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Abstract

This study was carried out to assess the genetic diversity and
to analyze the population genetic structure for a total of 692
mungbean accessions preserved at National Agrobiodiversity
Center (NAC) of the Rural Development Administration
(RDA), Korea. Mungbean accessions were collected from 27
countries in nine different geographic regions, and were geno-
typed using 15 microsatellite markers, which were developed
in our previous study. A total of 66 alleles were detected
among 692 accessions at all the loci with an average of 4.4
alleles per locus. All the microsatellite loci were found to be
polymorphic. The expected heterozygosity (Hg) and poly-
morphism information content (PIC) ranged from 0.081 to
0.588 (mean = 0.345) and from 0.080 to 0.544 (mean = 0.295),
respectively. Of the 66 alleles, 17 (25.8%) were common
(frequency range between 0.05 and 0.5), 15 (22.7%) were
abundant (frequency range > 0.5), and 34 (51.5%) were rare
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(frequency range < 0.05). Locus GB-VR-7 provided the highest
number of rare alleles(eight), followed by GB-VR-91(six) and
GB-VR-113(four). Country-wide comparative study on genetic
diversity showed that accessions from the USA possessed the
highest genetic diversity (PIC) followed by Nepal, Iran, and
Afghanistan. And region-wide showed that accessions from
Europe possessed the highest average genetic diversity, fol-
lowed by accessions from the USA, South Asia, West Asia,
and Oceania. Twenty-seven countries were grouped into seven
clades by phylogenetic relationship analysis, but clustering pat-
tern did not strictly follow their geographical origin because
of extensive germplasm exchange between/among countries
and regions. As a result of a model-based analysis (STRUC-
TURE) of microsatellite data, two distinct genetic groups were
identified which shared more than 75% membership with one
of the two genetic groups. However the genetic group pattern
did not reflect their geographical origin. The Duncan's
Multiple Range Test among these two genetic groups and an
admixed group, with a mean of 16 phenotypic traits, showed
significant difference in 12 quantitative and qualitative traits
on the basis of ANOVA. These 15 newly developed SSR
markers proved to be useful as DNA markers to detect genetic
variation in mungbean germplasm for reasonable management
and crossbreeding purposes.

Keywords Mungbean; SSRs; Genetic diversity; Population
structure

Introduction

Mungbean (Vigna radiata L. Wilczek) is a leguminous species
or pulse crop, grown principally for its proteinrich edible

seeds. Mungbean seed flour is used for making soup and pizza-
like ‘Bindaeddeok’ in Korea. Like soybean sprouts (Bae et
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Table 1. Origin of 692 mungbean accessions used in this study and
their model-based population genetic groups using 15 SSR markers.

Origin No. of Population genetic group
Region Country accessions 1 2 admixed
Africa Kenya 1 - 1 -
Madagascar 1 - - 1
Nigeria 5 4 - 1
Sub-total 7 4 1 2
East Asia Korea 427 167 255 5
Japan 5 4 1 -
China 10 3 5 2
Taiwan 14 7 5 2
Sub-total 456 181 266 9
Southeast Indonesia 2 1 1 -
Asia Malaysia 2 2 - -
Philippines 50 31 16 3
Thailand 19 10 4
Vietnam 11 5 5 1
Sub-total 84 49 27 8
Central Uzbekistan 16 15 -
Asia Afghanistan 13 4 6 3
Sub-total 29 5 21 3
South Asia India 29 12 7 10
Pakistan 10 8 - 2
Sri Lanka 1 - -
Nepal 10 5 4 1
Sub-total 50 26 11 13
West Asia Iran 20 11 8 1
Turkey 8 5 2 1
Sub-total 28 16 10 2
Europe United Kingdom 3 1 1 1
Netherlands 1 - - 1
Russia 4 1 2 1
Sub-total 8 2 3 3
Oceania Australia 11 5 6 -
America  USA 17 6 9 2
Guatemala 1 - -
Nicaragua 1 1 - -
Sub-total 19 8 9 2
Total 692 296 354 42

