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Abstract

A total of 2414 new di-, tri- and tetra-nucleotide non-redundant SSR primer pairs, representing
2240 unique marker loci, have been developed and experimentally validated for rice (Oryza sativa L.).
Duplicate primer pairs are reported for 7% (174) of the loci. The majority (92%) of primer pairs were
developed in regions flanking perfect repeats ≥ 24 bp in length. Using electronic PCR (e-PCR) to align
primer pairs against 3284 publicly sequenced rice BAC and PAC clones (representing about 83% of the
total rice genome), 65% of the SSR markers hit a BAC or PAC clone containing at least one genetically
mapped marker and could be mapped by proxy. Additional information based on genetic mapping and
“nearest marker” information provided the basis for locating a total of 1825 (81%) of the newly designed
markers along rice chromosomes. Fifty-six SSR markers (2.8%) hit BAC clones on two or more different
chromosomes and appeared to be multiple copy. The largest proportion of SSRs in this data set correspond
to poly(GA) motifs (36%), followed by poly(AT) (15%) and poly(CCG) (8%) motifs. AT-rich microsatel-
lites had the longest average repeat tracts, while GC-rich motifs were the shortest. In combination with
the pool of 500 previously mapped SSR markers, this release makes available a total of 2740 experimentally
confirmed SSR markers for rice, or approximately one SSR every 157 kb.
Key words: simple sequence repeats (SSR); rice (Oryza sativa L.); electronic PCR (e-PCR)

1. Introduction

The emergence of genomic sequences in rice1,2

(http://rgp.dna.affrc.go.jp/cgi-bin/statusdb/status.pl;
http://www.usricegenome.org/; http://www.gramene.
org/resources/) offers new opportunities to increase
the density of locus-specific, polymorphic markers for
high-resolution genetic analysis. Previous studies have
contributed to the development of over 6000 DNA
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markers3–5 (http://rgp.dna.affrc.go.jp/; http://www.
gramene.org) that provide genome coverage of approx-
imately one marker every 0.25 cM, or every 75–100 kb.
Most are expressed sequence tags (ESTs) that are widely
used as the basis for physical map construction, se-
quence assembly and comparative genome analysis, but
polymorphism detection within the cultivated rice gene
pool is inefficient. In addition to ESTs, approximately
500 simple sequence repeat (SSR) markers have previ-
ously been genetically mapped in rice.6–9

The technical efficiency and multiplex potential of
SSRs makes them preferable for many forms of high
throughput mapping, genetic analysis and marker-
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assisted plant improvement strategies.10–14 The fact that
SSR markers are co-dominant, multi-allelic and can
be reliably used to analyze both indica and japonica
germplasm, as well as groups of AA genome Oryza
species15–19 makes them attractive as genetic markers
and facilitates the integration of results from indepen-
dent studies. In addition, the highly polymorphic na-
ture of many microsatellites is of particular value when
analyzing closely related genotypes, as is often the case
in breeding programs working within narrowly adapted
gene pools. Thus, the availability of a high-density SSR
map is valuable as a public resource for studies aiming to
interpret the functional significance of the rapidly emerg-
ing rice genome sequence information.

The International Rice Microsatellite Initiative (IRMI)
was formed to increase the density and utility of the
SSR map in rice. IRMI is comprised of an interna-
tional group of researchers from both public and pri-
vate sector institutions that worked collaboratively to
augment the number of experimentally validated SSR
markers. This initiative was motivated largely by the
release of 6655 SSR-containing sequences by Monsanto
Corp. (www.rice-research.com). By coordinating the de-
velopment of this resource, IRMI encourages the use
of a common reservoir of SSR markers and a common
nomenclature system so that the results of genetic anal-
ysis can be readily interpreted and easily integrated into
genome databases. By integrating all the information
into Gramene, a comparative grass genome database,
positional information about functional mutations and
QTLs in rice that are mapped using SSRs can be readily
referenced to the corresponding homologous locations in
other cereals.

The results of this effort are summarized below and
map positions of all reported SSRs in rice that align
to fully sequenced BAC or PAC clones can be viewed
in the Gramene database “Genome Browser” display20

(www.gramene.org).

2. Materials and Methods

2.1. Sources of SSR-containing sequences
Two sources of SSR-containing sequences were used

in this study. The first consisted of a set of 6655 se-
quences released by Monsanto in 2001 (www.rice-
research.org) and available in GenBank (GenBank GI
# 12700719–12707547) that consisted of perfect repeat
motifs (≥ 24 bp in length) flanked by 100 bp of unique
sequence on either side of the SSR. The second source of
SSR-containing sequences was genomic DNA sequence
released by the International Rice Genome Sequencing
Project (IRGSP) (http://rgp.dna.affrc.go.jp/cgi-bin/
statusdb/status.pl; http://www.usricegenome.org/).

