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Glycine soja Sieb. et Zucc., a predominantly selfing annual, has been served as a reservoir
of germplasm for soybean, G. max (L.) Merr., cultivar improvement. This study describes the
levels and distribution of genetic variation within and among 22 Korean populations of G. soja
using starch gel electrophoresis. The species maintains very similar levels of genetic variability
within populations observed in most other annuals. At the population level, the mean percent
of polymorphic loci (P) was 32.6%, mean number. of allele per locus (A) was 1.32, and mean
expected heterozygosity (H.) was 0.112. In addition, total genetic diversity (Hr) calculated only
for polymorphic loci was 0.347. However, significant differences in allele frequencies among
populations were found for all loci (P<<0.001 in each case) and, on average, about 70% of
the total variation in the species is common to all populations. Indirects estimate of the number
of migrants per generation (Nm=0.58, calculated from mean Ggr) indicates that gene flow
is low among Korean populations of the species. In addition, analysis of fixation indices revealed
a substantial heterozygote deficiency in most populations and at all loci. This indicates that
most populations sampled may have been substructed largely due to inbreeding (predominantly
selfing) and restricted gene flow, coupled with founder effect and genetic drift. Considering
a high genetic divergence among populations, it is recommended that several Korean populations
of the species should be preserved, especially such as populations in the eastern and southeastern
Korean peninsula with high variation.
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Since the genetic variation provides the potential
for evolutionary change in natural populations of
plant species, its measurement has been one of the
importiant topics of population genetics to under-
stand the evolutionary factors affecting genetic struc-
ture. Allozyme study has been routinely used to des-
cribe the levels and distribution of genetic variation
and the population genetic structure of a variety of
groups of plants, because it provides the most abun-
dant sources of data (Hamrick and Godt, 1989).
More recently, Hamrick er al. (1991) suggested that
allozyme diversity of a plant species can be used
as a “yardstick” to measure the effectiveness of its
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in situ and ex situ conservation programs. Although
the knowledge concerning genetic variation has been
known to be one of important factors for providing
information for conservation purposes, only few de-
tailed studies on allozyme variation and population
genetic structure are available for native plants in
Korea (Chung, 1994a, b, ¢, d; Chung and Chung,
1994; Chung and Kang, 1994; Kim and Chung,
1995).

G soja Sieb. et Zuce., a wild soybean, grows widely
in China, a belt of Siberia adjacent northemn China,
Korea, Japan, and Taiwan (Kiang er a/, 1992). In
Korea, the species grows naturally in riverbanks,
roadsides, and wastc places with patchy distribution.
In addition, it commonly grows adjacent to cultivat-
ed soybean fields. The species is predominantly a
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selfer (Kiang et al, 1992; S. Chung and M. Chung,
pers. obs) and it is diploid (2r=40: Hymowitz,
1970). The flower of G. soja has a purple corolla
and seeds are 2-4 in each pod.

The natural populations of the species has served
as a reservoir of germplasm for soybean cultivar im-
provement (Singh and Hymowitz, 1988). For this
and other reasons, Chiang and his associates
(Chiang, 1985; Kiang, 1987; Kiang and Chiang, 1991;
Kiang et al,, 1992) studied on allozyme variation wi-
thin several populations of the species in the East
Asian countries. However, these works did not inc-
lude studies on the population genetic structure and
gene flow in the species. In addition, detailed studies
on the levels of genetic diversity and genetic struc-
ture of Korean populations have not been carried
out previously. In this study, we investigated alloz-
yme variation and genetic structure in Korean popu-
lations of G soja using starch gel electrophoresis.

MATERIALS AND METHODS

From 1991 to 1993 seeds were collected from 22
natural populations of G. sgja in Korea (Fig. 1). 20
to 40 frits (legumes) were collected from each po-
pulation and one seed per each fruit was used in
this study (Table 1). Since the plants in the field
were often entangled, fruits were collected from indi-
vidual plants separated at least by more than 2 m.

