Theor Appl Genet (2009) 119:459-470
DOI 10.1007/s00122-009-1052-z

ORIGINAL PAPER

Population structure and association mapping on chromosome 7
using a diverse panel of Chinese germplasm of rice

(Oryza sativa L.)

Weiwei Wen - Hanwei Mei - Fangjun Feng -
Sibin Yu < Zhicheng Huang -+ Jinhong Wu -
Liang Chen ‘- Xiaoyan Xu * Lijun Luo

Received: 9 December 2008 / Accepted: 21 April 2009/ Published online: 21 May 2009

© Springer-Verlag 2009

Abstract The majority of 170 rice accessions used in this
study were diverse landraces or varieties from a putative
mini-core collection of Chinese germplasm along with
some widely used parental lines in genetic analysis or
breeding (a few from abroad). The population was geno-
typed using 84 SSR or InDel markers on chromosome 7
and 48 markers on other chromosomes. The phenotyping of
heading date, plant height and panicle length were carried
out in different locations for 2 years. Based on morpho-
logical characterization, distance-based clustering and
model-based estimation of marker data, the population
showed a predominant structure with two subpopulations in
correspondence with indica and japonica subspecies. The
estimation of linkage disequilibrium in 2 Mb windows
varied along chromosome 7 and showed parallel changes
with inter-subspecies differentiation of marker loci (Fst).
Based on the mixed linear model considering population
structure and family relatedness [i.e. the (Q + K) model],
one to three associated markers (P < 0.0001) per trait per
experiment were scanned out on rice chromosome 7. Most
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significant loci were repeated for the data from both field
experiments while two loci were associated with two or
three traits. Marker-based allelic effects were shown in a
couple of associated markers as examples. The application
of association results in breeding program was also
discussed.

Introduction

As an important stable crop all over the world and the
model species of cereal plants in genomic researches, rice
has great merits as the target crop of association mapping
based on the public data of genome sequences together
with a wealth of genetic diversity in natural populations of
germplasm. In past 10 years, core collections were devel-
oped in China for several crops including rice, maize,
soybean and wheat, based on geological distribution,
characteristic data and molecular markers (Li et al. 2002,
2008; Hao et al. 2008). Wang et al. (2008) analyzed the
population structure and linkage disequilibrium (LD) of a
mini-core set of maize inbred lines in China. In rice, the
core collection consisted of about 5% samples from more
than 50,000 accessions in the whole set of germplasm.
Furthermore, a mini-core collection of rice germplasm was
developed which had 0.5% accessions from the whole set
and hosted about 66% genetic diversity (Li et al., personal
communication). Xu et al. (2004) suggested the potential
use of 32 samples from 236 US rice accessions for
developing core collection and providing sufficient genetic
diversity. Association mapping based on core collections of
germplasm provides a valuable alternative to gene mapping
approaches based on bi-parental populations (Holland
2007; Hasan et al. 2008).
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Association mapping, or LD mapping, has been prac-
ticed in a number of plant species (Thornsberry et al. 2001;
Kraakman et al. 2004; Aranzana et al. 2005; Mazzucato
et al. 2008; Zhu et al. 2008). Association mapping has the
potential of simultaneous discovery of gene loci responsible
for multiple traits with no need to develop permanent seg-
regating populations. A higher proportion of polymorphic
molecular markers could provide better genome coverage
than any bi-parental population. As association mapping
exploits the historical recombination events that have
occurred during establishment of the sample population,
higher mapping resolution could be obtained than that
possible in small bi-parental experimental crosses (Flint-
Garcia et al. 2005). This strategy has an attractive advantage
in the ability to detect the comparative effects of multiple
alleles at each genetic locus that exists in crop germplasm.

For many important crops, the complex breeding his-
tories have resulted in complicated population structures
within the germplasm (Flint-Garcia et al. 2003). A draw-
back of association mapping in rice is the possibility of
false-positive results due to high levels of population
structure caused by the differentiation of subspecies, along
with diverse levels of pedigree relations in modern varie-
ties. Population structure can be quantified based on
Bayesian method which assigns individuals to subpopula-
tions (Q matrix) using unlinked markers (Pritchard et al.
2000b). Relationships between individuals can be detected
by marker-based estimation of the probability of identity
by descent between individuals (Yu et al. 2006).

Zhang et al. (2005) successfully conducted whole-gen-
ome association analysis between microsatellite markers
and multiple agronomic traits using discriminant analysis
(DA) in 218 inbred lines of rice. Recently, Iwata et al.
(2007) associated RFLP markers with the width and length
of milled rice grains in a set of 332 rice germplasm using
Bayesian method. Agrama et al. (2007) used the mixed
linear model (MLM) method to disclose the associations
between 123 SSR markers and yield components in rice
cultivars.

