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mIaTamuRunAEwa lasinafia RAPD

INMTAATIZN RAPD patterns waoﬁoﬁ”‘a 5 nq'u wuniisukaudiduiadiiasn
RAPD primersﬁ‘:a 7 @72 320 80 Uny "ﬂqﬂmmﬂagﬂuﬁﬂ 200-2000 g}'ma (i ad i man
wanduaaamanuaisvesunudiiue (%polymorphic bands) 'lur‘;\nm'a:mjuwm"\ﬁé‘ﬂnf;
Lﬁuaﬁuag‘ﬂufﬂ 51.5-57.7% A7 similarity index mu'lunzinﬂt:mmag;lu'ﬁw 0.86-0.89
Tmué’aadmé«mnﬁamﬁéﬂ similarity n'\u'lunfiuﬂszmmgaqﬂ 3N similarlity index $:M219
néuﬂ?mm asand e genetic distance uss 8319 dendrogram wuiwéﬁasj'\of{mm
mmnmmuuanum:mewurmmtmnmoinnnwaoﬂs*mﬁ'lnu (Dij=14. 975%) Lm.,mu'lu
naumamwaammnﬂ'ﬁ.mﬂ'lnmwnu mm’munnmam moaanmnnaumammmaa
(Dij=2.632%) muwuwmamamnmaunﬁaﬁa 5 na:u fianwousfiuananaiunadn 252 uuy
Luamm'JLﬂjﬂ:v\mmLmnme'[ﬂﬂ'l'n“lnﬂum (chi-square analysis) wazi3puifisusznanee
a:i'nrfammumuﬁunsjué’aaahwaoﬂ-s:mﬂ‘lnu ua:s:whmsjué‘:arjﬂwmﬂszmﬁ'lﬂmﬂnn:m
sueaiunazaning wundamauanaaiuapafiiiafny (P<0.0001 Uz P=0.0000-0.0387
ANEIAL)

MIATIVAINULTRUDES microsatellites DNA

ausousn microsatellite clones 9N partial genomic library ’ﬂaof):’aqmﬁ’l'le;’ Uas
wnnmseuiionalalnaves microsatellite clones wunilisduuasuiuiuy (GT)n 31w
97 clones, (CT)n 37474 16 clones Uasliu microsatellites wHa perfect, imperfect waz

compound ludagau 24, 53, us: 23% AINAINY UFAI microsatellites lunanadraulngy



\luwfia imperfect ®oNeINHHINUINIINIU repeat luumas clone inueTAIue 6 repeats
MBI 100 repeats TapsuIm repeat ﬁ‘wumnﬁ'qﬂaé'lwﬁw 30-35 repeats 3NN
fiandlenauiiam flanking regions 784 microsatellite clones M1wnsanuuy PCR primers
HanTrennuutsiuyes microsatellite loci WUl 4 loci Aln PCR product mufinna’a uas
s3n score allele la #ia CUPmo 18, CUPmo386, CUPmo131 waz CUPmo 195 iilaviinas
nasauAMLLTHNYEY microsateliite loci Wit Tﬂuﬁw'1ﬂwnaé’1azinrsn1nmumﬁ wuimn
loci finuulsiugs Aelisnuau alleles Anvluuaas locus ag:lu-ﬁ'm 14-28 alleles tilawn
‘th'JW':mLtﬂsﬁumoﬁ'uqnﬁulue‘ﬁati'mi'e 4 miu fia 793 AT WO URSTUNS lagmIasie
AMunIRUAIMNI CUPmo18 locus wu'iﬂrfamnmmé’umﬁu Ao aga @39 wazWaa danu

uanaasiinpaany (P<0.05) fiunananing fa niguws

Abstract

Two molecular methods, the Randomly Amplified Polymorphic DNA (RAPD)
analysis and the microsatellite technique, were used in determining geneic variations in wild
populations of the black tiger shrimps, Penacus monodon, Fabricius. Specimens were
collected from 5 geographically separated locations of P. monodon consisted of Satun-
Trang, Phangnga, and Medan in the Andaman Sea and Chumphon and Trad in the Gulf of
Thailand.

In the RAPD analysis using 7 arbitrarily selected primers, the percentages of
polymorphic bands of 5 geographic populations investigated varied from 51.5-57.7%. The
average similarity index within populations across all primers ranged from 0.86-0.89. The
Phangnga P. monodon showed the highest level of within population similarity whereas the
remaining populations showed slightly lower similarity index. The genetic distance between
populations and UPGMA dendrograms indicated that the medan population was genetically
different from Thai P.monodon. (Dij=14.976%). Within Thailand, the Satun-Trang P.
monodon was separated from the remaining geographic populations with a genetic distance
of 2.632%. RAPD analysis yielded a total of 252 genotypes. A Monte Carlo analysis
llustrated geographic heterogeneity in genotype frequencies within this species suggesting
that genetic population structure does exist in this taxon (P<0.001 for all primers).
Significant differences in genotype frequencies between Thai and Indonesian(Medan) P.
monodon were observed (P<0.0001). Within Thailand, The Andaman Sea P. monodon was
significantly different from that of the Guif of Thatalnd indicating population differentiation

between P. monodon from these two main fishery regions of Thailand.



In the microsatellite technique, Ninety-seven (GT)n and 16 (CT)n microsatellites
were isolated from the partial genomic library of P. monodon. The microsatellites sequences
were classified into three categories, perfect, imperfect and compound. The predominant
categories found in P. monodon microsatellites are imperfect repeats for both (GT)n and
(CT)n. Very long repeat arrays with the common repeat of 30-35 were found in P.
monodon microsatellite clones which resulted in difficulties in primer design. Four
microsatellite loci, CUPmo18, CUPmo13, CUPmo195, and CUPmo38s6, were successfuily
amplified. The number of alleles of each locus ranged from 14-28 alleles. Genetic
diversity among populations of Thai P. monodon were examined at CUPmo 18 locus.
Differences in allelic distribution and heterozygosity were observed in all populations. A
chi-square analysis using GENEPOP indicated a significant difference between the
population of P. monodon from the Andaman Sea and the Guif of Thailand {P<0.05).
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mnm‘mmau’i%mm‘namuﬁuﬁﬁtﬁutaht{aqmeﬁ laidan 2 5% (alsdnmam
u@méwLuh:Tuvmﬁuqnﬁuluﬂizmnﬂi«qm61"1 Ao 1. mIavamuRuwadne laonaiia
RAPD (Random Amplified Polymorphic DNA analysis) us: 2. n13assnnuudsiuead
microsatellites markers lapuagzAslasninminduaauaig ua:‘lﬂvnalauagﬂé'oi{

mismeapRuwaEwe lasnafin RAPD

m3naLian RAPD primers uazanmclumavii PCR

InmsAaianw RAPD primers tWUNZ&091N primer TWIA 10 W 31%474 300 &7
(primers 101-400, 401-500 370 Biotechnology laboratory, University of British Columbia)
uazfenly 7 @2 Aa primers 101, 174, 268, 428, 456, 457 WA 459 1@y primer 113 7 %3
flwuwoudidwanideian Sinmenlans usclwneluuslsu (reproducible patterns)

nnmafumansimnseedmin§izen PCR tﬁamwmuﬁuv{ﬁté’mamm@
qmshwuﬁamd:ﬁ'mm:au fs lu 25 Ml PCR reaction Usznauaas 10 mM Tris-HCI pH
9.0, 50 mM KCl, 2mM MgCls, 0.001% gelatin, 50 ng DNA, 0.4 mM RAPD primer, 100
ml dNTP, usz 1 unit tauloa Tag DNA polymerase Wn17 amplify ﬁ'[uwmnvmmeh
Tuan1iz  denaturation 940C, ss ; annealing 369C, 45s ; extension 720C, 90s 3TWINIAY
lunnsvih PCR iminu 35 sau

‘mInmsanuuanmulRmaRknmutmnagEnaen
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'lum'sﬁnmﬁ"l@;tﬁuﬁvazjwqomnunéaﬁﬁuuﬁtﬂuﬁa—uaiﬁ'uflumﬂmngmrio MM
5 unas leoifiudraensnnmziaduendiu 3 unas loun ﬁou%nm 3.798-a% nuamm W) uas
mmmumu Usznadulaiiide u.ﬂ.mumamqmmnﬂ'ﬂmﬂnu 2 uvma ”I.mm nm"m 2.0779
UWRZIMNT.YUNWST (1"1J'n1) mnmmmﬂ-n RAPD patterns maanom 5 nim wu ST wan
unudtiwefiinen pimers M 7 62 391 80 WOU ‘mwmﬂag‘lumq 200-2000 Qma
Worwanuasiua anumanmaiuuaunufidnte (%polymorphic bands) ‘lu-rfauéa:niiu

ot v e e )
wundmlnaifoaiuaylumi 51.5-57.7% (@139 A1)
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91N RAPD patterns 78303nguany ‘jﬁ"ummf;'\ similarity 37Nga7
Sxy = 2nyy / {nx+ny)
Toudl Sxy = similarity mtﬂuniiu (within population similarlity)
nxy = 974 RAPD band ﬁmﬁauﬁu’luszwjnr{e X URT y lunénlﬁmﬁ'u
nx uaz Ny = 37w RAPD band luna x uas y
\lasuauan similarity idex mu'lunzinﬂ's:'mnswu'h ﬁﬁwagﬂwﬁw 0.86-0.89 lap@?

