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ABSTRACT

The followings are the research conducted during 2002 to 2006 to assess the genetic
diversity and relatedness of soybean, mungbean, blackgram, yardlong bean and dwarf yardlong
bean. (i) SSR analysis of soybean genetic diversity in Thailand. Simple sequence repeat (SSR)
analysis was used to determine the genetic diversity and relatedness among 25 soybean (Glycine
max (L.) Merrill) genotypes in Thailand. Pairwise coefficients of genetic similarity between all
genotypes ranged from 0.73 to 1.00 with an average of 0.88, suggesting quite narrow genetic base
of soybean in Thailand that might limit continued breeding success. Eleven of twelve SSR markers
successfully distinguished 23 of the 25 soybean genotypes with the exception of a pair of closely
related breeding lines from the same cross. In addition, ‘only five most polymorphic SSR markers
were able to clearly identify all 15 commercial varieties and are very useful for DNA
fingerprinting. The genetic relationships among genotypes generally agreed with known pedigrees.
These results suggest that SSR marker is efficient for measuring genetic diversity and relatedness
as well as identifying varieties of soybean in Thailand. (ii) Variety identiﬁcaﬁon and genetic
relationships of mungbean and blackgram in Thailand based on morphological characters
and ISSR analysis. 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 m'orphological characters. Most morpho-agrononﬁc
characters varied “significantly among the 22 genotypes. In total, 341 ISSR fragments were
amplified for the two Vigna species by ISSR analysis using 18 ISSR primers. Pairwise 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. Unweighted pair-group arithmetic average
(UPGMA) analysis based on morphological characters and ISSR exhibited different patterns of
genotype clustering. 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, suggesting the applicability of
ISSR analysis for variety identification. (iii) Variety identification and comparative analysis of
genetic diversity in yardlong bean using morphological characters, SSR and ISSR analysis.
Genetic divefsity of 23 yardlong bean (Vigna unguiculata spp. sesquipedalis) genotypes and 7

genotypes of hybrid between cowpea (V. unguiculata spp. unguiculata) and yardlong bean (dwarf



yardlong bean) in Thailand were estimated using morphological characters, simple sequence repeat
(SSR) and ir;ter—simple sequence repeat (ISSR) markers. In addition, 2 mungbean and 2 blackgram
genotypes were also used as outgroup species for molecular analysis. Five morphological
characters were diverse among most genotypes. However, five groups of 2-3 genotypes could not
be distinguished from one another based on these morphological characters alone. Ten of the
sixteen SSR primers successfully distinguished 28 yardlong bean and dwarf yardlong bean
genotypes. Among the 16 ISSR primers used, a total of 312 ISSR fragments were amplified for
these three Vigna species. Pairwise coefficients of genetic similarity between all genotypes ranged
from 0.667 to 1.00 with an average of 0.841 with SSR and 0.613 to 0.976 with an average of 0.843
with ISSR, suggesting quite narrow genetic base. The ihigher values of effective multiplex ratio,
marker index and Mantel’s test cophenetic correlation coefficient of ISSR compared to those of
SSR indicated higher efficiency of ISSR. Clustering of genotypes within groups was not similar
when morphological, SSR and ISSR derived dendrograﬁls were compared. It appeared that ISSR
was most effective in determining the genetic variability and relationships among yardlong bean
and dwarf yardlong bean genotypes and differentiating among three Vigna species‘. ISSR was also
most useful for variety identification since all 30 yardlong bean and dwarf yardlong bean genotypgs

can be effectively distinguished by only 4 ISSR primers.
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A A [ -] . A AR dycv ¥ .
foAnudveedada i Tulszyinsneidny wonandidals NTSYSpe version
a I's 4 ] 1
2.2 31A312M principal coordinate analysis (PCA) 1Wo 9oy aszosn195snng

nquInANINToYah 14910 cluster analysis

g2 mammuaendnuaiiiiozanuduiusmetugnssuvesiadmiaimaziog
Tutlszmalng Taomshnssridaeinsarmadugninnuazinioming ISSR
L susawiugiaderduau 22 3Tu'nd Uszneudae
1.1 Sl (V. radiara) $19n 17 3T Ind) 18un
1.1.1 Wuglgnludszmalnediuan 12 Wugde sugdoun 36 @u. 36;
Chainat 36; CN 36), 811 60 (¥U. 60; Chainat 60; CN 60), Fou1n 72
(¥4. 72; Chainat 72; CN 72), MUWILEY 1 (MWE. 1; Kampaeng Saen 1;
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arithmetic average (UPGMA) clustering algorithm 13714 1815005
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wueluunasieing mwu?’%ﬂwémaa Sambrook and Russell (2001)

Tufinwanisnaass Tasluudas lnwsiwed Wasuuunisiuaunas 18
uouAduweihy 1 uaz 0 mudvy uazdnsenilivumeuanuduus
anumilounazaNuuanmsveudaz iUt lasmssnadilsedng
Anumiiousenes 1 nidde Jaccard’s coefficient 1Az similarity
matrix ‘ﬁvlﬁsﬁﬂﬁ%) N dendrogram A1y Unweighted pair-group method
arithmetic average (UPGMA) clustering algorithm msfuialdlysunsy
NTSYSpc version 2.2 @1135999 Rohlf (2000) uaziSouifisuaiiw
muzanlumsdangudTulndlu UPGMA cluster analysis a1933
Mantel’s cophenetic correlation test (Mantel, 1967) A1UINAT
polymorphism information content (PIC) 910gA3 PIC = 1-2Pi’ Taw Pifio
anudvesdadai udsymnsfiaidnun uaﬂmnﬁyﬁa“l%'NTSYSpc
version 2.2 AT1¢H principal coordinate analysis (PCA) Lﬁﬂnlﬁ’%lﬂga

FEUTHNITHINNGUINIANDINT03a T 1A910 cluster analysis

IS

a 's 4 Y]
ouan 14910015 1NIT 12 A0IATOINNIE SSR 1A ISSR W15IuAU tazld

Y

a o ] @ ~ '
UATICH cluster LD principal coordinate analysis 3I0NU (380731 ISSR/SSR

! o ' A P
ﬂ’]ﬁlﬂﬁﬂu&?’lﬂﬂﬁ%ﬂ?’mlﬂﬁ?N‘WN‘IUWU@WW\? 9

= ' ¥ a 3 o @ o J
6.1 Ysetiiu correspondence FEMIUATOININYF AR 9 Tagmuruandunus

FENIN similarity matrices HAZIZHN cophenetic matrices UYBIUATOINUIAN

s
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FiaNazy (NYuTUFIUING Uag ISSR, dnvazdugiuing uag SSR,
ISSR 1A SSR, ANHAIZAMIUINGY 1Ay ISSR/SSR, ISSR 1A% ISSR/SSR, LAz
SSR 1@ ISSR/SSR) #28 Mantel matrix correspondence test (Mantel, 1967)

6.2 AVUIN effective multiplex ratio (E) 1L8% marker index (MI) NNGAT

o o . 3 1 o A w 1
6.2.1 E = nf lag n 710 81121 loci anuaae Iwswos uag B Aodadiuwes
loci NTANUVAMKAIY

6.2.2 MI=ExPIC



UNN 3

a ¢y - ¥ d'
wamsamﬂ:mayauaxemlswm aIuni

Y Q'J ) Y
MIINTZHANURAINHAWNIRHENTsNVeIdNHAlHY szima Inedunseanne

SSR

sAUANNHAINKRAY
9/ 4 '3 ) s Y . o =
9101319 IWswes SSR $119u 12 ¢ HINT291WAIVY linkage groups VYOINAMDDI 10
' A a a ° v ° o o A y o
120 nqu (1151991 1) tRTanadiumia SSR Suwiznnfidwovosd undeudaz Tu-
P ' 4 a  |a Y o d A ' 2 o
il wuar Twswes Soy satt 148 tulsuna lduaufdwevatsuauhendenisulana 39a
o 4 A P Y =1 P R o
80ANINMIANTIZH IMA D InswesFaliuouRdeNnanna1y (polymorphic bands) uasFan
P 7o o a o = /4
fWos 11 Inswesdmsunmsuns g @519 D wesisuannuvainvaly (percentage of
o ] d‘ a?d ¥ Qs
polymorphism) VBIAWHIS SSR AwyTumsnaneaiiliings (91.7%) aoandesiunisin
Y
AouNtIi (Maughan et al., 1995; Rongwen et al., 1995; Diwan and Cregan, 1997; Narvel et al.,
Y a <& P=3 o A ‘
2000a) 9101504 SSR 11 n3eanelumsimsizronraos 253 1u'lni asrawudada SSR
¥y Ed
sMedu 53 8ada Suaudadade Insmes AR 3 (Soy satt 285 LAz 309) B4 7 (Soy satt 185
s 4 P @ (] =4 4' ] v ’
oz 409) Taolinunae 4.82 3UH 1 naasdiod1avesgluuuRoueNA UMY Soy satt 183 1u
o A = o » @ @ G4 . Ao 1
daundosd lu'lndais ] WUBDDADNDNYDL (unique alleles) NVIUNWITAD YU. 1, Y. 4, LT 2,
. £ = o @ o a  da g
Prolina, 9. 1, €9, 2, @, 1, @%. 2 uag an. 3 ¥e1vise lewi lumsatiarenunawue
v A & v Ao o v )
A1 PIC Futluariiiannuvainuaiovesdadangsznane 0.13 (Soy satt 285) 019 0.88
(Soy satt 173) TaelANRTY 0.60 Soy satt 173, 185 uag 409 1A PIC gana1 0.7 uaziismiudada
y y . d‘ o v A Q o @
7967 auve Idoyadmiudwund Tulndldunmdennniiga Suiudadalianuduiusiy
1 PIC o WTiodfny( 7 = 0.98; p < 0.01) ANUHAINNALYBY SSR 5¥MINeUNADd 11 'Ind
' yd U 4 =3 o 1 dy
M9 9 Tudszmelng mnmisdnwriiaiunare iendSeumsudusisaunsuniiii
Diwan and Cregan (1997) @529WUDAAA SSR 10.10 dadanofunuulazANRAgAIIY
HANNABUBAUATDINNIY 0.80 110 1F SSR 20 T oanvIes S A DIT NS A UKTlD
I o & % a oo o [
3531uInd Narvel et al. (20002) %114 SSR 74 inFoemuneTnszddunosmoiugliuilye
L~ o} o o [ P @ et 1 o ] ] Qs
3931 Ind) uag PIs 40 3 Tu'Ind Aunasunas1d 10.20 Sadadedumuasu@eIdy wazms
Y ' a o ~ 1 4 [ Y o '
19 SSR 60 193 aMLBTINIZHEUNADITU 129 accessions 1RAUREY 12.20 Sadadeodiumiie
lagA PIC 1mAY 0.78 (Wang et al., 2006a)
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s Qs @ & ¢
anuvaIIvEazANNFTHEMIRUEnTsNsTnNeiamaesd i Indae
’ v
T48naa SSR %49 53 dada lumsimsizianunainnatenaiugnssy Tasduon
a1 Jaccard’s  similarity coefficients tWoUsZIHUAIIMMTBUNIIRUFNTTY (genetic  similarity)
1A .. . . . = L4 ar [] .
5111199 T 101l wag 19 similarity cocfficients matrix 14n15AS1ZHMSIANGUUDY Unweighted
pair-group method arithmetic average (UPGMA cluster analysis) dusgansalrnuniiounis
@ ! - = =1 =) ] . R . . . . ' <
wugmsmzwmwgﬂﬂu"lmﬂiﬂmﬂﬁaumsmng (pairwise genetic similarity) 3$H21902-
o
waeds Tulnddrs q Taumnarefudann 0.73 (¥4, 3 4ag Prolina) 99 1.0 (WY, 65 LAY UV, 69)
=3 :; 4 tﬂ' \ Q'l & o o
Taoiiaumau 0.88 nansdeguiugnssufideudiaumuvesduniesluilszmeIne 10198110
o S @ @ o a P dy g o v do 24
anwdisolumsdiudoiug gruiugnssuiuautiontlumsiz InssmslSudyeiugaunaes
' te a o w o1 1% @ A @ o 9 = -
dawnadntembwiugaeszmmnly logase Angenwugiud uagndagnwanied (119
Y v T a2 a q’l’ o d%l Y4 a 3 9
gnanlgweusswdu) dalumsiuyewus (gemplasm) Hvannatoduunl¥lulngems
W v o a o/ § o
Y5mlgeRugaunies erwmuanuulssaumeiugnssuieswavanuiimiivesms
a v ot
YSudgeiugee’ly
A s - o} @ VoW A a1 ’
Dendrogram 1A Hiaumewugnssuszna1ed IuIndl uaasmssanguaamaes 25 3 Tu-
4 o ) = , 9 1 . . . ’
Tnd) il 4 AQUNON (3UN 2) Mantel’s test 1#91 cophenetic correlation coefficient 0.81 (» < 0.01)
1 Y ' =) o} I [} o
uaasd Mmsdanguues’ Tu'lndllu dendrogram W ledravmzauuas seandeaiunnumilon

o

Y [ ) o} 1 I 3 ' P g Q. k
manugnssusendd lwlnd aqu1 Jdunguivguaznainnarvigadszneudie 10 Wug 8

a
o

@  J (o VoA 14 . 2 (R = v 1
aewugUsulgeuas 1 Pls nquiluiedes’ld 2 nqudes Ae nquosula 3 4 Wug 8 aewug
.Y [} ' = o & 1 =] a J 1 T
Yiude oz 1 P woznqueey Ib 1 6 WH§ Agu T4 1 PLuag 1 Wug aungy I uag IV ug
aznquilsznoudie 2 Wug

wa o o ' '

slsumssanguundniinnudeandoiuilse awug Tungudes Ta v, 35 uaz au.
60 A1afiwiug Williams (Fumiouiiugs iy aoviniuTings1¥ wu. 60 hureuiRugves
WW. 2 (¥W. 60 x IAC 13) 14ag aN. 3 ((Fort Lamy x ¥, 60) F, x 4. 60) BU. 2 gnineod lunguees
s ogralsfmm am. 3 RnINBGANGN (NN 11) maﬁuﬁﬂ%’uﬂqaﬁQﬂu,fh?'s%mﬂﬂ (.
65, 11%9. 69, W. 74, M. 120, ¥, 137, WY, 215, U4, 486 L1AT VY. 863) MIVINGHAVTEHIN U2 1
KAy 1. 35 Fama 2 ﬁuﬁf;agﬂuﬂtjudaaﬁﬁm wa. 65 uaz wv. 69 inamIndTasuuin uag 'l
annsadmunmaiugnswld da e, 74 dumoiufi$ulgeiuandsnnaoiugouun
ign v a0, 4 uaz a0, s Tungudes b ihugni 18vingraniild Tainung 4 110 ldn Husfhurier
!Lﬁﬁuﬁ:(Acadian x Tainung 4 1i0¢ Tainung 4 x 99. 2 muﬁﬁﬁu) 9. 2, ¥, 1 ung In9WuT 1
Wufugiiudenlgniu §lu vie unda L1 2 eflszoezmaesudviamelue (ong

juvenile) yaglifnenimwwanangs IAnuv1e lnaneafugnIsuIn av. 2, ¥, 4, an. 1 uaz
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k4

profina ¥NTIAA Wugmaiiidszuzmsgnumhunans Feornldwandaiudu dmniyssos
mm?mﬁuiﬂmﬂu Prolina Tungu IT 1850N15WA191n USDA-ARS 32381 North Carolina
Agricultural Research Service uazﬁﬂ?mmiﬂﬁaqum (Burton et al., 1999) PI f;ﬁmm
uAnAININUENTINGIN %0, 3, 0. 4 uag om. 2 Winfiga an. 3 Tunqu 1 Wugnwauain
guarn (Fort Lamy x ¥X. 60) F, x ¥%. 60 ¥4 Fort Lamy 4ag Prolina #19 1@5umswannly
an$3eiu3n1 (Shanmugasundarum, 1988; Burton et al., 1999) c‘%"wm?%ﬂﬁw'mmwuhﬁugﬂﬁu
mms‘i"amﬁmmﬂmu?mmﬁaﬁau%’mmm&hwm&am?\m‘%uumtﬂﬂu (Li et al., 2001; Ude et al,,
2003) ¥. 3 uaz ¥u. 4 lungu I manguauRedtiu (Go9ss x AGS17) uazlivugnssu
adofunn (Anunilon 97.37%)  av. 1 @ ngravesditu/1dnTu) uag an. 1 @nguay
voeldn i) sawdudungu v «‘&Beumﬂéwﬁnﬂﬂduéuujnﬁqm

WUTZOZHINNWUENT 72 (genetic distance) 9gA (0.26) 531319 3. 3 (NG TIT) Uae
Protina (el 11) Hiftes ww. 65 uaz ww. 69 FefianuduiusmeiugnssulndFafunnnuazin
ﬂmgjmﬁmﬁmﬁmﬁﬁfuﬁﬁgﬂsmuﬁugﬂssumﬁ@uﬁuﬁy& 11 A sSR daw 23 3 Tu'lndd
maoamsaduunanduldodudany nansnasesiuansdalsz@nsnwountosme
ssR Jumssuuniug Tasmwizdiaadunudasis multiplex (Narvel et al., 2000a,b)

PCA 3 unu (coordinates) H3noTinsanuuilsdsiuld 22.64, 17.68 uaz 14.19% vog
amlsilsauRanuannddy sy 54.51% (314 3) pca uteiTulndeondu 4
nquing miloufungy I, I, I uag IV 91n0153A515% UPGMA cluster analysis 4ANUTINGY

dovla uay Ib uonfulddamundt Pca Sudninnuuanaisvosngu IV mnnguduedie

a =

wute uazuaasiiugiuniesdan Ingjswfuegiiungulngfissndudvaiondu 1
wamﬁw@am‘f‘:ﬁué’mwmmﬁu (Narvel et al., 2000a,b; Wang et al. 2006a,b) 5qmm
Wurlss TomTetragaues SSR Tumsfmsnsianumannmouezanuduiusmeiugnssy
uazmsfmumendnualiugdmiveaduaniiug d2vlnswed ssr #ldanunainua
geqauiios 5 Twsied (Soy satt 003, 160, 173, 185, 409) ansaduunugandesii iy
msiludlszmalnoludegiu1die 15 fiug nswed ssR mandl Tesmmzideldsaudy
maTuTad muttiplex o191 1S muniug1des1egadoaazdseniafiqn griiugnssud

@ o

v 14 b4 H
uavvest undesiugae 9 lulszma’lne dsdanusudulunsidss lomiveusosiugn

q

nnnaglylnsamsuSudyeiug lueuian

HNeme: s1wazoaiufneglunanuan n
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4 o w Jg . ° Y . . .
mi]\‘i‘ﬁ 1. mﬂnmamm"lws'mm, linkage group, $IUoaae oz polymorphism information

content (PIC) w01 Iwsiwes SSR

————

SSR primer  Linkage group Primer sequence 5 — 3’ Nul:]l]):; :f PIC

Soy satt 001 K TGTGCAATGATAGTACATAGATAT 4 0.5779
GTGCTGATTGAACTATTTGTAGT

Soy satt 005 Dlb TATATCCTAGAGAAGAACTAAAAAA 5 0.6350
GTCGATTAGGCTTGAAATAATAC

Soy satt 148 I TTAAGGATTAATTGAGACAAAATCA NA NA
CTAAAGCATCACAAAACAGAGC

Soy satt 160 F ACATCAAAAGTTTATAACGTGTAG 5 0.6492
CTCCCACACAGTTTTCATATAAT

Soy satt 171 F TTGAGGGCTCCCACACAGTT ' 4 0.6159 o
CAAAAGTTTATAACGTGTAGATTAA

Soy satt 173 O CCGGTCCAATCTTTATTCAAAC 6 0.8775
CCAAGCGAAATCACCTCCTCT ’ p

Soy satt 183 J CACCCTAGGATCTAGAACACC 5 0.6159
CTCATAAAACTACACACTTTCAG

Soy satt 185 E CATATGAATAGGTAAGTTGCACT 7 0.7372
TGTCACTATAAATGGTACCTATTA

Soy satt 285 J GCGACATATTGCATTAAAAACATACTT 3 0.1308
GCGGACTAATTCTATTTTACACCAACAAC )

Soy satt 307 C2 GCGCTGGCCTTTAGAAC 4 0.5589
GCGTTGTAGGAAATTTGAGTAGTAAG

Soy satt 309 G GCGCCTTCAAATTGGCGTCTT 3 0.3472
GCGCCTTAAATAAAACCCGAAACT

Soy satt 409 A2 CCTTAGACCATGAATGTCTCGAAGATA 7 0.8585
CTTAAGGACACGTGGAAGATGACTAC

Total 53 6.6040

Average 4.82 0.6004

——

NA, not available
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ok Wy WS
M & &) s e B @
W B I e e ] A W B N@ - s
FFFFFPPPP—'N'-'N""O;NHH—‘H«%W’%
SHHEEZZEEEE 5555 nEEREEEEE ]
bp [N C T DR A AR Z A0 UUUUU R A
W
R
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W
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1. DY simple sequence repeat (SSR) vaegAunAns 25 31u'Inil iedinier@anns-
LiJE){ Soy satt 183 M, molecular mass marker (25-bp DNA ladder) KKU 65, 69, 74, 120,
137, 215, 368, 486, 863: 4. 65, 69, 74, 120, 137, 215, 368, 486, 863; ST 1,2, 3: @/. 1, 2,
3;811,2,4,5:@9.1,2,4,5, NS 1: U2, 1;CM 1, 2, 3, 4, 60: ¥4. 1, 2, 3,4, 60; CB 1: In3-

v

Us 1
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KKU35 \
KKU486
KKUS863
CM2

KKUI20

NS1
CM60 > Ia
L12
KKUS65
l__{ FKKUGQ 1
KKU137

T ST2 Y

812 J/

—
=

=
=]

j’a
5
e

<

Similarity Coefficient

¢

g 2. Dendrogram uaasduilszdnsanumiounazanuduiuimeaiugnssuseniteda-
widioe 25 3Tulnd) Ans1zvidau SSR - KKU 65, 69, 74, 120, 137, 215, 368, 486, 863: 4.
65,69, 74, 120, 137, 215, 368, 486, 863; ST 1,2, 3: @N. 1,2,3; 7 1,2,4,5: @9, 1,2,4,5;

NS 1:47.1;CM 1,2, 3, 4, 60: ¥U. 1,2, 3, 4, 60; CB 1: 3n5WuT 1
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) 2
5 ! * 12
813 NS 1
14 Su CMis0 :ﬁ
0. Moy
| JKU 120

CM 4 Prolina Iﬂ\}t g Q‘; \

® GUMD L4 p KU 86
(3.03 4 ‘rhb .

