponbare region was covered by 93-11 sequences
(The Rice Chromosome 10 Sequencing Consortium,
2003). Feng et al. (2002) also aligned the sequences of 2.3
Mb of three contiguous segments of indica GLA4
chromosome 4 and 2.4 Mb of its colinear sequences
from Nipponbare, and the results showed extensive
sequence colinearity. Although segments of genomic
sequence between indica and japonica were compared,
the genome-wide DNA polymorphisms have not been
reported yet.

In this article, we constructed a genome-wide DNA
polymorphism database between rice subspecies
Nipponbare and 93-11, based on publicly available
genomic sequence information, analyzed the database
including SNP and Insertion-Deletion (InDel) frequen-
cies and distribution, performed an InDel comparison
between Nipponbare/93-11 and Nipponbare/GLA4,
and surveyed the association of existing SSRs and
InDel polymorphisms in our database. We experimen-
tally validated some InDel polymorphisms, developed
a set of InDel markers, and analyzed their applicability
for the mapping of other indica/japonica. The DNA
polymorphism database and the set of InDel markers
developed based on the database will be very useful
for rice research community.

RESULTS

Orthologous Region Identification

In order to construct a DNA polymorphism data-
base, genome-wide orthologous regions between rice
japonica cv Nipponbare and indica cv 93-11 were iden-
tified by the strategy described below. Nipponbare
was sequenced by a clone-by-clone shotgun strategy
(Sasaki and Burr, 2000) and served as a reference
genome. As of September 9, 2003, we downloaded
a total of 3,348 bacterial artificial chromosome (BAC)/
P1-derived artificial chromosome clones with total
size of 457 Mb. Indica cv 93-11 was sequenced using
whole-genome shotgun strategy (Yu et al., 2002). A
total of 127,551 contigs with a total size of 352 Mb were
downloaded. In order to anchor segment of 93-11
contigs to BAC clones of Nipponbare, we used contigs
as queries to BLASTN the Nipponbare genomic se-
quence. In order to correctly anchor contigs of 93-11
onto the Nipponbare genomic sequence, a threshold
e-value of 102100 was applied. Each contig was then
anchored to a BAC clone based on the BLASTresult. In
this case, 37,449 contigs were filtered out by no hits
with the BAC clones. The sizes of these contigs are
relatively small. Deleted contigs account for 29% of
the total number of 93-11 contigs, whereas they only
account for about 11.1% of the total size of the genomic
sequence of 93-11.

MUMmer3.0 was then used to align the contig
sequences of 93-11 with their anchored BAC clones
of Nipponbare. The output of the programwas further
transferred into the database. In some cases, the score
values of the BLASTN search do not represent the
similarity of an entire contig with corresponding BAC
clones. In order to identify the overall similarity of
a contig and its corresponding BAC clone, we de-
signed a program to calculate the overall similarity
between contigs and their anchored BAC clones and
assigned the value to ‘‘Identity.’’ Based on Identity
value, we further filtered the contigs from the database
with the threshold set as shown in Table I. In this case,
the sequence comparison data of 37,183 contigs were
removed from the database. Thus, our database
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contains the sequence comparison between 52,919
contigs of 93-11 with the Nipponbare genomic se-
quence. These contigs account for 68% of all contig
sequences of 93-11 and cover 56% of the entire rice
genome.

Analysis of DNA Polymorphism Database

Our database contains four types of polymorphism
(PLM_Type) between Nipponbare and 93-11: SNP,
InDel, ‘‘no extension,’’ and ‘‘#.’’ ‘‘No extension’’ rep-
resents the regions of no similarity, while their flank-
ing sequences are quite similar between 93-11 and
Nipponbare. There are 796 ‘‘no extension’’ in the
database. ‘‘#’’ represents large chunks of rearranged,
inverted, or inserted sequences. There is a total of
15,762 ‘‘#’’ in the database, and most of them are larger
than 100 bp. Both ‘‘#’’ and ‘‘no extension’’ represent
large-scale differences between these two genomic
sequences.

