
Euphytica (2008) 160:339–355  

DOI 10.1007/s10681-007-9535-y

Molecular diversity and genome-wide linkage disequilibrium 
patterns in a worldwide collection of Oryza sativa and its 
wild relatives

H. A. Agrama · G. C. Eizenga 

Received: 25 May 2007 / Accepted: 30 July 2007 / Published online: 9 August 2007
©  Springer Science+Business Media B.V. 2007

Abstract Genetic diversity analysis within a species
is vital for understanding evolutionary processes at the
population and genomic levels. We report a detailed
study of molecular diversity, polymorphism and link-
age disequilibrium in three groups of rice (Oryza)
germplasm accessions based on 176 SSR markers.
The Wrst group included 65 rice (O. sativa L.) acces-
sions introduced from seven countries, including Wve
regions of China. The second group included 58 US
rice varieties released in the past 25 years. The third
group consisted of 54 accessions of rice wild relatives
represented by ten diVerent species. The number of
alleles per SSR marker ranged from 4 to 32 with a
mean of 16 alleles and the polymorphism information
content values ranged from 0.43 to 0.91 with a mean
of 0.70. The variation in SSR alleles was a signiWcant
contribution to the genetic discrimination of the 177
accessions within the three Oryza groups. Analysis of
molecular variance identiWed deviation from Hardy–
Weinberg equilibrium. Principal coordinates analysis
clearly separated the accessions into their respective

three groups. Neighbor-joining phylogenetic cluster
reXects the ordination of each accession. Linkage dis-
equilibrium (D�) averaged 0.75 in wild Oryza spp.,
and about 0.5 in both US and international O. sativa
accessions. Our results showed that LD among adja-
cent loci in both O. sativa and Oryza spp. accessions is
strong enough to be detecting marker-trait association
via genome-wide scans.
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Introduction

Genetic mapping in plants up to now involves the
development, genotyping and phenotyping of a ran-
dom sample of lines derived from a single cross of
two accessions. This type of mapping population
shows extreme disequilibrium between loci (Mather
et al. 2004), and is used to detect quantitative trait loci
(QTL) for phenotypic traits and to map these traits to
an approximate location in the genome. Both QTL
and association mapping approaches require LD
between markers and genes underlying a phenotypic
trait. In contrast to QTL studies, where LD is gener-
ated by the mating design, association methods rely
entirely on the LD present in the germplasm under
study, therefore chromosome segments in LD are a
prerequisite for association methods (Maurer et al.
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2006). Ideally these segments contain a marker and a
locus responsible for the trait of interest. Association
studies can be carried out by testing for association of
phenotypic traits with markers spread across the
entire genome (genome scan approach) or with mark-
ers in regions of candidate genes (candidate gene
approach). By contrast, genetic mapping of humans
relies on analysis of genotypic and phenotypic data
sampled in a non-random fashion from existing popu-
lations of complex but often unknown structure
(Kruglyak 1999).

The non-random association of alleles at diVerent
loci is commonly referred to as linkage disequilib-
rium (LD) and has become an important aspect of
studies on population structure in animals, plants and
human evolution (Sawyer et al. 2005). In such popu-
lations, LD may decline within relatively short dis-
tances in the genome, which makes Wne mapping
possible. A variety of statistics have been used to
measure LD for diVerent purposes with the two most
common being r2 and D� (Flint-Garcia et al. 2003).
For LD between two multi-allelic loci, D� was applied
in Oryza (Thomson et al. 2007), Triticum (Maccaferri
et al. 2005) and Zea mays L. (Maurer et al. 2006;
Stich et al. 2005). Multi-allelic markers like SSR
markers were used in LD-based association studies in
Triticum (Kruger et al. 2004; Maccaferri et al. 2005),
Hordeum vulgare L. (Kraakman et al. 2004, 2006), Z.
mays (Stich et al. 2005) and Lolium perenne L. (Skøt
et al. 2005) to identify the position of the genes con-
ferring a speciWc trait or phenotype. In sugar beet
(Beta vulgaris L.), LD extended up to three cM (Kraft
et al. 2000), while LD in some Arabidopsis popula-
tions exceeds 50 cM (Nordborg et al. 2002). LD as a
function of genetic distance is very common for
distances <10 cM (Kraakman et al. 2004) in barley
(H. vulgare), a self-pollinating species, as compared
to Z. mays, an out-crossing species, where the LD
declined at distance >2000 bp (Remington et al.
2001). Population structure and its eVect on diversity
and LD surrounding the Xa5 locus using 21 Simple
sequence repeat (SSR) from 114 rice accessions was
reported (Garris et al. 2003). These populations were
highly structured and signiWcant LD was observed
between sites up to 100 kb apart. This is comparable
to the level of LD in Xowering time gene FRIGIDA in
A. thaliana (Johanson et al. 2000) but diVers markedly
from that in dwarf8 and other genes in maize (Thorns-
berry et al. 2001). In another study of Arabidopsis,

the LD decayed rapidly within 50 kb (Nordborg et al.
2005) as compared to one human population where
the LD extended over 3 cM (Eaves et al. 1998).

