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Electrophoretic and morphological variation within and among
natural populations of the wild soybean, Glycine soja Sieb. & Zucc.
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Abstract. Isozymes and morphological traits were used to explore the organization of genetic varia-
tion within and among seven natural populations of the wild soybean, Glycine soja Sieb. and Zucc., from
central Japan. A total of 111 individuals were scored for their genotype at 49 gene loci resolved from 20
enzyme systems and one seed protein. The average values for polymorphism (P; 99% criterion), number
of alleles per locus (A), gene diversity (Hexp) and proportion of heterozygotes observed (Hogs) were (.14,
1.1, 0.05 and 0, respectively. Over 60% of the isozyme variation (as measured by gene differentiation
(Gsr)) was distributed among populations. A canonical discriminant analysis using allele frequencies
demonstrated that differentiation among populations was due largely to differences in allele frequency
rather than to the presence or absence of specific alleles. Estimates of phenotypic variation were
obtained by examining 31 traits in two common garden experiments. In both cases, approximately 30%
of total phenotypic variation occurred among populations. Canonical discriminant analysis demon-
strated that populations have diverged most for traits related to flower size, leaf shape and yield. The
levels and distributions of variation were much different for biochemical and morphological traits;
however, the two data types revealed similar patterns of population differentiation.

Key words: Genetic structure; Germplasm conservation; Glycine soja; Natural populations; Population
differentiation.

able reservoirs of genetic diversity for breeding pro-
grams of G. max. Wild soybean germplasm has served
as a source of genes for disease resistance (Ram et al.,

Introduction

The wild soybean, Glycine soja (Sieb. & Zucc.), is
the putative progenitor to the cultigen, Glycine max (L.
Merrill) (Singh and Hymowitz, 1988). Although there is
much interest in the evolutionary, genetic and ecologi-
cal relationships between G. soja and G. max, only a
handful of studies have explored basic aspects of the
population biology and ecology of wild soybeans (Hu
and Wang, 1985; Kiang ef al., 1987; Kiang and Chiang,
1989; Kiang and Chiang, 1990).

Natural populations of the wild soybean are valu-
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1984), small seed size (Fehr, 1987) and increased seed
protein (Erickson et al., 1981). A meager 30% of the
estimated available genetic diversity in wild soybean
populations worldwide has been collected and char-
acterized for germplasm conservation efforts (Pluck-
nett et al., 1987). The need for further evaluation is
critical for the wild soybean as many of its natural hab-
itats are being destroyed due to expansion of urban
areas and to modern agricultural practices (Hu and
Wang, 1985; Plucknett ef al., 1987).

Glycine soja is a twining, annual legume that pre-
sumable originated in northeast China and is distribut-
ed throughout China, Japan (except Ryukyu Islands),
the Korean peninsula, the eastern Siberian regions of
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the USSR, and Taiwan (Hymowitz, 1970). Populations
of G. soja typically are small and distributed in patches.
Wild soybean plants grow in fields, under hedgerows,
and along roadsides and riverbanks, often colonizing
sites which have been recently disturbed. The have vine
-like stems and climb on and among neighboring
plants. Their leaves are pinnately trifoliate, and the
leaflets may be narrowly lanceolate, ovate or oblong
-elliptic. Pubescence on pods, stems and leaves gener-
ally is tawny and is strigose to hirsute. Pods are short
(1 to 4 cm), black, and contain an average of three
small dark-brown to black oval seeds. The flowers are
typically entomophilous, although outcrossing rates in
general are low, ranging from 1-2% (Kiang ef al.
1987).

The few studies that have been published concern-
ing genetic structure in populations of the wild soybean
have focused on populations or accessions collected
over relatively broad geographic distances (Hu and
Wang, 1985; Kiang et al., 1987; Kiang and Chiang, 1990).
Populations must be sampled over several geographic
scales to enhance the understanding of the factors
which influence population structure (Loveless and
Hamrick, 1984). In the research described, both bio-
chemical and morphological traits were used to
explore population structure within and among seven
natural populations of G. sojz from central Japan dis-
tributed on a local (1-3 km) scale. The objectives of this
research were to estimate the level of genetic variation
within the populations, to evaluate genetic relation-
ships among populations, and to describe how variation
is apportioned within and among populations.

