
Population Structure and Genetic Diversity in a Rice Core
Collection (Oryza sativa L.) Investigated with SSR
Markers
Peng Zhang., Jinquan Li*., Xiaoling Li., Xiangdong Liu, Xingjuan Zhao, Yonggen Lu*

State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources, South China Agricultural University, Guangzhou, China

Abstract

The assessment of genetic diversity and population structure of a core collection would benefit to make use of these
germplasm as well as applying them in association mapping. The objective of this study were to (1) examine the population
structure of a rice core collection; (2) investigate the genetic diversity within and among subgroups of the rice core
collection; (3) identify the extent of linkage disequilibrium (LD) of the rice core collection. A rice core collection consisting of
150 varieties which was established from 2260 varieties of Ting’s collection of rice germplasm were genotyped with 274 SSR
markers and used in this study. Two distinct subgroups (i.e. SG 1 and SG 2) were detected within the entire population by
different statistical methods, which is in accordance with the differentiation of indica and japonica rice. MCLUST analysis
might be an alternative method to STRUCTURE for population structure analysis. A percentage of 26% of the total markers
could detect the population structure as the whole SSR marker set did with similar precision. Gene diversity and MRD
between the two subspecies varied considerably across the genome, which might be used to identify candidate genes for
the traits under domestication and artificial selection of indica and japonica rice. The percentage of SSR loci pairs in
significant (P,0.05) LD is 46.8% in the entire population and the ratio of linked to unlinked loci pairs in LD is 1.06. Across the
entire population as well as the subgroups and sub-subgroups, LD decays with genetic distance, indicating that linkage is
one main cause of LD. The results of this study would provide valuable information for association mapping using the rice
core collection in future.
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Introduction

Rice (Oryza sativa L.) feeds more than 50% of the world’s

population and is one of the most important crops in the world.

Rice genetic resource is the primary material for rice breeding and

makes a concrete contribution to global wealth creation and food

security. China is well known as an origin center of cultivated rice,

with abundant rice genetic resources. As early as 1920–1964, Ying

Ting, An academician of Chinese academy of science, had

collected more than 7128 rice landrace from all over China as well

as some main rice cultivated countries. The collection is one of the

earliest collections for rice germplasm resources in China and was

named as Ting’s collection [1]. Rice landrace contain greater

genetic diversity than elite cultivars and represent an intermediate

stage in domestication between wild and elite cultivars [2]. Mining

the elite genes within these rice landrace is of importance to the

genetic improvement of cultivated rice.

Association mapping has been proved to be an effective

approach to connect structural genomics and phenomics in plants

[3,4,5], therewith provides a promising method to mine the elite

genes in germplasm resources. Association mapping has been

widely used in plant research, e.g. maize, rice, barley, durum

wheat, spring wheat, sorghum, sugarcane, sugar beet, soybean,

grape, forest tree species and forage grasses [6].

Population used in association mapping should posses as many

phenotypes as possible [7]. One of the methods to obtain most of

the phenotypes is to construct the core collection. A core collection

is a subset chosen to represent the most genetic diversity of an

initial collection with a minimum of redundancies [8,9,10].

Construction of core collection was widely applied in rice as well

as in other crops [11]. In our lab, a rice core collection consisting

of 150 accessions based on 48 phenotypic data from 2262

accessions of Ting’s collection has been constructed [1]. The

abundant variation of the rice core collection provides an

important reservoir of genetic diversity and potential sources of

beneficial alleles for rice breeding. However, to our knowledge, no

earlier research is available to apply association mapping in a core

collection, which might be due to lack of information on the

population structure and LD of the core collection populations.

Population structure is an important component in association

mapping analysis because it can reduce both type I and II errors

between molecular markers and traits of interest in an inbreeding

species [12,13,14,15,16,17]. The presence of subpopulations can

result in spurious associations due to confounding of unlinked
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markers with phenotypic variation [18]. Low level of LD could

lead to impractical whole-genome scanning because of the

excessive number of markers required [19]. Also, the resolution

of association studies in a test sample depends on the structure of

LD across the genome [3]. Therefore, information about the

population structure and extent of LD within the population is of

fundamental importance for association mapping [20].

Several previous researches on rice population structure have been

reported. Five major groups, i.e. indica, aus, aromatic, temperate

japonica, and tropical japonica were detected in a sample of 234 rice

varieties [21]. Eight subpopulations were found corresponding to

major geographic regions among 103 rice accessions [16]. Seven

subpopulations were detected within rice landrace in Guizhou

province, China [22]. Two subgroups including indica and japonica

as well as six sub-subgroups were found within a primary rice core

collection [23]. Seven subgroups were found within a 416 rice

population [24]. The varied numbers of subgroup might be due to

different methods, different numbers of marker, different rice

populations applied in population structure examination, which

should be further studied. However, as far as we know, no information

on the population structure of a rice core collection assessed with a

large SSR marker set was available. Furthermore, no information is

available on the number of SSRs required for such analyses.

Various methods have been proposed for examining population

structure. One of the most frequently used approaches is a model-

based approach STRUCTURE [25]. Principal component analysis

(PCA) and principal coordinate analysis (PCoA) are also frequently

used for uncovering population structure [26,27]. Laplacian

eigenfunctions (LAP) were recently reported to describe population

structure [28]. Another model-based approach, MCLUST, was

reported to predict population structure without genetic assumptions

[29]. Despite that advantages and disadvantages of the different

methods are known, few empirical comparisons are available based

on a large SSR marker set. Furthermore, the Cheng’s index method

could discriminate indica and japonica rice based on six morphological

traits, i.e. glume hair, phenol reaction, length of 1st–2nd rachis

internode, glume color at heading, leaf hair, and grain length/width

[30,31]. However, as far as we know, neither previous research on

using morphological traits in population structure examination nor

the comparison between morphological markers and the molecular

markers in such research was available.