In this study, the authors analyzed the genetic structure in
a set of Chinese rice germplasm, including landraces and
varieties from a putative mini-core collection, together with
some parental lines widely used in genetic experiments (a
few from abroad). Associated markers for three agronomic
traits were scanned along rice chromosome 7 as an example.
This chromosome was selected as the first one to be
investigated mostly based on random draw. The authors are
also interested in the phenomenon observed in two reci-
procal introgression line (IL) populations between indica
and japonica varieties. Along the long arm of chromosome
7, proportion of introgression segments is much higher from
indica variety as a donor to japonica variety as a receptor
than that in the reciprocal direction (unpublished data). The
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variation of LD over genomic regions had been widely
reported in several crops (Remington et al. 2001; Caldwell
et al. 2006; Hyten et al. 2007; Mather et al. 2007; Somers
et al. 2007; Wang et al. 2008). It was observed to have
relationship with the variation of recombination rate
(Mather et al. 2007) and regarded as an indicator of geno-
mic regions under selection pressure (Somers et al. 2007).
So the authors tried to detect the variations in LD, marker
polymorphism and subspecific differentiation along chro-
mosome 7. The relationships among them and their influ-
ence on association mapping effects were analyzed and
discussed based on the recent results.

Materials and methods
Plant materials

A diverse panel of 170 rice accessions was used in this
study. Most accessions are landraces from a putative mini-
core collection of rice germplasm in China, together with
rice varieties widely used as parents of genetic populations,
including the two sequenced varieties Nipponbare and 93-
11. A minority of these accessions were landraces and
cultivars from other countries, such as Bangladesh (1),
Brazil (1), Cote d’Ivoire (2), Cuba (1), Guiana (1), India
(1), Japan (2), Nigeria (2), South Korea (1), Sri Lanka (1)
and USA (2) (Supplementary materials, Table S1).

Field experiments and phenotyping

The field experiments were conducted twice in the experi-
mental farms of Shanghai Academy of Agricultural Sciences
(SAAS) at Chonggu and Baihe in Qingpu District, Shanghai
in the summer seasons of 2006 and 2007, respectively. All
materials were sown in nurseries in late May, and transplanted
into four-row plots with a space of 25 x 20 cm in the field
25 days after sowing.

The Cheng’s index for indica—japonica differentiation
was investigated after heading in 2006, based on the
observations of six morphological traits differentiated
between the indica and japonica subspecies in rice,
including the glume pubescence, glume color at heading
time, length of rachis between the first and second panicle
nodes, leaf pubescence, length/width ratio of grains and
phenol reactions. Each trait was evaluated and given scores
within 0—4 while indica varieties have lower values and
Jjaponica varieties vice versa (Cheng 1985).

Three agronomic traits, heading date (HD), plant height
(PH) and panicle length (PL), were surveyed in both 2006
(HDO6, PHO6, PLO06) and 2007 experiments (HDO7, PHO7,
PL07). HD was recorded as the duration from seed sowing
to heading of about 10% plants in each plot. Three plants
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were randomly selected from the central area of each plot
for evaluating PH and PL. PH was measured in centimeters
from the soil surface to the tip of the tallest panicle
(excluding awns). The PL was measured in centimeters
from the panicle neck to the panicle tip (excluding awns).

Genotyping

Genomic DNA was extracted from single plant of each
accession by the CTAB method (Colosi and Schaal 1993).
PCR amplifications were conducted following a popular
protocol (Chen et al. 1997) with different annealing tem-
peratures if specified for certain primers. The amplification
products were separated by 6% polyacrylamide gel elec-
trophoresis (PAGE). We used 126 SSR and 6 InDel
markers distributed throughout the 12 chromosomes.
Among them, 84 molecular markers were selected from
chromosome 7 while other 48 markers were from the rest
ones. The primer sequence and chromosomal position of
each marker were obtained from GRAMENE and NCBI
databases (http://www.gramene.org; http://www.ncbi.nlm.
nih.gov/). Detailed information of the markers was shown
in supplementary materials (Table S2).

