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Abstract One hundred and ninety three parental lines
obtained from 26 countries for an international rice
molecular breeding program were evaluated using 101
well-distributed simple sequence repeat (SSR) markers.
An overall genetic diversity of 0.68 and an average of 6.3
alleles per locus were revealed, indicating a high level of
genetic variation in these lines. Cluster analysis of the 193
accessions showed three major groups and nine sub-
groups. Group I corresponded to the classical indica
subspecies, whereas groups II and III belong to the
japonica subspecies. Indica and japonica differentiation
accounted for only 6.5% of the total variation in the entire
sample and 93.5% was due to within-subspecies diversity.
Differentiation among eco-geographic regions accounted
for 24% of the diversity within the subspecies. Larger
amounts of the eco-geographical differentiation were
resolved within japonica than within indica. The largest
indica-japonica differentiation based on the single locus
level was detected by markers on chromosomes 9 and 12,
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while the smallest differentiation was detected by markers
on chromosomes 4 and 8. Furthermore, genetic differ-
ences at the single-locus and two-locus levels, as well as
components due to allelic and gametic differentiation,
were revealed between indica and japonica and among the
main geographic regions. The multilocus analysis in
genetic diversity showed a higher proportion of variation
caused by predominant non-random associations of
different loci within and among the classified subspecies
and geographic subdivisions. The results suggest that
selection for eco-geographical adaptation on multilocus
associations was largely responsible for the maintenance
of the extensive variation in the primary gene pool of rice.

Keywords Microsatellite variation - Genetic diversity -
Linkage disequilibrium - Multilocus structure - Rice
(Oryza sativa L.)

Introduction

Cultivated rice (Oryza sativa L.) is one of the most
important staple foods for more than half of the world’s
population. Rice is composed of two major subspecies,
indica and japonica, and several ecotypes, which are
adapted to diverse environmental conditions ranging from
upland to lowland and from tropical to temperate zones.
With such a wide range of geographic distribution, rice is
well-known for its rich genetic resources maintained
worldwide with more than 250,000 germplasm collections
of more than 20 cultivated and wild species (Evernson et
al. 1998). In the past decades, many efforts have been
made to assess the genetic diversity within O. sativa at
both the phenotypic and molecular levels (Second 1982;
Glaszmann 1987; Zhang et al. 1992; Yang et al. 1994;
Cho et al. 2000; Liu et al. 1996; Zhu et al. 1998; Li et. al.
2000; Ni et al. 2002).

Although this large germplasm collection has provided
a rich source of genetic diversity for rice improvement in
the past, the proportion of the germplasm collections used
in breeding programs has been very limited (Vaughan and
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Jackson 1995). The under-use of this germplasm has
resulted from breeder’s tendency to choose parental lines
based on phenotype and insufficient knowledge about the
genetic diversity in the germplasm collections. The
limited use of germplasm in breeding has led to a
significant reduction in genetic diversity in commercially
grown rice cultivars worldwide and the increased vulner-
ability of the crop to pests and abiotic stresses.

To solve this problem, two key questions remain to be
answered regarding how much of this genetic diversity,
particularly for complex phenotypes, is “useful” to
breeders, and whether there is a link between genetic
variation at the phenotypic level and at the molecular
level. To answer these questions and to broaden the
genetic base of rice cultivars in the major rice growing-
areas of Asia, we started an international rice molecular
breeding program in 1998 and selected 193 germplasm
accessions worldwide as the parental lines of this
program. We report here molecular characterization of
the genetic diversity of the 193 parental lines using a
well-distributed set of SSR markers at both single-locus
and two-locus levels. Specifically, we would like to
determine the geographic distribution and multilocus
organization of this diversity as the first step for better
understanding and use of these materials in the molecular
breeding program.

Materials and methods
Rice materials

Table 1 summarizes the 193 accessions of O. sativa used in this
study, which included 83 landraces, 15 breeding lines and 95
improved varieties from 26 countries of eight major rice-growing
regions of the world. These included 8 accessions from northern
Asia (Japan and Korea), 46 from East Asia (China, including
Taiwan), 63 from Southeast Asia (Thailand, Vietnam, Bangladesh,
Myanmar, Indonesia, Malaysia and The Philippines), 56 from
South Asia (India, Pakistan, Nepal and Sri Lanka), 6 from Middle
Asia (Iran), 6 from the Americas (USA, Suriname and Peru), 4 from
Africa, and 4 from Europe. For easy analysis, the samples from
Southeast Asia were further divided into two zones designated
SEA1 (Thailand, Vietnam, Bangladesh and Myanmar) and SEA2
(Indonesia, Malaysia and The Philippines). Most accessions were
obtained from the Rice Germplasm Center at the International Rice
Research Institute (IRRI) and the others from the collaborative
institutes or partners of the International Rice Molecular Breeding
Program directly.