KU 486
-3
" SKKU 137
.07 4 Dim-2 011 . s
‘ -0.02 K gy - —
016 17+ S
.29
.33 S
-1.19 .
L0.03 .
Dim-1 ) 0.09

0.23

gﬂﬁ 3. UHUNIN 3 0 AR principal  coordinates © 3 UANLIATINAITINATISH principal
coordinate analysis U949 SSR 11 1A38IMY ‘meﬂmuﬁ’wﬁuﬁmaﬁuqmamzwiﬂ
z‘i”amﬁm 25 %Iu"lwﬂ KKU 65, 69, 74, 120, 137, 215, 368, 486, 863: llﬂln. 65, 69, 74, 120,
137, 215, 368,486, 863; ST 1,2,3:en. 1,2,3;SJ1,2,4,5: 909.1,2,4,5; NS 1. U1. |;
CM 1,2,3,4, 60: %3. 1,2, 3, 4, 60; CB 1: 3n3Wus 1



VNN 4

= v o ¥ c;
wamﬁ’Jmﬂxﬂmeyauazanﬂsmwa aIUN 2

o d o & & @ d o Q'J s o
MIMAHARNANHUWUTHAZANNTUWUENIWUEN I TNV I NV IR UIasA I M

~a d [y ’ [ ¥ a !
Psemalng lagmsInnzvidednyas medagndneuazinsoarmng ISSR

MsANEIADBAE MITMgIUINN

fausoairuuaziid3 Tuniles q Tdnvazmedagninouazdnsagmaiy s
weednEMELANGIaRY (13197 1, 2) M3197 3 uamamams T TR (analysis
of variance) ¥IanyazUTuIm 12 dnvay 3 Tulndde o Tanuusnaisues 8 Tu 12 Shyue

9 _ @

atnihivdAgBaneada (o < 0.01) swﬁgqmmqq wandnredu S1uwiaseiln niin
100 wda Junenusnnu szezaInIsesnaon ANunNelugen tazaueIn
AMsziuaNUMLBUNISAUENTIY (genetic %similarity) VINDNBUTNNTUTIUING -
uazdnpazmaiy lsdmsudaudvs 205 Tu'nd Sawaud 0.17 (ma. 1 ag KAB 4; 9. 60 was
ds1iar) 9 0.84 (WA 3 uaz wna. 4; %0 72 uag M 4-2) Tasfinuniio 0.52 UPGMA cluster
analyéis I dendrogram ﬁuﬁmms%’ﬂmjﬂﬁ' 3 ﬂ’q'll (gﬂ‘ﬁ 1A) Cophenetic correlation coefficient
U4 Mantel’s test UA1033 (p > 0.05) ﬁﬁyﬂm‘%uiﬂwmﬁu"lﬂﬂmacluzwiazﬂfjmm
dendrogram 71 liiFaan ngu I ﬂszﬂauﬁ'aaﬁ”s@mﬁaﬁu 15 Wufiazmoiig nquilgauonden
ooniiu 2 nqudey nquden 1a 5 4 Wug ma. 1, . 36, %1, 60 Az WA, 1) HoENQUEDY 1b 1)
8 Ug (U, 72, AWA. 2, W0, 1, §N09 1, UNT. 2, UNA. 3, UND. 4 LDE UNF. 5) Az aIwWug
USul3e 3 enoiug (M 4-2, M 5-1 uaz M 5-5)  duBeafasfuiugih (var. sublobata; TC 1966),
5’3@mﬁaﬁuﬁuﬁﬁmﬁumnﬁmﬁﬂ (v 2709) uazd uToamas iRt (var. sitvestris; TC 2211) 9n
Twoglunguinadufongun  daungu  UszroudroduTerian 4 uf (KAB 4,

a2 1 2~ 3 o LY 3 ) <3 v 1
Wygylan 2, 1U513ai, gnea 2) Fallwdads Anweniadunii Suwdaseindesndi uas

v
o =

b4 1 A £ o o o P a <) v
mmmw“l‘uaammummqmu G]N!JJ‘H’s’lﬂ‘Hﬂ!%i]HWR‘U’ENQ’JWEJ’JN’MWV!MEJ‘JJEWEJ\TIHM“W@‘L!

Qe

o <

@udoynideriuiity, 2547) wusTulnilornds 2 dU3dlunguy 1 Feiudruasnedugm
557101%’3'13]ﬁﬂs:?m%n1w°luﬂ15Lwﬂmmamﬂssiquﬁ’ugmﬁflussﬁuaﬂ@ﬁmaﬁﬁ’a Vigna &4
Johns et al. (1997) wuhdnvagmedagnidnniivsednsamlumss wuunfias oS ooy
ﬁmﬂ?ammaimaqaiu common bean (%1

PCA Budumsuiadafer 22 3w Indlooniiu 3 AN UAGINUNGN I, I ua 111 ¥o9

UPGMA analysis (Ui 24) 8619 l5Amumu i Tulnd lundu 1 fanqusantuiiungulngngy
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§ ) I v ] ' ' v 4 qa)l . .
@oaunuiiszniailu 2 nqudes ngu Il U51ngANUANAI9INNGUDUTINNA Principle
coordinate components 1A Yoyagega 3 ununsneTuIBANULYTYTIU 17.73, 13.42 uay

¥
10.03% voaanuulsUsiunimue amudiay Teedinasiu 41.18%

=S d
M5IUNTIZH ISSR
LAUANUTAINKAY
¢ ¢ o = d & o g ~
Iwsiues 1SSR 18 Iwswesnanuaumduie 341 uov %9 309 uovondswuiiduuoui
3 ~ P [~ o 1 Y a o
TanumaIAna1e (90.6%; 13197 4) 319 3 iludredavesssduanumarnnatofinnlugs-
a A A o a o S 3 o . =
@ordiunasindd Tundde q wedidudanumaanme (percentage of polymorphism) 7
dyd @ ot v o oo A w = 4 ' VoA @ Co a
wuiilsgauneiiuduinuluia vigna 18 all3d (96.8%) udganhimenuluiugdadivinn

MINdULAY (54.5%; Ajibade et al., 2000; Souframanien and Gopalakrishna, 2004) YU1AVDIA-

D.

Y ns;' J 1 a3 P
PureutlsiuAaud 200 89 1,500 bp usag Inswes IuouRisuomas 18.94 uow nazduuou

2.

1A71UMa1NAY (polymorphic band) 17.17 uo1 blwa%uf);ISSR 856 1az 885 W9 IIUMODN
wanmaerion (6) uazun (32) figaaidy Weddudnnummnnaovess Tuiniwmued
Ay 11929 66.7% (ISSR 856) 89 100% (ISSR 811, 836, 885) Tawfiaunie 89.51% Iwiwedid
poly (GA) motifs 1ﬁ’ﬂ31uﬂa1ﬂwawaga§UQQﬂdw 96.4%) lnswesiil poly (AG) Laz poly (AC)
motifs (86.1 LAY 88.0%, MU IAL)

nuunUADUIRIEAENY (unique allele) RS umIzABE IO 56 LoV Lad eI
#1 670w Ariti 18.1 102 21.7% AU FU uazIIeY ISSR Ai$m1zaes T Ind Tnemme T TC
1966 tag TC 2211 Ajibade et al. (2000) 1R85IVIIUANNAIINTAVOI ISSR TUMISUENAI
uanAteves 2 AT Sauvedileday % U0 Vigna Viguiiu

A1 PIC LA unInMaIevesdadalusumieiy sa9veen pIC Tumsanniife
0.23 (ISSR 825) §13 0.37 (ISSR 842) Taefisnas 031 1109910 ISSR iShuniosmunuwiiady i
PIC vouInswes lafmwfimgegaifios 0.5 mufu fufumsfindosnmoissr 11 910 18
3 oamneR 19 lumsaneniifia PIC> 0.3 ugnsiuntesmnomariiiuse Towidentsdn
M nmmemaiugnis awdidlunsnseddendiumemnnms ¥ nswesil
"’J)ﬂu.,aqmm uaznlszarunad 1S s lud aSonfiadg uas Vigna o1)3d (Ajibade et al., 2000;
Souframanien and Gopalakrishna, 2004) ISSR 842, 836 a2 826 (A1 PIC 0.371, 0.367 LA 0.365
i) Tdeyadmsuuonanuuandvesiudoogega nswesmariis GA, AG ne
AC repeat motifs TudwWuiue 914358984 Ajibade et al. (2000) uaaslfiiui1wswes 1SSR &

3\ o 7 ' 4
N GA tiaz CA repeats ulwameiildnmumarnnatesen i Tulndves vigna go
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w e & (% U @ o a o a o at v
~n’ﬂ&l'ﬂmﬂ‘ﬁi‘nﬂ!!ﬂzﬂ’nuﬁuwuﬁﬂquijﬂiiNﬁ3%’31@93!%8’3%3‘“Hl!ﬁzﬂ’)ﬂTﬂiu‘l‘ﬂﬂﬂN 9

{ :Jl o d
oy ISSR - RiaNuraInrateng 309 uavu ¥ nsigvanurainalonas

N

ardiusmMaiugnssu nohdulsednsanumiloumaiugnssuseningni Tundves
' ¥
fadmiunazidinfsouiivuitazgiisdeud 070 Gma. 4 uaz gnes2) 690,99 (1. 36
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maedi 1. TeazBuadnyuznedaguine uazdnpagmedy lsnldlunisnanes

Character Description
Plant height (cm) From soil level to the highest point. Average of ten plants measured

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
Cotyledon color

Hypocoty! color

———

immediately after the first harvest
Total seed yieId 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 f';irst open flower to the last open flower

Average of ten fully developed terminal leaves from ten i)lants

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

1 (glabrous), 2 (sparsely pubescent), 3 (moderately pubescent), -
4 (densely pubescent)

1 (glabrous), 2 (sparsely pubescent), 3 (moderately pubescent),
4 (densely pubescent)

1 (glabrous), 2 (sparsely pubescent), 3 (moderately pubescent),
4 (densely pubescent)

1 (light green), 2 (dark green), 3 (brownish green), 4 (black)

1 (absent), 2 (slight), 3 (pronounced)
1 (green), 2 (purplish green), 3 (greenish purple)

1 (green), 2 ((purplish green), 3 (grecnish purple)
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A o g v o w ° s g sd o
MIan 4, ll‘WSLME]S ISSR ‘Vl1‘51uﬂ1ﬁﬂﬂﬁﬂﬁ&tﬁﬂﬂﬂ?ﬂﬂmﬁ%WH’Juﬂl?NLLE]‘UN’E’)‘HLE) L‘L'f)filﬂfﬂﬁ

] P . . .
HAUADUDNTDINYAY LD polymorphism information content (PIC)

I
1SSR primer Primer sequence 5'- 3’ Total Polymorphic fragment PIC
fragment (%)

ISSR 807 AGA GAG AGA GAG AGAGT 19 78.95 0.3205
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 CACACACACACACT 16 93.75 0.2308
ISSR 826 ACA CAC-ACACACACACC 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 ] 0.25]9
ISSR 836 AGA GAG AGA GAG AGA GYA 9 100.00 0.3668
ISSR 841 GAG AGA GAG AGA GAG AYC 25 96.00 0.34?38
ISSR 842 GAG AGA GAG AGA GAG AYG 15 93.33 0.3707
ISSR 855 ACA CACACA CACACACYT 19 94.74 0.3075
ISSR 856 ACA CAC ACA CAC ACACYA 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, (CG,T) (ie. not A); H, (A,C,T) (i.e. not G)

D, (AG,T) Ge. not C); V, (A,C,G) Gie. not T)
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A Morphology
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—- SUT 5

B KPS 2
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M 5.5

| TC 2231

R v 2709 1
TC 1966

KAB 4

. r—_—————A;-{ l PL2

i Prajeen } m

. VT 2
— v r T y y v : ¥ . y b T v y > y )
0.37 0.49 0.61 0.73 0.85

SUT § \
SUT s
PSU |
KPS i
CN 36
CN 72
KPs 2
CN-6O
SUT2 > 1
SUT3
M 3-1
M 5.5
V2709
M 4.2

- SUT4

AW

Similarity Coethicient

B ISSR

uT |} /
TC 1966

TC 2211
Uur?2

Prajeen ¥

KAB4
PL2
T T T 1
0.72 0.79 0.86 0.93 1.00

Similarity Coefticient

4' N U oy =]
§ﬂw 1. Dendrograms 3INANYMUENNAMUTIUING (A) 140 ISSR (B) Y84 V. radiata 17 3Tu'lnd)
= 2 9 3 .
UAE V. mungo S ﬂu"lwﬂ 96751991 19 UPGMA cluster analysis SUT 1, 2, 3, 4, §:
und. 1,2,3,4,5, KPS 1, 2: iwWd. 1, 2; CN 36, 60, 72: ¥U. 36, 60, 72; PSU 1: us. 1; UT

1,2: gned 1,2
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A Morphology
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2. UHUAN 3 UA e principal coordinates 3 IAUHLINIIN principal coordinate analysis
ot Ly A d a 4 £y [
W0u V. radiata 17 31Ind) 4oz V. mungo 5 31uInd Swsrezvivindayadnymenie
dg1uINeT (A) ag ISSR (B)  SUT 1,2, 3,4, 5: Undl. 1,2, 3,4, 5; KPS 1,2: AwWd. 1,
2; CN 36, 60, 72: %. 36, 60, 72; PSU 1: ¥8. 1; UT 1, 2: N8I 1,2
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sluvusevALueNNMINYTINAB WV WY 17 3T Ind nazdaudien
a o =3 q v 4 .

HaR (%) 4 311 1) A8 lns1wes ISSR 825 VU 6% acrylamide gel M, 1 kb plus DNA,
marker SUT 1,2,3,4,5:Und. 1,2,3,4,5, KPS 1, 2: ANd. 1, 2; CN 36, 60, 72: ¥il. 36,

3

60,72; PSU 1: W@, 1; UT 1,2: §N04 1,2
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4 3 @ v @ Vo a t:a" a9 ‘
(Saratayophat et al., 2007) tiia19%ie 5 dpvazsamdy nusuunld 18 3Tu'nd Aallu 60%
9430 Wug lusuinnoruiudnyazvesduguinoiidnenmou wu s & uazdu-.
HgUINa1SHN (Saratayophat et al., 2007) iNoriulszAnS nwvoanisimuaiug lumsfnmn
v v
a0l wenantionn lfdnuazmedaugiuine 45 dnvme 7 Bisht et al. (2005) 1¥Hn1ANY
NNHAWMINUFNTTUVDS Vigna 206 accessions tazWni 14 a3 d vradnuaziiesy
3
unnd Tu'Indmaril
sAUANUHDINHY -
IEALUANIUMAINYAIBVEN SSR
= o a v ] [ o o 9
mssziliumeduguine ldaunsotwendnyazvesnailnetd uazailnen 13-
¥ 4 = ar ] v Ao T v -
feldifivowe ifonfoudiousunds wunmuandislussduaduemnnhlusedilTuind
dy o v - o
Minaaoeti 1 lwsmies SSR 16 g (8 Soy satt 1Az 8 VM oonuuu1n microsatellites ¥89079-
Mies uazdany audry osndu VM 21 funndadeafiafy) dudsinadiduenn
Lo . ~Apt o A ¥
WA Vigna 3 a1l¥d Aa V. unguiculata, V. mungo Wag V. radiata WU Soy satt 307 Ling VM
£ ad ) P a A g i 1o
36 WunuRiBuewatouay snusnisudana Soy satt 408 iiin1/Siner 1 &uau@iBued lidam
Mot Soy satt 183 waz VM 5 amwmadrlumsiivSuia lnswes vM 21 fieenuuuain

Y v A s @ oo
iy ¢cDNA %499 1-amino-cycloprane-1-carboxylate oxidase YOI WVEIN I U monomorphic
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primer TaglriuaYIA 179 bp downu@ealunnd wlnd Fawuinswedd liuansany
wmﬂwawiﬂt‘%wg'uniuﬁu Li et al, 2001) FaruSedalnsmed 6 @:f:aaﬂmﬂmﬁmﬂzﬁ
Jluster analysis 1Az PCA oo lwswes 10 ¢ (62.5%) FlveudduenmnvauuazFawy
SmumsInTed (3197 2) HansNARBTLAAIMIEY SN EIFY microsatellie 529
subspecies wazusnseiasen g family dmiulnswes Soy satt  nefin1s 19 inswod vMm
§1uam 27 ) 1un15ﬂ5:xﬁummwmﬂwawmmvﬁaﬁ’uﬁgaﬂﬂmwﬁuﬁu WU 16 9 (60%) 14
LinUAIB1D (Phansak et al., 2005) wagnus1eauns1dse Tomiveslnsmes SsrR vindreail-
§dlu vigna a3l5 @01 (Phansak et al., 2005) LmzﬁﬂfmzQaﬁ’wﬂﬂé‘um}mﬁmﬁu (Choumane et
al., 2000; Pandian et al., 2000; Ford et al., 2002)

a o

4 o & o W a g a {
iesnndududeslddeoyadwuwavesdivueuinandady ssr lumsosnuuulws-

P @ Y o 2 w.oo w v A a Ao o A 1A
11935 SSR ﬂ'ljwwuuiazﬂ'ﬁ1%1’3315“}5“%@\3 SSR QQUQ‘D']ﬂﬂ@ﬂﬂﬂ‘w(’]ﬂf”fﬁ'ﬂﬂﬂﬂ”ﬁ?ﬂiylWUq‘luﬂ

@

¥1I9 19U 001009 (Peakall et al., 1998) Tun19aseduiin1s W sSRs Tudwa vigna livn

L%

¥in (Li et al., 2001; Wang et al., 2004) Fafumath Ssks mmﬁ'smﬁmmi%’iuﬁ%mzgaé"wﬁﬂ
Sy 92 Vigna spp. 819320115 190)53 Toa? SSR umsnaodeiu mavaaeei 19 nsied
SSR Gumfi"amﬁmﬁﬁmuﬂﬂﬂ Narvel et al. (2000a) i3 Cregan et al. (200‘8) Lﬁaﬁ'smﬁu
amwaselumsi Inswedmarin 1M sufied s d 8o vigna 3 atdd
1oun v, unguiculata, V. radiata and V. mungo mﬂ”lwamaé’ma'ﬁ:s; @: WU 5 ?;J: (62.5%)
mnsauiiudFua18uay ssr Adawuuaznainnail V. unguiculata luvasiiifio 2 4
(25%) winfuiluoy ssR Asaulu 7. radiara waz v mungo AsnaavsReunTiians
wad13e9inn1s 1 Insmed ssr - vesdaundes dinlSmndwailsdlunguitvasznad
1R Vigna uasions1nnuduS uios 3-13% (Peakall et al., 1998)

| 317 24 uansdiedagliny SSR vesilnea daHne1a 138 dadeafiiuuasiings
fifisnSinagas vm 70 $naudadade Insmwodinlsfunn 1 dmin VM 21 899 dmiy Soy
satt 296 Taufinunde 4.91 Fuiludwusadailndidvssuiiiseaulae Li et al. (2001) 1oz
Diouf and Hilu (2005) dm3uday @ 897 uag 1 899 Safia musdy) wusadaendnyel
(unique allele) $1147u 8 Daaa ﬁﬁﬁuwwzs\'aﬁ’uf Cowpea, NIUAMS, WY, 25, WIA5 2, V-1090,
V-1098 uiaz v-1239 seruiiulse TomidmiusammoRiuiasue uennnitamusadaen-