al., 2004; Lee and Kim, 2004), mungbean sprouts are also
an important traditional food in Korea and are an excellent
source of protein, calcium, and vitamin C. Despite its useful-
ness, limited research efforts have been made to understand
its genome structure and genetic diversity as compared with
other legumes (Humphry et al., 2002). Accurate knowledge
of genetic diversity and relationships among preserved germ-
plasm collections of any crop is essential and of critical im-
portance for establishing, managing and ensuring long-term
success of appropriate crop improvement programs through
breeding. The National Agrobiodiversity Center of South
Korea has a collection of more than 1,000 accessions of mung-
bean germplasm. However, unclear understanding of genetic
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variability within this collection has been greatly hampered
due to the lack of molecular characterization and evaluation
data which represents a great challenge for successful improve-
ment of this crop. Few reports are available on the use of
molecular markers, such as RAPD and microsatellite, for esti-
mation of genetic variability of mungbean cultivars (Betal et
al., 2004; Kumar et al., 2002a, 2002b; Lakhanpaul et al.,
2000), and the number of accessions was very limited.

Molecular markers can detect differences in DNA sequences
and are less ambiguous than phenotypic markers. The polymer-
ase chain reaction described by Mullis et al. (1986) is an im-
portant tool in molecular biology. In recent years, many DNA
markers have been developed and have become powerful tools
for detecting genetic diversity. Molecular markers provide vari-
ous methods, based on DNA polymorphism, to study genetic
diversity within and between populations. The choices include
restriction fragment length polymorphism (RFLP) (Botstein et
al., 1980), random amplified polymorphic DNA (RAPD)
(Welsh and McClelland, 1990; Williams et al., 1990), amplified
fragment length polymorphism (AFLP) (Vos et al., 1995), mi-
crosatellites (SSR) (Tautz, 1989), and single nucleotide poly-
morphism (SNP) (Gupta et al., 2001). Especially, simple se-
quence repeat (SSR) or microsatellite marker is one of the most
useful genetic marker systems that using PCR to identify differ-
ences in microsatellite repeat units, and it is widely used be-
cause it can easily read co-dominant, multi-allelic, high poly-
morphism and reproduction (Litt and Luty, 1989; Weber and
May, 1989).

Evaluation of genetic diversity has an important role within
preservation programs for genetic resources of crop plants
(Newbury and Ford-Lloyd, 1997). Knowledge of germplasm
diversity using molecular markers provides a significant im-
pact on the improvement of crop plants. For example, molec-
ular markers have been used to identify duplicate accessions,
genetic relationships, and population structures, and to de-
termine how variation is distributed between individuals, ac-
cessions, and races (Westman and Kresovich, 1997).

The objective of this study is to assess the genetic diversity
and to analyze the population structure of the 692 mungbean
germplasm using newly developed microsatellite markers.

Materials and Methods
Plant materials and DNA extraction

The 692 mungbean accessions collected from 27 countries
were taken from the National Agrobiodiversity Center (NAC)
of Korea (Table 1). Each accession was grown in a green-
house, and DNA was extracted from the fresh leaves of 15-day-
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old seedlings using QIAGEN DNA extraction kit (QIAGEN).
The relative purity and concentration of extracted DNA was
estimated with the NanoDrop ND-1000 (Dupont Agricultural
Genomics Laboratory, USA). The final concentration of each
DNA sample was adjusted to 20 ng/ul.

Microsatellite analysis

A set of 15 newly developed primer pairs developed by Gwag
et al. (2008) were used in this study. The size of polymorphic
amplified products was measured accurately by the M13 tail
PCR method of Schuelke (2000). Amplification reactions were
carried out in a total volume of 20 pl containing 200 ng of
template DNA, 1x PCR buffer, 0.2 mM of each dNTP, lu
Taq DNA polymerase, 8 pmol of each reverse and fluorescent
labeled M13 (-21) primer and 2 pmol of the forward primer
with M13 (21) tail at its 5’ end. Conditions of the PCR ampli-
fication were as follows: 94C (3 min) then 30 cycles each
at 94°C (30 sec), 55C (45 sec), 72°C (1 min) followed by
10 cycles of 94°C (30 sec), 53°C (45 sec), 72°C (1 min), and
a final extension at 72°C for 10 min. Microsatellite alleles
were resolved on 3130x1 Genetic Analyzer (Applied
Biosystems, USA) using GENESCAN 3.7 software and sized
precisely against 6-carboxy-X-—rhodamine (ROX) molecular
size standards using GENOTYPER 3.7 software (Applied
Biosystems, USA).