SSR assay

DNA was extracted from fresh seedling leaves of each accession
following a modified CTAB method (Saghai-Maroof et al. 1984).
One hundred-and-one SSR markers were selected to represent the
entire rice genome at about a 10-20-cM interval based on the
published framework map (Akagi et al. 1996; Temnykh et al.
2000). Of these, 24 were derived from GenBank sequences and 77
identified from genomic libraries. Information regarding chromo-
somal localizations and repeat types of the SSRs can be found in
the Web database (www.gramene.org/microsat).

PCR amplification was carried out in 20-ul reaction mixtures,
each containing 50 ng of template DNA, 0.4 uM of each primer,
200 uM of each dNTPs, 1 x reaction buffer (10 mM Tris-HCI,
pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 0.01% Gelatin) and 2 units of
Tag DNA polymerase. An MJ Research (Model 96) or Perkin
Elmer (PE 9600) thermo-cycler was used along with the following
PCR profile: an initial denaturation step of 5 min at 94°C, followed
by 35 cycles of 1 min at 94°C, 1 min at 55°C, 2 min at 72°C, and
then a final extension at 72°C for 5 min. The PCR products were
resolved on a 4% sequencing gel followed by silver staining
following the standard protocol (Temnykh et al. 2000).

Silver-stained gels were scanned to capture digital images of the
gels after air drying. The allele size of the amplified band for each
SSR locus was determined based on its migration relative to the 50-
bp DNA ladder and four check varieties (Shennong 89366,
Manawthukha, IR64 and Babaomi) that were loaded in each gel
as references. The capital letters A—-K were used as codes of
different alleles (based on size) detected in each locus. For genetic
similarity estimates and cluster analysis, the allelic data were
converted to a binary format, with the presence of a specific allele
(band) scored as unity and its absence as zero.

Data analyses

Genetic variation at each SSR locus was expressed as the genic
diversity index or genic diversity: H=(1—ZP,—2), where P; is the
frequency of the ith allele of the locus. For a subdivided sample, the
total diversity of the sample can be partitioned into its components
resulting from differentiation among populations and diversity
within populations (Nei 1973). Such partitioning was carried out in
three ways: based on the clustered subspecies (e.g., indica and
japonica), geography, and cross-classified groups in which the total
sample was first classified into two subspecies and then each
subspecies was subdivided into geographic subpopulations. The
statistical significance of the differences in diversity and the
number of alleles between groups over loci were assessed using the
Wilcoxon signed-rank test (StatSoft 1991).

Genetic similarities were estimated from the allele binary
format dataset using the Dice method (Nei and Li 1979). The 193
accessions were clustered based on the matrix of genetic similar-
ities using the unweighted pair group method with arithmetic
averages (UPGMA). The cluster analysis and dendrogram con-
struction were performed with NTSYS-PC (version 1.8). The

Table 1 Geographic origins of

the 193 O. sativa L. accessions Geographic regions Countries Number of accessions

sampled for SSR assay Indica  Japonica  Total
North Asia (NA) Japan, Korea 3 5 8
East Asia (EA) China 31 15 46
Southeast Asia (SEA1)  Thailand, Vietnam, Bangladesh, Myanmar 29 6 35
Southeast Asia (SEA2)  Indonesia, Malaysia, Philippines (IRRI) 26 2 28
South Asia (SA) India, Pakistan, Nepal, Sri Lanka 39 17 56
Middle Asia (ME) Iran 2 4 6
Africa Egypt, Guinea, Guinea-Bissau, Madagascar 1 3 4
America USA, Suriname, Peru 1 5 6
Europe France, Hungary, Italy, Portugal 0 4 4
Total 26 132 61 193




varietal groups determined from the cluster analysis were used as
subpopulations for further investigation.

