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Characterization of Microsatellite Sequences in
the Black Tiger Prawn (Penaeus monodon) Genome, Polymorphism Tests and
Their Potential Use in DNA Typing
Anchalee Tassanakajon, Vichien Rimphanitchayakit, and Sirawut Klinbunga

Abstract
Microsatellites are tandemly repetitive DNA sequences with very short nucleotide motifs (1-6
bp). They are abundant and distributed throughout the eukaryotic genome. Variation in the numbers of
repeating units has been demonstrated and microsatellite polymorphisms can be assayed by the
polymerase chain reaction (PCR). Microsatellite are being employed as genetic markers in a variety of
organisms. The level of microsatellite polymorphism varies greatly among loci but is usually higher
than that of allozymes and other DNA markers.

In this study, we isolated and characterized microsatellites from the genomic libraries of the
black tiger shrimp (Penaeus monodon). The genomic libraries were screened for tri- and
tetranucleotide repeats (GAA)y, (GATA)y, (CATh , (ATG)n, (GGAT)n, (GGAA),, (TCAG), (CACC),,
(CATA) , and several positive clones were isolated. From the nucleotide sequence data of those
positive clones, 335 microsatellite arrays were isolated. The repeats (GAA),, (GATA),, (CAT), and
(ATG), were found at the high frequency while the other sequence types were rare or not exist. The
predominant category of P. monodon microsatellites was perfect repeats (55.2%) while imperfect and
compound repeats were found at the lesser extent (28.1 and 16.7 % respectively). A range of repeat
number was 4-94 repeats with most of the repeats in the range of 5-40 repeats. Primers were designed
for several microsatellite loci and 26 pair of primers produce scorable PCR products. Analysis of
polymorphism revealed that most of the microsatellite loci were highly polymorphic with average
allele per locus of 17.4 and average heterozygosity of 0.63.

Five microsatellite loci (CUPmol, CUPmo2, CUPmo18, Di25 and Di27) were used for
determination of genetic variation and differentiation of Thai P. monodon from five geographic
locations (Chumphon, Trad, Phangnga, Satun and Trang). The number of alleles across the 5 loci
ranged from 19-30 alleles and heterozygosities ranged from 0.49-0.95. The average heterozygosity
across all investigated samples was 0.78 indicating high genetic diversity in this species. Geographic
heterogeneity analysis of the results from the 2 loci, CUPmol8 and Di25, showed significant
differences among the Gulf of Thailand (Trad and Chumphon) but not the Andaman samples.
Comparison between regions revealed significant genetic differentiation between the Andaman and
Trad P. monodon (P<0.001) whereas those from Chumphon and the Andaman were genetically similar
(P>0.05). Our study provides a basic knowledge that is useful for genetic improvement and
management of this species. Enhancing of natural populations with hatchery-reared larvae without any
consideration on the characteristics of P. mondon gene pool should be concerned. Microsatellites were
also applied for family identification in selective breeding program and genome mapping.

Keywords: microsatellite marker, genetic variation, black tiger shrimp, P. monodon
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(CATA),, (TCAG),, (ATG), i (CAT), YamsaanamndaaamuiiduledIndndle'ing #
Ua1u 5" phosphate ¥BIAIRAMNAIY (y-P) ATP 1au91fE T, polyneucleotide kinase FIMTUA
Anay (GAA), Mmsaaamnuumedduemelnidn (a-"P)dCTP (random labelling) #1
asleusladluaisazaiwfiilszneudan 1 M NaCl; 42 mM Tris-HCI, pH 7.4; 1.2 mM EDTA:
0.2 %SDS; 1% BSA 1n¢ 0.1% Sodium pyrophosphate "ﬁ Tm ¥94AAAAIY -5 °C GLRE
11A3TM) Wi Tm -10 °C (@amziasnnuusalutuneumslenslad) dmiudinan
(GAA),'ﬁ“lmﬁ"lau?'lﬂq?'ﬁ 65°C Lf‘;anﬁﬁ"l,au?ﬂuﬁ"z‘s?aﬁ’uﬁlﬁ‘umﬁﬂmuﬁ'lﬁmminﬁ'ug'aaﬂ
Taomuusuit lsus ladtudnaaniiduledlnidndle Indvmséreda 2xssc + 0.1%
sps figunganldlumsleuslad 10 i 1 a¥1 1azdredu 0.2XSSC + 0.1%SDS figaungi
Wou 2 nfaqar 10 177 dmFunnuusuit levsladAudmaany (GAA), Tnsdasu@asy
nanuiidluledTnindlong udimmsduiigangd 6s°c nﬂ‘i'?uﬁau Tnaufildwauon
Fanuieasnemsil u Tasusma ladaiduie
522  MsadaResayaBuLuY enrichment waznsfaden lulasumnalaq

522.1 M3 enriched microsatellites 10614 recombinant plasmids HuAEUER T LA
Msa 19 DIaYATY (26)

Mnsad1evioeayABuLUY conventional MAARARIBUIBYOY recombinant plasmids
Fanuaitld 1InMsaF19Reeayetud Iy QIAGen Plasmid Maxi kit (Qiagen, Inc., Chat Swort,
CA) Unguun recombinant plasmid DNA ﬁﬂi%ﬂﬂﬂﬁ’?ﬂ GATA repeats 89N recombinant
plasmid DNA 817 Taoms1au51ae recombinant plasmid DNA 5 g 111 (GATA), probe fiin
aandaely TeAufitatn s’ § o 1ng Juarsazareiiseneudas 6XSSPE; 0.01% tween 20;
50 mM Tris-HCL, pH 7.4 Tngvhn1sleus ladfigamail s0°c umi 1 $2Tus nnvhuenlevie
ané’umé”'m magnetic bead ﬁlﬂﬁﬂﬂﬁ?ﬂ streptavidin (Dyna beads M 280 Steptavidin; Dynal A.S.,
Oslo Norway) §1124 300 ng Tagviy magnetic beads 1) hybridization reaction '?'ll 50°C W 3

