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Genetic diversity and relatedness were measured in 17 mungbean (Vigna radiata (L.) Wilczek) and 5
blackgram (Vigna mungo (L.) Hepper) genotypes by means of inter-simple sequence repeat (ISSR)
analysis and morphological characters. Unweighted pair-group method arithmetic average (UPGMA)
analysis of 19 morpho-agronomic characters showed clear separation of the genotypes into 3 major
groups; cluster | containing 15 Thai cultivated mungbean varieties and breeding lines, cluster Il
containing 4 Thai cultivated blackgram varieties, and cluster Il containing a mungbean wild relative
(subspecies sublobata), a blackgram wild relative (subspecies silvestris) together with an Indian
mungbean landrace. Pair wise coefficients of genetic similarity between all genotypes ranged from 0.17
to 0.84 with an average of 0.52. In total, 341 ISSR fragments were amplified for the two Vigna species by
ISSR analysis using 18 ISSR primers. The polymorphism revealed with the ISSR primers was 90.6%. The
number of amplified fragments varied from 9 to 32, with a size range of 200 - 1500 bp. The average
numbers of fragments per primer and polymorphic fragments per primer were 18.94 and 17.17,
respectively. Polymorphism information content (PIC) values ranged from 0.23 to 0.37 with an average of
0.31 across all the genotypes. Pair wise coefficients of ISSR-based genetic similarity between all
genotypes ranged from 0.70 to 0.99 with an average of 0.86, suggesting quite narrow genetic base of
mungbean and blackgram in Thailand that might limit continued breeding success. UPGMA analysis
based on ISSR exhibited 2 major clusters; cluster | containing all mungbean genotypes and cluster Il
containing all blackgram genotypes. It appeared that ISSR was more effective for classification at the
species level although no clear separation at the subspecies level was found. All 22 mungbean and
blackgram genotypes can be effectively distinguished by only 6 ISSR primers with the highest PIC
values, suggesting the applicability of ISSR analysis for variety identification.

Key words: Genetic diversity, inter-simple sequence repeat, marker, Vigna mungo, Vigna radiata.

INTRODUCTION

Mungbean (Vigna radiata (L.) Wilczek) and blackgram
(Vigna mungo (L.) Hepper) are important legume crops,
widely cultivated in the tropics and subtropics for human
consumption, animal feed as well as cover crop, particularly
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as supplemented crops in the cereal-based cropping
system. However, in Thailand, there has been reduction
in mungbean and blackgram production largely due to
high cost of production and low yield. The major
constraints for achieving higher yield are inherently low
yielding potential of the varieties from lack of genetic
variability, absence of suitable ideotypes for different
cropping systems, poor harvest index and susceptibility to
abiotic stresses (that is, drought, calcareous or saline soil)



or biotic stresses (diseases and insects) (Sarobol, 1997;
Souframanien and Gopalakrishna, 2004; Srinives, 2006).
In addition, current blackgram production is also faced
with limited photo-insensitive varieties and low seed
quality. Therefore, new varieties with higher yield, more
adaptive to environmental constraints, more resistant to
disease and insect pests, higher seed quality, larger seed
size, and require lower production cost (that is,
synchronous maturity) are urgently needed. An
assessment of the genetic diversity is an important first
step to achieve this goal.

In Thailand, certified mungbean varieties included
Kampaeng Saen 1 (KPS 1), KPS 2, Uthong 1 (UT 1),
Chainat 36 (CN 36), CN 60, CN 72, Prince of Songkhla
University 1 (PSU 1) and Suranaree University of
Technology 1 (SUT 1). And certified blackgram varieties
included UT 2 and Phitsanulok 2 (PL 2). Generally, the
production of mungbean is thrice that of blackgram. KPS 1
and KPS 2 are the most popular mungbean varieties
accounting for 70% of total cultivated areas, while PL 2 is
the most popular blackgram variety (Srinives et al., 2003).
Several strategies have been used for mungbean
breeding in Thailand such as survey, collection and
conservation of wild relatives and landraces, plant
introduction,  variety selection and eva-luation,
hybridization and mutation breeding. Recently, molecular
tools have also been applied for mungbean and
blackgram breeding programs, for instance, the use of
isozymes and DNA markers for variety identification,
assessment of genetic diversity and relatedness among
Vigna species subgenus Ceratotropis and mapping of
disease resistance genes (Boonpradub and Chatasiri,
1997; Ngampongsai et al., 2000; Prammanee et al.,
2000; Chaitieng et al., 2002; Seehalak et al., 2006).

Knowledge of genetic diversity of the genetic resources
is crucial for breeders to better understand the evolutionary
and genetic relationships among accessions, to select
germplasm in a more systemic and effective fashion, and
to develop strategies to incorporate useful diversity in
their breeding programs (Paterson et al., 1991; Li and
Nelson, 2001). These genetic diversity measures can be
used to maximize the level of variation present in
segregating populations by crossing genotypes with
greater genetic distance. Evaluation of morphological
traits, pedigrees, geographic origins, isozymes and DNA
markers have been used for the assessments of Vigna
spp. genetic diversity (Fatokun et al., 1993; Kaga et al.,
1996; Ehlers and Hall, 1997; Tosti and Negri, 2002; Bisht
et al.,, 2005). Morphological characters are limited in
number and are often subjected to constraints from
environmental interactions, epistatic interactions and the
largely unknown genetic control of the traits (Smith and
Smith, 1989). However, the knowledge of these
characters particularly the agronomic traits are essential
for parental selection. Seed color is the primary morpho-
logical characteristic used to discriminate between mung-
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bean and blackgram. However, differences between the
two species have also been observed for leaf, stem and
pod pubescence, seed shape, pod shape and length,
stipule morphology, keel color, number of seeds per pod
and number of flowers per raceme (Plant germplasm
database, 2004). Isozymes are also faced with similar
constraints of limited number of available markers as well
as the specificity of tissues and developmental stages
expressing the phenotypes. The documentation of
pedigrees and origins of accession collections may also
be incomplete or contain errors (Keim et al., 1992;
Chawla, 2002; Wang et al., 2006).