Materials and Methods

Seed Source

Seven natural populations of Glycine soja from
Mishima, Japan, were sampled (Fig. 1). Ten to thirty
seeds were hand-collected from a total of 111 mature,
individual wild soybean plants. Because the plants in
the field were often entangled, care was taken to
ensure that seeds were collected from different individ-
ual plants even though this limited the number of plants
which could be sampled at a particular site (H. I. Oka,
personal communication).

Electrophoresis
Twenty enzymes and one seed protein (trypsin in-
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hibitor) representing 49 loci were examined electro-
phoretically (Table 1) using the techniques of Kiang
and Gorman (1983) with some modifications (Bult et
al., 1989). Initially, seven seeds were screened for each
plant to determine its genotype. If the bands were not
sufficiently resolved or a heterozygote was detected,
additional seeds (progenies of field-collected seed)
were examined to confirm to genotype.

BIOSYS-1 (Swofford and Selander, 1981), a VAX
-based FORTRAN computer program, was used to cal-
culate estimates of within-population genetic diversity
and population differentiation based on the isozyme
data. Population structure was analyzed using Nei’s
(1973) gene diversity measures, taking into account the
differences in population sizes. Patterns of population
differentiation were explored using canonical di-
scriminant analysis (CDA). CDA was performed using
the computer program, SAS (SAS Institute, 1985). Fre-
quencies for alleles from the variable isozyme loci were
used as the data matrix.

Momhologz'cal Traits

Thirty-one traits were examined for wild soybean
plants grown in the greenhouse in two consecutive
years. Fifteen plants per population were grown each
year using a completely randomized design. Five of the
15 plants were sacrificed at 10 weeks to obtain root
nodule and dry weight data. Two exceptions to this
planting design were made for populations 6 (Asahigao-
ka-2) and 7 (Kakitagawa). Only 9 and 3 plants, respec-
tively, were collected from these areas. For Asahigao-
ka-2, 14 plants were grown (5 were sacrificed at 10
weeks). For Kakitagawa, six plants were grown (3
were sacrificed at 10 weeks).

Seeds were scarified, inoculated with a commer-
cial strain of Rhizobium japonicum and planted at a
depth of 1 cm in 22 cm diameter clay pots. A 1:1 mix-
ture of sterilized field soil and Promix (sphagnum moss
and vermiculite) was used as the growth medium. Bam-
boo stakes were placed in the pots once the seedlings
had germinated so that the plants could climb up the
stakes and not become entangled.

A one-way analysis of variance (ANOVA) for un-
balanced data sets was performed on each of the mor-
phological characters to test for differences among
population means (SAS) Institute, 1985). Linearity, nor-
mality and homoscedasticity of error variances were
assessed for all traits and data transformations were
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cities; 1c, Detail map of Mishima showing regions of soybean seed collections (A-E).
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Table 1. [sozymes examined for G. soja seed
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Enzyme/protein EC NO. Type

1. Acid phosphatase (AP) 3.1.3.2 Hydrolase

2. Aconitase (ACO) 4.2.1.3 Lyase

3. Alcohol dehydrogenase (ADH) 1.1.1.1 Oxioreductase
4. Beta-amylase (AM) 3.2.1.2 Hydrolase

5. Diaphorase (DIA) 1.6.2.2 Oxioreductase
6. Endopeptidase (ENP) 3.4.7° Hydrolase

7. Esterase (EST) 3.1.1.1 Hydrolase

8. Fluorescent esterase (FLE) 3.1.1.2 Hydrolase

9. Glucose 6-phosphate dehydrogenase (GPD) 1.1.1.49 Oxioreductase
10. Glutamate oxaloacetic transaminase (GOT) 2.6.1.1 Transferase
11. Isocitrate dehydrogenase (NADP-active) (IDH) 1.1.1.42 Oxioreductase
12. Kunitz trypsin inhibitor (TI) Seed protein
13. Leucine aminopeptidase (LAP) 3.4.11.1 Hydrolase