Two distinct subspecies, i.e. indica and japonica, existed in cultivated

rice, which adapted to different ecological environments [32]. Due to

the partial sterility of indica-japonica F1 hybrids [33], gene flow

between them is difficult. The relatively independent development of

these two subspecies through domestication and breeding might have

resulted in divergent genomic variation. Such signatures of selection

[34] might help to identify the genes underlying phenotypic variation

between them as well as exploring the essence of indica-japonica hybrid

vigor. However, such information is not available for rice.

For the LD within rice populations, high population structure

and significant LD surrounding the Xa5 locus was observed

between sites up to 100 kb apart [35]. LD was observed to decay

at 1 cM or less in rice investigated with DNA sequences

[36,37,38]. LD decayed at 20–30 cM using SSR markers

[16,17]. Intra-chromosomal LD decayed at an average of 25–

50 cM in different subgroups [24]. These studies suggest that the

extent of LD varies among different genomic regions and among

different rice populations examined. However, to our knowledge,

no earlier research is available on the LD of a rice core collection

with extensive genome-wide distributed SSR markers.

SSR markers are widely used in rice genetic for its advantages of

abundance in rice genome, co-dominance, a high polymorphism

rate [39]. Furthermore, using 359 SSRs and 8244 SNPs for

detecting the population structure of 1537 maize accessions, Van

Inghelandt et al. showed that the population structure was

consistent based on SSRs and SNPs. Furthermore, SSR marker

has their own advantages as compared to SNP marker respected to

population genetics [40].

The objective of this study were to (1) examine the population

structure of a rice core collection; (2) investigate the genome-wide

distribution of genetic diversity within a rice core collection; (3)

identify the extent of LD within a rice core collection with 274

genome-wide distributed SSR markers.

Materials and Methods

Plant material
A core collection consisting of 150 rice varieties (Table S1) was

used in this study, which were mainly collected from 20 different

provinces of China as well as from North Korea, Japan,

Philippines, Brazil, Celebes, Java, Oceania, and Vietnam.

Classification of indica and japonica
The indica and japonica characteristic for each rice variety was

identified by the Cheng’s index method. Using this method, six

morphological traits, i.e. glume hair, phenol reaction, length of

1st–2nd rachis internode (cM), glume color at heading, leaf hair,

and grain length/width, were examined and scored at five levels

according to Table 1. The Cheng’s index was calculated by

Table 1. The morphological traits and their scoring standards of the Cheng’s index method.

Traits 0 1 2 3 4

Glume hair Short, uniform,
hard and even

Hard, slightly
uniform, a little long

Medium long,
less uniform

Long, a little soft
and not uniform

Long,crazy
and soft

Phenol reaction Black Brown black Grey A little stained
along side

Not stained

Length of 1st–2nd

rachis internode (cm)
,2.0 2.1–2.5 2.6–3.0 3.1–3.5 .3.5

Glume color at heading Grenn white White green Yellow green Light green Green

Leaf hair Very much Much Moderate Little None

Grain length/width .3.5 3.5–3.1 3.0–2.6 2.5–2.1 ,2.0

Cheng’s index is the sum of the scores of all the six traits. The Cheng’s index for typical indica rice is between 1–7, indica-clined rice between 8–13, japonica-clined rice
14–17, and typical japonica rice between 18–24.
doi:10.1371/journal.pone.0027565.t001
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summing up of the scores of all the six traits. When the Cheng’s

index for a variety is 1–7, 8–13, 14–17, or 18–24, it was classified

as typical indica, indica-clined, japonica-clined, or typical japonica rice,

respectively.

SSR markers
274 simple sequence repeats (SSRs) distributed on the 12

chromosomes of rice were applied in this study. A total of 23, 25,

24, 22, 21, 22, 21, 25, 23, 24, 23, and 21 of these markers map to

chromosomes 1 to 12, respectively. The average distance between

the loci in chromosomes 1 to 12 is 7.5 cM, 8.2 cM, 9.4 cM,

7.4 cM, 7.1 cM, 6.3 cM, 5.8 cM, 5.4 cM, 5.2 cM, 4.7 cM,

5.6 cM and 5.3 cM, respectively.

SSR array
DNA was extracted using modified SDS method [41]. The

volume of the PCR reaction system was 10 ml. The profile of PCR

program is: 94uC for 5 mins; 29 cycles of 94uC for 1 min, 55uC for

1 min, 72uC for 1 min; and a 5 mins final extension at 72uC.

Amplified products were size separated by 6% polyacrylamide gel

electrophoresis and detected by silver staining [42]. Alleles were

mainly detected by BIO Imagine System and software Genetools

from SynGene and by manually re-checked twice. A standard

marker (100–600 bp, produced by Shanghai Biocolor BioScience

& Technolgy Company) was added on each gel as control when

running gel. The length of each allele was compared to the

standard bands of the standard marker and scored.

Data analysis
Genetic diversity. Genetic diversity was assessed using the

program POWERMARKER V3.25, measured by number of

alleles per locus, gene diversity, and polymorphism information

content (PIC). Gene diversity and coefficient of gene

differentiation among populations (Gst) [43] and the modified

Rogers distance (MRD) [44] were calculated using the software

gdiversity (Xu HM unpublished). Furthermore, a genome-wide

distribution of gene diversity was calculated for the indica and

japonica rice for each marker separately. Similarly, MRD between

indica and japonica rice was calculated on an individual marker

basis.
Structure analysis. Software STRUCTURE V2.3.1 was

applied to infer historical lineages that show clusters of similar

genotypes [25,45,46,47]. Due to the distribution of L(K) did not

show a clear cutoff point for the true K, an ad hoc measure DK

[45] was used to detect the numbers of subgroup. The

membership of each genotype was run for the range of genetic

clusters from value of K = 1 to 15 with the admixture model, and

for each K it was replicated 5 times. Each run implemented with a

burn-in period of 100,000 steps followed by 100,000 Monte Carlo

Markov Chain replicates [47]. That run with the maximum

likelihood was applied to subdivide the varieties into different

subgroups [48] with the membership probabilities threshold of

0.80 as well as the maximum membership probability among

subgroups. Those varieties with less than 0.80 membership

probabilities were retained in the admixed group (AD). The

results from STRUCTURE were displayed by DISTRUCT

software [46].

