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Abstract Genome-wide association analysis is a power-
ful approach to identify the causal genetic polymorphisms
underlying complex traits. In this study, we evaluated a
population of 191 soybean landraces in five environments
to detect molecular markers associated with soybean yield
and its components using 1,536 single-nucleotide polymor-
phisms (SNPs) and 209 haplotypes. The analysis revealed
that abundant phenotypic and genetic diversity existed in
the studied population. This soybean population could be
divided into two subpopulations and no or weak relatedness
was detected between pair-wise landraces. The level of
intra-chromosomal linkage disequilibrium was about
500 kb. Genome-wide association analysis based on the
unified mixed model identified 19 SNPs and 5 haplotypes
associated with soybean yield and yield components in
three or more environments. Nine markers were found
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co-associated with two or more traits. Many markers were
located in or close to previously reported quantitative trait
loci mapped by linkage analysis. The SNPs and haplotypes
identified in this study will help to further understand the
genetic basis of soybean yield and its components, and may
facilitate future high-yield breeding by marker-assisted
selection in soybean.

Introduction

Seed yield of soybean (Glycine max [L.] Merr.) is con-
trolled in a complex manner by quantitative trait loci
(QTLs), and environmental variations can trigger and mod-
ify the actions of related genes (Li et al. 2005). In soybean,
it is becoming more difficult to improve yield using tradi-
tional methods. However, the development of genomics has
provided alternative tools to improve breeding efficiency in
plant breeding programs. Molecular markers linked to the
causal genes and/or QTLs can be used for marker-assisted
selection (MAS) (Xu and Crouch 2008).

Over the past 20 years, a large number of QTLs associ-
ated with soybean seed yield and other important agro-
nomic traits have been reported (Chung etal. 2003;
Guzman et al. 2007; Hoeck et al. 2003; Kassem et al. 2006;
Keim et al. 1990; Li et al. 2008a; Mansur et al. 1993, 1996;
Mar 1996; Maughan et al. 1996; Mian et al. 1996; Orf et al.
1999a; Palomeque et al. 2010; Smalley et al. 2004; Vieira
et al. 2006; Wang et al. 2004; Zhang et al. 2004). However,
approximately 85% of the previously reported QTLs could
not be confirmed in subsequent studies, and few have actu-
ally been applied in breeding programs (Kassem et al.
2006). This is because most QTLs were population-
specific, and the genetic variation detected in the specific
bi-parental population might not be shared in other genetic
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populations (Wang et al. 2008; Xu and Crouch 2008). In
addition, the limited recombination in most populations
used for linkage mapping makes it difficult to precisely map
QTLs, which severely limited their use in MAS (Cardon
and Bell 2001; Gupta et al. 2005).

With the potential to exploit all recombination events
that occurred in the evolutionary history of a specific germ-
plasm, genome-wide association analysis based on linkage
disequilibrium (LD) has become a powerful approach for
dissection of complex agronomic traits and identification of
causal variation with modest effects for target traits in crops
(Atwell et al. 2010; Yan et al. 2009, 2010; Yu and Buckler
2006; Chan et al. 2011). The key constraint for the success-
ful use of association analysis in plants is the population
structure and genetic relatedness, which can result in spuri-
ous marker-trait associations that may make it difficult to
distinguish loci that truly affect the target traits (Ersoz et al.
2007; Gupta et al. 2005; (Chan et al. 2011). Several statisti-
cal strategies have been developed to account for the popu-
lation structure and relatedness. One powerful strategy is
the unified mixed model approach (MLM), which accounts
for multiple levels of relatedness simultaneously, and can
improve control of both typeland typell error rates (Yu
et al. 20006).

Recent advances in genome sequencing and single
nucleotide polymorphism (SNP) genotyping have increased
the applicability of association analysis for QTL mapping
in crops (Morgante and Salamini 2003; Rafalski 2010).
Genome-wide association analyses with SNP markers have
been conducted for several important traits in many plant
species, including Arabidopsis thaliana (Atwell et al. 2010;
Sulpice etal. 2009), maize (Belé etal. 2008; Lai et al.
2010; Lu et al. 2010; Yang et al. 2010), and rice (Huang
etal. 2010). In soybean, several genetic bottleneck events
and two major duplication events of genome have resulted
in lower sequence diversity in cultivated soybean, that lim-
ited the amount of SNPs (Blanc and Wolfe 2004; Hyten
etal. 2006; Schlueter et al. 2004; Schmutz et al. 2010).
SNP genotyping via the GoldenGate assay has resulted in
the identification of 8,000 SNPs in soybean, and the con-
struction of the fourth version of the soybean integrated
linkage map (Choi et al. 2007; Hyten et al. 2010). These
SNP resources will facilitate high-throughput genotyping in
genome-wide association analysis for dissection of com-
plex agronomic traits (Hyten et al. 2010). Identification of
the SNPs associated with yield-related traits would facili-
tate combining the desirable genes in soybean breeding
programs.