14. Malate dehydrogenase (MDH) 1.1.1.37 Oxioreductase
15. Mannose 6-phosphate isomerase (MPI) 5.3.1.8 Isomerase

16. Peroxidase (PER) 1.11.1.7 Oxioreductase
17. 6-Phosphogluconate dehydrogenase (PGD) 1.1.1.43 Oxioreductase
18. Phosphoglucose isomerase (PGI) 5.3.1.9 Isomerase

19. Phosphoglucomutase (PGM) 2.7.5.3 Transferase
20. Shikimate dehydrogenase (SDH) 1.1.1.25 Oxioreductase
21. Urease (EU) 3.5.1.5 Hydrolase

performed as necessary (Little and Hills, 1978). CDA
was used to identify the suite of phenotypic and life
-history characters which had the greatest capacity to
discriminate among the soybean populations. Ma-
halanobis’ distance (D?) was used as a measure of the
pairwise distance between groups in multivariate space
based on the total covariance matrix of a data set
(Tabachnik and Fidell, 1983).

Congruence Between Isozymes and Morphological
Traits in Describing Population Differentiation

To test for the congruence between isozymes and
morphological traits in describing population differen-
tiation, the degree of association between Nei’s (1972)
genetic distance (D) and Mahalanobis’ distance (D?
was determined using Spearman rank correlation anal-
ysis (Sokal and Rohlf, 1969).

Patterns of Biochemical and Morphological Variation
in Relation to Stand Density

Although data collected on environmental vari-
ables at each soybean seed collection site were limited,
the percentage of the collection site occupied by G. soja
relative to other co-habitating plant species (COVER)

was estimated visually (H. I. Oka, personal communi-
cation). Relationships between COVER and the mean
number of alleles per locus (A), polymorphism (P, 99%
criterion), gene diversity (Hgxp), observed proportion of
heterozygotes (Hops) and Mahalanobis’ distance (D?»
were explored using Spearman rank correlation analy-
sis (Sokal and Rohlf, 1969).

Results

Genetic Control of Isozyme Banding Patterns

The genetic bases for the electrophoretic mobility
variants observed in the present study (Table 2) are
understood and have been summarized elsewhere
(Kiang and Gorman, 1983; Bult, 1989).

Allele Frequencies

Fifteen of the 49 isozyme loci examined were
polymorphic. Thirty-one alleles were observed at the
variable loci (Table 2). Within any one population, no
locus had more than two alleles. While the most fre-
quent allele at a particular locus was the same for most
of the populations, some loci were marked by changes
in the predominant allele occurring over short geo-
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Table 2.

Frequencies for 31 alleles at 15 variable loci among seven naturval populations of G. soja

The number in parantheses is the number of plants from which seeds were collected.

Population®

Locus® 1 2 3 4 5 6 7
(13) (36) (10) (30) (10) (9) (3)

