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Abstract Annual wild soybean (Glycine soja Sieb. et

Zucc.) is believed to be a potential gene source for future

soybean improvement in coping with the world climate

change for food security. To evaluate the wild soybean

genetic diversity and differentiation, we analyzed allelic

profiles at 60 simple-sequence repeat (SSR) loci and vari-

ation of eight morph-biological traits of a representative

sample with 196 accessions from the natural growing area

in China. For comparison, a representative sample with 200

landraces of Chinese cultivated soybean was included in

this study. The SSR loci produced 1,067 alleles (17.8 per

locus) with a mean gene diversity of 0.857 in the wild

sample, which indicated the genetic diversity of G. soja

was much higher than that of its cultivated counterpart

(total 826 alleles, 13.7 per locus, mean gene diversity

0.727). After domestication, the genetic diversity of the

cultigens decreased, with its 65.5% alleles inherited from

the wild soybean, while 34.5% alleles newly emerged.

AMOVA analysis showed that significant variance did

exist among Northeast China, Huang-Huai-Hai Valleys and

Southern China subpopulations. UPGMA cluster analysis

indicated very significant association between the geo-

graphic grouping and genetic clustering, which demon-

strated the geographic differentiation of the wild

population had its relevant genetic bases. In comparison

with the other two subpopulations, the Southern China

subpopulation showed the highest allelic richness, diversity

index and largest number of specific-present alleles, which

suggests Southern China should be the major center of

diversity for annual wild soybean.

Introduction

It is well known that the cultivated soybean, Glycine max

(L.) Merr., was domesticated from its annual wild relative

Glycine soja Sieb. et Zucc. in China. The wild soybean has

its widest geographical distribution from 53� to 24� north

latitude and from 134� to 97� east longitude in China (Li

1993). During the long term of evolution, the species has

accumulated a wide range of genetic variation adapted to

the geographic, abiotic and biotic environmental condi-

tions. Therefore, the wild soybean germplasm should be a

potential genetic reservoir in the improvement of cultivated

soybean, especially for coping with today’s worldwide

climate change. Since there was no crossability barrier

observed between the two species, G. soja might be easily

used in soybean breeding programs for the improvement of

phenological, morphological and agronomic traits, includ-

ing resistances and tolerances to biotic and abiotic stresses.

Currently, there are about 10,000 accessions of G. soja in

global ex situ collections and perhaps no more than 8,500

unique accessions worldwide. Wild soybean collections are

considerably smaller than cultivated soybean collections of
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23,000 accessions in Chinese gene bank. Since it has been

noted that the annual wild soybean habitats are confronting

disturbance and fragmentation along with the human pop-

ulation increase and intensive land reclamation, the public

society and the government in China have called attention

to further collection and conservation of native wild soy-

beans. For a rational collection strategy as well as a sus-

tainable utilization of the resources, a thorough evaluation

of the collected wild accessions for their genetic diversity

and differentiation should be a basic step.

Most of the previous studies on G. soja were based on

morphological traits and isozymes (Zhuang et al. 1996;

Kiang et al. 1992; Li et al. 1995; Pei et al. 1996). Dong et al.

(2001) analyzed the phenotypic diversity for the entire

collection of G. soja in China and recognized three major

centers of diversity in China: the Northeast, the Yellow

River Valley and the Southeast Coasts. They indicated that

morphological differences among G. soja populations

might relate to adaptation to specific environments. Pei

et al. (1996) studied four natural populations each with 120

individuals from North China using seven isozyme loci and

indicated that a high degree of intra-population variation

and inter-population diversification existed in the four

G. soja populations. Li et al. (1995) obtained a similar result

that both intra-sample and inter-sample differentiation

existed in and among 14 samples collected on a hillside in

Jinghua, Zhejiang, China by using six isozyme loci data.

Because of the limited information provided by isozyme

analysis and the influence of growing environment on

morphological evaluation, these methods of assessing

genetic diversity have been replaced primarily with DNA

marker analysis. Li and Nelson (2002) studied 40 acces-

sions of G. max and 40 accessions of G. soja from four

provinces in China using randomly amplified polymorphic

DNA (RAPD). They indicated that the genetic distance

within the G. soja group was larger than that within the

G. max group and that the groups formed with cluster

analysis generally coincided with their geographic regions

of origin. Xu et al. (2002) reported that simple sequence

repeat (SSR) marker analysis of chloroplast DNA also

showed wild soybean genotypes exhibited regional distri-

butions, which indicated the extensive geographic differ-

entiation at the level of chloroplast DNA. Chen and Nelson

(2004) studied the genetic relationship among 92 G. soja,

G. max and semi-wild accessions using 137 RAPD markers.

They found the soja group had the largest within-cluster

genetic distance, whereas the semi-wild group had the

smallest within-cluster genetic distance and the latter had a

closer relationship to max than to soja. They also found that

the soja accessions collected from the same pasture (field)

could be similar or genetically quite distinct and, therefore,

suggested that multiple samples may be needed from within

soja populations to completely capture the genetic diversity

of the population. It seems that most of the previous studies

have their limitations either in that the sample size of plant

materials used was relatively small and mostly from limited

regions rather than from the entire country, or in that the

data were often incongruent due to different materials or

environmental conditions involved. However, Gai et al.