Furthermore, haplotype association is likely to be more
powerful in the presence of LD (Garner and Slatkin 2003).
Using haplotypes for QTL mapping could compensate for
the bi-allelic limitation of SNPs, and substantially improve
the efficiency of QTL mapping (Lu et al. 2010; Yan et al.
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2011). And, haplotype-traits association analyses are help-
ful for precise mapping of important genomic regions and
location of favor alleles or haplotypes for breeding (Barrero
etal. 2011).

The aim of this study was to identify SNPs and haplo-
types underlying soybean yield and yield components in
different environments. In addition, the population structure
and genetic relatedness were analyzed by SNPs. Our results
suggest that genome-wide association analysis in soybean
landraces using SNPs and haplotypes is an alternative map-
ping approach for identifying QTLs underlying soybean
yield and yield components.

Materials and methods
Plant materials and phenotypic data collection

A population of 191 soybean landraces from different geo-
graphic origins and with phenotypic variations was selected
to construct the association mapping panel. The trials were
performed in 2009 and 2010 at three different locations
along the Yangtze River Basin, as follows: Jiangpu Experi-
mental Station of Nanjing Agricultural University (32°12'N
118°37'48"E), Nanjing, in 2009 (designated as environment
El) and 2010 (designated as environment E2); Experimental
Farm of Jiangsu Yanjiang Institute of Agricultural Sciences
(31°58'48"N 120°53'24"E), Nantong, in 2009 (designated as
environment E3) and 2010 (designated as environment E4);
and Experimental Farm of Agricultural College of Yangz-
hou University (32°23'24"N 119°25'12"E), Yangzhou, in
2010 (designated as environment E5). A randomized com-
plete-block design was used for all trials. For environment
El, all landraces were planted with two replications. For
other environments (E2, E3, E4, and ES5), all landraces were
planted with three replications. In all five environments,
each landrace was planted in three rows per plot, each row
200 cm-long and with 50 cm row spacing. Four traits were
evaluated in all environments, including number of pods per
plant (PN), number of seeds per plant (SN), 100-seed weight
(SW) (g), and seed yield (SY) (g/mz). The middle row in
each plot was harvested to measure these four traits after
maturity. SY and SW were adjusted to 13% moisture con-
tent in all environments.

SNP genotyping

Genomic DNA samples were extracted from the leaf of
soybean seedlings using the CTAB method (Murray and
Thompson 1980). All these 191 soybean landraces were
genotyped with 1,536 SNP chips via the GoldenGate assay
(IMumina, San Diego, CA, USA) (Shen et al. 2005). To
design the GoldenGate assay, a total of 2,435 random SNPs
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evenly covering the genome were selected from the Soy-
bean SNP database (http://bfgl.anri.barc.usda.gov/soybean/)
(Choi et al. 2007). SNP genotyping was performed on the
Illumina Beadlab system at the National Engineering Cen-
ter for Biochip (Shanghai, China). Based on their quality
scores, the best 1,536 SNPs were chosen for the Golden-
Gate assay and 1,142 SNPs with minor allele frequency
(MAF) of >10% in the present population were used for
subsequent analyses.

Population genotypic data analysis

Genetic diversity characteristics in the 191 soybean land-
races, including MAF, gene diversity, heterozygosity and
polymorphism information content (PIC), were evaluated
using the software Powermarker 3.25 (Liu and Muse 2005).
This software was also used to construct a Neighbor-join-
ing tree based on Nei’s genetic distance matrix (Nei et al.
1983; Liu and Muse 2005). Haplotypes were constructed
with an accelerated EM algorithm using the software Hap-
loview 4.2 (Barrett et al. 2005), and the haplotype blocks
were defined with the default algorithm of 95% confidence
intervals as described (Gabriel et al. 2002), all haploytpes
(including the rare haplotypes) were used for further analy-
ses in this study. The linkage disequilibrium parameter (r%)
for estimating the degree of LD between pair-wise SNPs
(1,142 of 1,536 SNPs with MAF >10%) was calculated
using the software TASSEL 2.1 (Bradbury et al. 2007) with
1,000 permutations. The decay distance of LD was deter-
mined with a threshold of 7> = 0.1 as described (Hyten et al.
2007; Malysheva-Otto et al. 2006).