aUNNININWINEAT similarity idex nMolunguilizTINIgIge UsaIHATINUYTHUNIRKE

¥ oood -
nITUUBLNER (A1 1)
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T 1. A %AUNAINRIDVBILOUALAUIBUS: similarity index A plunguyszmng
f77970Ua0 RAPD primer 7 a2

nguNAIBLN FMIUUOLADUE monomorphic/ BATIWMRINWANE M similarity index

polymorphic bands ~ vesunu@tiua  aAtwlunaudszring

qOR-AT9 71 30/41 57.7 0.8655
Wi 66 32/34 51.5 0.8878
TUWT 64 29/35 54.7 0.8785
AT@ 69 33/36 52.2 0.8646
U 73 34/39 53.4 0.8626

uazwIn? similarlity TTWINNQNUTTTNIINGHT

Sij = 1+ 84j-0.5 (5§ +5j)
4 NP Lol A T
Tawh Sij = similarity ITWINNAN 1 NU j (between population similarlity)
. & e . e doa '
§'ij = a1 similarlity RAUITWIRNUNRZHIINNGY 1 AU j HRBNIIUVVFY

Si usc Sj = similarity 189 nsjn i N j

308" similarlity index 1:WJ"1~mq‘mJ1:'n'ms wui‘n{omaﬂnuﬁmwmﬁauﬁu
mnn’imﬁmﬂ‘%’nuLﬁnnﬁurfo‘ﬁﬂﬂﬁvﬁu (#1397 2) uzﬁ’ur{mga—ﬂ%'aua:tfql.umua:aénwﬁo
SuandiwnSauiu ieviandwimen genetic distance sz 8319 dendrogram WL21 WU
ar.hquaqa'\sha'mwﬂ'mﬁé'nﬁm:meﬁuqmmu.ﬂnﬁ"m'mrfwmﬂi:mﬂ'lﬂn (Dij=14.976%)
u.a:mu'lunaiuﬁ"mzi'mrmr;qmnﬂ‘s:mﬂ'lnm}"mﬁ'u mm‘muunﬁeaga-ﬂ%'oaanannnéuﬁaaziﬁa
finda (Dij=2.632%) ‘a’ammmuﬂor{aaamﬂu 3 nq'u oy miu'?'i 1 ﬂi:nau@;wrfo'gum AT
LATWIN nq'nﬁ‘ 2 laun tiaaqa-ﬂ%'a IGH nq'uﬁ' 3 laun tfowmu (31]17‘1 2) wANINANYI
primer 428 nuoufiSuierwia 950 bp #wunaww:’lm{omnﬁaé’umﬁu ua"l.aiwn'lur{oé'n'lnu

A ' o e - - L4 g x 8 v J
Fawrazsinunluidu marker mv\mmuunqamme:tamam‘lﬂ (3Un 3)

J » . . L - ) . . . . . '
ATTHN 2 A genetic distance (AMUBIATUUU) UAS A1 similarity index ‘S:.'W‘.l’l-ma‘uﬂ's:'mni

. v . .z .
(AMUNIAUAN) TINAIFINI 5 NJY

n&iué’mﬁu ¥@A-A3 EER TUWT A51@ LA
a@a-a7 -- 0.296 0.0661 0.0622 0.2812
W3 0.0744 -- 0.0029 0.0299 0.2888
TUNT 0.9442 1.0026 -- 0.0354 0.2941
A9 0.9478 0.9742 0.9697 -- 0.3340

Luau 0.7882 0.7804 0.7782 0.7548 --




Chumphon

Phangnga
L— Trad
Satun/Trang
Medan
Genetic distance
0.15 0.10 0.05 0.00

ol o € ' - ' > o & §
zﬂn 2 UPGMA dendrogram Wa@dNUFUWRTIZWINAIGUINNAIAIM 5 NJN

kb M1 2 34 56 78 910111213415
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AuRNNaLEUaINGIEINS 5 nq'u fdnmmrfivananatiunaan 252 wuy e
Jarenanuuanawlaolelasual (chi-square analysis, #131913) WUIINGUFIBEIIN
anuﬁmwuan@i'\aﬁunéné‘mzi'loﬁ“e 4 nq'u-nmﬂ's:mﬁ'lnuau"mﬁﬁ'mf'lﬁm_, (P<0.0001)
Li’fmﬂ%‘umﬁum:whaéharjﬂarfwaoﬂszmﬂ‘lnmﬁuﬁu wui‘n{emnn:taé’umﬁ'uua:én‘lnu
Saruuananuagnaiituding sniuseRunadweiiRusooaivlwses 174 uaz 4se
“i‘n'himmmuanﬂﬂuumnd‘lnzmiuﬁaﬁ‘:o 2 dala (ﬂ"] P-value =0.8810 L&z 0.7604 @A

)

- - < N ' o -
a7 3 TTTT'Jlﬂ"l:“Fl']'ull.lﬂnﬁ"l\'l'ﬂa\'lﬂi}'uﬂ’:'ﬁ'lnf Iﬂﬂﬂ"ﬁﬂﬂﬁﬂ'.lJﬂ"ﬁﬂ'J:'ﬂ'!Uﬂ'J'llln'ﬂ9\1 genotype WU

chi-square analysis

Primer
101 174 268 428" 456 457 459

suaniu-1ine  P=0.0201 p=08810 p=0.0001 P=0.0000 P=0.7604 P=0.0387 P=0.0000
UM UU-LUAU P=0.0000 P=0.0000 P=0.0000 P=0.0000 P=0.0000 P=0.0000 P=0.0000
2 Inu-Luen P=0.0000 P=0.0000 P=0.0000 P=0.0000 P=0.0000 P=0.0000 P=0.0000

AIDLIMINUA P=c.0000 P=0.0001 P=0.0000 P=0.0000 P=0.0001 P=00000 P=0.0000

MIATIVANNULITRYDY microsatellites DNA

MILBNUSSHATIMSANEME microsatellites 'luﬂuwmr:faqmﬁ'l

27N partial genomic library -uaorfaqmsf'lﬁa;'rﬂaumsé’aﬁtﬁmamaeﬁqqmdﬁau mix
enzymes #a Alul, Haelll, Hincll usz Rsal (anfufitdnionwia 200-700 bp uavia blunt
end ligation fiu pUC18 Adanau Smal 31niuie transform I.'I:']é E. coli DH50L faifoney
ampicillin 9 transformants 1198w 18,000 colonies \flavnsasiesoumn microsatellite clones
Taun3 hybridization fuSIaTI9E8Y (GT)15 uas (CT)15 wuniisraviwaduiu (GT)n o7
clones, (CT)n 37%7% 16 clones wsnsiwiu microsatellites uuu‘é’uq e (GATA)n, (ATT)n,
(AAC)n, (AT)n uaz mononucleotides (A)n waz (G)n snmrsmsreviiinilalnasas
microsatellite clones Wyt microsatellites wia perfect, imperfect usz compound Tudaau
24, 53, WAy 23% @WAIGU (F10879 microsatellite TRAA quamlugﬂﬁ' 4) UFAIN
microsatellites 'luqvoqmriha'm'lmjlﬂmﬁﬂ imperfect UBNINREIWLIITIUNIU repeat Tuuanz
clone fA1MWBNIAIUA 6 repeats AUBININNIT 100 repeats 1AUTIUIN repeat HWLUAN

e ! ) P
naasulu9 30-35 repeats (UM 5)
b} L) A



ACEBT ACBT ACET

& s - r - - .
31|'ﬁ 4 sreuiandlelnavas a perfect b. imperfect Wat c. compound microsatellite clones

zr

__ Bl cn,
1 ©mn,

...
th
I

number of microsatellites
3

2 a , , L
18-23 2429 3035 3641 4247 4853 54.59 60-65 66
number of repeats

6-11  12-17

=1
4

P . . A >~ P v s
5  w1avad repeat MWulu microsatellite clones finunlaanilunvasninaie



m3senuuY PCR primers us: mMyinTevaaullsiies microsatellite oci

Pmsauiianilainau3ion flanking regions 184 microsatellite clones ¥in78anNULL
PCR primers Weas29AmulTUBe9 microsatellite loci Tosly computer software “Gene
Runner” an12:lunsvin PCR #a 1 PCR reaction J3znauady 15-25 ng DNA, 1 X PCR
buffer, 200 mM dATP, dCTP, dGTP uaz dTTP, 100 nM ¥aJ primer uaazaa Waz PCR
product ramaulaumsaaaain upper w3a lower primer AFUnuI 5 a7 g-32P dATP
Taslsiewlon T4 polynucleotide kinase 1ysunsugwiuria PCR fp 940, 1 wift; annealing
temp (Tm-5), 30 ufi; 720, 1 WM 9MMI% 7 U @8aIn 900, 30 IW1fl; annealing temp
(Tm-5), 30 TuIN; 720, 1 ¥ IIUIU 38 TOU REIIATITAHEAE 6% polyacrylamide gel
(run gel fl 55 mA Uszanm 2 5Y.) wuanil 4 loci #Aln PCR product anufianals wazeuno
score allele 'la #8 CUPmo 18, CUPmo386, CUPmMo131 uss CUPmo 195 \flavimmaseay
loci manil Tﬂuﬁﬁ‘lﬂmsnaauﬁuﬁda:jwﬁo PINFITWTA WuIMn loci fieauudiugs
fnflsmau alleles Ainuluunas locus a%ﬁwn"n 14-28 alleles GAOENIINAFOUATINUUTAU
284 microsatellite fighunns CUPmo18 locus uaad hgﬂﬁ 6