4 R ' v o o Ao '
0NYAL 2 0afa NVUWIZAD V. radiata U V. mungo LAY 2 SARAIBAANYANIUNIZAD V. mungo
& )
Wosailadifen
AN polymorphism information content (PIC) U@AIAMUNAINYAWVBISATA IULAAS

ﬁ"u ! Y » o 1] qul A a' A ¥ .
ML a1 PIC Tudumianiugege 9309l lemanunIunaInua1esenane 2 accession 1u
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éimmiu‘fu (Li and Nelson, 2001) A1 PIC IA1NUANA19310 0.251 (VM 39) §14 0.752 (VM 31)
Tasfieinte 0.597 (31971 2) “lu"wummﬁuﬁuﬁ{aemﬁﬁaﬁﬁiyﬁzwjm'im’mcgmm SSR 1@
§uaudada (- = 0254; p > 0.05) N3B PIC (» = 0.175; p > 0.05) HANINAADIELAAIT
Latnpuazdalnen1¥dsfiseduauulsilsmaes ssR dndwadesuinulusmu il
5175127420 SSR 1182 RAPD (Li t al., 2001; Tosti and Negri, 2002) 841915701 AFLP 393

WUTEAUAUHAINHA18NGI IUGINN (Coulibaly et al., 2002)

AUNAIANAI8YDY ISSR

dlwswed ISR 16 wswed nldmsisianunannatsvesdiduessning
Silnoruazdaiineny 13e3 Tu'lndas o wagRsadSduenngu (outgroup species ) 2 ailidae
Erderiniuuasing (3197 3) miemany ISSR 1R uaURBueINNIIATBIMING SSR
dmzumod in Inswedia 16 TnsmedlduauAduediu 18k anun 312 uey Fufuuond
IWAN¥MaIANA1Y (polymorphic bands) 284 18U $IUINLDUIINAD INTIOTUUTAUIN 12
dm31 ISSR 855 A4 33 dmTw ISSR 808 Taufisunde 17.75 vuravowauRiduetia o 200
802,000 bp UM 2B namsguuyIssR Aldvinissr 841 nledidudarumainnaty
(percentage of polymorphism) agi“lwmﬁyuwi 46.67% (ISSR 826) ©19 100% (ISSR 835, 836,
846, 847, 848, 855, 834 Az 889) lavmas InTwedi ca repeat motif meszﬁumﬁj
HANHANGIGA (100%) AINAIY AG (95.8%), GA (88.6%) Uz AC (76.6%) NG

fiosn ISR iHuiaToenaneriiaty a1 PIC vos Insweslafmuisgegaiiiv 0.5
whviu Frav09i PIC Tumsfnuniide 0,137 (ISSR 855) §19 0.276 (ISSR 811) Tasfifundy
0.197 FadoudraduilenTsudonfuiissamdmiuduSvaiaiunazion @i 4)
'lwsmaé’ﬁi%’a:“lﬁ'%’agaqamﬂ woztszerunad i oludaTenfing 1 unz Viena specics (Ajibade et
al., 2000; Souframanien and Gopalakrishna, 2004) ISSR 811, 836 19 848 (1 PIC 0.276, 0.265
uag 0.263 mudrdy) T deyadmiuuonanuuanmsvosdaiinsrazdailne13egaga
Tsimefimdiis GA, AG 1139 CA repeat motifs TUS1AVIUE 11338909 Ajibade et al. (2000)

'

uamaliifudn lwsiwes ISSR A5 GA uag CA repeats il Iwswesii l¥nnumarnnatesen i
Mulndueq vigna g

WuLAY ISSR Asumizaes nInilvesdatined atnu12188hs Saudoafasuuasiinn
Wozdonuua 1SSk Mi$uwedeatladlusamatdd Taony 15 uou (4.81%) e umzae
V.unguiculata 12 unys (3.85%) HWW1ZH V. radiata uaz 11 101 (3.53%) REumzae v, mungo

o ]
oD 1SSR sendnwsid o 37 uoy Adumizde 73 und  v-1008 Tdnnuuouitmegera
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v ¥
(26) AN V-1091 (4) uazaiedn (3) anwansaves ISSR - lunisswund 3 allddi

ki P P '
st Vigna 813 d0U ineiistoauannouTay Ajibade et al. (2000)

anunMINHILEEANNFINUE Mg sHTEn N meluadiana q veediia Vigna
fnsadia UPGMA dendrogram Y0482Hne ey §9Hlne12 188 Tao 1 ddnuae
edaTIUINGT 5 nYIE, SSR 54 Baan Faiinysunann Inswes SSR 10 f) L0z ISSR 284
wo AiiwdFsen lnswes Issr 16 Tnswed uaﬂmﬂﬁyﬁaﬁﬁ’fayamﬂﬁa ISSR 4ag SSR 11
1%61%11\1 dendrogram‘%ﬂ?g{’lﬂ Dendrogram ‘ﬁﬂﬁ LLﬁﬂﬂ‘Ll‘g‘lJ‘ﬁ 3 m%wmaﬁymmw dendrogram
fuamsmstanguueq 30 3Tuniléredu U7 34, By ©) Dendrogram 1ndoyas s
ISSR 12% SSR tMiloUNY dendrogram ﬁ“l«ffmww%’@y‘amﬂ 1SSR iiludming (g'ﬂﬁ 3C uag D)
finmsdangus Tulndlu dendrogram indnyazmedaguinoilu 2 nqundn U7
3A) nguInajfiqa (ngu 1) Usznevdaedatinenans 23 5Tu'lndl ﬂfjuf:uﬁoejﬂﬂ"lﬁ’%mﬂu 3 QU
toy D NQUEBY Ta, Tb UaL Ic Falsznoude 5 %Tu"lw{] (lnseniay 3115, YIYn, (o sJ 1,
yna wazierlneinin) , 8 3Tund (FeSes, dwan, nFuuei1sd, V 1090, V-1098, Ya1w,
v-1001 trazaeih) waz 10 310 gl Rw 24, 1219 005, V-1038, 10 ST 1, V-1239, ilnsiug
fiety, wanuanuiome 8091, fawus, ins 2 uoznTuneanige) Aud ey flnu 1t
7300 nd) (Suanns, a1fl, wianas, oy, uv. 25, gIus 1 u,a‘"”lﬁyﬁ'w) Ysgneuuiy
gy I wuﬁ"limwmwmmmmamaﬂ“lunauu Tuvaigii 6 Wugimionis £NQUANABUIS
Wiy Aundonnumilon 85.7%) uilse ammmmnaumawmmsmwmw‘nﬂﬂu"lmﬂﬂa
WSvuiioniinzg (pairwise genetic similarity) 1#U3fupE1911710 0.182 (13A19 uaziuEauAa
Wneay 8091, Aaiug, Asns 2, V-1090 3o v-1098) f 1.00 wud Tulndfimioudu s nqu
12 3Tund) e e uaznduues1s%; waauas ooy 8091, Fawus uasiises 2;
V-1090 1182 V-1098; NSUAAS, A1 HAZUILAL; RW 24 taz TWu719 005
f‘fm%’uaﬂ?awmﬂmaqa ISSR, SSR u@ay ISSR/SSR  52UAU WUI1 subgenus
Ceratotropis (V. radiata Wog V. mungo) WOAN Vigna (V. unguiculata) eglungu 11 ot
Faiu Feeansoutsdesldsn 2 nqudos Ao ndudes Ia 1 §aBvafatu 2 Wug (und. 1 uag
M 5-5) uagngueos b 6T 2 Wiug (§ne 2 uag AugyTan 2; 307 3B, C, D) dos
subgenus 17l U NNAUEATIN 0.31 FIMSU ISSR waz ISSR/SSR TauuU Lo 0.24 d sy
S8R 1uﬂ1mzﬁ§zﬂzﬁwmaﬁ’u‘qmsmwﬁw 2 @413 T 11 subgenus Ceratotropis fie 0.21 dmswy
ISR, 0.19 F ¥ ISSR/SSR $2wfiu tagifies 0.07 S5V SSR V. unguiculata 30 3 1u'lndl ¥a

Musmiuiunguingiifivsnguifer Ae ngu 11io14 SSR, ISSR waz ISSR/SSR $aufiy il
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!mm‘umﬁﬂﬂﬂauﬂﬂﬂ@n\‘iﬂu Tu ssr ngu 1wjuihi 3 ndudon Ao nqudes 1a fidaiinera 11 3-

u'lwﬂ uazdailne 13819 4 3 TuInd nquéos 1b fisafne1 10 3Tu' ) nazdainen 128 3
7,]u"lv1ﬂ waznguoee I Siarlne1s 2 3Tu'ndl U7 3B) 1w 1ssR §aHnerannd Tulndenidy
y-1038, V-1091 1@z V-1098 imznguiuusiu laglianumdoumeaiugnssuninnidt 90.72%
(gt 30) v-1098 Hud Tu Indiidennd Tulndtunnfiqe wugduuumssanguuesd Tu'lni
'«nﬂﬁ'wmaﬂuuiu dendrogram 7118910015 19 ISSR/SSR 2w (3U7 3D) avwuanatg
,ygszw dendrogram 118911 SSR uny ISSR mmi‘lumsmmawuwimaqaaﬂwuﬂuu
uaus ez n1sasouaqul Iuuuana19n Y Fadanadomsiiunuduwu N
ﬁ'u'qﬂ'i U3 w:iwﬁuif (Souframanien and Gopalakrishna, 2004)

UWHUAIW 3 AYD PCA mmﬂ%wmﬂmﬁmim?wm, SSR, ISSR Ay ISSR/SSR
ulinanenndos UPGMA cluster analysis (gﬂﬁ 4) PCA MINANHUEN T UFIUING
wanal A1 principal coordinate components 3 unUNIN 0T UIwAMUNTTU 28.36, 18.64

uaz 15.63% w0 uudsUsiusuaiudidu Anstuiudu 62.63% WUNLMIUENNGUYD
iz daine 128seseamuus Blansaud i ilineeendiy 3 ngudonla (gﬂﬁ 44)
dm3uadeanne Tuana UAURITINYBS PCA 0FU0 27.02, 17.94 1Az 12.90% ¥84AI1Y
WsUsusmmudaud My SSR, 39.64, 8.94 1oz 8.36% YoanNuLUTUIWIIWAEIRY
fmfuISSR une 37.09, 829 ung 7.82% vennwulsUsamsaumudwudmiudoya
ISSR/SSR 391 Principal coordinate 43 ununInves SSR, ISSR g ISSR/SSR $INU
o310 57.86, 56.94 un 53.19% wesANuUUTUIMIIMNAIRD T Tn N1y subgenus
Ceratotropis (V. radiata Wag V. mungo) %ﬂﬂiimwﬂ%m subgenus Vigna (V. unguiculata) 9819
iﬂmuﬁm%"mﬂ?mwmaimaqaﬁwm wonINH MU uTsIRTY 2 Wug (uma. 1 uag
M 5-5) uanaaeInd udioadiafi 2 ug (gnes 2 uasfivy lan 2; Ui 4B, ¢, D) Tuurunm
PCa 1810 ssR daflnerauazdatinea138eia 30 3 Indnaziueglunguidoadu unud
sutisoeniih 3 nqudos mioufinulu UPGMA cluster analysis (17 4B) tagwud v-1098,
V-1091 uag v-1038 Hasuuandrenndaiinouaz§aiine1 138 T Indauodusuda Tu
UAUAIN PCA 7114970 ISSR Liag ISSR/SSR 39w (314 4C, D) 0101018 Tu Indfidwugnssy
feudhain il ldiduemimugdmsutsulsainuiluewnn §alnoruasdailnen 12
ﬁmﬁﬂﬁmmﬂmﬂwmﬂmqﬁu‘qm3uﬁaﬂmmmzﬁawumﬂwﬂtjuﬁuuﬁu (gt ac,D)
dudsz@nianumioumaiugnssusendiannd Tuind oS vuifvuias qualsi
MuinvounspanneAiS e Tneliaaus 0.667 f1 1.00 §w3Y SSR Saud 0.613 B9 0.976

£ 4

g, ’ H ) o o ' @ v o Ap et
iU ISSR wazdaud 0.641 84 0.975 A3 ISSRSSR 22U ey Nyt S
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A A A v . o 9 I ' 1o o
FugnIsuuALFIe 19T U{0991n15 19 accessions  F1uandeuiluviowiiugiuinsens

q

k4
¥ _ o

Jaulganiug ‘Vi?auuﬂﬁmmﬁﬂﬁuﬂgqﬁuﬁﬁ%zsﬁuﬁ'ﬂymzﬁﬁmmicgnm’Jm%'ﬂiﬂﬂ'%%mu
Ay mﬂJszLﬁummwmﬂwmﬂmaﬁu@ﬂssmzm’Nﬁ%ﬂﬂanuazé”sﬂﬂﬂn‘lé’ﬁ'niumsﬁﬂmﬁy
wﬁmmﬁwﬁmﬁiamsaammuaaqmﬁ‘lumiﬂi"uﬂzdﬁ'uﬁzﬁmﬁummuﬂsﬂnumaﬁuqmsn
PnN5IAIIER V. unguiculara 30 31u'nd) d1o SSR Tiifia 2 Wug e inoys uay q3uis 1
whfuitamnmiioumaiugassy 100% SSR flszAnBamdind IssR Tumssiun 34 3-
Iu"lmﬂﬁyc‘i?ammfluNafommﬁﬁi’hmuﬁumm&m’h ISSR 910314 SSR 53 1u'lnil 3 sj‘?i'laj
grnsounauuana1enndu il vigna 3 all3d fe v unguiculata (AMBYY 18T gIUS
1), V. mungo (8N4 2 uazWysy 1an 2) uag V. radiata (Wnd.1 wag M5-5) luniendusunis 14
Iwsies 1sSR il doyagaiiios 4 Twsised (ISSR 811, ISSR 836, ISSR 848, 1Az ISSR 826)
mmsﬂf‘imumaﬂé\"ﬂmﬁmﬁa 34 3T Insied ISR mehiithilsz Temiegrssadonts
fmuaendnbaiung Suuniufusedflnoruazdaiinen 1o aiuduazyseuia na
msnARBIR NG MIRATIEH ISSR filsz@nsamgannlumsswundTunduazadldd

yo31ie Vigna

manSeuieusznieszouniemng )

| 91”!'51\1“7; 4 UHAINADIN Mantel’s test VBIANTURUTIEHIG similarity matrices 0%
3¥M13 cophenetic matrices 71 140 1NTEULIATDIANBATS 9 (Fnuoigneadugiuine, ISSR,
8SR U0z ISSR/SSR 330f1) 5909an cophenctic correlations YBIADLIAGDINIIY 1T1D991A

o @ d '

hmsAndnyazmedaguinounwisly v, unguiculaa 35305 zRanfuRuisening

wmﬂ%wumﬁtmmzuum%‘mwmaéuﬁ'wﬁmémmmawwﬁﬂ%ﬁ'f:(mswﬁ 4A)
}:NBﬂi)]}ﬂ‘f: flofmngoannumadagniinersen 18 34 3Twndl 910 3 Vigne dU5d 1
Anseranduiusszna1 SSR, ISSR 1ag ISSR/SSR 3uAUAI (A151971 4B) iiiodinsizy
w30 3Tunilon v unguicwtara wuamduiusindedidynisaiamnizszniig
if'Similarity AT cophenetic matrices W99 ISSR 119 ISSR/SSR FINAY (mswﬁ 4A) @ijbl’iﬁmu
Woldrogunnis 3 Vigna ai3d Tun1s3i318% WU similarity matrices 11491074 SSR,
ISSR uag 1SSR/SSR 32wy Tanduiusesniiivdfysznieduerue uazwunanmsmaans
j.llﬁutﬁﬂaﬁuﬁww'%’nﬁwﬁuﬁuﬁﬁwiw cophenetic matrices (Gl’lﬁ'lﬁﬁ 4B) Goodness of fit U84
leSR laz ISSR/SSR e ¥ cophenetic correlations Wiiyddynadmwuiy Taelimgaga
sy issr hitwelddedanmenn v, unguiculata wiomnia 3 ot uraei ISSR uag

»‘ 3 °,", + Q@ o~ a e [ o Q W '
'ﬂ‘ﬂ‘WN ISSR ttag SSR 3'JﬂJﬂuMﬂi%fﬁ’lﬁﬂ1W1Uﬂ1§ﬂ1ﬂuﬂﬂ31NﬂNWM§ﬂTQWN‘QﬂiﬂJi%ﬂ’JN
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inmjwn“l% AIMMUANAIIZN G ISR 1UaT SR 8101A9INTARINYBIAILNAINHATE
w.‘uqqum microsatellite repeats A1M5U SSR. UALTLHTHIITLHIN 2 microsatellites 15U
[SSR) ua‘"mms,mmnmrmﬂﬁﬂiwmﬂmmaqmmwmﬂwmwms@wmmmawsmumawu
mmmmaﬂ PIC 483 SSR (0.597) %”ﬂ\‘lﬂ’N‘U’eN ISSR (0.197) M E ‘wmmwmn&um
[SSR (17.75) mmﬂmumﬂun‘u SSR (1.121) ¥ 1# SSR MI (0.669) fiffn 1 ISSR MI (3.495)
»nmswﬂamuuﬁmm ISSR mufnmmwmmﬂmamawuﬁmmmimawﬁﬂwua mely
qum uazdsziiuanuduiuimaiugnssuifesnsilse@ninwgendt ssR M PIC mie
pnIssk Sarlndifvedus pic waed 1 &nnnszdsziduanunlsdsaumaiugnssy
‘,uwmm‘wu 2 ‘Wu‘ﬁfﬂi?ﬂ uay 11 wuwmﬂu A28 RAPD (0.17), AFLP (0.24) ua selectively
;mphﬁed microsatellite polymorphic locus (SAMPL; 0.21; Tosti and Negri, 2002) iaga1 PIC
mu'ﬂ‘wummwﬂﬂmmmamwm Vigna a13d 1avld RAPD (0.20), umversal rice primer
(URP; 0.25) 4182 SSR (0.25; Dikshit et al., 2007) WuiReafuwansnanedil msnaasfangn
$hedumusi1 MI ¥93 RAPD (0.20, 1.68), AFLP (1.62), SAMPL (1.79), URP (1.60) uag SSR
(2.24) w3 TmunuusnA VeI E |
| ﬂa’niﬂﬂﬁgﬁmﬁﬁﬂmf:uﬁmﬂazﬁmﬁmwmm SR tumsilsziiunnunainnatouns
AW FURLENIIRUENS Y 3Quﬁﬁﬂiiﬁiﬂuﬂtﬂﬂﬁﬂﬁiﬁﬁuﬁ:ﬂl’e)ﬁf%’.)ﬁﬂﬂ"l’)lm‘&ti‘%’?aﬂm’lvl%ﬁ"l\i
vy sk A Iansnih lldiuundninusinislumssadeneaniiugiferiuaaiy

Qo é o ' ‘; Q9 o o e
wssammieiugnssy FeduiluedidsdmiumsuSulgeiug lueuian

Wneime: wazduaiueueg luaanuIn A
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a1 dnvasmeduginevesdaflnei 23 TTulnd uazdailngnn 13%he 7 3Tulnd

Common Variety Growth habit Shapfz of  Flower Seed color  Seed luster
name leaf tip color
Yardlong Evergreen indeterminate  acuminate  purple- - white spots moderate
bean white on brown
Green Arrow indeterminate  acute white white absent
Green Pod indeterminate  acute purple- black pronounced
Kaohsiung white
Kudpun indeterminate  acute purple- white spots  moderate
white on brown
Lumpaya indeterminate  acute white white absent
Mookda indeterminate  acuminate  white- white spots  moderate
purple on brown
Negro Extralong  indeterminate  acute white- black moderate
3115 purple
Negro Special indeterminate  acute purple- black moderate
white
Nau indeterminate  acute purple- brown slight
white
Nau SJ 1 indeterminate  .acute white- brown moderate
purple
Phaikwang 005 indeterminate  acute purple- half white slight
white half brown
Phukhieo indeterminate  acute white- white spots  moderate
purple on brown
Pijit2 indeterminate.  acute purple- white spots  moderate
white on brown
Plawan indeterminate  acute purple- half white absent
white half brown
Red Seed no. indeterminate  acute purple- white spots  moderate
8091 . white on brown
RW 24 indeterminate  acute purple- white spots  slight
white on brown
Rungrueng indeterminate  acute white- white absent
_ purple
Saiftha indeterminate  acuminate  purple- brown spots  absent
white on white
V-1239 indeterminate  acute purple- white spots  slight
white on brown
V-1090 indeterminate  acute purple- white absent
_ white
V-1038 indeterminate  acute purple- black slight
white
V-1091 indeterminate  acute purple- brown absent
white
V-1098 indeterminate  acute purple- white absent
white
Dwarf Raikang Semi- acuminate  white- brown slight
yardlong indeterminate purple
bean
Cowpea determinate acuminate  dark purple  brown moderate
Green Star determinate acuminate  dark purple  brown moderate
KKU25 determinate acuminate  dark purple brown pronounced
KY Bush determinate acute dark purple  brown moderate
Naangdang determinate acuminate  dark purple brown moderate
Suranaree 1 determinate acuminate  dark purple  black moderate
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msaf 2. 030anIe SSR A4TRs 1K V. unguiculata 30 310 nd), V. mungo 2 3Tu'Ini) uay