The Bayesian model-based program STRUCTURE 2.2
(Pritchard et al. 2000) was used to infer the population
structure using the 1,142 SNPs mentioned above. The
length of burn-in period and the number of Markov Chain
Monte Carlo replications after burn-in were all assigned at
100,000 with an admixture and allele frequencies correlated
model. Five independent iterations of running were per-
formed with the hypothetic number of subpopulation
(k) ranging from 1 to 10. The correct estimation of k was
provided by joining the log probability of data [LnP(D)]
from the STRUCTURE output and an ad hoc statistic
Ak (Evanno et al. 2005), which was based on the rate of
change in the log probability of data between successive
k values. Based on the correct k, each soybean landrace was
assigned into a subpopulation for which the membership
value (Q value) was >0.5 (Pritchard et al. 2000; Breseg-
hello and Sorrells 2006), and the population structure
matrix (Q) was generated for further analyses.

Analysis of molecular variance (AMOVA) and popula-
tion pair-wise F statistics (Fgp) for the inferred subpopula-
tions were performed to investigate the population
difference using Arlequin 3.01 (Excoffier et al. 2005). The

software SPAGeDi (Hardy and Vekemans 2002) was used
to calculate the pair-wise relatedness coefficients (K, kin-
ship matrix) to estimate the genetic relatedness among indi-
viduals with the negative value of kinship set as zero.

Phenotypic data analysis

Statistical analysis of all phenotypic data across five envi-
ronments was conducted using the software SAS 8.0 (SAS
Institute 1999). Analysis of variance (ANOVA) of all phe-
notypic data based on means of traits of each landrace
across five environments was conducted using PROC
GLM. Decomposition of variance components (genotype,
year, location, block, and the interactions among these fac-
tors) was evaluated using PROC VARCOMP. The broad-
sense heritability (h*) (Holland et al. 2003) of each trait was
estimated using the variance components. The effects of
population structure on the phenotypic variation were esti-
mated based on the mean values for each trait using PROC
GLM, the model statement included one of the two compo-
nents of the Q matrix (k = 2) (Yang et al. 2010). Correlation
coefficients between soybean yield and yield components
were calculated with PROC CORR.

Genome-wide association analysis

To account for the population structure and genetic related-
ness, various statistical models were evaluated: the GLM
model without considering Q and K; the Q model with con-
sidering Q; the K model with considering K; the MLM
model with considering Q and K. Genome-wide association
analyses based on these models were conducted with the
software TASSEL 2.1 (Bradbury etal. 2007; Yu etal.
2006). Markers were defined as being significantly associ-
ated with traits on the basis of their significant association
threshold (—LogP > 2.00, P < 0.01).

Results
Genetic diversity

Among the total 1,536 SNPs in 191 soybean landraces, 394
(25.7%, data not shown) showed minor alleles frequency
(MAF) of less than 10%, and were, therefore, excluded
from further analyses. The remaining 1,142 SNPs with
MAF greater than 10% were used to determine genetic
diversity and for further analyses. The average MAF value
of the 1,142 SNPs was 29.1 (range 10.2-50.0). The gene
diversity, heterozygosity and PIC of the 1,142 SNPs aver-
aged 0.391, 0.013 and 0.313, with ranges of 0.071-0.615,
0-0.245 and 0.069-0.537, respectively (Fig. 1). The low
rate of heterozygous loci was observed in the present popu-
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Table 1 Summary of SNPs and alleles in each haplotype
Number of SNPs Number of Number of haplotypes with different alleles per haplotype
er haplotype haplotypes
P Powp PP 2 3 4 5 6 7 8
2 163 57 101 5 0 0 0 0
3 35 4 17 12 1 0 0 1
4 1 1 3 0 0 0
5 0 1 0 0 0 0
6 1 0 0 0 1 0 0 0
Total 209 62 122 19 5 0 0 1

lation, with the average heterozygosity rate of each land-
race of 0.012. 209 haplotypes were identified from 1,142
SNPs among 191 landraces. These haplotypes consisted of
599 alleles, with 2-8 alleles per haplotype (Table 1). There
were 2-6 SNPs per haplotype. Haplotypes consisting of
two SNPs were most common (78% of all haplotypes).