The allele frequencies at each marker and for each variety were

calculated and used for PCA analyses [26]. PCoA [27] based on

MRD estimates between pairs of varieties was performed. In

addition, LAP [28] was used to reveal the population structure,

where the threshold of correlation coefficients eps was set to 0.8.

Finally, the model-based approach MCLUST was used to

determine the number of subgroups as well as to provide the

membership probabilities [29]. MCLUST was performed on all

the SSR marker genotypes as well as the Cheng’s index and the six

morphological traits of Cheng’s index. Models for 1 to 30

subgroups were examined. The correspondence between the

inbreds’ assignment by MCLUST and STRUCTURE and the

germplasm type information were compared.

In order to determine the number of SSRs required to detect

the underlying population structure, a resampling analysis was

performed. In each of 100 repetitions, subsets of the markers (12 to

274 by 12 grad) were either randomly selected (random sampling)

or sampled in such a way that the selected markers were equally

distributed across the genome (stratified sampling) [40]. MCLUST

analysis was performed on the selected marker genotypes. The

correspondence between the varieties’ assignment by MCLUST

based on the entire set of 274 SSRs and different resampling

subsets was compared. The MRD was calculated for each pair of

varieties based on the selected SSR markers and the coefficient of

variation (CV) across all 100 repetitions was calculated.

Software NTSYS was applied to construct the neighbor-joining

tree on the basis of similarity measures [49] (Numerical Taxonomy

and Multivariate Analysis System, 1997). Software MEGA V4.0

was used to observe the NJ tree [50]. A clustering tree was

generated using PROC CLUSTER in SAS 9.0 based on the

Cheng’s index and the scores of its six traits (SAS Institute 2002).

LD analysis. The level of LD between pairs of locus was

performed using the software TASSEL V2.1 (http://www.

maizegenetics.net/). If within a chromosome region all pairs of

adjacent loci were in LD, this region was referred to as a LD block

[20].

If not stated differently, all analyses were performed with the

statistical software R (R, Development Core Team, Vienna,

Austria, 2011).

Results

With the Cheng’s index criterion, 32 varieties were classified to

japonica rice, among which 24 varieties were typical japonica rice

and 8 varieties japonica-clined rice (Table S1). Similarly, 118

varieties were classified to indica rice, among which 16 varieties

were indica-clined rice and 102 varieties typical indica rice. The

clustering analysis based on the Cheng’s index and the scores of

the six morphological traits revealed two clusters when the Ward’s

distance was 4 (Figure S1). The indica and japonica varieties located

in two different clusters.

The log likelihood revealed by STRUCTURE increased

gradually from K = 1 to K = 15 and shoed no obvious optimum

(data not shown). In contrast, the maximum of the ad hoc measure

DK was observed for K = 2 (Figure S2a), which indicated that the

entire population could be divided into two subgroups (i.e. SG 1

and SG 2). With the membership probabilities of §0.80, 111

indica varieties were assigned to SG 1, 20 japonica varieties to SG 2

and 19 varieties were retained to the AD (Figure 1, Figure S3a).

Compared to the indica-japonica classification by Cheng’s index

method, SG 1 is consisted of 102 typical indica rice and 9 indica-

clined rice (Table 2, Figure S3). SG 2 is consisted of 20 typical

japonica rice. AD is consisted of 7 indica-clined rice, 8 japonica-clined

rice and 4 typical japonica rice. Furthermore, with the criterion of

maximum membership probabilities among the subgroups, 118

indica rice and one japonica rice were assigned to SG 1 and 31

japonica rice were assigned to SG 2 (Figures 1 and 2). The

assignment by STRUCTURE showed for 99.33% of the varieties

correspondence with the germplasm type information (i.e. the

indica and japonica types) (Table 3). When the number of subgroups

increased from two to five, the varieties in SG 1 could be further

Population Structure and Genetic Diversity of Rice
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assigned to different sub-subgroups, but it was not true for the SG

2 (Figure 1).

Due to that SG 1 is consisted of a large amount of rice varieties,

an independent STRUCTURE run was performed for the

subgroup. DK showed its maximum value for K = 4 (Figure S2b),

which indicated that four sub-subgroups existed in the SG 1 (i.e.

SG 1a-SG 1d) which consisted of 24, 34, 21, and 32 varieties,

respectively (Table 2). The differentiation in early-seasonal or late-

seasonal rice and different original regions contributed to the sub-

subgroup’s population structure.

PCA, PCoA, as well as LAP based on the marker genotypes

revealed two distinct clusters for the entire population (Figure S3),

which is related to their germplasm types. The first and second

principal component explained 13.6% and 3.2% of the molecular

variance, respectively. The first two principal coordinates

explained 13.7% and 3.3% of the molecular variance. In addition,

the first and second lapvectors of LAP explained 11.0% and 2.4%

of the molecular variance, respectively. Furthermore, PCA based

on the Cheng’s index and the scores of the six morphological traits

also revealed two clusters (Figure 3). The first and second principal

component explained 89.7% and 3.0% of the phenotypic

variance, respectively.