2.2. Redundancy search
To minimize duplication, the set of sequences from

Monsanto was searched for redundancy using minor vari-
ations of standard sequence analysis techniques. First,
the microsatellite motifs were masked in each sequence
by substituting the ambiguous nucleotide code ‘N’ for
each position within the SSR sequence. Second, the
masked sequences, each consisting of 200 informative bp
of flanking sequence plus the masked residues, were
used as a query against: a) all other entries in the
Monsanto data set, and b) all previously reported SSR
markers as summarized by Temnykh9 and available at
www.gramene.org. This analysis was conducted using
BLASTN with an E-value cutoff of 10−30, filtering the
subject sequences for low-complexity regions and allow-
ing gaps. The resulting BLASTN output was combined
and parsed into subject identifier-query identifier pairs
defining similarity relationships. These similarity rela-
tionships were used to cluster the sequences using a sim-
ple topological sorting algorithm. All clusters that con-
tained sequences corresponding to known markers were
identified and cross-referenced.

2.3. Primer design
Primer pairs were automatically designed using

PRIMER 0.5 (http://www-genome.wi.mit.edu/ftp/pub/
software/primer.0.5), with parameters essentially as de-
scribed by Chen.5 Primers were 18–34 nucleotides long,
devoid of secondary structure or consecutive tracts of a
single nucleotide, a GC content around 50% (Tm approx-
imately 60◦C) and preferably G- or C-rich at the 3′ end.
Sequences that provided no useful primer pairs were elim-
inated from further consideration.

2.4. Nomenclature
SSR-containing sequences that were used as the basis

for primer design were given a Sequence ID (see Sup-
plemental Table 1, http://www.dna-res.kazusa.or.jp/9/
6/05/spl table1/table1.pdf). For sequences released by
Monsanto at www.rice-research.org, the Sequence ID is
coded as MRG followed by a 4-digit code (MRG0001–
MRG6655). In cases where publicly available BAC or
PAC genomic sequence served as the template for primer
design, the Sequence ID is coded as SSR followed by
a 3-digit code (SSR002–SSR278). All sequences used
as template for primer design also have a GenBank GI
and/or a GenBank Accession number (see Supplemental
Table 1).

Each primer pair that was used to amplify an SSR
marker was considered a marker reagent. Marker
reagents were assigned a compound name that in-
cluded a sequence identifier followed by a suffix, with
a dot (“.”) separating them. The suffix consisted
of a two- to four-letter abbreviation that identified
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the research lab reporting the experimental informa-
tion and a unique identifier for each specific pair of
primers (see Supplemental Table 1). For example,
MRG0330.IRRI0330 and MRG0330.RGP0330 are two
different marker reagents (primer pairs) that are both
derived from sequence MRG0330. In the first case, the
marker amplifies optimally at an annealing temperature
of 61◦C, as reported by the group at IRRI, while the
second primer pair has an optimal annealing temper-
ature of 55◦C, as reported by the RGP. This naming
system allows for clear identification of different marker
reagents designed from a single SSR-containing sequence
and highlights the importance of reporting which specific
marker reagents (primer pairs) were used in any partic-
ular experiment.

The SSR locus on the genetic or physical map of rice
associated with each marker reagent was coded with
the abbreviation RM (Rice Microsatellite) followed by a
unique identifier. Thus, a single pair of primers that am-
plified more than one locus retained the same marker
reagent name but was assigned an independent locus
name. This nomenclature system makes it easy to un-
derstand the relationship among and between sequence
templates, reagents and mapped loci.

