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Abstract. Enzyme electrophoresis was used to estimate genetic diversity and population genetic structure of Gleditsia
Jjaponica var. koraiensis in Korea. Eleven of the 17 loci (64.7%) showed detectable polymorphism. Genetic diversity
(0.247) was higher than average for species with similar life history traits. Analysis of fixation indices, calculated for
all polymorphic loci in each population, showed a substantial deficit of heterozygotes relative to Hardy-Weinberg
expectations. This deficit is partly associated with inbreeding which is due to consanguineous and selfing mating. The
average G, for polymorphic loci was 0.145, indicating that most (85.5%) of the genetic diversity occurred within
populations. The indirect estimate of gene flow based on mean G, was moderate (Nm = 1.24). Given limited gene flow,
populations are expected to diverge genetically due to drift, the random loss of alleles due to small population size.
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Introduction

During the past 20 years, enzyme electrophoresis has
been used to describe the population genetic structure of
over 700 plant taxa (Hamrick and Godt, 1989). This infor-
mation has contributed greatly to an understanding of the
evolutionary history of individual species and related
group of species (Haufler, 1987) and has provided insights
into the relationships between allozyme diversity and life-
history traits (Loveless and Hamrick, 1984; Kiang and
Chiang, 1990). Recently, allozyme studies of woody an-
giosperms have found that these plants are comparable
to conifers with respect to their ecological and/or life his-
tory trait (e.g. Schnabel and Hamrick, 1990a,b; Sherman-
Broyles et al., 1992). These studies have shown that such
angiosperms have high levels of genetic variation, and a
low proportion of their genetic diversity is among
populations. Generalizations derived from the allozyme lit-
erature provide a basis on which to build sound programs
for the conservation of genetic diversity of rare and en-
dangered species (Hamrick et al., 1991). In addition,
allozyme diversity can be used as a yardstick to measure
the effectiveness of in situ and ex situ conservation pro-
grams (Hamrick et al., 1991). Despite the importance of
knowledge on genetic variation for providing information
for conservation purposes, detailed studies of genetic
variation are not available for most native taxa in China
and Korea, particularly woody plants (Kang and Chung,
1997). In addition, almost no information is available from
flora-rich countries in Africa or from China (Bennett and
Leich, 1995).
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Gleditsia japonica Miquel var. koraiences Nakai is a
polygamous woody plant that is distributed in natural habi-
tats of mountains. It has a strong spike in stem and
branches, and polygamous flowers are present in separate
inflorescences. Gleditsia japonica var. koraiences is not
an abundant plant over its range in Korea (Hur and Lee,
personal observation). Furthermore, young plants are rare
in most populations. Population size is highly variable,
ranging from a few individuals at the margins of forests
to several dozen plants in valleys on high-elevated
mountains. Populations that are reproductively isolated
may gradually exhibit genetic differentiation. The rapid
loss of new plants results in the permanent loss of gene
pools with potential applications in medicine and species
conservation. Gleditsia japonica var. koraiensis is an
economically useful species in China and Korea, as the
seeds have been used in medicine. The purposes of this
paper are: 1) to estimate how much total genetic diver-
sity is maintained in the species, 2) to describe how ge-
netic variation is distributed within and among
populations, and 3) to compare our estimates with those
for species having very similar life history traits.

Materials and Methods

Sampling Procedure and Enzyme Electrophoresis

Seeds of Gleditsia japonica Miquel var. koraiensis
Nakai were collected from twelve natural populations in
Korea between 1995 and 1996 (Figure 1). Twenty to thirty
legumes were collected from each population, and one seed
from each legume was used in this study. Seeds were
moistened with 98% sulphuric acid for 30 min, rinsed with
tap water, and incubated at 20°C for germination. Ger-



Figure 1. Collection localities for populations of Gleditsia
Jjaponica as source for isozyme analysis.