The number of subgroups 1–30 was examined by different

models of MCLUST based on the SSR marker genotypes as well

as the Cheng’s index and the scores of the six morphological traits.

The Bayesian information criterion revealed two subgroups for

both cases (Figure S4). MCLUST analysis based on the SSR

marker genotypes as well as based on the Cheng’s index and the

Figure 1. Membership probability of assigning genotypes of the entire population to (a) two, (b) three, (c) four, (d) five subgroups.
The height of each bar represents the probability of varieties belonging to different subgroups. The varieties were sorted according to their
membership probability in (a).
doi:10.1371/journal.pone.0027565.g001

Table 2. Distribution of the rice varieties in the entire collection, subgroups, and sub-subgroups identified by STRUCTURE.

Group N Definition Predefined taxonomic identities

J I LS ES Te Tr ST Missing

Entire core
collection

150 32(21%) 118(79%) 65(44%) 83(55%) 28(19%) 4(3%) 116(77%) 2

SG 1 111 0 111(100%) 57(51%) 53(48%) 9(8%) 3(2%) 99(89%) 1

SG 1a 24 I-IS 0 24(100%) 12(50%) 12(50%) 6(25%) 0 18(75%) 0

SG 1b 34 I-ST 0 34(100%) 15(44%) 19(56%) 8(23%) 3(9%) 23(68%) 0

SG 1c 21 I-LS 0 21(100%) 21(100%) 0 0 0 21(100%) 0

SG 1d 32 I-ES 0 32(100%) 7 (22%) 25(78%) 1(3%) 0 31(97%) 0

SG 2 21 21(100%) 0 4(19%) 16(76%) 12(57%) 0 8(38%) 1

AD 18 11(61%) 7(39%) 6(33%) 12(67%) 6(33%) 3(17%) 9(50%) 0

Note: I-Indica, J-Japonica, ES-Early seasonal, LS-Late seasonal, Te-Temperate, Tr-Tropical, ST-Subtropical. Proportion is indicated in parenthesis, where N is the sample
size.
doi:10.1371/journal.pone.0027565.t002
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scores of the six morphological traits showed for 98.00% and

96.67% of the varieties correspondence with the germplasm type

information (Table 3, Figures 2 and 3). They also showed more

than 96.00% of assignment correspondence with each other as

well as with the assignment by STRUCTURE. Furthermore,

neighbor-joining tree (NJ) showed six branches within the entire

population, which were fairly consistent with the STRUCTURE-

based membership assignment for most of the varieties (Figure 4).

MCLUST was used to assign rice varieties based on different

resampling subsets of all SSR markers to clusters, where the

correspondence to the clustering using all SSRs improved with

increasing number of SSR markers (Figure 5). When the number

of SSR markers reached about 72, not much higher correspon-

dence could be obtained by further increasing the number of

SSRs. Similarly, the CV of MRD among all pairs of varieties

decreased as the number of SSR markers increased (Figure 6).

When the number of SSR markers reached about 72, not much

lower CV of MRD could be obtained by further increasing the

number of SSRs. The stratified resampling strategy revealed a

slightly higher correspondence and lower CV compared to the

random resampling strategy.

Abundant genetic diversity was observed within the 150

varieties of rice core collection (Table 4, Table S2). 1063 alleles

were detected in total. The alleles ranged from 2 to 12 per locus

with an average of 3.88 alleles per locus. An average of PIC was

0.4831. The average alleles per locus for indica and japonica rice

were 3.71 and 3.26, respectively. There were 175 unique alleles for

indica rice while 51 unique alleles for japonica rice. High MRD

existed between indica and japonica rice, which was 0.443.

The average gene diversity of the entire population, indica rice,

and japonica rice were 0.544, 0.484, and 0.454, respectively

(Table 4). Gene diversity for indica and japonica rice varied across

the rice genome (Figure S5). For most genome regions, the indica

rice showed a higher gene diversity than the japonica rice. However,

for a few regions, the opposite was true. Moreover, a different

degree of divergence measured by MRD between these two

germplasm types was observed across the genome (Figure S6).

Across the entire population as well as the two subgroups, both

D’ and r2 decayed with genetic distance (Figure 7). Within the

entire population, LD decayed to 75% quantile of r2 for unlinked

loci at 40–50 cM. For SG 1and SG 2, LD decayed to 75%

quantile of r2 for unlinked loci around the region of 3–4 cM and

,2 cM, respectively (Figure S7). In addition, LD decayed to 75%

quantile of r2 for unlinked loci around the region of ,1 cM, 2–

3 cM, ,1 cM and ,1 cM for SG 1a-SG 1d, respectively (Figure

not shown).

The percentage of SSR loci pairs in significant (P,0.05) LD was

46.8% in the entire population (Table 5). In the subgroups, the

percentage of loci pairs in LD was lower and ranged from 5.7 to

18.8%, and the ratio linked to unlinked loci in LD varied from

1.15 to 1.27. In addition, for the sub-subgroups, the percentage of

loci pairs in significant (P,0.05) in SG 1b was highest (11.7%),

while the percentage of loci pairs in significant (P,0.05) in SG 1a

was lowest (6.4%), where the ratio of linked to unlinked loci in LD

varied between 1.21 and 1.37.

The total number of LD blocks varied from 56 (the entire

population) to 11 (SG 2), while the maximum average length of

LD block was 7.1 cM (the entire population), and the minimum

was 2.8 cM (SG 2) (Table 6).