InDel represents insertion-deletion differences be-
tween two genome sequences, where one genome has
an insertion of a number of nucleotides relative to the
others (Jander et al., 2002). As InDel differences of
larger than 100 bp are less reliable, MUMmer3.0
attributes these differences to ‘‘#.’’ The differences of
less than 100 bp are attributed to InDel. Except for
the ‘‘no extension’’ and ‘‘#,’’ our database contains
2,182,582 DNA polymorphisms, including 1,703,176
SNPs and 479,406 InDels. The frequencies of SNP and
InDel polymorphisms between Nipponbare and 93-11
are 0.71% and 0.20%, respectively. The SNP frequency
is comparable with that reported (0.68%–0.70%) be-
tween indica and japonica cultivars (Nasu et al., 2002).
On average, the DNA polymorphism densities along
the whole rice genome are one SNP every 268 bp and
one InDel every 953 bp. Each Nipponbare BAC clone
has an average of 652 polymorphisms. Of all 479,406
InDels, insertions in 93-11 and Nipponbare account for
47.5% and 52.5%, respectively, of all InDels, so there is
no bias between Nipponbare and 93-11. The distribu-
tion of DNA polymorphisms along chromosomes was
also surveyed (Fig. 1). They do not evenly distribute
along each chromosome. The polymorphism densities
are lower than adjacent regions in centromere of

chromosomes 4, 5, 8, and 10. However, the centromere
of chromosome 7 is a polymorphism-rich region.

The difference of InDel polymorphisms between
Nipponbare/GLA4 and Nipponbare/93-11 was com-
pared. Currently, there is only the 2.3-Mb GLA4
genome sequence available. We compared these se-
quences with the Nipponbare genome sequence and
anchored them onto the Nipponbare genome. Then,
we selected 318 InDels (from 1 bp to 82 bp) from our
database in this region and compared them with
InDels of Nipponbare/GLA4. A total of 228 (72%)
InDels with the same size and 7 (2%) InDels with
a different size were also found in the same locus in
Nipponbare/GLA4. However, there was no InDel
polymorphism between Nipponbare and GLA4 for
83 (26%) InDels found between Nipponbare and 93-11.
This suggested that 74% of the InDel polymorphisms
in our database could also be used for Nipponbare/
GLA4 based on the InDel distribution survey de-
scribed above.

The association of existing SSR markers with InDel
polymorphisms in the databasewas analyzed.Wehave
selected 213 SSR markers that dispersed along rice
12 chromosomes (McCouch et al., 2002). A total of 110
(52%) SSR markers were also found to be associated
with the InDels in our database, and 26 (12%) SSR
markers have no polymorphism between Nipponbare
and 93-11. The loci of the remaining 77 markers (36%)
could not be found in our database.

Experimental Validation of DNA Polymorphisms

in the Database

The accuracy of both SNPs and InDels in the
database was experimentally analyzed. The genome
of Nipponbare was sequenced at 99.99% accuracy with
each region sequenced for about 103 coverage
(http://rgp.dna.affrc.go.jp). However, the genome se-
quence of 93-11 used in this work was a draft se-
quence. The accuracy of SNPs in our database was
analyzed by resequencing some regions of the 93-11
genome. A total of 109 predicted SNPs in our database
were chosen. PCR amplification and sequence analysis
indicated that 107 SNPs are accurate, which can be
converted into molecular markers. However, there are
no polymorphisms for the remaining two predicted
SNPs in our database because of sequence errors of
93-11 genome. Based on this data, the SNP accuracy of
our database is about 98.2%.

The InDel accuracy of our database was also exper-
imentally validated. A total of 108 primer pairs target-
ing some InDel polymorphisms in the database were
designed. These primer pairs dispersed along all 12
chromosomes. The expected PCR products were about
120 to 250 bp, and the size differences of PCR products
between japonica and indica were about 25 to 50 bp.
PCR analysis indicated that 97 (90%) primer pairs gave
reliable amplification using genomic DNA of Nippon-
bare and 93-11 as templates, and PCR products could
be separated in agarose gel. There were no PCR

Table I. Threshold set to filter out contigs of 93-11 from the DNA
polymorphism database

For different sizes of contigs, thresholds of genomic sequence
identity from 50% to 90% were set, and contigs of the identity below
the threshold were filtered out.