V. radiata 2 31001 Microsatellites J@1191n0 141804 (Soy satt 154, 183, 251, 279,

296, 307, 408, 571) Wl (VM 5, 26, 31, 35, 36, 39, 70) uazaaudied (VM 21)

SSR primer  Primer sequence 5°—> 3’ Repeat Number of PIC
alleles

Soysatt 154 AGA TAC TAA CAA GAG GCATAA AACT  (ATT)20 8 0.6628
AAA GAA ACG GAA CTA ATA CTA CATT

Soy satt CAC.CCT AGG ATC TAG AAC ACC (ATT3 No NA

183" CTC ATA AAA CTA CAC ACT TTC AG amplification

Soy satt 251  CCT CCA CCC CCT TCC CAC CCA AAA (ATT)15 4 0.7208
GGT GAT ATC GCG CTA AAA TTA

Soy satt279  GCG CAA AAG GAC GCC CAC CAA TAG (ATT)28 4 0.6990
GCG GTG ATC GGA TGT TAT AGT TTC AG

Soy satt 296 GCC CCA CAA CCA GAA ACA C (ATT)20 9 0.5672
GAA ATT TGG CGA CTA AAA ACT GC

Soy satt GCG CTG GCC TTT AGA AC - (ATDI2 Multiple/ NA

307" GCG TTG TAG GAA ATT TGA GTA GTA AG complex

Soy satt GCG GTC CGT GCT GTT AAT TCT ATA (ATT)19 Multiple/ NA

408" GCG TGA TTT ATT CAT GAT ATA TTT TTG complex

Soysatt571 GGG TAG GGG TGG AAT ATA AG (ATT)14 4 0.3333
GCG GGA TCC GCG GAT GGT CAA AG

vMs"” AGC GAC GGC AAC AAC GAT (AG)32 No NA
TTC CCT GCA ACA AAA ATA CA amplification

vMm 21" TAG CAA CTG TCT AAG CCT CA . (AT)17 1 NA
CCA ACT TAA CCA TCA CTC AC

VM 26 GGC ATC AGA CAC ATA TCA CTG (TC)14 5 0.6212
TGT GGC ATT GAG GGT AGC

VM 31 CGC TCT TCG TTG ATG GTT ATG (CT)16 8 0.7516
GTG TTC TAG AGG GTG TGA TGG TA

VM 35 GGT CAA TAG AAT AAT GGA AAG TGT (AG)11.(T)9 4 0.7089
ATG GCT GAA ATA GGT GTC TGA

VM 36" ACT TTC TGT TTT ACT CGA CAA CTC (€13 Multiple/ NA
GTC GCT GGG GGT GGC TTA TT complex

VM 39 GAT GGT TGT AAT GGG AGA GTC (AC)13.(AT)S. 2 0.2509
AAA AGG ATG AAA TTA GGA GAG CA (TACA)

VM 70 AAA ATC GGG GAA GGA AAC C (AG)20 5 0.6550
GAA GGC AAA ATA CAT GGA GTC AC

Total 54 5.9707

Lverage 4.91 0.5971

vy ] v 3 Ay omoyo ye o a s v @ o o
“a%"aﬂ']ﬂ L’Wﬂnﬂiqﬂ\jﬁﬂuqu‘lﬂu’]n'ﬂ“ﬁﬁ’)wﬁU'Jlﬂ513'ﬂﬂ')’]nﬂﬁ‘]ﬂﬂa—nﬂlazﬂqwnﬁuwuﬁw’mwuﬁni5”

NA, not available

PIC, polymorphic

information content



47

m190 3. 1n509mne ISSR N43ms1zd V. unguiculara 30 STulndl, V. mungo 2 31und)

waz V. radiata 2 31u'Ini)

mm———

ISSR primer  Primer sequence 5’ -3 TNSB NPB P (%) PIC
ISSR 808 AGA GAG AGA GAG AGA GC. 33 32 96.97 0.2087
ISSR 811 GAG AGA GAG AGA GAG AC 17 16 94.12 0.2757
ISSR 812 GAG AGA GAG AGA GAG AA 13 9 69.23 0.1485
ISSR 825 ACACACACACACACACT 22 17 77.27 0.1971
ISSR 826 ACA CACACACACACACC 15 7 46.67 0.2469
ISSR 834 AGA GAG AGA GAG AGA GYT 22 18 81.82 0.1913
ISSR 835 AGA GAG AGA GAG AGA GYC 23 23 100.00 0.1773
ISSR 836 AGA GAG AGA GAG AGA GYA 21 21 100.00 0.2651
ISSR 841 GAG AGA GAG AGA GAG AYC 22 20 90.91 0.1940
ISSR 846 GAG AGA GAG AGA GAG AA 20 20 100.00 0.1672
ISSR 847 CAC ACA CAC ACA CAC ARC 25 25 100.00 0.1575
ISSR 848 CAC ACA CAC ACA CAC ARG 15 15 100.00 0.2626
ISSR 855 ACA CAC ACACACACACYT 12 12 100.00 0.1372
ISSR 856 ACA CACACACACACACYA 17 10 5882 0.1389
ISSR 884 HBH AGA GAG AGA GAG AG 23 23 100.00 0.1929
ISSR 889 DBD ACA CAC ACA CAC AC 14 14 100.00 0.1893 -,
Total 312 284  1415.81 3.1502
Average 19.50 17.75 88.49 0.1969

TNSB, total number of scorable bands

NPB, number of polymorphic bands

P, percentage of polymorphic bands

PIC, polymorphic information content

Y, pyrimidines, R , purines

B,non A; D, nonC; H, non G
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Y o a v o . . . .
m‘sNﬁ 4. dulszanFavdunusves similarity #0% cophenetic matrices

A, MIIATIEHOMNET wazdWne11 14819 30 5 Tu'lng

——

Morphology SSR ISSR ISSR/SSR
Morphology 0.3886 - 0.1470 0.0395 0.0442
SSR>~ 0.0285 0.2348 0.2532 0.2796
ISSR -0.0416 0.1396 0.7648 0.9852
ISSR/SSR -0.0500 0.1716 0.9893 0.7227

1 0 ¥ v
B. MsAsznetne1s uvazsine11'1284 30 3IuInd sawieda@oaiaiu 2 5Tu'nd

wazduveamag 2 3u'ndl

SSR ISSR ISSR/SSR
SSR 0.1979 0.6258 0.6310
ISSR 0.7781 0.5658 0.9937

ISSR/SSR 0.7940 0.9981 0.5626

5

fodana: naasdudlssAndanduiug () ves similarity matrices 7 Id9ndnyUEMIFUg WIN01, SSR,
ISSR Uag ISSR/SSR 3wy imilerdunues wasduse@nFanduius () ¥09 cophenetic matrices 7114
970 SSR, ISSR 12z ISSR/SSR 5wnu 1AIdUNLES FUaYNUILNAS cophenetic correlation coefficients

dwSunfSouiouseynang similarity 1az cophenetic matrices
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A Seed colors

B Shapes of leaf tip

C Flower colors

1 1. msfnudnuazvesiaflinonazs ine1n13893 I inda o Tasld (a) duida: i,

o e o 3 ~ 4 4 2 , ol
¥17; i1, HIN9; 1, A7; 1v, @ﬂmma‘uuﬁmn; v, ATIVIINTIUIND; v, ﬂﬂ“UTJUHﬁMWﬂ"Iﬁ,
v . ) . d . S
(B) dnyazately; i, acuminate; ii, acute, 1AL (C) FADN: 1, VI i1, VINUVY; iii, UN-

Y1Y; iv, V119
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. Abstract |
The production of soybean (Glycine max (L.) Merrill), one of the most important oil crops,
in Thailand is limited by low yield potential as well as susceptibility to various biotic and abiotic
stresses.  Estimation of genetic diversity present in soybean varieties and lines is crucial for
designing breeding strategies to ensure continued success on variety improvement. Simple
sequence repeat (SSR) analysis was used to determine the genetic diversity and relatedness among
25 soybean genotypes in Thailand. Eleven SSR primer pairs could amplify polymorphic SSRs
from all of these genotypes. A total of 53 alleles with an average of 4.82 alleles per locus were
detected. The polymorphic infonna’;ion content (PIC) among genotypes varied from 0.13 (Soy satt
285) to 0.88 (Soy satt 173) with an average of 0.60. Pairwise coefficients of genetic similarity
QEEMeen all genotypes ranged from 0.73 to 1.00 with an average of 0.88, suggesting quite narrow
%enetic base of soybean in Thailand that might limit continued breeding success. These eleven
SSR markers successfully distinguished 23 of the 25 soybean genotypes with the exception of a
;P&lr of closely related breeding lines from the same cross. In addition, only five most polymorphic
SSR markers were able to clearly identify all 15 commercial varieties and are very useful for DNA
ﬂ"lgel‘prmtmg Unweighted pair-group method arithmetic average (UPGMA) analysis allocated the
%mtypes in 4 major clusters containing 19, 2, 2 and 2 genotypes, respectively. The largest cluster
XWas divided into subcluster Ia and Ib consisting of 13 and 6 genotypes, respectively. The genetic
matlonShlps among genotypes generally agreed with known pedigrees. Principal coordinate

Eﬂlysls (PCA) confirmed the separation of soybean genotypes into four groups comparable to
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“:UPGM A analysis. However, genotypes in subcluster Ia and Ib were more clearly separated. These
results suggest that SSR marker is efficient for measuring genetic diversity and relatedness as well
hs identifying varieties of soybean in Thailand. Genetic diversity assessments among soybean
genotypes in Thailand should provide useful information for efficient utilization of these materials

especially for genetic improvement.

\ Introduction

Soybean (Glycine max (L.) Merrill) is one of the most important economic legume crops of
-the world. It is not only a major source of protein for human consumption and animal feed but also
‘an important source of oil. The nutritive content of sgybean seeds consists of averaging 40%
iprotein and 20% oil (Poehlman and Sleper, 1995). Major soybean-producing countries are the
United States of America, Brazil, Argentina, China, and India with the average yield of 2.88, 2.38,
12,68, 1.75, and 1.08 tons ha'l, respectively. Thailand ranked twenty third of the world with the
“average yield of 1.56 tons ha' (Office of Agricultural Economics, 2006a). Although the current
.annual production (0.21 million tons) is not sufficient for domestic consumptioﬁ, requiring the’
:import of approximately 1.8 million tons annually from low cost sources, the cultivated area of
‘soybean had declined from 0.25 million ha in 1997 to 0.15 million ha in 2006 (Office of
“Agricultural Economics, 2006b; Office of Agricultural Economics, 2008). Major production
k'impediments include low yield, lack of high quality seeds, low market values compared with other
,‘igrops, and high cost of production compared with other countries (Office of Agricultural
Economics, 2008). Therefore, breeding of soybean for high yield, adaptability, disease resistance,
;i}llltl'iﬁve content, maturity date etc. is particularly crucial in Thailand currently when much
;‘.Emphasis has been placed on bioenergy crops.

Genetic diversity of germplasm is one of the most important factors for plant breeding.
5”Bl’oadening the genetic base of soybean may introduce unique favorable alleles for agronomic traits
‘Srucial for genetic improvement (Narvel et al., 2000a) and help sustain long-term selection gain.
;HOWever, soybeah germplasm in Thailand is still very limited (Pookpakdi, 2003). Intensive
#0ybean breeding effort in Thailand began in 1960 by selection of lines introduced from Japan and
Taiwan that resulted in the release of SJ 1, SJ 2, and SJ 3 varieties which gave higher yield than
stWo Popular local varieties, SB 60 and Pakchong (Pookpakdi, 2003). From then, there has been

Continuous release of several varieties including SJ 4, SJ 5, Nakhon Sawan 1 (NS 1), Chiang Mai 2
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(cM 2), CM;3, CM 4, CM 60, Sukhothai 1 (ST 1), ST 2, ST 3, Chakkrabhandhu 1 (CB 1) and
Khonkaen University 35 (KKU 35). At present, these soybean varieties are divided into 3 groups
by maturity (Pookpakdi, 2003); (i) early maturing soybean (70-80 d) including NS 1 and CM 2, (ii)
medium maturing soybean (90-100 d) including SB 60, SJ 1, SJ 2, SJ 4, SJ 5, ST 1, CM 60, ST 2,
ST 3 and CM 3, and (iii) late maturing soybean (110-120 d) including KKU 35 and CB 1. Genetic
diversity provides information on genetic relationships among germplasm - accessions which is
helpful for designing future breeding efforts for yield, quality and pest resistance improvement
(Wang et al., 2006a). Complete description of existing soybean varieties and patterns ;f genetic
diversity could also facilitate introgression of diverse germplasm into current commercial soybean
genetic base (Tara Satyavathi et al., 2006). Soybean genetic diversity can be assessed by the
differences in morphological and agronomic traits, pedigree information, geographic origins,
isozymes, and DNA markers (Nelson et al., 1987, 1988; Juvik et al., 1989; Perry and Mclntosh,
1991; Gizlice et al., 1994, 1996; Sneller, 1994, Griffin and Palmer, 1995; Bernard et al., 1998;
Dong et al., 2004). However, some factors affect these methods—i.e. the influence of
environmental factors on morphological and agronomic traits, uncertain or incoﬁlplete data and
possible errors in the pedigree information and origins of accessions, and the limitation of data
provided by isozymes (Li and Nelson, 2001; Wang et al., 2006a).

DNA markers are stable, not influenced by the environment, and genetically informative
which prove to be a powerful tool for fingerprinting, evaluating genetic diversity, and studying
genetic relationship among genotypes (Martinez et al., 2006; Wang et al., 2006a,b). Among
different DNA markers, restriction fragment length polymorphisms (RFLPs), random amplified
polymorphic DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs) and
microsatellites or simple sequence repeats (SSRs) have been used extensively in soybean; each
with its own advantages and limitation (Keim et al., 1992; Maughan et al., 1996; Powell et al.,
1996; Thompson et al., 1998; Narvel et al., 2000a; Ude et al., 2003). SSRs are plentiful and widely
distributed throughout all of the eukaryotic genomes, have been shown to produce the ilighest
polymorphisms compared to RFLPs, AFLPs and RAPDs, and have much greater ability to identify
unique alleles in elite and PI soybean germplasm than other marker systems (Maughan et al., 1996;
Narvel et al., 2000a; Morgante et al., 2002; Seitova et al., 2004; Wang et al., 2006a). SSRs consist
of tandemly repeated units of short nucleotide motifs with 1-6 bp long. The most common SSRs

are di-, tri-, and tetranucleotide repeats -e.g. (CA),, (AAT),, and (GATA),, respectively. The
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qumber of SSR repeats often varies among genotypes while the DNA regions that flank a SSR are
| usually conserved, enabling the development of complementary primers for amplifying the
intervening SSR by polymerase chain reaction (PCR). This leads to variations in PCR-product-
length from a locus considered as alleles (Narvel et al., 2000b; Chawla, 2002). The information in
public sequence databases show the frequency of SSRs in plant genomes estimated as one in every
6-7 kb (Cardle et al., 2000). Because of their abundant resource in the genome, high level of allelic
diversity, codominant inheritance and ease of analysis, SSRs are frequently used as genetic markers
in genetic studies of numerous plants including soybean (Morgante and Olivieri, 1993; Powell et
al., 1996; McCouch et al., 1997; Narvel et al., 2000a). Also, the codominant nature and allelic
polymorphism revealed by SSR markers has provided detailed information on' genetic structure and
gene flow in natural plant populations (Konuma et al., 2000; Bonnin et al., 2001; Li et al., 2001).
In particular, SSRs have been used successfully in estimation of genetic diversity and relationships
among soybean genotypes in different populations (Narvel et al., 2000a; Sutakom, 2004; Wang et
al, 2006a,b). An overview of the genetic diversity of s;)ybean in Thailand should be useful for -
soybean breeding programs and genetic studies. A
The objectives of this research were (i) to measure genetic diversity of Thai soybeaq
varieties and breeding lines and soybean accessions from plant introduction (PI) by SSR analysis;
(ii) to study the genetic relationships among these genotypes and (iii) to generate molecular

fingerprints of varieties currently used commercially in Thailand for variety identification.

Materials and Methods
Plant materials

Twenty five soybean genotypes consisting of 15 varieties (CB 1, CM 1, CM 2, CM 3, CM
4,CM 60, KKU 35,NS 1,SJ1,SJ2,SI 4,8 5,ST 1, ST 2, ST 3), 8 breeding lines (KKU 65,
KKU 69, KKU 74, KKU 120, KKU 137, KKU 215, KKU 486, KKU 863) and 2 plant introductions
(Long juvenile 2 [LJ 2], Prolina) were used in this analysis. These genotypes covered certified
Soybean varieties used commercially in Thailand, elite breeding lines with maturity lesser than 85
days and plant introductions with potential use for future breeding programs. LJ 2 is a PI with long
juvenile (vegetative) growth, giving potentially high yield from high pod numbers and seed

Tumbers per pod (Thitiporn Machikowa, personal communication). Prolina is a PI developed by
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fhe USDA-ARS, in cooperation with the North Carolina Agricultural Research Service, and is

;;otable for very high protein contents (approximately 46.1%; Burton et al., 1999).

“PNA isolation

Genomic DNA was isolated from bulk young leaves of 10 plants from each genotype
following the cetyl trimethyl ammonium bromide (CTAB) method of Saghai Maroof et al. (1984),
DNA was quantified by comparing the intensity of ethidium bromide-stained DNA bands on 0.8 %
;garose gel with those of known concentration of uncut 7& DNA to adjust final concentration to 50

ﬁg uL" for use in PCR analysis.

Simple sequence repeat (SSR) analysis

| A total of 12 SSR markers that were previously mapped on 10 linkage groups (LGs) of
soybean (Cregan et al., 1999) and had been shown to be highly polymorphic among soybean
genotypes (Narvel et al., 2000a,b; Wang et al., 20062) were%chosen for the analysis (Table 1). The
distribution of these markers was described by Narvel et al. (2000b). Most of the SSR markers that
are included had (ATT)n motif due to their abundance and polymorphic nature in soybéan and their
easily interpretable allele patterns (Narvel et al., 2000b). These markers have been shown to be
effective for the assessment of soybean diversity (Narvel et al., 2000a,b). DNA was amplified by
PCR in the total volume of 10 H1 containing 50 ng template DNA, 1X buffer (75 mM Tris.HC1 (pH
9.0), 50 mM KCl, 20 mM (NH,),S0,), 2 mM MgCl,, 200 uM of each dNTP, 5 pmol SSR primers,
and 1 unit BIOTOOLS DNA polymerase (BIOTOOLS B&M Labs, SA). PCR reactions were
carried out in a Thermo Hybaid Px2 thermocycler (Thermo Fisher Scientific, Inc., MA). Cycling
parameters were initial denaturation step at 95°C for 10 min, followed by 95°C, 25 sec, 58°C 25
sec and 72°C, 25 sec. This cycle was repeated 35 times, followed by 60 min extension at 72°C
(Narvel et al., 2000a). The final extension was used to correct for nontemplate addition by Taq
Polymerase of a nucleotide, primarily adenosine, to the 3’ end of amplification products (Smith et
al, 1995). The amplified products were separated on 6% denaturing polyacrylamide gel and
detected by silver nitrate according to Sambrook and Russell (2001). Allele sizes were estimated in

Comparison with 25 bp DNA ladder (Invitrogen Corporation, CA).
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Data scoring, gluster and principal coordinate analysis

The ba‘nds appearing without ambiguity were scored as 1 (present) and 0 (absent) for each
primer. Similarity coefficients between various varieties, in a pair-wise comparison, were
computed using Jaccard's coefficient and the resulting similarity matrix was further analyzed using
Unweighted pair-group method arithmetic .average (UPGMA) clustering algorithm; the
computations were carried out using NTSYSpc version 2.2 (Rohlf, 2000). The goodness of fit of
the genotypes to a specific cluster in the UPGMA cluster analysis was determined by the Mantel’s
cophenetic correlation test (Mantel, 1967). The polymorphism information contént, a measure of
the allelic diversity at a locus, was determined. PIC = 1-ZPi’ 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 comf)lement the information obtained from

cluster analysis because it is more informative regarding distances among major groups (Tar’an et

al.,, 2005).