Ap

a 0 0 0 0 0.10 0 0

c 1.0 1.0 1.0 1.0 0.90 1.0 1.0

Aco2

a 0.77 0.96 1.0 1.0 0.85 0.89 1.0

b 0.23 0.04 0 0 0.15 0.11 0

Acod

a 0.23 0.03 0 0 0 0 0

b 0 0 0 1.0 0 0 0

c 0.77 0.97 1.0 0 1.0 1.0 1.0

Am3

a 0 0.78 1.0 1.0 0.80 0.61 1.0

b 1.0 0.22 0 0 0.20 0.39 0

Dial

Dial 0.23 0.06 0.90 1.0 0.30 0.11 0.33

dial 0.77 0.94 0.10 0 0.70 0.89 0.67

Dia2

a 0.23 0.67 1.0 1.0 0.80 0.56 1.0

b 0.77 0.33 0 0 0.20 0.44 0

Enp

a 0.77 0.97 0 0 0.70 0.89 0.67

b 0.23 0.03 1.0 1.0 0.30 0.11 0.33

Estl

a 0.23 0.86 0 0 0.50 0.83 0.67

b 0.77 0.14 1.0 1.0 0.50 0.17 0.33

Gpd

Gpd 0.69 0.22 0.90 1.0 0.40 0.11 0.33

gpd 0.31 0.78 0.10 0 0.60 0.89 0.67

Idh2

a 0 0 0 1.0 0.10 0.11 0

b 1.0 1.0 1.0 0 0.90 0.89 1.0

Lapl

a 0.23 0.80 1.0 1.0 0.80 0.67 1.0

b 0.77 0.20 0 0 0.20 0.33 0

Mpi

a 1.0 1.0 1.0 1.0 0.85 0.89 1.0

b 0 0 0 0 0.15 0.11 0

Pgd1

b 0.77 1.0 1.0 1.0 0.80 0.67 1.0

c 0.23 0 0 0 0.20 0.33 0

Pgd3

a 0 0 0 1.0 0 0 0

b 1.0 1.0 1.0 0 1.0 1.0 1.0

Pgml

a 1.0 1.0 1.0 0 1.0 1.0 1.0

b 0 0 0 1.0 0 0 0

sPopulations: 1=Hatsunedai; 2=Kanodanchi; 3=Nishi-asahigaoka; 4=Yata; 5=Asahigaoka-1; 6=Asahigaoka-2; 7=Kakitagawa.
oLower case letters indicate alleles at a locus are codominant; three letter designations indicate alleles are dominant/recessive.

graphic distances (Table 2). Heterogeneity contingency
Chi-square tests (Workman and Niswander, 1970)
demonstrated significant differences in allele fre-
quencies at all variable loci among the seven wild soy-
bean populations (data not shown).

Yata (population 4) clearly was different from all
other populations in two respects. First, the plants

from this area were monomorphic at all loci examined.
Second, the alleles at several loci were either unique to
the Yata population (i.e., Aco4-b, Pgd3-a, Pgml-b) or
were fixed in Yata, but occurred at frequencies of less
than 0.50 in most of the other populations (e.g., Idh2-a
and, to some extent, EstI-b, Dial-b and Enp-b).
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Gene Diversity Within and Among Populations

The mean values of polymorphism (P) using the
999% criterion, mean number of alleles per locus (A),
mean gene diversity (Hgxp) and proportion of heter-
ozygotes observed (Hogs) over all seven wild soybean
populations were 0.14, 1.1, 0.05 and 0, respectively
(Table 3). These values are consistent with the highly
self-pollinating breeding system of soybeans.

Genetic Structure

Nei’s gene diversity measures are given in Table 4.
The mean value for total gene diversity (H;) over fif-
teen variable loci was 0.31. The mean value for within
-population genetic diversity (Hs) was 0.11. These two
values are comparable to average population values of
0.33 and 0.15 reported for self-pollinating plant species
(Hamrick and Godt, 1989). The average value for gene
differentiation (Gs+) in this study was 0.63. Ggr mea-
sures the proportion of variation among populations
relative to the total species’ diversity (Nei, 1973). Thus,
over 60% of the total genetic variation resided among
populations. This value is slightly higher than the aver-
age population level Gsr value of 0.51 found among pop-
ulations of selfing plant species (Hamrick and Godt,
1989). Loci which contributed most to Gsr had alleles
unique to population 4.

Canonical Discriminant Analysis: Isozyme data

Four of the six canonical variates extracted from
the 31-member isozyme allele data matrix were signifi-
cant at the 1% level as indicated by Wilks’ lambda.
The eigenvalue for the first canonical variate was in-
calculable because the within-population variation for
this variate was the value, zero. An eigenvalue is

Table 3.

Botanical Bulletin of Academia Sinica, Vol. 33, 1992

analagous to a ratio of between-class sums of squares
to within-class sums of squares (Norusis, 1985). In gen-
eral, a canonical variate with a large eigenvalhe is one
that accounts for a significant proportion of the total
variance in the model attributable to between-class
differences (Norusis, 1985). For the first canonical var-
iate in the present study, all the variation was due to
the between-class component. Thus, although an
eigenvalue could not be computed, the variate was very
important in differentiating 'among populations. The'
loci which contributed most to this function (as indicat-
ed by between canonical structure) were Aco4, Idh2,
Pgd3, Pgml1, Enp, Estl and Gpd. These loci have alleles
which were unique to population 4 (Yata) or which
were fixed in Yata but occurred at frequencies below
509 in the other populations. The other three statisti-
cally significant canonical variates accounted for
99.7%, 37.09% and 4.8% of the total variation in the
model, respectively. The loci which contributed most to
the second canonical variate were Aco2, Acod, Am3,
Lapl, Dia2 and Enp. The loci which contributed most
to the third variate were Aco4, Estl and Gpd. Two loci,
Ap and Mpi, contributed most to the fourth canonical
variate.