Characterization of microsatellite loci and genetic diversity

Basic statistics were calculated using the genetic analysis pack-
age, PowerMarker version 1.31 (Liu and Muse, 2005), for di-
versity measurements of 692 mungbean accessions at each mi-
crosatellite locus, including the total number of alleles, allele
frequency, rare alleles, observed heterozygosity (Ho), expected
heterozygosity (Hg), and polymorphic information content
(PIC). The PIC was calculated with the equation:

PIC=1-Y,P}

where P; is the frequency of the i-th allele in the sample
examined (Anderson et al., 1993). The phylogenetic tree was
constructed using the neighbor joining method and retrieved
using TreeView program Version 1.6.6.

Population genetic structure analysis

For the analysis of population structure and identification of
ancestral and hybrid forms, we used the model-based software
program, ‘STRUCTURE’ (Pritchard et al., 2000). In this mod-
el, a number of populations (K) are assumed to be present,
each of which is characterized by a set of allele frequencies
at each locus. Individuals in the sample are assigned to pop-

ulations (groups), or jointly to more populations if their geno-
types indicate that they are admixed. All loci are assumed to
be independent, and each K population is assumed to follow
Hardy-Weinberg equilibrium. The posterior probabilities were
estimated using a Markov Chain Monte Carlo (MCMC)
method. The MCMC chains were run at burn-in period lengths
of 100,000 at fixed iterations of five for each fixed number
of population (K, 1-10). The final results were based on a
burn-in period length of 100,000 and five iterations of this
chain using a model allowing for admixed and correlated allele
frequencies. An individual having more than 75% of its ge-
nome fraction value was assigned to a group.

Significance test for population genetic groups

Duncan’s Multiple Range Test was used to clarify significance
among three groups (two genetic groups and an admixed
group) by population structure analysis using STRUCTURE
software (Pritchard, et al., 2000) for the 16 phenotypic traits
data, such as hypocotyl color (HC, 1. green, 2. greenish purple,
3. purple), seed coat color (SC, 1. yellow, 2. greenish yellow,
3. light green, 4. dark green, 5. brown, 6. mottled), luster on
seed surface [LS, 1. absent (dull), 2. present (shiny)], growth
habit (GH, 1. erect, 2. semi-erect, 3. spreading), days to flower-
ing (DF, number of days from the date of sowing to the 50%
of plants begin flowering), days to maturing (DM, number of
days from the date of sowing to the 50% of plants begin first
pod maturing), pod length (PL, cm, average of 20 pods), pod
width (PW, cm, average of 20 pods), seed length (SL, mm,
average of 20 seeds), seed width (SDW, mm, average of 20
seeds), plant height (PH, cm, average of 10 plants), number
of first branches (BN, number of pod bearing branches origi-
nating from the leaf axils on the main stem, average of 10
plants), number of pods per plant (PNP, average of 10 plants),
number of seeds per pod (SNP, average number of seeds from
20 pods), 100-seed weight (SW, g), yield per plant (Y1, g).
The SAS software (SAS Institute 2004) was used for Duncan’s
Multiple Range Test and analysis of variance (ANOVA).

Results
Genetic variations in mungbean collection

The variability at each microsatellite locus was measured in
terms of the number of observed alleles (NA), observed hetero-
zygosity (Ho), expected heterozygosity (Hg), and polymorphic
information content (PIC) (Table 2). All 15 loci showed poly-
morphism, producing a total of 66 alleles among 692 mungbean
accessions. The loci varied in the number of observed alleles
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Table 2. Overall diversity statistics at each SSR loci for the mungbean germplasm.