Contig Length Threshold of Identity Number of Contigs Filtered

kb %

,2 90 27,587
2–5 80 5,855
5–10 75 2,887
.10 50 854
Total 2 37,183

Shen et al.
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Figure 1. Distribution of DNA
polymorphisms between Nippon-
bare and 93-11 of rice along each
chromosome. The horizontal scale
indicates the physical distance
from the distal end of the short
arm (on the IRGSP marker-based
physical map; http://rgp.dna.affrc.
go.jp/IRGSP/download.html, May
2003). The vertical scale indicates
the number of polymorphisms
(SNPs and InDels) at each region
(2 Mb) between Nipponbare and
93-11. The gray box in each figure
shows the location of the centro-
mere.
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products for three primer pairs, and there were no
polymorphisms between Nipponbare and 93-11 for
the remaining eight primer pairs. Based on these data,
90% of the InDel polymorphisms in this database
could be transferred into InDel markers.

We used the 97 InDel markers developed above to
further analyze polymorphisms between other japonica
and indica cultivars. A total of four rice cultivars, in-
cluding two japonica cultivars, 9522 and Zhong-hua 11
(ZH11), and two indica cultivars, GLA4 and Long-te-pu
B (LTPB),wereused. PCRanalysis indicated that 68% to
89% of the 97 InDel markers also had polymorphisms
for any other combinations of japonica and indica
cultivars shown in Table II. Of all 97 InDel markers,
55markers had polymorphisms for any combination of
japonica (Nipponbare, ZH11, and 9522) and indica
(93-11, LTPB, and GLA4) cultivars. The information
for 50 of these markers was listed in Table III. These
markers distributed along 12 rice chromosomes with
each chromosome 3 to 5 marker.

DISCUSSION

The establishment of extensive genomic colinearity
between the 127,551 contigs of 93-11 and reference
genome Nipponbare was the critical step in construct-
ing the DNA polymorphism database. We anchored
contigs of 93-11 onto BAC clones of Nipponbare based
on the BLASTN search. In most cases, contig sequence
of 93-11 had high sequence similarity with only one
region in the BAC clone of Nipponbare, and the
colinearity can be identified without any problems.
However, some contigs of 93-11 can align to several
regions in the Nipponbare genome. Repetitive se-
quence in contig sequence is the major cause for such
alignment. In this case, we just anchored these contigs
onto the regions with the highest similarity based on
the BLASTN search. In order to further improve the
accuracy of our database, stringent selection criteria
were applied to anchor the contig sequence of 93-11 to
Nipponbare BAC clones. The first criterion was the
threshold e-value of the BLASTN search, and the next
criterion was the identity. After these selections, a total
of 74,632 contigs were filtered out, and most of them
are quite small. There were only 52,919 contigs left;
however, they accounted for 68% of the total contig

sequence and made up of 56% of the rice genome. Our
database contains 1,703,176 SNPs and 479,406 InDels
corresponding to one SNP every 268 bp and one InDel
every 953 bp along the rice genome. Comparing it with
the Arabidopsis polymorphisms database, the density
of SNP and InDel in rice polymorphism is approxi-
mately 10 times denser (Jander et al., 2002). Thus, this
database should meet the need of fine-scale genetic
mapping in map-based cloning of rice genes.