A scattergram of the class means on the first two
canonical variates is shown in Figure 2. The first
canonical variate (x-axis) separated population 4
(Yata) from all other populations of wild soybean
based largely on the presence of the alleles which were
unique to Yata. The second canonical variate (y-axis)
separated the remaining six populations based on dif-
ferences in the frequencies of alleles among popula-
tions. Populations 2, 5, and 6 clustered together while 1,
3, and 7 were widely separated. As population 4 was

Within-population genetic diversity estimates for seven natural populations of wild soybean

N is the number of plants from which seed were collected in each population.

Sample Mean number Proportion Heterozygosity? Average distance
Population size of alleles polymorphic to all other
(N) per locus (A) loci (P) Hexe Hoss pops. (km)
1. Hatsunedai 3 1.2 0.19 0.07 0 1.1
2. Kanodanchi 36 1.2 0.19 0.04 0 1.3
3. Nishi-asahigaoka 10 1.0 0.04 0.01 0 1.1
4. Yata 30 1.0 0 0 0 1.5
5. Asahigaoka-1 10 1.3 0.26 0.09 0 1.1
6. Asahigaoka-2 9 1.3 0.23 0.07 0 1.3
7. Kakitagawa 3 1.1 0.08 0.04 0 3.4
Mean 1.1 0.140 0.05 0 1.5

* Hexp=Nei’s (1973) gene diversity; Hogs=the proportion of individuals in a population that were heterozygous.



Bult & Kiang —Genetic variation in wild soybean populations 117

Table 4.  Partitioning of genelic variation within and among seven natural populations of wild soybean for fifteen variable
loct

Total Within Between Gene
Locus diversity population population differentiation

(Hr) (Hs) (Dst) (Gsr)
Aco2 0.14 0.11 0.03 0.24
Acod 0.31 0.06 0.25 0.80
Am3 0.39 0.18 0.20 0.53
Ap 0.03 0.02 0.01 0.39
Dial 0.49 0.16 0.33 0.68
Dia2 0.37 0.25 0.12 0.32
Enp 0.49 0.13 0.36 0.74
Estl 0.49 0.16 0.33 0.67
Gpd 0.50 0.25 0.25 0.50
1dh2 0.29 0.03 0.25 0.89
Lapl 0.35 0.21 0.13 0.39
Mpi 0.07 0.04 0.03 0.45
Pgdl 0.19 0.11 0.08 0.43
Pgd3 0.24 0 0.24 1.00
Pgml 0.24 0 0.24 1.00
Mean 0.31 0.11 0.19 0.63°

2Calculated as mean D, divided by mean H...

Second Canonical Variate
(55.7% of variance explained)

Fig. 2.
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First Canonical Variate

Scattergram of population means on the first two
canonical variates. Based on a canonical discriminant
analysis of a 31-member isozyme allele frequency data
matrix. The eigenvalue for the first canonical variate
was incalculable because the within-population varia-
tion for this variate was the value, zero. Populations:
1=Hatsunedai; 2=Kanodanchi; 3=Nishi-asahigaoka;
4=Yata; 5=Asahigaoka-1; 6=Asahigaoka-2; 7=Ka-
kitagawa.

completely monomorphic, its y-axis intercept was the
value, zero.

Analysis of Variance (ANOVA)

Of the 31 traits examined, 21 were significantly
different among G. soja populations in Year 1; eighteen
were significantly different in Year 2 (Table 5). CTL
(corolla tube length), LCL (length of central leaflet) and
LLL (length of lateral leaflet) were significantly differ-
ent in Year 1, but not in Year 2. As the methods of
selecting and measuring morphological characters
were the same for both years, the differences in the
results of the ANOVA for the three traits may be due
to year-to-year fluctuations in some, undetermined
aspect(s) of the greenhouse environment.

The r? values ranged from 0.08 to 0.90 in Year 1,
with an average of 0.32. In Year 2, the r? values ranged
from 0.03 to 0.66, with an average of 0.29. Thus, about
309% of the total phenotypic variation was due to the
among-population component in both years.