Results and Discussion
Level of polymorphism

A total of 12 SSR primer pairs, distributed on 10 of 20 linkage groups of soybean (Cregan
et al.,, 1999; Table 1), were used to amplify specific SSR loci from bulked DNA of each soybean
genotype. Among these SSR primers, Soy satt 148 amplified multiple complex fragments and were
withdrawn from further analysis, leaving eleven primer pairs which produced clear single-locus
polymorphic bands for the analysis (Table 1). The high percentage of polymorphic SSR loci
(91.7%) detected in this study was consistent with previous studies (Maughan et al., 1995;
Rongwen et al., 1995; Diwan and Cregan, 1997; Narvel et al., 2000a). A total of 53 alleles from 11
SSR markers were detected across all 25 genotypes. The number of alleles per primer pair (locus)
fanged from 3 for Soy satt 285 and Soy satt 309 to 7 for Soy satt 185 and Soy satt 409 with an
average of 4.82. Figure 1 showed an example of DNA profile at the Soy satt 183 locus with 5
distinct alleles among different soybean genotypes. There were 69.8% of the alleles at a frequency

0f 0.25 or less. Only 3.8% of the alleles occurred at a frequency of 0.75 or higher. Unique alleles
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gpeciﬁc forCM 1,CM 4, L] 2, Prolina, SJ 1, ST 2, ST 1, ST 2 and ST 3 were observed in this study
lﬂd may be useful for DNA fingerprinting,

t PIC value, a measure of the allelic diversity, ranged from 0.13 in Soy satt 285 to 0.88 in
éSOY satt 173 with an average of 0.60. Three of the eleven SSR markers (Soy satt 173, 185 and 409)
; ad PIC values greater than 0.7 and high allele numbers (6-7), and hence were the most informative

for distinguishing among the soybean genotypes. These markers occurred on 3 separate LGs,

gindicating that molecular polymorphism was spread in different regions of the genome. Significant
@orrelation between the number of alleles and PIC values was observed (r = 0.98; p < 0.01). Most
of the SSR markers (10/11) used in this study had PIC values > 0.3, the value that has been used to
determine usefulness of RFLP, RAPD and AFLP markers for genetic discrimination in previous
Esoybean germplasm diversity studies (Keim et al., 1992; ‘Lorenzen et al., 1995; Thompson and
Nelson, 1998; Ude et al., 2003). The SSR diversity detected among Thai soybean genotypes in this
study was moderate compared to previous reports. Diwan and Cregan (1997) detected an average
of 10.10 alleles per locus and an average marker diversity 6f 0.80 when 20 SSR markers were used”
to distinguish the 35 North American soybean genotypes. Narvel et al. (2000a) calculated an -
average of 10.20 alleles per locus among 39 soybean elite genotypes and 40 Pls from seven

different countries using 74 SSR markers. Similarly, analysis of 60 SSR markers on 129 Chinese -
soybean accessions had an average of 12.20 alleles per locus and an average PIC value of 0.78

(Wang et al., 2006a).

Genetic diversity and relationships among soybean genotypes

All the 53 SSR alieles 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 pairwise genetic
similarity between soybean genotypes varied from 0.73 (CM 3 vs Prolina) to 1.0 (KKU 65 vs KKU
69) with an average of 0.88, suggesting quite narrow genetic base of soybean in Thailand that
might limit continued breeding success and could result in vulnerability to pests and diseases. In
{fact between the 15 soybean varieties under cultivation in Thailand the pairwise genetic similarity
Tanged from 0.79 to 0.97, 64% of which were > 0.87. This narrow genetic base may be ascribed to
the emphasis on direct introductions, selections from introduced germplasm and single cross

hybrids (some of which shared common parents) in the soybean breeding programs. Therefore,
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inclusion of more diverse germplasm in the soybean breeding programs may provide the genetic
yariability to permit continued progress.

The dendrogram based on genetic similarities between genotypes showed that the 25
genotypes formed four major clusters (Fig. 2). The Mantel’s test with cophenetic correlation
coefficient value of 0.81 (p < 0.01) indicated good fit for the genotypes to a specific cluster in the
dendrogram. Cluster I was the largest and the most diverse cluster consisting of 10 varieties, 8
preeding lines and 1 PI with 90.28% genetic similarity. This cluster was further divided into 2
subclusters; subcluster la containing 4 varieties, 8 breeding lines and 1 PI, and subcluster Ib
containing 6 varieties. Cluster II included 1 PI and 1 variety with 89.47% genetic similarity.
Cluster III and IV each comprised 2 varieties with ?7.37 and 86.84% genetic similarity,
respectively.

Some correspondence between the clustering pattern and the pedigree of soybean
genotypes was observed. In subcluster Ia, KKU 35 and CM 60 had Williams as a common parent.
CM 60 was used as a parent in crosses that led to CM 2 (CM 60 X IAC 13) and ST 3 ((Fort Lamy '
X CM 60) F, X CM 60). CM 2 was also grouped in this subcluster, however, ST 3 was grouped
separately in cluster II. All'8 early elite breeding lines (KKU 65, KKU 69, KKU 74, KKU 120,
KKU 137, KKU 215, KKU 486, KKU 863) derived from a cross between NS 1 and KKU 35, both -
were also in this subcluster. Two of these sister lines (KKU 65 and KKU 69) were very closely
related and were unable to distinguish genetically, KKU 74 was the most divergent among the
breeding lines. Both SJ 4 and SJ 5 in subcluster Ib were progenies from crosses with Tainung 4
from Taiwan as one of the parents (Acadian X Tainung 4 and Tainung 4 X SJ 2, respectively). SJ
2,CM 1 and CB 1 were introduced from Taiwan, Japan or Brazil, LJ 2, the only PI in this cluster,
which had long juvenile growth and high yield potential was the most distantly related to SJ 2, CM
4, ST 1 and Prolina (81.58% similarity). Note that most of these varieties are medium maturing
varieties the yield potential of which might be increased if the juvenile growth was lengthened.
Prolina was the only PI in cluster II. This PI was developed by the USDA-ARS, in cooperation
with the North Carolina Agricultural Research Service and has especially high protein contents
(Burton et al., 1999), which is of particular interest in future breeding programs. This PI appeared
to be the most distantly related to CM 3, CM 4 and ST 2 (73.68, 76.32 and 78.95% similarity,
respectively). ST 3, the other variety in cluster Il was a descendent from the (Fort Lamy X CM 60)

F, X CM 60 cross. Note that both Fort Lamy and Prolina were developed in the United states
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hanmugasundarum, 1988; Burton et al., 1999). It has been shown that the genetics of soybean

B cessiOHS and ancestral lines from North America are rather distinct from those from China and
apaﬂ (Li et al., 2001; Ude et al., 2003). The two varieties (CM 3 and CM 4) in cluster III derived
m,om the same cross (G9946 X AGS17) and were very closely related (97.37% similarity). Two
%yanetles SJ 1 (progeny of a cross from Japan/Taiwan) and ST 1 (progeny of a cross from Taiwan)
formed the last separate cluster IV which appeared to be the most distinct from all others. The fact
;that varieties with common pedigrees such as CM 3 and CM 4 were grouped in the same cluster as
;‘well as the grouping of all 8 breeding lines from a single cross in the same subcluster substantiated
the conclusion that the constituent genotypes of a cluster share greater genetic homology.

Maximum genetic distance (0.26) was observed between CM 3 (Cluster III) and Prolina
(Cluster IT). Only a pair of closely genetically related sister breeding lines (KKU 65 and KKU 69)
from the same cross had the same genetic profile at these 11 SSR loci. These breeding lines may
be identified if additional SSR markers covering ofher parts of the genome are used. The

- temaining twenty three genotypes could be clearly distinguished from one another. These results
demonstrated the effectiveness of SSR marker in variety identification as wz;s suggested from
previous reports especially when the cost could be substantially reduced by multiplexing (Narve] et
al., 2000a,b).

The genetic relationships among soybean genotypes may help facilitate the selection of
parents in the breeding program with the hypothesis that the more genetically diverse parents, the
more likely they are to possess unique alleles for traits of interest (Narvel et al., 2000a). However,
it must be noted that the extent of SSR diversity may not reflect variability of expressed sequences
or genomic regions that inﬂuenqe gene expression. Therefore, designing crosses between parents
that are diverse based on a random set of SSR markers may not increase genetic diversity for useful
phenotypes (Narvel et al., 2000a).

PCA was used to identify multidimensional relationships that describe portions of the
genetic variance in a data set. The three coordinates explained 22.64, 17.68 and 14.19% of the total
variance, respectively. The first three principal coordinates of the SSR data explained 54.51% of
the total variance (Fig. 3). Comparable to the UPGMA cluster analysis, PCA separated the
genotypes into four main groups corresponding to cluster I, II, III and 1V. However, clearer

Separation between the subcluster Ia and Ib was observed, The PCA also generated a good
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separation of clluster IV from the rest of the clusters. The PCA further showed that most soybean
varieties were intermixed into a large group corresponding to cluster I.

Our results confirmed the previous reports (Narvel et al., 2000a,b; Wang et al. 2006a,b)
that SSR is particularly useful for conducting diversity analysis, determining pedigree relationships,
genotyping for proprietary purposes, or in a backcross-introgression scheme to introgress favorable
alleles and to selectively recover the recurrent parent in soybean. By means of only five most
polymorphic primer pairs (Soy satt 005, 160, 173, 185, 409), all 15 soybean varieties currently used
commercially in Thailand could be distinguished. These SSR primers in particular when used
together with multiplex technology could be useful for accurate and cost-effective genotyping for
soybean variety identification. The narrow genetic base of Thai soybean varieties revealed in the

present analysis emphasizes the need to exploit more diverse germplasm in future breeding

programs.

Acknowledgement
This research was supported by a grant from Suranaree University of Technology to P.T.
The authors-express their gratitude to Prof. Dr. Paisan Laosuwan for providing soybean seeds and |,

Dr. Thitiporn Machikowa for helpful information.



74

Table 1. Primer sequence, linkage group, number of alleles and polymorphism information

content (PIC) of SSR primers

—
SSR primer Lgi::)(:ge Primer sequence 5’-» 3’ Nualﬁ:lil; of PIC
I
Soy satt 001 K  TGTGCAATGATAGTACATAGATAT 4 0.5779
GTGCTGATTGAACTATTTGTAGT
Soy satt 005 Db . TATATCCTAGAGAAGAACTAAAAAA 5 0.6350
GTCGATTAGGCTTGAAATAATAC
Soy satt 148 1 TTAAGGATTAATTGAGACAAAATCA Multiple/  NA
CTAAAGCATCACAAAACAGAGC complex
Soy satt 160 F  ACATCAAAAGTTTATAACGTGTAG 5 0.6492
CTCCCACACAGTTTTCATATAAT
Soy satt 171 F  TTGAGGGCTCCCACACAGTT 4 0.6159
CAAAAGTTTATAACGTGTAGATTAA
Soy satt 173 O  CCGGTCCAATCTTTATTCAAAC 6 0.8775
CCAAGCGAAATCACCTCCTCT
Soy satt 183 J CACCCTAGGATCTAGAACACC 5 0.6159
CTCATAAAACTACACACTTTCAG
Soy satt 185 E  CATATGAATAGGTAAGTTGCACT 7 0.7372
TGTCACTATAAATGGTACCTATTA
Soy satt 285 ] GCGACATATTGCATTAAAAACATACTT 3 0.1308
GCGGACTAATTCTATTTTACACCAACAAC
Soy satt 307 C2  GCGCTGGCCTTTAGAAC 4 0.5589
GCGTTGTAGGAAATTTGAGTAGTAAG
Soy satt 309 G GCGCCTTCAAATTGGCGTCTT 3 0.3472
GCGCCTTAAATAAAACCCGAAACT
Soy satt 409 A2 CCTTAGACCATGAATGTCTCGAAGATA 7 0.8585
CTTAAGGACACGTGGAAGATGACTAC
Total 53 6.6040
Average 482  0.6004

——

NA, not available
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Abstract

The estimation of genetic diversity could promote efficient use of genetic variation to"
ensure continued progress in the breeding program. 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. Morpho-agronomic data were collected for twelve numerical traits and seven
categorical traits. Eight of the numerical traits including plant height, yield per plant, number of
seeds per pod, 100-seed weight, days to flowering, flowering period, terminal leaf wﬁdth and pod
length varied significantly among the 22 genotypes. Unweighted pair-group method arithmetic
average (UPGMA) analysis of these morpho-agronomic characters showed clear separation of the
genotypes into 3 major groups; cluster 1 containing 15 Thai cultivated mungbean varieties and
breeding lines, cluster III containing 4 Thai cultivated blackgram varieties, and cluster II containing
a mungbean wild relative (subspecies sublobata), a blackgram wild relative (subspecies silvestris)
together with an Indian mungbean landrace, all of which are good sources of bruchid resistance.
Pairwise 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%.
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e number of amplified fragments varied from 9 (ISSR 836 and 856) to 32 (ISSR 885), with a

fi,c range of 200-1500 bp. The average numbers of fragments per primer and polymorphic
lragments per primer were 18.94 and 17.17, respectively. Polymorphism information content (PIC)
alueS ranged from 0.23 (ISSR 825) to 0.37 (ISSR 842) with an average of 0.31 across all the
%enotypes» Pairwise coefficients of ISSR-based genetic similarity between all genotypes ranged
‘%‘rom 0.70 to 0.99 with an average of 0.86, suggesting quite narrow genetic base of mungbean and
;)lackgram in Thailand that might limit continued breeding success. Species-specific ISSR
hagments were detected for each species although the intraspecific variation of the ISSR patterns
was low. Within each species, the wild relatives were the most distantly related to other mungbean
‘or blackgram genotypes, nevertheless, no clear genetic distinction between the wild relatives and
;’the cultivated genotypes was observed. UPGMA anﬁlys‘is based on ISSR exhibited 2 major
clusters; cluster I containing all mungbean genotypes (15 Thai varieties and breeding lines, a wild
relative, and an Indian landrace) and cluster II containing all blackgram genotypes (4 Thai varieties
and a wild relative). It appeared that ISSR was more effective for classification at the species level
although no clear separation at the subspecies level was found. The Mantel test’between the two
Jaccard’s similarity matrices gave r = 0.54, showing significant correlation between ISSR- and
morphological-based similarities. The results of principal coordinate analysis also substantiat;d
this conclusion. 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.

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 as supplemented crops in the cereal-based cropping
system. Major mungbean and blackgram-producing countries are Brazil, India, China, Myanmar
and Mexico with the average yield of 856, 331, 1,337, 944, and 806 kg ha", respectively. Thailand
ranked twenty fourth of the world with the average yield of 744 kg ha' (Office of Agricultural
Economics, 2006a). Total cultivated areas of mungbean and blackgram in Thailand had declined
from 0.30 million hectares in 2001 to 0.16 million hectares in 2006 with 53% reduction in total

production (Office of Agricultural Economics, 2006b) largely due to high cost of production and
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low yield. Th‘e 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 (i.e. drought, calcareous or saline
soil) or biotic stresses (diseases and insects) (Sarobol, 1997, 2004; Souframanien and
Gopalakrishna, 2004; Srinives, 2006). In addition, current blackgram production also faces with
limited photoinsensitive varieties and low seed quality. These lead to higher market price
compared to those of products from China and Burma, which eventually decreased import demand
from other countries (Boonpradub and Chatasiri, 1997). 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 (i.e. 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 thét 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 evaluation, hybridization and
mutation breeding. Recently, molecular tools have also been applied for mungbean and blackgram
breeding programs, for example, 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; Chaiteing 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,
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&senetic divers_ity (Fatokun et al., 1993; Kaga et al., 1996; Sonnante et al., 1996; Ehlers and Hall,
1997 Tosti and Negri, 2002; Bisht et al., 2005). Morphological characters are limited in number
e and are often subjected to constraints from environmental interactions, epistatic interactions and the
leargely 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 morphological characteristic used to discriminate between mungbean 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 also face with
similar constraints of limited number of available markeris 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 polymorphisms (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; Tar’an 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 tandemly 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
Species, 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
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feveloped based on DNA amplification with a single 15- to 20-bp primer homologous to a
microsatellite repeat and has a short (2-4 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 @ RAPD pattern but usually includes more bands and is more reproducible. Therefore,
[SSRs 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 RAPDs,
particularly in many cultivated species exhibiting relatively low genetic diversity (Zietkiewicz 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 intraspecific or interspecific
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;
i’mvost and Wilkinson, 1999; Kochieva et al., 2002). In biackgram, Souframanien and Gopalakrishlia
(2004) identified a set of ISSR primers with high polymorphism information cont;ant (PIC) scores
which would be useful in' surveying genetic diversity among accessions of blackgram and perhaps
other Vigna species. 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
maximum 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
v: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
‘ﬂnd 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
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inungbean anq 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, 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
jolerant 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 alsq resistant to other insect pests including
’beanﬂy and common cutworm (Pattalung and Poonsavasde, 1995). Representatives of commercial

blackgram varieties were KAB 4, PL 2, Prajeen and UT 2.

:Morphelogical 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 hypocoty! color. Analysis of variance (ANOVA)

Wwas performed on numerical characters by SAS (SAS Institute, 1996).

DNA isolation

Young leaves were freshly harvested from ten individual plants of each genotype and
fapidly frozen in liquid N,. 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 comparing the intensity of ethidium bromide-stained DNA bands on 0.8 %
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agarose gel with those of known concentration of uncut A DNA to adjust final concentration to 50

ng uL" for use in PCR analysis.

Inter-simple sequence repeat (ISSR) analysis

Eighteen ISSR primers homologous to microsatellite repeats and containing additional
selective anchor nucleotides that were develobed 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 tempiate, 1X buffer (75 mM Tris.HCl (pH 9.0), 50 mM
KCl, 20 mM (NH,S0,), 3.5 mM MgCl,, 250 uM of each dNTPs, 1 unit of BIOTOOLS DNA
polymerase (BIOTOOLS B&M Labs, SA), and 0.4 pM 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 ex@ension 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 using 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 numerical and categorical characters. For ISSR analysis,
bands with the same mobility were treated as identical fragments. Clearly amplified band was
coded as 0 and 1 for its absence and presence, respectively. Similarity coefficients between various
genotypes, in a pair-wise comparison, were computed using Jaccard's coefficient and the resulting
similarity matrix was further analyzed using Unweighted pair-group method arithmetic average
(UPGMA) clustering algorithm; the computations were carried out using NTSYSpc version 2.2

(Rohif, 2000). The goodness of fit of the genotypes to a specific cluster in the UPGMA cluster
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é«malysis was determined by the Mantel’s correlation test (Mantel, 1967). Correlation between the
t'two similarity or cophenetic matrices obtained with two different markers (morphological and
'i‘SSR) was estimated 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 () 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-ZPi’ 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 distagces among major groups (Tar’an et al.,

2005).

Results and Discussion
Morphological characterization

The mungbean and blackgram genotypes displayed polymorphisms for many of the 19
morpho-agrohomic 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-agronemic characters for all pairwise
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 (Fig. 2A). Cluster I contained all fifteen Thai cultivated

mungbean varieties and breeding lines. This cluster was divided into 2 subclusters; subcluster Ia



91

consisting of 4 varieties (SUT 1, CN 36, CN 60, KPS 1) and subcluster Ib consisting of 8 varieties
(CN 72, KPS(2, PSU 1, UT 1, SUT 2, SUT 3, SUT 4, SUT 5) and 3 breeding lines (M 4-2, M 5-1,
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 11,
primarily from short plant height, low yield per plant and small seed size. Cluster III 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 II included both Vigna species; the two V. radiata in
this cluster had shorter pod length, shorter plant height, lqwer yield per plant and smaller seed size
than most of the cultivated mungbean varieties in cluste;~ 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) for common bean. |

Similar to UPGMA analysis, PCA analysis confirmed clear separafion of the 22
mungbean and blackgram varieties into 3 groups corresponding to cluster I, II and III (Fig. 3A),
However, genotypes in cluster 1 grouped together in one large group instead of dividing into 2
distinct subclusters. Cluster III 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 found was very high. Figure 1 is representative of
the extent of polymorphism observed among the mungbean and blackgram genotypes. This
polymorphism percentage 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
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being evaluateq (Keim et al, 1992). In this study genotypes were selected to represent two Vigna
species, V. radic;za 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 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
polymorphic.  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

plackgram genotypes using 16 ISSR primers, Souframanien and Gopalakrishna (2004) found
gverage numbers of fragments per primer and polymorphic fragments per primer of 6.3 and 3.4,
pespectively. 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

pur 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 )
:E;_t.hidium bromide staining on agarose gel used by those p;evious studies. It has been shown that
i}olyacrylamide 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.,
é003) 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/

Btlmer confirms the polymorphism detection efficiency of ISSR compared with other marker

£

Bystems applied to V. radiata and/or V. mungo genetic diversity analysis such as RAPD and
gFLP (Pradeep Reddy et al., 2002).