Population structure and genetic relatedness

The evaluation of the population structure of the 191 soy-
bean landraces indicated that the distribution of the
LnP(D) value corresponding to each hypothetical k did not
show any peaks, but there was an increase in LnP(D) value
with increasing k value (data not shown). The ad hoc quan-
tity (Ak) showed a much higher likelihood at k = 2 than at

@ Springer

k =3-10 (Fig. 2a), suggesting that the population could be
clustered into two major subpopulations (Fig. 2b). The pop-
ulation pair-wise Fgr was 0.24 (P < 0.001) between the two
subpopulations, which revealed high level of difference.
The result of AMOVA indicated that 23.8% of the total
genetic variation was among subpopulations, whereas
76.2% was within subpopulations (Table 2).

The information of neighbor-joining tree (Fig. 2c) was
consistent with the results from STRUCTURE. For the sub-
population P1 (including 161 landraces), most landraces
were from South China with relatively late maturity. The
landraces in subpopulation P2 (including 30 landraces)
were mainly from North China with relatively early matu-
rity. The corresponding Q-matrix at k =2 was used for the
following genome-wide association analysis.
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Fig. 2 Divergence of 191 soybean landraces. a Ak value over five iterations of running with putative k ranging from 1 to 10, b model-based pop-
ulation structure for all 191 soybean landraces, ¢ neighbor-joining tree based on Nei’s genetic distance matrix

Table 2 Analysis of molecular variance (AMOVA) and Fg; for two subpopulations of soybean landraces inferred from STRUCTURE

Source of variation df Sum of squares Variance Percentage P value
components variation
Among subpopulaions 1 6,739.00 64.58 23.8 <0.001
Within subpopulations 380 78,579.54 206.79 76.2 <0.001
Total 381 85,318.54 271.37
Population pair-wise Fgr: 0.24 (P < 0.001)
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Fig. 3 Distribution of pair-wise kinship coefficients among 191 soy-
bean landraces. Kinship coefficients between landraces were calcu-
lated using 1,142 SNPs

Genetic relatedness analysis indicated that landraces in
the present population were distantly related (Fig. 3). For
the kinship coefficient values, more than 80% were less
than 0.05, 11.6% had a range of 0.05-0.10, and the remain-
ing 7.4% showed various degrees of genetic relatedness.
This result suggested that there was no or weak relatedness
between pair-wise soybean landraces. Based on the result
of the relatedness analysis, a K matrix was constructed for
association analysis.

Linkage disequilibrium across whole genome

The #* values between pair-wise markers physically linked
within a distance of 1,000 kb were plotted against distance

400 500 600 700 800 900
kb

Fig. 4 Scatter plot of 1% against genetic distance within a distance of
1,000 kb in the population of 191 soybean landraces

0 100 200 300

(Fig. 4). The scatter plots of the > versus.distance showed
that there was a high LD in this population. The average
decay of intra-chromosomal LD declined to the threshold
of #=0.1 at around 500 kb, and the ¥ value on average
was 0.16 across whole genome.

Phenotypic variation analysis

Each trait varied widely among different environments
(Table 3). For all traits, the maximum value was approxi-
mately ten times the minimum value. The values of PN,
SN, SW, and SY across all five environments showed
ranges of 26.48-136.85, 39.17-272.44, 4.65-38.65, and
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Table 3 Descriptive statistics, ANOVA, and broad-sense heritability (h2) of soybean yield and its components across five different environments

Trait Environment Mean SD Min. Max. G* G x E° ¢ (%) R™
PN El 38.84 16.40 10.33 105.33 ok o 66.0 1.71
E2 55.42 18.37 22.89 115.00
E3 81.20 26.34 18.00 216.33
E4 91.63 32.23 30.80 201.57
E5 88.84 28.98 35.25 174.64
Mean 71.83 19.71 26.48 136.85
SN El 68.32 29.97 16.67 194.00 ok o 60.0 261
E2 94.65 34.03 29.00 201.89
E3 142.25 51.53 28.33 450.17
E4 183.26 64.46 61.60 403.13
E5 136.92 52.47 38.00 350.00
Mean 126.14 37.20 39.17 27244
SW El 14.23 6.30 5.46 41.10 ok o 93.0 1.49
E2 13.24 5.89 4.29 39.88
E3 13.08 5.70 3.93 41.31
E4 14.63 6.03 447 36.27
E5 13.56 5.44 4.56 34.68
Mean 13.81 5.55 4.65 38.65
SY El 127.41 45.33 33.18 268.70 ok s 67.0 8.95
E2 170.25 64.52 47.13 385.52
E3 246.83 104.81 39.95 690.65
E4 291.49 100.55 93.10 704.90
E5 261.56 119.20 43.74 667.01
Mean 222.52 72.27 69.21 421.28