minating seeds were collected and homogenized with
phosphate buffer as described by Soltis et al. (1983).
Electrophoresis was performed using 12% starch gel. Gel
and electrode buffers systems and enzyme staining pro-
cedures from Soltis et al. (1983) were used to assay
seven enzyme systems. Putative loci were designated
sequentially, with the most anodally migrating isozyme
designated ‘1°, the next ‘2, etc. Likewise, alleles were
designated sequentially with the most anodally migrating
allozyme designated ‘a’ and progressively slower forms
‘b’, ‘’c’, and so on. The G. japonica isozymes expressed
phenotypes that were consistent in subunits structure and
genetic interpretation with most isozyme studies in
plants, as documented by Weeden and Wendel (1989).

Data Analysis

Four standard genetic parameters were estimated us-
ing a computer program developed by M.D. Loveless and
A. Schnabel; percent polymorphic loci (P), mean number
of alleles per locus (A), effective number of alleles per
locus (Ae), and gene diversity (He) (Hamrick et al.,
1992). Ae was calculated as the reciprocal of the sum of
squares of allele frequencies. Subscripts refer to species
(s) or population (p) level parameters. Observed heterozy-
gotes (Ho) was compared to the Hardy-Weinberg ex-
pected value using Wright’s fixation index (F) or
inbreeding coefficients (Wright, 1922). These indices
were tested for deviation from zero by x*-statistics (Li
and Horvitz, 1953).

,D.,and G

Nei’s gene diversity formulae (H,, H,, D, 1)
were used to evaluate the distribution of genetic diver-
sity within and among populations (Nei, 1973, 1977). In
addition, x>-statistics were used to detect significant dif-
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ferences in allele frequencies among populations for each
locus (Workman and Niswander, 1970). Nei’s genetic
identity (I) was calculated for each pairwise combination
of populations (Nei, 1973).

Principal components analysis (PCA) using the NT-
SYS-pc program (Rohlf, 1987) helped evaluate the phenetic
interpopulational relationships based on allele frequency
distributions, with only polymorphic loci included in the
analysis. The PC-SAS program (SAS Institute Inc., 1989)
was used to conduct a cluster analysis on genetic identi-
ties via the unweighted pairwise groups method using an
arithmetic average (UPGMA).

The genetic structure within and among populations
was also evaluated using Wright’s (1965) F-statistics F,,
F, and F . The F, and F  coefficients measure excesses
of homozygotes or heterozygotes relative to the
panmictic expectations within the entire sample and
within populations, respectively. The F_ coefficient
estimates relative population differentiation. Deviations
of F, and F ; from zero were tested using x*-statistics (Li
and Horvitz, 1953). Two indirect estimates of gene flow
were calculated. One estimate of Nm (the number of
migrants per generation) was based on G, (Wright,
1951), and the other was based on the average frequency
of “rare” alleles found in only one population (Slatkin,
1985; Barton and Slatkin, 1986). The absolute population
differentiation (Dm) was calculated using the formula:
Dm = sD . / (s-1), where s is the number of
subpopulations in the analysis and D, is the genetic
diversity among population (Nei, 1973).

Results

Genetic Diversity

Eleven of the 17 loci (64.7%) showed detectable poly-
morphism in at least two populations. The remaining six
loci (Pgd-3, Fe-1, Mdh-2, Mdh-3, Me-2 and Per-2) were
monomorphic in all populations. An average of 52.9% of
the loci were polymorphic within populations, with indi-
vidual population values ranging from 47.1% to 58.8%
(Table 1). The average number of alleles per locus (A) was
1.75 across populations, ranging from 1.59 for the popula-
tion with the lowest number of alleles to 1.82 for the popu-
lation with the highest number of alleles. The effective
number of alleles per locus was similar at the species and
the population level (Aes = 1.61; Aep = 1.51). The mean
genetic diversity within population was 0.247. Population
5 had the highest expected diversity (0.289) while Popula-
tion 7 had the lowest (0.193). Genetic diversity at the spe-
cies level and population level was higher than average
values of species with similar life history traits.