Data analysis
Phenotypic data

Nested ANOVA was conducted using S-Plus for Windows
V6.1 (Insightful Corporation 2001) to evaluate the variance
between two subspecies (Subsp), accessions included in each
subspecies (Acc(Subsp)) and between the experiments in
2 years (Exp). The model for HD, e.g., was input as a formula
(HD ~ Subsp/Acc + Exp). F test for Subsp is based on the
ratio between MSg s, and MS s cc(subsp)- £ values for Exp and
Acc(Subsp) were calculated in proportion to mean square of
residuals (MSg..). Expected variances of Subsp, Acc, Exp
and residual (agubsp, aicc, a%xp and G%m)r) were estimated
based on the formula of (MS — m x MSgo)/n, where MS is
the mean square of each source and m is the number of rep-
lication. The n value is the accession number for Exp, and
replication number for Acc. As the accession numbers in two
subspecies are not balanced, the n value for Subsp was cal-
culated using the formula: (1/(r — 1)) X ((Ning + Njap) —

((Nina)® + (Njap)*Y(Ning + Niap)), Where r is the number of
subgroups (r = 2), Ninq and Nj,, are accession numbers in
indica and japonica subgroup, respectively (Nj,q = 104;
Njap = 66; n of Subsp = 80.75294). Broad sense heritability
(Hg, %) was estimated from (65,0, + Tacc)/ (s + TaceT
Ofxp T Ofmor) X 100. The variation explained by the popula-
tion structure (i.e. among indica and japonica subgroups) was
estimated from g,/ (08ubsp  Tace + Thxp + Thror) X 100.
Phenotypic correlation coefficients were also estimated.

Genotypic data

For each marker locus, alleles were called as Al, A2, to
A(n) in ascending order of the amplified fragment size. We
used PowerMarker (Liu and Muse 2005) to calculate
observed heterozygosity, allele number and allele fre-
quency. Although rice varieties were normally pure lines,
rare cases of heterozygosity (less than 0.3%) were still
observed for molecular markers. Heterozygous data points
and null alleles were treated as missing data. Rare alleles
and haplotypes, with frequency of less than 5% in the panel
or selected groups of rice accessions, were omitted in
further analysis. The rest alleles were regarded as effective
alleles from that the polymorphic allele numbers were
given by subtracting one.

Population structure

The genetic structure of all 170 samples was investigated
with the model-based method implemented in STRUC-
TURE (Pritchard et al. 2000a). Fifty-two unlinked or loosely
linked marker loci (i.e. 4 on chromosome 7 together with 48
on other chromosomes; mostly with physical distance larger
than 1 Mb) were used to analyze the population structure.
Hypotheses were tested for number of subpopulations
ranging from k = 1 to kK = 10. For each k value, six runs
were performed using the admixture model and correlated
allele frequencies (Falush et al. 2003). The burn-in length
and iterations were all set to 500,000. In the model-based
method, each accession was estimated to have memberships
in multiple subgroups, shown as the membership coefficients
(Q values). As a population with two subgroups (i.e. indica
and japonica) was adopted after above procedure, the Qi,gica
value (abbreviated as Q value) was used in further analysis,
haVing (Qindica + Qjaponica) =L

According to the same set of marker data, a hierarchical
cluster was built based on the genetic similarity of the
accessions, using the NTSYS-pc software (UPGMA)
(Sneath and Sokal 1973). The software SPAGeDi (Hardy
and Vekemans 2002) was used to estimate the kinship
coefficients (Loiselle et al. 1995) based on all 132 marker
loci. All negative kinship values were set to zero. Fst value
of each marker locus was estimated to show the differen-
tiation between indica and japonica subspecies (Weir and
Cockerham 1984).

Linkage disequilibrium

Linkage disequilibrium extents were estimated between
markers on chromosome 7 within a scale of 2 Mb windows
using the software package TASSEL2.0 (Bradbury et al.
2007), for the whole population and two subpopulations as
identified by the model-based partition. Squared allele
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frequency correlations (r%) were calculated after modifying
the option setting for loci with multiple alleles.

Association analysis

Association between traits and markers was calculated
using a MLM function based on (Q + K) method in
TASSEL2.0 (Yu et al. 2006). The significant marker-trait
associations were declared by P < 0.0001 with relative
magnitude represented by the R” value as the portion of
variation explained by the marker. Least significant dif-
ferences (LSDs) were calculated to test the differences
among the accession groups defined by alleles or their
haplotypes of associated markers.

Results
Summary and ANOVA of phenotypic data

Large variations were observed among rice accessions for
three traits, i.e. HD, PH and PL (Table 1). For example, the
earliest accession took about 45 days to get heading while
the latest line spent about 115 days. The maximum values
were larger than the minimum values by 2-3 folds in all
three traits. Highly significant correlations were observed
among three agronomic traits. The correlation coefficients
were 0.4982** between HD and PH, 0.3456** between HD
and PL, and 0.5447** between PH and PL.