SSR markers have been widely used in rice (Oryza
sativa L.) germplasm evaluation for both international
(Ishii and McCouch 2000; Ishii et al. 2001; Semon
et al. 2005; Thomson et al. 2007) and domestic US
(Ni et al. 2002; Lu et al. 2005) collections. These
studies also revealed the classiWcation within the
Asian cultivated rice, O. sativa, into indica and japon-
ica based on their gross morphology and growth habi-
tats (Chang 1995) and identiWcation of the wild
species O. ruWpogon GriV. and O. nivara Sharma et
Shastry as the ancestors of O. sativa. The use of SSRs
to interpret population structure provides much
greater resolution than other types of markers because
of the high level of polymorphism at SSR loci
(Akkaya et al. 1992; Cho et al. 2000). In rice, the
highly polymorphic nature of SSR motifs is coupled
with a low level of homoplasy observed in O. sativa
cultivars (Chen et al. 2002), providing an appropriate
tool for population genetic studies (Lu et al. 2005).
The number of markers needed for a genome-wide
association mapping depends on the level of LD
extends in the populations of interest. LD mapping
could complement and enhance previous QTL infor-
mation for marker-assisted selection in wheat
(Breseghello and Sorrells 2006), barley (Kraakman
et al. 2006) and maize (Yu and Buckler 2006). LD is
considered especially valuable in studies to map
genes associated with common complex traits. These
traits have very low mutation rates, thus, nonrandom
association between diVerent allelic forms must be
deWned.

Frequent disequilibrium among non-linked SSR
markers within diverse sets of barley germplasm
accessions was observed, suggesting that association
mapping without consideration of population structure
would have a high Type I error rate (Mather et al.
2004). With suYcient marker density and control of
population structure, patterns of disequilibrium among
loci may be appropriate for association mapping of
trait loci. However, LD patterns were found to vary
substantially between human among populations
(Sawyer et al. 2005). The signiWcant quantitative and
qualitative variation in LD among populations, even
for populations within a geographic region, indicates
the importance of studying diverse populations in any
project to assure broad applicability of the results. The
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objectives of this study were to analyze the molecular
genetic diversity in a diverse collection of rice germ-
plasm and estimate the pairwise LD between SSR
markers that covered the complete rice genome in
three groups of Oryza accessions, O. sativa from
international sources and the US and wild Oryza spp.

Materials and methods

The background of the three groups of rice accessions
used in this study is given in Table 1. The Wrst group
included 65 accessions introduced from seven coun-
tries, including Wve regions of China (Eizenga et al.
2006). The second group included 58 US varieties
released in the past 25 years or used as parents in US
rice breeding programs (Lu et al. 2005). The third
group consisted of 54 rice wild relatives (Oryza spp.)
represented by ten diVerent species (Eizenga et al.
2007).

Seedling growth and DNA extractions for the US
varieties were according to Lu et al. (2005). Seedling
germination and DNA extraction for the O. sativa
accessions from international sources and the wild
Oryza spp. were according to Eizenga et al. (2006)
with the wild Oryza spp. accessions going through a
tissue culture step for good germination (Eizenga
et al. 2007). One hundred and seventy-six markers
located on the twelve chromosomes were selected
from the SSR set developed and mapped by McCouch
et al. (2002). The SSR covered a total of 1745.5 cM
of rice genome with an average of 10.6 cM between
adjacent loci. DNA ampliWcations were performed
using an MJ Research PTC-100 96 Plus thermal
cycler. PCR products were size-separated using an
ABI Prism 3700 DNA analyzer (Applied Biosystems,
Foster City CA). SSR fragment sizing was performed
with GenScan® 3.1.2 software (Applied Biosystems,
Foster City, CA) using the default analysis settings.
Alleles were called with Genotyper® 2.5 (Applied
Biosystems, Foster City, CA), and binned manually.

PowerMarker software (Liu and Muse 2005) was
used to calculate gene diversity, allele frequencies
and PIC values (Botstein et al. 1980) for each SSR
marker. FIT, deviations from Hardy–Weinberg expec-
tation across the whole population; FIS, deviation
from Hardy–Weinberg expectation within a popula-
tion; and FST, correlation of alleles within subpopula-
tions, were calculated using an analysis of molecular

variance (AMOVA) approach (Weir 1996; Schneider
and ExcoYer 1999) implemented in Arlequin ver
3.11 (ExcoYer et al. 2005). Principal coordinates
analysis (PCA) of the worldwide Oryza accessions
was performed based on Nei (1973) distance matrix
using GenAlEx 6 (Peakall and Smouse 2006).
Genetic distances between the 177 accessions were
evaluated according to Nei (1973) with the phyloge-
netic tree being built by neighbor-joining (Saitou
1987). D� was calculated for all pairs among the 176
SSRs according to Tenesa et al. (2003) using Power-
Marker (Liu and Muse 2005). The extent of pairwise
LD among marker loci pairs was estimated as a func-
tion of the distance among SSR markers.

Results

Allele diversity

Over all the accessions, a total of 1616 alleles were
detected for all 176 SSRs. The average number of
alleles ranged from 4 to 32 and was in average of 15.8
(Table 2, Fig. 1a). Within the O. sativa from interna-
tional source, the number of alleles ranged from 2 to
18 with a mean of 7.6. In US cultivars, the number of
alleles per locus ranged from 2 to 15 with an average
of 4.5 where in Oryza spp., the number of alleles
ranged from 3 to 26 with an average of 12.4.