AEGTI 2 3 45 673..9|0|I|2|3|415 17 18 19 20

1o- |

CuUPmol8

4 - . . d e '
31]71 6 ANULTHWYEY microsatellite LMWL CUPmo18 locus

. A ~ a a
um ACGT= M13 sequencing markers: L0 1-20 = MIIINTITUTIA 20 @7



11

mIeTIeEELMTMENEs allele SINWA-UL 'hjgmn

INNIIAIIVAOY allelic segregation 'uaafmm wm'mn loci In1sonomea allele
NNa-ul vlﬂqgn Wwldanunguesuuaa pruwfidumud  CUPmo3s6 locus 4a579Wy
w - & . . 8 e Ve - v .
anmmMeund null allele  @IUK microsatellite markers WA la3amusovanlmiy genetic

d - - ' 1] » L] " r A - '
tags (WOATIFIFDY genotype maoqﬂma AVLWNINENEA allele INWD-L "lﬂggnﬂml,mm
El

CUPmo18 locus uwaasluzifi 7

n'mmamwunnmauﬂwﬁumaﬁ'uqnm'luﬂv:mmqaqmsh

YNMIATIIFELAMNUUTAUNIRUTNTININGI80NI 4 naufa 38 aTy Wo uas

v A ! v ! ) ol o
TUWT Taantsamannuudsdud locus CUPmo 18 WUIMINRNAN GUIIUM allele Uaz N3
! a - - . ! ' ; o

N3z allele uana Ny (3N 8) uazllen heterozygosity aglwma 0.49-0.83 (AN714N 3)
o -~ oA % . ' v = ' . . |
Wademazasnnlolunsfinuidl sample size Aau11LEn UWe microsatellite locus NATIFOV

- ' ' ar ¢ ' .
fianuuliiugs mfzvananuianaanugnsnladfiann effective number of allele (n.)

ﬁﬁwmmﬁﬂgm ne = 1/ LP2 (fia P = m allelic frequencies A 1, wmﬁn:m%'o WRETUWS
ﬁﬂ’l’luLL@ﬂ@;’lleﬁdﬁu'an‘iMﬁ\!qm ua:qvo'ﬁqmﬁm'mLmnéwmoﬁ’uqnﬁuﬁauﬁqﬂ WA 2INAN
allelic frequencies Lﬁmi'ﬁmd']mwﬁauﬁ'umﬁuummuan@haszwi'm}vomnﬂ:mé’umﬁ'uﬁu
fi‘lii’l'ﬂ'ﬂtl Toolalisunsy GENEPOP wuﬁr{qmnﬁv‘aﬁaoﬁaﬁmwu@m@ﬁaadnﬁﬁhahﬂ”ry (P«
0.05)

bp P123456 783910

CUPmo18

o
=L
-

a R . A . N .
ATNUYIAUTS microsatellite N1 @ Uy CUPmo1s 11 F1 family
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Abstract

Random amplified polymorphic DNA (RAPD) anal-
ysis was used to amplify the genome of black tiger
prawns {Penaeus monodon) to detect DNA markers
and assess the utility of the RAPD method for in-
vestigating genetic variation in wild P monodon
in Thailand. A total of 200 ten-base primers were
screened, and 84 primers yielded amplification
products. Six positive primers that gave highly re-
producible RAPD patterns were selected for the
analysis of three geographically different samples of
Thai P. monodon. A total of 70 reproducible RAPD
fragments ranging in size from 200 to 2000 bp were
scored, and 40 fragments (57%]) were polymorphic.
The RAPD analysis of broodstocks from three differ-
ent locales, Satun-Trang, Trat, and Angsila, revealed
different levels of genetic variability among the sam-
ples. The percentages of polymorphic bands were
489% and 45% in Satun-Trang and Trat, respectively,
suggesting a high genetic variability of the two sam-
ples to be used in selective breeding programs. Only
25% polymorphic bands were found in the Angsila
sample, indicating the lowest polymorphic level
among the three samples examined. Primer 428 de-
tected a RAPD marker that was found only in P
monodon originating from Satun-Trang, suggesting

*Carrespondence should be sent to this author.
© 1997 Blackwell Science, Inc.
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the potential use of this marker as a population-
specific marker in this species.

Introduction

The black tiger prawn (Penaeus morniodon Fab-
ricius) is successfully cultured for food in many
Asian countries. In Thailand, this species is the
most economically important cultured shrimp, pro-
viding a substantial income of approximately US$2
billion in 1994 (Lin and Nash, 1996). The shrimp
production of Thailand has increased rapidly dur-
ing the last decade. The total amount of farm-raised
black tiger prawns increased from 33,000 metric
tons in 1987 to 220,000 metric tons in 1994. How-
ever, the farming of P. monodon relies entirely on
broodstocks caught from wild populations for the
supply of juveniles. Attempts to domesticate this
species are now being undertaken (Benzie, 1994).
As a first step toward the genetic improvement of
this species, genetic variations among populations
are being investigated.

Allozyme variability has been extensively used
in Penaied prawns, but a low level of variation has
been reported (Nelson and Hedgecock, 1980).
Although a significant difference in allozyme
frequency among Australian populations of P mo-
nodon has been found (Benzie et al., 1992), more
genetic variation has been detected using mitochon-
drial DNA (mtDNA) restriction fragment length
polymorphism (RFLP) analysis (Benzie et al., 1993)
and mtDNA sequence analysis {Palumbi and Ben-
zie, 1991). These studies suggested that the DNA
technique would provide a better source of useful
markers in Penaeid prawns.

The random amplified polymorphic DNA
(RAPD) analysis, developed by Williams et al.
(1990}, utilizes a single short primer of arbitrary
sequence to amplify random segments of genomic
DNA. The RAPD markers allow the examination of
genome variation without previous knowledge of
DNA sequences. The method has been used success-
fully to detect genetic variation in several plants
and animals (Devos and Gale, 1992; Brummer et al.,



1995; Gwakisa et al., 1995). It has been used to
examine genetic diversity in P vannamei (Garcia et
al., 1994), revealing a high level of genetic variation
among populations. In P monodon, the inheritance
of RAPD banding patterns in six fullsib families
has been demonstrated (Garcia and Benzie, 1995},
indicating the possibility of using RAPD markers to
track the progeny of pair mating in selective breed-
ing programs.

In this study, we used RAPD analysis to detect
polymorphic DNA markers in P monodon and as-
sess the utility of RAPD for investigating genetic
variation of wild P monoedon in Thailand.

Results and Discussion

Optimization of the polymerase chain reaction
assay for F. monodon

Experiments were carried out to optimize polymer-
ase chain reaction (PCR) program parameters for the
reproducible amplification of discrete DNA pat-
terns. The length of each phase of the PCR program
and the number of cycles were evaluated. Inconsis-
tent amplification was minimized by including
three concentrations of template DNA (100-fold
span) in the program evaluations. Optimal program
parameters were selected on the basis of consistent
amplification at all DNA concentrations in addition
to increased intensity and clarity of the banding
pattern, as suggested by Bielawski et al. (1995). The
optimal program parameters identified for P. mono-
don were 35 cycles of 5 seconds at 94°C, 45 seconds
at 36°C and 1.5 minutes at 72°C. This program is
considerably different from the standard protocol
recommended by Williams et al. (1990} and that
used by Garcia and Benzie (1995) for developing
RAPD markers from the Australian P monodon. We
found that reducing the length of each phase of
the program increased the intensity of amplification
products, as also has been shown by Yu and Pauls
(1992). This supports the proposal that decreasing
the length of each phase of the PCR program helps
maintain the activity of Tug polymerase. We also
observed that increasing the number of PCR amplifi-
cation cycles above 35 cycles did not significantly
increase band intensity but produced smear pat-
terns.

RAPD analysis

Two hundred 10-base primers were screened for
their ability to prime PCR amplification of £ mono-
don genomic DNA. Only 84 RAPD primers (42%)
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yielded amplification products, while the rest of
the primers did not amplify the DNA template or
resulted in smear or faint bands. Six positive prim-
ers that gave reproducible RAPD patierns with re-
solvable fragments that stained intensely were
selected for further analysis. A total of 70 scorable
bands, ranging in size from 200 to 2000 bp, were
produced from RAPD analysis of three geographi-
cally different samples of Thai P. monodon. Thirty
of these bands were monomorphic, and 40 bands
were polymorphic (Table 1). Each primer generated
8 to 15 scorable bands. An example of RAPD ampli-
fication patterns and the bands scored by primer
459 is shown in Figure 1. Only reproducible bands
were scored for presence or absence. Primer 428
appears to identify more variable regions of the P
monodon gencme, whereas primers 101 and 456
show less variable RAPD patterns.

To assess the usefulness of the RAPD markers in
determining the genetic diversity of P monodon,
we studied genetic variation of three geographically
different samples of P. monodon in Thailand. The
most important shrimp fishing grounds in Thailand
are the Gulf of Thailand and the Andaman Sea, and
there are different locations along both coasts where
broodstocks are caught for shrimp farming (Figure
2). In this study, we compared P. monodon of the
Andaman Sea collected from Satun and Trang prov-
inces with that of the Gulf of Thailand collected
from Chon Buri (Angsila district) and Trat prov-
inces. The tiger prawns collected from Satun-Trang
and Trat are those most commonly used as spawners
in P monodon farming and are candidates for use
in selective breeding. However, broodstocks from
Satun-Trang tend to be much larger than those from
Trat and exhibit different color. Moreover, although
this is still controversial, the shrimp farmers claim
that the Andaman Sea broodstocks produce more
eggs and better quality seeds, making the price of
the Andaman Sea broodstocks 5 to 10 times higher
than those of the Gulf of Thailand,

RAPD analysis of 28 individuals in each of the
Satun-Trang and Trat samples and 15 individuals
of the Angsila sample revealed different levels of
polymorphisms. The percentages of polymorphic
bands were 47.8% for Satun-Trang, 45.3% for Trat,
and 24.2% for Angsila (Table 2). The results suggest
that P menodon collected from Angsila are the least
polymorphic among the three samples. The sample
collected from Angsila was small because this popu-
lation is rather homogeneous. Before farming activi-
ties, no P. monodon was found in this area, and not
until recently was P. monodon present in fisheries
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Table 1. Nucleotide sequences of six selected primers and number of amplified bands shown in the RAPD analysis in

P. monodon.

Primer No. Sequence No. of amplified bands No. of polymorphic bands
101 GCGCCTGGAG 9 4
174 AACGGGCAGG 15 9
428 GGCTGCGGTA 8 6
456 GCGGAGGTCC 15 7
457 CGACGCCCTG 15 10
459 GCGTCGAGGG 8 4
Total 70 40
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Figure 1. RAPD patterns using primer 459 of wild-
caught individuals of P monodon collected from the An-
daman Sea. Lane M: 100:bp DNA ladder. Lines indicate
the bands that were scored.

catches, indicating that these shrimp may be escap-
ees from farms in this area (K. Hassanai, personal
communication), Although Angsila and Trat are a
few hundred kilometers apart, prawns collected
from these two areas are quite different. Broodstocks
form Angstla will not be used for shrimp farming be-
cause of theirlower fecundity and hatchability when
compared with broodstocks from the Andarnan Sea.