Nested ANOVA showed highly significant variation
between indica and japonica subspecies in PL, but not
significant in HD and PH. There were significant variation
between experiments in 2006 and in 2007 in HD
(P =0.0112) and highly significant variations in PH
(P <0.0001), PL (P = 0.0049). The variations among
accessions in subspecies are highly significant in all traits

(P < 0.0001) (Table 2). Broad sense heritabilities of HD,
PH and PL were 96.18, 94.82 and 89.40%, respectively.

So these traits were basic agronomic characters with
large variances among germplasm, high heritability and
correlations with each other, partial influence from exper-
imental environments (years and locations), but less dif-
ferentiation between indica and japonica subspecies. In
this study, they served more as examples to check the
effect of association mapping than as target traits.

Model-based and distance-based analyses
of the population structure

The model-based method was performed using the data of
52 polymorphic loci to recognize the genetic structure
among all the 170 samples. Six times of independent cal-
culations were done for each k value from k = 1to k = 10.
The posterior probability (In P(D)) increased sharply from
k=1 to k=2, but slowly after k = 2 (Supplementary
materials, Fig. S1). The results of six parallel calculations
converged with each other only for k = 1, 2, and 4. But
either for k = 3 or k = 4, the clustering structures among
rice accessions varied among parallel calculations. In this
case, the population structure with two subpopulations (i.e.
k = 2) was chosen for the samples in this study.

The population structure based on the Q values with
k = 2 coincided very well with the UPGMA tree from
distance-based analysis (Fig. 1). A batch of 66 accessions
was grouped into one clade shown in the upper part of the
dendrogram while the other group had 104 accessions
located in the lower part.

Two subpopulations parallel to indica and japonica
subspecies

The rice accessions in this study were empirically classified
into two groups (Supplementary materials, Table S1). The

Table 1 Descriptive statistics
of three agronomical characters

observed in 170 rice accessions
in two field experiments (2006
and 2007, Shanghai, China)

Traits Experiments Subpopulations Mean £+ SD Range
Heading date (HD, days) 2006 indica 79.2 £ 15.0 44.0-116.0
Jjaponica 82.7 £ 158 46.0-113.0
2007 indica 79.6 £ 13.1 60.0-115.0
Jjaponica 85.0 £ 16.0 43.0-115.0
Plant height (PH, cm) 2006 indica 108.5 £+ 28.2 57.0-167.7
Jjaponica 109.4 £ 26.3 55.0-170.0
2007 indica 111.4 £ 28.5 64.8-190.0
Jjaponica 115.4 £ 26.6 66.0-177.3
Panicle length (PL, cm) 2006 indica 233+ 28 16.8-31.0
Jjaponica 214 +£39 12.3-32.8
2007 indica 229 +£23 16.0-26.9
Jjaponica 213 £ 3.6 14.0-32.8
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Table 2 ANOVA results of heading date (HD), plant height (PH) and panicle length (PL) based on fixed effect model

Traits Effects® df MS F value Pr(F) H: (%)° Subsp (%)°
HD (day) Subsp 1 1527.412 3.764 0.0541 96.18 4.74
Exp 1 97.509 6.59 0.0112
Acc(Subsp) 168 405.998 27.43 <0.0001
Residuals 154 14.802
PH (cm) Subsp 1 1969.460 0.55¢ 0.4607 94.82 1.83
Exp 1 3037.550 66.01 <0.0001
Acc(Subsp) 158 3601.421 78.27 <0.0001
Residuals 682 46.014
PL (cm) Subsp 1 871.232 19.55¢ <0.0001 89.40 41.72
Exp 1 21.008 7.96 0.0049
Acc(Subsp) 166 44.561 16.89 <0.0001
Residuals 767 2.638

4 For Subsp, F value = MSgupsp/MS Acc(subsp)

Cheng’s indices (CI) varied from 3 to 23 among rice
accessions with two densely distributed ranges of CI = 5-
10 and 16-22 (Fig. 2). The indica group had 104 acces-
sions with CI = 3-14, and the japonica group had 66
accessions with CI = 15-23.

The Q values of accessions in indica group varied from
0.820 to 0.999, but leaving a single accession “Qingke” as
an exception (Q = 0.693). The Q values had a range of
0.001-0.268 for accessions in japonica group. So, it is
obvious that classification of indica and japonica subspe-
cies in rice based on the Cheng’s index was highly corre-
sponding with the population structure based on molecular
markers. Arrayed by both Cheng’s index and Q values, the
accessions can be brought into two largely isolated clusters
(Fig. 2). The phenotypic variation explained by the popu-
lation structure, i.e. the percentage of variance between two
subspecies (Subsp in Table 2) in total variance, was esti-
mated to be 4.74, 1.83 and 41.72% in HD, PH and PL,
respectively.