Percentage polymorphism ranged from 66.7% (ISSR 856) to 100% (ISSR 811, 836, 885),
%Jlth an average percentage polymorphism of 89.51% across all the genotypes. The primers that
Wﬁl'e based on the poly (GA) motif produced more polymorphism on average (96.4%) than the
gﬁners based on the poly (AG) and poly (AC) motifs (86.1 and 88.0%, respectively). Among the
Eﬁteen 3’-anchored primers, the ones based on (GA) motif produced the highest average
?]ymorphism percentage of 95.6 %. While the 3’-anchored poly (AG), (AC), (TG) and (TC)
EfOtif primers had average polymorphism percentages of 85.7-88.0%. The two 5’-anchored
Eﬁmers ISSR 885 and 887, exhibited an average polymorphism percentage of 93.5%. From these

mymOrphlc markers, 37.5% of the alleles were fixed in the population of mungbean and
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blackgram genotypes studied and a large proportion of them were either in high (> 0.85) or low
(<0.2) frequenézles.

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, but 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 §ther 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 0.23 (ISSR 825)“(0 0.37 (ISSR -
842) with an average of 0.32. Because ISSR markers are usually dominant markers, 0.50 will be
the highest PIC value for any fragment. And the PIC values of > 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
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Reddy et al., 2002). The use of this marker should lower the cost, time and labour 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 fo assess the genetic resemblances among the
genotypes and the similarity coefficients matrix was used for UPGMA cluster analysis. The
pairwise genetic similarity coefficients between mungbean and blackgram genotypes varied from
0.70 (SUT 4 vs UT 2) to 0.99 (CN 36 vs 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, ﬁowering 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 varicties, 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 thé 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 species, Vigna radiata (cluster 1) and
Vigna mungo (Cluster IT) (Fig. 2B) although these two self-pollinating species share the same |
chromosome number (2n = 20) and are partially cross-compatible (Sechalak et al., 2006). The
Mantel’s test with cophenetic correlation coefficient value of 0.995 (p <0.01) indicated that déta in
the similarity matrix was well represented by the dendrogram. In the Vigna 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
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mave relatively low genetic polymorphism with > 92% genetic similarity among genotypes. As

ident from the dendrogram (Fig. 2B), TC 1966, which is the only mungbean wild relative, was
most distantly related to other mungbean genotypes (7.6 to 12.3% differences), however, it was
ot 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%
%enetic similarity) in this cluster. These 2 certified varicties together with five other certified

anetles (CN 60, CN 72, KPS 2, PSU 1, SUT 1) and SUT 5 formed close relatlonshlps with more
ﬂ]an 95% similarity. In the Vzgna mungo cluster, Prajeen, PL 2, KAB 4 and UT 2 varieties formed
g tight group (> 94% similarity), while the wild relative TC 2211 were more distantly related (8.7
f0 9.7% differences from other genotypes). Similarly, Kaga et al. (1996) found that wild forms of
}Ilungbean 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 cultlvated
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 iraits.

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 (Fig. 3B). PCA separated the genotypes into two distinctive groups, cluster I and
II, according to species, in general consistent with the UPGMA cluster analysis. 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.
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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, 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 vy 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 Ib based on
morpho-agronomic characters. M 4-2, M 5-1 and M 5-5 were KPS 1 mutants (Sumana
Ngampongsai, personal communication); two of these mutants, M 5-1 and M 5-5, were more
kclosely related to each other (95.7% genetic similarity) than to KPS 1. M 4-2 was the most
distantly related to KPS 1 and other mutants, possibly due to the fact that it has been developed by
y-rays induced mutation, which is considered a drastic method of mutagenesis resulting in major
reshuffle of the genome (Zhang et al., 1999; Lakhanpaul et al., 2000).

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 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
hecessarily reflected 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
teports (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
f°°mpared 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



97

correlation betwepn these two markers for the determination of genetic diversity and relationships
afnong 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 (» =
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 (Fig. 2A and 2B). 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 differentiation at the species level, and the genetic similarities among
genotypes estimated by ISSR (mean genetic similarity O.§6) 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 charaéteristics 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
confributing 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 comigrating 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.
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Table 2. » Morphological and agronomic characters and their description used for morphological

characterization
Character Description
plant height (cm) From soil level to the highest point. Average of ten plants measured
immediately after the first harvest
Yield per plant (g/plant) Total seed yield from two harvests, average from ten plants

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

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

1 (glabrous), 2 (sparsely pubescent), 3 (moderately pubescent),
4 (densely pubescent)

1 (glabrous), 2 (sparsely pubescent), 3 (moderately pubescent),
4 (densely pubescent)

1 (glabrous), 2 (sparsely pubescent), 3 (moderately pubescent),
4 (densely pubescent) i

1 (light green), 2 (dark green), 3 (brownish green), 4 (black)

I (absent), 2 (slight), 3 (pronounced)

1 (green), 2 (purplish green), 3 (greenish purple)

1 (green), 2 ((purplish green), 3 (greenish purple)
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Table 3. List of ISSR primers used and their nucleotide sequences, number of DNA fragments,

percentage of polymorphic fragments and polymorphism information content (PIC)

somma——

Total Polymorphic
ISSR primer Primer sequence 5’- 3’ PIC

fragment fragment (%)

ISSR 807 AGA GAG AGA GAGAGAGT 19 78.95 0.3205

ISSR 808  AGA GAG AGA GAG AGA GC 28 89.25 0.3284
ISSR809  AGA GAG AGA GAG AGA GG 20 85.00 0.2097
ISSR810  GAG AGA GAG AGA GAG AT 28 92.86 - 02438
ISSR811  GAG AGA GAG AGA GAG AC 21 100.00 0.2426
ISSR825  ACACACACACACACACT = 16 93.75 0.2308
ISSR826  ACA CAC ACA CAC ACA CC 10 90.00 0.3650
ISSR 834  AGA GAG AGA GAG AGAGYT = 18 94.44 0.2812
ISSR 835  AGA GAG AGA GAGAGAGYC 16 68.75 0.2019
ISSR 836  AGA GAG AGA GAG AGA GYA 9 10000 © 03668
ISSR841  GAG AGA GAG AGA GAG AYC 25 96.00 0.3438
ISSR 842  GAG AGA GAG AGA GAG AYG 15 93.33 0.3707
ISSR855  ACA CAC ACA CAC ACA CYT 19 94.74 0.3075
ISSR856  ACA CAC ACA CAC ACA CYA 9 66.67 0.3557
ISSR857  ACA CAC ACA CAC ACA CYG 19 94.74 0.3574
ISSR858  TGT GTG TGT GTG TGT GRT 14 85.71 0.3044
ISSR885  BHB GAG AGA GAG AGA GA 32 100.00 0.2828
ISSR887  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) (i.e. not A); H, (A,C,T) (i.e. not G)
D, (A,G,T) (i.e. not C); V, (A,C,G) (i.e. not T)
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Figure 1. Electrophoretic patterns for amplified fragments generated from 17 genotypes of
mungbean and 4 genotypes of blackgram (*) with ISSR 825 primer on 6%
acrylamide gel. Lane M, 1 kb plus DNA mari(er.
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Abstract

Genetic diversity and relatedness of 23 yardlong bean (Vigna unguiculata spp.
sesquipedali&) genotypes and 7 genotypes of hybrid between cowpea (V. unguiculata spp.
unguiculata) and yardlong bean (dwarf yardlong bean) in Thailand were estimated using
morphological characters, simple sequence repeat (SSR) and inter-simple sequence repeat (ISSR)
markers. In addition, 2 mungbean (Vigna radiata (L.) Wilczek) and 2 blackgram (Vigna mungo
(L.) Hepper) genotypes were also used as outgroup species for molecular analysis. Five
morphological characters, growth habit, shape of leaf tip, flower color, seed color and seed luster,
were diverse among most genotypes. However, five groups of 2-3 genotypes could not be
distinguished from one another based on these morphological characters alone. Unweighted pair-
group arithmetic average (UPGMA) analysis of these characters separated these genotypes into 2

major groups; the yardlong bean group and the dwarf yardlong bean group. Eleven of the sixteen
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SSR primers yielded clear SSRs, ten of which were polymorphic (62.5% polymorphism), detecting
a total of 54 alléles with an average of 4.91 alleles per locus. These ten polymorphic SSR markers
successfully distinguished 28 yardlong bean and dwarf yardlong bean genotypes. However, only
seven of these polymorphic SSR primers could amplify mungbean and blackgram genotypes and
were not able to detect intraspecific variation in-these two species. The polymorphic information
content (PIC) among genotypes varied from 0.251 (VM 39) to 0.752 (VM 31) with an average of
0.597. Among the 16 ISSR primers used, a total of 312 ISSR fragments (200-2,000 bp) were
amplified for these three Vigna species, revealing the polymorphism percentage of 91.03%. The
average ISSR PIC value (0.197) was lower than that of SSR with the range of 0.137 (ISSR 855) to
0.276 (ISSR 811). Nevertheless, the average marker index, of this multilocus marker was 3.495,
which was higher than that of SSR (0.669), owing to the differences in the effective multiplex ratio.
In addition, Mantel test cophenetic correlation coefficient was higher for ISSR (0.566) than that of
SSR (0.198). These results indicated higher efficiency of ISSR for estimating the levels of genetic
diversity and relationships among yardlong beans and dwarf yardlong beans. Pairwise coefficients
of SSR- and ISSR-based genetic similarity between all genotypes ranged from 0.667 to 1.00 with
an average of 0.841, and from 0.613 to 0.976 with an average of 0.843, respectively, suggesting
quite narrow genetic base. Significant correlation between SSR- and ISSR-based similarities was
found as shown by high correlation coefficient of 0.778 between the two Jaccard’s similarity
matrices in the Mantel test. UPGMA analysis was performed on SSR and ISSR data both
separately and in combination to assess relationships among genotypes. Clustering of genotypes
within groups was not similar when SSR and ISSR derived dendrograms were compared, whereas
the pattern of clustering of the genotypes remained more or less the same in ISSR and combined
data of SSR and >ISSR. It appeared that ISSR was most effective in determining the genetic
variability and relationships among yardlong bean and dwarf yardlong bean genotypes and
differentiating among three Vigna species, V. unguiculata, V. radiata and V. mungo. In addition,
ISSR was also most useful for variety identification since all 30 yardlong bean and dwarf yardlong
bean genotypes can be effectively distinguished by only 4 ISSR primers with the highest PIC
values. Furthermore, a number of genotype-specific markers valuable for DNA fingerprinting were
identified. The narrow genetic base of yardlong bean and dwarf yardlong bean genotypes obtained

in the present study emphasized the need to broaden genetic diversity to ensure continued breeding

success.
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Introduction

The genus Vigna constitutes several important cultivated legume species including
yardlong bean (Vigna unguiculata (L.) Walp. ssp. sesquipedalis), cowpea (V. unguiculata (L.)
Walp. ssp. unguiculata), mungbean (V. radiata (L.) Wilczek), blackgram (V. mungo (L.) Hepper),
bambara groundnut (V. subterranea), moth bean (V. aconitifolia), adzuki bean (V. angularis) and
rice bean (V. umbellata). The genus was divided into several subgenera; Vigna, Haydonia,
Ceratotropis, Sigmoidotropis and Lasiopron. The yardlong bean and cowpea are in subgenus
‘Vigna, whereas the mungbean and blackgram are in subgenus Ceratotropis (Pasquet, 2001).
Among these, yardlong bean, also known as asparagus bean, sitao, bodi bean, and snake bean, is
widely cultivated in Southeast Asia (Fery, 2002). It is claimed to be one of the most important
vegetable crops in China, Indonesia, Philippines, Taiwan, and Thailand (Rachie, 1985). This
vegetable is a very good source of vitamin C, folate, magnesium, manganese and dietary protein,
and its leaves, pods and peas are used for both human conéumption and animal feed (Rachie, 1985;
Nielsen et al., 1997). In Thailand, yardlong bean shares approximately 18,560 to 20,160 ha of -
agricultural area annually (Saratayophat et al.,, 2007). The yardlong bean produétion is mainly '
constrained by low yield and stability, sensitivity to unfavorable environmental conditions and,
susceptibility to diseases and insect pests, necessitating the development of new more adaptable
and productive varieties (Saratayophat et al., 2007). Dwarf yardlong bean, a new horticultural
crop, was bred from the cross between yardlong bean and cowpea, and is currently gaining
popularity due to its several desirable traits including disease resistance, drought tolerance, and
long reproductive growth (Laosuwan, 1996). In Thailand at least 30 varieties of yardlong bean and
dwarf yardlong bean were used commercially throughout the country. Some of these commercial
varieties have distinctive morphological characters that can be easily used for variety identification.
However, for some closely related varieties, morphological approach alone is unable to provide
sufficient information. for assessment of genetic diversity and relatedness as well as variety
identification for proprietary purpose (Phansak et al., 2005; Saratayophat et al., 2007).

DNA markers have proven to be powerful tools for characterization of plant genetic
diversity and identification of morphologically undistinguished varieties. A variety of PCR-based
DNA markers such as random amplified polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP), microsatellite or simple sequence repeat (SSR) and inter-simple sequence

repeat (ISSR) provide the opportunity for fine-scale genetic characterizations, and yet generate the
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large amount of data in a short period of time (Powell et al.,, 1996; Hokanson et al., 1998).
Therefore, the;z are frequently-used for DNA fingerprinting, assessment of genetic diversity and
relationships, conservation of genetic resources, genome mapping, gene tagging, selection of
targeted traits, and phylogeny and evolutionary biology study (Tautz, 1989; Williams et al., 1990;
Zabeau and Vos, 1993; Pradeep Reddy et al., 2002). These markers have been widely used in many
crop species such as apple, chickpea, flax, hop, mill, and mulberry (Hokanson et al., 2001; Patzak,
2001; Chowdhury et al., 2002; Labra et al., 2003; Vijayan and Chatterjee, 2003; Wiesner and
Wiesnerova, 2003) as well as in Vigna spp. including yardlong bean, cowpea, mungbean and
blackgram (Lakhanpaul et al., 2000; Li et al., 2001; Souframanien and Gopalakrishna, 2004;
Phansak et al., 2005; Saratayophat et al., 2007). Among Vigna genotypes, the genetic diversity and
intraspecific or interspecific relationships have been evaiuated based on several DNA markers;
restriction fragment length polymorphism (RFLP), RAPD, SSR, AFLP and ISSR (Fatokun et al., ~
1993; Kaga et al., 1996; Ajibade et al., 2000; Li et al., 2001; Souframanien and Gopalakrishna,

2004).

Efficiency of DNA markers is mainly determined based on their feproducibility, ‘
simplicity, and level of polymorphism. RAPD offers a simple and rapid method but it lacks
reproducibility (Ellsworth et al., 1993; Hansen et al., 1998; Jones et al., 1999). Although AFLP:
generates reproducible result, it is laborious and has high cost (Karp et al., 1997). Two different
marker strategies have been used based on microsatellites: SSR and ISSR. SSR seems to contain
many desirable marker properties including high level of polymorphism, rapid assay, co-
dominance, and amenability to automation (Hayden et al., 2004). It has been used for determining
genetic similarities and relationships among cowpea breeding lines and cultivars (Li et al., 2001).
However, to develop the marker, it requires knowledge of SSR flanking sequences to design
specific primers (Bornet and Branchard, 2001), which limits its availability within important crop
species (Hayden et al., 2004). In Vigna species, SSRs have been cloned from only Vigna
unguiculata, Vigna angularis and Vigna radiata (Li et al., 2001; Miyagi et al., 2004; Wang et al.,
2004). ISSR marker was developed to overcome most of the limitations found in other DNA
markers; ISSR analysis uses a terminally anchored primer specific to a particular SSR to amplify
the DNA between two SSRs of the same type but in an inverted relationship on the chromosome.
Therefore, it has most of the advantages of SSR marker but without the requirement of genomic

sequence information (Zietkiewicz et al.,, 1994). The ISSR technique is more rapid and less
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expensive compared to RFLP and AFLP and more reproducible in comparison with RAPD.
Because ISSR;is a multi-locus marker, it is particularly useful for assessing the genetic
relationships among genotypes exhibiting relatively low genetic diversity found in many self-
pollinated cultivated species.

Knowledge of genetic diversity and relationships between genotypes is particularly
important for selection of parental genotypes as well as for determining core collection for plant
biodiversity conservation. It may be assumed that crosses between adapted high-yielding varieties
will give a higher frequency of fransgressive segregates if the parents are, to some extent,
genetically diverse (Simioniuc et al., 2002).

The objectives of this study were to employ morphological characters and the SSR and
ISSR markers for variety identification and investigationvof genetic relationships and diversity
among 23 yardlong bean -genotypes and 7 dwarf yardlong bean genotypes in Thailand.
Comparisons were also made among the three approaches to assess their efficiency in detecting the
levels of genetic diversity among yardlong bean and dwa{rf yardlong bean genotypes, and their
potertial application in variety identification. In addition, molecular differentiation among three
different Vigna species, V. unguiculata, V. radiata and V. mungo, and the transferability of soybean

SSRs to these three species were evaluated.

Materials and Methods
Plant materials

A total of 23 yardlong bean genotypes (18 commercial varieties together with 5 plant
introductions [PIs]) and 7 commercial varieties of dwarf yardlong bean under cultivation in
Thailand were analyzed in this present study (Table 1). The five Pls are good genetic sources for
high yield potential. In addition, two genotypes each of mungbean (Suranaree University of
Technology 1 [SUT 1] and M 5-1) and blackgram (Uthong 2 [UT 2] and Phitsanulok 2 [PL 2])

were used as outgroup species for molecular analysis.

Morphological characterization
Five qualitative morphological characters including growth habits, shapes of leaf tip,
flower and seed colors, and seed luster were recorded based on their most frequency of appearance

from 10 plants in each genotype (Fig. 1).
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DNA isolation

Young léaves were freshly harvested from ten individual plants of each genotype. The
leaves were all combined into one sample to provide a uniform source of bulked genomic DNA
representing its genotype. DNA isolation was performed by the cetyl trimethyl ammonium
bromide (CTAB) method as described by Saghai Maroof et al. (1984). DNA was quantified by
comparing the intensity of ethidium bromide-stained DNA bands on 0.8 % agarose gel with those
of known concentration of uncut A DNA to adjust final concentration to 100 ng pL'I for use in PCR

analysis.

Simple sequence repeat (SSR) analysis

Seven SSR primer pairs from cowpea (VM5, VM26, VM31, VM35, VM36, VM39,
VMT70; Li et al., 2001), eight SSR primer pairs from soybean (Glycine max (L.); Soy satt 154, Soy
satt 183, Soy satt 251, Soy satt 279, Soy satt 296, Soy satt 307, Soy satt 408, Soy satt 571; Narvel
et al., 2000a; Cregan et al., 2008), and one SSR primer pair designed based on the sequences of
mungbean 1-amino-cycloprane-1-carboxylate oxidase ¢cDNA (VM21; Li et al., 2001); were used
for SSR analysis (Table 2). These eight soybean SSR markers had (ATT)n motif with high
efficiency for the measurement of soybean diversity, and were reported to be distributed on 5 of the
20 linkage groups (LGs) of soybean (Narvel et al., 2000a,b). The cowpea SSR markers had diverse
repeat motifs as shown in Table 2, and had been shown to be highly polymorphic among cowpea
genotypes (Li et al., 2001). PCR procedure was performed according to Li et al. (2001) for all VM
primers and Soy satt 183, 251, 279, 307 and 571 primers, and according to Narvel et al. (2000a) for
Soy satt 154, 296 and 408 primers with ﬁhe following minor modification; the amount of genomic
DNA tempiéte was increased from 50 to 100 ng. Briefly, DNA was ampliﬁed by polymerase chain
reaction (PCR) in the total volume of 10 pl containing 100 ng template DNA, 1X buffer (75 mM
Tris.HCI (pH 9.0), 50 mM KCl, 20 mM (NH,),SO,), 2 mM MgCl,, 200 uM of each dNTP, 5 pmol
SSR primer, and 1 unit BIOTOOLS DNA polymerase (BIOTOOLS B&M Labs, SA). PCR
reactions were carried out in a Thermo Hybaid Px2 thermocycler (Thermo Fisher Scientific, Inc.,
MA). Cycling parameters for Soy satt 154, 296 and 408 primers were initial denaturation step at
95°C for 10 min, followed by 95°C for 25 sec, 58°C for 25 sec and 72°C for 25 sec. This cycle
was repeated 35 times, followed by 60 min extension at 72°C. For the remaining primers,
touchdown PCR profile was used with the following cycling parameters: initial denaturation step

at 94°C for 5 min, followed by 94°C for 1 min, 64-55°C for 30 sec (declining 0.5°C/ cycle) and
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72°C for 1 min. These cycles were followed by 35 times of 94°C for 1 min, 55°C for 1 min and
72°C for 1 min, ;followed by 10 min extension at 72°C. The amplified products were separated on
6% denaturing polyacrylamide gel and detected by silver nitrate according to Sambrook and
Russell (2001). Allele sizes were estimated in comparison with 25 bp DNA ladder (Invitrogen

Corporation, CA).