The relative informativeness of each marker can be
evaluated on the basis of its PIC value (Table 2,
Fig. 1b). The PIC values ranged from 0.43 to 0.91
with a mean of 0.73. The PIC values of each single
SSR are reXected in the gene diversity computed
according to Nei (1973), which varied from 0.15
(RM5752, chromosome 7) to 0.92 (RM333, chromo-
some 10), with the average of 0.73 (Table 2). The
wild Oryza species have the highest PIC value (0.78)
while the US cultivars revealed the lowest value
(0.39). Again the O. sativa obtained from various
regions had a higher PIC value of (0.57) than the US
cultivars but not as high as the Oryza spp. group. For
the US accessions, gene diversity averaged 0.43,
ranging for the single marker from 0.03 to 0.86
whereas the accessions from international sources
displayed higher values for gene diversity ranging
from 0.16 to 0.89. The gene diversity was signiW-
cantly higher in the wild Oryza spp. accessions (0.80)
than the international and US O. sativa accessions.
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Table 1 List of Oryza accessions included in this study assembled in three groups, ID, donating country, and region

No Group Accession name IDa Donating country Regionb

1 International 2410 PI615020 China

2 International 4484 PI615022 China

3 International 4594 PI615032 China

4 International 4607 PI615036 China

5 International 4632 PI615040 China

6 International 4633 PI615041 China

7 International 32_Xan_Sc Q39835 Cote D’Ivoire WARDA

8 International Akitakomachi PI558511 Japan Akita

9 International Bhujon_Kolpo PI575114 Bangladesh

10 International Bogra PI575209 Bangladesh

11 International Dian_1 PI614991 China

12 International Egyptian_Jasmin Q37924 Egypt

13 International Fu_No83 PI614996 China

14 International Guang_6ai-4 PI596840 China

15 International GZ-5578-2-1-2 Q37921 Egypt Sakha

16 International GZ-5830-48-2-2 Q37916 Egypt Sakha

17 International Iac_47 PI597039 Brazil

18 International IR_644-1-63-1-1 PI338046 Philippines Luzon

19 International IR_781-92-1-2-1-2-2 PI350468 Philippines Luzon

20 International IR56450-28-2-2_1 PI596931 Philippines Luzon

21 International IRGA409 PI458822 Brazil Rio Grande do Sul

22 International Kechengnuo_No_4 PI614989 China

23 International Khoia PI575186 Bangladesh

24 International Koshihikari PI514661 Fukui Japan

25 International Milyang PI464614 Korea, South Kyongsang Nam

26 International Nipponbare PI514663 Japan Aichi

27 International Nj70507 PI17578 China IRRI

28 International Pyongyang_23 Q37912 Korea, North Pyongyang

29 International R_147 PI614961 China

30 International R_312 PI614959 China

31 International S_972B-22-1-3-1-1 Q41281 Indonesia

32 International S_992-F4-2-5-1-B PI637600 Indonesia

33 International SH_30-21_PI366150 PI366150 Taiwan

34 International Shufeng_122 PI615016 China

35 International Taichung_Native PI271672 Taiwan

36 International Taichung_Native PI495830 Taiwan

37 International Tie_90-1 PI614999 China Chengdu

38 International Tiejing_No_4 PI614987 China Chengdu

39 International TN_1 PI408629 Taiwan Taichung

40 International Tox_3093-35-2-3-3-1 PI637607 Nigeria IITA

41 International Tox_3211-49-1-1-3-2 PI637610 Nigeria IITA

42 International Tox_3241-21-2-2-3-2 PI637613 Nigeria IITA

43 International Tox_3441-123-2-3-2-2-2 PI637644 Nigeria IITA
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Table 1 continued