[ £ 3
#1119 910TURINITAIS beads 3 AFY AW 2XSSC+ 0.1% tween 20, 0.8XSSC+0.1% tween 20



AT 0.5XSSCH0.1%tween 20 7 50°C 1UATIAL 15 1T 1‘Fuqnﬁwﬁ1ms elute recombinant
plasmid DNA 890910 beads Suthnduft 80°C 5w 4 recombinant plasmid DNA 7114
21AM5E14 beads 47l 2, 3 110213 elute Fahndy 3o Ecoli strain XLI-Blue
dmsiaesInauit lduuemems@vadeitoueniigay  Tnauildtindoufivnihliada
wanadladiSueiemnmsmdwuuadell

52.2.2 M5 enriched microsatellites 1A61% genomic DNA Wi uoRsduLazmIadre
Aodayatu (27)

Yamsanadupvesdedudulalindime sasa 1 nmiuunFuddueifvne
300-1,000 guuaTavld 1.5% low melting agarose shauddueisua s ug WUToUABHY
SAU adapter c‘ilg\‘i SAUI= 5 GCGGTACCCGGGAAGCTTGG3 iag SAU2= 5; GATCCCA
AGCTTCCCGGGTACCGCS Mn1suensuaduiefis GATA iay GAA repeats DONVINADY
ioouq  Tnomsleus ladfudafaniy (GATA) Loz (GAA), Ananandeluledu  Tavix
AiBuiovesRefinedy adapter udIFUAIRARNIM (GATA), M50 (GAA), $117u 3 pg lues
a0 6XSSPE+ 0.1% tween 20 #1 55 °C W 1 $21us hmsuenleuSafiduedt magnetic
beads MARDUAIY streptavidin TAL1Ius WY hybridization reaction 71 55 °C u 3 ¥2Tue ¥h
33149 beads 1AL elute DNA 98NN beads 1havaEwoR 141114 et genomic library 1Ay
yhsuaduefuon 81 udug#wl§i5u per Tauld SAU adapter Wi Twsied a1niiu
136ia adapter fmﬂ%1ﬂ§uﬁn§uaanﬁuﬂnﬂ"l§£u‘lmﬂﬁ'ﬁﬁﬁmw Sau3 A1 olIIRFURBY-
ifindousziir 119 lunsadre genomic library Tasiduaduedld 150 ng Ieuseiiy
pUC 18 fifAd 0 Bam HI S0 ng  1nwendio T4 ligase 1nfi 16°C 1 1620 $21us i
nswareiudhg Ecoli strain XL1-Blue yamsideslnauit IunamemsAoudefiiie
woNRFAY, x-gal uaz IPTG Tnauiiillnlaiidvowdoufissh ladanarafinfidueiien

msmmsueade 1

53 mawuinale induazesnuuyinsmes
ﬁﬁﬂalgum'\lmwﬂ1ﬁﬁﬂgﬂﬂﬁhﬁ§]ﬂﬁmﬁﬁ]ﬂﬁ“}ﬂa§ rapid alkaline extraction (28) 91
1fuma°1ﬁuﬁ1ﬂﬁTﬂ'lmﬁvaqﬁuﬁtﬁuxaﬁ'a?;tmma;ﬂuwmﬂﬁﬂiﬁuﬁ dideoxy ~sequencing
method (29) Tavld 'I"Ir'—sr:qummi::lgTM kit (Pharmacia) WUUN sequencing products f0 8%
denaturing polyacrylamide gel  ymseenuuynsnednindrduiiing e Indfeguuude

Tulasumnalas  Tasldtanuerdszuim 18-25 wa 14 1Usunsy OLOGO 4.0



54 YSumannzimnzailumshiided

anmzanasguf 9ielu 5 1 veal§sniFerstsenoudan 1XPCR buffer (GibCo
BRL), 1.5 mM MgCL, 200 uM ¥Bifag dNTP, 0.45 UM reverse primer, 0.425 UM forward
primer, 0.025 pM ('y-azP)ATP forward primer, 0.15 U Taq polymerase uagAidue 5-10 ng
Tosunsuiil$lumsvhi@e1de pre-denaturation 95°C 3 UM $117M 1 781 denaturation 95°C
1w, annealing ﬁ Tm-5 °C Hunm 2 W, extension 72°C 1 WM $1UU 30 58U LS
extension 72°C 10 w1l $1mamu 1 sou wawdafiderid g I uennamuandislas 8%
denaturing polyacrylamide gel electrophoresis ‘lmfuﬁaumﬁmﬁm'xz'ﬁmmzﬁwmmsm
TEORH nzﬁmwmmaumqwnqﬁﬁiﬁm‘i"’uﬂﬂwmms anneal Hududuusn Tavezvims
anneal 7| Tm-5 °C 51wu'i1‘lﬁnanﬁmﬁ%mﬂﬂ%’mwﬁazﬁmmﬂ?;Uuuﬂmqmﬂgmu{l"’umau

,::‘ s ] P e o = =
11 frde lunuan iz audnessimslfunlaouiSuna MgCl iag Taq polymerase

5.5 nageuanuumnnawvesllasusmalad
IwswesgienusaiivuesluTnsummalod ldnandafideorsivuaegluiiaing

wingezth llAnuanmumamavawveslulnsummalad  TasmsasaedTuIndvedanand

ae @ n’: = 1 - W " M’
VNTITUNATIUIN 45 A1 nimiudsafiumaudvesdada  wenines 1slsIndd uas
4 & [ { -

polymorphic information content (PIC) #4g@3INNIATUIU AANUDVeIsnRANe p=@2NAA +

Naa) /2N 1at p=anudvosdana A, N =911UA200190529, NAA UAS Naa = 91uaule Ty

loser wag 1evimes 15 lada d1m3e observed heterozygosity (k) fuast landoyasse

a ar ¥ < i = w =
Tasmsvuenmes 15 ladadlu'lnd a1pic=1-2Zp Tas Pi=anudves §ada i (30)