Canonical Discriminant Analysis: Morphological Traits
Relationships among the seven populations were
explored further using canonical discriminant analysis.

‘The final data matrices for Year 1 and Year 2
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Table 5.  Results of a one-way ANOVA for 31 phenotypic and life-history traits among greenhouse-grown populations of
wild soybean

Dependent Year 1 Year 2
Variable? rze F-ratio r? F-ratio
DTG-Days from sowing to germination 0.08 0.75 0.03 0.31
DTF-Days from germination to first flower 0.21 2.32* 0.45 7.32*
DFP-Days from first flower to first green pod 0.28 3.46** 0.26 3.17**
DDP-Days from first green pod to first dry pod 0.10 0.99 0.19 2.12
LDP-Days from first dry pod to last dry pod 0.05 0.48 0.19 2.11
LSN-Days from germination to last dry pod 0.11 1.08 0.07 0.70
B4W-No. branches at four weeks® 0.15 1.58 0.14 1.46
L4W-No. leaves at four weeks® 0.13 1.28 0.12 1.19
H4W-Height (cm) at four weeks® 0.27 3.33** 0.18 1.95
GH-Growth habit 0.35 4.68** 0.39 5.81**
L7W-No. of leaves at seven weeks? 0.14 1.40 0.10 1.01
ONO-Ovule number® 0.20 2.15 0.11 1.11
BPW-Banner petal width (cm)f 0.90 78.18** 0.51 9.36**
FL-Flower length (cm)f 0.79 32.90** 0.26 3.18**
CTL-Corolla tube length (cm)’ 0.31 3.87** 0.12 1.17
LCL-Length of central leaflet (cm)® 0.34 4.49** 0.20 2.23
WCL-Width of central leaflet (cm)? 0.50 8.65** 0.55 11.06**
LRC-Ratio of length to width of central leaflet 0.51 8.83** 0.66 17.86**
LLL-Length of lateral leaflet (cm)® 0.34 4.49** 0.03 0.24
WLL-Width of lateral leaflet (cm)?® 0.31 3.83** 0.33 4.46**
LRL-Ratio of length of width of lateral leaflet 0.46 7.51** 0.52 9.90**
AGW-Above-ground weight (gm)*® 0.21 1.13 0.37 2.34
BGW-Below-ground weight (gm)® 0.10 0.48 0.25 1.33
NDW-Nodule dry weight (gm)" 0.25 1.47 0.35 2.18
NRN-No. root nodules” 0.19 1.04 0.11 0.48
PPP-No. pods per plant 0.40 5.95** 0.36 5.06"*
P1SP-Proportion of one-seeded pods' 0.32 4.19** 0.32 4.28**
P2SP-Proportion of two-seeded pods 0.47 7.93** 0.43 7.34**
P3SP-Proportion of three-seeded pods 0.45 7.23** 0.49 6.93**
P4SP-Proportion of four-seeded pods 0.58 12.24** 0.39 5.82**
SWP-Seed weight per plant (gm) 0.18 1.91 0.14 1.53
SWH-Seed weight per 100 seeds (gm) 0.54 10.36** 0.53 10.06**
SPP-No. seeds per plant 0.34 5.08** 0.34 4.75**
ASP-Average no. of seeds per pod 0.33 4.43** 0.34 4.68**

*Plant origin (population) is the independent variable (d.f.=6).

°r? is the proportion of variance in the dependent variable which is accounted for by the model.
‘Four weeks post-germination.

dSeven weeks post-germination.

¢Averaged over 10 buds per plant.

fAveraged over 10 flowers per plant.

8Averaged over 3 leaves per plant.

"Ten weeks post-germination.

'P1SP-P4SP considered as one trait.

*and**: Difference significant at the 5% and 1% levels, respectively.
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contained identical variables. Derived variables, such
as leaf width/length ratios were not included in the
data matrix to prevent multicollinearity and/or singu-
larity. Variables which were measured for individuals
sacrificed at 10 weeks (AGW; above ground weight,
BGW; below ground weight, NDW; nodule dry weight,
and NRN: number of root nodules) were eliminated due
to the small number of cases for which data were avail-
able.