SSR locus Repeat motif Size range(bp) NA MAF Ho Hpg PIC
GB-VR-7 (CT)7 270 - 310 9 0.922 0.125 0.148 0.145
GB-VR-13 (CAG)4 154 - 181 2 0.869 0.103 0.227 0.202
GB-VR-14 (AAGAG)4 251 - 256 2 0.554 0.007 0.494 0.372
GB-VR-17 (AG)10 145 - 163 4 0.875 0.193 0.226 0.211
GB-VR-38 (CCG)s 124 - 142 5 0.926 0.127 0.137 0.129
GB-VR-77 (GTT)s5,(GA)sA(AG)s 301 - 313 3 0.559 0.004 0.494 0.374
GB-VR-87 (CAA) 263 - 275 2 0.723 0.012 0.401 0.321
GB-VR-91 (GA)14 151 - 167 9 0.645 0.038 0.540 0.502
GB-VR-93 (GAA)13 110 - 125 6 0.595 0.012 0.585 0.544
GB-VR-113 (GA)10 147 - 241 5 0.959 0.023 0.081 0.080
GB-VR-142 (TG);T(TG)sCTC(TGRT(TG)s 224 — 260 6 0.690 0221 0.487 0.450
GB-VR-172 (GAA)7 226 - 235 4 0.814 0.007 0.304 0.259
GB-VR-180 (CAA) 253 - 295 3 0911 0.007 0.162 0.140
GB-VR-184 (AG)3AA(AG)AA(AG)s 271 - 279 2 0.740 0.004 0384 0311
GB-VR-198 (GA)sAA(GA)6 223 - 303 4 0.528 0.003 0.503 0.381
Total 66

Average 44 0.754 0.059 0.345 0.295

* NA: number of allele, MAF: major allele frequency, Ho: observed heterozygosity, Hg: expected heterozygosity, PIC; polymorphic information

content.

from two to nine, with a mean of 4.4 alleles per locus. The
size of alleles ranged from 110 to 313 bp. The two loci, GB-VR
-7 and GB-VR91, produced the highest number of alleles (nine
in each locus). The lowest number of alleles (two alleles) was
observed at each of the four loci, GB-VR-13, GB-VR-14, GB-
VR-87, and GB-VR-184. For the majority of loci, differences
in the size of alleles were observed almost exclusively by unit
repeats, indicating that variations at these loci were due to dif-
ferences in the number of repeat units. The Hp values ranged
between 0.003 (GB-VR-198) and 0.221 (GB-VR-142) with a
mean value of 0.059, and those of Hy and PIC ranged between
0.081 and 0.080 (GB-VR-113) and 0.585 and 0.544 (GB-VR-
93), with mean values of 0.345 and 0.295, respectively. In this
regard, the locus GB-VR-93 was the most informative, whereas
the locus GB-VR-113 was the least informative. No correlation
was observed between number of repeat units/number of alleles
and genetic diversity (PIC). The values of the Hp were sig-
nificantly higher than the corresponding Hop at all the loci. Of
the 66 alleles, only 17 (25.8%) were common, with frequency
range between 0.05 and 0.5, 15 (22.7%) were abundant
(frequency range > 0.5), and 34 (51.5%) were rare (frequency
range < 0.05). Noteworthy is the locus GB-VR-7 which pro-
vided the highest number of eight rare alleles, followed by six
at GB-VRI1 and four at GB-VR-113 (Tables 3, 4). A country-
wide comparative study of genetic diversity showed that ac-
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cessions from the United States possessed the highest genet-
ic diversity (PIC=0.334) followed by Nepal (PIC=0.333),
Iran (PIC=0.317), Afghanistan (P/C=0.313), and Thailand
(PIC=0.302). Region-wide comparative studies revealed that
accessions from Europe possessed the highest average genetic
diversity (PIC=0.345), followed by America (P/C=0.342), South
Asia (PIC=0.313), West Asia (PIC=0.301), and Oceania
(PIC=0.283). Even though a lot of accessions from the East
Asia region countries were used in this study, their genetic
diversities were quite low. Furthermore, accessions from Korea
occupied 61.7% of the total accessions but the genetic diversity
index ranked eighth among 19 countries with at least three
accessions, with the value of PIC=0.273 (Table 5).