Horizontal starch gel electrophoresis was conduc-
ted to estimate allozyme variation maintained in the
species. Seeds were moistened with 10 mL distilled
water in petri dishes (10 cm in diameter) and incu-
bated at 20C for 48 h for germination, Germinating
seeds were collected in two days and homogenized
with a multi-pod plate and glass rod with phosphate
buffer described in Huh (1984). The crushed extract
was absorbed onto 5X8 mm wicks cut from What-
man 3 MM chromatography paper. Electrophoresis
was performed using 12% starch gels. Gel and elect-
rode buffer systems and enzyme staining procedures
from Soltis et al. (1983) were used to assay the seven
enzyme systems; alcohol dehydrogenese (ADH),
fluorescent esterase (FE), malate dehydrogenase
(MDH), and lactate dehydrogenase (LDH) were re-
solved on buffer system 2; isocitrate dehydrogenase
(IDH), 6-phosphogluconate dehydrogenase (PGD),
and aconitase (ACO) on buffer system 9. Electro-
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Fig. 1. The location of the 22 sampled populations of G.
soja in Korea.

phoretic phenotypes were interpreted on the basis
of models for the soybean examined by Gorman
and Kiang (1978). For enzymes with more than one
locus, isozymes were sequentially numbered from
the most anodal. Likewise, alleles were designated
sequentially with the most anodally migrating alleles
as a. Fe-2 was being expressed, but it was not scored
because of poor activity and/or resolution.

Loci with two or more alleles were considered pol-
ymorphic, regardless of their frequencies. Four stan-
dard genetic parameters were estimated using a co-
mputer program developed by M. D. Loveless and
A. Schnabel; percent polymorphic loci (P), mean nu-
mber of alleles per locus (A), effective number of
alleles per locus (A.), and mean expected heterozy-
gosity (H.), assuming Hardy-Weinberg equilibrium.
The statistics of these parameters were described in
detail in Hamrick et al. (1992) and Chung and
Chung (1994).

Observed heterozygosity was compared to Hardy-
Weinberg expected values using Wright's (1922) fixa-
tion indices (F) of inbreeding coefficients. These in-
dices were tested for deviations from zero by a X*-
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Table 1. Estimates of genetic variation within 22 popula-
tions of G soja. Abbreviations: N, number of sceds exami-
ned; P, percent polymorphic loci; A, mean number of alle-
les per locus; A,, effective number of alleles per locus; H,,
observed heterozygosity; H,, expected heterozygosity; SE,
standard error

Pop.

code P A A H, (SE) H. (SE)
1 28 182 118 113 0000 (0.000) 0.077 (0.011)
222 364 136 126 0017 (0.005) 0.146 (0.014)
3 27 213 127 lle 0003 (0.002) 0094 (0.011)
4 24 182 118 110 0004 (0.003) 0.060 (0.010)
5 29 364 136 130 0041 (0.007) 0.165 (0.014)
6 30 364 109 117 0006 (0.003) 0.106 (0.013)
7 32 182 136 115 0000 (0.000) 0081 (0.012)
8 25 364 136 115 0000 (0.000) 0.104 (0.010)
9 24 364 127 134 0000 (0.000) 0.176 (0.016)

10 23 273 136 114 0008 (0.004) 0080 (0.012)
11 25 364 136 124 0011 (0005) 0.133 (0.013)
12 29 364 145 116 0022 (0006) 0.101 (0.010)
13 31 455 127 124 0000 (0.000) 0.144 (0.013)
14 25 273 136 118 0071 (0000) 0094 (0.014)
15 24 364 136 L18 0.000 (0.000) 0.106 (0.012)
16 22 364 127 116 0000 (0.000) 0.109 (0.010)
17 27 273 145 117 0007 (0.003) 0095 (0.012)
18 25 455 136 116 0030 (0.007) 0.112 (0.009)
19 29 364 136 LI8 0003 (0002) 0111 (0.012)
20 26 364 136 123 0000 (0.000) 0.129 (0.014)
21 28 364 136 124 0016 (0.005) 0.146 (0.013)
2230 273 132 117 0000 (0.000) 0.106 (0.012)
Mean 266 326 132 119 0011 0113

SE 063 001 001 0.001 0002

statistics following Li and Horvitz (1953).