2.5. PCR amplification
Non-redundant primer pairs were used in PCR exper-

iments to confirm amplification potential. All marker
reagents (primer pairs) were originally tested at an an-
nealing temperature of either 50◦C or 55◦C, and those
that did not amplify well were then evaluated at 61◦C
and/or 67◦C. With minor modifications, the PCR condi-
tions used for detection of amplicons on silver-stained gels
were performed in 20-µl reactions containing 25–50 ng of
template DNA, 0.2 µM of each primer, 200 µM of each
dNTP, 10 mM Tris-Cl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, and 1 unit of Taq polymerase. An MJ Research
or PE9700 single or dual 96-well thermal cycler was used
along with the following PCR profile: 94◦C for 5 min
(denaturation), followed by 35 cycles of 94◦C for 1 min,
55◦C for 1 min, 72◦C for 2 min, and a final extension at
72◦C for 5 min. PCR for detection of fluorescently la-
beled primers was routinely performed in a PE9700 dual
384 thermal cycler. PCR was performed in 10-µl reac-
tions containing 15–25 ng of template, 1 pmol of each
primer, 200 µM of each dNTP, 10 mM Tri-HCl (pH 9.0),
50 mM KCl, 2.5 mM MgCl2, 0.1% Triton X-100 and
0.3 unit Taq DNA polymerase. The PCR profile was
94◦C for 5 min, 35 cycles of 94◦C for 15 sec, 50◦C for
15 sec, 72◦C for 30 sec, and a final extension at 72◦C
for 10 min. The temperature ramp speed was adjusted
to 40% for all temperature changes. It should be noted
that when using the 384-well thermal cycler, annealing
temperatures are lowered by 5 degrees and cycle times
are shortened compared to the 96-well format.

2.6. Size evaluation of PCR product
SSR markers whose marker reagent IDs indi-

cate that they were evaluated by researchers at
the International Rice Research Institute (IRRI) and
Huazhong Agricultural University (HUA) were visual-
ized on silver-stained polyacrylamide gels as described
by Panaud,18 and amplicon sizes were estimated in re-
lation to a known size standard. Markers evaluated at
RiceTec, Inc. (RT), the Rice Genome Program in Japan
(RGP) and at the USDA Agricultural Research Service
(ARS) lab in Texas were detected as fluorescent signals
using an ABI3100 genetic analyzer with a 36-cm capil-
lary array (4315931) using 10× buffer containing EDTA
(PE # 402824), POP-4 polymer (# 4316355), Hi-Di for-
mamide (4311320) and ROX 400 high-density size stan-
dard (402985). Running conditions included 60◦C oven
temp, 15 kV EP voltage, 130 µA EP current, 15 mW
Laser Power and 5 A Laser Current.

2.7. Estimates of polymorphism
The level of polymorphism for 545 SSR markers was

evaluated between cv Nipponbare and cv Kasalath us-
ing agarose gel electrophoresis. For PCR amplification,
the following conditions were used: 20 µl reaction mix-
ture containing 25–50 ng template DNA, 0.5 µM of each
primer, 200 µM of each dNTP, 1.5 mM MgCl2, 1 unit
Taq polymerase and 2 µl of ×10 PCR reaction buffer
(PE Applied Biosystems). Amplification was performed
for 35 cycles (1 min at 94◦C, 1 min at 55◦C and 2 min
at 72◦C) followed by 5 min at 72◦C. To detect polymor-
phism, the amplified product was electrophoresed on a
3% agarose gel (0.5 TBE).

2.8. Mapping via e-PCR
The Gramene database (www.gramene.org) presents

an integrated view of the map positions of all publicly re-
ported SSR markers in rice that align to fully sequenced
BAC or PAC clones reported in GenBank. These po-
sitions were obtained by e-PCR21,22 using the primer
sequences specified for each marker against genomic se-
quence from 3284 publicly sequenced BAC/PAC clones,
representing approximately 460 MB of sequence that was
available as of November 12, 2002. We estimate that
this sequence represents approximately 83% of the rice
genome, based on a 23% sequence overlap predicted from
aligning all available cv Nipponbare and cv 93–11 se-
quences from GenBank. The e-PCR was run with de-
fault parameters of a 50-bp margin on the product size
and 0 mismatches allowed in the primers.

Identification of map position was accomplished by
identifying BAC or PAC clones that simultaneously con-
tained a hit from the SSR primer sequences gener-
ated in this study and a hit to at least one previously
mapped genetic marker (“nearest marker”). Nearest
markers consisted mostly of RFLP markers from the
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JRGP map described in Harushima4 and are available at
http://rgp.dna.affrc.go.jp/, which were aligned in silico
to the BAC/PAC clones. To place RFLP markers onto
sequenced BAC/PAC clones, a minimum of 88% iden-
tity and 80% coverage of the marker was required. Hits
from genomic markers with gaps greater than 20 bp and
cDNA-based markers with gaps greater than 300 bp were
discarded. In addition, RFLP markers were assigned to
the rice clones only if the BAC/PAC chromosome assign-
ment matched that of the marker. Nearest RFLP mark-
ers were designated for SSRs based on the single copy
marker closest to the SSR on any given BAC/PAC.