Variation of LD level in 2 Mb windows along rice
chromosome 7

Along chromosome 7, the average LD (rz) was estimated
among markers in 2 Mb windows. The LD level in whole
population had an uneven distribution with peaks on the
chromosomal regions of 18-21, 21-24, and larger than
28 Mb (Fig. 3). Variance of LD was observed in both
subpopulations along the same chromosome, but with
much smaller ranges.

Subsp, Acc, Exp represent subspecies, accessions, and experiments, respectively
Hpg (%) represents the broad sense heritability, i.e. the percentage of the sum of variance of Subsp and Acc in total variance

Subsp (%) represents the percentage of the variance of Subsp in total variance

Association between agronomical traits and molecular
markers on chromosome 7

For HDO06, marker loci RM5672, RM3767 and RM1306
were significant, and among them RM3767 had the
largest effect (R2 = 22.95%). Three markers, RM180,
RM3767 and RM1306, were associated with HDO7 hav-
ing the largest effect from RM1306 (R* = 20.12%). Two
markers (RM3767 and RM1306) were commonly detected
in two experiments while the third ones (RM5672 for
HDO06, RM180 for HDO7) were adjacent marker loci. For
PHO6 and PHO7, RM560 and RM1306 were significant
markers in common. RM180 showed genetic association
with PHO6 only. RM1306 had the largest effects on both
PHO6 and PHO7 explaining about 20% of phenotypic
variation. The marker loci significantly associated with
PLO6 were RM1306 and RM22166. They individually
explained 12.6 and 20.28% of the total phenotypic vari-
ations. For PLO7, we identified only one significantly
associated marker RMI1306 (R? = 19.39%) (Table 3;
Fig. 4).

The effective polymorphic allele number and Fst values
of 84 marker loci on chromosome 7 were integrated into
Fig. 4. The effective polymorphic allele number ranged
from O to 6. Two marker loci (RM2420 and RM2789) had
no effective polymorphic allele after removing the rare
alleles and no association results as well. Based on the
Kendall’s t values (Supplementary materials, Table S3),
the correlations between allele numbers and the association
results (log P) were significant in HD06 (r = —0.205%),
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Fig. 1 UPGMA clustering and
population structure of 170 rice
accessions based on 52 SSR or
InDel loci on 12 chromosomes.
Left The accessions were
clustered into two subgroups by
UPGMA. Horizontal axis
represents the coefficient of
similarity. Labeled numbers
represent the bootstrap values of
indica and japonica subgroups.
Right Estimated population
structure; each individual is
represented by a horizontal bar
broken into two colored
segments, with lengths in
proportion to Q values of the
indica subpopulation (in green
colorldark gray, serving as the
scale of the horizontal axis) and
Jjaponica subpopulation (in

1
2
7
2
135
163
25
30

yellow colorllight gray), 87.0

respectively

85.0

0.16 0.32 0.49

HDO7 (r = -0.259*%*) and PLO7 (r = —0.197%), but not
significant in other three cases. The level of genetic dif-
ferentiation of marker loci (i.e. Fst) had no signifi-
cant correlation with the log P values of marker loci in all
traits.
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Identification of the allelic effects for highly significant
associated markers

The rice accessions were grouped according to the alleles
of associated markers with lowest log P values. Means of
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Fig. 2 The Cheng’s indices correspond to the Q values estimated in
the population structure analysis. The rice accessions fall apart into
two subgroups including japonica varieties at the top left and indica
varieties at the bottom right

groups and results of multiple comparisons based on
LSDg s and LSDgy; were listed in Table 4.

Marker locus RM1306, with five alleles, was signifi-
cantly associated with all three traits. Accessions with
allele 1 (A1) had the shortest growth period, PH and PL.
Allele 2 (A2) had the second earliest HD, but had the
highest mean values in PH and PL. Accessions with other
three alleles (A3, A4 and A5) had later HDs than Al and
A2, but means of PH and PL between Al and A2. For
RM3767, group means of HD06 and HDO7 had an order of
A2 > A3 > Al ~ A4. Among three alleles of RM560,
group means of PH were ordered as A2 > A3 > Al, while
only the mean of Al group was highly significant from two
other allelic groups. RM22166 was detected as associated
marker of PL in 2006 only. A4 had the lowest PL that was
significantly different from top two alleles (A3 and A6).