Genetic variation among and within subpopulations was
analyzed by the software package POPGENE (version 1.31) (Yeh
et al. 1997). The number of alleles, genic diversity, genetic distance
among subpopulations, linkage disequilibrium (LD) and multilocus
structure, were estimated by the software. LD between pairs of SSR
alleles was estimated using the standardized disequilibrium coef-
ficient: D'= -D/D,mlx D=P;—pip; is the linkage disequilibrium coef-
ficient, where p; is the frequency of the i allele of the first locus; pj
is the frequency of the jth allele of the second locus; Pj is the
frequency of the gametic type with the ith allele at the first locus
and the jth allele at the second. D has values between —1 to 1, and
Diax is the highest possible value of the D, which equals the min
[pi(1-p;), (1-pppjl. Chi-square tests were used to determine the
significances of these estimates (Weir 1990). The multilocus
structure of the sample was evaluated using Ohta’s (1982) method
in which populatlon subdivision was determined by partitioning the
total variance (Drp?) of pairwise two-locus data mto two compo-
nents: one due to allelic differentiation (DST ) and another
corresponding to LD w1th1n subpopulations (Dys?). Alternatively,
the total variance (Drr?) can be viewed as composed of a portion
accounted for by gametlc differentiation at paired loci among
subpopulations (D’ 1s2), and a portion representing LD in the whole
population (D’ s1%). Brown’s analysis for multilocus associations
among and within subpopulations was also performed with the
POPGENE program. The multilocus association variances were
partitioned into single-locus and two-locus components (Brown and
Feldman 1981).

Results

SSR diversity in the sample

All 101 SSR loci were polymorphic and produced a total
of 628 alleles among the 193 accessions assayed. The
average number of alleles per locus was 6.25, ranging
from 2 to 11. The average genic diversity over all SSR
loci was 0.68, ranging from 0.13 (RM230 on chromosome
8) to 0.88 (RM21 on chromosome 11) (Table 2). The
genic diversity at each SSR locus was significantly
correlated with the number of alleles detected (r=0.624,
P<0.001). The majority (73/101) of the SSRs are (GA),
di-nucleotide repeats. The number of repeats within the
SSRs was not significantly correlated (7=0.195) with the
genic diversity, but was significantly correlated (r=0.400,
P<0.01) with the number of alleles at a locus.

Classification of the sample

The 193 accessions were classified into nine clusters
within three major groups by the UPGMA algorithm
based on the genetic similarity matrix (Fig. 1). Group I
contained 132 accessions from eight geographic regions,
which could be further divided into three subgroups, GI-1,
GI-2 and GI-3. Group II contained 50 entries that could be
further clustered into three subgroups (GII-1, GII-2 and
GII-3) plus one solitary genotype (Baobaomi from
Yunnan, China). Group III had nine accessions, all
originating in Northeast Asia (Japan, Korea and China)
except one (Basmati 370) from India. Interestingly, a
deepwater variety, Jalmagna from India, could not be
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classified into any group mentioned above and thus
formed another single-solitary genotype.

Grouping of varieties revealed by this analysis gener-
ally agreed with the previous classification of varietal
groups and/or subspecies based on the isozyme variation
(Glaszmann 1987; Li and Rutger 2000). For example, GI-
1 includes most modern indica cultivars (such as IR64,
IR72, PSBR28 and Teqing), important parental lines of
hybrid rice (such as Minghui63 and IR58025B), and
several varieties derived from indica/japonica crosses
(such as Milyang 23 and Zhong413). The entries in Group
IT apparently belonged to japonica and could be clearly
grouped into different subclusters (e.g., GII-1, GII-2 and
GII-3) representing several geographic regions (Iran,
USA and Europe), except for two entries that appeared
to have a different identity based on their phenotypes.
Group III included japonica types from China and
Northeast Asia. Thus, Group I corresponded to indica,
and Groups II and III together comprised japonica for the
subsequent analyses.

Genetic diversity and differentiation among clustered
groups

On average, the within-group diversity and among-group
differentiation accounted for 68.2% and 21.8% of the total
genetic diversity, respectively (Table 3). Both indica and
japonica showed a high level of within-group diversity.
The indica group had 6.1 alleles per locus and a diversity
value of 0.641, and the japonica group had 5.6 alleles per
locus and a diversity value of 0.661. The Wilcoxon test
indicated that the overall diversity level did not differ
significantly between the indica and japonica groups
(Z=0.73, P=0.467).

SSR markers on individual chromosomes showed
varied levels of diversity and subspecific differentiation
(Table 3). The highest diversity (0.77) was detected for
the SSRs on chromosome 6 and the lowest (0.52) on
chromosome 8. The indica group showed a consistently
greater number of alleles per locus than the japonicas,
whereas the differences in genic diversity between the
two subspecies appeared to vary from one chromosome to
another. Partitioning of the genetic diversity showed a
strong differentiation among the clustered groups within
the two subspecies. The differentiation (Gst) was much
greater (21.5%) among different clusters within the
japonica group than within the indica group (12.1%).
This among-cluster differentiation also varied consider-
ably across different chromosomes. The overall subspe-
cific differentiation also varied across SSRs on different
chromosomes, with those on chromosomes 9 and 12
showing the greatest Ggr values, and those on chromo-
somes 8 and 4 showing the smallest (see Table 5).