Year 1. Three of the canonical variates extracted
from the 22-member phenotypic data set in Year 1
were significant at the 1% level as indicated by Wilks’
lambda. These three variates accounted for 53.1%, 35.4%
and 5.3% of the total phenotypic variation, respective-
ly. Variables which contributed most (based on the
between canonical structure) to the first canonical var-
iate were LDP (days from first dry pod to last dry pod),
WLL (width of lateral leaflet), ONO (average number
of ovules), FL (flower length), CTL (corolla tube
length), and SWH (seed weight per 100 seeds). Vari-
ables which contributed most to the second canonical
variate were DTG (days from sowing to germination),

Second Canonical Variate
(35.4% of variance explained)
o

First Canonical Variate
(53.1% of variance explained)

Fig. 3. Scattergram of population means on the first two
canonical variates. Based on a canonical discriminant
analysis of a 22-member morphological trait data
matrix. Data collected in Year 1. Populations: 1=Hat-
sunedai; 2=Kanodanchi; 3=Nishi-asahigaoka; 4=
Yata: 5=Asahigaoka-1; 6 = Asahigaoka-2; 7=Kakitag-
awa.

DFP (days from first flower to first green pod), GH
(growth habit), BPW (banner petal width), PPP (num-
ber of pods per plant), SPP (number of seeds per plant)
and SWP (seed weight per plant). A scattergram of the
class means on the first two canonical variates is
shown in Figure 3.

Year 2. Two significant canonical variates were
extracted from the morphological data matrix in Year
9. These variates accounted for 60.5% and 23.8% of the
total phenotypic variation, respectively. The charac-
ters which contributed most to the first canonical var-
iate were L7W (number of leaves at seven weeks),
WCL (width of central leaflet), PPP (number of pods
per plant), SPP (number of seeds per plant) and SWH
(seed weight per 100 seeds). The traits which contribut-
ed most to the second canonical variate were BPW
(banner petal width), FL (flower length) and CTL
(corolla tube length). A scattergram of the class means
on the first two canonical variates is shown in Figure 4.

The results for CDA for Year 1 and Year 2 are
roughly similar. In both years, flower, leaf and yield
characters were most effective at discriminating

']
0o T . 4
8 £ 21 8
g £
© A 2 e [ ]
> g e 5
o
©
s 3 0
c € 1 e
g.‘! 7'
=
8¢
k]
k-] 2
c
o X
¢ @
o &
re e 3
s T Ll T T T T L
6 -4 -2 0 2 4 6 8

First Canonical Variate

(60.5% of variance explained)

Fig. 4. Scattergram of population means on the first two
canonical variates. Based on a canonical discriminant
analysis of a 22-member morphological trait data
matrix. Data collected in Year 2. Populations: 1=Hat-
sunedai; 2=Kanodanchi; 3=Nishi-asahigaoka; 4=
Yata; 5= Asahigaoka-1; 6= Asahigaoka-2; 7=Kakitag-
awa.



120

among populations as indicated by their high loading
values on the significant canonical variates. One major
difference between the two years is that population 7
grouped with population 3 in Year 1, but with the clus-
ter of populations 1, 2, 5, and 6 in Year 2 (Figures 3 and
4). Given that population 7 had only three representa-
tives, the instability of its group assignment is not sur-
prising. The year-to-year differences in overall group
orientation on the two scattergrams are due to which
characters loaded on the canonical variates in each
year.

Congruence Between Isozymes and Morphological
Traits

The degree of association between isozymes and
morphological traits measured in Year 1 was relatively
high, but not statistically significant. The correlation
between D and D? was 0.61 (p=0.14). For Year 2, the
degree of association was statistically significant (rs=
0.85; p=0.02).

Patterns of Isozyme and Morphological Variation and
Stand Density

Evidence for ecotype formation in response to
environmental variables was explored using Spearman
rank correlation analyses. Significant (5% level) corre-
lations were observed between COVER and A (r.=
-0.83), P (rs=-0.83), Hogs (rs=-0.88) and D2 (rs=0.87 and
0.79 for Year 1 and Year 2, respectively).