Inter-simple sequence repeat (ISSR) analysis

Sixteen ISSR primers developed from the University of British Columbia were used for
ISSR analysis (Table 3). Five of these contained AC repeat motif, five contained AG repeat motif,
four contained GA repeat motif, and two contained CA repeat motif. Fourteen of these possessed a
one to two nucleotide anchor sequence at 3’ end and the reméining two were anchored at the 5° end
with 3 nucleotides. Most of these primers have been used successfully for estimating genetic
relationships of Vigna spp. including V. unguiculata and estimating genetic diversity among
blackgram genotypes (Ajibade et al., 2000; Souframanien and Gopalakrishna, 2004). Each 20 ul
PCR reaction contained 50 ng of genomic DNA template, 1X buffer (75 mM Tris. HC1 (pH 9.0), 50
mM KCl, 20 mM (NH,),SO,), 3.5 mM MgCl,, 250 uM of each dNTPs, 1 unit of BIOTOOLS DNA
polymerase (BIOTOOLS B&M Labs, SA), and 0.4 pM 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 1 min; and final extension at
72°C for 10 min. The amplified products were revealed as described above. The size of ISSR

fragments were estimated by using 1 Kb plus DNA ladder (GibcoBRL, Gaithersburg, MD) as

standards.

Data scoring, cluster and principal coordinate analysis

Morphological characters were classified into 2-6 classes (Fig. 1); growth habits
(determinate, semi-indeterminate and indeterminate), shapes of leaf tip (acute and acuminate), seed
colors (white, brown, white spots on brown, half white half brown, brown spots on white and
black), flower colors (white, white-purple, purple-white and dark purple), and seed luster (absent,
slight, moderate and pronounced). Different combinations of 0 and 1 were‘coded for each class of
all morphological characters. For SSR and ISSR analysis, bands with the same mobility were
treated as identical fragments. Clearly amplified band was coded as 0 and 1 for its absence and

presence, respectively.
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Similarity coefficients between various genotypes, in a pair-wise comparison, were
computed usiné Jaccard's coefficient. Pairwise similarity matrices were obtained using the
MXCOMP module of NTSYS-pc, version 2.2 software (Rohlf, 2000) for morphological, SSR and
ISSR data separately. Combined analysis of the SSR and ISSR (ISSR/SSR) data sets were also
performed. The similarity matrices were used to generate dendrograms using the unweighted pair
group method with the arithmetic averaging (UPGMA) cluster analysis (Sneath and Sokal, 1973).
The goodness of fit of the genotypes to a specific cluster in the UPGMA cluster analysis was
determined by the Mantel’s cophenetic correlation test (Mantel, 1967). To assess correspondence
among the marker systems, correlation between the two similarity matrices obtained with two
different markers (morphological vs ISSR, morphological vs SSR, ISSR vs SSR, morphological vs
ISSR/SSR, ISSR vs ISSR/SSR and SSR vs ISSR/SSR) vx;as estimated by means of the Mantel
matrix correspondence test (Mantel, 1967). To estimate the magnitude of the differences among
dendrograms, cophenetic values were computed for each dendogram; a cophenetic matrix was then
constructed for each marker type. The Mentel Z statistic wiels also used to compare the cophenetic
matrices obtained with different marker systems. The matrix correlation correspbnds to two
independently derived dendograms 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).

To obtain a measure of the usefulness of each marker system, the polymorphism
information content (PIC), effective multiplex ratio (E) and marker index (MI) were calculated.
PIC of each SSR and ISSR were determined as described by Weir (1996). PIC = Y "Pi?, where Piis
the frequepcy of the i" allele in the examined test line. £ is the-number of polymorphic products
from a single amplification reaction, therefore it is defined as the product of the total number of loci
per primer (1) and the fraction of polymorphic loci (B) (E = nB). MI is the product of the total
number of loci per primer pair (n) and arithmetic mean ileterozygosity (H,,) (MI =nH_), and can be
calculated as marker index = effective multiplex ratio x PIC. The marker index (MI) can also be
defined as the product of effective multiplex ratio (E) and the average expected heterozygosity
[Hav(p)] for the polymorphic markers [MI = EHav(p) where Hav(p) = MI/(n x B) and Hav(p) =
MI/E).

NTSYSpe 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.,
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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 23 genotypes of yardlong bean exhibited considerable variation for morphological
characters, especially on seed colors, displaying 6 different patterns (Table 1; Fig. 1). All of them
had a typical growth habit of indeterminate. Acute shape of leaf tip (86.96%), purple-white flowers
(69.57%), white spots on brown seeds (34.78%), and moderate seed luster (39.13%) were the most
frequently found characters among these yardlong bean genotypes. The seven varieties of dwarf
yardlong bean showed lower variation in morphological characters. Six of these had determinate
growth habit and dark purple flowers. Only one variety, Rjaikang, grew semi-indeterminately and
had white-purple flower color, and hence was the most distant variety within this dwarf yardlong
bean group. Most of dwarf yardlong bean had brown seeds (85.71%), acuminate shape of leaf tip
(85.71%), and moderate seed luster (71.43%). This limited variation may result from parentage
commonness of the three varieties, KKU 25, SUT 1 and Naangdang, which shared similarity in
four of five characters.

Growth habit was an excellent indicator for distinguishing dwarf yardlong bean from
yardlong bean in the group of genotypes studied. However, some yardlong bean genotypes have
been found with determinate growth habit (Sarutayophat et al.,, 2007). Two of the 30 genotypes
had specific morphological character(s) that could be used to differentiate them from the rest;
Raikang was the only genotype with semi-indeterminate growth habit, and seed color of Saifha
(brown spots on white) was unique. Additional unique characters were found in certain varieties
when considering only within the yardlong bean or dwarf yardlong bean group. In dwarf yardlong
bean group, KY Bush was unique for having acute shape of leaf tip, SUT 1 for having black seeds,
and KKU 25 for having pronounced seed luster. Similarly, only Green Pod Kaohsiung had
distinctive pronounced seed luster among yardlong bean genotypes. These six genotypes could be
unambiguously differentiated by only one of the given morphological characters. Nevertheless,
when all five morphological characters were considered simultaneously, 18 genotypes could be

distinguished, giving 60% identification of the 30 varieties. In order to increase the identification
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efficiency, other potential morphological characters such as pod length, color, and diameter
(Sarutayophat ét al., 2007) might be incorporated in the future study. In addition, some of the 45
morphological characters that Bisht et al. (2005) used to describe diversity and genetic resources of

206 accessions of 14 wild Vigna species might help in differentiation of these materials.

Level of polymorphism
SSR polymorphism

Morphological assessment is not sufficient for adequate characterization of yardlong bean
and dwarf yardlong bean. Relatively, more differences were observed at the DNA level compared
to the phenotypic level. A total of 16 SSR primer pairs (8 Soy satt and 8 VM primers designed
based on microsatellites isolated from soybean and cowpea, respectively, except VM 21 which
originated from mungbean) were used to amplify specific fragments from bulked DNA of each
genotype of three Vigna species, V. unguiculata, V. mungo and V. radiata. Soy satt 307 and VM 36
produced complex multiple DNA fragments, Soy satt ;108 amplified diffuse indistinct DNA .
fragments while Soy satt 183 and VM 5 failed for amplification. VM 21 designed from the 1-
amino-cycloprane-1-carboxylate oxidase cDNA sequence of mungbean was found as a
monomorphic primer by giving a single band of 179 bp in all genotypes. The monomorphism of
VM 21 did not give a surprise since it was observed in its original publication with cowpea (Li et
al., 2001). It appeared that this gene was also highly conserved in yardlong bean, mungbean and
blackgram. Therefore, these 6 primer pairs were withdrawn from further cluster and PCA analysis,
leaving ten primer pairs (62.5%) which produced clear polymorphic microsatellite DNA fragments
within the predicted size range for the analysis (Table 2). All 5 polymeric' VM primer pairs of
cowpea could successfully amplify DNA from all 3 Vigna species. The results indicated
conservation of microsatellite sequence within species and genus, and even across family for Soy
satt primers. Twenty seven pairs of the VM primers were previously used for diversity estimation
of yardlong bean germplasm, of which 16 (60%) yielded PCR products (Phansak et al., 2005). The
transferability of SSR (or STMS: sequence tagged microsatellite site) primers was also reported in
other Vigna species (Phansak et al., 2005) as well as in other legume species (Choumane et al.,
2000; Pandian et al., 2000; Ford et al., 2002). However, it must be taken inté account that the use
of conserved SSR primer sequences of cowpea in congeneric species, mungbean and blackgram,
may introduce artefacts since the structure and/or average length of the actual microsatellite locus

can differ considerably between different taxa (Nybom, 2004).



123

Because knowledge of DNA sequences of SSR flanking regions is required to design
appropriate éSR primers, the development and application of SSRs has mostly been restricted to a
few most agriculturally important crops such as soybean (Peakall et al., 1998). In contrast, the
development of SSRs in the Vigna genus has been limited (Li et al., 2001; Wang et al., 2004).
Therefore, the transfer of well-characterized soybean SSRs across species to other legume crops
including Vigna spp. may facilitate more widespread use of SSRs. Eight soybean SSR primer pairs
developed by Narvel et al. (2000a) and Cregan et al. (2008) were used to evaluate the
transferability of these primers for cross-species amplification of 3 Vigna species, V. unguiculata,
V. radiata and V. mungo. Although the three species share the same basic chromosome number (2n
= 22) and contain comparable nuclear DNA content, they are believed to represent divergent but
parallel evolutionary lineages in the genus Vigna (Menancio-Hautea et al., 1993). Five of these
eight primers (62.5%) could amplify clear polymorphic SSR fragments among V. unguiculata,
whereas in V. radiata and V. mungo, clear SSR fragments were detected only by two of these
primers (25%). Previous study also showed the cross-species amplification of soybean SSRs
within other legume genera including Vigna but with success rates of 3-13% (Peakaill etal., 1998).

Fig. 2A showed an example of SSR profile of yardlong bean, dwarf yardlong bean,
mungbeanv and blackgram amplified by VM 70. Soy satt 154, Soy satt 296, VM 26 and VM 70
produced two SSR fragments in a few yardlong bean genotypes, indicating heterogeneity of these
loci in these genotypes. The presence of heterogeneity in some accessions of V. unguiculata was
also identified by Gillaspie Jr. et al. (2005). Similarly, some genotypes of V. radiata and V. mungo
exhibited two SSR fragments at Soy satt 571, VM 26 and VM 70 loci. The amplification of 2 SSR
fragmeptsk in predominantly homozygous Vigna species suggested that these multiple bands may
represent different loci rather than different alleles caused by cross pollination or mutation.
Variation in copy number between mungbean and cowpea and the occurrence of several
rearrangements in linkage orders were evident by comparative genome analysis using RFLP
although they shared a high degree of similarity in the nucleotide sequences (Menancio-Hautea et
al., 1993).

The number of alleles per primer pair (locus) ranged from 1 for VM 21 to 9 for Soy satt
296 with an average of 4.91. This number of alleles was comparable to those reported by Li et al.
(2001) and Diouf and Hilu (2005) for cowpea (2 to 7 and 1 to 9 alleles, respectively) and by
Phansak et al. (2005) for yardlong bean (1 to 6 alleles). Eight unique alleles specific for Cowpea,
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Green Star, KKU 25, Pijit 2, V-1090, V-1098 and V-1239 were observed in this study and may be
useful for DNA fingerprinting. Additionally, 2 unique alleles specific for V. radiata and V. mungo,
and 2 unique alleles specific for V. mungo alone were also found.

The polymorphism information content (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). PIC values varied from 0.251
(VM 39) to 0.752 (VM 31) with an average of 0.597 (Table 2). No significant correlation was
detected between the repeat number and the allele number (r = 0.254; p > 0.05) or PIC (r = 0.175;
p > 0.05) similar to that found in previous reports (Li et al., 2001; Nagaraju et al., 2002).

Our results showed a relatively lower level of SSR variation in yardlong bean and dwarf
yardlong bean compared to other crops such as rice, soybean, wheat and maize in agreement with
those found in cowpea using RAPD and SSR (Narvel et al., 2000; Li et al., 2001; Tosti and Negri,
2002). However, AFLP detected high level of polymorphisﬁ? in cowpea (Coulibaly et al., 2002).

ISSR polymorphism

Sixteen ISSR primers were attempted to generate DNA polymorphisms among the
yardlong bean and dwarf yardiong bean genotypes along with two outgroup species, mungbean and
blackgram (Table 3). The ISSR markers resulted in more amplified fragments than the SSR
markers for all the genotypes. In total these 16 primers produced a total of 312 scorable bands of
which 284 were polymorphic. (91.03%). The total number of scorable bands per primer varied
from 12 for ISSR 855 to 33 for ISSR 808 with an average of 19.50. ISSR 826 and ISSR 808 gave
the minimum and maximum number of polymorphic bands per primers which were 7 and 32,
respectiveiy with an average of 17.75. The size of fragments varied from 200 to 2000 bp. Fig. 2B
illustrates the ISSR profile obtained with ISSR 841. The percentage of polymorphic bands ranged
from 46.67% for ISSR 826 to 100% for ISSR 835, ISSR 836, ISSR 846, ISSR 847, ISSR 848,
ISSR 855, ISSR 884 and ISSR 889. On average, primers with CA repeat motif revealed the highest
polymorphism levels (100 %), followed by AG (95.8 %), GA (88.6 %) and AC (76.6 %) repeat
motifs, respectively.v The average polymorphism percentages of the 3’ anchored and 5’ anchored
primers were 86.8% and 100%, respectively,

Because ISSR markers are usually dominant markers, 0.50 will be the highest PIC value
for any fragment. The range of PIC values in this study was 0.137 (ISSR 855) to 0.276 (ISSR 811)

with an average of 0.197, which were relatively low compared to the ones reported by Thipyapong
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et al. (unpublished data) in mungbean and blackgram, although the primers used are highly
informative, a}xd have been used successfully in blackgram and Vigna species (Ajibade et al., 2000;
Souframanien and Gopalakrishna, 2004). The lower PIC values found in this study may stem from
closeness of genetic relationships among genotypes studied. Among these markers, ISSR 811, 836
and 848 (PIC values 0.276, 0.265 and 0.263, respectively) were the most informative for
distinguishing among yardlong bean and dwarf yardlong bean genotypes. Note that these primers
have GA, AG or CA 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).

A high level of variation was found among the 34 genotypes of three Vigna species using
ISSR markers where 91.03% of the fragments were polxmorphic. These results may reflect the
usage of samples from diverse species for the analysis. When considering only among the 30
genotypes of yardlong bean and dwarf yardlong bean, the percentages of polymorphism for ISSR
was lower (72.47%).

Specific ISSR fragments were found in the genotypes of yardlong bean, dwarf yardloné
bean, mungbean and blackgram. Species-specific ISSR fragments were obtained for all 3 Vigna '
species. Fifteen ISSR fragments (4.81%) were specific for V. unguiculata, twelve ISSR fragments:
(3.85%) were specific for V. radiata and eleven ISSR fragments (3.53%) were specific for V. mungo.
These individual ISSR loci provided good discrimination among genotypes of the three species,
while 6ther ISSR loci did not. These results suggest that the difference among the three species
involves a portion of the genome, but that other areas of the genome are shared in common by the
three species. Some genotype-specific ISSR fragments were found, particularly in V-1098. Thirty
seven polymorphic fragments were specific to seven genotypes. The genotype V-1098 had the
highest number of specific fragments (26) followed by V-1091 (4) and Saifha (3). The ability of
ISSR to effectively distinguish the three species as well as other species of Vigna was also reported

by Ajibade et al. (2000).

Genetic diversity and relationships between and within different Vigna species

Three UPGMA dendrograms of yardlong beans and dwarf yardlong beans were
constructed based on 5 morphological characters and 53 polymorphic alleles and 284 polymorphic
bands amplified by 10 SSR and 16 ISSR primers, respectively. In addition, the combined
ISSR/SSR data was also used for dendrogram construction. These four dendrograms are presented

in Fig. 3. The three markers gave different dendrograms where the 30 genotypes of V. unguiculata
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were separated into 2 groups with 3 subgroups for morphological marker, 1 group with 3 subgroups
for SSR mark(;,r and 1 large subgroup with 3 more distantly related genotypes for ISSR marker
(Fig. 3A, B and C). The dendrogram based on combined analysis of SSR and ISSR resembled for
the most part the one based on ISSR (Fig. 3C and D).

Two major clusters were grouped in morphological-character-derived dendrogram (Fig. 3A).
The cophenetic correlation, as a measure of goodness of fit for the cluster analysis, was estimated at
r = 0.389, corresponding to low correlation of respective clusters to genetic similarity data. The
largest cluster (cluster I) contained all 23 yardlong bean genotypes. This cluster was further
subdivided into 3 subclusters; subcluster Ia, Ib and Ic consisting of five (Negro Extralong 3115,
Phukhieo, Nau SJ 1, Mookda and Evergreen), eight (Rungmeng, Lumpaya, Green Arrow, V-1090,
V-1098, Plawan, V-1091 and Saitha) and ten (RW 24, Phaikwang 005, V-1038, Nau, V-1239,
Negro Special, Red Seed no. 8091, Kudpun, Pijit 2 and Green Pod Kaohsiung) yardlong bean

genotypes, respectively. All seven dwarf yardlong béan genotypes (Green Star, Cowpea,

Naangdang, KY Bush, KKU 25, Suranaree 1 and Raikang) constituted cluster II. Raikang was the -

most divergent in this group while six of the remaining varieties clustered quite tightly together

(average 85.7% similarity). The pairwise genetic similarity coefficients between genotypes varied -
g8 p

widely with the ranging of 0.182 (Raikang vs Red Seed no. 8091, Kudpun, Pijit 2, V-1090 or V-1098) '

to 1.00. Twelve genotypes in 5 groups; Lumpaya and Green Arrow; Red Seed no. 8091, Kudpun
and Pijit 2; V-1090 and V-1098; Green Star, Cowpea and Naangdang; RW 24 and Phaikwang 005,
were identical to each other.

For molecular marker ISSR, SSR and combined ISSR/SSR, subgenus Ceratotropis (V. radiata
and V. mungo) was clearly differentiated from the subgenus Vigna (V. unguiculata) in a distinct
cluster I1, which could be divided into 2 subclusters; subcluster Ila containing 2 mungbean varieties
(SUT 1 and M5-5) and subcluster IIb containing 2 blackgram varieties (UT 2 and PL 2; Fig. 3B, C,
D). The genetic distance between the two subgenus was 0.31 for ISSR and combined ISSR/SSR,
and 0.24 for SSR, whereas the genetic distance between the 2 species of subgenus Ceratotropis was
0.21 for ISSR, 0.19 for ISSR/SSR, and only 0.07 for SSR. The levels of genetic distance estimated
from ISSR and combined ISSR/SSR were in agreement with those estimated by ISSR analysis in a
previous report by Ajibade et al. (2000). The clear differentiation between subgenus Ceratotropis
and Vigna were also observed using RAPD and RFLP (Fatokun et al., 1993; Kaga et al., 1996).

Thirty V. unguiculata genotypes grouped together in a large cluster I using SSR, ISSR and
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combined ISSR/SSR data but with different patterns of subcluster groupings. In SSR, cluster I was
divided into 3 subclusters; subcluster Ia consisting of 11 yardlong bean (Negro Extralong 3115,
Green Pod Kaohsiung, Kudpun, Phatkwang 003, Pijit 2, Nau, Nau SJ 1, V-1090, V-1091, V-1098 and
Negro Special) and 4 dwarf yardlong bean (KKU 25, Naangdang, Green Star and Cowpea)
genotypes, subcluster Ib consisting of 10 yardlong bean (Rungrueng, Green Arrow, Mookda, Red
Seed no. 8091, Plawan, Evergreen, Saifha, Phukhieo, RW 24 and Lumpaya) and 3 dwarf yardlong
bean (KY Bush, Suranaree 1 and Raikang) genotypes and subcluster Ic consisting of 2 yardlong
bean (V-1239 and V-1038) genotypes (Fig. 3B). In ISSR, all but 3 yardlong bean genotypes, V-1038,
V-1091 and V-1098, formed a tight group with more than 90.72% genetic similarity (Fig. 3C). V-1098
was the most divergent.  Similar pattern of genotype clustering within groups was found in
combined ISSR/SSR-based dendrogram (Fig. 3D). A éood fit of respective clusters to genetic
similarity data was indicated by high cophenetic correlations based on ISSR and ISSR/SSR (r = 0.566
and 0.563, respectively) while SSR yielded lower cophenetic correlation (» = 0.198; Table 4). The
differences between SSR- and ISSR-based dendrograms rr;ay result from the level of polymorphism
detected, substantiating the importance of the number of loci and their coveragé of the overall’
genome in obtaining reliable estimates of genetic relationships among varieties as has been
suggested by Souframanien and Gopalakrishna (2004). Note that the putatively similar ISSR
fragments in different genotypes are not necessarily homologous, although they may share the same
size in base pairs, which could possibly lead to wrong conclusions when calculating genetic
relationships (Fernandez et al., 2002; Chawla, 2002). In addition, SSR and ISSR detected different
kinds of polymorphisms: the number of tandem repeats which evolved rather rapidly for SSR and
point mutations or indels for ISSR (Baranger et al., 2004).