2.9. Downloadable information resource
A downloadable file that presents information for all

SSR markers that were amplified in wet lab experiments
is available in Supplemental Table 1 (http://www.dna-
res.kazusa.or.jp/9/6/05/spl table1/table1.pdf). For con-
venience, we also provide Summary Table 2 in the
Supplement section as part of this manuscript that con-
tains only a portion of the information available in the
larger Supplemental Table 1. Supplemental Table 1 pro-
vides the following information for each marker: Locus
Name, Locus Synonym, Sequence ID, Clone origin,
GenBank GI, GenBank Accession, Marker Reagent ID,
Chromosome (genetically mapped), Map position (genet-
ically mapped), ePCR Chromosome (chromosomal loca-
tion determined by ePCR), ePCR position (map posi-
tion as determined by e-PCR), ePCR nearest marker(s),
ePCR clone (BAC/PAC hit(s) by e-PCR), ePCR dis-
tance (position of the SSR on the BAC/PAC clone
in nucleotides), Chromosome (information provided by
Monsanto), Map position (Monsanto), Monsanto near-
est marker, SSR motif, Number of repeat motifs, Motif
length, Forward primer sequence, Forward primer Tm,
Forward start (bp of primer start site), Forward end (bp
of primer end site), Forward primer length (bp), Reverse
primer sequence, Reverse primer Tm, Reverse start,
Reverse end, Reverse primer length (bp), Annealing tem-
perature, %GC content, Reference Variety (from which
primer sequences were derived), PCR product size (bp in
reference variety), Predicted Product Size (in reference
variety), Lab name (lab that verified the PCR amplifi-
cation), Alternative reagent (Binary code where “0” in-
dicates no alternative marker reagent and “1” indicates
that there is more than one marker reagent for that SSR
locus), and Published reference.

3. Results and Discussion

Of the 6655 SSR-containing sequences released by
the Monsanto Rice Genome (MRG) sequencing effort,
primers were designed for 36% (2408) of the sequences
and 85% of those primer pairs gave reliable amplification
with PCR using genomic DNA from the japonica cultivar,
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Figure 1. Frequency (in %) of the 12 most abundant SSR motifs
in the data set of newly released SSR markers.

Nipponbare, as template. An additional 199 SSRs were
developed from sequences released by the International
Rice Genome Sequencing Program (IRGSP). Sequences
in the MRG data set contained at least one perfect di-,
tri- or tetra-nucleotide repeat motif and had a total SSR
length greater than or equal to 24 bp, while a range
of perfect and imperfect motifs greater than or equal
to 20 nt were represented in the SSRs designed from
IRGSP sequences (Summary Table 2 in the Supplement
section). Figure 1 summarizes the relative frequency of
the 12 most abundant motifs among the 2240 newly de-
veloped markers. The largest proportion corresponds to
poly(GA) motifs (36%), followed by poly(AT) (15%) and
poly(CCG) (8%) motifs. All di-, tri- and tetra-nucleotide
motifs are represented among the new markers, with
the exception of three GC-rich classes, poly(GC) (for
which only one marker was designed), poly(GGCC) or
poly(GGGC) motifs.

When microsatellites were divided into three classes,
consisting of AT-rich (greater than 50% A or T
in the motif), AT/GC-balanced (limited to di- and
tetra-nucleotide motifs that fit this criterion), or GC-rich
motifs, the longest repeat motifs corresponded to AT-rich
microsatellites where the average number of repeat units
was 19 and the average length of the repeated sequence
was 48 nt. The AT/GC-balanced class averaged 17 re-
peats, while the GC-rich tri-nucleotides showed the least
potential for expansion, with an average repeat tract
length of 8.5 units, consisting of 26 nt (Fig. 2). The
longest tract of perfect repeats corresponded to the
di-nucleotide (AT)128 (RM8135). These statistics are of
interest because length of repeat has a demonstrated as-
sociation with rates of polymorphism in rice.9,23

Annealing temperatures were standardized to support
the potential for multiplex PCR, such that 95% percent
of the new markers amplify well at annealing tempera-
tures of either 50◦C or 55◦C (65% amplify best at 55◦C
and 30% at 50◦C) (Summary Table 2 in the Supplement
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Figure 2. Relationship between motif type and length of repeat
tract among the newly developed SSR markers. The AT-rich
group (39% of markers) contains > 50% A or T in the motif; the
AT/GC balanced group (43% of markers) consists only of di-
and tetra-nucleotide motifs that fit this criterion; the GC-rich
group (18% of markers) contains > 50% G or C in the motif.

section). Approximately 5% of the new markers were
amplified at 61◦C, and only 8 markers at 67◦C. These an-
nealing temperatures are consistent with optimum condi-
tions for previously reported SSR markers in rice where
a majority was reported to anneal well at 55◦C.7–9,18 In
174 cases, different pairs of primers were designed to am-
plify the same SSR and half of these differ in optimum
annealing temperatures. The availability of alternative
pairs of primers that amplify the same locus enhances
opportunities to select the most favorable combination
of allele mw and PCR conditions for efficient multiplex-
ing of SSR markers in an automated system.