Genetic Structure

Wright’s F statistics showed that significant deficien-
cies of heterozygotes exist for all loci at the population
level (F = 0.467) and the sample as a whole (F,,=0.554)
(Table 2). The value of F ¢ varied from 0.190 (Idh-1) to
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Table 1. Percentage of polymorphic loci (P), mean number of alleles per locus (A) and polymorphic locus (Ap), effective number of
alleles per locus (Ae), observed heterozygosity (Hop), Hardy-Weinberg expected heterozygosity or genetic diversity (Hep) for twelve

populations of G. japonica.

Pop? NP P A Ap Ae Hop (SD) Hep (SD)
1 29 58.82 1.76 2.30 1.56 0.147 (0.019) 0.262 (0.063)
2 20 58.82 1.76 2.30 1.49 0.143 (0.022) 0.242 (0.061)
3 22 52.94 1.76 244 1.50 0.132(0.021) 0.242 (0.062)
4 26 47.06 1.76 2.63 1.58 0.108 (0.021) 0.258 (0.067)
5 28 58.82 1.71 2.20 1.58 0.149 (0.023) 0.289 (0.061)
6 24 47.06 1.65 2.38 1.45 0.157 (0.025) 0.224 (0.062)
7 20 52.94 1.76 244 1.37 0.109 (0.021) 0.193 (0.059)
8 30 58.82 1.82 2.40 1.60 0.165 (0.021) 0.262 (0.063)
9 20 47.06 1.76 2.63 1.45 0.154 (0.026) 0.233 (0.060)
10 21 52.94 1.76 244 1.58 0.121 (0.020) 0.277 (0.063)
11 20 47.06 1.82 2.75 1.59 0.146 (0.025) 0.255 (0.068)
12 20 52.94 1.59 2.11 1.43 0.102 (0.019) 0.230 (0.056)
Mean 225 52.94 1.75 242 1.51 0.136 (0.006) 0.247 (0.018)

“Numerical codes as in Figure 1.
"Number of individuals in the sample.

Table 2. Total genetic diversity (H,), genetic diversity within population (H,), deviations of genotype frequencies from Hardy-Weinberg
expectations over all populations (F,;) and within individual populations (F ,), proportion of total genetic diversity partitioned among popu-
lations (G,), and absolute population differentiation (Dm) of G. japonica.

Locus H, Hy Fi F, G, Dm

Adh 0.453 0.429 0.317 0.353 0.053%%* 0.026
Pgd-1 0.585 0.482 0.421 0.522 0.175%** 0.116
Pgd-2 0.588 0.569 0.319 0.341 0.032 0.020
Idh-1 0.148 0.082 0.190 0.552%%* 0.448* 0.072
Idh-2 0.437 0.421 0.360 0.384 0.037 0.018
Fe-2 0.545 0.501 0.583 0.617* 0.082%%%* 0.049
Fe-3 0.664 0.583 0.674 0.714%%* 0.122%** 0.088
Mdh-1 0.576 0.499 0.475 0.545 0.133%** 0.083
Me-1 0.191 0.078 0.659* 0.860** 0.590%** 0.123
Per-1 0.432 0410 0.462 0.489 0.051 0.024
Per-3 0.140 0.124 0.677* 0.715* 0.119%* 0.018
Mean 0.433 0.380 0.467 0.554 0.167 0.058

*=P<0.05; ** =P <0.01; *** =P <0.001.

0.677 (Per-3). Significant positive F and F, values were
observed for all polymorphic loci. Total genetic diversi-
ty values (H,) varied between 0.140 (Per-3) and 0.664
(Fe-3), with an average overall polymorphic loci of 0.433.
The interlocus variation within population genetic diver-
sity (Hg) was high: values ranged from 0.278 (Me-1) to
0.583 (Fe-3) with an average overall polymorphic loci of

0.380.