Nei's (1973, 1977) gene diversity formula (Hr, Hs,
Dst, and Gsyr) were used to evaluate the distribution
of genetic diversity within and among populations.
A ¥*-statistics was used to detect significant differen-
ces in allele frequencies among populations for each
locus and in each population (Workman and Nis-
wander, 1970). Nei's (1972) genetic identity (I) was
calculated for each pairwise combination of popula-
tions. A correlation between genetic identity and
geographical distance was calculated using PC-5AS
(SAS Institute, Inc., 1989). In addition, we used NT-
SYS (Rohlf, 1988) to conduct a cluster analysis on
genetic identities via the unweighted pairwise group
methods using arithmetic average (UPGMA). Fina-
lly, an indirect estimate of gene flow (Nm, the num-
ber of migrants per genneration) was calculated ba-
sed on Wrght’s (1951) formula.
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RESULTS

Five of the 11 loci (45%) examined were polymor-
phic in at least one of the 22 populations. Adh-1,
Mdh-2, Fe-1, Ped-1, Ldh, and Aco were monomor-
phic in all 22 populations studied. The mean percent
of polymorphic loci within populations (P) was 32.6
%, ranging from 18.2% (populations 1, 4, and 7) to
45.5% (populations 13 and 18) (Table 1). Mean num-
ber of allele per locus (A) within the species and
populations were 145 and 1.32, respectively. At the
species and the population levels, the mean effective
numbers of alleles per locus (A.) were 148 and 1.19,
respectively. Mean genetic diversity (H.) estimates
at the species and the population levels were 0.158
and 0.112, respectively.

Analysis of fixation indices, calculated for all pol-
ymorphic loci in each population, showed a substa-
ntial deficiency of heterozygotes relative to Hardy-
Weinberg expectations. For example, 95% of fixation
indices were positive (75/79), and all of those depar-
ted significantly from zero (P<0.05). In contrast, of
four negative fixation indices, only one was signifi-
cantly different from zero (P<0.05) (Table 2).

Heterogeneity X tests indicated that significant di-
fferences in allele frequencies among populations
were found for all polymorphic loci (P<0.001 in each
case). On a locus basis, the proportion of total gene-
tic variation due to differences among populations
(Gsr) ranged from 0.152 for Fe-3 to 0.535 for Idh,
with a mean of 0299 (Table 3). On average. about
70% of the total variation resided within populations,
indicating that gene flow among populations was
highly restricted. The number of migrants per gene-
ration (Mm=0.58) is concordant with the significant
differentiation in allele frequencies among popula-
tions. Average genetic identity for all pairs of popu-
lations was 0.940 (standard error=0.003), well within
the range of values expected for conspecific popula-
tion (Crawford, 1989). The UPGMA dendrogram,
however, gave few insights into the genetic structu-
ring among the 22 populations (Fig. 2). In a good
agreement with the UPGMA phenogram, no signifi-
cant correlation between genetic distance and geog-
raphic distance was found (r=0.161, df=229, P>
0.05) and indicated that only about 2% of the varia-
tion in genetic distance was due to geographic dis-
tance.
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Table 2. Fixation indices (F) for five polymorphic loci in populations of G. sgja. Chi-square tests were used to determine
if fixation indices were different from an expected values (F=0). Populations that were monomorphic for a particular
locus are indicated with a dash

Population
Locus
1 2 3 4 5 6 7 8 9 10 11
Adh-2 - 048" 093™ 0.89™ 0.35™ 0.83" 1.00™" - 1.00™ 1.00™  0.70™
Idh - - - - - - - 1.00™ - - 1.00™
Mdh-1 1.00™ 1.00™ - - 0.75™ 1.00™ — 1.00™ 1.00™ - —