(2000) used 194 accessions of G. soja from the whole

growing areas, including three eco-regions, i.e. Northeast

China, Huang-Huai-Hai Valleys and Southern China, and

evaluated the chloroplast and mitochondria DNA variation

among accessions using RFLP markers. They concluded

that the wild soybean differed remarkably from the culti-

vated ones in allele frequency, and the Southern China

accessions showed the highest cytoplasmic genetic diver-

sity. From the above, although genetic diversity studies on

wild soybean have been recognized by some researchers,

few studies on genetic differentiation and peculiarity of

countrywide wild soybeans in China have been reported.

Simple sequence repeats (SSRs) are tandem repeats of

nucleotide units, commonly di-nucleotide or tri-nucleotide

repeats, but also compound and imperfect or interrupted

motifs. The inheritance of microsatellite alleles from one

generation to another follows the co-dominant Mendelian

pattern, thus allowing the reconstruction of crosses and the

understanding of genealogical histories. Uses of SSR loci

as polymorphic DNA markers have become widely

accepted for many areas of G. max genome analysis,

including genetic diversity, population structure and

genetic mapping (Powell et al. 1996; Narvel et al. 2000;

Diwan and Cregan 1997; Abe et al. 2003; Wang et al.

2006; Wang and Takahata 2007; Cregan et al. 1999; Song

et al. 2004). More than 1,000 SSR markers have been

explored and mapped in G. soja involved mapping popu-

lations (Song et al. 2004). Therefore, microsatellite marker

can be used not only to assess population diversity but also

to detect gene flow between wild and cultivated soybean.

Definitude of genetic diversity and peculiarity of wild

soybean is invaluable for its efficient utilization and con-

servation. In order to obtain a better understanding of

genetic differentiation and peculiarity of the Chinese wild

soybean population, we evaluated the genetic diversity and

genetic variation pattern by examining the length poly-

morphism of alleles of 60 SSR loci on different linkage

groups performed in a representative sample of country-

wide wild soybeans in China.

Materials and methods

Plant materials and field experiments

One hundred ninety-six accessions representing the full

geographic range of wild soybean from Southern China to
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Northeast China were sampled and used in this study

(Fig. 1, supplementary material 1). In order to investigate

the phenotypic diversity, the accessions were evaluated in a

randomized blocks design with 0.8 9 0.8 m2 hill-plots, two

replications at Jiangpu Experimental Station of Nanjing

Agricultural University in the summers of 2004 and 2005. A

total of eight morpho-biological traits, including four

quantitative traits (days to maturity, days to flowering, 100-

seed weight and leaf area) and four qualitative traits (seed

sootiness, flower color, leaf shape and seed color) were used

to analyze morpho-biological diversity. Classification of

the quantitative traits was defined as follows: denoting

\x �2s; x � 2s� x� 1:75s; x � 1:75s � x � 1:50s; . . .
and � xþ 2s as 1, 2, 3,… and 18, total 18 classes, with an

interval of 0.25s (s = standard deviation) in each class. For

the qualitative traits, seed sootiness was categorized as

smooth and sooty; flower color as white and purple; seed

color as black, brown, yellow, green and double color; leaf

shape as linear, lanceolate, ellipse, ovate ellipse, ovate

round and round according to Dong et al. (2001). For

comparison, the data from 200 landraces of cultivated

soybean, which covered the entire soybean production area

in China, were obtained and treated in the same way here.

Simple sequence repeat genotyping

Genomic DNA was extracted from young leaves of a single

plant per accession according to the method of Doyle and

Doyle (1990). Based on their position on the soybean

linkage group map (Song et al. 2004), 400 SSR markers,

polymorphic in cultivated soybean according to our his-

torical record, were chosen and checked for their poly-

morphism in a random sample of eight wild accessions.

The SSR loci were excluded from the study if they did not

show polymorphism. A final set of 60 pairs of SSR primers,

evenly distributed on the whole genome with 2–3 loci on

each of the 20 linkage groups (LG), were used in geno-

typing both of the cultivated and wild soybean accessions

(Table 1). The primer sequences with their linkage group

locations are available at http://bldg6.arsusda.gov/cregan/

soymap. The 10 ll PCR reaction buffer consisted of 20 ng

total DNA, 0.4 lM forward and reverse primers, 200 lM

of each dNTPs, 1 9 PCR buffer (10 mM of Tris–HCl, pH

8.3, 50 mM of KCl), 2 mM of MgCl2 and 0.5U of Taq

DNA polymerase. PCR was programmed with an initial

denaturing at 94�C for 3 min, followed by 30 cycles of

94�C for 30 s, 55�C for 60 s and 72�C for 1 min, with a

final extension at 72�C for 8 min. PCR reactions were

performed with an MJ Research PTC 225 DNA engine

thermal cycler (Bio-RAD, USA). Amplified products were

fractionated by electrophoresis through 8% non-denaturing

polyacrylamide gels and stained with silver staining, the

size of the stained band was analyzed based on its migra-

tion distance relative to the pBR322 DNA Marker (MBI

Fermentas) using Quantity One software (Version 4.4.0).