The format of the rice DNA polymorphism database
constructed in this work is essentially the same as that
of Arabidopsis, the first and only genome-wide DNA
polymorphism database of higher plants currently
available (Jander et al., 2002). However, some
improvements have been made. The Arabidopsis
polymorphism database was constructed using
MUMmer1.0. This program classified the differences
between two genomes into SNPs and InDels. In the
released Arabidopsis polymorphism database, InDels
larger than 100 bp were omitted due to a high level of
false positives mainly caused by repetitive sequence
(README of Large InDels, http://www.arabidopsis.
org/Cereon/index.jsp). In this work, a recent version
of the program (MUMmer3.0) was used. MUMmer3.0
assigned the regions of no similarity between two
cultivars (both regions cannot be aligned instead of
one region in InDel polymorphisms), while their
flanking sequences were quite similar to ‘‘no exten-
sion,’’ and large chunks of rearranged, inverted, or
inserted sequence to ‘‘#.’’ This should improve the
reliability of DNA polymorphisms in the database. On
the other hand, the further investigation of ‘‘no exten-
sion’’ and ‘‘#’’ might provide insight into genome
evolution. Another improvement is the ‘‘Identity’’
added in the rice database. The value of ‘‘Identity’’
was used not only to filter contigs with low similarity
to Nipponbare BAC clones, but also as a reference to
design primer pairs to develop molecular markers
based on the polymorphisms in the database. In
the rice polymorphism database, the information
of 93-11 contig sequences, including ‘‘Direction,’’
‘‘Contig_Name,’’ and ‘‘Contig_Length,’’ were also
added. We did not assign names to SNPs and InDels
so that this database can be updated when improve-
ments are made in the future.

The draft sequence of 93-11 was used in this work. It
is likely to include some errors (Han and Xue, 2003).
While experimentally validating SNPs in our data-
base, we also found sequence errors of draft sequence.
However, 98.2% of SNPs can be converted into molec-
ular markers when a total of 109 SNPs in the database
are chosen for validation. Thus, we believe that the
SNPs in our database can be used to develop molec-
ular markers.

For most laboratories, InDel polymorphisms, in-
cluding SSRs, might be the first choice to be used to
develop molecular markers. Thus, a detailed analysis
of the InDel polymorphisms in the database was
performed, including InDel frequency, the survey of
existing SSR markers, and the InDel survey between

Table II. The number of InDel markers that could be used for
different indica (93-11, GLA4, LTPB)/japonica (Nipponbare,
9522, ZH11) cultivars from 97 InDel markers developed
for Nipponbare/93-11

93-11 GLA4 LTPB

Nipponbare 97 77 (79a) 75 (77)
9522 84 (87) 70 (72) 66 (68)
ZH11 86 (89) 69 (71) 70 (72)

aPercentage of InDel markers that could be used for this specific
combination.

Shen et al.

1202 Plant Physiol. Vol. 135, 2004



Nipponbare/93-11 and Nipponbare/GLA4. We also
experimentally validated the InDel polymorphism
between 93-11 and Nipponbare and found that about
90% of them could be transferred to InDel markers. All
these suggested that the DNA polymorphism database
could be quite useful for genetic mapping between
Nipponbare and 93-11. We also used the 97 InDel
markers to genotype other rice cultivars (Table II) and
found that 68% to 89% of them can also be used for any
combinations of japonica (Nipponbare, 9522, and

ZH11) and indica (93-11, GLA4, and LTPB) cultivars.
This suggested that this DNA polymorphism database
is not only useful for genetic mapping of Nipponbare
and 93-11, but also applicable for other combinations
of japonica and indica cultivars. In order to facilitate rice
research, this database can be downloaded and dis-
tributed without any limitations.

As a result of InDel polymorphism validation, we
established a set of InDel markers that could be used
for any combinations of japonica (Nipponbare, 9522,

Table III. The detail information of 50 InDel markers developed in this work for any combinations of japonica (Nipponbare, ZH11, and 9522)
and indica (93-11, GLA4, and LTPB)

Expected PCR Product Size
Marker Name Chromosome BAC Accession Positiona Forward Primer (5# 3#) Reverse Primer (5# 3#)