No Group Accession name IDa Donating country Regionb

44 International Tox_3553-34-3-2-3-2-2 PI637647 Nigeria IITA

45 International Tox_3706-6-3-3-2 PI637654 Nigeria IITA

46 International Tox_3716-4-3-2-2-2-2 PI637656 Nigeria IITA

47 International Tox_3717-81-1-1-3 PI637666 Nigeria IITA

48 International Tox_3749-71-1-1-3-2-2 PI637668 Nigeria IITA

49 International Tox_3770-17-2-2-1 PI637670 Nigeria IITA

50 International Tox_3771-144-2-1-1 PI637671 Nigeria IITA

51 International Tox_3772-94-1-1-1 PI637675 Nigeria IITA

52 International Tox_3779-51-2-2-2 PI637677 Nigeria IITA

53 International Tox_3867-19-1-1-3-1-1-1 PI637686 Nigeria IITA

54 International Tox_3869-34-1-3-1-1-3-3 Q39976 Cote D’Ivoire WARDA

55 International Tox_3872-61-3-3-3-2-1 PI637688 Nigeria IITA

56 International Tox_3894-41-2-3-1 PI637696 Nigeria IITA

57 International Tox_4136-38-2 PI637707 Nigeria IITA

58 International Wab450-24-3-2-P18-hb PI602662 Cote D’Ivoire WARDA

59 International Wab450-I-B-P-62-hb PI602661 Cote D’Ivoire WARDA

60 International WC_4644 PI312777 Philippines Luzon

61 International Zanuo_No_1 PI614988 China Chengdu

62 International Zhang_32 PI614984 China Chengdu

63 International Zhongyu_No_1 PI614980 China

64 International Zhongzao_No_1 PI614964 China

65 US A-301 PI505817 USA California

66 US Adair PI568890 USA Arkansas

67 US Ahrent PI628972 USA Arkansas

68 US Alan PI538235 USA Arkansas

69 US Banks PI643127 USA Arkansas

70 US Bellemont CIor9978 USA Texas

71 US Bengal PI561735 USA Louisiana

72 US Bolivar PI628791 USA Texas

73 US Bond PI474579 USA Arkansas

74 US Calmochi-101 PI494104 USA California

75 US Calmochi-202 CIor9977 USA California

76 US Cocodrie PI606331 USA Louisiana

77 US Cybonnet PI636726 USA Arkansas

78 US Cypress PI561736 USA Louisiana

79 US Dellrose PI593241 USA Louisiana

80 US Dixiebelle PI595900 USA Texas

81 US Drew PI596758 USA Arkansas

82 US Earl PI614900 USA Louisiana

83 US Gulfmont PI502967 USA Texas

84 US Jacinto PI605713 USA Texas

85 US Jackson PI572412 USA Texas

86 US JeVerson PI593892 USA Texas

87 US Jodon PI583831 USA Louisiana
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Table 1 continued

No Group Accession name IDa Donating country Regionb

88 US Katy PI527707 USA Arkansas

89 US Kaybonnet PI583278 USA Arkansas

90 US L-202 PI483097 USA California

91 US L-205 PI608664 USA California

92 US Lacassine PI548772 USA Louisiana

93 US LaWtte PI593690 USA Louisiana

94 US LaGrue PI568891 USA Arkansas

95 US Leah CIor9979 USA Louisiana

96 US Lemont PI475833 USA Texas

97 US M-102 PI505818 USA California

98 US M-201 CI9980 USA California

99 US M-204 PI559472 USA California

100 US M-301 CIor9973 USA California

101 US M-302 CIor9976 USA California

102 US M-401 CIor9975 USA California

103 US Madison PI603010 USA Texas

104 US Maybelle PI538248 USA Texas

105 US Medark PI636725 USA Arkansas

106 US Mercury PI506428 USA Louisiana

107 US Millie PI538254 USA Arkansas

108 US Newbonnet PI474580 USA Arkansas

109 US Orion PI549114 USA Arkansas

110 US Pecos PI476818 USA Arkansas

111 US Pirogue PI634544 USA Louisiana

112 US Rexmont PI502968 USA Texas

113 US Rico1 PI502969 USA Texas

114 US Rosemont PI546365 USA Texas

115 US S-102 PI592738 USA California

116 US S-201 CIor9974 USA California

117 US Saber PI633624 USA Texas

118 US Skybonnet PI476819 USA Texas

119 US Tebonnet PI487195 USA Arkansas

120 US TeQing PI536047 USA China

121 US Texmont PI538249 USA Texas

122 US Toro-2 PI483070 USA Louisiana

123 US Wells PI612439 USA Arkansas

124 Wild O._alta PI590397 USA Arkansas

125 Wild O._alta PI590398 USA Arkansas

126 Wild O._australiensis IRGC103318 Australia Queensland

127 Wild O._australiensis PI239667 Australia

128 Wild O._barthii IRGC100223 Guinea

129 Wild O._barthii IRGC100935 Mali

130 Wild O._barthii IRGC100936 Niger

131 Wild O._barthii IRGC105609 Nigeria
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Table 1 continued

No Group Accession name IDa Donating country Regionb

132 Wild O._barthii PI236393 Guinea

133 Wild O._barthii PI237987 Sierra Leone

134 Wild O._glaberrima PI231194 Guinea

135 Wild O._glaberrima PI254568 Zaire

136 Wild O._glaberrima PI269630 El Salvador La Libertad

137 Wild O._glaberrima PI590403 Mali

138 Wild O._oYcinalis PI590412 Philippines Mindanao

139 Wild O._glumaepatula IRGC105465 Brazil

140 Wild O._glumaepatula IRGC105670 Brazil

141 Wild O._latifolia IRGC100169 Costa Rica

142 Wild O._latifolia IRGC100967 Surinam

143 Wild O._latifolia IRGC103808 Argentina

144 Wild O._meridionalis IRGC103317 Australia Queensland

145 Wild O._meridionalis IRGC105300 Australia

146 Wild O._meridionalis IRGC105306 Australia Queensland

147 Wild O._nivara/sativa IRGC100943 India

148 Wild O._nivara IRGC100593 Taiwan

149 Wild O._sativa/nivara IRGC100606 Taiwan

150 Wild O._nivara IRGC100898 India Pahala

151 Wild O._nivara IRGC104443 Thailand

152 Wild O._nivara IRGC104705 India Bombay

153 Wild O._nivara IRGC105316 India

154 Wild O._nivara PI360790 USA Arkansas

155 Wild O._nivara PI590405 India

156 Wild O._nivara PI590407 India Bihar

157 Wild O._nivara PI590409 India

158 Wild O._nivara PI590410 USA Arkansas

159 Wild O._nivara PI590411 India

160 Wild O._sativa/nivara PI590425 Myanmar Rangoon

161 Wild O._nivara/ruWpogon PI590426 India Ondava