Data analysis

Genetic diversity was expressed in both genetic rich-

ness A =
P

Ai and genetic dispersion (Simpson genetic

Fig. 1 The map showing

locations of 196 wild accessions

used in the study
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diversity index Hi), Hi ¼ 1�
Pn

i¼1

p2
ij: For SSR loci, Ai is the

number of alleles of the ith locus in a population or sub-

population; A is the total number of alleles of all loci in a

population or subpopulation; pij is the frequency of jth

allele at ith locus. For phenotypic traits, Ai is the number of

categories of the ith trait in a population or subpopulation;

A is total number of categories of all traits in a population

or subpopulation; pij is the frequency of jth category of the

ith trait. Average diversity index (H) was computed with

H ¼
Pk

i¼1

Hi=k ;where k means the total number of loci or

total number of traits tested in the study. Proportion of

shared alleles distance (Dsa) was used to calculate estimates

of genetic distances for all pairs of accessions according to

Chakrabortry and Jin’s statistics (1993):

Dsa ¼ 1� 1

m

Xm

i¼1

Xai

j¼1

min Xij

�
; Yij

�
;

where Xij and Yij are the frequencies of jth allele at ith locus in

accessions (or populations) Xs and Y, respectively, while ai is

the number of alleles at ith locus, and m is the number of

loci examined. The genetic distance matrix of Dsa was used

in cluster analysis with the unweighted pair-group method

of the arithmetic average (UPGMA) under PowerMarker

version 3.25 (Liu and Muse 2005). An analysis of molecular

variance (AMOVA, Michalakis and Excoffier 1996) was

used to detect the population differentiation and was calcu-

lated under the Arlequin software version 3.0 (Excoffier and

Schneider 2005). To detect the genetic differentiation among

subpopulations for each microsatellite locus, AMOVAs were

performed for each locus separately. AMOVA creates a

matrix of genetic distances (U) between samples in order to

measure the genetic structure of the population from which

the samples are drawn. F-statistics were tested by 1,000

permutations, and significant differences between popula-

tions declared if measured variance is lower than 95% of the

variance in the null distribution (Excoffier et al. 1992).

Results

Genetic diversity of Chinese wild soybean population

Genetic diversity of the entire population

The 60 SSR loci were successfully amplified in both

G. soja and G. max samples. A total of 1,067 SSR alleles

were detected among the 196 wild soybean accessions with

a mean of 17.8 per locus and a range from 7 per locus at

Table 1 Genetic richness and genetic diversity index at 60 SSR loci of Chinese wild soybean

Locus Ai ASRb(bp) Hi Locus Ai ASR(bp) Hi Locus Ai ASR(bp) Hi

Sat_385(A1a) 13 256–325 0.89 Satt316(C2) 15 162–243 0.88 Satt302(H) 12 218–317 0.86

Satt225(A1) 9 87–114 0.76 Sat_332(D1a) 15 194–302 0.86 Sat_219(I) 47 232–496 0.97

BE820148(A2) 19 168–255 0.90 Satt436(D1a) 12 172–247 0.81 Satt496(I) 29 372–474 0.95

AW132402(A2) 33 140–404 0.95 Satt147(D1a) 16 173–298 0.82 Sat_174(I) 24 203–310 0.92

Satt209(A2) 7 159–192 0.55 BE475343(D1b) 17 156–234 0.89 Satt239(I) 18 143–206 0.92

Satt509(B1) 17 171–252 0.90 Satt005(D1b) 25 118–256 0.93 Sat_299(I) 22 208–404 0.91

Satt665(B1) 15 240–380 0.88 Sat_289(D1b) 15 262–369 0.89 AW310961(J) 19 157–220 0.93

Satt168(B2) 12 190–267 0.87 Satt443(D2) 9 238–259 0.76 Satt244(J) 25 141–276 0.91

Satt020(B2) 23 92–149 0.93 Satt311(D2) 17 174–350 0.91 Satt046(K) 18 183–267 0.89

Sat_337(C1) 15 236–332 0.90 Satt186(D2) 13 197–296 0.88 Sct_190(K) 13 218–285 0.83

Sct_191(C1) 11 102–147 0.86 Satt720(E) 12 261–377 0.87 Sat_293(K) 21 227–342 0.91

Satt291(C2) 15 203–307 0.86 Satt606(E) 19 257–395 0.88 Satt284(L) 10 240–300 0.84