Taking HDO7 as an example, we compared the effects of
several haplotypes, i.e. allele combinations, at two associ-
ated loci RM3767 (M1) and RM1306 (M2). A total of
seven haplotypes were identified with the frequency of
more than 5%, which were listed in descending order as
MI1A2:M2A2, M1A2:M2A4, M1A4:M2A4, M1A3:M2A2,
M1A3:M2A4, MI1A1:M2A2 and M1A1:M2A1 (Table 5).
The samples with haplotype M1A1:M2A1 (rn = 11) had
the earliest HD that was highly significant from all other

Table 3 Association of molecular markers on rice chromosome 7
with heading date (HD), plant height (PH) and panicle length (PL)
observed in the 2006 and 2007 experiments

Traits Experiments Loci Positions (Mb) log P R*
HDO06 2006 RM5672 6.379 —4.98 0.1851
RM3767 9.037 —7.89 0.2295
RM1306  28.946 —4.34 0.1747
HDO7 2007 RM180 5.734 —4.11 0.1191
RM3767 9.037 —5.57 0.1476
RM1306  28.946 —6.07 0.2012
PHO6 2006 RM180 5.734 —4.59 0.0811
RM560 19.582 —6.33  0.0948
RM1306 28.946 —8.05 0.1866
PHO7 2007 RM560 19.582 —5.10 0.1610
RM1306  28.946 =777 0.2237
PL06 2006 RM1306  28.946 —4.84 0.1260
RM22166 29.416 —4.81 0.2028
PLO7 2007 RM1306  28.946 —7.02 0.1939

haplotype groups. Samples with haplotype M1A1:M2A2
(n = 44) had the second earliest HD and was significantly
different from the haplotype of M1A2:M2A2 that had
latest HD.

Cursory categorization of accessions
bearing different marker alleles

The rice accessions can be roughly categorized according
to their origin places, belonging to indica or japonica
subspecies, landraces or modern cultivars and so on. The
accessions bearing different marker alleles had uneven
distribution among such kind of categories.

For marker RM3767, all the accessions with Al belong
to the indica subpopulation. The 80% accessions from
north China, Japan and South Korea had A4 with japonica
accessions as the majority (89.7%). A large proportion of
accessions with A2 also belonged to japonica subpopula-
tion (69%), but 85% of them were from south and east
China.

Fig. 3 Plot of linkage 0.40 -

disequilibrium extent (%) 0.35 - : :

against the physical positions L [ndica subpopulation /

. 0.30 ) .

along chromosome 7. The lines = = = Japonica subpopulation \ / /

S 2 2 025F . . \

indicate the average r~ values r _—— Entire population

g pop /

for 2 Mb windows in the entire 0.20 - / \ \ l

population and two 0.15 / \/ \ / /

subpopulations 010 ~ p y
~I N\ ’ == N\ /

0050 Y. e < o Ny —~ =~ a2 /‘\‘_/
0 [ | I | | | | I [ 1 1 1 1 1 1 1 1 1 .\ - | | b | | 1 I
23 456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29
Physical position (Mb)
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The Number of Alleles

Fst

10.6

Log(P)

1-0.6

The Number of Alleles
LogP(HD06)
--------- LogP(HD07)
LogP(PH06)
LogP(PHO7)
LogP(PL06)
"""" LogP(PLO7)

Fig. 4 Scanning the associations (in log P) of heading date (HD),
plant height (PH) and panicle length (PL) with 84 marker loci on
chromosome 7 in rice. Eighty-four marker loci are ordered on the
horizontal axis according to their physical positions on the

For marker RM560, allele Al had a predominant fre-
quency in the whole set of accessions, and 68% samples
among them were indica accessions. In the accessions with
A2, 70% samples belong to the indica subpopulation and
within which most accessions are landraces from Sichuan,
Yunnan and Guizhou, as neighbor provinces in south-west
China. All accessions with A3 belong to japonica
subpopulation.

All 13 accessions with A1 of RM1306 came from south
China and 10 of them were cultivars from Hunan province.
For all 81 accessions with A2, 94% of them belonged to the
indica subpopulation. All the 29 accessions with A4 were
classified into the japonica subpopulation.