162 Wild O._oYcinalis IRGC101121 Philippines San Jose

163 Wild O._oYcinalis IRGC101399 Vietnam

164 Wild O._ruWpogon PI590417 Taiwan

165 Wild O._ruWpogon PI590418 Myanmar Rangoon

166 Wild O._ruWpogon PI590419 India

167 Wild O._ruWpogon PI590420 Thailand

168 Wild O._ruWpogon PI590421 Cameroon Battambang

169 Wild O._ruWpogon PI590422 Myanmar Rangoon

170 Wild O._ruWpogon PI590423 USA Arkansas

171 Wild O._ruWpogon PI590424 India

172 Wild Oryza_sp. PI233491 USA Arkansas

173 Wild Oryza_sp. PI346356 USA Arkansas

174 Wild Oryza_sp. PI346362 USA Arkansas
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Molecular genetic variance

The distribution of molecular genetic variation among
and within the three populations of accessions was esti-
mated by analysis of molecular variance, AMOVA
(Table 3). AMOVA revealed that 32% of the total vari-
ation was among the three groups, while 68% was
among individuals within the groups. Calculation of
Wright’s F statistic at all SSR loci revealed that FIS was
0.72 and FIT was 0.79. Determination of FST for the
polymorphic SSR loci across all accessions revealed
FST ranged from 0.08 for marker RM122 to 0.75 for
RM507 on chromosome 5 with an average of 0.33.
Determination of the pairwise FST values between the
three Oryza populations (Table 4) indicated the genetic
diVerentiation was the highest for the combination of
wild Oryza spp. and US accessions (FST = 0.77), and
wild Oryza spp. and international (FST = 0.62). The FST

value for international and US accessions was 0.16.

Genetic distance between the accessions

PCA was used to characterize substructure of the three
groups of rice accessions and to account for the
inbreeding nature of rice. A 2-dimensional scatter plot
involving all 177 rice accessions revealed that the two
PCA axes accounted for 48.6% and 20.1% of the
genetic variation among populations (Fig. 2). The anal-
ysis revealed distinct clustering for accessions from the
three diVerent backgrounds. However, the only acces-
sions originating from the USA were clearly separated

from the other accessions. The US accession imported
from China, TeQing (no. 120), was separated from the
other US accessions on the Wrst and second axis by its
strongly positive and negative eigenvector (0.827,
¡0.501, respectively) as opposed to the negative values
for the other US accessions. The accessions from inter-
national sources formed a single discrete cluster while
most accessions from USA also formed a cluster. In
contrast, the wild Oryza spp. accessions clustered in a
wide region between international and US accessions.

Scattergrams of the Wrst two axes of a PCA for
the three groups of accessions are presented in Fig. 3.
The Wrst two PCA axes explain 46.1 and 20.7% of the
genetic variation among the international accessions,
respectively (Fig. 3a). A group of seven accessions
[Akitakomachi (no. 8), GZ-5578-2-1-2 (no. 15), GZ-
5830-48-2-2 (no. 16), Iac_47 (no. 17), Nipponbare
(no. 26), Wab450-24-3-2-P18-hb (no. 58), Wab450-I-
B-P-62-hb (no. 59)] are strongly separated and con-
centrated in the positive axes. Accessions Koshihikari
(no. 24), Milyang (no. 25) and Pyongyang_23 (no. 28)
are intermediate in the PCA.

The PCA of US rice is shown in Fig. 3b where axis
PC1 explained 45.5% of the variation and axis PC2
15.7% of the variation. A group of temperate japonica
cultivars from California (nos. 74, 75, 97, 98, 99, 100,
102, 115 and 116) was clustered in the PCA separated
from the tropical japonica cultivars both medium
grain (nos. 93, etc.) and long grain (90, etc.) types
grown in the Southern USA. Figure 3c depicts a two-
dimensional scatterplot involving 54 wild rice

Table 1 continued

a Germplasm Resources Information Network; GRIN database (http://www.ars-grin.gov)
b Africa Rice Center (WARDA); International Rice Research Institute (IRRI); International Institute of Tropical Agriculture (IITA)

No Group Accession name IDa Donating country Regionb

175 Wild Oryza_sp. PI346369 USA Arkansas

176 Wild Oryza_sp. PI590414 Sierra Leone

177 Wild Oryza_sp. PI590416 USA Arkansas

Table 2 Range of the number of alleles per SSR, polymorphism information content (PIC) value and gene diversity for three groups
of accessions combined and as individual groups

The mean § standard error is in parentheses

All accessions International O. sativa US O. sativa Wild Oryza spp.

Number of alleles 2–32 (14.4 § 0.672) 2–18 (7.6 § 0.323) 2–15 (4.5 § 0.0.189) 4–26 (12.6 § 0.483)

PIC value 0.16–0.91 (0.70 § 0.011) 0.15–0.87 (0.57 § 0.017) 0.04–0.85 (0.39 § 0.018) 0.30–0.93 (0.78 § 0.103)

Gene diversity 0.15–0.92 (0.73 § 0.010) 0.16–0.89 (0.61 § 0.017) 0.03–0.86 (0.43 § 0.019) 0.14–0.94 (0.80 § 0.026)
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relatives (Oryza spp.). The PCA axes accounted for
25.1 and 23.1% of the total variance. The accessions
most clearly separated were the African cultivated rice
O. glaberrima (nos. 134, 135, 136) and its ancestral
parent O. barthii (nos. 128, 129, 130, 131, 132), from
the ancestral parents, O. nivara and O. ruWpogon, of
cultivated rice, O. sativa. Cluster analysis of the
genetic distance matrix developed by neighbor-

joining method (Fig. 4) resulted in a phenetic tree that
reXected ordination consequences with each accession
and identiWed the three major groups.