The percentages of polymorphic bands were
comparable in Satun-Trang and Trat, suggesting
similar levels of polymorphism of the two samples
to be used for establishing selective breeding pro-
grams. This is in good agreement with mtDNA RFLP
analysis of P monodon collected from these two
locations, which showed similar levels of mtDNA
variations (Klinbunga, 1996). The RAPD analysis of
the six fullsib families of P meonodon showed a
much lower level of polymorphism (6.2%; Garcia
and Benzie, 1995}, which may be due the fact that
wild-caught individuals would exhibit a higher
level of genetic variation than that of the families.
Studies of genetic variation in P vannamei using
the RAPD technique (Garcia et al., 1994) also indi-

THAILAND

Figure 2. Map showing locations (shaded) where black
liger prawn broodstocks are commonly caught for shrimp
farming in Thailand. Arrows indicate the three sample
sites: 1, Satun-Trang: 2, Trat; and 3, Angsila.

cated a higher genetic variability among popula-
tions; percentages of polymorphic bands ranging
from 39% to 77% have been found.

The six RAPD primers used in this study appear
to detect genetic variability among the three sam-
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Table 2. Total numbers of bands and percentages of polymorphic bands found in populations of P, monodon.

Total no. of bands present out of the

No. of monomorphic/

Sample possible total of 70 bands polymorphic bands Percentage of polymorphic bands
Satun-Trang 67 35/32 47.8
Trat 64 35/29 45.3
47/15 24.2

Angsila 62

ples at different levels. Figure 3 shows the results of
amplification using primer 428. Different patterns
were seen between Satun-Trang and Trat. A 950-bp
band (indicated by the arrow) was present in more
than 70% of individuals from Satun-Trang (lanes
1-7) but absent in all individuals from Trat (lanes
8-14). This band was also absent in the Angsila
sample (data not shown), suggesting a population-
specific marker detected by primer 428. RAPD pat-
terns produced by other primers such as primer 174
shows less variation, and different patterns among
different samples were not clearly observed (Fig-
ure 4).

The total proportion of shared bands was used
to calculate the similarity coefficient (F) between
samples (Nei and Li, 1979). As shown in Table 3,
genetic similarity coefficients between samples in-
dicated that Trat is more similar to Angsila than to
Satun-Trang. However, to obtain a more stable data
analysis, a larger number of primers as well as larger
sample sizes are required. Liu et al. (1994) suggested
that the number of primers required is correlated
with the level of genstic variation of the species. Six
to seven primers were sufficient to assess genetic
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Figure 3. RAPD patterns using primer 428 Lane M: 100-
bp DNA ladder; lanes 1-7, individuals from Satun-Trang;
lanes 8-14, individuals from Trat. Lines indicate polymor-
phic bands; an arrow indicates the specific band that was
found only in the Satun-Trang sample.

Figure 4. RAPD patterns using primer 174. Lane M: 100-
bp DNA ladder; (A) lanes 1-6, individuals from Satun-
Trang; (B} lanes 1—6 individuals from Trat.

variation within and among populations of highly
polymorphic species, but at least 10 to 15 primers
were required for species with a low level of genetic
diversity (Demeke et al., 1992; Huff et al., 1593).
For marine species, a larger number of sample sizes
was required to accurately detect genetic diversity
in populations than for terrestrial species. Grewe et
al. (1993) caculated that to be 95% confident of
detecting mtDNA haplotypes that occur in a popula-
tion of lake trout (Salvelinus namaycush) with a
frequency of 5%, 60 fishes would have to be sam-
pled. However, O'Connel et al. (1995) showed that
a sample size of 25 to 30 individuals was adequate
to identify all genotypes present in Atlantic salmon
populations but a larger number of individuals

- would be required to differentiate between closely

related populations.

Table 3. Similarity coefficients, F (top diagonal), and
genetic distance, d (bottom diagonal), for the wild popula-
tions of P monodon using RAPD analysis.

Sample Satun-Trang Trat Angsila
Satun-Trang — 0.931 0.930
Trat 0.069 —_ 0.968
Angsila 0.070 0.032 —
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This work shows the usefulness of RAPD analy-
sis in studying genetic variation in P menodon.
Genetie variability found in the wild populations
will be useful in selecting particular populations
for establishing a selective breeding program. The
RAPD method provides a simple way to detect ge-
netic polymorphisms with a nanogram of DNA,
which allows the animals to be used further in the
selective breeding program. DNA extracted from the
juveniles as small as PL5 was also more than enough
for genetic analysis using this method. Moreower,
the number of DNA polymorphisms that can be
detected by the RAPD method seems virtually un-
limited because the number of primers can be in-
creased effectively as desired.

Experimental Procedures
Prawn samples and DNA extraction

Samples of black tiger prawn (P monodon) were
obtained from three different locations comprising
Trat and Angsila in the Gulf of Thailand and Satun-
Trang in the Andaman Sea from December 1994 to
June 1996. Specimens were kept frozen in liguid
nitrogen or alternatively stored in ethanol and trans-
ported to the laboratory for further analysis. Geno-
mic DNAs were extracted from pleopods, which
were ground with plastic pestles inmicrocentrifuge
tubes containing 500 pl of extraction buffer (100
mM Tris-HCl, pH9.0; 100 mM NaCl; 200 mM su-
crose; 50 mM EDTA; and 1% SDS). Samples were
incubated at 65°C for one hour. Subsequently, pro-
teinase K (500pg/ml) and RNase solution (100pg/
ml) were added to the reaction tubes, and the sam-
ples were further incubated at 37°C for one hour.
Proteins were precipitated from nucleic acids by
adding 5 M potassium acetate to the final concen-
tration of 1 M, chilled on ice for 30 minutes, and
centrifuged at 12,000 ipm for 10 minutes. The su-
pernantants were then extracted once with an equal
volume of phenol:chloroform:isoamyl alcohol
(25:24:1) and twice with chloroform:isoamyl alco-
hol (24:1). The samples were precipitated with abso-
lute ethanol and washed twice with 70% ethanot
and resuspended in TE buffer. DNA concentration
was determined by spectrophotometric method
using DU 650 Spectrophotometer (Beckman Instru-
ment Inc.).

PCR amplifications and product analysis

DNA amplifications were performed in a Perkin
Elmer Cetus, DNA Thermal Cycler (model 2400},

Amplification reactions were carried out in 25-pl
reaction volume containing 10 mM Tris-HCl, pH
8.3; 50 mM KCI; 2 mM MgCl;; 0.001% gelatin; 100
pM each dATP, dCTP, dGTP, and TTP; 0.2 pM
primer; 25'ng genomic DNA; and 1 unit of Tag DNA
polymerase (Williams et al. 1990). Ten-base oligo-
nucleotides, numbers 101—-200 and 461-500 (Bio-
technology Laboratory, University of British
Columbia), were used in the primer screening step.
Amplification was perfomed for 35 cycles of 5 sec-
onds at 94°C, 45 seconds at 36°C, and 1.5 minutes
at 72°C.

Amptification products were analyzed by elec-
trophoresis in 1.6% agarose gels and detected by
ethidium bromide staining (Maniatis et al., 1982).

Data analysis

The RAPD patterns of individuals were scored
based on band presence or absence. The index of
similarity {F}between samples was calculated using
the formula (Net and Li, 1979):

Fo=2n/un, + n),

where n,, is the number of RAPD fragments shared
by the two samples, and n, and n1, are the numbers of
RAPD fragments scored in each sample. The genetic
distance (d) was calculated using the formula Hillis
and Moritz, 1990):

d=1~F
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Abstract

Isolation and characterization of microsatellite sequences from the genome of the black tiger
prawn, Penaeus monodon, are described. Ninety-seven (GT)n and 16 (CT)n microsatellites
were isolated from partial genomic libraries composed of 18,000 and 5,250 clones,
respectively. The genomic library screening indicated that (GT)n microsatellites are more
abundant than (CT)n in P. monodon genome. The microsatellites sequences were classified
info three categories, perfect, imperfect and compound. The predominant categories found in
P. monodon microsatellites are imperfect repeats for both (GT)n and (CT)n.