Nipponbare 93-11

R1M7 1 AP002482 10,700 ATTCCTGGTTCTACATTACTTA CGCCTCACTAGAATATCGGA 191 154

R1M20 1 AP004222 18,910 TTGGAACAGGGAAGAAGC AGGACATAGTTGTAATGGGTAG 263 221

R1M30 1 AP002843 25,420 AAGGGGCCCTAATTTATCTAG TGTTTACTTTGTTCTTGGACTG 246 197

R1M37 1 AP003453 30,500 ATAGTTCGCCATCGTCAT ACACGCCATAGCAAGGAA 159 212

R1M47 1 AP003442 37,470 AATAGAATTACTGATGAAACCTTA GCCCGTTACCGCTTATGT 159 108

R2M10 2 AP005394 6,610 CCCAGTCTGCTGCCATCT GAATGTATTTCAGTTCCAGTAAG 134 182

R2M24 2 AP005414 11,340 GGGCAACAACGGCTCTG AGGGAATAAGGCGATACGG 162 131

R2M26 2 AP005696 15,320 GCAGCAAAGTGCGGAGTA CAGGTGAATTGCCAATTT 143 181

R2M37 2 AP004124 23,920 ACTGTTACCCAAACGCTA ACGTGCACCTACTACAGAAA 212 147

R2M50 2 AP004888 30,870 CCTGAAGGAAATGATAGCAATAG GTTTTGTATGCTCTTCACTTGTC 212 254

R3M10 3 AC105732 6,370 CCGAGTACCATTGCTTTC CTGCCATAGTTACTGCTCTGTT 190 227

R3M23 3 AC099323 16,140 TGCTTACAAGGGTCCAAT GGAGGTGCCTACCAAGAG 149 185

R3M30 3 AC091234 20,180 AGGCTAAGTGAAGAAATAATAAG CTCCGTATTCATTACTGGTTG 175 199

R3M37 3 AC133930 27,130 GCATTGAATTGTACTCTTATTATAT ACGAATCAAAAGGAGACTAAAAT 186 242

R3M53 3 AC091123 33,240 ACACTGGCTACGGCAAAG TTTGTTCGGGAATAATGATGC 204 169

R4M13 4 AL606597 8,150 TACACGGTAGACATCCAACA ATGATTTAACCGTAGATTGG 169 201

R4M17 4 AL731585 11,770 AGTGCTCGGTTTTGTTTTC GTCAGATATAATTGATGGATGTA 169 220

R4M30 4 AL662979 18,220 GCTTCTCCTGGTTGTATGC AAAATAGGGAGGCAGATAGAC 173 133

R4M43 4 AL662938 24,650 CTTGAACCTGAGTGAGTGG CGATGAAAATGATGTCTA 160 194

R4M50 4 AL606639 29,080 TTTTGTGAAACTTGACCCTC GCGTCCATGTCTTTATTGTG 132 165

R5M13 5 AC132493 5,820 GAGAAAGAGTGGAAGGAG AGTATCGTCAGGAGGGTC 175 207

R5M20 5 AC137622 13,390 CTCGCTGTTTACTGACTGG TTTGATGTACTGCCTGCTCT 175 214

R5M30 5 AC134930 20,980 CTCAATTTCACCCATCCC CGCTCCGTCTCCAACCTC 224 178

R5M43 5 AC121365 25,960 AGCGTGACTTGAGTTCCA ATGACTTTCCCACCGTAT 109 78

R6M14 6 AP004725 7,710 AAATGTCCATGTGTTTGCTTC CATGTGTGGAATGTGGTTG 251 217

R6M30 6 AP005929 18,640 CACAAGCCGTAGCAGAGC TCACGAAAAAGACCCCAAG 181 147

R6M44 6 AP005386 26,080 TTAGGAATAAAGGCTGGATA TTACCGTTAATAGGTGGAA 156 122

R7M7 7 AP005719 6,350 ACCTTCCCTCCCCTTTTGAT AACTTGGTCTTCCTGTTTTATTG 200 133

R7M20 7 AP004346 11,680 GTTTTGTGCATTCCTTTAC TTTATGACATTTTGACCG 200 266

R7M30 7 AP005185 19,550 ATGTCGCCTACGAGTTTTC TTCATGTG ACCATTTGTGC 187 219

R7M37 7 AP003747 23,720 CAGCCCTAAATCTAAATACCC ACGTTGAGACAGGCGAGC 173 137

R8M10 8 AP004589 6,290 ACCAAACAAGCCCTAGAATT TGAGAAAGATGGCAGGACGC 122 174

R8M23 8 AP005500 13,820 CCTATTCACTCTACCGACAT GTTTAGTTCCCATTGCTTT 121 157

R8M33 8 AP003881 21,320 CGAAAGAGGAGAGGGGTAGT CGAAAACGAGAAACAAATA 205 167