Rare alleles with frequencies less than 0.05 accounted
for a significant proportion (23.7%) of the total alleles
detected and apparently contributed to the observed
subspecific and geographic differentiations in the sampled
accessions. For instance, a total of 31 alleles at 27 loci
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Table 2 Chromosomal loca-

tion, number of alleles (N.). Locus Chr. Na H Gsr Locus Ch. Na H Gst
genetic diversity (H), and RM84 1 9 0.76 0.146 RM30 6 5 0.69 0.381
among varietal group differen- ~ RM220  J 6 0.41 0.137 RMS51 7 6 0.77 0.306
tiation (Ggr) at each of 101 SSR  RM1 1 4 0.59 0.164 RMI1 7 6 0.80 0.351
loci in 193 rice accessions RM23 1 6 0.73 0.153 OSR22 7 5 0.63 0.128
RM259 1 6 0.60 0.268 OSR4 7 8 0.55 0.073
RM243 1 5 0.61 0.412 RM10 7 4 0.58 0.260
RM9 1 9 0.78 0.188 RM234 7 7 0.83 0.225
RM5 1 7 0.78 0.192 RMI18 7 6 0.77 0.145
RM34 1 5 0.62 0.214 OSR30 8 5 0.61 0.128
RM237 1 5 0.65 0.076 RM38 8 8 0.79 0.176
RM200 1 5 0.74 0.241 RM25 8 9 0.54 0.136
OSR27 1 4 0.73 0.383 RM42 8 4 0.36 0.175
RM14 1 6 0.58 0.192 RM256 8 3 0.27 0.034
RM211 2 6 0.76 0.203 RMS80 8 8 0.85 0.08
RM233 2(5) 3 0.52 0.516 OSR7 8 4 0.58 0.17
RM236 2 4 0.64 0.327 RM230 8 3 0.13 0.03
RMS8 2 5 0.78 0.378 RM219 9 9 0.83 0.261
OSR8 2 5 0.72 0.18 RM257 9 7 0.76 0.279
OSR9A 2 8 0.50 0.146 RM242 9 8 0.85 0.281
RM27 2 4 0.68 0.176 RM201 9 4 0.70 0.543
RM263 2 8 0.84 0.286 OSR28 9 8 0.82 0.337
RM221 2 4 0.66 0.458 RM215 9 4 0.53 0.131
RM6 2 6 0.77 0.375 RM205 9 6 0.70 0.270
RM208 2 6 0.75 0.250 OSR12 9 7 0.66 0.380
RM213 2 6 0.43 0.082 RM222 10 5 0.72 0.186
RM48 2 7 0.60 0.159 RM244 10 4 0.48 0.101
RM60 3 4 0.23 0.147 RM216 10 6 0.66 0.109
RM22 3 4 0.67 0.151 RM239 10 3 0.54 0.246
RM231 3 7 0.80 0.253 OSR33 10 5 0.70 0.145
RM7 3 8 0.77 0.304 RM258 10 4 0.72 0.176
RM218 3 11 0.87 0.152 RM228 10 8 0.63 0.132
RM232 3 9 0.76 0.083 OSRI1 11 4 0.41 0.294
RM16 3 7 0.76 0.250 RM167 11 7 0.72 0.238
OSR31 3 4 0.55 0.282 RM120 11 4 0.67 0.227
RMS55 3 5 0.69 0.234 RM202 11 6 0.64 0.214
RM227 3 6 0.66 0.161 RM209 11 8 0.83 0.275
RM261 4 7 0.71 0.254 RM229 11 7 0.79 0.181
RM252 4 7 0.83 0.183 RM21 11 10 0.88 0.083
RM241 4 6 0.73 0.203 RM206 11 10 0.86 0.083
RM255 4 5 0.42 0.273 RM254 11 7 0.76 0.130
OSR34 5 6 0.56 0.365 OSR6 11 9 0.87 0.110
RM122 5 6 0.73 0.158 RM224 11 8 0.82 0.210
RMI13 5 6 0.74 0.168 RM123 11 6 0.56 0.187
RM163 5 9 0.84 0.170 RM20 12 5 0.56 0.358
RM164 5 8 0.84 0.176 RM4 12 6 0.77 0.184
OSR19 6 9 0.84 0.168 RM19 12 7 0.79 0.252
RM204 6 8 0.73 0.145 RM247 12 7 0.55 0.257
RM225 6 7 0.75 0.173 OSR20 12 3 0.63 0.275
RM253 6 7 0.78 0.291 OSR32 12 7 0.83 0.158
RM217 6 9 0.83 0.272 RM17 12 7 0.79 0.390
RM3 6 7 0.74 0.194
Average 6.2 0.68 0.218