Very long repeat arrays were found in P. monodon microsatellite clones which resulted in
difficulties in primer design. Two microsatellite loci, CUPmo18 and CUPmo386, were
successfully amplified. The number of alleles of each locus was preliminary determined. For
the CUPmo18 locus, Medelian inheritance was tested by analysis of genotypic ratios in Fl
offspring and their parents. The results of this study firstly demonstrate the presence of highly
polymorphic microsatellite markers in P. monodon. These markers will be useful in population
studies and parental determination in P. monodon. However, the low abundance and
difficulties in obtaining a large number of usable microsatellite loci indicated that these markers

may not be appropriate for use in genome mapping of this species.

Introduction
Eukaryotic genomes contain a large number of interspersed tandemly repeated sequences called
microsatellites or simple sequence repeats (Tautz, 1989; Weber and May, 1989). These refer to
tandem repeats with a motif of less than 6 base pairs in length. The repeat number of
mici'osatellites has been demonstrated to be highly variable in both plants and animals,
providing an attractive source of genetic polymorphisms (Stallings et al., 1991, Roder et al. ,
1995).

Microsatellite sequences have been obtained by searching databases such as GenBank
(Weber,1990) and EMBL databank (Lagercrantz et al., 1993). However, this procedure is
limited to a few species, mainly human and mouse (Beckmann and Weber, 1992). In species

whose published sequences are not available, microsatellite sequences can be obtained by



screening genomic libraries with synthesized oligonucieotides and sequencing clones which
gave positive hybridization (Cornall et al., 1991, Johansson et al., 1992). Based on the unique
sequences flanking microsatt_a]lites, primers are designed to detect the microsatellite loci through
polymerase chain reaction with genomic DNA. Alleles at microsatellite loci can be size
fractionated on denaturing polyacrylamide gel electrophoresis. Allelic variants of a
microsatellite locus are codominant and show Medelian inheritance.

Microsatellite markers have great potential use in aquaculture and fisheries biology. A
number of studies have applied microsatellites to genetic tagging and population studies
(Brooker et al., 1994; Garcia de Leon et al., 1995; Colboume et al., 1996: Herbinger et al.,
1997). The use of microsatellite markers to identify disease resistance has been emphasized in
the European flat oyster, Ostrea edulis (Naciri et al., 1995). In this study, we have screened
for the presence of microsatellite repeats in the genome of the black tiger prawn, Penaeus
monodon, characterized and showed that they were polymorphic. The results suggest that P.
monodon microsatellites will be valuable as genetic markers for use in population studies and

parental determination.

Results and Discussion

Isolation of Microsatellites in P. monodon

A sequence is considered to be a microsatellite when the number of repeats is > 10 for mono,
>6 for di, >4 for tri and >3 for tetra, penta and hexanucleotide repeats (Stalling et al., 1991,
Estroup et al., 1993). In this study, a total of 156 microsatellites were isolated from a partial
genomic library of P. monodon. Although the genomic library was screened for (GT)n and
(CT);I microsatellites, several microsatellite motifs including one tetranucleotide: GAGT, two
trinucleotide repeats: (ATT)n and (AAC)n, 27 dinucleotide repeats of (AT)n, and a few

mononucleotides (A)n and (G)n, were coincidentally found.

Distribution of (GT)n and (CT)n microsatellites
The partial genomic libraries were screened separately with 32p.1abelled (GT)15 and (CT)15
synthetic probes. A larger proportion of the colonies screened gave positive hybridization with

the (GT)15 probe indicating that (GT)n were more abundant than (CT)n repeats in the P.



monodon genome. Ninety-seven (GT)n and 16 (CT)n microsatellites were isolated from
18,000 and 5,250 colonies screened, respectively. Assuming that all clones carried different
inserts, and that the average insert size was 500 base pairs (bp), the total number of bp
analyzed are estimated to be 9.0 x 106 bp for (GT)n and 2.6 x 106 bp for (CT)n. Considering
that our partial library were representative of the whole P. monodon genome and assumiag that
the (GT)n and (CT)n sequences are evenly distributed throughout the genome, the average
distance between neighboring microsatellites can be estimated by dividing the total length of
screened DNA by the number of isolated microsatellites. Thus, in the clone fraction of the
black tiger prawn genome, (GT)n microsatellites occur on average every 92.8 kb and (CT)n
microsatellites every 164 kb. These values are based on several assumptions and, hence, must
be treated with caution. On the basis of this estimate, it appears that the black tiger prawn
microsatellites are less abundant than those previously reported in other species such as human
(every 28 kb for (GT)n, Beckmann and Weber, 1992), rat, rattus sp. (every 21 kb for (GT)n,
Stallings et al., 1991), honey bee, Apis mellifera (every 34 and 15 kb for (GT)n and (CT)n,
respectively, Estroup et al., 1993) and Atlantic salmon, Salmo sarla (11-56 kb for (GT)n,
McConnell et al., 1995).

Characterization of (GT)n and (CT)n microsatellites

Microsatellites of P. monodon described in this study were classified into three categories,
perfect, imperfect and compound, as defined by Weber (1990). Perfect microsatellites are
uninterrupted series of a repeat unit while imperfect microsatellite sequences differ from perfect
ones by the presence of one to three bases that arrest an alternating tandem repeat. Compound
repeats corisist of several different repeat types and are separated by less than three bases. The
predominant categories found in P. monodon microsatellites were imperfect repeats for both
"~ (GT)n and (CT)n microsatellites but higher percentages of imperfect (CT)n was found (Table
1). When compared with other species, the proportions of the different classes of
microsatellites differ between species. Perfect repeats were the most abundant class found in

other species, particularly in mammals. Surprisingly, the perfect repeats were found at very



low proportions in P.monodon, 24% and 12.5% for (GT)n and (CT)n microsatellites,
respectively as compared to 64% for (GT)n in human

The longest perfect stretch of each of the (GT)n and (CT)n microsatellite arrays were
plotted according to the number of uninterrupted repeat units (Fig. 1). The most common size
class found in P.monodon microsatellites was 30-35 dinucleotide repeats for (GT)n. This is
approximately twice the size of those reported in mammalian genome and about 4-5 times larger
than those reported in Honey bees and Atlantic cod (Estroup et al, 1993; Brooker et al., 1994).
The most common repeat unit of (CT)n microsatellites in P. monodon is 12-17 which is
shorter than those of (GT)n repeats. However, it should be noted that the repeat lengths of the
(CT)n microsatellites were actually extremely long but because there were many interrupted
bases along (CT)n repeat arrays and only the largest perfect stretch of each repeats were
counted. The maximum array size found in P. monodon microsatellites was 371 bp and the
repeated arrays of greater than 200 bp were commom. Therefore, both (GT)n and {CT)n
microsatellites found in P. monodon are significantly larger and more degenerate than those
reportéd in other species.

(GT)n repeats were frequently associated with (AT) repeats in the compound microsatellites
(37%, data not shown). (AT) repeats were also found in positive clones of perfect and
imperfect categories suggested that this type of dinucleotide repeats may contribute at high

density in the shrimp genome.

Microsatellite polymorphisms

Usable microsatellites were very difficult to obtain in P. monodon due to the very large and
complex répeat arrays found in this species. Many clones contained only one side of the
unique flanking sequences which made them not available for primer design. Insufficient
flanking sequences obtained from many positive clones might be due to the strategy of
digesting the same aliquot of genomic DNA with multiple restriction enzymes. This possibility
will be addressed in the future work by first checking what enzyme(s) generated the clones
which had little flanking sequence and when these have been identified, by using only the other
enzymes to generate the fragments for future libraries. In some cases, even if sufficient

flanking sequence was found in a microsatellite containing clones (which often was not the
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case), the possible size of the PCR' amplification products generated from the microsatellite
would be larger than could be accurately separated and sized by the gel systems used.
In the present study, 9 primer sets were designed and PCR conditions were optimized.
Only 2 primer sets yielded scorable amplification products. Most primer sets yielded multiple
'DNA bands which may be due to the fact that these microsatellite loci are embedded in some
kinds of cryptic repeats which are dispersed throughout the genome (O'Reilly and Wright,
1995). The studies of repeated sequences in the genome of the marine shrimp, Penaeus
vannamei have revealed a tandemly repeated pentanucleotide microsatellite embedded within a
larger repeated satellite sequence (Bagshaw and Buckholt, 1997). The 2 usable microsatellite
loci, CUPmMo18 and CUPmo386, are both perfect (GT)n with 60 and 30 repeats units,
respectively (Table 2).

To test the variability of P. monodon microsatellites, the 2 primer sets were used to
amplify the loci from wild P. monodon (Figs. 2 and 3). For locus CUPmo18, we observcd
28 alleles with the heterozygosity value of 0.66 . The locus CUPmo386 was also found to be
polymorphic, showing 14 alleles with observed heterozygosity of 0.19. The expected
heterozygosities estimated from allele frequencies for the CUPmo18 and CUPmo386 loci were
0.95 and 0.83, repectively (Table 3). The heterozygote deficits seen at both loci might be due
to sampling errors. All shrimps used in this study were wild-caught broodstocks collected
from trawlers at Satun province in The Andaman Sea and they might be widely caught from the
sea around this area. Since the population structure of P. monodon in this area has not yet
been extensively studied, the samples used in the variability test might consisgd of more than
one populatjon causing the deficiencies of heterozygotes (Crow, 1986). The extreme
heterozygote deficit found at locus CUPmo386 may also cause by the presence of null alleles.
Information on the segregation and transmission of alleles within a large number of families of
P. monodon is required for identification of null alleles at this locus. From allozyme analysis,
homozygote excess has repeatedly been observed in marine mollusc which has been explained
as a form of balancing selection, where the relative fitness of homozygotes and heterozygotes is
different during different phases of the life cycle (Singh and Green, 1984, Smith, 1990).