- Fe—3 _ 1.00"‘ I‘OO"“ _ l.muw llmut _ Lm*m Lmno _ 0.03ns l-muu
Pgd-2 100" 1.00™" 1007 1.00™ 1.00™ 1.00™ 1.00™ 1.00™ 1.00™ 1.00™ 1007
Table 2. (Continued)

Population

Locus

12 14 15 16 17 18 19 20 21 22
Adh-2 0.82™"  100™ - 1.00™ 1.00™ 085 0.69"™ 1.00™ 1.00™ 0.56™ 1.00™
Idh LO0™ 100"  —095™ - - - 1.00™* 1.00™ 1.00™ 1.00™ -
Mdh-1 —009™  1.00™ - L.oo™ 1.00™ — 1.00™ 0.79 - 1.00™ 1.00™
Fe-3 - 1.00™ 100" 1.00™ 1.00™ 1.00"™ 0.08™ - 1.00™ — —
Pgd—z l'mm-n llm*** 1'(x)1kmv llmiﬂnl l.m*t* 1.(1)*" llmﬂiﬁ‘ l.m*lﬂt l-mﬂ*k ll(x)ml* 1'mmﬂm
ns=not significant; *P<0.05; **P<0.01; ***P<0.001.
Table 3. Genetic diversity statistics (Nei, 1973, 1977) for NEI ‘S GENETIC IDENTITY
five polymorphic loci in G sgja o oM 0w LR

1

Locus No. of Hr Hs DST Gs—r” 8
alleles 16

Adh-2 2 04876 03701 01176 02411+ i
Idh 2 02000 00930 0.1071 0.5353%** n
Mdh-1 2 03130 01972 01158  03701%+* 3
Fe3 2 02346 01990 00356  0.1517%** 7
Ped-2 2 05000 04029 00971  0.194] %%+ !
Mean 2 03470 02524 00946 02985 18
[

Abbreviations: Hy. total genetic diversity; Hs, genetic diver-
sity within populations; Dsr, genctic diversity among popu-
lations; and Ggr, proportion of total genetic diversity parti-
tioned among populations. “Asterisks indicate significant
allele frequency heterogeneity among populations based
on a X* test (***P<0.001)

DISCUSSION

Korean populations of . soja maintain a compa-
rable level of genetic variability observed in most
annuals. For example, at the species and the popu-
lation levels, mean percentage of polymorphic, mean
number of alleles, mean effective number of alleles,
and mean genetic diversity of 226 annuals reviewed
by Hamrick er al. (1992) were 49.2 and 29.4%, 2.02

2z
13

i

1

I_.._._—-g
14

Fig. 2. Phenogram from UPGMA cluster analysis based
on Nei’s (1972) genetic identities between the 22 popula-
tions of G sgja in Korea.

and 145, 122 and 1.14, and 0.154 and 0.101, respecti-
vely. Korean G. soja showed 45 and 32.6% of mean
percentage of polymorphic loci, 145 and 1.32 of ave-
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rage number of alleles per locus, 0.158 and 0.112
of mean effective number of alleles, and 0.148 and
0.19 of mean expected heterozygosity at the species
and the population levels, respectively. As expected,
levels of allozyme variation found in four Japanese
populations of G. soja (Kiang et al., 1992) also similar
to those in this study. This moderate level of genetic
variation of (. sgja is easily explained with biological
aspects of the species. Genetic variation within po-
pulations is significantly associated with breeding
gystems (Hamrick and Godt, 1989). Predominantly
self-pollinating species tend to maintain less genetic
variation within populations than those with higher
proportions of outcrossing (Gottlieb, 1981) because
of restricted gene flow via pollen and/or genetic drift.
G. soja is a predominantly selfing annual (Kiang and
Gorman, 1983), and its seeds are dispersed around
the mother plants (S. Chung and M. Chung, pers.
obs.). Although the species is predominantly self-
pollinated, it is abundant and occurs widely in East
Asia. In general, species with widespread distribution
maintain higher level of genetic diversity than those
with narrow or endemic distributions (Hamrick and
Godt, 1989). In addition, it has been observed that
cach mature plant generates 50-100 fruits, indicating
high reproductive capacity (S. Chung and M. Chung,
pers. obs.). It is highly probable that widespread ge-
ographical distribution and a propensity for high
fecundity may in part be factors that serve o main-
tain a moderate level of allozyme diversity [ound
in G soja in Korea.