Genetic markers such as restriction fragment length
polymorphisms (RFLPs), random amplified polymorphic
DNAs (RAPDs), amplified fragment length polymer-
phisms (AFLPs), microsatellites or simple sequence
repeats (SSRs) and inter-SSR (ISSR) portray genetic
variation at the DNA level thereby overcoming the
influence of environments, independent of tissue effects,
and providing more precise characterization of genotypes
and measurement of genetic relationships than other
markers (Autrique et al.,, 1996; Ajibade et al., 2000;
Souframanien and Gopalakrishna, 2004). In addition,
they also allow variety identification in the early stages of
development (Chawla, 2002; Taran et al., 2005). In
Vigna spp. including mungbean and cowpea, RAPD,
AFLP, SSR and ISSR have been applied to assess
molecular polymorphism (Kaga et al., 1996; Mignouna et
al.,, 1998; Santalla et al.,, 1998; Ajibade et al., 2000;
Lakhanpaul et al.,, 2000). SSRs consist of randomly
repeated units of short nucleotide motifs with 1 - 6 bp
long. Although SSRs are highly polymorphic, the labor
intensive and high cost associated with SSR cloning and
their single-locus nature still limit their uses for genetic
diversity study in several plant species. In Vigna spp.
SSRs have been cloned from Vigna unguiculata and
Vigna angularis (Li et al., 2001; Wang et al., 2004). No
report has been found for SSR cloning in blackgram and
only a few SSRs have been cloned in mungbean,
therefore, the development and usage of SSR markers in
these species are rather limited (Li et al., 2001; Miyagi et
al., 2004; Chaitieng et al, 2006). Due to the limitation of
SSRs, a new method called inter-simple sequence repeat
(ISSR) analysis was developed based on DNA
amplification with a single 15 to 20-bp primer homologous
to a microsatellite repeat and has a short (1 - 4 bp)
random degenerated sequence (an anchor) at the 3’ or 5’
end. These ISSR primers allow DNA amplification of
regions located between two closely spaced, oppositely
oriented SSRs, yielding a reproducible pattern of
genomic fragments, which is similar to a RAPD pattern
but usually includes more bands and is more
reproducible. Therefore, ISSRs have a high capacity to
reveal polymorphism and offer great potential to
determine genetic diversity at inter and intra-specific
levels as compared to other arbitrary primers including
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RAPDs, particularly in many cultivated species exhibiting
relatively low genetic diversity (Zietjiewicz et al., 1994;
Ajibade et al., 2000; Pradeep Reddy et al., 2002;
Souframanien and Gopalakrishna, 2004).

Previous reports showed that ISSRs were useful for the
intra-specific or inter-specific classification of genetic
diversity and identification of varieties in various crops
including tomato, potato, rice, grapevine and soybean
(Moreno et al., 1998; Wang et al., 1998; Blair et al., 1999;
Prevost and Wilkinson, 1999; Kochieva et al., 2002). In
blackgram, Souframanien and Gopalakrishna (2004)
identified a set of ISSR primers with high polymorphism
information content (PIC) scores which would be useful in
surveying genetic diversity among accessions of
blackgram and perhaps other Vigna spp. The knowledge
of genetic diversity among genotypes of mungbean and
blackgram in Thailand could be useful for parental
selection in crosses to generate populations with maxi-
mum variation of desirable traits for the breeding
purpose.

The objectives of this study were (i) to measure genetic
diversity of Thai mungbean varieties and breeding lines,
mungbean wild relative and landrace, blackgram varieties
under cultivation in Thailand and blackgram wild relative
using ISSR analysis and morphological characters, (ii) to
study the genetic relationships among these genotypes
and (iii) to generate molecular fingerprints of varieties
used commercially in Thailand for variety identification.

MATERIALS AND METHODS
Plant materials

A total of 17 mungbean (V. radiata) genotypes (12 varieties, 3
breeding lines, 1 landrace from India and 1 wild relative [V. radiata
var. sublobata)) and 5 blackgram genotypes (4 varieties and 1 wild
relative [V. mungo var. silvestris]) were evaluated in this present study
(Table 1). V. radiata var. sublobata and V. mungo var. silvestris were
considered to be the progenitor of cultivated mungbean and
blackgram, respectively (Chandel et al., 1984). Mungbean varieties
included CN 36, CN 60, CN 72, KPS 1, KPS 2, PSU 1, SUT 1, SUT
2, SUT 3, SUT 4, SUT 5 and UT 1, eight of which are certified
varieties that are commercially used in Thailand currently. The three
elite breeding lines from mutation breeding, M 4-2, M 5-1 and M 5-
5, have high yield potential and are moderately resistant to
cercospora leaf spot (Ngampongsai et al., 2004). Moreover, M 4-2
and M 5-1 were shown to be tolerant to calcareous soil
(Phoomthaisong et al., 2004). The mungbean landrace from India
(V 2709), mungbean wild relative from Madagascar (TC 1966), and
blackgram wild relative from India (TC 2211) are good genetic sources
for bruchid resistance (Kaga et al., 1996). Resistance/tolerance to
yellow mosaic virus and drought were also observed in the two wild
relatives (Bisht et al., 2005). Moreover, TC 1966 is also resistant to
other insect pests including beanfly and common cutworm (Na
Pattalung and Poonsavasde, 1995). Representatives of commercial
blackgram varieties were KAB 4, PL 2, Prajeen and UT 2.