Moreover, the Australian Jack mackerel, Trachurus declivis, showed homozygote excess at
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seven out of eight allozyme loci without any relations to geographically separated stocks
(Richardson, 1982). Nonetheless, the results suggested that the microsatellite loci in P.
monodon were highly polymorphic. Weber (1990) noted that the degree of microsatellite
polymorphism in humans is positively correlated with the size of the microsatellite arrays.
Therefore, the large microsatellite arrays found in P. monodon may indicate that

microsatellites, when usable, could provide highly variable genetic markers for this species.

Allelic Inheritance

Mendelian inheritance of the microsatellite locus, CUPmo18, was tested in Fl progeny. The
genotypes of 10 randomly selected fry and a parental female were examined. The parental
female's genotype at locus CUPmo18 was 158/120. All fry inherited either the 158 or 120
alleles from the mother (Fig. 4). From the allelic segregation of the progeny, the inferred
genotype of the parental male was 144/136. This indicates the feasibility of identifying
progeny group by this microsatellite locus.

The results of this study demonstrate the presence of highly polymorphic microsatellite
markers in the black tiger prawn, P. monodon. These and other microsatellite loci will be
useful in breeding programme, population genetic studies and parental determination in P.
monodon. However, a rather low abundance and difficulties in obtaining usable dinucleotide
microsatellite markers indicated that the approach as outlined here may not be appropriate for
generating sufficient markers for use in genome mapping or even for applications in
aquaculture or fisheries biology requiring fewer markers. Enrichment procedures, now
available, for the larger microsatlellites (tri and tetra nucleotide arrays) appear to be the direction
that work should focus, to generate necessary nuclear markers for this or any other species

which present the type of problems encountered.

Experimental Procedures
Samples and DNA extraction
Samples of black tiger prawn (P. monodon ) were wild-canght broodstocks collected from
Satun province (South of Thailand) in the Andaman Sea. Specimens were kept frozen in liquid

nitrogen and transported to the laboratory for further analysis. Genomic DNA was extracted



from pleopods of individual shrimps as described by Tassanakajon et al, 1997. DNA
concentration was determined by spectrophotometric method using DU 650 Spectréphotometcr

(Beckman Instrument Inc.).

Library construction

Fifty micrograms of genomic DNA was digested with 25 units each of Alu I, Hae I, Hinc Il
and Rsal in 250 pl reaction, according to the manufacturer 's instructions. After digestion,
DNA fragments were size fractionated on 1.5% low melting agarose (Sea Kem, FMC).
Genomic DNA fragments of 300 to 700 bp were excised and recovered by using a phenol
freeze fracture procedure (Qian and Wilkinson, 1991). Fifty nanograms of size-selected DNA
fragments were ligated with 40 ng of Sma I-digested and phosphatased pUCI8 DNA
(Pharmacia) and ligation products were transformed into MAX Efficiency DH 50 competent
cells (Gibco BRL). Transformed cells were grown on LB agar plates containing 50 pg/ml

ampicillin according to standard protocol (Sambrook et al., 1989.)

Library screening

Following transformation, bacterial colonies were transferred to Whatman paper #42 (Ashless),
denatured in 0.5 N NaOH, 1.5 M NaCl for 7 min, neutralized in 1 M Tris-HCl, pH 7.6, 1.5 M
NaCl for 3 min twice and washed with 2 X SSC, 0.2% (w/v) SDS for 30s. DNA was
immobilized onto the filters by baking at 80°C for 2 h. Libraries were screened separately for
(GT)n and (CT)n microsatellite repeats using synthetic (GT)}5 and (CT)15 oligonucleotides.
The oligonucleotides were 5'end-labeled with [y-32P] ATP and T4 polynucleotide kinase
(Plr!armacia). The filters were hybridized to the labelled oligonucleotide probe at 60°C
overnight using the reaction conditions of Westneat et al. (1988). The filters were washed
twice with 2xSSC, 0.2% SDS at 60°C for 30 min. each and once with 0.2xSSC, 0.2% SDS at
609C. Microsatellite clones were identified by autoradiography and positive clones were

picked from plates and grown in LB medium.

DNA sequencing and primer design
Plasmid DNA was purified by a modification of the boiling lysis procedure of Holmes and

Quigley and sequenced using a T7 Sequencing kit (Pharmacia) according to the manufacturers
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recommendations. PCR primers were designed from the sequences flanking the microsatellite

repeat arrays using Gene Runner V.3 (Hastings Software Inc.).

PCR Analysis

For PCR analyse of locus CUPmo18, the reverse primer was 5'end-labeled wih [7—32P]ATP
using T4 polynucleotide kinase (Pharmacia). Amplification was performed in a 10 pl reaction
volume containing 15 ng of DNA template, 0.6 pM labeled reverse primer, 0.6 uM forward
primer, 10 mM Tris-HCl, pH8.3, 1mM MgCl2, 50 mM KCI, 0.01% gelatin, 0.1% Tween-20,
200 uM dNTPs and 0.25 unit of Taq Polymerase (Perkin Elmer). PCR was carried out for 7
cycles consisiing of 1 min at 94°C, 30s at 55°C and 1 min at 72°C, followed by 38 cycles of
30s at 90°C, 30s at 55°C and 1 min at 72°C.

For locus CUPmo386, the forward primer was labelled and PCR conditions were the same
as those of locus CUPmo18 with the exception that annealing temperature was 439C and
Tween-20 was omitted. After PCR amplification, an equal volume of formamide loading
buffer was added and the product was denatured for 15 min at 959C before being subjected to
electrophoresis on 6% denaturing acrylamide gel. A standard M13 sequencing reaction was

used as DNA size marker. Gel was fixed, dried and exposed to an autoradiographic film at

-80°C for 16 h.

Data analysis

The informativeness of the microsatellite loci were determined as follows. The number of
alleles at each locus, the proportion of individual samples that are heterozygous (direct-count
heterozygosity, Hobs) and the unbiased estimate of heterozygosity (Hexp Nei, 1978), were
assessed for each locus using a modified version of BIOSYS-1 program (Swofford and
Selander. 1981). Hardy-Weinberg expectation test for each locus was a Markov chain
"approximation to exact test” following Guo and Thompson (1992) and carried out using the

GENEPOP program (Raymond and Rousset,1995).
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Table 1. Microsatellite sequences isolated from various species and categorized according to

Weber (1990).
Tiger shrimp! Honey bee2  Human? Porcine? Atlantic
cod?
motif GT CT GT CT GT GT GT
n 97 16 23 52 114 105 64
% perfect 24 12.5 48 46 64 71 49
% imperfect 53 75 22 31 25 19 45
% compound 23 12.5 30 23 11 10 6.3
Most common 30-35  12-17 7-9  10-12 12-15 16-18 6-11
size class |
Largest size >66 48-53 >80  22-24 27-30 28-30 >60

class

1 The present study

2 Estroup et al, 1993.

3 Beckmann and Weber, 1993.
4 Wintero et al., 1992.

5 Brooker et al., 1994,
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“Table 2. Microsatellite sequences, PCR primers and optimized annealing temperatures for P.

monodon microsatellites loci

Locus Repeat units Primer sequences Annealing
Temp. (°C)
CUPmo18 (GDeo  f*:5 TGTCATTCTTCTATTACGTGTC 55

r:5' GACTGACATCAACCATATACC
CUPmo386 (GT)30  f:5 CGGTATCGGGTTAAAGAGT 43
r: 5 TACAATGTTCATAATTCCTG

* f = forward, r = reverse



Table 3. Allele size and heterozygosity at P. monodon microsatellites loci detected by PCR

amplification.
Locus sample  observed sizetange Hobs™  Hexp' — H-W***
size alleles (bp) (P -value)
CUPmol8 62 28 106-162 0.66 0.95 < 0.0001
CUPmo386 48 14 132-170 0.19 0.83 < 0.0001

*observed heterozygosity

**expected heterozygosity
**¥*probability of agreement to Hardy-Weinberg equilibrium



Figure 1.

Figure 2.

Figure 3.

Figure 4.

13

Length distribution of (GT)n and (CT)n microsatellites in P. monodon. The three
categories of microsatellites (perfect, imperfect and compound repeats) were

pooled. Number of repeats were counted from the longest uninterrupted repeats.

Amplification pattern of microsatellite CUPmol18. Lanes 1-20 : 20 unrelated

individual P. monodon. The size standard is a sequencing ladder of M13 mp18.

Amplification pattern of microsatellite CUPmMo386. Lanes 1-14 : 14 unrelated

individual P. monodon. The size standard is a sequencing ladder of M13 mp18.

Microsatellite alleles of a parental female (P) and 10 randomly selected offspring.
The genotypes at locus CUPmo18 are as follows : (P) 120/158; postlarvae (1)
120/144; (2) 158/136; (3) 120/136; (4) 120/136 ; (5) 158/136; (6) 158/144; (7)
120/144; (8) 120/136; (9) 120/144; (10) 158/136; inferred parental male genotype:

136/144. Size of alleles were estimated using an M13mp18 sequence ladder (not

shown).
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Abstract. Randomly amplified polymorphic DNA analysis (RAPD) was used to examine
genetic variation of wild black tiger shrimp, Penaeus monodon. Specimens were collected
from 5 geographically separated locations of P. monodon consisting of Satun-Trang,
Phangnga, and Medan in the Andaman Sea and Chumphon and Trad in the Gulf of Thailand.
A total of 100 P. monodon individuals were investigated using 7 arbitrarily selected
primers. Fifty-eight (72.5%) out of 7 reproducible RAPD amplified fragments ranging in size
from 200-2200 bp were polymorphic. The percentages of polymorphic bands of 5 geographic
populations investigated varied from 51.5-57.7%. The genetic distance between populations
and UPGMA dendrograms indicated that the Medan population was genetically different from
Thai P. monodon (D; = 14.976%). Within Thailand, the Satun-Trang P. monodon was
separated from the remaining geographic populations with a genetic distance of 2.632%.
RAPD analysis in the present study yielded a total of 252 genotypes. A Monte Carlo
analysis illustrated geographic heterogeneity in genotype frequencies within this species
suggesting that genetic population structure does exist in this taxon (P < 0.001 for all primers).
Significant differences in genotype frequencies between Thai and Indonesian (Medan)
P.monodon were observed (P<0.0001). Within Thailand, the Andaman Sea P. monodon was
significantly different from that of the Gulf of Thailand (P-values between 0.0000 and 0.0387)
indicating population differentiation between P. monodon from these two main fishery regions

of Thailand.