o s o o g o A ¢ = é
5.6 NageuMINNTaAMandNideITIazaTIvTRUNANAANTR 1IN BT ISazaIeFales
of e = :‘n o ¥ a ! )
Tadiwandnaerfidumaiinveelulasummaladannnd 1 dwmielu 1 U§RTn
@ o 1 ded w o '
vosR@ord  Taunameududumisveslulasummaladidadenlude 5.5 dumisves
el e w_a ool L3 £ 1 w o A 5 W
Yulnsunaladfimang lumsiifafinandfidersasiivasvuavedaia lumaeudiiu
¥ L i :l'
wenniigamin1Flutuneu annealing arslndifiveiu (31) lumamannesimingauly
msvTaamananaerd annzildlumsiuvssddueudsianznasgueesmsm
= = = ﬂi ~ =)
#AFo15UndA unduTuna MgCl, 1ag NTP 491/5anaiues MgCl, uaz dNTP A1B 2.5 mM ias
o - H n’r ; ¥ & o = at
300 pM iy gl lFluduneuyesnts aneal szdnimshideritnd 2-5 °c i

t a ' o l o = s
wuhldwandafiders ludanuneiinissuysuia Taq polymerase, primer



iWondnieemsldessed  uazmeanwazadnlumsidluIndvesds Sevims
=y e et 9 gt ) o A = -
ANTOUNANNANF01SN Iddumsazaedanes  dediamllunisaseaeuAduionnn
aueBifonTuslugd (32) FmsasnaeundanafidorsarvansazauFanosae fix gel 42w
¥
10% acetic acid (a1 10 WAl nntiudon gel Awasazaw silver (10% AgNo3+0.4%
formaldehyde) 1ﬂu11n1 15 W uaz develop gel f20 3% sodium carbonate+0.4%
P ; 4 o a ¢ o o man
formaldehyde+2 mg/ml sodium thiosulfate IBMUNARNARTDITTAOUIMINYAAT0d0

10 % acetic acid

5.7 msdszgpal¥Sumniugnasu
571  Msasanunmavaeneugnssuuaz Inssadalsznnsdegmd

Wugaetheds 5 nduie aga a3 Wan anauazgumns asaeauiulsi T Tnsue-
maladdumiisdge fiv CUPmol, CUPmo2, CUPmol8, Di25*, iag Di27* uswaudada
HATAITNILWYDIOATA 1AZAT heterozygosity 'l.uuﬁiﬂxnfjmhzjﬂni AU effective
number of allele (n,) 3NYAT n, = 1/ P’ Lfl."él P = 1 allelic frequencies Lﬁﬂﬁﬁl'lﬁ'lu’}ml‘ﬁiﬂ
nlSsufouanuuandenaiugnssussnindunmziaduaiududeen Inouazneluds
fleglufivaiu Tavl¥Talsunsy GENEPOP (33) e genetic distance 553 19nguda0t1901n
Cavalli-Sforza and Edwards (1967) chord distance 1at14 1151051 GENDIST Jinseviany
duriug Tnun1s Neighbor-joining tree TauldTlsunsi PHYLIP (33, 34)
572 mansed uindveedeluTdsunsumsdiaiug

vinseamne lulnsusmaladn 18 lude 5.6 $119u 2-5 §wmis T 195298 T Ind
vesdaluTsunsumsdawug s munasouniafeforididoatiunie-uiiug
573 msvusuiia luy

w3 oananey Tnsuamaladgiwann 1 U1 lumsduendis Ty Taesauiedy
Dr. Stephen Moore 910 CSIRO Molecular Animal Genetic Centre szisoomnsiay L‘ﬁﬂﬂ'l
Tulnsuavaladi IRnen3toi Wi lumsh i Tluy  Taovhnmsasand Tulndves

A ar ar ar L] L]
Reference families #915znoudlsnseuniafe 3 aseunda lu 1 assuainlszneude 4, o1,

@1, 870, WO, Ll uag gn 42 M

A ﬁ‘ o
* D25 waz D7 WhusdesmuiwluInsusmalad ludunardi ldenasuanddoninawediu DrF.

Bonhomme, Laboratoire Genome et Populations, CNRS URA, Universite' de Montpellier, France



6. HANIINAADI

6.1 msusnhilasuxmalonyiia tr- 4ag tetranucleotide
6.1.1 Wosayabuiiad198udau3s convention

Namsm’mﬁﬂu"lu“iﬂsmma"laﬁmnﬁmﬁ&;ﬁﬁuﬁﬁ%ﬁa%ﬂé"zﬁ% convention LAY
lumseiit wavinmsleusladwyTnlafiflikauanisdu 63,900 Tnlafl Halduauangs
ilonsI9a0uReRIRARIYN (GAA), (GAA), Az (GATA), umeyluye 0.23-1.21% Adanu
?;“lﬁnnmﬂqﬁmmmﬁa (CAT), uag (ATG), mTuMAAMY (GGAT),, (GGAA),,
(CACC),, (TCAG), az (CATA), IMawaulntioonin (0-0.08%) uaasi lulasumnalad
WYY trinucleotide 7B (GAA),, (CAT),, (ATG), Uag tetranucleotide repeats (GATA), W'l
winlud Tuveeadanaidn uadmi (GGAT), (GGAA), (CACC),, (TCAG),, (CATA), wulu
Flunvesfenadniosuinnse linuae