Morphological characterization

Twenty-two mungbean and blackgram genotypes were planted in a

randomized complete block design with four replications during
January to May, 2006 at Suranaree University of Technology Farm,
Nakhon Ratchasima, Thailand. Each plot consisted of two 2 m-long
rows with 0.5 m between rows and 0.2 m between plants within
rows. Nineteen morphological and agronomic characters (Table 2)
were recorded from 10 plants in the middle of each plot. Of these
characters twelve were numerical; plant height, yield per plant,
number of flowers per raceme, number of pods per peduncle,
number of seeds per pod, 100-seed weight, days to first flowering,
flowering period, terminal leaflet length, terminal leaflet width,
petiole length and pod length. The remaining seven characters
were categorical; leaf pubescence, petiole pubescence, stem
pubescence, seed color, seed luster, calyx color and hypocotyl color.
Analysis of variance (ANOVA) was performed on numerical
characters by SAS (SAS Institute, 1996).

DNA isolation

Young leaves were freshly harvested from ten individual plants of
each genotype and rapidly frozen in liquid No. The leaves were all
combined into one sample to provide a uniform source of bulked
genomic DNA representing its genotype. DNA extraction was
performed by the cetyl trimethyl ammonium bromide (CTAB)
method as described by Saghai Maroof et al. (1984). DNA was
quantified by spectrophotometry and comparing the intensity of
ethidium bromide-stained DNA bands on 0.8% agarose gel with
those of known concentration of uncut ADNA to adjust final
concentration to 50 ng uL™ for use in PCR analysis.

Inter-simple sequence repeat (ISSR) analysis

Eighteen (18) ISSR primers homologous to microsatellite repeats
and containing additional selective anchor nucleotides that were
developed from the University of British Columbia were chosen for
the analysis (Table 3). These primers are homologous to
microsatellite repeats (AC, AG, GA, TC or TG) anchored at either 3’
or 5 end by 1 - 3 nucleotides, most of which have been used
successfully to reveal polymorphism in blackgram, and to determine
genetic relationships in the genus Vigna (Ajibade et al., 2000;
Souframanien and Gopalakrishna, 2004). Six of these contained
AG repeat motif, five contained AC repeat motif, five contained GA
repeat motif, and one each contained TG or TC repeat motif.
Sixteen of these possessed a one to two nucleotide anchor
sequence at 3’ end and two were anchored at the 5 end with 3
nucleotides. Each 20 pl PCR reaction contained 50 ng of genomic
DNA template, 1X buffer (75 mM Tris.HCI (pH 9.0), 50 mM KCI, 20
mM (NH4)2SO4), 3.5 mM MgCl,, 250 uM of each dNTPs, 1 unit of
biotools DNA polymerase (Biotools B and M Labs, SA), and 0.4 uM
of each ISSR primer. The PCR reactions were subjected to
amplification with initial denaturation at 94°C for 1 min; 35 cycles of
denaturing at 94°C for 1 min, annealing at 50°C for 1 min, extension
at 72°C for 4 min; and final extension at 72°C for 10 min in a
ThermoHybaid Px2 thermocycler (Thermo Fisher Scientific, Inc.,
MA). The amplified products were revealed on 6% denaturing
polyacrylamide gel and detected by silver nitrate according to
Sambrook and Russell (2001). Molecular weights of the bands were
estimated by wusing 1 kb plus DNA ladder (Gibco-BRL,
Gaithersburg, MD) as standards.

Data scoring, cluster and principal coordinate analysis

Numerical characters were classified into five different classes.
Different combinations of 0 and 1 were coded for each class of all
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Table 1. Morphological and agronomic characters of 17 mungbean and 5 blackgram genotypes.

© -
Characters E E g E E P 2 § E § % i 3 > - % § o é %‘ 3 §
n n [72) [72) n x X (&) (&) (&) o > = = = => | > [« o |
Plant height (cm) 46.23 | 41.65 | 39.78 | 37.20 | 38.43 | 4340 | 37.28 | 4218 | 29.93 | 39.78 | 35.55 | 51.15 | 38.20 | 42.35 | 40.10 | 24.80 | 24.53 | 38.40 | 36.80 | 37.15 | 35.93 | 31.85
Yield/plant (g) 1144 | 1214 | 19.87 | 14.60 | 18.66 | 17.81 | 16.05 | 12.94 | 5.60 14.57 | 9.90 14.16 | 9.85 13.00 | 12.59 | 6.78 5.02 17.75 | 21.08 | 11.63 | 23.80 | 7.53
Flowers/raceme 6.05 | 560 |560 |578 |563 |58 |53 (545 |563 [505 |528 |[540 |513 | 515 | 498 | 5.00 555 |[530 | 490 |[508 |553 [538
Pods/cluster 443 | 415 423 | 410 | 405 | 433 |[438 |408 |435 |420 |[410 |413 | 425 | 403 |[410 | 4.00 413 | 425 |[4.03 |443 |403 | 398
Seeds/pod 10.60 | 9.70 | 963 | 935 | 1113 | 9.23 11.40 | 10.70 | 9.05 10.15 | 10.35 | 993 | 10.28 | 10.53 | 10.05 | 10.50 | 9.68 | 665 | 6.23 | 6.60 | 6.48 10.98
100-seed weight (g) 656 |6.14 | 642 |[583 |4.08 |[6.74 6.63 | 690 | 535 |633 |697 |622 |617 | 745 |[6.57 | 346 283 | 519 | 567 |[595 |579 |[417
Days to flowering 36.50 | 36.25 | 35.75 | 35.75 | 34.50 | 35.50 | 35.25 | 36.00 | 35.00 | 37.25 | 35.50 | 37.50 | 36.75 | 37.50 | 36.25 | 37.50 | 34.25 | 36.50 | 35.00 | 37.75 | 35.50 | 38.25
Flowering period (d) 48.25 | 47.75 | 48.00 | 47.50 | 48.25 | 46.00 | 45.50 | 46.25 | 44.50 | 46.75 | 46.50 | 41.75 | 49.00 | 48.50 | 42.25 | 45.00 | 44.50 | 44.00 | 48.00 | 41.50 | 46.50 | 42.25