PCA was used to identify multidimensional relationships that describe portions of the
genetic variance in a data set. Three-dimensional plots of PCA based on morphological, SSR,
ISSR and combined ISSR/SSR markers were in general consistent with the UPGMA cluster analysis
(Fig. 4). PCA based on morphological characters revealed that the first three principal coordinate
components accounted for 28.36, 18.64 and 15.63% variation, respectively. These first three
principal coordinates of the morphological data explained 62.63% of the total variance. The
separation of genotypes into yardlong bean and dwarf yardlong bean clusters was observed.
However, the yardlong bean genotypes were not well separated into 3 subclusters (Fig. 4A). For

the molecular markers, the three coordinates explained 27.02, 17.94 and 12.90% of the total
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variance, respectively for SSR, 39.64, 8.94 and 8.36% of the total variance, respectively for ISSR,
and 37.09, 8.2§ and 7.82% of the total variance, respectively for combined ISSR/SSR. These first
three principal coordinates of the SSR, ISSR and combined ISSR/SSR data explained 57.86, 56.94
and 53.19% of the total variance, respectively. The separation of genotypes in subgenus
Ceratotropis (V. radiata and V. mungo) from the subgenus Vigna (V. unguiculata) were very
clearly observed for all the molecular markers. In addition, the 2 mungbean varieties (SUT 1 and
M 5-5) were distinct from 2 blackgram varieties (UT 2 and PL 2; Fig. 4B, C, D). In SSR-based
PCA plot, the 30 yardlong bean and dwarf yardlong bean genotypes were intermixed into the same
group rather than separating into 3 subclusters as seen in the UPGMA cluster analysis (Fig. 4B).
Three genotypes, V-1098, V-1091 and V-1038, appearedito be distinct from other yardlong bean
and dwarf yardlong bean genotypes in the ISSR- and ISSR/SSR-based PCA (Fig. 4C, D). These
genotypes being quite diverse genetically may be used as parents for crop improvement. The
remaining yardlong bean and dwarf yardlong bean genotypes showed minimal genetic diversity and
all formed one compact cluster (Fig. 4C, D). :

The pairwise genetic similarity coefficients varied depending on the DNA'markers used;
they ranged from 0.667 (Green Star vs SUT 1 or M 5-5; PL. 2 vs Mookda, Negro Special, Saifha,:
Phaikwang, KKU 25 or Naangdang) to 1.00 (K'Y Bush vs Suranaree 1; PL 2 vs UT 2; SUT 1 vs M 5-5;
average 0.841) with SSR, 0.613 (V-1098 vs SUT 1) to 0.976 (RW 24 vs Plawan; average 0.843)
with ISSR, and 0.641 (V-1098 vs PL 2) to 0.975 (RW 24 vs Plawan; average 0.869) for combined
ISSR/SSR. These levels of genetic similarity coefficients indicated moderate to high genetic
relationships among these 34 genotypes. The genetic similarity coefficients were even higher
within V, unguiculata species, ranging from 0.722 (V-1098 vs Saifha) to 1.00 (KY Bush vs
Suranaree 1; average 0.87) with SSR, 0.782 (V-1098 vs Saitha) to 0.976 (RW 24 vs Plawan or
Phaikwang; average 0.914) with ISSR, and 0.794 (V-1098 vs Saitha) to 0.975 (RW 24 vs Plawan;
average 0.92) for combined ISSR/SSR, substantiating the narrow genetic base of this species.
Cowpea, another subspecies, also exhibited limited genetic diversity when analyzed by RAPD,
SSR, chloroplast DNA, AFLP and isozyme (Vaillancourt and Weeden, 1992; Pasquet, 2000; Li et al.,
2001; Tosti and Negri, 2002; Fang et al., 2007).

The narrow genetic base may stem from the utilization of a few accessions as parents in
the breeding programs, or the tendency to add desirable traits repeatedly by backcrossing. The low

diversity of yardlong bean as well as other V. unguiculata cultivar groups were also observed by
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Pasquet (2000) who suggested that this could be explained by a single domestication event, self-
pollinating breéding system and a double bottleneck effect — from wild to primitive cultivar groups
and from primitive to evolved cultivar groups. Similarly, Fang et al. (2007) found limited genetic
diversity among accessions of yardlong bean from Thailand and India. It was suggested that
yardlong bean arose in Asia through two separate events; the introduction of cowpea into Asia and
the single or limited number of mutation/selection. The assessment of genetic diversity among
yardlong beans and dwarf yardlong beans in this study would be of significance for designing
breeding strategies to broaden genetic variation and sustain long-term selection gain.

SSR appeared to be less efficient in distinguishing among these 34 genotypes, possibly due
to lower number of loci analysed compared to ISSR. Using SSR, 3 pairs of V. unguiculata (KY Bush
and Suranaree 1), ¥. mungo (UT 2 and PL 2) and V. rédiata (SUT 1 and M5-5) could not be
differentiated from each other. Note that these pairs of genotypes differed on their morphological
characters. In contrast, only 4 most informative ISSR prirriers (ISSR 811, ISSR 836, ISSR 848 and
ISSR 826) could clearly identify all 34 genotypes inclﬁding those with similar morphological‘ '
characters. These ISSR primers are particularly useful for accurate and cost-effecti‘ve genotyping
for yardlong bean and dwarf yardlong bean variety identification.

Although we did not include cowpea (ssp. unguiculata) genotypes in our study, previous
researches using ISSR have shown that most genotypes of this subspecies were groupéd in a tight
cluster with yardlong bean (ssp. sesquipedalis), shoWing no clear genetic differentiation between
the two subspecies (Ajibade et al., 2000; Coulibaly et al. 2002). Similarly, Gillaspie, Jr. et al.
(2005) found that AFLP and SSR markers were unable to separate ssp. sesquipidalis, unguiculata,
cylindricq and dekindtiana into discrete clades. As expected, all yardlong bean and dwarf yardlong
bean (the hybrid between yardlong bean and cowpea) genotypes in our study also clustered
together, However, using ISSR and combined ISSR/SSR, the 7 dwarf yardlong bean genotypes
grouped rather closely together (more than 93% similarity). For the current study, it’s not possible
to make overall comparisons between the genetic similarities and the pedigree information since
the latter data were unknown for most of the genotypes used. Nevertheless, available pedigree
information of 3 dwarf yardlong bean genotypes, Suranaree 1, KKU 25 and Naangdang, was
consistent with the ISSR classification. Suranaree 1 was a progeny from a cross between KKU 25
and KVC 7, and Naangdang was a selected line derived from Suranaree 1. Among these three

geneﬁca]ly related genotypes, ISSR clustered them very tightly (more than 95% similarity) whereas
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SSR grouped them separately on different subclusters. Our results confirmed that ISSR analysis
was very robust for identifying genotypes and species of Vigna. ISSR also provided a better

assessment than SSR of the genetic relatedness among these genotypes.

Comparison between marker systems

Table 4 showed the results of Mantel’s test for the correlations between similarity matrices
obtained by different marker systems (morphological, ISSR, SSR and combined ISSR/SSR), and
between their cophenetic values, together with the cophenetic correlations. Because morphological
characterization was performed only on V. unguiculata, the correlations between this marker
system and others were analyzed with the samples from this species only (Table 4A). Among the
three marker systems used, the highest similarity and coﬁhenetic correlations were between SSR
and ISSR (0.253 and 0.140, respectively) and the lowest were between morphology and ISSR
(0.040 and -0.042, respectively). The relationships between V. unguiculata genotypes, as revealed
by morphological characters were not significantly correlated with those based on microsatellites.
(SSR and ISSR), suggesting that this marker system gave different estimates of genetic ,
relationships among the genotypes. This lack of correlation between morphological characters and
other genetic markers such as isozyme and RAPD has been documented in cowpea (Vaillancourt et ,
al., 1993; Nkongolo, 1993). These results may have arisen because the diversity at the molecular
level, which is neutral, may not reflect the diversity at the morphological level (Karhu et al., 1996;
Tar’an et al., 2000). Moreover, the morphological data were based on only 5 major characters,
which may be too few to reflect the actual variability among the genotypes.

Excluding morphological marker, all 34 genotypes from 3 Vigna species were also used
for the aﬁalysis of correlations between SSR, ISSR and combined ISSR/SSR (Table 4B). When
samples from all three Vigna species were used, the similarity matrices obtained with SSR, ISSR
and combined ISSR/SSR were always significantly correlated with each other. Correlation
coefficients by Mantel tests were 0.626 between SSR and ISSR, 0.631 between SSR and ISSR/SSR
and 0.994 between ISSR and ISSR/SSR, indicating a concordance between these markers. The
same was true for the correlations between cophenetic matrices (Table 4B). This significant
correlation between data obtained from SSR and ISSR has also been observed in Cucurbita pepo,
apple and buffalograss (Gouldo and Oliveira, 2001; Paris et al., 2003; Budak et al., 2004).
Nevertheless, significant correlations were only observed between similarity and cophenetic

matrices of ISSR and combined ISSR/SSR when only 30 V. unguiculata genotypes were analyzed
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(Table 4A). : The goodness of fit of ISSR and ISSR/SSR values for these cophenetic correlations
was also significant with best fit from ISSR when considering either only with V. unguiculata or
with all 3 Vigna species, suggesting that ISSR and combination of both ISSR and SSR are more
efficient for determination of genetic relationships among the materials studied. The differences
between ISSR and SSR may be due both to the origin of polymorphic fragments (number of
microsatellite repeats for SSR and the distance between 2 microsatellites for ISSR) and to
difference in the distribution of the polymorphisms detected (genome coverage). These different
components of DNA variation may be subjected to different evolutionary mechanisms (Chawla,
2002; Pradeep Reddy et al., 2002). On the other hand, it could be attributed to the significantly
lower number of SSR alleles analysed in this study.

Although the average PIC value of SSR (0.597) was higher than that of ISSR (0.197), the
much higher E value of ISSR (17.75) compared to that of SSR (1.121) rendered SSR MI (0.669)
lower than ISSR M7 (3.495). These results suggested that ISSR detected both interspecific and
intraspecific genetic differences and relationships more efficiently than SSR. Note that the level of
E takes into account both the proportion of polymorphic loci and the number of loci detected. In
this study, the number of loci detected with multi-locus ISSR was much higher than single-locu'é
SSR, particularly when the sensitive silver staining on polyacrylamide gel was used for DNA
detection. It bas been shown that the ability of a marker to resolve genetic relationships among
genotypes is related to the number of polymorphisms detected (Yee et al., 1999). The average
ISSR-based PIC value was comparable to those found when genetic variation among 11 cowpea
landraces and 2 commercial varieties was assessed using RAPD (0.17), AFLP (0.24) and
selecti\}ely amplified microsatellite polymorphic locus (SAMPL; 0.21; Tosti and Negri, 2002), and
to those found when Vigna Species was differentiated by RAPD (0.20), universal rice primer (URP;
0.25) and SSR (0.25; Dikshit et al., 2007), Similar to our ﬁndings, they also found that MI values
of RAPD (0.20, 1.68), AFLP (1.62), SAMPL (1.79), URP (1.60) and SSR (2.24) varied owing to
the differences in E values. The much higher SSR M (2.24) observed by Dikshit et al. (2007)
compared to SSR MI in the present study (0.669) was due to the higher £ value (9.00) as a result of
using the multi-locus SSR marker, designed from the ferritin gene of Phaseolus vulgaris in their
study.

In conclusion, this study has demonstrated the effectiveness of ISSR in molecular

characterization of yardlong bean and dwarf yardlong bean genetic diversity and relationships as
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well as variety identification. Its multi-locus nature as well as high reproducibility, simplicity and
low cost makes it particularly attractive for analysing a large number of samples with narrow
genetic variation. The ISSR profiles generated in the current study can be used as one criterion for
selection of parental lines to increase genetic variability in a breeding program. The low genetic
diversity among yardlong bean and dwarf yardlong bean genotypes revealed the need for

introgression of additional genetic variability into future breeding programs.
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Table 1. List of 23 yardlong bean and 7 dwarf yardlong bean genotypes and their morphological

characters.
Common . Growth Shape of Flower
naIe Variety habit lea fl:ip color Seed color Seed luster
Yardlong Evergreen indeterminate acuminate purple- white spots  moderate
bean white on brown
Green Arrow indeterminate  acute white white absent
Green Pod indeterminate  acute purple- black pronounced
Kaohsiung white
Kudpun indeterminate  acute purple- white spots  moderate
white on brown
Lumpaya indeterminate  acute white white absent
Mookda indeterminate acuminate  white- white spots = moderate
purple on brown
Negro Extralong indeterminate acute . white- black moderate
3115 ~ purple
Negro Special indeterminate  acute purple- black moderate
white
Nau indeterminate  acute purple- brown “slight
white
Nau SJ 1 indeterminate  acute * white- brown moderate
purple
Phaikwang 005  indeterminate  acute purple- half white slight
white half brown
Phukhieo indeterminate  acute white- white spots  moderate
purple on brown
Pijit2 indeterminate  acute purple- white spots  moderate
white on brown
Plawan indeterminate  acute purple- half white absent
white half brown
Red Seed no. indeterminate.  acute purple- white spots  moderate
8091 white on brown
RW 24 indeterminate  acute purple- white spots  slight
white on brown
Rungrueng indeterminate  acute white- white absent
purple
Saifha indeterminate acuminate purple- brown absent
white spots on
white
V-1239 indeterminate  acute purple-  white spots slight
white on brown
V-1090 indeterminate  acute purple-  white absent
white
V-1038 indeterminate  acute purple-  black slight
white
V-1091 indeterminate  acute purple-  brown absent
white
V-1098 indeterminate  acute purple-  white absent
white
Dwarf Raikang Semi- acuminate  white- brown slight
yardlong bean indeterminate purple
Cowpea determinate acuminate  dark purple brown moderate
Green Star determinate acuminate  dark purple brown moderate
KKU25 determinate acuminate  dark purple brown pronounced
KY Bush determinate acute dark purple brown moderate
Naangdang determinate acuminate  dark purple brown moderate
Suranaree } determinate acuminate  dark purple black moderate
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Table 2. SSR markers used for the analysis of 30 V. unguiculata, 2 V. mungo and 2 V. radiata
genotypes. Microsatellites were isolated from soybean (Soy satt 154, 183, 251, 279, 296,
307, 408, 571), cowpea (VM 5, 26, 31, 35, 36, 39, 70) and mungbean (VM 21).

Number of

SSR primer Primer sequence 5°— 3’ Repeat PIC
alleles

Soy satt 154 AGA TAC TAA CAA GAG GCA TAA AACT (ATT)20 8 0.6628
AAA GAA ACG GAA CTA ATA CTA CATT

Soy satt 183" CAC CCT AGG ATC TAG AAC ACC (ATD13 No NA
CTC ATA AAA CTA CAC ACT TTC AG amplification

Soy satt 251 CCT CCA CCC CCT TCC CAC CCA AAA (ATT)15 4 0.7208
GGT GAT ATC GCG CTA AAA TTA

Soy satt 279 GCG CAA AAG GAC GCC CAC CAATAG  (ATT)28 4 0.6990
GCG GTG ATC GGA TGT TAT AGT TTC AG

Soy satt 296 GCC CCA CAA CCA GAA ACAC (ATT)20 9 0.5672
GAA ATT TGG CGA CTA AAA ACT GC

Soy satt 307Y GCG CTG GCC TTT AGA AC (ATD)12 Multiple/ NA
GCG TTG TAG GAA ATT TGA GTA GTA AG complex

Soy satt 408" GCG GTC CGT GCT GTT AAT TCTATA = (ATT)19 Multiple/ NA
GCG TGA TTT ATT CAT GAT ATA TTT TTG complex

Soy satt 571 GGG TAG GGG TGG AAT ATA AG (ATT)14 4 0.3333
GCG GGA TCC GCG GAT GGT CAA AG ‘

\% YR AGC GAC GGC AAC AAC GAT (AG)32 No NA
TTC CCT GCA ACA AAA ATA CA amplification :

vM 21 TAG CAA CTG TCT AAG CCT CA (AT)17 1 NA
CCA ACT TAA CCA TCA CTC AC

VM 26 GGC ATC AGA CAC ATA TCA CTG (TC)14 5 0.6212
TGT GGC ATT GAG GGT AGC

VM 31 CGC TCT TCG TTG ATG GTT ATG (CD16 8 0.7516
GTG TTC TAG AGG GTG TGA TGG TA

VM 35 GGT CAA TAG AAT AAT GGA AAG TGT ~ (AG)11. 4 0.7089

- ATG GCT GAA ATA GGT GTC TGA (M9

VM 36" ACT TTC TGT TTT ACT CGA CAA CTC (CD13 Multiple/ NA
GTC GCT GGG GGT GGC TTA TT complex

VM 39 GAT GGT TGT AAT GGG AGA GTC (AO)13.(AT) 2 0.2509
AAA AGG ATG AAA TTA GGA GAG CA 5(TACAM

VM 70 AAA ATC GGG GAA GGA AACC (AG)20 5 0.6550
GAA GGC AAA ATA CAT GGA GTC AC

Total 54 5.9707

Average 4.91 0.5971

"Data from these 6 primers were not used for cluster and principal coordinate analysis
NA, not available

PIC, polymorphic information content



135

Table 3. ISSR markers used for the analysis of 30 V. unguiculata, 2 V. mungo and 2 V. radiata

genotypes.
ISSR primer  Primer sequence 5° —> 3’ TNSB NPB P [%] PIC
ISSR 808 AGA GAG AGA GAG AGA GC 33 32 96.97 0.2087
ISSR 811 GAG AGA GAG AGA GAG AC 17 16 94.12 0.2757
ISSR 812 GAG AGA GAG AGA GAG AA 13 9 69.23  0.1485
ISSR 825 ACACACACACACACACT 22 17 77.27  0.1971
ISSR 826 ACA CACACACACACACC 15 7 46.67  0.2469
ISSR 834 AGA GAG AGA GAGAGA GYT 22 18 81.82  0.1913
ISSR 835 AGA GAG AGA GAG AGA GYC 23 23 100.00  0.1773
ISSR 836 AGA GAG AGA GAG AGA GYA 21 21 100.00  0.2651
ISSR 841 GAG AGA GAG AGA GAG AYC 22 20 90.91  0.1940
ISSR 846 GAG AGA GAG AGA GAG AA 20 20 100.00  0.1672
ISSR 847 CAC ACA CAC ACACAC ARC 25 25 100.00  0.1575
ISSR 848 CAC ACA CAC ACACAC ARG 15 15 100.00  0.2626
ISSR 855 ACA CACACACACACACYT 12 12 100.00  0.1372
ISSR 856 ACA CAC ACACACACACYA 17 10 58.82 0.1389
ISSR 884 HBH AGA GAG AGA GAG AG 23 23 100.00  0.1929
ISSR 889 DBD ACA CAC ACA CAC AC 14 14 100.00  0.1893
Total 312 284 141581  3.1502
Average 19.50 17.75 88.49  0.1969

TNSB, total number of scorable bands

NPB, number of polymorphic bands

P, percentage of polymorphic bands

PIC, polymorphic information content

Y, pyrimidines, R , purines

B,non A; D, nonC; H, non G
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Table 4. Correlations of similarity and cophenetic matrices.

A. Analysis of 30 yardlong bean and dwarf yardlong bean genotypes.

Morphology SSR ISSR ISSR/SSR
Morphology 0.3886 0.1470 0.0395 0.0442
SSR 0.0285 0.2348 0.2532 0.2796
ISSR -0.0416 0.1396 0.7648 0.9852
ISSR/SSR -0.0500 0.1716 0.9893 0.7227

B. Analysis of 30 yardlong bean and dwarf yardlong bean genotypes, together with 2 mungbean
genotypes and 2 blackgram genotypes.

SSR ISSR ISSR/SSR
SSR 01979 0.6258 0.6310
ISSR 0.7781 0.5658 0.9937
ISSR/SSR 0.7940 0.9981 0.5626

Note: Correlations () of the similarity matrices obtained with SSR, ISSR and combined
ISSR/SSR are reported above the diagonals, and correlations {r) of the cophenetic matrices
obtained with SSR, ISSR and combined ISSR/SSR are reported below the diagonals. Data in
bold report the cophenetic correlation coefficients for the comparisons between the similarity and

cophenetic matrices.
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A Seed colors .

B Shapes of leaf tips

8464 440

C Flower colors

Figure 1. Characterization of yardiong bean and dwart yardlong bean genotypes based on (A)
seed colors: i, white; ii, brown; iii, black; iv, brown spots on white; v, half white half
brown; vi, white spots on brown, (B) shapes of leaf tips: i, acuminate; ii, acute, and (C)

flower colors: i, white; ii, dark-purple; iii, purple-white; iv, white-purple.
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and 1 kb plus DNA marker [ISSR]) were shown. *, dwarf yardlong bean genotypes.
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Figure 3. Morphology- (A), SSR- (B), ISSR- (C) and combined ISSR/SSR- (D) derived

dendrograms of 30 V. unguiculata, 2 V. mungo and 2 V. radiata genotypes generated by

UPGMA. *, dwarf yardlong bean genotypes.
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