Cluster analysis

Twenty-seven countries were grouped into seven clades by
Neighbor-Joining cluster analysis (Fig. 1). Clade 1 contained
only one country, namely India; clade 2 consisted of Thailand,
Turkey, and the Philippines; and clade 3 consisted of Nicaragua,
Guatemala, Sri Lanka, Malaysia, Nigeria, and Japan. Korea was
grouped into clade 4 with Russia, Madagascar, Uzbekistan,
Afghanistan, China, and the United States. Iran and Nepal were
grouped into clade 5, Vietnam and Indonesia were grouped into
clade 6, and the United Kingdom, Netherlands, Kenya, Taiwan,
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Figure 1. Phylogenetic dendrogram among 27 countries by neighbor
joining analysis in mungbean germplasm.The numbers on the branch-
es indicates bootstrap values (expressed in percentages, based on 100
replications).

Australia, and Pakistan were grouped into clade 7. Interestingly,
although Korea and China belong to the same geographic region
(East Asia) Taiwan and Japan, they are grouped into different
clade from the two countries.

Population genetic structure

An analysis of the genetic structure and detection of ancestral
and hybrid forms among 692 individuals of mungbean ac-
cessions was carried out using a model-based approach
(Pritchard, et al., 2000). Five runs of STRUCTURE were done
by setting the number of populations (K) from 1 to 10. For
each run, burn-in time and replication number were both set
to 100,000. K = 2 was found to converge well and showed
comparable or higher likelihoods than K = 3~10 among runs
of the program (Fig. 2). An individual having more than 75%
of its genome fraction value was assigned to a group.

Of the 692 accessions, 650 (93.9%) shared > 75% member-
ship with one of the two genetic groups and were classified
as members of that genetic group. In addition to the accessions
that were clearly assigned to a single genetic group, 42 ac-
cessions (6.1%) were categorized as admixtures with varying

A K 1o00

500

Figure 2. Magnitude of AK as a function of K. The modal value
of this distribution is the true K or the uppermost level of structure,
in this case two groups.

levels of membership shared among the two groups. The first
genetic group (Group 1) includes 296 accessions with the ma-
jority (288 accessions; 97.3%) including > 90% membership
of this group and with their memberships between 75.7 and
99.6%. The second genetic group (Group 2) was represented
by 354 accessions, all of which showed their memberships be-
tween 78.9 and 99.6%, and majority of them (349 accessions;
98.6%) having > 90% membership of this group (Fig. 3).

Significance test for population genetic groups

Duncan's multiple range test (DMRT) was used to determine
the significant difference among two genetic groups and an
admixed group by model-based population structure analysis
with mean of 16 morphological traits data (Table 6). Analysis
of variance revealed significant difference in 12 qualitative and
quantitative traits, such as hypocotyl color, luster on seed sur-
face, growth habit, days to flowering, days to maturing, pod
length, seed length, seed width, plant height, number of first
branches, number of seeds per pod, and 100-seed weight.
Multiple means comparisons using DMRT revealed that the
luster on seed surface, days to flowering, and seed width were
the traits showing significant difference for all three groups.
Group 2 contained many accessions with purple hypocotyl,
presence of luster on seed surface, semi-erect growth habit,
long days to flowering and maturing, short seed length, narrow
seed width, high plant height, and small seed compared to
group 1.

Discussion
In this study, a total of 66 alleles were detected among the
692 of mungbean accessions at 15 microsatellite loci with an

average of 4.4 alleles per locus which was quite low compared
with other crops (Kapila et al., 2008; Lee et al., 2008) but
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Table 3. Frequency distribution of different alleles in 15 microsatellite loci of 692 mungbean accessions.