Terminal leaf length (cm) | 892 | 838 |833 |[813 |840 |841 (88 |915 |922 (827 |[770 |853 | 771 (808 | 731 |NA 793 | 836 | 783 |862 |842 | NA
Terminal leaf width (cm) 790 (771 [746 | 724 | 718 (830 |[859 |843 |782 |741 |69 |760 [728 |761 |665 [NA 589 | 513 |[5.00 | 580 |463 |[NA

Petiole length (cm) 295 | 249 | 266 | 254 | 243 | 284 | 261 |325 |303 |273 |261 |264 |276 |279 |391 |NA 204 | 192 |328 | 344 | 348 | NA
Pod length (cm) 973 930 [921 | 911 | 729 [899 |98 |89 |89 (88 |910 |948 |941 |972 |936 | 665 665 |466 [490 |503 |531 |698
Leaf pubescence MP SP MP MP MP MP MP MP SP MP DP SP MP MP MP NA MP SP SP G SP MP
Petiole pubescence MP DP DP MP DP DP MP DP MP DP DP DP MP MP DP NA DP MP SP G DP DP
Stem pubescence MP MP MP MP DP MP MP MP MP MP MP MP MP MP MP NA DP DP MP G MP DP
Seed color DG DG LG LG LG DG DG DG DG DG LG DG DG DG DG DG BG B B DG
Seed luster P S A S S S S P S S S S S S S A A A A A A P
Calyx color PG GP G GP GP GP GP GP G GP GP GP GP GP G PG PG G GP GP GP GP
Hypocotyl color G G G G G G G G G G G GP G G G GP G G PG G G GP

Pubescence: G, Glabrous; SP, sparsely pubescent; MP, moderately pubescent; DP, densely pubescent.
Seed color: LG, Light green; DG, dark green; BG, brownish green; B, black.

Seed luster: A, Absent; S, slight; P, pronounced.

Calyx/ hypocotyl color: G, Green; PG, purplish green; GP, greenish purple.

NA: Not available.

numerical and categorical characters. For ISSR analysis, comparison, were computed using Jaccard's coefficient goodness of fit of the genotypes to a specific cluster in the
bands with the same mobility were treated as identical and the resulting similarity matrix was further analyzed UPGMA cluster analysis was determined by the Mantel's
fragments. Clearly amplified band was coded as 0 and 1 using Unweighted pair-group method arithmetic average correlation test (Mantel, 1967). Correlation between the
for its absence and presence, respectively. Similarity (UPGMA) clustering algorithm; the computations were two similarity or cophenetic matrices obtained with two

coefficients between various genotypes, in a pair-wise carried out using NTSYSpc version 2.2 (Rohlf, 2000). The different markers (morphological and ISSR) was estimated
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Table 2. Morphological and agronomic characters and their description used for morphological characterization.

Character

Description

Plant height (cm).

Yield per plant (g/plant).
Number of flowers per raceme.
Number of pods per cluster.

Number of seeds per pod.
100-seed weight (g).
Days to flowering (d).
Flowering period (d).
Terminal leaf length (cm).
Terminal leaf width (cm).

Petiole length (cm).
Pod length (cm).
Leaf pubescence.

Petiole pubescence.
Stem pubescence.

Seed color.
Seed luster.
Calyx color.
Hypocotyl color.

From soil level to the highest point. Average of ten plants measured immediately after the first harvest.
Total seed yield from two harvests, average from ten plants.

Average of ten plants.

Average of ten plants.

Average of ten plants.

Average of ten plants.

Number of days from sowing to the first open flower.

Number of days from the first open flower to the last open flower.

Average of ten fully developed terminal leaves from ten plants.

Average of ten fully developed terminal leaves from ten plants measured at point of maximum width.

Average of ten fully developed trifoliate leaves from ten plants.
Average of ten fully developed pods from ten plants.
Glabrous (G), sparsely pubescent (SP), moderately pubescent (MP), densely pubescent (DP).

Glabrous (G), sparsely pubescent (SP), moderately pubescent (MP), densely pubescent (DP).
Glabrous (G), sparsely pubescent (SP), moderately pubescent (MP), densely pubescent (DP).

Light green (LG), dark green (DG), brownish green (BG), black (B).
Absent (A), slight (S), pronounced (P).

Green (G), purplish green (PG), greenish purple (GP).

Green (G), purplish green (PG), greenish purple (GP).

Table 3. List of ISSR primers used and their nucleotide sequences, number of total DNA fragments, percentage of polymorphic
fragments and polymorphism information content (PIC).