Satt286(C2) 20 173–297 0.85 Satt269(F) 18 238–382 0.91 Satt373(L) 11 222–318 0.83

Satt277(C2) 20 137–263 0.91 BE806387(F) 10 187–226 0.85 Satt150(M) 19 166–265 0.91

Satt557(C2) 17 177–252 0.86 Satt659(F) 25 167–356 0.92 Satt567(M) 13 92–168 0.81

Satt289(C2) 11 231–285 0.51 Satt522(F) 23 160–317 0.87 Satt210(M) 17 217–365 0.88

Satt134(C2) 25 342–439 0.94 Satt163(G) 9 219–276 0.29 Satt683(N) 27 181–380 0.91

Sat_312(C2) 23 253–366 0.93 Satt324(G) 12 199–265 0.81 Satt234(N) 9 203–236 0.80

Satt489(C2) 41 196–366 0.96 AF162283(G) 13 199–239 0.84 Satt347(O) 11 199–342 0.74

Satt307(C2) 19 155–254 0.89 Satt442(H) 26 225–397 0.93 Satt592(O) 16 238–322 0.81

a Letter in parentheses indicate the linkage group of the locus
b ASR is the abbreviation of allele size range (bp)
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Satt209 on LG A2 to 47 at Sat_219 on LG I. The mean

diversity index H was 0.857 and ranged from 0.29 for

Satt163 on LG G to 0.97 for Sat_219 on LG I (Table 1).

About 14% of the alleles were unique and detected on only

one accession. A total of 118 accessions showed unique

alleles. This means that 60.2% (118 out of 196) of the wild

soybean studied could be uniquely genotyped. In addition,

15 accessions (7.6%) had heterozygous alleles that implied

natural hybridization happened in an earlier generation.

In comparison, the cultivated soybeans showed lower

genetic richness in a total of 826 alleles with a mean of

13.7 alleles per locus and in diversity index H = 0.727

than wild soybeans did at the whole genome level. On most

of the LGs, such as A2, C2, D1b, F, H, I, J, K, M, N, O,

etc., the average number of alleles per LG decreased after

the domestication process from wild ancestors to their

cultivated offspring (Table 2). This kind of change also

existed in the diversity index Hi, which indicates that

genetic diversity decreased during the domestication pro-

cess. On the other hand, of the 826 alleles detected in the

cultivated soybean, 541 (65.5%) were the same as in

G. soja, accounting for only 51% of the total allelic number

(1,067) of the wild soybean, and 285 new alleles (34.5%)

emerged after domestication in the cultivated soybean.

The richness and diversity index at the phenotypic level

were not as high as the molecular results for both G. soja

and G. max. The average richness (A) and diversity index

(H) in wild soybean were 9.1 and 0.649, respectively

(Table 3). Generally, qualitative traits revealed less genetic

diversity than quantitative traits. Days to flowering had the

highest variation among the eight traits followed by days to

maturity, leaf area, 100-seed weight, leaf shape, flower

color, seed coat color and seed sootiness. In comparing the

results of G. soja with those of G. max, the latter showed a

higher average phenotypic richness A (10.0) and higher

average diversity index H (0.695). It means that the

Table 2 Genetic diversity statistics of the overall population and three geographic subpopulations based on SSR data