Mlcr(l)ggitelhte Allele (bp) Frequency Mlcrcl)sgelhte Allele (bp) Frequency Mlcr(l)sgitelhte Allele (bp) Frequency
GB-VR-7 288 0.030 GB-VR-77 319 0.441 GB-VR-113 237 0.959
GB-VR-7 292 0.004 GB-VR-77 321 0.558 GB-VR-113 239 0.013
GB-VR-7 296 0.001 GB-VR-77 331 0.001 GB-VR-113 259 0.003
GB-VR-7 298 0.003 GB-VR-87 281 0.721 GB-VR-142 242 0.145
GB-VR-7 300 0.924 GB-VR-87 293 0.279 GB-VR-142 248 0.123
GB-VR-7 308 0.002 GB-VR-91 169 0.006 GB-VR-142 250 0.008
GB-VR-7 324 0.015 GB-VR-91 171 0.186 GB-VR-142 252 0.691
GB-VR-7 326 0.018 GB-VR-91 173 0.079 GB-VR-142 254 0.001
GB-VR-7 328 0.003 GB-VR-91 175 0.649 GB-VR-142 278 0.032
GB-VR-13 171 0.133 GB-VR-91 177 0.015 GB-VR-172 244 0.001
GB-VR-13 200 0.867 GB-VR-91 179 0.006 GB-VR-172 247 0.183
GB-VR-14 269 0.440 GB-VR-91 181 0.014 GB-VR-172 250 0.815
GB-VR-14 275 0.560 GB-VR-91 183 0.043 GB-VR-172 253 0.001
GB-VR-17 163 0.018 GB-VR-91 185 0.002 GB-VR-180 271 0.913
GB-VR-17 165 0.877 GB-VR-93 110 0.162 GB-VR-180 274 0.086
GB-VR-17 167 0.012 GB-VR-93 113 0.003 GB-VR-180 312 0.001
GB-VR-17 181 0.093 GB-VR-93 116 0.056 GB-VR-184 289 0.738
GB-VR-38 124 0.071 GB-VR-93 119 0.166 GB-VR-184 297 0.262
GB-VR-38 127 0.002 GB-VR-93 122 0.598 GB-VR-198 241 0.469
GB-VR-38 133 0.001 GB-VR-93 125 0.016 GB-VR-198 243 0.527
GB-VR-38 139 0.001 GB-VR-113 165 0.010 GB-VR-198 253 0.003
GB-VR-38 142 0.925 GB-VR-113 235 0.015 GB-VR-198 321 0.001

Table 4. Distribution of alleles according to frequency range.

Frequency > 0.05 0.05 ~ 0.5 0.5 <
range (rare) (common) (abundant)

No. of alleles 34 (51.5%) 17 (25.8%) 15 (22.7%) 66 (100%)

Total

higher than other reports in mungbean (Kumar et al., 2002a,
2002b). Their reports revealed average of 3.6 and 3.1 alleles
per locus, respectively. However, all the microsatellite loci
were found to be polymorphic, and there was considerable
genetic variation among mungbean accessions with a mean
values of expected heterozygosity (Hg) 0.345 and polymorphic
information content (PIC) 0.295. Majority of the microsatellite
loci differed greatly in the number of alleles, ranging from
two to nine. For majority of the loci, differences in size of
alleles were observed exclusively by repeat units. The degree
of polymorphism detected by these markers did not show any
correlation with the number of alleles, Hz and PIC values.
Some microsatellite loci producing similar number of alleles
varied greatly in their Hg and PIC values. For example, nine
alleles were detected at each of the two loci, GB-VR-7 and
GB-VR91, but there was a significant difference in their Hg
and PIC values. This observed difference in Hg and PIC values
may be attributed to the variation in allele frequency between
the data sets of the two loci. A similar trend was also reported
in rice (Queller et al., 1993).

A significantly high frequency of rare alleles (34 alleles;
51.5%) among mungbean accessions indicated that they made
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a greater contribution to the overall genetic diversity of the
collection (Roussel et al., 2004; Yifru et al., 2006). Hence,
it is important to include rare alleles for maximizing the genet-
ic variations in the gene bank collections and to utilize them
in a breeding program (Yifru et al., 2006). Genetic diversity
of the USA revealed the highest among 27 countries, indicat-
ing that mungbean germplasm of the USA are more heteroge-
neous than other countries. Capo-chichi et al. (2003) also re-
ported similar trend in velvetbean. Twenty-seven countries
were grouped into seven clades by Neighbor-Joining cluster
analysis with lower bootstrap values [6(clade 4 and 7) ~
34(clade 6)] compared to other reports (Capo-chichi et al.,
2003; Cuc et al., 2008; Pallottini et al., 2004). The bootstrap
value is the measurement of confidence limits in the bootstrap
branch. Higher level of polymorphism detected by SSR mark-
ers has contributed to the lower genetic similarity (Maras et
al., 2008; Powell et al., 1996). Genetic diversity between coun-
tries or regions was higher than that observed among in-
dividual accession levels. It is possible to infer that because
of the phylogenetic dendrogram was constructed among coun-
tries in this study, it might show lower bootstrap values.
Overall clustering pattern did not strictly follow their geo-
graphic origins (country or region) because many accessions
from different geographic locations were clustered together.
Similar results were reported by Poehlman (1991) using phe-
notypic data. In his report, geographic diversity of origin was
not always held in mungbean since many strains were dis-
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tributed extensively with their origin frequently obscured.
Besides, Malhotra et al. (1974) failed to identify genetic asso-
ciations in germplasm with geographical diversity. These ob-
servations are indicative of the extensive germplasm ex-
changes among countries/regions from different geographical
regions. According to the genetic distance among countries
by neighborjoining tree, Chinese accessions showed close re-
lationship with Korean accessions. This might be explained
by the fact that China is located on the path of mungbean
introduction to Korea from its center of origin, such as India
and Myanmar long ago. It could be surmised that Korea and
China shared genetically similar mungbean accessions prob-
ably through germplasm exchange among the Asian Vegetable