ISSR primer Primer sequence 5’- 3’ Total fragments Polymorphic fragments (%) PIC
ISSR 808 AGA GAG AGA GAG AGA GC 28 89.25 0.3284
ISSR 809 AGA GAG AGA GAG AGA GG 20 85.00 0.2997
ISSR 810 GAG AGA GAG AGA GAG AT 28 92.86 0.2438
ISSR 811 GAG AGA GAG AGA GAG AC 21 100.00 0.2426
ISSR 825 ACA CAC ACACAC ACACT 16 93.75 0.2308
ISSR 826 ACA CAC ACA CAC ACACC 10 90.00 0.3650
ISSR 834 AGA GAG AGA GAG AGA GYT 18 94.44 0.2812
ISSR 835 AGA GAG AGA GAG AGA GYC 16 68.75 0.2919
ISSR 836 AGA GAG AGA GAG AGA GYA 9 100.00 0.3668
ISSR 841 GAG AGA GAG AGA GAG AYC 25 96.00 0.3438
ISSR 842 GAG AGA GAG AGA GAG AYG 15 93.33 0.3707
ISSR 855 ACA CAC ACA CAC ACA CYT 19 94.74 0.3075
ISSR 856 ACA CAC ACA CAC ACA CYA 9 66.67 0.3557
ISSR 857 ACA CAC ACA CAC ACA CYG 19 94.74 0.3574
ISSR 858 TGT GTG TGT GTG TGT GRT 14 85.71 0.3044
ISSR 885 BHB GAG AGA GAG AGA GA 32 100.00 0.2828
ISSR 887 DVD TCT CTC TCT CTC TC 23 86.96 0.3389
Total 341 1611.15 5.6319
Average 18.94 89.51 0.3129

PIC, Polymorphic information content; Y, pyrimidines (C,T); R, purines (A,G); B, (C,G,T) (that is, not A); H, (A,C,T) (that is, not G); D, (A,G,T)
(that is, not C); V, (A,C,G) (that is, not T).




Table 4. Analysis of variance for quantitative characters of 17 mungbean and 5 blackgram genotypes.
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Means 37.85 13.49 5.39 417 9.51 5.79 36.18 45.84 8.33 7.03 2.82 8.07
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*Significant at p < 0.05; ** significant at p < 0.01; ns, not significant (p > 0.05).

by means of the Mantel matrix correspondence test
(Mantel, 1967) The matrix correlation corresponds to two
independently derived dendrograms and is a measure of
the relatedness between the two matrices. A correlation
value (r) greater than 0.5 is considered as statistically
significant at 0.01 probability level if the number of
observed taxonomic units exceeds 15 (Lapointe and
Legendre, 1992).

The polymorphism information content, a measure of the
allelic diversity at a locus, was determined. PIC = 1 - £ PP
where Pi is the frequency of the i allele in the examined
test lines. NTSYSpc version 2.2 (Rohlf, 2000) was also
used to perform principal coordinate analysis (PCA) to
show multiple dimensions of the distribution of the
genotypes in a scatter-plot (Keim et al.,, 1992). This
multivariate approach was used to complement the
information obtained from cluster analysis because it is
more informative regarding distances among major groups
(Tar’an et al., 2005).

RESULTS AND DISCUSSION
Morphological characterization

The mungbean and blackgram genotypes dis-
played polymorphisms for many of the 19 morpho-
agronomic traits (Table 1). The analysis of variances
for 12 numerical characters are presented in Table

4. The genotypes showed statistically significant
differences (p < 0.01) for eight of the twelve
characters including plant height, yield per plant,
number of seeds per pod, 100-seed weight, days
to flowering, flowering period, terminal leaf width
and pod length.

Estimates of genetic similarities based on
morpho-agronomic characters for all pair wise
combinations of the twenty two mungbean and
blackgram genotypes ranged from 0.17 (KPS 1
vs. KAB 4 and CN 60 vs. Prajeen) to 0.84 (SUT 3
vs. SUT 4 and CN 72 vs. M 4-2) with an average
of 0.52. Clustering of genotypes by morpho-
agronomic traits largely reflected the differences
in plant height, yield per plant, terminal leaf width,
pod length, number of seeds per pod, 100-seed
weight and seed color. The Mantel’'s test with
cophenetic correlation coefficient value of 0.33 (p
> 0.05) indicated weak association for the
genotypes to a specific cluster in the dendrogram.
Three distinctive clusters were identified (Figure
1A). Cluster | contained all fifteen Thai cultivated
mungbean varieties and breeding lines. This
cluster was divided into 2 subclusters; subcluster
la consisting of 4 varieties (SUT 1, CN 36, CN 60,
and KPS 1) and subcluster Ib consisting of 8

varieties (CN 72, KPS 2, PSU 1, UT 1, SUT 2,
SUT 3, SUT 4, and SUT 5) and 3 breeding lines
(M 4-2, M 5-1, and M 5-5). One mungbean wild
relative (var. sublobata; TC 1966), one Indian
mungbean landrace (V 2709) and one blackgram
wild relative (var. silvestris; TC 2211) were
grouped together in cluster I, primarily from short
plant height, low yield per plant and small seed
size. Cluster Ill included four Thai blackgram
varieties (KAB 4, PL 2, Prajeen, UT 2) which had
distinctive black seeds, shorter pod length, lower
number of seeds per pod and narrower terminal
leaf width, compared to those of other clusters.
These are unique characters of blackgram as has
been reported previously (Plant germplasm
database, 2004). Note that cluster Il included both
Vigna spp; the two V.radiata in this cluster had
shorter pod length, shorter plant height, lower
yield per plant and smaller seed size than most of
the cultivated mungbean varieties in cluster I.
Therefore, morphological characters were not
effective in genetic differentiation at the species
level in Vigna.