v Idimsmdduavedlalafifilivanan  Taudenimsmiddumaves
Tnlafiffuundu insert qan 400 guuemnlaTadl dauTaladififvua 300-400 guua ezih
msmdwuwadlueda vinmsaseaey luTasusmalad Taoms levus ladfianny
masgdielovsleduasdrommusufi Tm vosafiamy -5°C [Sonicated HinsI0dOUAY
(GAA),, (GATA),, (GGAT),, (GGAA), 1ag (CACC)] ilevmsmdduuauesTnTailfily
wavan 75 Tnlail wuh 70 Tnlail Ysenevdaelulasusmalad Tavf 57 TnTafidhlulns
wma ladsinadufudafemuiildasnaey fifes 5 TaTadtwimiuiling W insusma
Tadian mmmm‘m1ﬁ1ﬁ’umﬁwui1TﬂTnﬁﬁm”lmjaz’ﬁ"lu“[ﬂitmﬂa"laﬁm'mmmﬁﬂmﬁgq
Tnau  wisdmudhanilsvesdnlulnsusmalodfadan  cloning site vl lifiuSnm
flanking region (fuawofizeenuuylwswedld  dnfuidlerinsadredesmyetuiuy
convention BnA%e "l#ﬁwmiﬂﬂqmngﬁ‘lu"t't,"uﬁaums'lau?‘lwfunzﬁ’mnmmu Tawvims
183 ladunedranuiusufi Tm vesdaRam -10°C [DNase, Sonicated Uag Hinc TWdl I
ATNADUAWAIAAAIY (GAA),, (GATA),, (CATA),, (TCAG),, (ATG),, itaz (CAT),] s
ma’ﬁumﬁﬁmﬁqﬂﬁui{ 77 TnTadl wuhlaTafison 51 Taladl dszneudaelulasusma
Tad Taed 22 Tnlafhlsznoudaelulnsusmaladsiafeafudfamy daulalafinlid
TuTnsumnaladdsznouiiqeds 26 Tnladl st lsinmTnTafif R nniesmyeBufiadeiu
nnMsdouiuAisuiovsdd DNase nioms sonicate Humuinmedmmiliedlulas
umna ladegAaiudau cloning site 13U uﬂ'ﬁm%’uﬁ’mﬁqaﬁuﬁﬁé’umﬂﬂ1sﬁ’a§uﬁ1§’mm
voeReday Hinc WAl 1 wuTnTafififidauvealulnsusmaladlifiatudau cloning site 14

' v eded e A » ¥ - n"uléi I ul el
U 'I’I'lilﬁwwu'lm'J'El\‘lﬂll'lﬂ'ﬂuﬁﬂ??lm’lﬂ“ﬂQﬁuﬂUuu qqqﬂ AN PAIFINDTINATIT



: v of o 2
#TuIndlvesdeldqens 14 § Hosayatuiia199unms sonicate FuABUIDYBIRINS 2 o4

ayeou wu Inswesiannsansded uIndlvesdeldsm o

MINA L. WANISIYN microsatelite sequences mnﬁamqﬂﬁuuuu convention

Talafliid | Taledifil | $1uou

¥1ia Ay | Talafl Tnlail | Tnlaild microsatellite | 1 microsa- lﬂ?m-
YBIN DY finsae | Al¥wa | mddy | sequences tellite Y
AyAtu @eu | U (%) | wa | veIdIAAAIY | sequences | WUFA5TY
Sonicated* | (GAA), | 9,900 | 24(0.24) 23 18 1 1
(GATA), | 4,200 | 51(1.21) 48 36 4 6
(GGAT), | 7,560 | 3(0.04) 3 2 0 0
(GGAA), | 1,900 1(0.05) ! I 0 0
(CACC), | 1,900 | 0(0.00) 0 0 0 0

DNase' | (GAA), | 2,500 | 16(0.64) 9 5 2 0
(GATA), | 2500 | 13(0.52) 7 2 2 0

(CAT), | 2400 | 2(0.08) 2 2 0 0

(ATG), | 2400 | 4(0.17) 4 3 1 0

(TCAG), | 2,400 1(0.04) 1 0 0 0
(CATA), | 2400 | 2(0.08) 2 0 0 0
Sonicated” | (GAA), | 2,640 | 13(0.49) B 5 2 1
(GATA), | 2,640 | 6(0.23) 4 0 1 0

(CAT), | 2100 | 3(029) 3 1 1 1

(ATG), | 2,100 | 4(0.38) 4 1 1 0

(TCAG), | 2,100 | 0(0.00) 0 0 0 0
(CATA), | 2,100 | 0(0.00) 0 0 0 0

Hinc1/ | (GAA), 5080 | 37(0.72) 18 2 9 6
Alul* | (GATA), | 5080 | 30(0.59) 15 ! 7 8
Total . 63900 | 210(033) | 152 79 31 23

* = lguT ladanneninsg i (Tm v0IFWAMY -5 °C)

* — anmuuselums leuslad (Tm vosfa@na1u -10 °C)
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612 Wouyatuiiadeiudeds enrichment

VINHANIA3 1A DIAYATUARILTT convention W1 GAA Lz GATA repeats WUAIN
Tud Tunvesdanad ﬁ'aifu'iumsﬁwﬁamqﬂ'ﬁmmu enrichment Saifienflvzsi enrichment
WBY microsatellite 2 ¥iiAfi 1uﬂ§':mﬁnmmmm%’wﬁmm;ﬂﬁuuuu enrichment 16119
recombinant plasmid DNA vfluﬁtﬁutagaﬁmﬁaﬁ?wﬁmﬁuﬁﬁu TAv enriched recombinant
plasmid DNA 71152191478 GATA repeats :1nmsmidsuwaveslalailild wuhlaladl
dau vl insert i Tnewy TnTaflfuansnefudion 34 Talaft Selusaud 22 Tnlail
dsznoudaoluTasumnaladwiia GATA repeats oz 12 TaTadl ludl luTnsuanma'lad (1s1e

] ] s
#1 2n.) gungiinldlums enrichment recombinant plasmid DNA #fie Tm v83fa@aa 1 -10°C