Discussion

Comparisons of different approaches in population
structure examination

Knowledge about the patterns of population structure is

essential for efficient germplasm organization. A model-based

approach implemented in the software STRUCTURE might be

the most frequently used method. In this study, the method

successfully detected two subgroups in the entire population and

assigned the rice varieties to the two subgroups. Furthermore, the

Figure 2. Principal component analysis on SSR genotypes of
the entire population. PC 1 and PC 2 refer to the first and second
principal components, respectively. The numbers in parentheses refer
to the proportion of variance explained by the corresponding axes.
Symbols identify the germplasm types and colors the STRUCTURE and
MCLUST subgroups. SG 1 and SG 2 are the two subgroups identified by
both MCLUST on SSR marker genotypes and STRUCTURE assigned with
the max membership probability. The black dots are the varieties with
different assignment by MCLUST and STRUCTURE. I and J are indica and
japonica rice identified by Cheng’s index.
doi:10.1371/journal.pone.0027565.g002

Table 3. Correspondence of the assignments by different
methods and the germplasm types.

MCLUST_M MCLUST_C Germplasm type

Structure 97.33% 96.00% 99.33%

MCLUST_M 97.33% 98.00%

MCLUST_C 96.67%

Structure is the assignment by STRUCTURE software, MCLUST_M is the
assignment by MCLUST based on the SSR marker genotypes, while MCLUST_C
is the assignment by MCLUST based on the six morphological traits of Cheng’s
index as well as Cheng’s index. Germplasm type (i.e. indica and japonica rice) is
identified by Cheng’s index (See Materials and Methods).
doi:10.1371/journal.pone.0027565.t003
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assignment by STRUCTURE has the highest correspondence

(99.33%) with the germplasm type information compared to other

methods (Table 3, Figure 2), where only one japonica-clined rice

(CC32) was mis-assigned because it is close to indica-clined rice.

However, the high computational requirements of STRUCTURE

analyses for large dataset hindered its application [51]. Instead, we

applied PCA, PCoA, as well as LAP to reveal the population

structure. These methods could well graphically show two distinct

clusters for the entire population (Figure S3), which is high related

to the known germplasm type information as well as the

STRUCTURE subgroups. These methods have neither compu-

tation burden nor assuming any population genetic model [26,27].

However, they don’t provide the information on the number of

subgroups and assignment of individuals to subgroups.

MCLUST, implemented in a R package, could determine the

numbers of subgroup as well as the cluster membership probability

simultaneously without genetic assumptions [29]. MCLUST analysis

based on the SSR marker genotypes revealed two subgroups in the

entire population (Figure S4) and had a high correspondence

(98.00%) of assignment with the known germplasm type information

(Table 3). The method also had a 97.33% of assignment

correspondence with the assignment by STRUCTURE, where the

former method can assign the japonica-clined variety CC32 correctly

but mis-assigned one japonica-clined variety (CC31) and two indica-

clined varieties (CC33 and CC34). Another advantage of MCLUST

is that it can provide distinct membership probability to undoubtedly

assign admixed individuals to subgroups. For example, the

membership probability of variety CC32 calculated by MCLUST

were 1 and 1.07610249 in the SG 1 and SG 2, respectively, while

they were 0.517 and 0.483 calculated by STRUCTURE.

Furthermore, as far as we know, this study was the first time to

attempt to use morphological traits to reveal the rice population

structure, which can be fulfilled by MCLUST analysis. Based on

the scores of the six morphological traits and Cheng’s index,

MCLUST revealed the population structure of two subgroups as

the MCLUST analysis on the SSR marker genotypes did (Figure

S4). Moreover, the assignment by the method has a high

correspondence (96.67%) with the germplasm type information

and .96% high correspondence with the assignment of

STRUCTURE and MCLUST based on the SSR marker

genotypes (Table 3, Figure 3). The population structure was also

confirmed by both the clustering analysis and PCA based on the

Cheng’s index and the scores of the six morphological traits

(Figure 3, Figure S2). Due to that the cost for the detection of six

morphological markers of Cheng’s index is rather lower than that

of SSR markers, MCLUST based on the morphological markers

might be the cheapest one to detect population structure in our

case. However, the precision will be lower compared to other

methods.

High correspondence was also shown between the assignment of

MCLUST and STRUCTURE based on SNP markers with

known germplasm type information of sugar beet [52]. However,

in that research, MCLUST was performed indirectly on the

principal components, principal coordinates, or lapvectors instead

of SNP genotypes and the number of subgroups was difficult to be

determined. The reason might be due to that SSR markers are

multi-allelic while SNP markers bi-allelic thus more information

was provided by SSR than SNP markers. As the method is not

computationally intensive, it might be valuable alternative for

detecting population structure.

Population structure of the rice core collection
The results of the STRUCTURE analysis revealed the presence

of two subgroups in the entire core collection (Figure S2). This

Figure 3. Principal component analysis on the six phenotypic traits of Cheng’s index as well as Cheng’s index of the entire
population. PC 1 and PC 2 refer to the first and second principal components, respectively. The numbers in parentheses refer to the proportion of
variance explained by the corresponding axes. Symbols identify the germplasm types and colors the MCLUST subgroups. SG 1 and SG 2 are the two
subgroups identified by MCLUST on the six phenotypic traits of Cheng’s index as well as Cheng’s index. I, IC, J, JC are indica, indica-clined, japonica,
japonica-clined rice.
doi:10.1371/journal.pone.0027565.g003
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observation was in accordance with the clustering observed in the

PCA, PCoA, LAP, and clustering analyses as well as with the

MCLUST analysis and with the indica-japonica classification (Table

S1, Figuresˆg S1, S3 and S4). With the criterion of maximum

membership probabilities among the subgroups, 118 indica rice

and one japonica rice were assigned to SG 1 and 31 japonica rice

were assigned to SG 2 (Figure 1 and 2). The mis-assigned one

(CC32) is a japonica-clined rice and has a close relationship with

indica-clined rice (Figure 2). Similar population structure was

observed in previous research [23], where two subgroups (indica

and japonica) were found within a primary core collection of 3,024

rice landraces in China. The results indicated that indica-japonica

differentiation might be the main cause for population structure in

the core collection. The reason might be due to that (i) strong

reproductive barriers existed in the indica-japonica hybrids which

hindered the gene flow between them; (ii) the two subspecies are

adapted to different ecological enviroment, for example, in China,

indica rice is cultivated in south and central China whereas japonica

rice in North China or the high latitude regions, thus has less

chance to be exchanged.