Analysis of fixation indices, calculated for all poly-
morphic loci in each population, showed a substantial de-
ficiency of heterozygotes relative to Hardy-Weinberg
expectations. For example, 98.1% of fixation indices
were positive (104/106), and 40 of those departed sig-
nificantly from zero (p < 0.05). In contrast, of only two
negative indices, neither departed significantly from zero.
On a per locus basis, the proportion of total genetic vari-
ation due to differences among populations (G,) ranged
from 0.032 for Idh-2 to 0.448 for Idh-1 with a mean of
0.167, indicating that about 17% of the total allozyme
variation was among populations. Thus, the majority of

genetic variance (83%) resided within populations. Based
on a PCA of allele frequency data, some alleles (4dh a,
Per-1 a and b, Per-3 b, and Fe-2 a and c alleles) with a
restricted distribution occur in low/high frequency in sev-
eral populations (Figure 2). These alleles may have pro-
moted the population differentiation. Genetic identity
values among pairs of populations ranged from 0.845 to
0.992. The similarity among populations can be seen in
the UPGMA dendrogram, where total populations clus-
ter at a below genetic distance of 0.821 (Figure 3). The
indirect estimate of gene flow based on mean G, was
moderate (Nm = 1.24), but estimate of gene flow based
on private alleles was relatively low (Nm = 1.00). The ab-
solute population differentiation (Dm) was 0.058. The
correlation coefficient between genetic distance and geo-
graphical distance was significantly different from zero
using the Mantel’s test for all populations (r = 0.34), and
about 88% of the variation in genetic distance seemed to
be caused by unknown factors other than geographic
distance.
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Figure 2. Principal components analysis of allele frequencies from
12 populations of Gleditsia japonica. The first two principal com-
ponents explained 50.6% and 14.5% of the total variance,
respectively. Positions for OTUs (population) and variables
(alleles) are presented. aa and ab: Adh a and b; pa, pb, and pc:
Pgd-1 a, b and c; p2a, p2b, and p2c: Pgd-2 a, b and c; ia and ib:
Idh a and b; i2a and i2b: Idh-2 a and b; f2a, f2b, f2¢, and f2d:
Fe-2 a, b, ¢ and d; f3a and f3a: Fe-3 a and b; ma, mb, and mc:
dh-1 a, b, and c; ra and rb: Per-1 a and b; r3a and r3b: Per-3 a
and b.
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Figure 3. A dendrogram showing the phylogenic relationships
among the twelve populations of G. japonica, based on data of
genetic distance obtained by starch gel electrophoresis.
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Discussion

Gleditsia japonica var. koraiensis maintains relatively
high levels of allozyme variation compared to the aver-
age plant species. For example, its mean genetic diver-
sity at 0.247 is substantially higher than that of
temperate-zone species (0.146), long-lived woody peren-
nial species (0.177), outcrossing-animal species (0.167),
and also higher than species with widespread geographic
ranges (0.202) (Hamrick and Godt, 1989). The percent-
age of polymorphic loci is 64.7%, which is higher than
those of temperate-zone species (48.5%), species with
widespread geographic ranges (43.8%), and outcrossing-
animal species (50.1%), and it is similar to that of long-
lived woody perennial species (64.7%) (Hamrick and
Godt, 1989). These comparisons suggest that the genetic
diversity levels of G. japonica are higher than its
associates, the temperate-zone species. The mean genetic
diversity of G. japonica is 0.247 (SD = 0.018). This is
somewhat surprising when we consider that no special-
ized seed dispersal mechanism is known. Flowers are vis-
ited by insects, and the present-day populations of this
species are discontinuous and isolated. Furthermore,
most population sizes are very small (N < 30), and the
many spikes in the stem and branches of this species may
limit the access of animals to the fruits. In addition, the
seed coat of legume is very strong and hard for animals
to digest.