Research and Development Center (AVRDC) or other
countries.

Population genetics deals with the variation of allele fre-
quency between and within populations. The model-based
method utilized a Bayesian clustering approach to probabilisti-
cally assign individuals to populations based on their geno-
types and attempts to find population structure in which the
population is in Hardy-Weinberg equilibrium (Barkley et al.,
2006). In this study, 650 (93.9% of total accessions) out of
692 accessions were classified into two distinct genetic groups
which shared more than 75% of its genome fraction.
Accessions from East Asian countries, except Japan and
Taiwan, were predominant in genetic group 2, and accessions

Table 5. Major allele frequency(MAF), observed heterozygosity(Ho), expected heterozygosity(Hg), and polymorphic information content(P/C)

according to origin regions/countries.

Origin
Region Country NgéC'Of MAF Ho He PIC
Africa KEN 1 0.867 - - 0.117
MDG 1 0.933 0.133 0.067 0.050
NGA 5 0.823 0.053 0.248 0.207
Sub-total 7 0.768 0.076 0.326 0.275
E. Asia KOR 427 0.771 0.054 0.322 0.273
JPN 5 0.893 0.027 0.173 0.147
CHN 10 0.787 0.053 0.289 0.240
TWN 14 0.738 0.049 0.320 0.266
Sub-total 456 0.769 0.054 0.325 0.275
S. E. Asia IDN 2 0.867 0.000 0.133 0.100
MYS 2 0.900 0.133 0.117 0.091
PHL 50 0.830 0.043 0.247 0.230
THA 19 0.760 0.088 0.351 0.302
VNM 11 0.790 0.043 0.281 0.238
Sub-total 84 0.807 0.054 0.292 0.254
C. Asia UZB 16 0.847 0.098 0.227 0.194
AFG 13 0.741 0.118 0.369 0.313
Sub-total 29 0.797 0.107 0.318 0.276
S. Asia IND 29 0.748 0.073 0.345 0.297
PAK 10 0.747 0.033 0.324 0.270
LKA 1 1.000 0.000 0.000 0.000
NPL 10 0.720 0.060 0.384 0.333
Sub-total 50 0.737 0.061 0.363 0.313
W. Asia IRN 20 0.742 0.100 0.370 0.317
TUR 8 0.827 0.060 0.267 0.226
Sub-total 28 0.766 0.089 0.349 0.301
Europe GBR 3 0.811 0.022 0.256 0.200
NLD 1 0.933 0.133 0.067 0.050
RUS 4 0.758 0.117 0.298 0.246
Sub-total 8 0.713 0.083 0.401 0.345
Oceania AUS 11 0.736 0.055 0.330 0.283
America USA 17 0.703 0.063 0.390 0.334
GTM 1 0.900 0.200 0.100 0.075
NIC 1 0.933 0.133 0.067 0.050
Sub-total 19 0.688 0.074 0.398 0.342
Total(Mean) 692 0.754 0.059 0.345 0.295

* Full country name is shown in Table 1.
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Figure 3. Bar plot of the genetic composition of 692 mungbean accessions based on 15 SSR markers generated by STRUCTURE 2.2 using
the admixture model. Groups for each panel are represented by colors. Each individual bar represents each accession. The red- and green-colored
bar refer to different genetic groups. The y-axis displays the estimated ancestry of membership of each individual in a particular gene pool.