Linkage group Overall NECd HHHe SOCf

Ai
a Hi

b Ai Hi Ai Hi Ai Hi

A1 11.0 (12.0c) 0.829 (0.860) 9.0 0.769 10.5 0.763 11.0 0.844

A2 19.7 (11.3) 0.803 (0.827) 14.7 0.725 12.7 0.739 19.0 0.845

B1 15.5 (17.5) 0.889 (0.916) 13.0 0.887 12.0 0.845 14.0 0.878

B2 16.5 (15.0) 0.897 (0.864) 15.0 0.843 14.0 0.882 13.5 0.876

C1 12.5 (13.5) 0.879 (0.648) 12.0 0.875 10.5 0.845 12.0 0.870

C2 20.7 (15.6) 0.859 (0.788) 14.0 0.827 13.9 0.825 15.5 0.847

D1a 14.3 (17.0) 0.830 (0.876) 11.3 0.780 10.0 0.786 12.0 0.833

D1b 18.7 (15.0) 0.901 (0.808) 16.0 0.892 14.7 0.857 15.3 0.899

D2 13.0 (11.0) 0.847 (0.532) 10.0 0.826 9.3 0.801 11.7 0.847

E 15.5 (19.0) 0.875 (0.904) 14.5 0.868 11.5 0.847 13.0 0.854

F 19.0 (14.0) 0.884 (0.617) 16.0 0.880 13.5 0.850 13.8 0.849

G 11.0 (12.0) 0.649 (0.617) 7.7 0.631 6.3 0.542 9.3 0.681

H 19.0 (11.0) 0.895 (0.770) 15.5 0.871 14.0 0.841 16.0 0.899

I 27.8 (19.2) 0.933 (0.807) 17.6 0.900 18.8 0.904 21.4 0.916

J 22.0 (11.5) 0.921 (0.643) 17.0 0.904 16.0 0.884 18.0 0.915

K 16.7 (9.7) 0.878 (0.530) 12.3 0.863 12.7 0.848 14.6 0.851

L 10.5 (14.0) 0.834 (0.866) 10.0 0.819 9.5 0.801 10.0 0.839

M 16.3 (9.3) 0.866 (0.695) 13.3 0.839 12.3 0.822 13.6 0.859

N 18.0 (9.0) 0.858 (0.349) 15.5 0.859 13.0 0.803 16.0 0.822

O 12.5 (8.0) 0.776 (0.469) 10.5 0.825 8.9 0.718 11.2 0.782

Range 10.5–27.8 (8–19.2) 0.649–0.933 (0.349–0.916) 7.7–17.6 0.631–0.904 6.3–18.8 0.542–0.904 9.3–21.4 0.681–0.916

Mean 17.8 (13.7) 0.857 (0.727) 13.5 0.815 12.6 0.790 13.9 0.845

Total 1,067 (826) – 783 – 737 – 836 –

a Ai means the average value of Ai of loci on a linkage group
b Hi means the average value of Hi of loci on a linkage group
c Number in parentheses indicates the corresponding value of cultivated soybean
d NEC denotes Northeast China, the same is true for the later tables
e HHH denotes Huang-Huai-Hai Valleys, the same is true for the later tables
f SOC denotes Southern China, the same is true for the later tables
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phenotypic diversity in G. soja is smaller than G. max and

that only a part of the characteristics of G. max were

obtained from G. soja during its domestication and new

characteristics appeared after domestication due to artificial

selection. It is especially obvious in the observed mor-

phological and agronomic traits. The number of categories

for some traits, including days to maturity, seed coat color,

flower color, leaf shape and seed sootiness, remained the

same in cultivated soybean after domestication, while

others, including days to flowering, 100-seed weight and

leaf area, increased greatly after domestication (Table 3).

Genetic diversity of the geographic subpopulations

The 196 wild soybean accessions tested were pooled into

three geographic subpopulations, namely, those of North-

east China (NEC), Huang-Huai-Hai Valleys (HHH) and

Southern China (SOC). The genetic and phenotypic

diversity values of the three subpopulations are listed in

Tables 2 and 3. The allelic richness and diversity index was

the highest in SOC (Total 836 alleles and 13.9 per locus),

followed by NEC (783 alleles, 13.5 per locus), and HHH

(737 alleles, 12.6 per locus). Furthermore, the SOC sub-

population contained the largest number of alleles in all

except four linkage groups (B2, D1b, E and F). The H

value followed similar trends (Table 2).

Like the SSR genotyping results, the phenotypic diver-

sity was likewise highest in the SOC subpopulation

(A = 56, H = 0.622), followed by HHH (A = 50,

H = 0.607), and NEC (A = 50, H = 0.558, Table 3).

Genetic differentiation and peculiarity among

geographic subpopulations of G. soja

Geographic differentiation detected with analysis

of molecular variance

The analysis of molecular variance (AMOVA) was used to

partition the SSR variation into among and within sub-

population components. Most of the variation (97.3%) was

detected within subpopulations, while only a small but

significant portion of the variation (2.7%, P \ 0.001) was

attributed to variation among subpopulations, which indi-

cated significant geographic differentiation existed in the

Chinese wild soybean population (Table 4).

Geographic differentiation supported by genetic

cluster analysis

The dendrogram based on the genetic distance (Dsa = 0.86)

between accessions showed that the 196 accessions formed

nine clusters (cluster I to IX, Fig. 2). All the NEC acces-

sions except two were mainly scattered in three clusters

(V, VI and VII). About 80% of the HHH accessions were

included in one cluster (cluster VI), and the SOC acces-

sions were distributed across eight clusters, but dominated

Table 3 Diversity of morph-biological traits of the overall and three subpopulations

Trait Overall NEC (62a) HHH (61) SOC (73)

Ai Hi Ai Hi Ai Hi Ai Hi

Days to maturity 17 (17b) 0.905 (0.914) 10 0.816 7 0.740 9 0.783

Days to flowering 15 (16) 0.910 (0.850) 8 0.699 7 0.790 9 0.834

100-seed weight 12 (14) 0.827 (0.901) 9 0.680 10 0.828 11 0.861

Leaf area 14 (18) 0.896 (0.930) 10 0.843 13 0.882 13 0.902

Seed coat color 5 (5) 0.208 (0.628) 3 0.063 4 0.211 5 0.315

Seed sootiness 2 (2) 0.207 (0.014) 2 0.121 2 0.203 2 0.275

Flower color 2 (2) 0.34 (0.562) 2 0.529 2 0.592 2 0.424

Leaf shape 6 (6) 0.705 (0.760) 6 0.713 5 0.610 5 0.578

Total 73 (80) – 50 – 50 – 56 –

Average 9.1 (10.0) 0.649 (0.695) 6.3 0.558 6.3 0.607 7.0 0.622

a Number in parentheses in the top row indicates amount of accessions
b Number in parentheses in ‘‘Overall’’ column indicates the value of cultivated soybean

Table 4 Analysis of molecular variance (AMOVA) based on SSR data

Source variation df Sum of squares Variance component % variation P

Among-population 2 284.793 0.704 2.70 P \ 0.0001

Within-population 193 9793.115 25.371 97.30 P \ 0.0001
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the cluster IV, VIII and IX and fully dominated cluster III.