appeared to be subspecies-specific, excluding very rare
alleles that occurred in less than six accessions in the entire
sample (data not given). Of those, 29 alleles at 25 loci
occurred only in the indica accessions, whereas two alleles
at two loci (RM48 and RM20) were observed only in the
japonica lines. Geographically, seven unique alleles at
RM9, OSR9A, RM42, ORS7, RM222, RM202 and RM20
detected in accessions from EA, SEA1, SEA2 and SA were
not found in the Chinese accessions which had 11 alleles at
RMS5, RM48, RM227, RM225, OSR7, RM219, RM205,
OSR12, RM222, RM20 and OSR32 that were not detected
in the samples from Southeast Asia and South Asia.

Fig. 1 Dendrogram of 193 rice accessions clustered based on the
Dice genetic similarity matrix by UPGMA analysis, which showed
three main groups and nine subclusters at the similarity coefficient
of 0.35. The horizontal axis represents scales of the similarity
coefficient. The names, origins, IRGC (International Rice Germ-
plasm Center) accession numbers, and subspecific information (I =
indica and J = japonica) of the 193 accessions were linked with the
dendrogram, which is available as supporting information on the
web site (http://link.springer.de)
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Table 3 The number of alleles

(N,), genic diversity (H), and " E‘C’l of  Na H Gsr (%)
among-cluster genetic differen- I J T 1 J T I J T
tiation (Ggt) of SSR loci on 12
rice chromosomes within indica 1 13 5.8 5.5 59 0.600 0.688 0.660 12.7 19.9 21.3
(I and japonica (J), and the 2 13 5.3 5.0 5.5 0.612 0.643 0.665 16.8 25.6 27.2
total sample (T) 3 10 6.4 5.6 6.5 0.659 0.645 0.676 10.8 22.5 20.2
4 4 6.3 5.8 6.3 0.615 0.719 0.676 12.7 20.1 22.8
5 5 6.8 6.4 7.0 0.741 0.688 0.742 114 23.4 20.7
6 7 7.4 7.1 7.4 0.722 0.682 0.766 9.3 23.5 23.2
7 7 6.0 5.7 6.0 0.683 0.665 0.706 12.6 22.4 21.3
8 8 5.5 4.8 5.5 0.477 0.543 0.516 4.6 11.8 11.6
9 8 6.6 5.5 6.6 0.701 0.599 0.730 18.8 30.9 31.0
10 7 5.0 44 5.0 0.600 0.603 0.634 8.3 14.5 15.7
11 12 7.2 6.5 7.2 0.699 0.741 0.735 9.9 18.5 18.6
12 7 5.9 54 6.0 0.625 0.713 0.703 15.2 24.4 26.8
Mean 6.1 5.6 6.2 0.641 0.661 0.682 12.1 21.5 21.8
Table 4 Geographic patterns of genic diversity over 101 SSR loci of 193 rice accessions
Region  Group Totals
Indica® Japonica
N, n Na H N, n Na H N, n Na H
NA 75 3 1.96A+0.69 0.38A+0.24 91 5 238Ax0.76 0.47A+0.19 97 8 3.07A%1.03 0.54A+0.18
EA 99 31 4.87A%1.64 0.60A+0.20 101 15 4.11A+1.30 0.62A+0.15 101 46  5.42A+1.74 0.66A+0.16
SEAL1 101 29 491A+1.63 0.61A+0.18 83 6 2.60Ax1.14 0.45A+0.25 101 35 529Ax1.75 0.63A+0.17
SEA2 101 26 4.49A+1.40 0.59A+0.17 66 2 1.68A+0.47 0.34A+0.23 101 28  4778A+1.53 0.61A+0.16
SA 101 39 530A%1.65 0.62A%0.17 101 16 4.21A+1.39 0.62A+0.16 101 55 5.73A+1.70  0.67A%0.15
ME 83 4  229A+0.82 0.45A+0.23 75 4 2.02A%0.76  0.36A+0.24 98 6 3.00Ax0.94 0.55A+0.17
Africa 73 3 1.92A+0.69 0.37A+0.24 87 4 233A+083 0.45A+0.22
America 92 5 253A+0.81 0.48A+0.20 95 6 2.83Ax0.84 0.52A+0.18
Europe 70 4 191A+0.75 0.33A+0.24 70 4 191Ax0.75 0.33A+0.24
Total 101 132 6.14Ax1.79 0.64A+0.17 101 60 5.60A+1.83 0.66A+0.14 101 192° 6.26A+1.81 0.68A+0.14

* Np = number of polymorphic loci among the accessions; n = sample size for each subgroup; N = observed number of alleles per locus;

H = Nei’s (1973) gene diversity across loci

> Two accessions from Africa and America were included in the ME

¢ One unique variety (Jalmagna) was not included

Genic diversity and its geographic distribution patterns

Table 4 shows the results of the genic diversity
partitioned within and among different geographic re-
gions. Based on the number of alleles per locus and the
estimated genic diversity from the SSRs, East Asia (EA),
Southeast Asia (SEA) and South Asia (SA) appeared to be
highly diverse for the indica group, and EA and SA were
highly diverse for the japonica group.