PN number of pods per plant, SN number of seeds per plant, SW 100-seed weight, SY seed yield

**Significant at P < 0.01

# Genotype across different environments

® Genotype x environment

¢ Broad-sense heritability

4 Percentage of phenotypic variation explained by population structure

69.21-421.28, with average values of 71.83, 126.14, 13.81,
and 222.52, respectively. The h* of the four traits had a
range of 60.0-93.0% in this population (Table 3). The high-
est h* value was for SW (93.0%), indicating that SW was
less affected by environmental factors than the other three
traits.

The ANOVA showed that the genotype (G)and the
interactions between genotype and all environmental fac-
tors (G x E, including genotype x year, genotype x loca-
tion, and genotype x year X location) were all significant
(P <0.01) for yield and yield components (Table 3). The
effects of population structure on soybean yield and yield
components were various in present population, with R2
average of 3.69%, ranging from 1.49% (SW) to 8.95%
(SY). (Table 3).

Phenotypic correlation analysis showed that there were
significant positive correlations between soybean yield and
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yield components (Table 4). The phenotypic correlation
coefficient of SY with PN, SN, and SW was 0.27, 0.27, and
0.62, respectively. There was also a significant positive cor-
relation between PN and SN (r =0.97). Among the three
yield components, there was a significant negative correla-
tion between SW and PN (r = —0.45), and between SW and
SN (r = 0.49).

Genome wide association analysis

As shown in quantile-quantile plots (Supplementary
Fig. 1-Supplementary Fig. 4), the MLM model (Q + K)
and the K model were significantly better than the GLM
and the Q model for soybean yield and yield components in
reducing the effect of population structure and the genetic
relatedness. Of which, the MLM model performed a little
better than the K model. So, we conducted the genome-wide
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Table 4 Phenotypic correlations among yield and its components
based on means of traits in all soybean landraces across five environ-
ments

Traits PN SN SW

SN 0.97%3%:*

SW —0.45%:% —0.49%:*

SY 0.27%%:% .27 0.62%:%*

PN number of pods per plant, SN: number of seeds per plant, SW 100-
seed weight, SY seed yield

***Significant at P < 0.001

association analysis for soybean yield and yield compo-
nents with the MLM model (Q + K) to correct for popula-
tion structure and genetic relatedness, using 1,142 SNPs
and 209 haplotypes.

We identified 50 SNPs associated with PN, 72 SNPs
associated with SN, 40 SNPs associated with SW, and 46
SNPs associated with SY (Supplementary Fig.5). Most
SNPs were detected only in a specific environment, and
only a small number of SNPs were identified in three or
more environments (Tables 5, 6). For PN, eight SNPs were
identified in three or more environments; seven in three
environments, one in four environments, and none in all
five environments. For SN, eight SNPs were identified in
three or more environments; seven in three environments,
one (BARC-042035-08159) in four environments, and
none in all five environments. For SW, nine SNPs were
identified in three or more environments; three in three
environments, two in four environments, and four (BARC-
040407-07733, BARC-040075-07652, BARC-029185-06106
and BARC-028709-05992) in all five environments. For
SY, only one SNP (BARC-028709-05992) was identi-
fied in three environments, and none were detected in more
environments.

Haplotypes (18, 22, 9, and 8) were identified for PN, SN,
SW and SY, respectively (Supplementary Fig. 6). Similar

to the result with SNPs, only some of the haplotypes were
detected in three or more environments (Tables 5, 7). For
PN, only one haplotype (hp40) was identified in three envi-
ronments, and none in more environments. For SN, two
haplotypes (hp27 and hp40) were identified in three envi-
ronments, and none in more environments. For SW, one
haplotype (hp138) was detected in three environments, one
haplotype (hp115) in four environments, and one (hp40) in
all five environments. For SY, two haplotypes (hp27 and
hp183) were detected in three environments.