Table 5 shows the two-way classification of the wild soy-

beans, with SSR data clusters and phenotypic data clusters

at the top and the geographic eco-types at the left. It

implies that the geographic grouping of the wild soybeans

is associated with genetic clustering of SSR data. The v2-

test showed very significant association between the two

grouping factors, which meant the geographic grouping

into three eco-types was of sound genetic bases.

Cluster analyses of phenotypic data based on similarities

between accessions showed that the 196 accessions formed

six major clusters, and that the clusters likewise largely

corresponded to their geographic origin (Table 5). For

example, cluster B contained 69 accessions, of which 55

were NEC accessions; cluster F contained 35 accessions, of

which 27 were HHH accessions; cluster E contained 18

accessions, of which 17 were SOC accessions. The v2-test

also showed a very significant association between the two

grouping factors, which meant the geographic grouping

into three eco-types was also of sound phenotypic perfor-

mance bases.

Geographic differentiation resulted in the differences

of specific-present allele and specific-deficit allele

among geographic subpopulations

Since cluster analysis showed that accessions formed

clusters generally based on their geographic origin, com-

parisons were made between geographical populations to

identify peculiar alleles specific to each of the three sub-

populations (Tables 6 and 7). Here we define specific-

present allele (SPA) of a subpopulation as an allele present

in the subpopulation but not in all others; define specific-

deficit allele (SDA) as an allele that is present in all sub-

populations but deficit in the specific one; and define

complement allele (CA) of one subpopulation for the other

as an allele that is specific to its counterpart subpopulation

in a pair of comparison. These indicators can mainly reflect

the peculiarity of and differentiation among subpopulations

(or populations in other cases), and also can provide an

estimate of the potential contribution of a subpopulation

relative to its counterpart subpopulation. The total number

of specific-present alleles was 189 (accounting for 17.9%

of the total alleles in the whole population) distributed over

all loci. Three geographic subpopulations carried different

numbers of SPA. The largest number (83 with an average

frequency 0.028) was observed in the SOC subpopulation,

followed by the NEC subpopulation (70 with an average

frequency 0.031), and the HHH subpopulation (36 with an

average frequency 0.030). Table 7 shows SPA with a fre-

quency more than 0.06, where seven alleles from five loci

were specific in the SOC subpopulation, six alleles from

four loci specific to the HHH subpopulation, and six alleles

from five loci specific to the NEC subpopulation. The

existence of so many different SPA demonstrated that

significant geographic differentiation happened during the

long history of the species.

The AMOVA test for each of the SSR loci indicated that,

of the total variation, the percentage of variation attributed

to differences among three subpopulations ranged from

0.9% at Satt373 to 10.03% at Satt235, with an average over

all loci of 2.70%. Here, the percentage of total molecular

variance contributed by the SPA of a single locus listed in

Table 7 was mostly higher than the average value.

Fig. 2 a UPGMA dendrogram showing genetic relationships among

196 Chinese wild soybean accessions (Constructed based on the

shared allele distances (Dsa) among accessions)

Table 5 Distribution of accessions in clusters based on SSR and phenotypic data

Based on SSR data Base on phenotypic data

I II III IV V VI VII VIII IX A B C D E F

NEC 0 0 0 0 26 13 21 0 2 1 55 0 3 0 3

HHH 1 2 0 1 6 49 0 2 0 13 5 3 12 1 27

SOC 0 1 21 11 1 4 13 8 14 10 9 6 26 17 5

v2 = 196.596, v2
0:01;16 ¼ 32:00, P \ 0.01 v2 = 163.996, v2

0:01;10 ¼ 23:21, P \ 0.01
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Table 6 shows that the total number of SDA in sub-

populations was 278, accounting for 26.3% of the total

alleles in the whole population and 91, 110 and 77 for

Northeast, Huang-Huai-Hai, and Southern China subpop-

ulations, respectively. Tables 6 and 8 shows that the SOC

subpopulation had the smallest number of SDA, but it

could provide the largest number of CA for the HHH and

NEC subpopulations, followed by the NEC subpopulation

and the HHH subpopulation. This means that the SOC

subpopulation can provide the most potential contribution

to its counterpart subpopulations.