Discussion

Chinese rice germplasm had a predominant
population structure containing two subpopulations
in correspondence with indica and japonica subspecies

The differentiation of two subspecies, indica and japonica,
in Asian cultivated rice (Oryza sativa L.) was widely
accepted for a long history (Kato et al. 1928). More com-
plicated intra-species classification was later suggested by
several authors. Briefly, the third subspecies, javanica, or
interpreted as one or more eco-groups (aus, javanica, or

@ Springer

chromosome (see the list in Supplementary materials, Table S2).
The vertical scale above x-axis represents the effective polymorphic
allele number and Fst values of each marker loci. Effective polymor-
phic allele number = (allele number — rare allele number — 1)

tropical japonica, etc.) was added to embody a small
proportion of germplasm from south Asia. Those germ-
plasm were less differentiated, and had large genetic dis-
tances from both indica and japonica subspecies (reviewed
by Wang et al. 1998).

Some previous studies on genetic structure of rice
(O. sativa) detected more than two groups (Garris et al.
2005; Agrama et al. 2007). Garris et al. (2005) gave out a
population structure with five groups, aromatic, aus, indica,
temperate japonica and tropical japonica, in a set of 234
rice accessions collected from all over the world. In our
study, the model-based estimation from 52 SSR or InDel
markers suggested a structure with two subpopulations in
170 rice accessions. Most accessions (97.6%) were
assigned into the corresponding subgroups with the mem-
bership (Q) larger than 0.80. The two subgroup divisions
were obtained with coincidence based on either Q values or
UPGMA clustering, and were corresponding with dividing
of subspecies according to empirical category and the
observation of referential morphological traits (i.e. Cheng’s
index). Only four accessions were located near the inter-
mediate part between indica and japonica subpopulations
in UPGMA clustering. They are Kasalath (161) from India,
Qingke (107) and Sanbanggqishiluo (87) from Yunnan
province and Qingsiail6B (21) from Guangdong province,
China. This phenomenon has been observed and discussed
in our previous report (Mei et al. 2007).
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Table 4 Multiple comparison among means of accessions grouped
by the alleles of associated markers of heading date (HD), plant
height (PH) and panicle length (PL)

Traits Markers Alleles N Means® P <0.05 P <0.01
HD06 RM3767 A2 31 9381 a A
A3 34 8356 b AB
Al 61 7503 ¢ B
A4 27 7452 ¢ B
HDO7 RM3767 A2 32 9153 A
A3 37  84.68 B
A4 29 7793 bc BC
Al 65 7583 ¢ C
HD06 RMI1306 A3 8 89.00 a A
A5 10 8470 a A
A4 26 8454 a A
A2 74 8192 a A
Al 13 6154 b B
HDO07 RMI1306 A5 10 8850 a A
A3 8 8825 a A
A4 29 8676 a A
A2 80 8220 a A
Al 13 618 b B
PHO6 RMS560 A2 20 12925 a A
A3 24 12234 a A
Al 100 100.15 b B
PHO7 RM560 A2 15 13540 a A
A3 20 12765 a A
Al 98 10527 b B
PHO6 RMI1306 A2 70 118.14 a A
A5 9 11200 a A
A3 7 11076 a A
A4 28 106.18 a A
Al 13 71.15 b B
PHO7 RMI1306 A2 63 12201 a A
A5 7 11371 a A
A4 27 11254 a A
A3 5 110.60 ab AB
Al 13 7799 b B
PLO6 RM22166 A3 15 2507 a A
A6 14 2406 a A
A2 19 2323 a AB
Al 14 22.87 ab AB
A5 22 2242 ab AB
A4 10 19.18 b B
PLO6 RMI1306 A2 76 24.13 a A
AS 10 21.87 ab AB
A4 28 2152 b B
A3 7 2100 b B
Al 13 2043 b B

Table 4 continued

Traits Markers Alleles N Means® P <0.05 P <0.01
PLO7 RMI1306 A2 77 2383 a A

A5 10 22.06 ab AB

A3 6 21.19 ab AB

A4 28 2052 b B

Al 13 20.19 b B

4 Means followed by different letters were significantly different by
the LSD test at the level P < 0.05 (in lowercases) and P < 0.01 (in
uppercases)

Table 5 Multiple comparison among means of heading date in 2007
(HDO7) of accessions grouped by the combinations of alleles on
RM3767 (M1) and RM 1306 (M2) loci

Haplotypes N Means® P <0.05 P < 0.01
MI1A2:M2A2 10 94.00 a A
MI1A2:M2A4 9 88.33 ab AB
MI1A4:M2A4 12 86.58 ab AB
MI1A3:M2A2 20 86.05 ab AB
MI1A3:M2A4 8 85.25 ab AB
MIA1:M2A2 45 79.18 b B
MIA1:M2A1 11 61.64 c C

# Means followed by different letters were significantly different by
the LSD test at the level P < 0.05 (in lowercases) and P < 0.01 (in
uppercases)

LD variation in parallel with the level of genetic
differentiation (F'st) between indica and japonica
subspecies

Variation of LD level among genomic regions was
observed in this study (Fig. 3) and in many other resear-
ches (Remington et al. 2001; Caldwell et al. 2006; Hyten
et al. 2007; Mather et al. 2007; Somers et al. 2007; Wang
et al. 2008). Mather et al. (2007) observed the correlation
between estimated recombination rate and the extent of LD
across the genome. Somers et al. (2007) suggested that the
changes in LD along chromosomes are indicative of areas
of genome that are under selection pressure.