R8M46 8 AP004587 28,770 CAGCAGAGTCCAGAGAAGAT GCATAAGATGGCGAGTGA 113 83

R9M10 9 AP005592 4,770 CTTTGGATTCAGGGGGA AACTTGAAACGGAGGCAG 135 178

R9M20 9 AP005879 9,290 ACTGCTTTGATGGCTTGTG CTCCCCAAACTGAATCC 142 182

R9M30 9 AP005397 14,940 CTCACCTACCTAAAACCCAAC CCACCCAAATCTGATACTG 153 185

R9M42 9 AC108757 19,450 CTATAAGACCAAAACGAAAACT GAAAACCATTGTGTCACTGTA 164 212

R10M10 10 AC098566 5,150 GAATACAACCCCCTAAAAAC ATGGACCGTTGAGGAGAC 170 132

R10M17 10 AC090486 9,040 TGAACAATAAACCACAGAAGCA CCCTTTATTCCCTCCTTTG 152 183

R10M30 10 AC027038 16,960 CCCTAAAAATAGAGCAACCT ACCCATAATACTACCAATCAAC 152 133

R10M40 10 AC091122 19,470 GTCCCTAGGCCATCTCTTG GCGAATAGGGGTGGACAG 166 133

R11M17 11 AC137589 14,370 TGAGACGTTTGGGAGCAT CGATCAGCAGCAACAGGT 183 131

R11M23 11 AC134053 19,180 AAGGTTGACAAGGACAGAAG TCGCAGGAATGGATAAAA 212 254

R11M40 11 AC125780 23,540 AAGAAAAATATCTATTGAGGAGTG GGAGGACCATAAATGACGG 178 137

R12M10 12 AL954158 4,300 ATCATTTCAGCCTGTGCC AGCTTAATAGGGGGGACG 214 261

R12M27 12 AL713927 17,370 ATTTCATTGCCATCAGTT GTAATCTTCTATCCGTTCA 155 188

R12M33 12 AL731888 20,080 TTGATGATAGTATTTGCTGATG AGATAGTGTCGGCGGTGG 208 250

R12M43 12 BX000457 26,290 CCGCCGAGAAGAAACAAAG CCCAAGAACAGGATTACA 193 163

aThe marker location was calculated based on the IRGSP marker-based physical map, May 2003 (http://rgp.dna.affrc.go.jp/IRGSP/download.html).
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and ZH11) and indica (93-11, GLA4, and LTPB)
cultivars. These markers distribute along all 12 chro-
mosomes with each chromosome 3 to 5 marker. As the
PCR products of these markers were about 120 to
200 bp and size differences of PCR products for each
InDel marker were about 20 to 40 bp, they can be anal-
yzed on agarose gels. Thus, these markers are easy to
use and inexpensive. They might be used for some
other combinations of japonica and indica cultivars.

MATERIALS AND METHODS

The genomic sequences of japonica cv Nipponbare and indica cv GLA4 and

93-11 were used for sequence comparisons in this work. They were down-

loaded from http://rgp.dna.affrc.go.jp/IRGSP/index.html for Nipponbare,

http://btn.genomics.org.cn/rice/ for 93-11, and http://www.ncgr.ac.cn/

english/ep2-i.htm for GLA4. As of September 9, 2003, 3,348 P1-derived arti-

ficial chromosome /BAC clones with a total size of 457 Mb of Nipponbare

genomic sequence were downloaded. The genomic sequences of 93-11 were

sequenced using a whole-genome shotgun approach and 127,551 contigs,

totaling 352 Mb, were downloaded. The genomic sequence of GLA4

we downloaded contained 2.3 Mb of three contiguous segments of chromo-

some 4.