In summary, the present results have provided an outline

of the genetic diversity of the Chinese wild soybean pop-

ulation: (1) There is great genetic diversity in the Chinese

wild soybean population. This genetic diversity is larger

than that of Chinese cultivated soybean population. About

two-thirds of the alleles of cultivated soybean were inher-

ited from their wild ancestor, and about one-third new

alleles emerged after domestication. (2) The entire popu-

lation is composed of three geographic subpopulations, and

each of them showed a high level of intra-population

variation. There exists significant geographic differentia-

tion in the Chinese wild soybean population, and the

geographic differentiation has sound genetic bases. Among

the geographic subpopulations, the SOC subpopulation is

of greatest genetic diversity, therefore, Southern China

should be the major center of genetic diversity of the wild

soybean among the three regions.

Discussion

Changes of genetic diversity from wild to cultivated

soybean

The present analysis detected a high level of polymorphism

at 60 SSR loci in 196 Chinese annual wild soybean acces-

sions tested. The genetic diversity observed among the wild

Table 6 Specific-present allele and specific-deficit allele of Chinese wild soybean

Subpopulation Specific present allele (SPAb) Specific deficient allele (SDAc)

No. (%) No. of involved loci (%) No. (%) No. of involved loci (%)

Northeast China (62a) 70 (8.9%) 46 (76.7%) 91 (8.6%) 47 (78.3%)

Huang-Huai-Hai Vallys (61) 36 (4.9%) 30 (50.0%) 110 (10.4%) 46 (76.7%)

Southern China (73) 83 (9.9%) 48 (80.0%) 77 (7.3%) 42 (70.0%)

Total (196) 189 (17.9%) 60 (100.0%) 278 (26.3%) 60 (100.0%)

a Number in parentheses indicates amount of accessions
b SPA is such an allele that one population possessed whereas all other populations lacked
c SDA is defined as an allele that is present in all subpopulation but one

Table 7 List of specific-present allele with frequency more than 0.06 in three geographic subpopulations

Locus Allele (bp) NEC HHH SOC %Totala Locus Allele (bp) NEC HHH SOC %Total

Satt286(C2) 173 0 0 0.151 8.46 Satt522(F) 281 0.129 0 0 5.08

Satt557(C2) 252 0 0 0.110 5.12 229 0 0.098 0

Satt289(C2) 267 0 0.115 0 4.86 AF162283(G) 235 0 0 0.096 10.03

270 0 0 0.164 208 0 0 0.069

Satt489(C2) 288 0.097 0 0 4.90 211 0 0 0.069

345 0 0.115 0 Sat_219(I) 248 0.113 0 0 4.59

342 0 0.098 0 300 0.081 0 0

366 0 0.082 0 Satt244(J) 147 0.113 0 0 4.26

Satt443(D2) 241 0 0 0.082 5.7 Satt150(M) 169 0.194 0 0 8.30

Satt442(H) 237 0 0.082 0 2.28 Overall meanb 0.031 0.030 0.028 2.70

a Percentage of the total molecular variance contributed by the variance among three populations for single locus
b Overall mean is the average frequency over all the specific alleles which is the mean %Total (2.70) calculated from

Table 8 Number of complement allele among geographic subpopu-

lations of Chinese wild soybean

Eco-region NEC HHH SOC

NEC 202 169

HHH 156 142

SOC 222 241

The numbers listed in the table are complementary numbers of alleles

from the row subpopulation to the column subpopulation

378 Theor Appl Genet (2009) 119:371–381

123



soybean accessions was much higher than the values

detected in 200 widely grown Chinese landraces of culti-

vated soybean. Moreover, the cultivated soybean only

inherited half the alleles of the wild soybean. Accordingly,

our results support the point that the cultivated soybean was

domesticated from a part or parts of the wild soybean gene

pool (Kuroda et al. 2006). The higher variation in wild

soybean than that of cultivated soybean is consistent with

earlier studies (Maughan et al. 1995; Xu et al. 2002; Gai

et al. 2000). Kuroda et al. (2006) analyzed the microsatellite

variation of 616 Japanese wild soybean and 53 cultivated

soybean using 20 pairs of microsatellite primers and found

that cultivated soybeans had only 57% of the Nei’s diversity

value of wild soybeans. It is a common phenomenon that

domesticated relatives have lower genetic diversity than

wild relatives do in most cereals, and in general, about two-

thirds of the genetic diversity in wild relatives (Buckler

et al. 2001). However, although genetic variation in culti-

vated soybean was lower than that for wild soybean, some

new alleles have emerged and existed only in cultivated

soybean. In this study, there were 285 microsatellite alleles

found only in cultivars, and the majority of them (84.3%)

were at low frequencies (\0.1). The 285 new alleles is a

primary estimate obtained from the two tested samples and

the exact number should be estimated from further larger

samples. However, it can be supposed that the causation of

the new alleles in cultivated soybean might be new muta-

tions after domestication combined with both artificial and

natural selection in addition to sampling fluctuation. Here

both artificial selection and natural evolution processes

might be involved, which should be an interesting subject

for our further study.