Nine loci were co-associated with two or more different
traits (Tables 6, 7). BARC-043191-08550 and BARC-
030807-06945 on chromosome 1, BARC-015003-01948 on
chromosome 10 and BARC-042035-08159 on chromosome
13 were associated with PN and SN. BARC-028709-05992
on chromosome 3 was associated with SW and SY. The
haplotype of hp40 on chromosome 11, consisting of the
two closely linked markers BARC-040407-07733 and
BARC-040075-07652, was associated with, SW, SN, and
PN.

Discussion

Population genetic diversity and linkage disequilibrium
in soybean

SNPs are widely distributed throughout the whole genome,
and thus, can be used to obtain accurate sequence informa-
tion via high-throughput sequencing technology, and to
compensate for its bi-allelic shortcoming (Lu et al. 2009;
Yan et al. 2010; Wen et al. 2011), which have been widely
used for population genetic research in many plant species,
including soybean (Hyten et al. 2007). Yu et al. (2009) and
Van Inghelandt et al. (2010) suggested that about ten times
more SNPs than SSRs used for analysis of population struc-
ture and genetic diversity could achieve similar accuracy to

Table 5 Summary of SNPs and haplotypes significantly associated with PN, SN, SW, and SY in three or more environments

Traits Marker Number of markers detected in different environments
Total 3E 4E S5E
PN SNP 8 7 1 0
Haplotype 1 1 0 0
SN SNP 8 7 1 0
Haplotype 2 2 0 0
SW SNP 9 3 2 4
Haplotype 3 1 1 1
SY SNP 1 1 0 0
Haplotype 2 2 0 0

3E, 4E, and 5SE Number of individual SNP and haplotype detected across three, four, or five different environments, respectively, PN number of
pods per plant, SN: number of seeds per plant, SW 100-seed weight, SY seed yield
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Table 6 SNPs with significant association signals (—LogP > 2.00, P < 0.01) for soybean yield and yield components detected in three or more

environments
Traits Marker Chr. Position SNP —LogP?
El E2 E3 E4 E5

PN BARC-043191-08550 1 43926412 G/A 3.43 ns® 2.89 2.85 ns
BARC-030807-06945 1 53063797 A/T 2.62 2.03 222 2.62 ns
BARC-015003-01948 10 44376675 G/A Ns 3.07 ns 2.15 4.67
BARC-024093-04723 11 38631595 G/A Ns 2.7 ns 2 233
BARC-024093-04724 11 38631705 G/A Ns 3.28 ns 2 3.02
BARC-042035-08159 13 43467832 C/A 3.12 2.29 3 ns ns
BARC-041815-08101 14 45478975 G/A 2 3.52 2.34 ns ns
BARC-021603-04153 18 61162404 A/G 2.57 2.28 ns 3.19 ns

SN BARC-043191-08550 1 43926412 G/A 2.15 ns 2.19 2.74 ns
BARC-030807-06945 53063797 AT 2.28 ns 2.42 2217 ns
BARC-039653-07533 51233483 T/A 2.8 2.1 2.15 ns ns
BARC-019805-04378 51243486 G/C 2.8 2.09 2.14 ns ns
BARC-015003-01948 10 44376675 G/A Ns 3.91 ns 2.28 3.58
BARC-040407-07733 11 30159557 C/A 2.85 2.44 ns 2.37 ns
BARC-040075-07652 11 30159839 C/A 2.85 2.44 ns 2.37 ns
BARC-042035-08159 13 43467832 C/A 2.74 2.6 3.82 ns 2.82

SW BARC-029185-06106 3 40131490 A/C 4.76 4.24 2.74 4.8 5
BARC-016485-02069 3 40585266 G/A Ns ns 2.23 2.01 2.1
BARC-028709-05992 3 40654334 G/A 3.39 2.28 2.28 3.84 2.96
BARC-018515-02927 9 44398393 A/C Ns 3.43 ns 3.34 2.27
BARC-040407-07733 11 30159557 C/A 3.7 3.34 3.15 3.95 3
BARC-040075-07652 11 30159839 C/A 3.77 3.34 3.15 3.95 3
BARC-030931-06978 13 1699386 G/A 217 2.15 ns 2 2.49
BARC-018985-03048 13 1766981 A/G 272 3.05 ns 3.28 3.86
BARC-021827-04218 19 48091800 G/A 2.12 ns ns 2 2.1

SY BARC-028709-05992 3 40654334 G/A 3.93 2.47 ns 3.07 ns

Chr. chromosome number of soybean, PN number of pods per plant, SN number of seeds per plant, SW 100-seed weight, SY seed yield