¥
@w = oa

e lfwauantaouge TuaudseiivimsTaau recombinant plasmid DNA 7 elute 910
magnetic beads 3 TunpuFLAUHedBINTUen Ty Tnsuama ladRiTisnaud oo ponv T
'131Tﬂmmma'laﬂﬂnmmumqaq TﬂTﬁﬂﬁW“lﬂigﬂ’lﬁMﬂﬂﬁTﬂﬁ‘lJ recombinant plasmid
DNA i elute mnmﬂauﬂzummumqqmmw elute 910 wash 2 tag 3 so1 lsAnm Tulns
wmna'ladii 18990015 elute wash 2 wae 3 Swnsditamidatslulnsusma laddhamilesiadou
cloning site mmmLwﬂm?mumuﬁuqm‘suﬂaﬂMﬂﬁmﬁqwﬁuf’r‘lﬁ&ﬁua 2 fumia
ilosnnmsadredeamyaBuiuL enrichment 1a814 recombinant plasmid DNA 1§y
Atduesduiu w‘ufiﬂﬂTaﬁﬁ'l.ﬁ'mnﬁmﬁqﬂ?munm":ﬁ insert 10 TahimsdFulys
TAu¥ enrichment 3703Y genomic DNA 1agnsq 1nazﬁn§uﬁf.§u¢ma~1ﬁ'ﬁ'su Sau3A T unu
msldnAuduniqe iesnfiamuazanlumsdon adapter thilawfiuovosds
a5 enriched GATA repeats uaaalumsied 29, Mamsmidduuaiay 68 Talail wy
TnTafifill GATA repeats 59 TnTafl uax 2 Talafl ity Tnsusmaladusenevey Tnvsu
insert ﬁ'lﬁ’mﬂﬁas'lﬂqﬂﬁuffﬁmmmﬂdwf'i'u nakamsmdwuwany Ialatidang
(Wszans 90%) Yawdhewilaveslunsusmaladfadn cloning site ol lizunse
sonuuyInswosaniosayauilldine  matnhziusaiiounnnmsdaniuevasds
&0 Sau 3 Al 91992 IMINSaUAUNITUUN GATA repeats Tududeniiainisien GAA
repeats UMY INMIMBIRUILE 34 TnTatl wudll 8 TnTailfitszneuday GAA repeats Laz
20 TaTait il Insuamalos Taowauantaouwuneinms nauduaiduievosed elute
970 wash 2 g 3 (3197 29.) Tavdaulng) GAA repeats fnunTlalafiimdiduwe i
ogfn cloning site F1unsnoenuuInsuedld 5 ¢ nnlnTailflszneudanluTnsummalod
14 Inladl  wsnuddlei Inswedmarirmannesimnzaulumsasagulnd - wy

H a =4 =5 L) 4 t - z o =
Iwswoi i nandniide1iiios 1 § Fmahilynufandunsunisii genomic DNA 310

11



4 1 = ~ 4 o " i & a
BudonIiifhudugdromainfiders vilfiaw genomic DNA fidlumulasuduinsinms

a s = e ] o
FaunszHawil§soigesd

M137197 2.

f. enriched microsatellite 910 recombinant plasmid DNA

HANI3LLUN microsatellite sequences mnﬁaamgn‘ﬁmmv enrichment

1nToflfifl micro- | TnTafiiiLis $unu
éu inserts ﬁi‘?ﬁ?w faana In Tﬁﬁ'ﬁ?‘l" satellite sequences | microsatellite m’s"‘m'ﬂuw
Wouayatu S veefIRARIY sequences | WUFNITY
Elute 910 wash 2° 8 7 1 0
Elute 110 wash3” | (GATA),' 14 7 7 1
Elute 970 ﬁ?ﬂﬁzﬂ 12 8 4 1
57U 34 12 12 2
9. enriched microsatellite 911 genomic DNA
TaTaflfifl micro- | Taladlfiluifl | $7uou
é’u inserts ﬁ’s%ﬁ AN PLLUR TﬂTﬁ'ﬁ'ﬁm satellite sequences | microsatellite m‘?awmu
Wosnyatu GRCMB T BIFIAANTN sequences | WUENTIY
Elute 910 wash 2° 30 26 1 0
Elute 91N wash3° | (GATA)* 24 21 1 0
Blute 110 1ndu 14 12 0 0
3 68 59 2 0
1nTaflA0 micro- | TnTaflfilis | $1uau
éﬂ inserts ‘ﬁi‘fﬂﬁg’ld ARAnN TﬂTaﬁ‘ﬁH"l satellite sequences | microsatellite lﬂ?ﬂﬂ'ﬂll 1
HoLyAtU Sy YOLAIRAA TN sequences | WURNTIH
Elute 911 wash 2° 15 0 11 1
Elute 91n wash3" | (GAA), 8 3 5 0
Blute 910 ndu 11 5 4 0
e 34 8 20 1

* wash 2 = 0.8XSSC + 0.1% tween 20

®wash 3 = 0.5XSSC + 0.1% tween 20

EI L
* enriched NANTIZNINIFTIU (Tm VBINIAAN -5 °C)

* annmuselunis enriched (Tm Y9343@AA 1 -10 °C)
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6. 2 dnuazveslulnsuamalanludaga
o o e o g P | 3/ :g q’.: S
nnmsmdwue Ialafin liwauannniesayaduiadiestune 2 uuy wuhdau
Tnalu 1 Talail Ysznoudaelulnsummnaladinandt 1 dumie dnyusvosduinaiitiy
¥ ¥
iy luTnsuamaladfinsanandmaudiveauaiug Ao mono-, di- Uag trinucleotide
¥ ¥ ¥ ¥
repeats 92A 94N MAUIAWA 10, 6 1Az 4 vl Au T gy § 115D tetra-, penta- liag
o : 3 1 ] :’J
hexanucleotide repeats 32ABal MU AR 3 Miwandu 'l 18) msuwnlulasuwsmalad
] & 5 ' ;
1Inesayatuiadtiuuuy convention wu'lulnsummalad 167 Aumvannlalaiin
] ' “ i v ok
Uszneudaelulasuamaladiou 121 Talall @snd 3) dinSudesayatuiiadeiu
LU enrichment W luTnsuainalad 168 dumis minlalafifidszneudaelulasuama'lad
$uau 102 TnTadl (a131e 4)
w d 1 g/ LT |
anuaizvedlulasusma ladialanu Weber, 1990 (35) 18 3 uuudauiu fAe 1. Perfect
A ‘ T i
2. Imperfect 1% 3. Compound repeats 44 Perfect repeats 1114 3 Tasuanna ladn Lifiwaduan
1 1 ) v
1 Tmperfect repeats 1111 Ty Tnsuammaladfifiwadug 13 wa unsnegserhaniiaes uas
ol v s ' = =t &
Compound repeats 111U luInsummaladfisznevdnmadminnn 1 silauaslivadug
unsn 18Ry 3 wa @U# 1) Tulnsusmaladiuuy Perfect repeats wugega Tauwy 42%
o : & o : &
dmSudesayetufiadeluuy convention uay 68.5% dmiudssayatuiaditiuiuy
enrichment  1uIasuamalasiuy Imperfect repeats  Wu'ldseenaun (36.5% uaz 19.6%
s e W = . : o w Yy A
AIMIUNDIAYABUILLY convention LA enrichment MUA1AY) Compound repeats wu'lavesh
a8 (21.5% Uz 11.9% dmiudeauyatuiuy convention UaT enrichment M1AY) lulns