Polymorphism Detection between Rice Species

In order to detect DNA polymorphisms between rice (Oryza sativa) cv

Nipponbare and 93-11, the contig sequences of 93-11 were first used as queries

to BLASTN (stand-alone BLAST, ftp://ftp.ncbi.nih.gov/blast/executables)

Nipponbare genomic sequences. Contigs of 93-11 were then anchored onto

BAC clones of the Nipponbare genomic sequence with the highest score of

BLASTN. Then, a simple Visual Basic 6.0 script was developed to automat-

ically group the contigs to their corresponding BACs. MUMmer3.0 (ftp://

ftp.tigr.org/pub/software/MUMmer/; Delcher et al., 2002) was used to align

the contig sequences and BAC clones. Finally, a set of Visual Basic scripts was

developed to calculate the overall sequence similarity between contigs and

BAC clones and assign the data to ‘‘Identity’’ while transforming the result of

MUMmer3.0 to our database. After contigs with low similarity with BAC

clones were removed from the database, the DNA polymorphism data were

sorted based on the location of BAC clones in chromosomes.

The DNA polymorphisms between GLA4 and Nipponbare were detected

by the same method described above. In order to compare DNA polymor-

phisms between Nipponbare/93-11 and Nipponbare/GLA4, a total of 318

InDels (from 1 bp to 82 bp) fromNipponbare/GLA4were selected and used to

compare InDel polymorphisms between Nipponbare and 93-11. Also, a total

of 227 SSR markers distributed along the 12 chromosomes (http://www.dna-

res.kazusa.or.jp/9/6/05/spl_figure1/fig1.pdf; www.gramene.org) were cho-

sen to survey the association of these SSRs with InDels in the database.

Software Used or Developed in This Study

A set of simple Visual Basic 6.0 scripts was developed to construct the rice

DNA polymorphism database. ‘‘Datacollect’’ was used to anchor the contigs

of 93-11 onto BAC clones with the highest score value of BLAST. ‘‘Contig-

combine’’ was then used to group all contigs anchored to the same BAC clone

together. After MUMmer3.0 analysis, ‘‘Mumtransform’’ transformed the

result of MUMmer3.0 to our database. Meanwhile, it calculated the overall

similarity between contigs of 93-11 and BAC clones and assigned the data to

‘‘Identity’’ in the database. ‘‘Bacorder’’ was applied to sort DNA polymor-

phisms in the database based on their physical locations in the chromosomes.

Restriction sites of SNP polymorphisms were analyzed by the Remap

application provided in the EMBOSS software package (Rice et al., 2000).

Experimental Validation of DNA Polymorphisms

Three japonica cultivars (Nipponbare, 9522, and ZH11), and three indica

cultivars (93-11, GLA4, and LTPB) were used for InDel polymorphism

validation. Genomic DNA was extracted from leaf issues as described

(Murray and Thompson, 1980). A total of 108 primer pairs were designed

targeting InDel polymorphisms in the database using PRIMER 5.0. These

primer pairs evenly distributed along 12 rice chromosomes. The expected PCR

products of these primer pairs were about 25 to 50 bp difference for

Nipponbare and 93-11. PCR was performed in a 30-mL volume containing

20 ng of genomic DNA, 0.5 mM of each primer, 200 mM dNTP, 10 mM Tris-Cl,

1.5 mM MgCl2, 50 mM KCl2, and 1 unit of Taq polymerase. An MJ Research

PTC-100TM was used for amplification with the following PCR profile:

94�C for 5 min, followed by 45 cycles of 94�C for 1 min, 52�C for 1 min, 72�C
for 30 s, and a final extension at 72�C for 5 min. PCR products were

analyzed in 3.5% agarose gel in Tris-acetate EDTA buffer (Sambrook and

Russell, 2001).

The accuracy of SNPs in the database was analyzed by resequencing some

regions of 93-11 genome. A total of 22 primer pairs distributed along the 12

rice chromosomes were designed based on the 93-11 genomic sequence. PCR

was performed by the standard procedures described above. TaKaRa LA Taq

(code no. DRR200A) was used instead of standard Taq polymerase to reduce

the errors in amplification. PCR products were sequenced on Applied

Biosystems (Foster City, CA) ABI Prism 377 sequencers.

Downloadable Information Resource

The rice DNA polymorphism database constructed in this work can be

downloaded on our laboratory Web site (http://shenghuan.shnu.edu.cn/

ricemarker) without any limitations.
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