In this study, the LD extent in 2 Mb windows varied
along rice chromosome 7 in the entire population, but
hardly significant in two subpopulations. According to the
allelic frequency in indica and japonica accessions, Fst
values of marker loci were calculated to show the inter-
subspecies differentiation. The chromosomal regions with
high LD extent in entire population were strictly parallel to
the positions with high level of Fst values (Figs. 3, 4). In
our previous study, we developed two reciprocal IL pop-
ulations between indica and japonica lines, the proportion
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of introgression segments from indica donor to japonica
background was much higher than that in the reciprocal
direction on the long arm of rice chromosome 7 (unpub-
lished data). This phenomenon was not properly explained
until now, but showed an unknown linkage to the result in
this study. Based on above observations, the change of LD
extent against marker loci along rice chromosome 7 might
reflect to the varied level of indicaljaponica differentiation
of different genomic regions.

Before getting more convincing conclusion, further
studies should be done to eliminate two weaknesses in this
experiment. First, the changes of LD extents along other
chromosomes should be detected to show the panorama of
whole genome. Secondly, validation based on more and
different types of molecular markers seems necessary to
avoid the probably biased estimation based on SSR and
InDel markers.

Associated marker loci and multiple allelic effects
of each locus in germplasm provided sufficient
resources for rice breeding

Although only the mapping results of three agronomic
traits on single chromosome were shown in this paper, the
MLM association analysis based on (Q + K) model
seemed to be efficient and reliable. First, two to three
associated marker loci were detected for each trait in single
chromosome that was repeatable in most cases for the data
collected from two independent experiments in different
locations and years (Table 3). Secondly, the mapping
results in this study were coincident with many other
reports. For example, the significant marker loci associated
with HD in this study were located near several HD
quantitative trait locus (QTL) on chromosome 7 as reported
previously (Lin et al. 1998; Li et al. 2003; Xue et al. 2008).
Marker loci RM180, significant for PH, probably linked to
the chromosomal regions where Ghd7 has been detected.
The QTL Ghd7 has major effects on an array of traits in
rice, including number of grains per panicle, PH and HD
(Xue et al. 2008). Two other significant associated markers
to PH in both experiments (RM560 and RM1306) located
within the regions of ph-7 (Lu et al. 1997) and ph7 for PH
(Yan et al. 1998). Marker loci RM 1306 and RM22166 were
associated to PL and located nearby at the distal end of
chromosome 7 where QTLs for PL had been detected in
several populations (Xu et al. 2001; Jiang et al. 2004). The
information not only provided partial evidence of the
consistency between association analysis and linkage
mapping, but also encouraged the authors to take further
study on the allelic diversity of cloned genes (like Ghd7) or
candidate genes of major QTLs using the diverse panel of
rice germplasm.

@ Springer

The estimation of allelic effects showed diverse patterns
for associated markers in our present study (Table 4). For
example, SSR marker RM1306 was detected in all six
cases of three traits by two field experiments, showing
strong pleiotropic effects on HD, PH and PL. This result is
in agreement with the fact that three measured traits are
highly correlated with each other. Among five alleles, Al
had negative effects on all three traits and was found in 13
indica accessions from south China (including 10 acces-
sions from Hunan province). A2 was carried by 81 acces-
sions (94% are indica) and contributed to the second
shortest HD but highest group means of PH and PL. A3—
A5 had similar patterns of effects (i.e. high HD, and
medium PH and PL). A4 and AS appeared in japonica
accessions only (but one exception). This kind of infor-
mation is useful in the breeding program based on germ-
plasm with distant genetic relations, by which the genetic
diversity of modern varieties can be broadened.

Before using associated markers in marker-assisted
breeding, careful interpretation and case-by-case validation
seemed to be necessary to confirm the consistency among
accessions and to estimate unbiased expectations of genetic
gain (Breseghello and Sorrells 2006). Association analysis
based on higher density of molecular markers, larger size
of populations and repeated experiments under multiple
environments will significantly reduce the bias between
marker allele estimates and the real effects of target gene
alleles.
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