One of the most notable features of the genus
Gleditsia is its high percentage of polymorphic loci per
population and its genetic diversity (Schnabel and
Hamrick, 1995). These values, even considering the small
numbers of loci examined, are much higher than those re-
ported for seed plants in general (p = 29.0%—-57.7%;
Hamrick and Godt, 1989). The relatively high level of ge-
netic variation found in G. japonica is consistent with
several aspects of its biology. First, geographic range has
been shown to be strongly associated with the level of
variation maintained within populations and at the species
level (Hamrick and Godt, 1989). Widely distributed plant
species tend to maintain more variation than more nar-
rowly distributed species. Although G. japonica is mostly
found in Korea, we dare to guess that the place of native
species has been taken by the descendants of plant
brought intentionally or accidentally from China or Japan.
Second, the breeding systems of a species is an impor-
tant determinant of variability at both the species and
population level. Gleditsia japonica is outcrossing, in-
sect-pollinated species. This combination is well-known
to be associated with high levels of allozyme variation
(Brown, 1979; Hamrick and Godt, 1989). Third, long-
lived perennial species, like G. japonica, generally main-
tain relatively higher levels of variation than annuals and
short-lived perennials. The observation of annual rings in
G. japonica revealed that the stems were at least 40—50
years old.

Nei et al. (1975) have shown that the reduction in av-
erage heterozygosity per locus depends not only on the
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size of the population bottleneck, but also on the subse-
quent rate of population growth. If population growth is
rapid, reduction in average heterozygosity is small, even
given a small number of founder. Most population sizes
in Korea have a tendency to decrease gradually because
young individuals have not been shown in these popula-
tions and neighborhoods (authors obs.). Regardless of
growth rate, however, populations undergoing bottlenecks
tend to lose low frequency alleles, reducing polymor-
phism and the number of alleles per polymorphic locus
(Godt and Hamrick, 1991). It is of interest to note that
genetic structure in G. japonica is higher than that of
gymnosperms (mean G, = 0.073) with characteristics
that promote very high levels of gene flow. Disconcord
is similar to that of G. triacenthos (F , = 0.059; Nm =
3.987; Schnabel and Hamrick, 1990b). Gleditsia
triacanthos is also a long-lived, perennial, widespread,
insect-pollinated tree species. Nevertheless, the two spe-
cies differ strikingly in two respects: first, G.
triacanthos is subdioecious whereas flowers of G.
japonica are monoecious. Second, population sizes of G.
triacanthos in the United States are greater than those
of G. japonica in Korea. Its species in Korea habits about
12 population with less than 30 plants per population
(Table 1). Given limited gene flow, populations are ex-
pected to diverge genetically due to drift, the random loss
of alleles due to small population size (Wright, 1951). It
is probable that a low level of gene flow indicted by the
somewhat high degree of population differentiation has
occurred historically and may be currently maintained by
pollen and seed dispersal. While we have no exact infor-
mation about the pollination mechanisms of the species,
it is known that the seed is very hard and heavy.

The observed high, significant, and positive F ; value
(0.467) indicates that homozygotes were significantly in
excess. This high level of inbreeding can result from a
variety of causes: positive assortive mating (i.e., prefer-
ential mating among similar genotypes) (Crow and
Felsenstein, 1968), selection for homozygotes, family
structure within a restricted neighborhood causing mat-
ing among relatives (Levin and Kerster, 1971, 1974), and
the Wahlund effect, caused by the artificial grouping of
individuals from different breeding populations. Because
G. japonica is a bisexual species, it is expected that high
inbreeding (F, = 0.467), first of all, is due mainly to
selfing. If breeding systems and Wahlund effect the pop-
ulation genetic structure, all F values for polymorphic
loci should show similar patterns in a single population.
This pattern was partly observed in the analysis of fixa-
tion indices, calculated for all polymorphic loci in each
population.
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