Furthermore, with the membership probabilities of >= 0.80, 111

indica varieties (102 typical indica rice and 9 indica-clined rice) were

assigned to SG 1, 20 typical japonica varieties to SG 2, and 19

varieties were retained to the AD (Figure 1, Figure S3a). The AD

was consisted of 7 indica-clined rice, 8 japonica-clined rice and 4

typical japonica rice. The neighbor-joining tree showed that these

varieties located between indica and japonica branches (Figure 4).

The results of PCA, PCoA, and LAP also showed that these

varieties located between typical indica and japonica rice (Figure S3).

These varieties might be the intermediate types between indica and

japonica rice and have high compatibility with both indica and

japonica rice, which would be valuable germplasm resources to the

utilization of hybrid vigor of indica-japonica hybrid.

Further independent STRUCTURE run on SG1 indicated

that SG 1 could be subdivided into four sub-subgroups (i.e. SG

1a-SG 1d), which consisted of 24, 34, 21 and 32 varieties, and

corresponded to intermediate seasonal indica, sub-tropical indica,

late seasonal indica and early seasonal indica, respectively (Table 2).

This result was consistent with its neighbor-joining (Figure 4).

Similar population structure was observed by other researches,

Figure 4. Unrooted neighbor-joining trees of 150 rice varieties in the core collection.
doi:10.1371/journal.pone.0027565.g004
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for example, five major groups were detected within a diverse

sample of 234 rice varieties among which included indica, aus,

tropical japonica, temperate japonica and aromatic [21], and six sub-

subgroups (japonica lowland, japonica upland, japonica medium,

indica early, indica late and indica medium) were observed within a

primary core collection of 3,024 rice landraces in China, which

indicated that indica was more clearly subdivided by seasonal

ecotypes [23].

Figure 5. Correspondence between the assignment of all 150 rice varieties by MCLUST based on the entire set of 274 SSRs and on
different subsets of SSR markers (from 12 to 274 with grads of 12) selected (a) at random (triangles) or stratified (circles) with 100
replications. The vertical lines at each point indicate the standard error. For details see Materials and Methods.
doi:10.1371/journal.pone.0027565.g005

Figure 6. Coefficient of variation (CV) of modified Roger’s distance (MRD) among all pairs of varieties assessed by random
(triangles) and stratified (circles) resampling with 100 replications. For details see Materials and Methods.
doi:10.1371/journal.pone.0027565.g006
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Comparison of marker numbers for population structure
analysis

The correspondence of assignment by MCLUST based on

different subsets of 12–274 SSRs by 12 grad vs. the whole 274 SSR

markers were compared (Figure 5). The correspondence improved

with increasing SSR markers. When the number of SSRs reached

about 72, the correspondence of the selected SSR subset vs. the

whole SSR set was more than 95% and reached a plateau.

Similarly, the CV of MRD estimates among all pairs of varieties

decreased with increasing SSR markers (Figure 6). This is due to

the fact that a high number of molecular markers provides a high

precision for determining population structure as well as for

measuring the genetic distance between inbreds [52]. When the

number of SSR markers was about 72, the change trend reached a

plateau and not much further improvement could be obtained by

further increasing the marker numbers. The stratified resampling

strategy showed a little higher correspondence and a little lower

CV of MRD than that of random resampling strategy. These

results indicated that in the examined rice core collection about 72

SSR markers (26% of the total markers) would be required to

determine the same population structure as the whole 274 SSR

markers did and that this estimation would be done with a similar

precision.

The percentage of SSRs predicted in our study to be required

for population structure examination is equivalent to (i) the

research of [52], where 100 out of 328 SNPs (30%) were required

to examine the sugar beet population structure; (ii) the research of

[40], where 25% of the SSRs (90 out of 359 SSRs) were required

for MRD estimates with similar precision as the whole marker set

did. As the costs for genotyping will also increase with an

increasing number of SSR markers, our result might be a good

reference to select optimal number of markers for population

structure analyses as well as association mapping.

Genetic diversity of the rice core collection
In this study, across the entire population, we observed an

average number of alleles per locus of 3.88 which ranged from 2 to

12, a gene diversity of 0.544 and a PIC of 0.4831 (Table 4 and S2).

The average number of alleles per locus was consistent with the

result of a diverse rice population in China, while both gene

Table 4. Genetic diversity for the entire collection and
different germplasm types.

Germplasm type N Allele per
locus

Allele
frequency

Unique
allele

Gene
diversity

Entire collection 150 3.88 0.282 - 0.544

Indica rice 118 3.71 0.269 175 0.484

Japonica rice 32 3.26 0.307 51 0.454

N is the sample size, and MRD the modified Roger’s distance.
doi:10.1371/journal.pone.0027565.t004

Figure 7. LD decay plot within the entire population. Squared correlations of allele frequencies (r2, blue triangles) and weighted standardized
disequilibrium coefficient (D’, red triangles) against genetic distance(cM) between linked loci in the entire population. The horizontal line indicates
the 75th percentile of r2 for unlinked loci.
doi:10.1371/journal.pone.0027565.g007

Population Structure and Genetic Diversity of Rice

PLoS ONE | www.plosone.org 9 December 2011 | Volume 6 | Issue 12 | e27565



diversity and PIC were higher (0.4736 and 0.4214) than the

research [24]. This might be explained by that all rice varieties in

the core collection of our study were selected from 2262 accessions

of landraces which were collected in early times of 20th century so

that more diversity might exist in such population. However, the

average number of alleles per locus, gene diversity and PIC of our

study are less than other reports [16,21,35] in which the rice

varieties were the worldwide collections.