The japonica accessions showed a much-more pro-
nounced geographic differentiation, although the mean
genic diversity within japonica was the same as that
within indica. The relative contribution of among-region
diversity to the total diversity within the subspecies was
24.2%, ranging from 11.5% on chromosome 7 to 34.8%
on chromosome 11 (Table 5). The average subspecific
differentiation across the chromosomes was only 6.5%.
Among-region variation within indica accounted for
15.3% of the total variation, and that within japonica
accounted for 30.1% of the total variation. The japonica
group showed a greater geographic diversity than the
indica group (Table 5).

LD between SSR loci within subspecies

Table 6 shows the results of LD analyses. The total
number of significant LDs (P<0.001) detected in the 193
lines was 3,407 for indica and 2,344 for japonica,
respectively, which was 59-times and 39-times higher
than that expected by chance. More significant LDs were
detected in the indica than in the japonica group. LDs also
differed among geographic regions. Binomial tests
showed that the significant LDs detected between alleles
at different loci were much more frequent than expected
by chance, indicating prevalent non-random associations
between alleles at different loci of the genome in the
sample. A careful check of the LDs significant at 0.001
indicated that the average number of LDs between loci on
the same chromosome was only 26 for the indica group
and 14 for the japonica group, suggesting that linkage was
not the main causes of the observed LDs. Interestingly,
strong associations between many alleles specific to
subspecies were frequently detected, such as associations
of allele B at RM219 with allele B at RM202, allele F at
RM231 with allele F at RM224, and allele E at RM7 with
allele B at RM219.
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Table 5 Patterns of genic di-

versity of SSR markers on dif- Chr. Hr 872; Indica Japonica
ferent chromosomes for the Hg Hc Ges (%) Hsg Hc Gcs (%)
geographically subdivided rice
accessions 1 0.696 6.3 0.599 0.513 14.0 0.688 0.472 31.3
2 0.674 8.1 0.622 0.518 16.9 0.619 0.443 28.2
3 0.677 4.6 0.657 0.556 15.4 0.641 0.462 29.0
4 0.688 4.0 0.621 0.520 15.8 0.691 0.476 31.5
5 0.712 5.2 0.711 0.609 14.3 0.653 0.474 28.5
6 0.748 8.9 0.734 0.620 15.6 0.656 0.479 26.1
7 0.704 4.7 0.696 0.614 11.5 0.652 0.440 32.6
8 0.524 43 0.472 0.383 15.6 0.517 0.367 27.3
9 0.694 9.8 0.700 0.602 14.2 0.574 0.428 242
10 0.622 7.0 0.584 0.511 13.2 0.569 0.372 344
11 0.749 5.1 0.685 0.564 17.4 0.731 0.477 34.8
12 0.733 9.0 0.643 0.544 14.6 0.683 0.488 28.9
Overall 0.686 6.5 0.641 0.542 15.3 0.642 0.449 30.1

% Hr, Hs and Hc represent the mean genic diversity of the total, within-group, and within-region
samples; Ggt and Gcg represent the relative contribution of between-subspecies diversity to the total
variation and that of among-region diversity to total within-subspecies variation, respectively

Table 6 Number of significant

(P<0.001) linkage disequilibri- Region  Indica Japonica Total

um (LD) of alleles between N n n/N N n n/N N n n/N

different SSR loci for subdi- (%) (%) (%)

vided populations, and for the

entire samples NA 9,779 0 0.0 17,960 0 0.0 29,048 0 0.0
EA 44,601 1,273 29 45,017 598 1.3 59,485 1,515 2.5
SEA1 46,662 1,508 32 16,985 0 0.0 54,374 1,650 3.0
SEA2 41,247 1,049 2.5 6,095 0 0.0 44,841 1,384 3.1
SA 51,667 1,653 32 46,884 811 1.7 64,100 1,980 3.1
ME 15,128 0 0.0 9,019 0 0.0 30,371 0 0.0
Total 57,630 3,407 59 59,685 2,344 39

4N and n are the total number of pairwise LD performed and the number of LD significant at P<0.001