Similar findings that morphological characters
were less effective than molecular markers at
classification were reported by Johns et al.,(1997)
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Figure 1. Morphology- (A) and ISSR- (B) derived dendrograms of 17 V. radiata and 5 V.

mungo genotypes generated by UPGMA.

for common bean. Similar to UPGMA analysis, PCA
analysis confirmed clear separation of the 22 mungbean
and blackgram varieties into 3 groups corresponding to
cluster I, Il and Il (Figure 2A). However, genotypes in
cluster | grouped together in one large group instead of
dividing into 2 distinct subclusters. Cluster Il appeared to
be distinct from all others. The first three most informative
principle coordinate components explained 17.73, 13.42
and 10.03% of the total variation, respectively, with the
sum of 41.18%.

ISSR analysis
Level of polymorphism

The PCR amplification using sixteen 3’-anchored
dinucleotide repeat primers and two 5’-anchored
dinucleotide repeat primers gave rise to reproducible PCR
products. The 18 ISSR primers produced 341 scorable
fragments of which 309 fragments were found to be
polymorphic (90.6%; Table 3). The extent of polymorphism
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Figure 2. Morphology- (A) and ISSR- (B) derived three-dimensional plot based on the first
three principal coordinates from a principal coordinate analysis of 17 V. radiata and 5 V.

mungo genotypes.

found was very high and was comparable to that found in
18 species of the genus Vigna (96.8%), but higher than
that previously found in blackgram varieties from India
(54.5%; Ajibade et al., 2000; Souframanien and
Gopalakrishna, 2004). It was found that the polymorphism
percentage is mainly affected by the sequences of

primers or probes of markers, and types and number of
lines being evaluated (Keim et al., 1992). In this study,
genotypes were selected to represent two Vigna species, V.
radiata and V. mungo, and included not only cultivated
varieties but also wild relatives (var. sublobata and
silvestris). However, the self-pollinated nature of these two
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species may limit the polymorphism levels. The size of
fragments scored ranged from approximately 200 to
1,500 bp. Each primer produced an average of 18.94
fragments and 17.17 fragments of these were poly-
morphic. The minimum and maximum numbers of
polymorphic fragments were obtained from ISSR primer
856 (6) and 885 (32), respectively. In the genetic diversity
study of 18 blackgram genotypes using 16 ISSR primers,
Souframanien and Gopalakrishna (2004) found average
numbers of fragments per primer and polymorphic fragments
per primer of 6.3 and 3.4, respectively. Similarly, Ajibade
et al. (2000) detected 4 to 12 ISSR fragments per primer
among the 18 Vigna species when 15 ISSR primers were
used. The higher numbers of fragments observed in our
study may result from the difference in the sensitivity of
DNA detection techniques used; our study used silver
staining on polyacrylamide gel which is more sensitive
with better resolution than ethidium bromide staining on
agarose gel used by those previous studies. It has been
shown that polyacrylamide gel separated DNA fragments
more clearly than agarose gel, leading to an increase of
both total and polymorphic RAPD and ISSR fragments
(Pradeep Reddy et al., 2002; Stift et al., 2003). Using
ISSR marker, Patzak (2001) found approximately 6.7-fold
more ISSR fragments in hop when using polyacrylamide
gel than agarose gel. The high number of polymorphic
bands/ primer confirms the polymorphism detection effi-
ciency of ISSR compared with other marker systems
applied to V. radiata and/or V. mungo genetic diversity
analysis such as RAPD and RFLP (Pradeep Reddy et al.,
2002).

Percentage polymorphism ranged from 66.7% (ISSR
856) to 100% (ISSR 811, 836, 885), with an average
percentage polymorphism of 89.51% across all the
genotypes (Table 3). The primers that were based on the
poly (GA) motif produced more polymorphism on average
(96.4%) than the primers based on the poly (AG) and
poly (AC) motifs (86.1 and 88.0%, respectively). Among
the sixteen 3’-anchored primers, the ones based on (GA)
motif produced the highest average polymorphism
percentage of 95.6%, while the 3’-anchored poly (AG), (AC),
(TG) and (TC) motif primers had average polymorphism
percentages of 85.7-88.0%. The two 5’-anchored primers,
ISSR 885 and 887, exhibited an average polymorphism
percentage of 93.5%. From these polymorphic markers,
37.5% of the alleles were fixed in the population of
mungbean and blackgram genotypes studied and a large
proportion of them were either in high (> 0.85) or low (<
0.2) frequencies.

Higher number of species-specific fragments was obtained
for blackgram. Unique fragments for the group of
mungbean (56) and blackgram (67) represented 18.1 and
21.7%, respectively. These individual ISSR loci provided
good discrimination between genotypes of the two
species, while other ISSR loci did not. These results
suggest that the difference between the two species involves

a substantial portion of the genome, and that other areas
of the genome are shared in common by the two species.
Some genotype-specific ISSR fragments were found,
particularly in TC 1966 and TC 2211. Thirty-one polymorphic
fragments were specific to nine genotypes. The genotype
TC 1966 had seven specific fragments and the genotype
TC 2211 had six. The ability of ISSR to effectively
distinguish the two species as well as other species of
Vigna was also reported by Ajibade et al. (2000).