Using e-PCR,21,22 2000 (89%) SSR markers showed ex-
act sequence matches to 51% (1674/3284) of the fully se-
quenced BAC or PAC clones, leaving 49% of sequenced
clones with no SSR hit. These statistics suggest that
the SSRs are not randomly distributed in the genome; if
they were, we would expect them to follow a Poisson dis-
tribution, showing hits to 64% of sequenced BAC/PAC
clones, and leaving only 36% with no hits. To further ex-
amine the distribution of SSRs along BAC/PAC clones,
we compared observed with expected frequencies under
a Poisson distribution for the number of SSR hits/clone.
As summarized in Table 1, our data demonstrated that
the observed distribution was significantly different from
the predicted distribution, with fewer than expected
BAC/PAC clones containing one or two SSR hits per
clone, a roughly equal number with 3 hits per clone, and
a greater than expected number of BACs/PACs contain-
ing more than 3 SSR hits per clone. These results suggest
that there is significant local clustering of SSRs in the
rice genome. This conclusion is consistent with reports
by Temnykh9 and Morgante24 suggesting that specific
motifs are found nonrandomly associated with GC-rich
genic regions (which are, themselves, not randomly dis-
tributed), and often within specific components of genes,

Table 1. Observed Distribution of SSRs per BAC/PAC clone
compared with expected based on a Poisson distribution.

No.

SSRs /

clone

Number

Observed

Number

Expected

Percent

Observed

Percent

Expected

Chi-Square

Test

0 1610 1167.7 0.49 0.36 167.51
1 817 1207.4 0.25 0.37 126.25
2 406 624.2 0.12 0.19 76.30
3 220 215.2 0.07 0.07 0.11
4 130 55.6 0.04 0.02 99.48
5 5 3 11.5 0.02 0.00 149.73
6 2 8 2.0 0.01 0.00 341.52
7 1 2 0.3 0.00 0.00 468.11
8 6 0.0 0.00 0.00 939.34
9 2 0.0 0.00 0.00 916.02

such as 5′ and 3′ UTRs, introns or exons, while other
SSR motifs are strongly associated with AT-rich inter-
genic regions.

Of the 2000 SSRs that hit a sequenced BAC/PAC
clone, 1449 (72%) hit clones that also contained the se-
quence of a previously mapped genetic marker, provid-
ing a unique map position for approximately 65% of the
2240 new SSR markers based on e-PCR. Positional in-
formation based on predictions of the “nearest marker”
was also available from Monsanto for 1249 (61%) of the
2044 MRG-derived SSR markers. In approximately 31%
(381) of cases, e-PCR provided positional information
where none was available from Monsanto and in 28%
(350) of cases, the reverse was true. When map position
from the two sources were compared, they were found to
be consistent 90% of the time, so a combination of e-PCR
and Monsanto predictions were used to determine puta-
tive map positions for a total of 1825 (81%) of the SSR
markers reported in this study. To confirm the valid-
ity of e-PCR predictions, 295 markers were genetically
mapped and positions were compared to those predicted
by e-PCR. The map positions were consistent 98% of the
time.

A downloadable file illustrating the location of
1825 newly developed SSR markers that have been
mapped to the 12 chromosomes of rice is available as Sup-
plemental Figure 1 (http://www.dna-res.kazusa.or.jp/
9/6/05/spl figure1/fig1.pdf). The positions of the new
SSRs are shown in relation to RFLP and STS markers
on the genetic map of rice developed by the Rice Genome
Program in Japan (http://rgp.dna.affrc.go.jp/). In addi-
tion, 217 previously reported SSR markers9 have been
positioned on the map using the same e-PCR strategy
used for the IRMI markers. To illustrate one chromo-
some from Supplemental Figure 1, Figure 3 summarizes
the location of 98 SSR markers that have been mapped
to chromosome 10. The positions of the SSRs are shown
in relation to 163 STS markers on the genetic map of
rice developed by the Rice Genome Program in Japan.
The ability to instantly integrate the new markers into
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RM5095   AY021770 (0.0)

RM6364   AY023039 (0.0)
RM6364   AY023039 (0.0)