Extent of linkage disequilibrium (LD)

The distribution of D� values (Fig. 5) from linked
SSR markers in the international accessions and US

Fig. 1 Distribution of the 
(a) number of alleles and (b) 
PIC values detected with 
176 SSR markers in the 177 
rice accessions that were 
genotyped and within the 
three groups [65 O. sativa 
from international sources, 
58 US cultivars and 54 wild 
relatives (Oryza spp.)]
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Table 3 Summary of the analysis of molecular variance (AMOVA)

Source df Sum of 
squares

Mean squares Estimated 
variance

Percentage of 
total variance

Among populations 2 5444.2 2722.1 44.6 32%

Within populations 174 16791.8 96.5 96.5 68%

Total variation 176 22236.0 2818.6 141.1
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cultivars ranged from 0.0 to 1.0 with an average of
0.540 and 0.595, respectively. Extensive LD in US
rice was observed among linked and unlinked SSR
(Fig. 5b). The values of D� in the wild Oryza spp.
group ranged from 0.244 for markers to 1.0 with an
average of 0.752. The plot of LD across the wild
accessions (Fig. 5c) revealed that the association
across the entire genome was very high whereas the
extent of LD across the international accessions
(Fig. 5a) was similar to that observed across the US
cultivars (Fig. 5b). Although the overall trend reveals
a gradual decrease of LD with physical distance, there
was an undulating pattern in the levels of association
among the diVerent between-marker comparison
groups in all three-sample groups studied.

Discussion

Allele diversity

The narrow germplasm base of the US is reXected in
low number of alleles especially when compared with

the O. sativa accessions from around the world and
the even wider variation in the Oryza spp. accessions.
Calculation of Wright’s F statistic at all SSR loci
revealed that there was a deviation from Hardy–
Weinberg expectation for molecular variation within
the populations, and the high FIT indicatined non-
equilibrium conditions across the three groups and a
lack of heterozygosity. This lack of equilibrium is
most likely due to rice being an inbred species. FST

for the polymorphic SSR loci across all accessions
revealed 33.1% of the total variation in allele fre-
quency of the 177 accessions was due to genetic
diVerences among populations. The FST value for
international and US accessions was the smallest.
These values conWrm that the US accessions were
quite diVerent from most other O. sativa accessions.

PIC values observed by Xu et al. (2005) for 60
SSR markers in the world collection ranged from 0.17
to 0.92 with an average of 0.74 and in the US collec-
tion ranged from 0.02 to 0.88 with an average of 0.50.

Table 4 Matrix of FST values, correlation of alleles within sub-
populations, among the three groups of Oryza accessions

Accessions International 
O. sativa

US 
O. sativa

Wild 
Oryza spp.

International 
O. sativa

0.0

US O. sativa 0.156 0.0

Wild Oryza spp. 0.620 0.773 0.0

Fig. 2 Principal coordinates analysis (PCA) of 177 rice acces-
sions [65 O. sativa from international sources (Int), 58 US cul-
tivars and 54 wild relatives (Oryza spp.)] using 176 SSR
markers based on Nei (1973) distance estimates. PC1 and PC2
are the Wrst and the second principal coordinates, respectively.
Numbers in parentheses refer to the proportion of variance ex-
plained by the principal coordinate

Principal Coordinates

PC1 (48.55%)

)
%01.02(

2
C

P

Int

US

Wild

Fig. 3 Scattergram of the Wrst two axes of a Principal coordi-
nates analysis (PCA) of the worldwide Oryza accessions; (a)
international accessions, (b) US cultivars, and (c) wild relatives
Oryza spp. Numbers in the plots represent the accessions listed
in Table 1
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Even though the PIC values calculated by Xu et al.
(2005) are higher than those calculated in this study,
the group containing US cultivars has a lower PIC
value than the group from international sources. The
higher PIC value for the world collection (Xu et al.
2005) probably is due to the accessions being chosen
from international sources, whereas the O. sativa
accessions in this study initially were selected as
blast-resistant in Weld tests. A collection of 111 lines
from 22 countries studied by Xu et al. (2005) had a
range of 2–34 alleles with accessions having Wve or
six alleles being the most frequent. This can be

compared to the 145 US rice accessions in a previous
study (Lu et al. 2005) where the most frequent num-
ber of alleles was four with the number of alleles
ranging from 2 to 20. In a genetic diversity study by
Garris et al. (2005), the indica and tropical japonica
groups contained a high percentage of polymorphic
loci (99%) and an average of 7.26 and 6.09 alleles per
locus, respectively. The temperate japonica group
had lower diversity with 91% polymorphic loci and
4.9 alleles per locus. Also, the average PIC value
(0.67) across cultivars was high, similar to the PIC
value (0.70) in this study.