wasna lagfidly Compound repeats v M)l dinucleotide repeats Hiudautlszasy

13



gINfi3.  AnueiEYeY microsatellite sequences FavuluTnaufiminsmidduiuasndesmyatunuy
convention
UsznNUBY repeat
’

¥iiAves i o Perfect Imperfect Compound

repeat AU

A 1 29 1 0 0

(GA), 30 6-85 15 10 5

(GT), 10 6-87 3 5 2

(AT), 9 7-63 4 3 2
(GAA), 54 5-88 20 27 7
(GGA), 9 5-17 3 6
(TAA), 11 5-38 7 2 2
(ATG), 11 5-24 4 4 3
(CAT), 6 7-30 3 1 2
(AGO), 1 12 1 0 0
(TGC), 2 8,24 1 0 1
(CATA), 1 5 1 0 0
(GATA), 21 5-28 6 3 12
(GGAA), 1 8 1 0 0

59U 167 70(42%) 61(36.5%) 36(21.5%)
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; ar . a < i o o w b
MINT4.  ANUNIZYBY microsatellite sequences Ty lu Ianumimsmduiumandesmyatunyy

enrichment
Us2IANYB4 repeat
¥UAYDY U iU ‘me‘; 1 Perfect Imperfect Compound
repeat AWMU

(AT) 1 5 14-85 i 4 0
(GT) e 6 16-27 2 1 3
(GA), 13 6-94 9 3 1
(CAT), 3 8-15 1 1 1
(ATG), 3 535 3 0 0
(TAA), 1 5-47 5 4 2
(ACC), 1 5 1 0 0
(GAA), 10 5-23 5 3 2
(GATA) 108 4-58 82 15 11
(GTAA), i 8 1 0 0
(GGAA), 2 4,14 2 0 0
(GTCA) ’ 1 7 1 0 0
(GATC), 1 27 1 0 0
(AATG), 1 7 1 0 0
(GACT), 1 14 0 1 0
(TCTAG), 1 8 0 1 0

33U 168 115(68.5%) 33(19.6%) 20(11.9%)
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ACGT ACGT ACGT ACGT

711 1. Medudduiayeslylnsummaladiuen 1dvniesayatuvesdsnais
a.= uTnsusmaladilszion perfect uaz compound repeats [(AC),...(GT),...(TA)
(TAGA)],

n

b.uag c. = Wilnsuzmaladuszinn perfect repeats [(GAA), Uag (GA), Mudiy]
d.= TuTasumnaladilssnn imperfect repeats [(GAA),]

63 mawannTesmnmiugasnniialilasusmoladuosmmareuniumainwan
mAseimsanen luTnsummalad188e 335 dumis udeunseianunios
weiugnssu 1&iies 26 dumis Tasdumnilgmdaiiesnnnlawdmiwedulns
uina lasiegAndau cloning site W30 lulnsuana’ladeiin Compound repeats arlszneu
&roluTlasummaladinnnd 1 silaGeadady Wumalilulnsusmaladiuqoinaoasa
Tnaw SoemanuRugnsTYy 26 dumiadl AWan 1anndesayaduiuy  convention 23
Sl LasWaneInHesayABUILL enrichment 3 Autvts idorinn1dlunsnsandlung
wuiﬁﬁﬁamﬁmﬁ%ﬁﬂ;i‘luahqﬁmﬂﬁmu (1t 2) SnuazvounTesmRugnIIIR 26

Aumuaaluas19h 5

16



MANSNATIUAIMAIANAILYBUATBIINERUgNITuTIdan 1R Taomisasae
tlundvesdunadiminenng  mFsammeiugnssudwou 21 dumis annsoasiany
' o o A @ : ' '
ANUUANATNINISRUEATTNYBIINAIAY  daunsoanyeRugnssuimas hilinnuuaneis
ypsdada  law 4 dwmisldwamsasied Tulnivesdenarduiiy monomorphic (CUPmoS,
CUPmo26, CUPmo27, CUPmo29) 1iag 1 My (CUPmo28) Hamsnsa9d IuIntlnusdnau
8000 2 9adANNIBEINATI InFeamaneNugnssuildsedninmgelumsasteasunny
(Y = o @ a = i b R A
HAMUAENMIINUEATIY ezisuaudadangaasa PIC M1lnd 1 FundeeuieluTasue-
E
malad 21 dwmdedl Tanuannsoasisdeunnuuanaemanugassuvotinaid d iy
sEAuNa Y fie CUPmo 1-4, 6, 7, 9, 17, 20 ag 22 anumanuaiolussaugs Asfisiou
8afingendl 21 §ada @I CUPmoll-13, 15, 19 uag 23-25 Hanunanvawluseauu-
nae IS wrudadasyluye 7-16 §adn Az CUPmol4, 16 waz 21 Uanumanuaily
v g Ao W A A v 2 o o T ot
szaudlaslidmoudodaiies 4 oafa InTeesuneWugnssud Y 18 Awmuy  Tim
£y Y
ar 1 - 1 A 1 .