from South Asia which is the center of origin of this crop,
and accessions from South East Asian countries, except
Vietnam, were predominant in genetic group 1. The view of
Tomooka et al. (1992), who examined the variations of seed
proteins in mungbean landraces from Asia, proposed the re-
gions of protein type diversity and two dissemination pathways
in mungbean was not fully supported by our results due to
extensive germplasm exchanges among countries. Population
determination is usually based upon geographical origin of
samples or phenotypes. However, the genetic structure of pop-
ulation is not always reflected in the geographical proximity
of individuals. Populations that are not discretely distributed
can, nevertheless, be genetically structured due to unidentified
barriers to gene flow. In addition, groups of individuals with
different geographical locations, behavioral patterns or pheno-
types are not necessarily genetically differentiated (Evanno et
al., 2005). For example, migratory bats from the same breeding
roost could be sampled thousands of kilometers apart in winter
(Petit et al., 2001). Forty-two accessions (6.1%) did not fit
into one of these two groups since they consist of a mixture
of these two primary groups. Though only 42 accessions were
categorized as admixed group, relatively a lot of accessions
from India [10 of 29 accessions (34.5%)], Thailand [4 of 19
accessions (21.1%)], and Afghanistan [3 of 13 accessions
(23.1%)] belonged to this group. On the contrary, Korean ac-
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cessions belonged to this group relatively less accessions [5
of 427 accessions (1.2%)]. Moreover, any accession from
Japan, Uzbekistan, and Australia was not observed in the ad-
mixed group. From these results, it is possible to infer that
India, Thailand, and Afghanistan possessed relatively many in-
trogressed forms (partial ancestry) of mungbean accessions,
while Korea, Japan, Uzbekistan and Australia possessed many
ancestral forms. These introgressed forms of accessions prob-
ably had a complex breeding history involving intercrossing
and introgression between germplasm from diverse back-
grounds, overlaid with strong selection pressure for agronomic
and quality characteristics (Mather et al., 2004).

In the results of the Duncan's Multiple Range Test with
mean of 16 phenotypic traits data, significant difference was
observed among two genetic groups and an admixed group
in 12 qualitative and quantitative traits. This result indicated
that significant phenotypic variations of mungbean could be
generated by a number of morphological and agronomical
characters, and verified genetic diversity among genetic
groups.

In conclusion, these 15 SSR markers were used successfully
to detect genetic variation in mungbean germplasm for reason-
able management and crossbreeding purposes. These data will
also be used to develop collection strategies and to establish
core collections in the RDA mungbean collection.
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Table 6. Duncan's Multiple Range Test among population genetic groups using 16 phenotypic traits.

Group No. acc HC SC LS GH DF DM PL PW

1 296 2.2B 33A 1.4B 1.5B 56.5C 71.4B 10.1A 5.1A
2 354 2.8A 33A 1.2C 1.9A 59.3B 75.0A 10.2A 5.0A
Admixed 42 2.4B 34A 1.5A 2.1A 61.6A 77.9A 9.5B 49B
F-value” 40.58*** 2.02 12.57*** 21.2%** 12.86%** 11.08%** 3.24* 2.5
Group No. acc SL SDW PH BN PNP SNP SW Y1

1 296 5.0A 3.9A 91.8B 12.4A 86.6A 13.5B 5.1A 43.4A
2 354 4.7B 3.8B 103.5A 13.2A 91.3A 14.0A 4.7B 44.3A
Admixed 42 4.6B 3.7C 111.1A 12.9A 88.5A 13.5B 4.4B 38.3B
F-value 19.01*** 9.87*** 19.12%** 7.01** 1.56 15.09%** 12.64%** 1.05

* HC: hypocotyl color, SC: seed coat color, LS: luster on seed surface, GH: growth habit, DF: days to flowering, DM: days to maturing,
PL: pod length, PW: pod width, SL: seed length, SDW: seed width, PH: plant height, BN: number of first branches, PNP: number of
pods per plant, SNP: number of seeds per pod, SW: 100-seed weight, YI: yield per plant.

* F-value of ANOVA.
*** Significant at P < 0.0001, ** P < 0.001, * P < 0.05.
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