Discussion

Plants within each of the seven natural populations
of G. soja were highly uniform isoenzymatically, and
differentiation among the populations was due primar-
ily to differences in allele frequency rather than to the
presence or absence of specific alleles. One exception
was population 4 (Yata), in which several unique alleles
were observed. The high degree of within-population
isozyme uniformity and among-population differentia-
tion is consistent with both the predominantly self-pol-
linating breeding system of this species and the severe-
ly restricted gene flow among its populations (Loveless
and Hamrick, 1984; Hamrick and Godt, 1989).

The within-population estimates of genetic varia-
tion for the seven populations of G. soja examined in
this study are lower than those reported in previous
studies of natural populations and accessions (Kiang et
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al., 1987; Kiang and Chiang, 1990). Kiang and Chiang
(1990) reported P, A and Hgxp values of 0.38, 1.6 and
0.11 for wild soybeans from four natural populations
collected along the Kitakami River in the northern
region of the Honshu Island, Japan. Kiang and co-
workers (1987) reported overall genetic diversity values
of 0.62, 2.0 and 0.15, respectively, for wild soybean
accessions. The differences between these two studies
and the one reported here are indicative of the
restricted sampling area and small sizes of the soybean
populations examined in this study compared to the
others. In the present study, three to thirty-six individ-
uals per population from relatively small populations
were collected, restricting the proportion of the total
genetic variation which could be represented in any one
sample. Also, the average distance between collection
sites was only 1.5 km. In contrast, Kiang and Chiang
(1990) collected seeds over a total distance of 120 km
(north to south), and the accessions examined by Kiang
et al. (1987) represented worldwide collections of G.
soja. Sample size in both instances were larger than in
the present study. Thus, these researchers had a
greater chance of including more genetic variation (in-
cluding rare alleles) in their germplasm collections.
The pattern of genetic diversity decreasing as geo-
graphic scale decreases is consistent with the idea that
populations of self-pollinating plants are structure on a
fine spatial scale, allowing for storage of large
amounts of genetic diversity in the species as a whole
(Allard et al., 1968).

In contrast to the uniformity in isozymes the soy-
bean phenotype was highly variable within populations.
Phenotypic plasticity is an important “buffering”
mechanism for individual survival in the face of envi-
ronmental variation when a population has a uniform
gene pool (Moran and Marshall, 1978; Wu and Jain,
1978; Schlichting, 1986). Because of the limited number
of seeds available, phenotypic plasticity could not be
assessed quantitatively in the present study. As the
choice of individuals from populations and arrange-
ment in the common greenhouse environment was ran-
domized, we have assumed that the measurements of
morphological characters in the present study are rep-
resentative. However, differences observed among pop-
ulations grown in a common garden regime may be
masked in the field if environmental heterogeneity is
high (Schwaegerle et al., 1986).

Although the levels and distributions of variation
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differed for isozymes and morphological traits, the pat-
terns of differentiation among the populations revealed
by canonical discriminant analysis were similar for
both data types (Figs. 2-4). It is puzzling that the con-
cordance of the two data types was not consistent sta-
tistically across both years of the study. This likely
was due to a number of factors including, (1) the high
levels of within-population phenotypic plasticity in the
wild soybean (Bult, 1989; Kiang and Chiang, 1990), (2)
small sample sizes used for measuring morphological
character variation in the present study, (3) the small
number of loci represented by isozymes versus the
number of loci represented by the morphological traits
(Kiang and Chiang, 1990) and (4) differences in the
levels of variation in biochemical and morphological
traits (Lewontin, 1984).

The patterns of population differentiation indicat-
ed by the multivariate analyses of biochemical and
morphological traits suggest that a collection scheme
which emphasizes taking small samples from many
populations of the wild soybean would be the most
effective method to ensure a representative amount of
genetic diversity in a germplasm collection (Brown,
1978).

Spearman rank correlation analyses revealed that
the percentage of the collection site occupied by G. soja
relative to other co-habitating plant species was signif-
icantly correlated with genetic diversity (A, P and
Hoss) and phenotypic diversity (D?) estimates. Thus,
inter- and intra-specific plant associations may have
played a role in shaping the genetic structure of the
seven populations. Stand composition and density have
been indicated as a significant contributing factor to
population structure in the annual grass, Anthoxanthum
(Kiang, 1982; Antonovics et al., 1938) and merit investi-
gation in the wild soybean.
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