A substantial heterozygote deficiency in most po-
pulations and at all loci explicitly reflects a predomi-
nant selfing breeding system of G soja. Considering
the breeding system of the species, most populations
{or locations) would consist of several discrete bree-
ding units. In addition, sampling has been done at
several patches per population, which could generate
a Wahlund effect (Hartl and Clark, 1989) contribu-
ting partly to heterozygote deficiencies observed in
this study.

Genetic differentiation among populations is pri-
ncipally a function of gene flow among populations
via pollen and seeds dispersal (Loveless and Ham-
rick, 1984). Predominantly selfing species with disc-
rete, isolated populations should experience a limited
gene flow (Richards, 1986). Of the total variation ob-
served in G. sgja, about 30% is due to differences
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among populations (Gsr=0.299). This level of gene-
tic divergence is higher than mean Gsr value of 584
plant species (0228) reported by Hamrick e al
(1992). The high level of genetic divergence among
Korean populations of G- soja suggests that gene flow
is low. Indirect gene flow estimate of Nm (0.58) was
low, reflecting a predominantly selfing breeding sys-
tem and gravity seed dispersal mechanism exhibited
by the species. For neutral gene, a Nm value of 1
is considered necessary to prevent divergence due
to genetic drift (Wright, 1931). In other words, given
limited gene flow, populations are expected to dive-
rge genetically due to drift, the random loss of alleles
due to small population size (genetic bottleneck) re-
sulting from founder effect (Wright, 1931). Thus, the
level of gene flow in Korean populations of G. soja
is insufficient to counterbalance genetic drift. Howe-
ver, the level of genetic divergence observed in this
study is slightly lower than mean value (Gsr=0.355)
based on 226 annuals reviewed by Hamrick et al.
(1992). Tt is supposed that infrequent secondary gene
flow would be possible by the sced movement by
soil brought from other places under road and river-
bank construction in Korea (8. Chung and M.
Chung, pers. obs.). It is of interest to note that the
level of genetic differentiation found among four Ja-
panese populations (Gsr=0.197: Kiang er al, 1992)
was considerably lower than that for Korean popu-
lations examined. This may be in part due to diffe-
rent sample sizes between the two studies. Twenty-
two populations were sampled in this study (ca. 400
km range), but four Japanese populations were col-
lected within 120 km distance along reverbanks.
Kiang er al. (1992) suggested that gene flow via seeds
from upstream to downstream populations growing
along riverbanks in four Japanese populations be
occurred. The seeds in intact pods and those caught
in dry pod walis can float on water for over 24 h
(Kiang er al., 1992). These two factors may account
for the lower level of genetic differentiation observed
in four Japanese populations of the species.

The relatively small populations in patchy distri-
bution that currently characterize the Korean popu-
lations of G sgja coupled with present destruction
of natural habitats by riverbank and road construc-
tion may result in erosion of genetic diversity in a
near future. Hamrick and Godt (1989) noted that
the degree of genetic differentiation among plant po-
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pulations is of primary importance for the conserva-
tion of genetic diversity and the evolutionary poten-
tial of the species under consideration. Based on the
data available such as a considerably high Ggr value
compared with a mean value of plant species, it is
recommended that several populations of the species
in Korea should be preserved, giving priority to po-
pulations primarily with high variation such as po-
pulations mostly in the eastern and southeastern
Korean Peninsula (populations 2, 5, 9, 11, 13, 18,
20, and 21; Fig. 1). These populations could be used
as sources of genetic diversity for the restoration of
genetically depauperate populations in the future.
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