Average gene diversity for indica rice and japonica rice was 0.484

and 0.454, respectively (Table 4). High differentiation assessed

with MRD was observed between the two subspecies, which was

0.443. Indica rice has 175 unique alleles while japonica rice 51

unique alleles. The results indicated that the two subspecies are

distinct from each other, which might be due to that they are

developed independently. Our results showed no large difference

for the average gene diversity between indica and japonica rice. The

reason might be due to that the japonica varieties in this study were

collected from wide regions including Java, Japan, Celebes, south

China, north China, northeast China, Yangtze River region in

China, and Taiwan while most of the indica rice were collected

only in China (Table S1).

Indica and japonica rice have been developed independently for

many years. Consequently, the genomic regions might be varied

due to different selection pressure on the target genes and traits

between the two subspecies. Our results indicated that gene

diversity for indica and japonica rice varied across the rice genome

(Figure S5). Moreover, a different degree of divergence measured

by MRD between the two subspecies was observed across the

genome (Figure S6).

The genome-wide distribution maps of genetic diversity might

be a first step to identify the target genes or regions selected during

breeding history. For example, one SSR marker RM16 has

Table 5. Percentage of SSR loci pairs in significant (P,0.05) linkage disequilibrium (LD) in the rice core collection.

Group
N
(sample size) Loci pairs in LD (%)

Ratio linked to
unlinked loci in LD

Linked Unlinked Total

Entire core collection 150 49.5 46.6 46.8 1.06

SG 1 111 21.2 18.5 18.8 1.15

SG 1a 24 7.9 6.2 6.4 1.27

SG 1b 34 15.6 11.4 11.7 1.37

SG 1c 21 10.0 7.5 7.7 1.33

SG 1d 32 11.9 9.8 9.9 1.21

SG 2 21 9.9 7.8 8.0 1.27

AD 18 6.9 5.6 5.7 1.23

doi:10.1371/journal.pone.0027565.t005

Table 6. Number of linkage disequilibrium (LD) blocks per chromosome and their average length per chromosome in
centiMorgan(cM) in the entire population and subgroups.

Chromosome Group

Entire population SG 1 SG 2 AD

Number of
blocksa

Length
(cM)

Number of
blocksa

Length
(cM)

Number of
blocksa

Length
(cM)

Number of
blocksa

Length
(cM)

1 8 2.9 7 4.5 1 3.2 1 19.6

2 8 5.9 3 8.1 0 0 4 5.1

3 3 9.6 6 2.1 2 2.4 0 0

4 2 7.9 5 8.1 1 1.4 2 13.9

5 3 11 0 0 1 6.5 1 1.9

6 4 8.2 6 6.9 2 2.3 2 2.3

7 5 7.9 3 11.2 1 2.2 0 0

8 4 14.4 3 2.4 1 8.1 0 0

9 3 4.6 1 0.8 0 0 2 5.8

10 8 5.4 3 13.4 1 6.9 1 1.1

11 6 3.8 1 2.9 0 0 3 6.1

12 2 3.3 1 3.8 1 3.8 0 0

Sum 56 39 11 16

Mean 7.1 5.4 2.8 4.7

Note: a An LD block consists of a sequence of markers for which all pairs of adjacent loci are in significant (P,0.05) LD.
doi:10.1371/journal.pone.0027565.t006
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different gene diversity (0.651 for indica while 0.119 for japonica)

and high MRD estimate (0.61) between the two subspecies (Figure

S5, Figure S6), which was identified to be linked to the QTLs of

grain length, grain width, grain length/width, and awn length by

previous researches (http://www.gramene.org/). Similarly,

PSM419 and RM247 located in chromosome 12 were linked to

the QTL of grain width; RM71 located in chromosome 2 was

linked to the QTL of grain length/width; three markers, i.e.

RM252 in chromosome 4, RM6 and RM240 in chromosome 2,

were linked to the QTL of leaf length. A similar previous research

was shown that screening of such signature of selection could

identify a panel of known genes as well as some interesting

candidate genes and QTLs in Holstein cattle [34]. More genes

related to the difference between indica and japonica rice might be

present in the most divergent genomic regions between the two

subspecies. Common genes under selection in the breeding

program of the both subspecies (e.g. disease resistant genes) might

be present in the genomic regions showing the same level of gene

diversity and low MRD, which should be studied in future.

Extent of LD and consequences for association mapping
For the entire population, we observed that 46.8% of the loci

pairs were in significant LD (P,0.05), and a ratio of linked to

unlinked loci in significant LD of 1.06, which was of the same

order of magnitude for maize [20,53]. The percentage of the loci

pairs in significant LD was lower than that (63%) of a reported

diverse rice population in China [24], which might be due to the

fact that our study was based on a core collection population

which might be more diverse than the former research thus the

LD level was reduced. This high extent of LD between unlinked

loci might be due to genetic drift, familial relatedness and

population structure. Within the subgroups and sub-subgroups,

the extent of LD (5.7–18.8%) was lower compared to the entire

population. This finding can be explained by the fact that the less

numbers of varieties in the subgroups as well as sub-subgroups

than in the entire population, would lead to a reduction in power

to detect LD [24,1]. Another factor contributing to our

observation was the reduced influence of population structure on

LD within the subgroups.