# Significant at —log(P) > 2.00 (P < 0.01)

b Marker was not detected at significant level in corresponding environment

SSRs. In this study, we used 1,142 SNPs to estimate the
genetic diversity and population structure in 191 soybean
landraces. This landrace population showed relatively high
genetic diversity with mean genetic diversity coefficient of
0.39, that was a little higher than that of 0.35 over 554
SNPs for 303 cultivated soybeans (G. max) and wild soy-
beans (G. soja) by Li et al. (2010). Such rich genetic diver-
sity in this population might result from the diverse range
of landraces, and the large number of SNPs used for evalu-
ation. Li et al. (2010) also suggested that SNPs had lower
genetic diversity than SSRs, but analysis of population
structure based on the same SNP dataset gave similar
results, especially for cultivated soybeans. In present popu-
lation, few lines showed high heterozygosity for some SNP
loci (Fig. 1), which may be due to the natural outcrossing
during the propagation of few germplasms.
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The population genetic structure of soybean landraces
has been documented previously (Li et al. 2008b, 2010). In
the present study, the 191 soybean landraces were classified
into two subpopulations with significant divergence
(Fgp = 0.24). To account for population structure in associ-
ation analysis, the optimal model of MLM (Yu et al. 2006)
was applied in our study, which greatly reduced false posi-
tives, as shown in quantile—quantile plots (Supplementary
Fig. 1-Supplementary Fig. 4). The MLM has been success-
fully applied to account for population structure in several
crops (Yu et al. 2006; Breseghello and Sorrells 2006; Zhao
et al. 2007).

Linkage disequilibrium is the basis of association analy-
sis for detecting genetic polymorphisms associated with
important quantitative traits (Flint-Garcia et al. 2003). In
this study, the decay distance of LD was about 500 kb in
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Table 7 Haplotypes with significant association signals (—LogP > 2.00, P < 0.01) for soybean yield and yield components detected in three or

more environments

Traits Haplotype SNP Chr. Position —LogP?
El E2 E3 E4 E5
PN hp40 BARC-040407-07733 11 30159557 2.96 2.32 ns® 2.8 ns
BARC-040075-07652 11 30159839
SN hp27 BARC-014837-01682 8 34981007 2.8 ns 2 ns 2.28
BARC-014847-01910 8 34980901
hp40 BARC-040407-07733 11 30159557 3.39 3.09 ns 2.66 ns
BARC-040075-07652 11 30159839
SW hp40 BARC-040407-07733 11 30159557 4.13 3.84 3.65 4.64 3.62
BARC-040075-07652 11 30159839
hp138 BARC-020149-04485 12 413234 2.28 2.07 ns 2 ns
BARC-013545-01156 12 483243
BARC-044181-08640 12 554095
hpl115 BARC-030931-06978 13 1699385 2.12 2.34 ns 2.47 2.96
BARC-018985-03048 13 1766980
SY hp27 BARC-014837-01682 8 34981007 2.92 ns 2.85 ns 2.11
BARC-014847-01910 8 34980901
hp183 BARC-029825-06443 7 2472109 ns 3.69 2.7 ns 2.05
BARC-029831-06446 7 2472109
BARC-029831-06445 7 2471948
BARC-029825-06442 7 2471948
BARC-025961-05189 7 2477192

Chr. Chromosome number of soybean, PN number of pods per plant, SN number of seeds per plant, SW 100-seed weight, SY seed yield

# Significant at —log(P) > 2.00 (P < 0.01)

® Marker was not detected at significant level in corresponding environment

191 soybean landraces, which is consistent with those
obtained by Hyten etal. (2007), in which LD extended
from 90 to 574 kb in soybean landraces population. This
high level of LD in soybean was also reported in other stud-
ies (Jun etal. 2008; Wang et al. 2008; Zhu et al. 2003),
which far exceeds that of other crops, such as rice (about
150 kb) (Mather et al. 2007) and maize (about 10 kb) (Yan
et al. 2009). The high level of LD in the soybean genome
suggests that the mapping resolution gained from LD is
likely to be limited, and that marker-assisted breeding will
be less challenging than map-based cloning (Lam et al.
2010). So the high level of LD in present population would
promise that the identified SNPs and haplotypes would
facilitate soybean high-yield breeding by marker-assisted
selection.