Introduction

The black tiger shrimp, Penaeus monodon Fabricius, is one of the most economically
important cultured Pengeus species. It accounts for 46 % of total world production for
cultured marine shrimps (Hanpongkittikun et al. 1995). The main farming areas of P.
monodon are mostly located in various tropical countries, particularly in the South East Asian
region. In Thailand, the farming of P. monodon has expanded tremendously during the last
decade and is still consistently increasing at present. As a result, Thailand has become the
world’s leading producer of P. monodon since 1991 with an average production of at least
200,000 metric tons per year (Lin and Nash 1996). However, the rapid expansion of the P.
monodon farming activity has created several subsequent problems mainly originating from
poor management resulting in an occurrence of environmental pollution and a spread of
several epizootic diseases (Flegel et al. 1992). To maintain the national P. monodon
production leading to its sustainable farming industry, proper management programs based on
various scientific disciplines are required. Accordingly, a basic knowiedge on genetic
variation and population differentiation of P. monodon is essentially important for such a
purpose.

Although a significant difference in allozyme frequency among Australian populations of
P. monodon has been reported (Benzie et al. 1992), identification of genetic diversity in
several Penaeid shrimp including P. monodon through allozyme analysis indicated a relatively
low level of genetic polymorphisms and limited polymorphic allozyme markers (Lester 1978;
Hedgecock et al. 1982). More genetic variation in Penaeus species has been detected using

restriction fragment length polymorphism (RFLP) analysis of entire mitochondrial DNA
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(mtDNA) (Benzie et al. 1993) and sequencing of amplified mtDNA fragments (Palumbi and
Benzie 1991). Nevertheless, these approa‘ches are tedious and time consuming.

Alternatively, randomly amplified polymorphic DNA analysis (RAPD) is a simple and
rapid method to generate genetic markers without prior knowledge of the genome which is
subjected to be analyzed (William et al. 1990). In this approach, a single random primer
(usually 10-mers with GC content more than 50%) was utilized to randomly amplified
segments of genomic DNA on the basis that the RAPD primer scans the genome for the small
inverted sequences resulting in amplification of DNA segments of variable lengths. It has
been successfully employed to determine genetic diversity in P. vannamei (Garcia et al. 1994)
and P. monodon (Tassanakajon et al. 1997), suggesting the potential application of using this
method for population genetic studies in other Penaeid species.

In the present study, genetic diversity in wild P. monodon was further investigated in 5
geographically separated populations of wild P. monodon from two main fishery regions: the
Andaman Sea on the west and the Gulf of Thailand on the east coasts. The RAPD approaches
were used to determine whether population differentiation actually occurs in Thai P

monodon.



Materials and methods
Sampling

One hundred P. monodon individuals were wild-caught alive from different sample sites
during March 1995 to August 1996. These were from Satun-Trang (n = 17) and Phangnga (n
= 20) of Thailand and Medan (n = 15) of Indonesia, which all are located in the Andaman Sea,
and from Chumphon (n = 20) and Trad (n = 28) of the Gulf of Thailand (Fig. 1). Pleopods
were dissected out and kept frozen in liquid nitrogen or alternatively in absolute ethanol

during transportation. Specimens were stored individually at -80°C until required.

DNA extraction

Total DNA of P. monodon was extracted from abdominal pleopods using the proteinase-
K/phenol-chloroform isolation method described in Tassanakajon et al. (1997). DNA
concentration was determined spectrophotometrically using a DU 650 Spectrophotometer

{Beckman Instruments Inc.).

PCR amplifications and analysis of the resulting products

DNA aﬁ‘npliﬁcation was performed in a Perkin-Elmer Cetus DNA Thermal Cycler (model
2400). PCR amplification reactions were carried out in a 25 pl reaction volume containing 10
mM Tris-HCI, pH 8.3, 50 mM KCIl, 2 mM MgCl,, 0.001% gelatin, 100 uM each of dATP,
dCTP, dGTP and dTTP, 0.2 uM RAPD primer, 50 ng genomic DNA and 1 unit of Tag DNA

polymerase (William et al. 1990). Ten-base oligonucleotide primers were obtained from the
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Biotechnology Laboratory, University of British Columbia. The PCR reaction was carried out
for 35 cycles consisting of 5 s at 94°C, 45 s at 36°C and 99 s at 72°C. The amplification
products were then electrophoretically analyzed in 1.6% agarose gels and visualized by

ethidium bromide staining (Maniatis et al. 1982).

Data analysis

All reproducible and resolvable bands ranging from 200-2200 bp were scored from the gel.
The presence (1) or absence (0) of an amplified fragment was treated in a dominant fashion
without further consideration of the quantitative aspect of the results (i.e., band intensity
differences between homo- and heterozygotes).

The index of similarity between individuals was calculated using the formula
Sxy=2nx/n,+ny, where n, and n, represent the number of fragments scored for individual x and
y, respectively, and n,, is the number of fragments shared by both individuals. Within
population similarity (S) is calculated as the average of S, across all pairwise comparisons
between individuals within a population. Between population similarity with a correction for
within population similarity is S;= 1+8/,-0.5 (S;+8,), where S; and S represent the S estimates
for population i and j, respectively, and §; is the average similarity between random pairs of
individuals across populations 1 and j (Lynch 1990).

S; was then converted to a measure of genetic distance (D;) using the equation D; =
-In[S’; N(SiSj)], (Lynch 1991). A phenogram based on this estimate was constructed using the
unweight pair-group method with arithmetic average (UPGMA) of Phylip version 3.57c¢

(Felsenstein, 1991)
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A RAPD pattern is referred to as a genotype. A geographic heterogeneity test of
significance in genotype frequencies between populations or regions was carried out using a
Monte Carlo simulation (Roff and Bentzen, 1989) implemented in REAP (McElroy et al.
1991). Results are expressed as the probability of homogeneity between compared populations

or regions.

Results
RAPD analysis

Seven arbitrarily selected primers 101, 174, 268, 428, 456, 457 and 459, originated from the
University of British Columbia Biotechnology Laboratory, were used in RAPD analysis of
100 P. monodon individuals collected from 5 geographically separated locales. A total of 80
scorable bands ranging from 200-2200 bp in size were unambiguously scored (Table 1).
Twenty-two of these bands (27.5%) were monomorphic (present in at least 95% of all
investigated individuals) and 58 bands (72.5%) were polymorphic (present in less than 95%).
Each primer generated between 9-15 scorable bands. The complexity of the banding patterns
varied dramatically between primers. It should be noted that primer 456 gave the highest
number of amplified bands (15 bands) but yielded the least polymorphic level (60.0%). On the
other ha-nd, primers 268 and 428 yielded the highest level of polymorphism which was 88.9
%. The investigated P. monodon individuals from Satun-Trang (n = 17), Phangnga (n = 20),
Chumphon (n = 20), Trad (n = 28) and Medan (n = 15) produced 71, 66, 64, 69 and 73
scorable bands resulting in 57.7, 51.5, 54.7, 52.2 and 53.4% of polymorphic bands,

respectively (Table 2).
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RAPD patterns of Thai P. monodon (Satun-Trang, Phangnga, Chumphon and Trad) are
clearly different from those of P. monodon from Medan. An illustration of RAPD patterns for

the 5 geographic populations and the bands scored are shown in Fig 2.

Similarity index within and between populations

The average genetic identity within populations (S) across all the primers ranged from 0.8626
to 0.8878 (Table 2). The highest similarity index within population was found in P. monodon
from Phangnga (0.8878) whereas slightly lower similarity indices were observed in
Chumphon, Trad, Satun-Trang and Medan at (0.8785, 0.8646, 0.8655 and 0.8626, respectively.

The average genetic similarity between populations (S;) across all the primers was from
0.7548 to 1.0026 (Table 3). While the S; among P. monodon originating from Thailand was
not drastically different, such a value, however, indicated that the Thai and Medan P.

monodon populations seem to be reproductively isolated.

Genetic distance and dendrogram

Genetic distance (D;) was converted from a measure of between-population similarity
corrected by t‘he within-population values (Nei 1972; Lynch 1990) and is shown in Table 3.
These values were then subjected to phylogenetic reconstruction. The UPGMA dendrogram
resulted from overall primers, indicating three distinctly phylogenetic-separated groups
composed of group 1 (Phangnga, Chumphon, and Trad), group 2 (Satun-Trang) and group 3

(Medan) (Fig 3).
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Large genetic differences were surprisingly observed between Medan and all of the Thai
samples (14.976%). Within Thailand, the Satun-Trang P. monodon was separated from the

remaining populations with a genetic distance of 2.6%.

Heterogeneity in genotype frequency distributions.

In the present study, 252 genotypes were observed from a total of 100 individuals using 7
decanucleotide RAPD primers. For overall populations, a Monte Carlo simulation showed
statistically significant differences in RAPD genotype heterogeneity for all single primers,
indicating that population subdivisions do exist in P. monodon (P<0.0001 for primers 101,
268, 428, 457 and 459, and P = 0.0001 for 174 and 456).