We found that the LD decay distance were in the region of 40–

50 cM in the entire germplasm set, ,5 cM in the subgroups and
,=3 cM in the sub-subgroups. The LD decay distance for the

entire germplasm set was in the upper limit of a reported diverse

rice population [24], where LD in a set of germplasm consisting of

416 rice accessions did not decay until 25–50 cM, while it was

longer than that of a world collection consisting of 92 rice

accessions investigated with 123 SSR markers [16]. The difference

might be due to that the rice varieties in the latter research [16]

are more diverse than those in our study and fewer accessions were

used. The difference might be explained that the fact that a

stronger population structure might exist in a core collection than

a natural population thus affected the LD level. This explanation

could be supported by the fact that LD decay distance in

subgroups and sub-subgroups was much shorter than that in the

entire germplasm set in our study while the former showed less

population structure.

The length of chromosome regions in LD is crucial for

application of association mapping because (i) regions in LD need

to be present in order to detect marker-phenotype associations and

(ii) the length of the regions limits the resolution of association

mapping [20]. The LD blocks observed in this study had an

average length of 7.1 cM, and the number of LD blocks for the

entire population was 56 in this study, while LD blocks were

observed to have an average length of 33 cM and 22 LD blocks

using 100 SSRs in maize [20]. The difference might be explained

by that more SSR markers were used in our study than those in

the latter research which could reduce the observed average LD

block length and increase numbers of LD block.

Conclusions
We identified based on different statistical methods two distinct

subgroups within the rice core collection, which is in accordance

with the differentiation of indica and japonica rice. MCLUST based

on SSR marker genotypes as well as the morphological traits of

Cheng index’s method might be an alternative method to

STRUCTURE for population structure analysis. A percentage

of 26% of the total markers were found to detect the similar

population structure as the whole SSR marker set did. Gene

diversity and MRD between the two subspecies varied consider-

ably across the genome, which might be used to identify candidate

genes for the traits under domestication and artificial selection of

indica and japonica rice. The percentage of SSR loci pairs in

significant LD was a little low, indicating more varieties and more

markers are required to raise the power to detect LD. A certain

numbers of LD blocks were observed either in the entire

germplasm set or in the subgroups. The average length of LD

blocks varied from 2.8 to 7.1 cM, and the LD decay distance in

subgroups could reduce to less than 5 cM, which indicated that

fine mapping based on association mapping in the core collection

might be possible.

Supporting Information

Figure S1 Cluster plot based Cheng’s index. Clustering

analysis on the six phenotypic traits of Cheng’s index as well as

Cheng’s index based on Ward distance.

(TIF)

Figure S2 Delta K change according to different K
among (a) the entire core collection and (b) the Subgroup
1 identified by STRUCTURE under Admixture model.

(TIF)

Figure S3 Principal component analysis (a), Principal
coordinate analysis based on modified Roger’s distance
estimates (b), and LAPSTRUCT analysis on SSR marker
genotypes of the entire population (c). PC 1 and PC 2 refer

to the first and second principal components or coordinates,

respectively. Lap 1 and Lap 2 refer to the first and second

lapvectors, respectively. The numbers in parentheses refer to the

proportion of variance explained by the corresponding axes.

Symbols identify the germplasm types and colors the STRUC-

TURE subgroups. SG 1 and SG 2 are the two subgroups

identified by STRUCTURE based on the membership probability

threshold of 0.80, and AD admixed. I, IC, J, JC are indica, indica-

clined, japonica, japonica-clined rice.

(TIF)

Figure S4 Bayesian Information Criterion (BIC) against
1–30 subgroups from MCLUST. BIC against 1–30 subgroups

based on (a) all the SSR marker genotypes and (b) six traits of

Cheng’s index plus Cheng’s index for all the varieties of entire

population. EII, EEI, EVI, EEE, VEV, VII, VEI, VVI, EEV, and

VVV are the models provided by MCLUST.

(TIF)

Figure S5 Gene diversity for indica and japonica rice
across the rice genome. Red and blue lines indicate gene

diversity of indica and japonica rice, respectively. Dashed lines

indicate the average gene diversity of the corresponding
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germplasm type. Vertical lines at each point indicate standard

error which was calculated by bootstrapping across genotypes.

Vertical lines at the x axis indicate genetic map positions of the

SSR loci on the chromosome.

(TIF)

Figure S6 Modified Roger’s distance (MRD) between
indica and japonica rice across the rice genome. Dashed

lines indicate average MRD across the genome and dotted lines

average MRD for each chromosome. Vertical lines at each point

represent the standard error multiplied by 10 which were

calculated by bootstrapping across genotypes. Vertical lines at

the x axis indicate genetic map positions of the SSR loci on the

chromosome.

(TIF)

Figure S7 LD decay plot within the subgroup. Squared

correlations of allele frequencies (r2, blue triangles) and weighted

standardized disequilibrium coefficient (D’, red triangles) against

genetic distance(cM) between linked loci in SG 1 (A) and SG 2 (B).

The horizontal line indicates the 75th percentile of r2 for unlinked

loci.

(TIF)

Table S1 Accessions, variety names, origin, germplasm
types, and Cheng’s index of 150 rice varieties in the core
collection. The varieties were sorted according to their

STRUCTURE membership probability as Figure 1(a). Indica or

japonica characteristic were identified by Cheng’s index, i.e. TI,

typical indica (1–7 score), IC, indica_clined (8–13 score), JC,

japonica_clined (14–17 score), and TJ, typical japonica (18–24 score).

E represents early seasonal, L late seasonal rice. S represents waxy

rice and N non-waxy rice. Cheng’s index was based on the score of

the six phenotypic traits for each variety.

(DOC)

Table S2 Summary statistics of the 274 SSR markers
used in this study. Note: Chr No-Chromosome number, AN-

number of alleles per locus, GD-Gene diversity, PIC-Polymor-

phism information content.

(DOC)
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