Several key SNPs and haplotypes are associated with yield
and yield components in soybean

Using the optimal model of MLM, we identified 19 SNPs
and 5 haplotypes associated with soybean yield and yield
components in three or more environments. Some of these

SNPs and haplotypes were located in or near regions where
QTLs for yield and yield-related traits have been mapped
by linkage analysis (Csanddi et al. 2001; Funatsuki et al.
2005; Guzman et al. 2007; Hoeck et al. 2003; Hyten et al.
2004; Kabelka et al. 2004; Lee et al. 2001; Mian et al. 1996;
Orf etal. 1999b; Specht et al. 2001; Wang et al. 2004;
Yuan etal. 2002). BARC-040407-07733 and BARC-
040075-07652 on chromosome 11 (stably associated with
SW) were located in the same region of a QTL for SW
(Specht et al. 2001). BARC-021827-04218 on chromosome
19 (associated with SW) and hpl83 on chromosome 7
(associated with SY) were respectively located near Dtl
and Satt150, where the main QTLs for seed weight and
yield have been reported in several studies (Cui et al. 2008;
Csanadi et al. 2001; Hoeck et al. 2003; Mian et al. 1996;
Palomeque et al. 2009). These results indicated that some
causal gene/genes might exist in these genome regions,
these associated markers may be useful for aggregation of
causal genes of interest to improve soybean yield. In this
study, several SNPs and haplotypes significantly associ-
ated with soybean yield and its components have never
been reported, such as BARC-029185-06106, BARC-
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028709-05992, and BARC-016485-02069 on chromosome
3 and BARC-030931-06978, BARC-018985-03408, and
hp115 on chromosome 13. These new loci are attractive
candidate regions for further understanding the genetic
basis of soybean yield and yield components.

Nine markers were co-associated with two or more traits
in present study, which coincided with significant pheno-
typic correlations among the studied traits, as reported else-
where (Hyten et al. 2004; Kabelka et al. 2004; Palomeque
etal. 2010). The genome regions where multi-traits were
co-associated indicated pleiotropy of single causal gene or
tight linkage of multiple causal genes. In soybean MAS
schemes, MAS of a co-associated genetic locus could
simultaneously improve multi-associated target traits.

Only four SNPs and one haplotype were stably detected
for SW with highest broad-sense heritability (h> = 93.0%)
in all five environments, which was due to that agronomic
traits are the result of the combined actions of multiple
genes and environmental factors, and gene expression var-
ies in different environments (Mansur et al. 1993). The
inheritance of quantitative traits classically involves multi-
ple genes with small effect that are sensitive to environmen-
tal changes (Xing and Zhang 2010). Only the traits with
high heritability could be mapped stably. The resulting sta-
bly associated markers in this study should be well useful
for breeding with broad adaptability to different environ-
ments. Using those markers detected in the specific envi-
ronment, breeders could identify the best landraces that are
specifically adapted to local environments.

In this study, we identified five haplotypes associated
with yield and yield components. Among which, one haplo-
type of hp40, containing two linked SNPs, may be from a
possible causal gene (Glymal1g29460) encoding Cinnam-
oyl CoA reductase (CCR) (Supplementary Fig. 7). The
CCR catalyses the first step of the lignin specific biosyn-
thetic pathway (Lauvergeat et al. 2001). Lignin is mainly
deposited in the walls of certain specialized cells (e.g. tra-
cheary elements), relevant to the transport of water and
nutrients within xylem tissue by modifying the permeabil-
ity of the cell wall (Ma 2007). That are important in the
plant developments, including seed development. However,
other haplotypes were not involving some possible genes.
This may be due to the higher LD (~500 kb) in the studied
population, which meant that there was a low probability of
these associated-markers from the causal genes themselves.
Instead, the causal genes might exist within the genomic
regions in LD where associated-markers located. Choice of
more diverse germplasm with lower LD in and around the
gene of interest, and use of more markers (especially of
gene-based markers, including markers from key genes of
metabolic networks), will directly detect the causal genes or
get closer to the gene of interest (Chan etal. 2011; Yan
etal. 2011). In addition haplotyping of critical genome
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regions will be a preferred method of gene discovery in
association mapping (Barrero et al. 2011). Therefore, fur-
ther studies will be conducted using a larger population size
with more diverse genetic background, to validate the asso-
ciated-markers identified in this study, and to mine some
rarely functional alleles. In addition, a larger number of
SNPs derived from putative yield-related candidate genes
will be chosen to improve the scanning power and the accu-
racy of detection, and to capture the haplotype blocks
underlying the soybean yield and its components.
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