Table 7 Partitioning of vari- i 2 2 2 ;2 12
ance components of linkage Subdivision Drr Drs Dsr D'is Dst
disequilibrium between alleles  A: I-J subspecies 0.0423 0.0107 0.0307 0.0307 0.0116
at different SSR loci in different ~ B: geographic regions 0.0416 0.0183 0.0222 0.0328 0.0088
subdivided populations C: sub + regions 0.2648 0.0531 0.2103 0.2369 0.0279

D%, Dis?, Dst?, D'is? and D'sp? are the total variance of LD, the components due to linkage
disequilibrium within subpopulations, allelic differentiation between pairwise loci, gametic differen-
tiation between pairwise loci, and linkage disequilibrium in the total population, respectively

LD patterns in subpopulations

The components resulting from partitioning the total
variance (Dyr?) of LDs averaged over all possible pairs
are listed in Table 7. The total samples were subdivided
into different subpopulations in three ways, with A for the
two clustered subspecies, B for the four main geographic
subpopulations of large sample sizes, and C for the cross-
classified subdivisions into which the samples within the
two subspecies were further delineated into geographic
subpopulations. The relationship between D'ig> (the
component of the gametic differentiation) and Dg1? (the
allelic differentiation) was the same for subdivision A and
greater in B and C, respectively, indicating a more-
pronounced differentiation at the multilocus level than at
the single-locus level. The observed Dgr? was nearly 4-
and 3-times larger than Dis” in subdivisions C and A,
indicating that the allele frequencies were very different

among the subdivisions. The D’ s> was about 9-, 4- and 2-
times as large as D'sp? for subdivisions C, B and A,
respectively, indicating that the gametic frequency dif-
ferentiation as the major contributor (72.6%, 78.8% and
89.5%) to the LD observed in the subspecies and
geographic populations. Overall, the results of Dig?><Dgr?
and D'ig>>D’'sp? indicated that migration among the
subdivisions is very limited.

To evaluate the genetic structure associated with the
subspecies and geographic groups, analysis of multilocus
associations was applied to the SSR data. Table 8 shows
the components of multilocus associations among and
within the populations obtained by the method of Brown
and Feldman (1981). These included the single-locus
components representing the average variation among
subpopulations in genic diversity and the variance among
subpopulations in allele frequency, and the two-locus
components, such as the mean and variance of LD, the
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Table 8 Brown’s multilocus
analysis of the SSR diversity
and linkage disequilibrium of

the subpopulations from three
classified ways for the 193
accessions

Source of variance Abbreviated as® Values”

C B A
Single-locus effect
Mean gene diversity MH 20.64 20.54 20.45
Variance of diversity VH 2.35 0.42 0.56
Wahlund’s effect WH -3.17 -1.01 -1.19
Two-locus effect
Mean disequilibrium MD 43.92 76.37 55.74
Wahlund’s effect wC 29.12 3.74 19.50
Interaction between MD and WC Al 10.69 3.42 5.55
Variance of disequilibrium VD 276.24 111.47 42.76
Covariance of interactions CI 5.48 3.66 1.69
Total variance % 103.54 103.48 100.58
Average variance o 356.97 215.45 126.10

2 62=MH+VH+WH+MD+WC+Al, 6%=MH+MD+AI+VD+CI

b A, B and C represent analyses based on the subspecific division (two subspecies), the geographically
subdivision (four main subpopulations for the analysis), and the nested subdivision (the total sample
was first classified into two subspecies and then each subspecies was subdivided into geographic
subpopulations, forming a total of 15 population subdivisions), respectively

covariance of allele frequencies over subpopulations, and
various interactions. These components were measured by
their contributions to the total variance regarding the
number of heterozygous loci between two randomly
chosen gametes.

For the subspecific division (A), the single-locus
components accounted for approximately 20% of the
total variance (62,). The variance of mean disequilibrium
accounted for 55.7% of the total variance in the two-locus
components, indicating that the disequilibria were not
only high within subspecies, but also highly different
between subspecies. The large proportion of the differ-
entiation was due to the joint responses involving two or
more loci, indicating that the indica-japonica differenti-
ation is much-more pronounced in multilocus structure.
For geographic (B) and cross-classified (C) subpopula-
tions, similar patterns were observed, indicating that the
multilocus associations were predominant in both geo-
graphic and cross-classified subdivisions. The multilocus
structure varied across the geographic regions, as sug-
gested by the large portion of the disequilibrium variance
(VD) in the total variance in all three subdivisions.
Wahlund’s effect was small in all population subdivi-
sions, indicating that selection, rather than population
admixture or founder effect, was largely responsible for
the observed multilocus structure.