On the other hand, despite the drop of SSR alleles during

domestication, cultivated soybean still showed higher

diversity than wild soybean at the phenotypic level in the

present study. A possible explanation is that the ancient

Chinese farmers played key roles in diversification selec-

tion. Some of mutant alleles with agronomic profits were

kept and multiplied while a great number of old and mutant

alleles without agronomic importance, including some

alleles neutral to artificial selection, were discarded during

the history. Since the mutated SSR alleles are usually not a

part of the DNA coding region and are mostly neutral to

artificial selection, they might not be reserved during the

artificial selection. An alternate possible explanation is that

alleles with potential to affect agronomic productivity

resided in G. soja, but had no opportunity to express, phe-

notypically, because of the diminutive G.soja plant type

(Carter et al. 2004). These could partially explain the

reduced variability in SSR markers and increased variability

in phenotypic traits in G. max in comparison with G. soja.

Genetic diversity and peculiarity related to geographic

differentiation

Along with the migration of wild soybean from one place

to another, it evolved and became adapted to the local

environment. In this way, new geographic ecotypes

formed. Among the ecotypes, there should be obvious

genetic differentiation. The present results detected a

number of specific-present alleles, specific-deficit alleles,

and complement alleles between ecotypes, as well as a

number of accession-unique alleles, which caused the

cluster analysis clearly allocated the observed diversity

into geographic-associated clusters. The results demon-

strated the real existence of genetic differentiation among

geographic ecotypes. Since all the alleles were formed

and accumulated during the long systematic development

of the species, the number of mutant alleles due to geo-

graphic differentiation should be relatively small. There-

fore, there exists difference among subpopulations but

most of the allele variation is still left within subpopula-

tions. Chen and Nelson (2005) found that the SSR vari-

ation among individuals of cultivated soybean within the

four Chinese provinces accounted for 90% of the total.

The variation among provinces accounted for only 10% of

the total but was highly significant. This is the similar

situation as in our wild soybean study. Here the inter-

subpopulation variation in cultivated soybean is larger

than what we obtained in wild soybean (10.0% vs. 2.7%).

We think the reason for that is basically due to more

artificial selection difference among provinces in culti-

vated soybean in addition to natural selection. It might

explain why relatively higher intra-population (97.3%)

portion of the variation did exist among the three sub-

populations. Such kind of geographic-related variation

was observed also in Japanese wild soybean by Kiang

et al. (1992) and Fujita et al. (1997). Kuroda et al. (2006)

indicated that the nuclear microsatellite variation of wild

soybeans in northern Japan is distinct from southern

Japan, and wild soybeans of central Japan had variation

from both regions based on the graphical ordination

analysis. Tozuka et al. (1998) analyzed RFLP (restriction

fragment length polymorphism) patterns of mitochondrial

DNA using 1,097 individuals of wild soybean collected

from throughout Japan and found genetic differentiation

between northern and southern parts of Japan. Wang and

Takahata (2007) demonstrated the Japanese and Chinese

wild soybean germplasm pools differed from each other

according to their data of 10 SSR markers. Based on the

present results, further studies are required for explaining

the genetic mechanism of geographic differentiation in

detail.
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Southern China as the major center of genetic diversity

of wild soybean

From the above, Southern China is believed the major center

of genetic diversity of wild soybean in China. The evidences

are that the SOC subpopulation possessed the greatest allelic

richness, had the highest genetic diversity index, contained

the largest number of regional special alleles, held smallest

number of special deficit alleles, had largest number of

complementary alleles for its counterparts, and was dis-

tributed across eight out of nine UPGMA clusters and six of

six phenotypic clusters. This concept is consistent with our

previous study (Xu et al. 1999) in which morphological

characters, isozymes and RFLPs of cytoplamic DNA were

examined for more than 200 accessions of annual wild

soybean from various ecological regions in China. How-

ever, our conclusion is somewhat different from Dong et al.

(2001) and Wang and Takahata (2007). The former sug-

gested that there were three centers of genetic diversity for

annual wild soybean in China, namely the Northeast, the

Yellow River Valley and the Southeast Coasts, and the

center of Northeast China was the most genetically diverse

region (Southeast Coasts is the east part of Southern China).

In their study, the materials were obviously biased among

regions, and the phenotypic traits were recorded in respec-

tive eco-regions without uniform experiment. Therefore,

strictly, those data were not exactly comparable and only

phenotypic diversity rather than genetic diversity was

involved. The latter (Wang and Takahata 2007) suggested

the region between Changjiang River and the Yellow River

(the same as Huang-Huai-Hai region) as the most geneti-

cally diverse region by using length polymorphism of alleles

found in 10 SSR loci. However, their study did not include a

wide range of accessions and enough alleles, and thus in fact

could not authoritatively make reasonable inference on the

center of genetic diversity of wild soybean. Consequently,

we believe the rationality of our conclusion, even further

evidence to support our conclusion is to be pursued.
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