Observed heterozygosity Adlia 0.43 YT nag 3 dumiaimae i1 Observed heterozygosity
ADUL19A1A0 CUPmo 7, 20 uae 21 Aunidy 0.16, 0.27 WAz 0.28 MuUAIAY MIATENY

{ o & < u’: a ar i
anudsadaveunsomnglulasumma ladvis 21 dumis werasdagli 3.

17



maeits.  dnvuzveunissmneiugnssuialy Tnsusnaladonnsasadens uInilvesdenaid
Locus Repeat sequences Annealing  Sizerange No. of alleles Observed PIC*
Temp. (°c) ofalleles  (No. of samples)  heterozygosity

CUPmo 1 (GAA), 56 224-326 29(51) 0.73 0.94
CUPmo2  (ATCT),(TA),(TAGA), 56 137-217 28(51) 0.78 0.93
CUPmo3  (ATCT)(AT),(GT), 56 135223 27(49) 0.63 0.92
CUPmo4  (CT),,TG(CT),(ATCT),, 54 206-256 21(45) 0.89 0.89
CUPmo5  (GATA),...(GATA), 56 120 1(10) 0 nd*
CUPmo 6 (GATA)(GA),, 56 166-242 28(49) 0.69 0.95
CUPmo 7 (CT),(ATCT), 56 172-234 22(43) 0.16 0.93
CUPmo 9 (TA), 54 274-380 33(40) 0.90 0.95
CUPmo1l  (TAA),TGA(TAA), 56 132-162 10(47) 0.81 0.80
CUPmo 12 (GA),, 54 83-105 8(41) 0.44 0.77
CUPmo 13 (TCA), 58 271-316 12(43) 0.86 0.85
CUPmo 14 (GT),CAG(GT), 58 275-281 4(46) 0.43 0.74
CUPmo 15 ("I'AA)“J 52 267-351 15(44) 0.66 0.93
CUPmo 16 (CAT), 52 224-233 4(44) 0.48 0.48
CUPmo 17  (TAA),(TGA),[(TAA), 52 282-447 25(40) 0.72 0.93
CUPmo 19 (TAA),, 54 300-351 16(46) 0.78 0.90
CUPmo 20 (GA),, 50 156-220 26(44) 0.27 0.94
CUPmo 21 (TTA),TTG(TTA), 60 230-239 4(46) 0.28 0.34
CUPmo 22 (AG),AAA(AG),, 50 184-258 23(40) 0.48 0.92
CUPmo 23 (GATA),, 60 299-323 7(40) 0.72 0.68
CUPmo 24 (ATT),GTT(ATT), 50 332-368 12(40) 0.65 0.75
CUPmo25 (GA),GC(GA),AA(GA),, 62 251-281 12(45) 0.82 0.83
CUPmo 26 (CA), 62 273 1(20) 0 nd
CUPmo 27 (GGA),GAA(GGA), 66 370 1(20) 0 nd
CUPmo 28 (GCA), 58 142, 145 2(20) 1 nd
CUPmo 29 (GA)s 62 181 1(20) 0 nd

* Polymorphic information content

* Not determined

18




CUPmo 9

bp ACGTI2345 6789%I0012

162

BE

CUPmo 11

1 & o [ woe e o
gﬂﬁ 2. Amplification patterns younseanue lulasian a'im‘rmuﬂmmqq THIRvBIBAnANIUNY
sequencing ladder 484 M13mp18 (A,C,G,T)
unaf 1-12: fanandl 126
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bp ACGT 12345678 9101112

ey
W ﬁ- .

99 —» |

93> |
89—

CUPmo 12

bp ACGT123456789 101112

345 >

309

279 —»

CUPmo 15

1 2. (o)
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bp ACGT 1234567 89101112

233 — |
224 > {8

CUPmo 16

bp ACGT123456 7489101112

295 —p

277

CUPmo 13

31]’5‘ 2.(A9)

21

v
P . ]
VEFURANTY HATUWY WHUTOTI
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bp ACGT1 2345678 9101112

323 >

298 —»

CUPmo 23

it 2. (Be)
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Frequency
150
175

Allele Length 300

~ = O o «— ™ W

o o e T« ©§ o «
o ©o ©o o

s £ £ £ £ £ E
S D 3 D

© 0o 0 5 B o o
Locus

’ He s 4 w 4
31 3. msnsznauddaiaveanToenmeiugnIsude ldnnnisasas

TTuIndvesfinardinindn’ne
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Allele Length

CUPmo 15
CUPmo 17

o))
o
E
o
=
O

gﬂf‘; 3.(#9)

CUPmo 14

-
o]
Q
| =
7]

24

CUPmo 19

CUPmo 23

CUPmo 24

Frequency



Frequency

02 OWdNO
gl owdno
Zi owdno
L1 OWdNO
£ owdno
£ OWdNO

¢ ouwdno

Aliele Length

Locus

(#9)

PHE R
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s ac c’l 4 ar o el sy 4
6.4 MINAUITNTATIAATBININY Tulasusna laduuuiafinananaes
@ = e & o Aot o o ' ' a a ad
Tadmandnaeiiiunmshideslavldinswesani 1 g iwulSuafidue
wousuvawuinu  ildnsasedTuindvesennmioswmanelulnsuamalad1d
nioudunawdumia  muldmsiuungndimiedwunaseuniafiondesldinioamany
o T ° o J & gl -~ © E
nawduntaasuoni 1dsiaEvu  wisaunelylasusma ladfszidentimnldasie
o w oo o =t =t 4 a o o ] ar A 1 =
Tas3sTafmandnaers szdouiiuladanfiviiaveedadadndu e lildifausudduwe
o - o w o ° Y] 1 @ o A @ o -
dounuluusnsufeny deiiiimseudanananainla nvUIRYBdadalums1en 5
e w o L4 d'n’.: ar ar [
Toanamsumsiniadmandidersnaiuy 2 Tana (Duplex) tag 3 Tand (Triplex) WiBuNY
wan lduaasluaisen 6