Fig. 4 Neighbor-joining phylogenetic tree for 177 rice accessions based on Nei (1973) genetic distance estimates. The three major
groups and sub-clusters are identiWed
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Fig. 5 Distribution of D� values observed between linked SSR
marker pairs as a genetic distance in centiMorgans (cM) for
each individual group of rice accessions; (a) international

O. sativa, (b) US O. sativa cultivars and (c) wild Oryza spp. The
LD between unlinked loci are presented at 250 cM
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Genetic distances among the populations

The genetic diversity between the individuals sub-
jected to an association study can aVect the detection
of marker-trait associations. If individuals from sub-
populations diVering in allele frequencies are ana-
lyzed together, assuming only one base population,
then LD between linked as well as between unlinked
loci will be detected. Successful mapping of genes
however, requires strong LD only between markers
that are tightly linked to the loci underlying the trait
of interest. As a consequence, association studies in
admixtures of subpopulations with diVerent allele fre-
quencies are expected to suVer from a high rate of
false positives (Maurer et al. 2006). A PCA plot can
be regarded as a tool for visualizing the diVerences in
allele frequencies of the individual accessions. Subse-
quently, a PCA plot can be used to check visually for
a substructure within the sample of individuals thus,
avoiding a high rate of false positives due to popula-
tion admixture in an association study. The separation
of international and US accessions in the PCA plot
was in accordance with earlier studies (Eizenga et al.
2006; Agrama et al. 2007). PCA plots for the individ-
ual pools did reveal further subgrouping within sets.
The results of the FST analysis (Wright 1978) indi-
cated moderately large diVerences between popula-
tions. Our results showed that association mapping
could be carried out on a combination of the three
groups, depends on the used statistical methods, to
identify the QTL of interest. In contrary, in a study on
Zea mays, the results from the diversity analysis sug-
gest carrying out association studies separately within
pools (Maurer et al. 2006).

Cluster analysis revealed that group 1 consisted of
the majority of the international accessions; group 2
was all the US rice cultivars, while group 3 included
most of the wild Oryza spp. The international O. sativa
accessions in group 1 had two sub-clusters, one origi-
nating from China and the other from Africa. A small
group of the international O. sativa clustered close to
the US cultivars (Eizenga et al. 2006) possibly due to
being a japonica type whereas the majority of the
accessions were the indica type as previously
described. The US O. sativa cultivars, group 2, were
the least divergent, all clustering together with sub-
clusters of temperate japonica from California, tropi-
cal japonicas with medium grain type and tropical
japonicas with a long grain type (Lu et al. 2005). The

wild Oryza spp., group 3, were the most divergent and
sub-clustered roughly into (a) the African cultivated
rice, O. glaberrima, and its ancestral progenitor, O. bar-
thii and (b) the ancestral progenitors of O. sativa, both
O. nivara and O. ruWpogon as discussed further in
Eizenga et al. (2007).

The largest and most geographically distributed
group of wild Oryza spp. germplasm embodied more
genetic diversity than either international O. sativa
accessions (Group 1) or US cultivars (Group 2). The
three groups also diVer for several population genetic
statistics that oVer insight into their respective genetic
background. In all analyses using RAPD, RFLP,
nuclear SSLP and chloroplast SSLP (Bautista et al.
2001), O. sativa and O. glaberrima clustered with
their respective ancestral parents, O. ruWpogon or O.
nivara, and O. barthii. However the type of clustering
with other wild species was diVerent. The results of
RAPD and RFLP analyses indicate that O. glumaepa-
tula was relatively close to the groups of O. sativa and
O. glaberrima whereas O. longistaminata A. Chev. et
Roehr. and O. meridionalis Ng were highly diVerenti-
ated from other A-genome species.

Linkage disequilibrium patterns

In QTL mapping studies, the LD required for gene
mapping is generated as a result of the mating design,
while association studies exploit the LD present in the
population of interest (Maurer et al. 2006). The dis-
tance between SSR markers currently employed for
routine Wngerprinting in plant breeding programs typ-
ically ranges over several cM (Agrama et al. 2007). In
large populations of autogamous species, LD is
expected not to decline with each reproductive cycle
and stretches of LD extending over several cM are
expected. Consequently, association mapping with
SSRs in such populations does seem very promising.
To represent LD, D� was assessed as a function of the
inter-marker distance for the three individual groups.
D� decreased most rapidly in the international group
whereas the group of wild relatives showed extensive
variability. These results provide strong evidence that
long-range LD exists in wild relatives. This could be a
result of strong selection of particular allele limits
genetic diversity around a locus, resulting in increases
of LD around the selected gene. It also, gene-gene or
gene-environment can diVer between populations, for
instant, if a particular genetic variation were only
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manifest in populations with a particular environmen-
tal background (Hirschhorn et al. 2002). Higher LD in
wild accession could, also, be a result of population
stratiWcation.

Population structure can result from geographic
isolation factors (for example, isolation-by-distance
phenomenon). Association results of SSR pairs, espe-
cially those less than 25 cM apart, identiWed the pres-
ence of an extensive LD within each group. Similar
levels of long range LD, extending over several cM,
have been reported for self-pollinating species such as
Arabidopsis when considering isolated populations
(Nordborg et al. 2002), barley (Russell et al. 2003),
soybean (Hyten et al. 2007) and wheat (Maccaferri
et al. 2005). As spurious associations between pheno-
types and marker loci can be caused by population
structure, the extent and structure of LD within a sam-
ple population must be known before selecting an
appropriate association mapping strategy (Lander and
Schork 1994). This is particularly true when inbreed-
ing crop species such as rice and barley are examined
where these complicating factors are expected to be
more prevalent (Rostoks et al. 2006). Rice, in addi-
tion to being an inbreeder, has undergone a severe
population bottleneck during domestication (Tanks-
ley and McCouch 1997). In contrast, low LD was
identiWed in wild barley despite a high rate of self-
fertilization (Morrell et al. 2005). LD between adja-
cent loci in rice breeding programs is strong enough
to be useful in marker-trait association studies via
genome-wide scans that exploit LD to map common
multigenic traits such as grain yield and quality. The
pattern of LD in several US accessions has shown
extensive LD with a decaying on a genome-wide
scale over 50–100 cM. The founder eVect and popula-
tion bottlenecks are factors in which LD in a young or
recovering population has not had time to decay
through recombination, self-fertilization and inbreed-
ing. Indeed, the short breeding history of US rice (Lu
et al. 2005), it is possible that the decay of LD
observed in these populations is mainly due to out-
crossing and recombination events that have taken
place in the last 100 years. The same observation has
been identiWed in US Arabidopsis populations, which
has introduced to North America 200 years ago
(Nordborg et al. 2002).