RM7492   AY024167 (0.0)
RM6370   AY023045 (1.1)

RM2224   AY018899 (1.5)
RM3590   AY020265 (1.9)
RM5271   AY021946 (3.9)

RM6179   AY022854 (5.5)
RM7545   AY024220 (7.6)

RM2960   AY019635 (9.5)
RM3283   AY019958 (9.5)
RM7361   AY024036 (9.5)

RM7217   AY023892 (10.9)
RM2125   AY018800 (11.7)

RM6646   AY023321 (13.3)
RM2504   AY019179 (15.7)
RM5348   AY022023 (15.7)

RM8138   AP003299 (15.7)
RM1236   AY017911 (16.4)

RM1236   AY017911 (16.4)
RM2887   AY019562 (16.4)
RM7181   AY023856 (16.4)

RM8207   AC090483 (17.6)
RM2486   AY019161 (17.9)

RM3152   AY019827 (17.9)
RM3152   AY019827 (17.9)
RM6207   AY022882 (17.9)

RM3311   AY019986 (19.0)
RM4455   AY021130 (21.8)

RM8201   AC021893 (26.1)
RM5147   AY021822 (30.2)
RM5708   AY022383 (30.2)

RM6868   AY023543 (30.2)
RM1859   AY018534 (30.9)

RM5689   AY022364 (30.9)
RM6124   AY022799 (30.9)

RM1083   AY017758 (32.1)
RM596   AQ328105 (35.1)
RM4915   AY021590 (35.9)

RM6144   AY022819 (35.9)
RM184   U40708 (41.6)

RM5304   AY021979 (41.6)
RM2433   AY019108 (41.9)
RM1375   AY018050 (42.7)

RM3229   AY019904 (42.7)
RM6477   AY023152 (42.7)

RM3470   AY020145 (45.7)
RM5392   AY022067 (45.7)
RM5620   AY022295 (45.7)

RM1125   AY017800 (46.8)
RM1873   AY018548 (48.4)

RM1937   AY018612 (48.4)
RM2997   AY019672 (48.4)
RM5756   AY022431 (48.4)

RM6704   AY023379 (48.4)
RM6704   AY023379 (48.4)

RM258   AF344077 (48.8)
RM5274   AY021949 (48.8)
RM6150   AY022825 (51.5)

RM5373   AY022048 (53.6)
RM5629   AY022304 (53.6)

RM6132   AY022807 (53.6)
RM6474   AY023149 (53.6)
RM6737   AY023412 (53.6)

RM6100   AY022775 (53.9)
RM6469   AY023144 (53.9)

RM171   D84275 (55.0)
RM3510   AY020185 (55.0)

RM1108   AY017783 (55.3)
RM6745   AY023420 (55.6)
RM6745   AY023420 (55.6)

RM1146   AY017821 (57.5)
RM2371   AY019046 (57.5)

RM5841   AY022516 (57.5)
RM7020   AY023695 (57.5)
RM3019   AY019694 (58.6)

RM3773   AY020448 (58.9)
RM7300   AY023975 (58.9)

RM6128   AY022803 (61.4)
RM6691   AY023366 (61.4)
RM8202   AC078894 (61.4)

RM4477   AY021152 (71.4)
RM484   AQ365501 (71.4)

RM5352   AY022027 (71.4)
RM5352   AY022027 (71.4)
RM5666   AY022341 (72.5)

RM1374   AY018049 (72.8)
RM3451   AY020126 (72.8)

RM3123   AY019798 (73.7)
RM591   AC018929 (83.0)
RM6016   AY022691 (83.0)

RM2824   AY019499 (83.8)
RM2863   AY019538 (83.8)

RM4771   AY021446 (83.8)
RM590   AC018727 (83.8)
RM6673   AY023348 (83.8)

RM6824   AY023499 (83.8)

L769 (0.0)

R10987S (0.6)
S10620 L169 (1.1)

S14152 S11222S (1.5)
S10906 C701 C50106 S14653S (1.9)

R2965 (2.2)
S20750 (2.7)

R2946 E60109SA (3.0)
G7007E (3.3)

R2309 (3.9)
G89B (4.2)

S21126 (4.4)
C709B (5.0)

E3687S (5.5)
C404 (6.3)

B10 S2083 B145A S21067S (6.8)
S10265B (7.2)

R1933 (7.6)

S2348 (9.5)
R2657C P148 (9.8)

V210 (10.1)
C60755S (10.1)

C913A (10.9)
C1757S (11.4)

C288C E1064S (11.7)
T56 C1123 B46 S13883C (13.3)

S10020A R2174 S11387E (13.3)