PIC values portray allelic diversity for a specific locus.
The higher the PIC values for a locus, the higher the
probability that polymorphism will exist between two
accessions at that locus (Li and Nelson, 2001). The
range of PIC values in this study was 0.231 (ISSR 825) to
0.371 (ISSR 842) with an average of 0.313 (Table 3).
Because ISSR markers are usually dominant markers,
0.50 will be the highest PIC value for any fragment. And
the PIC values of 2 0.3 in 11 of the 18 markers used here
suggested that these markers are useful for the genetic
diversity study. The success in identifying polymorphism
is due to the use of a number of selected highly
informative primers, which have been used successfully
in blackgram and Vigna species (Ajibade et al., 2000;
Souframanien and Gopalakrishna, 2004). Among these
markers, ISSR 842, 836 and 826 (PIC values 0.371,
0.367 and 0.365, respectively) were the most informative
for distinguishing among mungbean and blackgram
genotypes. Note that these primers have GA, AG or AC
repeat motif in their sequences. ISSR primers with GA
and CA repeats have been shown to reveal high
polymorphism among Vigna genotypes (Ajibade et al.,
2000). Using only ISSR 826, 836 and 842 together with 3
additional high PIC-value ISSR primers (ISSR 841, 856
and 857), we were able to differentiate all 22 mungbean
and blackgram genotypes, demonstrating the evidence of
ISSR efficiency in characterization of these 2 species at
both inter and intra-specific levels. The high efficiency of
ISSR in variety identification of even closely related
germplasm was previously shown in several crop species
including oilseed rape, white lupin, potato and redcurrant
of which only 2-4 most informative ISSR primers were
able to distinguish all genotypes studied (Pradeep Reddy
et al., 2002). The use of this marker should lower the
cost, time and labor for DNA fingerprinting and diversity
analysis of mungbean and blackgram.

Genetic diversity and relationships among mungbean
and blackgram genotypes

All the 309 polymorphic ISSR fragments scored were
used for genetic diversity analysis. Jaccard’s similarity
coefficients were calculated to assess the genetic
resemblances among the genotypes and the similarity
coefficients matrix was used for UPGMA cluster analysis.
The pair wise genetic similarity coefficients between mung-



bean and blackgram genotypes varied from 0.70 (SUT 4
versus UT 2) to 0.99 (CN 36 versus KPS 1) with an
average of 0.86. Within the mungbean group, the range
of genetic similarity coefficients between genotypes was
lower (0.88 to 0.99) but the average was higher (0.93).
CN 36 and KPS 1 had the largest genetic similarity
(98.87%), while M 4-2 had the minimum genetic similarity
(87.75%) with TC 1966. Both M 4-2 and TC 1966 also
differed in several morpho-agronomic traits including
plant height, yield per plant, number of flowers per
raceme, 100-seed weight, days to first flowering,
flowering period, terminal leaf width, petiole length, pod
length, petiole pubescence, stem pubescence, seed
color, seed luster and calyx color. When considering only
between the 12 mungbean varieties, the average genetic
similarity coefficient was even higher (0.95). The genetic
similarity coefficients between five blackgram genotypes
varied from 0.90 to 0.97 with an average of 0.94. Prajeen
and KAB 4 had the highest genetic similarity (97.46%),
while the lowest genetic similarity (90.29%) was found
between Prajeen and TC 2211. Excluding the wild
relative, TC 2211, the average genetic similarity between
the four blackgram varieties reached 96.13%. The
genetic distance between the mungbean and blackgram
groups was 0.27. The molecular differentiation of these
two species by ISSR analysis supported the taxonomic
morphological classification (Plant germplasm database,
2004) and agreed with previous reports using isozyme
and RAPD (Kaga et al., 1996; Ngampongsai et al., 2000;
Prammanee et al., 2000).

The cluster analysis totally separated the two Vigna
spp, V. radiata (cluster |) and V. mungo (cluster Il) (Figure
1B) although these two self-pollinating species share the
same chromosome number (2n = 20) and are partially
cross-compatible (Seehalak et al., 2006). The Mantel's
test with cophenetic correlation coefficient value of 0.995
(p < 0.01) indicated that data in the similarity matrix was
well represented by the dendrogram. In the V. radiata
cluster, genotypes were clustered quite closely together
in a large group of 12 varieties, 3 breeding lines, 1 wild
relative and 1 landrace. With the exception of 1 variety
and 1 wild relative, these genotypes have relatively low
genetic polymorphism with > 92% genetic similarity
among genotypes. As evident from the dendrogram
(Figure 1B), TC 1966, which is the only mungbean wild
relative, was the most distantly related to other mungbean
genotypes (7.6 to 12.3% differences), however, it was not
well separated from others. Among the cultivated
mungbean, UT 1, SUT 4, M 4-2 and V 2709 were more
distinct from the others. CN 36 and KPS 1 were the most
closely related (98.87% genetic similarity) in this cluster.
These 2 certified varieties together with five other certified
varieties (CN 60, CN 72, KPS 2, PSU 1, and SUT 1) and
SUT 5 formed close relationships with more than 95%
similarity. In the V. mungo cluster, Prajeen, PL 2, KAB 4
and UT 2 varieties formed a tight group (> 94% similarity),
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while the wild relative TC 2211 were more distantly
related (8.7 to 9.7% differences from other genotypes).
Similarly, Kaga et al. (1996) found that wild forms of
mungbean and blackgram always grouped with their most
closely related cultivated forms using RAPD, however, in
their study, V. radiata var. sublobata genotypes were
highly different from the cultivated ones (27.5 to 35.4%
differences), whereas the V. mungo var. silvestris and
cultivated genotypes were more closely related (6.0 to
15.7% differences). Between the two blackgram
genotypes, UT 2 and TC 2211, the percentages of
difference were comparable in our (9.1%) and their
(9.5%) studies. Two mungbean and one blackgram
genotypes with high resistance to bruchid, TC 1966, V
2709 and TC 2211, appeared to be the most distantly
related to M 4-2, SUT 4 and Prajeen, respectively; all
these genotypes were susceptible to the insect.
Hybridization between these genotypes may achieve not
only the transfer of insect resistance gene(s) but also the
increase in genetic variability of other desirable traits.