Under recurrent self-fertilization, the level of
heterozygosity decays at the rate of one-half per
locus per generation, thus within a few generations,

a self-fertilizing population is expected to consist
entirely of homozygous lines. Consequently, there is
an extreme reduction in the rate of eVective recom-
bination and the decay of LD will be arrested. Gen-
erally this been observed in studies of natural
populations where within-population levels of LD
for isozyme polymorphisms were generally higher
in populations of self-fertilizing plants than in out-
crossing plants (Brown 1979; Hastings 1990). A
number of factors can contribute to excess intralocus
LD, including selection, species-wide reductions in
eVective population size, population stratiWcation,
or geographic structure (Morrell et al. 2005). The
large LD observed for close markers in the wild
Oryza spp. population as compared to the cultivated
O. sativa population, is strong evidence for the wild
Oryza spp. being the ancestral species. This phe-
nomenon has been observed in other species such as
barley (Rostoks et al. 2006). Many plant species
have a mixed mating system with admixture of out-
crossing and self-fertilizing, where occasional out-
cross events produce new heterozygous lines that
within a few generations sort out into homozygous
lines. Under this scenario, LD decays at a rate that is
a function not only of recombination distance but
also the level of outcrossing (Morrell et al. 2005).

In our experimental data, the average D� of linked
loci in LD ranged from 0.54 in US O. sativa accessions
to 0.75 in wild germplasm. Regarding the prospects of
association tests, this observation implies that: (1) the
high percentage of loci pairs in LD in the wild Oryza
spp. group should allow association tests to success-
fully map genes providing the population size is large
enough so that the tests have suYcient power and (2)
the LD present in the O. sativa group though smaller
was similar to the wild Oryza spp., therefore compara-
ble rates of LD between loci are expected, given a
suYciently large sample size. Genome-wide associa-
tion studies depend on the extent of LD, the number
and distribution of markers, and the underlying struc-
ture in the populations being evaluated. Outbreeding
species generally show limited LD, consequently more
markers are required for eVective whole-genome asso-
ciation genetic scans. In contrast, several of the world’s
major food crops are self-fertilizing inbreeding species
with narrow genetic bases and theoretically extensive
LD. DNA sequencing in the two genomic regions of
Oryza showed that levels of LD are remarkably diVer-
ent between O. ruWpogon and O. sativa ssp. indica. LD
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in O. ruWpogon decays within 5 kb, whereas it extends
to 50 kb in O. sativa ssp. indica (Rakshit et al. 2007).
This diVerence in the extent of LD may partly be
explained by the breeding behavior of the species.
Lower levels of LD in O. ruWpogon are expected
because O. ruWpogon experiences a higher rate of
outcrossing than O. sativa, which is a strictly self-
pollinated crop (Khush 1997). LD decays rapidly in
maize, a cross-pollinated crop, making this phenome-
non an ideal tool for association studies. In maize land-
races and a broad sample of tropical and temperate
inbreds, LD often declines to nominal levels within
1.5 kb, whereas elite breeding material has less rapid
decay (Buckler et al. 2006). However in Arabidopsis, a
selWng species, LD decays within approximately 1 cM,
or 250 kb to 20 kb based upon global or local popula-
tions as a result of founder events (Nordborg et al.
2002, 2005). For practical purposes, the low LD in
O. ruWpogon would be advantageous for association-
based cloning of genes controlling phenotypic traits by
using a large number of markers. In O. sativa ssp.
indica, we will be able to use markers spaced 50 kb
apart on average to carry out a rough agronomic trait
mapping and marker-assisted selection.

Conclusion

This study suggests that a relatively small number of
SSR evenly spaced along the genetic linkage map,
could be suYcient for an initial whole-genome asso-
ciation scan in inbreeding crop plants, such as rice, in
an appropriate set of germplasm. Whether such num-
bers will be suYcient for detecting marker associa-
tions with complex traits needs to be experimentally
determined. In addition to examine the suitability of
populations for association mapping experimentally
there exist, the possibility of performing computer
simulations. Although association scans on such a
scale would generally not result in the identiWcation
of a small set of candidate genes for a given trait, the
observed extent of LD would ensure resolution rele-
vant for existing breeding programs and provide a
rational basis for marker-assisted selection. In sum-
mary, the LDs calculated in this study for the groups
of inbred rice, O. sativa and Oryza spp. accessions are
most likely suYcient for marker-trait association
analyses to be applied successfully to simply
inherited traits. In order to assess whether SSR

marker-based association mapping will be valid in a
rice-breeding program, it is imperative that there are
suYciently long stretches of LD present in the breed-
ing material under investigation.
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