For each primer, highly significant differences in genotype frequencies were also
observed between the Thai and Medan P. monodon (P<0.0001). Moreover, heterogeneity in
genotype frequencies between Thai P. monodon from the Gulf of Thailand and the Andaman
Sea was significantly observed tor primers 101, 268, 428, 457 and 459 (P = 0.020{, 0.0001,
<0.0001, 0.0387 and <0.0001, respectively). Interestingly, primer 428 gave significant results
for geographic heterogeneity among all 4 geographic samples of the Thai P. monodon (P-
values between 0.0000 and 0.0403). In contrast, primers 174 and 456 gave no significant
geographic héterogeneity for all pairwise comparisons among all P. monodon populations

from Thailand (P-values between 0.0924 and 0.9530).
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Discussion

A basic knowledge of DNA polymorphisms and molecular markers of P. monodon is essential
for its breeding programs (Tassanakajon et al. 1997). At present, only allozyme variability has
been extensively used for population genetic studies in Penaeid species. Nevertheless, genetic
heterogeneity detected by allozyme electrophoresis in these taxa, especially for P. monodon, is
quite low (mean heterozygbsity was 0.073 for 97 crustacean species and 0.0276 for P.
monondon collected from 10 geographic locales in South East Asia), limiting its application to
be further employed in selective breeding programs (Hedgecock et al. 1982; Daud 1995;
Sodsuk 1996). A few genetic polymorphism studies based on the DNA approach have also
been reported in P. monodon and generally shown a greater level of genetic variability than
that from protein electrophoresis (Benzie et al 1993; Garcia et al. 1994; Sodsuk 1996).

In the present study, the RAPD technique was used to evaluate the extent of genetic
variability in wild populations of P. monodon collected from 5 different geographic locales
covering the main supplying sources of wild P. monodon broodstock for culture activity
around the Malaysian Peninsula. Seven out of 300 RAPD 10-mers screened yielded high
strength and consistent RAPD patterns with resolvable fragments (Tassanakajon et al. 1997).
Nevertheless, to simplify the experiments, all primers were selected based on our “standard
amplification -program” and we did not attempt to further standardize such selected primers.
This allows us, in practice, to employ the 7 selected primers in our selective breeding
programme of P. monodon at Chulalongkorn University easily 'and conveniently.
Theoretically, it may be argued that the RAPD approach can give a biased datum in

population studies of P. monodon limiting its further application in “real practice”.
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Nevertheless, determination of the mode of inheritance (e.g., from our haif-sib families) and
verifying homology among co-migrating fragments from different populations of P. monodon
will certainly result in more valid and stable data for breeding programs (Dowling et al. 1996).

The percentages of polymorphic bands of P. monodon in this study varied from 51.5-
57.7%. This polymorphic level was about as high as those previously reported in P. vannamei
(39-77%) (Garcia et al. 1994). Based on this estimate, Satun-Trang has the highest level of
genetic diversity within a population. However, this estimate cannot be used as a standard
among laboratories and should be treated with caution. The RAPD approach detected
abundance polymorphisms in P. monodon revealed by a total of 252 genotypes from 7
different primers, of which 104 were private genotypes (found in only one population). The
numbers of RAPD genotypes in Satun-Trang, Phangnga, Chumporn, Trad and Medan were
65, 58, 63, 85 and 50 genotypes, respectively.

The band sharing approach based on the presence or absence of the amplified DNA
fragments was used to estimate similarity indices. The mean estimated similarity within each
population was high, reflecting a high similarity of compared sequences. The Phangnga P.
monodon showed the highest level of within population similarity whereas the remaining
populations showed similar levels.

Similarity between populations (S;) was estimated with a correction value. As a result, the
estimated level can be greater than 1 if sequence similarity between populations was higher
than that within populations. The Medan population showed an extremely large difference in
between population similarity when compared to all of the Thai P. monodon. This indirectly

indicates that P. monodon from Medan should be regarded as a different stock.
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The UPGMA dendrogram indicated an ancestral relationship shared among Phangnga,
Chumphon and Trad whereas Satun-Trang from the Andaman Sea showed a reasonable
genetic distance from the rest of Thai P. monodon. More importantly, Satun-Trang is located
approximately 200 hundred kilometers far from Medan on the same coast, but a clear “genetic
break” was observed between the former and the latter. This may be explained by the
limitation of gene flow caused by the surface currents of the Strait of Malacca which serves as
an overflow channel during both northeast and southwest monsoons (Dale 1956).

Geographic heterogeneity analysis illustrated highly significant differences in genotype
frequencies among all Thai and Medan P. monodon. This was concordant with an extremely
high F’estimate (0.4810 for overall populations and 0.2104 for Thai P. monodon). Moreover,
it was clear that all but primers 174 and 456 was able to statistically significant distinguish P.
monodon populations from the Andaman Sea and the Gulf of Thailand. These results
suggested the existence of genetic population differentiation between two regions of Thai P.
monodon. Surprisingly the Phangnga population located in the Andaman Sea was clustered as
a sister taxon to Chumphon’s from the Gulf of Thailand in the UPGMA dendrogram.
Nonetheless, an inability to discriminate their genotype heterogeneity was also observed when
using primer 174 (P = 0.1825), 268 (P = 1.0000), 456 (0.4409) and 457 (P = 0.0526). Sodsuk
(1996) studied genetic polymorphisms of P. monodon in South East Asia using mtDNA-
RFLP o.f 4 restriction enzymes (Bam HI, Eco RV, Pvu Il and Sac I) with small sample sizes
(N=93 in average). His data indicated geographic homogeneity among the east and west
coast populations (e.g., between Medan and Trad and between Surat of the east and Phuket of
the west Malaysian Peninsula). However, significant geographic heterogeneity among these

was observed with larger individuals of the same sample set (N = 20.6) and a higher number
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of restriction endonucleases (10 hexameric and 1 pentameric restriction enzymes) (Klinbunga
1996). Accordingly, the unexpected historical and current relationships among geographically
different P. monodon from Chumphon and Phangnga needs to be clarified by a larger number
of RAPD primers. Moreover, to obtain more reliable results, a larger number of sample sizes
may also be required.

Five out of 7 primers used in the present study showed significant differences between P.
monodon from the Gulf of Thailand and the Andaman Sea. Only primer 428 showed genetic
heterogeneity for all P. monodon populations used in this study implying the promising
ability to developed population or region specific marker(s) through the RAPD approach.
Moreover, the results from primer 428 strongly supported an occurrence of genetic population
structure between the 4 geographically separated Thai P. monodon which is in accord with
the overview results when microsatellite loci are employed (Tassanakajon, unpublished data).
The Monte Carlo simulation analysis indicated that primers 174 and 456 did not yield any
informative results which were possibly due to amplification of conserved regions in the P.
monodon genome by such primers.

High levels of polymorphisms and the existence of population differentiation of P.
monodon found in the present study showed that RAPD markers aré one of the most suitable
tools for population genetic studies and for establishing the breeding program in this

economically important species.
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Table 1. Sequences of 7 decanucleotide primers used in this experiment, numbers of

amplified bands and their size ranges (bp) observed from RAPD analysis of P. monodon.

Primer No. Sequences Size-range No. of amplified No. of polymorphic bands
(bp) bands
101 GCGCCTGGAG 1800-420 13 10(76.9%)
174 AACGGGCAGG 1500-450 10 7(70.0%)
268 AGGCCGCTTA 1300-400 9 8(88.9%)
428 GGCTGCGGTA 1800-200 9 8(88.9%)
456 GCGGAGGTCC 2200-260 15 9(60.0%)
457 CGACGCCCTG 2000-350 13 9(69.2%)
459 GCGTCGAGGG 1550-430 1 7(63.6%)

Total 80 58(72.5%)
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Table 2. Total numbers of bands, percentages of polymorphic bands and similarity estimates

within populations (average for all primers) observed in 5 conspecific populations of P.

monodon.

No. of Percentage Similarity index

Total no. of
Sample site monomorphic/ of polymorphic within populations
band observed
polymeorphic bands bands (S+S8D)

Satun-Trang 71 30/41 51.7 0.8655 + 0.0437
Phangnga 66 32/34 51.5 0.8878 £ 0.06591
Chumphon 64 29/35 54.7 0.8785 £ 0.0587
Trad 69 33/36 522 0.8646 + 0.0557

Medan 73 34/39 53.4 0.8626 + 0.0705
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Table 3. Pairwise comparisons of genetic distance (above diagonal) and similarity between

populations (below diagonal) across all investigated primers for 5 geographic populations of

P. monodon

Population Satun-Trang Phangnga Chumphon Trad Medan
Satun-Trang - 0.0296 0.0661 0.0622 0.2812
Phangnga 0.9744 - 0.0029 0.0299 02888
Chumphon 0.9442 1.0026 - 0.0354 0.2941
Trad 0.9478 0.9742 0.9697 - 0.3340

Medan 0.7882 0.7804 0.7782 0.7548 -
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Fig.1. Map showing sampling sites (shaded) for five geographic P. monodon populations used
in this study.
Fig. 2. RAPD patterns using primer 268. Lane M: 100 bp DNA ladder; a, P. monodon
individuals from Medan; b, P. monodon individuals from Satun-Trang; c, P. monodon
individuals from Phangnga; d, P. monodon individuals from Chumphon; e, P. monodon
individuals from Trad. Lines indicate bands that were unambiguously scored.
Fig. 3. UPGMA dendrogram sﬁowing the relationships among 5 geographically different

populations of P. monodon, generated according the distance matrix in Table 3.
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