Discussion

This study was the first step in characterizing the
molecular diversity of a large set of parental lines used
in the International Rice Molecular Breeding Program
coordinated by IRRI. The 193 accessions included 65
elite commercially grown cultivars, each of which is
currently used as the recipient in a large-scale backcross-
breeding program. All 193 accessions are also used as
donors in different participating institutions. This large

backcross-breeding program was designed to exploit the
diversity of complex phenotypes within the rice primary
gene pool by transferring useful genetic diversity from the
primary gene pool into the elite rice cultivars grown
across Asia and integrating DNA markers with breeding
for the discovery of useful genes/QTLs underlying
important traits such as grain quality, yield and abiotic
stress tolerances during the process of cultivar develop-
ment. Thus, information regarding genetic diversity, SSR
polymorphism and relationships among the materials is
essential for achieving our objectives.

The sampling of the 193 accessions in this study was
not random and tentative, because it aimed to cover as
much diversity as possible based on our current knowl-
edge on the genetic diversity within O. sativa. The
observed level of genetic diversity from the SSRs and its
distribution pattern were generally consistent with those
of most previous studies based on much larger samples
(Glaszmann 1987; Li and Rutger 2000). Thus, it can be
concluded that the 193 accessions sampled indeed
represent a significant breadth of the total genetic
diversity within O. sativa. SSR markers for this assay
were chosen because of their obvious advantages such as
abundance in the genome, high level of polymorphism,
co-dominance and cost-effectiveness (Yang et al. 1994;
McCouch et al. 1997; Ni et al. 2002), which were clearly
demonstrated in this study. The high level of SSR
polymorphism detected among the japonica accessions,
however, was surprising since japonica accessions tended
to show a low level of polymorphism for other types of
markers such as isozyme and RFLP loci (Glaszmann
1987; Zhang et al. 1992; Li and Rutger 2000). This could
be attributed primarily to the diverse origins of the
japonica accessions sampled in our materials.

Our results revealed several unique features of the SSR
diversity in O. sativa. The first unique feature of the SSRs
in rice is its high level of diversity within both japonica
and indica groups. This was different from the result from



isozymes of the same set of materials, which revealed a
much higher diversity in the indica accessions than the
japonica ones (data not shown). Second, the SSRs clearly
show the well-documented indica-japonica differentiation
that was reflected as subspecies-specific alleles at many
loci, but this subspecific differentiation accounted for
only 6.5% of the total SSR diversity in the samples and
was much-less pronounced than the isozyme variation
(data not shown). While this is expected, based on the
genetic neutrality of most SSR loci and easier generation
of SSR diversity by mutation, unequal crossover and other
mechanisms (McCouch et al. 1997), it does suggest the
independent evolution of japonica from indica. Third, the
japonica group exhibited larger geographic differentiation
at both single-locus and multi-locus levels than the indica
group, and the japonica group was clearly differentiated
into two subgroups, providing evidence supporting the
presence of tropical and temperate japonica ecotypes first
proposed by Chang (1976). The single solitary genotype
for the deepwater rice (Jalmagna) in our grouping
indicated that novel genotypes often arise from the
extreme selection pressure, though what was responsible
for another solitary genotype, Baobaomi from Yunnan of
China, remains unknown. The fourth feature of SSRs in
rice was the prevalence of the non-random associations
between or among unlinked SSR loci resulting from the
subspecific and geographic differentiation within O.
sativa. The multilocus combinations tended to show a
greater level of differentiation than alleles at single SSR
loci within various subdivisions. This result is much the
same as that observed for the isozyme loci in O. sativa (Li
and Rutger 2000).

We further found that the gametic frequency differen-
tiation was the major contribution to the observed LD,
and the relationship of Dis’<Dgr? and D'1g>>D's7? held
true for all subdivisions. According to Ohta (1982), this
indicates that migration was limited between accessions
of the subspecies or among the geographic regions. While
this interpretation appears to be the case for the landraces
in our sample, it is in conflict with the fact that many elite
cultivars in our sample were derived from complex
pedigrees involving parents from different geographic
regions. Therefore, the observed multilocus structure of
the SSR diversity more likely resulted from genetic
hitchhiking of those loci under the disruptive selection in
the two subspecies isolated by partial reproductive
barriers and/or under varied ecologically adaptive selec-
tion in different geographic regions (Allard 1996; Li et al.
1999, 2000; Li and Rutger 2000). Evidence supporting
this interpretation came also from the observed genomic
region-specific diversity of the SSRs, which suggests that
genes involved in subspecific and geographic differenti-
ations were not randomly distributed in the rice genome.
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