PCA was used to identify multidimensional relationships
that describe portions of the genetic variance in a data
set. The three coordinates explained 57.1, 5.8 and 4.9%
of the total variance, respectively. These first three
principal coordinates of the ISSR data explained 67.7%
of the total variance. PCA separated the genotypes into
two distinctive groups, cluster | and Il, according to species,
in general consistent with the UPGMA cluster analysis
(Figure 1B, 2B). The mungbean genotypes were
completely separated from the blackgram genotypes,
however, six mungbean genotypes, TC1966, UT 1, V
2709, M 4-2, M 5-1 and M 5-5 appeared to be more
distinct from other mungbean genotypes in the PCA. The
remaining 11 mungbean genotypes appeared to have
minimal genetic diversity and all appeared in one close
group. The PCA also generated a good separation of TC
2211 from the rest of the blackgram genotypes.

The close genetic similarity between the mungbean
genotypes as shown by high values of Jaccard’s similarity
coefficient and PCA may be explained by the high degree
of parental commonness in their pedigrees. SUT 2 and
SUT 3 derived from BC,4 progenies of KPS 1 and KPS 2,
respectively, and consistently had > 95% similarity with
their respective recurrent parents. However, SUT 4, a
BC, progeny of PSU 1, which inherited powdery mildew
resistance from the donor parent, VC 3689A, was less
similar to PSU 1 (92.4%). CN 72, the y irradiated mutant
of KPS 2 that was selected for resistance to beanfly
(Watanasit et al., 2000) had 95.9% similarity with KPS 2.
These two varieties were also clustered together in the
same subcluster lb based on morpho-agronomic characters.
The genetic relationships among mungbean and
blackgram genotypes may help breeders make better
choices of parents when selecting among various
genotypes in the breeding program with the hypothesis
that the more genetically diverse parents, the more likely
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they are to possess unique alleles for traits of interest,
and the probability of producing unique genotypes
increases in proportion to the number of genes by which
parents differ (Narvel et al., 2000; Tar'an et al., 2005). In
this respect, genotypes with the most distinct DNA
profiles are likely to contain the greatest number of novel
alleles. However, it must be noted that the ISSR variation
observed may not necessarily reflect the phenotypic
variation in the traits of interest. The narrow genetic base
of elite genotypes of mungbean and blackgram observed
in this study was similarly observed in other reports
(Lakhanpaul et al, 2000; Gaffor et al, 2001;
Souframanien and Gopalakrishna, 2004), emphasizing
the need to broaden genetic variation by utilization of
diverse germplasm collections. Wild relatives, landraces
from other countries and mutant lines appeared to be
good sources for genetic variation.

Comparison of morphological-based and ISSR-based
clusters

The similarity and cophenetic matrices for ISSR and
morphological markers were also compared using
Mantel’s test (Mantel, 1967) for matrix correspondence.
The correlation between the morphological and the ISSR
similarity matrices was 0.54 (p < 0.01), suggesting
significant correlation between these two markers for the
determination of genetic diversity and relationships
among mungbean and blackgram genotypes. Note that
the goodness of fit for cophenetic correlation (0.995) of
ISSR values was much higher than that of morphological
values (0.33), suggesting the suitability of ISSR for
determination of genetic diversity and relationships
among the materials studied. Although the correlation
between the matrices of cophenetic correlation values for
the dendrogram based on ISSR and morphological
characters data was significant (r = 0.6934; p < 0.01) and
both markers grouped all Thai mungbean varieties into
the same large cluster and grouped all Thai blackgram
varieties into a separate cluster, it is apparent that the
dendrograms generated by morphological and ISSR
markers showed some variation in the clustering of
genotypes (Figures 1A, B). Twenty-two genotypes were
grouped in two clusters in ISSR, whereas a dendrogram
based on morphological characters showed three
clusters. In addition, ISSR was more effective in genetic
differen-tiation at the species level, and the genetic
similarities among genotypes estimated by ISSR (mean
genetic similarity 0.86) were much higher than those of
morphological characters (mean genetic similarity 0.52).
Similarly, Ghafoor et al. (2002) also observed no clear
differentiation between V. radiata and V. mungo by
agronomic characteristics but SDS-PAGE analysis of
seed storage protein proved to be an efficient tool for the
purpose. Several factors might be responsible for the

difference between ISSR and morphological markers.
Morphological differences may not be proportional to the
underlying genetic differences. Another contributing
factor might be differential rates of evolutionary change
for morphological traits compared to sequences
associated with ISSR marker variation. ISSR marker loci
may be located in non-coding genomic regions where
sequence changes are not restricted by the requirement
to maintain gene function, leading to more rapid
evolutionary change (Johns et al., 1997; Chawla, 2002).
Last but not least, the multi-locus nature of ISSR markers
made it vulnerable for misidentification of co migrating
ISSR fragments with no sequence homology amplified
from different loci as the same allele, thereby distorting
the estimates of genetic similarity. This bias has been
pointed out by Simioniuc et al. (2002) with RAPD and
Sanchez et al. (1996) with ISSR.

In conclusion, ISSRs proved to be applicable for multi-
locus analysis of mungbean and blackgram DNA which is
not only useful for genotyping and genetic diversity and
relatedness evaluation but could also be used for
mapping, gene tagging and marker-assisted selection in
future breeding programs.

ABBREVIATIONS

PIC, Polymorphism information content; ISSR, inter-
simple sequence repeat; UPGMA, unweighted pair-group
method arithmetic average; RFLPs, restriction fragment
length  polymorphisms; RAPDs, random amplified
polymorphic DNAs; AFLPs, amplified fragment length
polymorphisms; SSRs, microsatellites or simple
sequence repeats.
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