S12669SA (14.4)
R10430S (15.2)

T29 R3014B G1125 (15.2)
E60284SA S11777 P87 (15.2)

G1128C (15.5)
R2194 C8 C489 (15.7)

R2052 S21221SA (15.7)
R1261 (16.4)

E20939SA R10752SB (16.8)

C51175SA (17.1)
C63979S C30378SC (17.6)

C148 (17.9)
L682 (18.7)

G1084 V208A (19.0)
P156 P133 (21.2)

S3578S (21.8)
S1837 (22.3)

V152 (22.6)
C63486S S1856 P14 R1629 (23.1)

G4101 V53A (24.2)
S1786B (24.7)

P89 (25.8)
P44 (26.0)

C961 V23 E11571S (26.1)
C1166 R2447 (30.2)

S11069 G1082 R1738A (30.2)

M168A (30.7)
S10886A (31.8)

C1633 (32.1)
Y1053R (34.8)

S21636S (35.1)
C11714 S15511S (35.9)

V153 R3320 Y1053L (37.8)
R3285 M316 E2071SB R3217 (39.4)

T53 C677 (41.6)

R2084 (41.8)
R2252 R2604 (41.9)
C1195 C1286 (42.7)

G7007C (43.7)
V174B (43.9)

S13078S S10008 (44.0)
C814A (44.2)

C234 E4252SA C11830S E4339S (44.3)
T38 (44.6)

C1369 (44.6)
R2825 (44.9)

G37 E4486S (45.7)
E61460S E3243 (46.8)

S21707S (48.4)
S11014 (48.8)
S11148 (51.5)

E51183S (51.9)

R1877 (53.3)
R2303 G291 S12564 S20832S (53.6)

E31548S (54.3)
C1361 (54.7)

S10019 (55.0)
V76 S21174S (55.3)

G4003 (55.6)
S10602 V77 (57.5)

S14155 G2155 (58.6)

C488 (58.9)
C121 (59.9)

E1363S (61.4)
E10477S (61.7)

R716 (68.6)
V37B (71.1)

C16 S11131 (71.4)
C809 (72.5)
C797 (72.8)

E61768S (73.7)
C371 C223 C239 L704 (83.0)

F15 (83.5)
G127 C405 (83.8)

Chromosome 10

Figure 3. Integrated map of rice chromosome 10 showing relative positions of newly developed IRMI SSR markers (to the right of the
chromosome bar) in relation to genetically-mapped RFLP/STS markers (left column). RFLP/STS marker names in left column are
followed by genetic map position in parentheses. Rice Microsatellite (RM) locus ID’s to the right are followed by their corresponding
GenBank Accession numbers, with cM positions in parentheses.
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Figure 4. Distribution of SSRs (lower panel with triangles) and
EST clusters (upper panel with circles) per Mb on each of the
12 chromosomes of rice. Numbers along the graphs represent
the total numbers of SSRs or genes mapped to each chromo-
some by ePCR or based on TIGR gene indices, respectively,
divided by the total length of genomic sequence available for
each chromosome (as of November 2002).

existing genetic and physical maps is an obvious advan-
tage of mapping via e-PCR. The number of SSRs that
can be positioned along the rice map can be expected
to increase as additional genomic sequence information
becomes publicly available.

To investigate the distribution of SSRs per Mb on each
of the 12 chromosomes, we divided the total number of
SSRs mapped to each chromosome (as described above)
by the total length of genomic sequence available for
each chromosome at the time the e-PCR analysis was
run (November 2002). As illustrated in Fig. 4 (lower
panel), the highest density of SSR markers was found on
chromsomes 1, 3, and 5 (with 5.6, 5.8, and 5.6 SSRs per
Mb, respectively) and the lowest density was observed on
chromosomes 8, 9, 10, 11, and 12 (3.8, 3.5, 3.5, 3.7, and
3.6 SSRs per Mb, respectively). When these figures were
compared to the number of EST clusters/Mb on each
chromosome identified by TIGR’s Oryza Gene Index us-
ing the same genomic sequence data (upper panel), the
density of genes was approximately 10 times the density
of newly developed SSRs, but there was a significant cor-
relation (R2 = 0.45; p < 0.015) between the number of
genes/Mb and the number of newly developed SSRs/Mb
at the level of the chromosome. This data is consistent
with observations of non-random associations between
SSRs and genes that have been previously reported by
Temnykh et al.9 and Morgante et al.24

Approximately 2.8% (56) of markers hit BAC clones
that mapped to independent positions on different chro-
mosomes and appeared to be multiple copy. We in-
vestigated 40 SSR markers that fell into this cate-
gory to determine whether there was evidence to sug-
gest that they mapped to internally repeated regions
of the rice genome or whether the multiple chromo-
somal assignment was more likely to be the result of
misassigned BACs, given the emerging status of the

physical map of rice. More than half of the puta-
tive multiple-copy SSR loci were found to reside in du-
plicated regions of the genome, as evidenced by the
fact that the “nearest markers” had multiple map po-
sitions, as determined by genetic mapping. For exam-
ple, RM1869 was detected on both chromosome 1 (near-
est marker R480B) and chromosome 2 (nearest marker
R480A), RM3495 was detected on both chromosome 2
(R1738B) and 10 (R1738A), and RM5496 was detected
on both chromosome 1 (G89A) and 10 (G89B). In sev-
eral cases, groups of multiple-copy SSR markers were
found on the same or contiguous BAC clones and shared
common, multiple-copy “nearest markers.” For exam-
ple, primer sequences for RM1292, RM2614, RM3844,
RM5286, RM6053, RM6736 all hit BACs that mapped to
both chromosome 3 and chromosome 5, and the nearest
marker in each case was R2752, which has locus R2752A
on chromosome 3 and R2752B on chromosome 5.4 A
cluster of 9 SSRs mapped to both chromosome 6 (near-
est marker R1394B) and chromosome 8 (nearest marker
R1394A).

In some cases, SSRs mapped to multiple locations on
the same chromosome. A cluster of 5 markers (RM3346,
RM3564, RM6084, RM5612, and RM5959) hit multi-
ple BACs on chromosome 3 and the nearest marker was
C393, which has one locus at 152.8 cM (C393A) and
another at 156.6 cM (C393B), confirmed by both ge-
netic and physical mapping experiments. While not all
SSRs that show multiple chromosomal positions with
e-PCR could be confirmed to fall in repeated regions of
the genome, it is likely that more will be documented
as higher resolution maps and finished sequence become
available. This data is consistent with reports of multi-
ple, small duplications in rice.1,25

While the proportion of multiple-copy SSR markers
identified in rice agrees with previous reports based on
wet lab experiments,7,18 it is likely that current estimates
underrepresent the amount of internal duplication in the
rice genome. The requirement for 0 mismatches in primer
sequence alignment during e-PCR restricts the number
of hits observed, and obscures the similarity between re-
gions where small genetic changes have occurred in re-
gions flanking SSRs.

An understanding of the relative levels of SSR het-
erozygosity among and within different sub-species of
rice will help guide users of these markers who are
interested in working within specific ecotypes or re-
stricted gene pools. A preliminary survey of polymor-
phism was undertaken for 545 markers to provide an es-
timate of heterozygosity in the two major sub-species of
O. sativa. Eighty-six percent of markers detected size
differences on 3% agarose gels between the japonica cul-
tivar, Nipponbare, and the indica cultivar, Kasalath.
This estimate can be considered a low threshold for de-
tectable polymorphism, given the fact that significantly
higher resolution can be achieved using polyacrylamide
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gels where 2 bp differences can be identified with ease.
These results suggest that the markers provided here will
be immediately useful for applications in rice breeding
and genetics, to demarcate locations of genes along the
rice chromosomes, to link the rice genetic and physical
maps, and to provide location-specific anchors for linking
out to comparative species maps.12 A more in-depth anal-
ysis of marker polymorphism will be presented in a future
study based on a standard panel of diverse O. sativa cul-
tivars. SSRs can also be multiplexed on semi-automated
systems and used in combination with bi-allelic markers
detected as single nucleotide polymorphisms (SNP) or
via transposon display (TD)26–28 in association mapping
and linkage disequilibrium studies. The unique power
of SSRs lies in the fact that they are multi-allelic and
largely co-dominant, providing a powerful assay for stud-
ies of genetic diversity, gene discovery and marker-based
breeding.

While SSRs are readily detected computationally in
genomic sequences, the value of this report is to pro-
vide experimentally confirmed marker reagents, most of
which bracket perfect repeats, providing ready access to a
highly polymorphic fraction of the rice genome. Contin-
uing rounds of e-PCR will be performed as rice physical
mapping and genome sequencing progresses, and this will
contribute to a more robust positioning of the markers.
Updates of the analysis will be released via the Gramene
database (www.gramene.org). Use of a publicly avail-
able set of common, sequence-based reagents for genetic
studies enhances the value of independent experiments,
provides links to existing genotypic and phenotypic data
and deepens our understanding of plant genome function
and evolution.
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