W e o =i o ot o e a r (:;
Vadmandnge1suuy 2 Tade : minvwInvesdadalunisied 5 § msweshniglums

AT duplex sxApeliifidnafiduuadouiuey Sehmamaneuitanua 10 § 14ud 4
U899 CUPmol 1 CUPmo2 ; CUPmo 4 L% CUPmo9 ; CUPmo 4 lifng CUPmo 11; CUPmo6
1og CUPmoll ; CUPmo 9 1ag CUPmo 6; CUPmo 9 (15i® CUPmo 11; CUPmo 15 82 CUPmo
16; CUPmo 12 e CUPmo 24; CUPmo 2 10t CUPmo 12; CUPmo 21 182 CUPmo 23

o e o i Sl o ° = 1
Tasmwansnaersuuy 3 Tade :lwswesMinmadoush1 Triplex PCR loun ‘ns-

(3195 CUPmo4, CUPmo9 1iag CUPmo 11

YsuammedmiuaRinanafiaeis laomy dNTP 910 200 pM i 300 pM #e 1
reaction pazliuanudutuveuniolulffisonnn 1.5 mm dlu25mM  wamsnageu
Tanmandiaeriuanslumssii 6 wudrenusonsanaoyldlug duplex 483 CUPmol+2,
CUPmo4d+11 (gﬂ‘?'l 4 i1a¥ 5) CUPmo 15+CUPmo 16; CUPmo 12+CUPmo 24; CUPmo
2+CUPHmo 12; CUPmo 21+CUPmo 23 d9us] duplex 8uq liwunaniaitdons

#1351 Triplex PCR %84 CUPmo4-+9+11 v liRananaaRiForfusines Téwmen
Jsuannganquds eudluilygmiselfaeufoumehiiafmandAgedifiumsii single
loading YeaHanaARRFOIVONAz Tafau Tavszueninfsniidersumiwandaiders
#1817 1oad Wlouduuuezaialudion Tadaiiwh single loading dmiu 3 Tada As
(CUPmo4+9+11 ) (lii lduansdoya)
6.5 mnsoaevdlilniddwasezaredanes

snHamInsnAeudumsazawdane’ Ui 6 wuhl¥iuuvesdlulin
miougumIasreudrasied  dnfumsazmedanefannsnhlufumumsfad1d
u I Tasumma lagursdumiisiisl sutter bands 1iio1¥asazawdaneiaseaeutlulnd

23l backgrund g4
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ca o _ o o oot el o & L4 L . =L e o
131N 6. ﬂ'liﬂ'lﬁﬁﬂlﬂﬂﬂﬂ‘]fﬂ'l?'ﬂENL?\S8\1?11]1!111&?15“‘511’151?\?1Tﬁﬂﬁﬂ']\!"'} UAZHOVDINA DS

wilnveuladimand Tafdfinsae NAYBISana (bp) HAVBIN@D1T

Duplex CUPmol 224326 1énad
CUPmo2 147-217

Duplex CUPmo4 206-256 1énad
CUPmoll 129-162

Duplex CUPmo6 166-242 1l non-specific
CUPmol1 129-162 product UAZBIUHE

18un

Duplex CUPmo9 274-380 Li'lAnandafidens
CUPmo4 206-256

Duplex CUPmo9 274-380 hi'ldnandafidens
CUPmob6 128-242

Duplex CUPmo9 274-380 Ll dnandafidony
CUPmol 1 132-162

Duplex CUPmol5 267-351 1Rwaf
CUPmo16 224233

Duplex CUPmo22 184-258 18waf
CUPmo24 332-368

Duplex CUPmo2 147217 18waf
CUPmol2 83-105

Duplex CUPmo21 230-239 18nad
CUPmo23 299-323

Triplex CUPmo4 206-256 (iR non-specific
CUPmo9 274-380 product Y1IALEA
CUPmol | 129-162 (< 100 bp)
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unrelated shrimps

CSCUPmo 1

CSCUPmo 2

g0 4. luunves microsatellite alleles 910M3¥H duplex PCR 483 CUPmol+2 WHIAvRISadia

(AU sequencing ladder v89 M13mp18 (A,C,G,T)

28



bp unrelated shrimps

CUPmo 4

CUPmo 11

3U# 5. gUluVYRS microsatellite alleles 91NN13Y1 duplex PCR 489 CUPmo4+11
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CUPmo 2 M CUPmo 11

gt 6. JUuUUYes microsatellite alleles 9 nMsATvaeudTu InddemsazaieFanes ves

CUPmo 2 1122 CUPmol1 vunvesdadafiouny allelic ladders (M)

30



6.6 matlszynalfinsesmanglulnsuamalod
6.6.1 MmiasaANuuAnARLaz Iasedemaiugnssuvesfanaid lualszmelny
MIasRdsUANULAnAIMaRUgns s ludsdedsesainalnouenngudledie
i 5 nqulae 3 nquifudiededannduaiiuie aga ade uaz Wan B0 2 nquinan Ha
12'lny 4 2 s | Tuinlsi ] Tad
8717 Inu Aivna uaz yuns lagasaennuAunlsh iy lasumna lagvianua 5 A fef
@MUY CUPmol, CUPmo2, CUPmo 18, Di 25, iag Di 27 Wunifenguaiee iswiudada
= 1 o a o i le
pazmsnszewvesdadaunnaniu Tasdaudatiainuninmisasielulasummaladns
¥ ]
dumsiimfaua 19 9 30 6afia uaziian heterozygosity 8 1U¥29 0.49-0.83 (M1519917) La
Tagsmeznunfening (uwsuazaa)  IANUMAINNAILNIRRUENTSNEINIAIN
UANIY (aga AT W)
& o =t as = w oA A ¥ - = 3
oenin'lyInsuama laalinnuduudsgaasivdatanwursenionuiivan s
=t w o 14 ' Iy Yt A 1o @ a sl .
Ben  aulumfvzuenanuuanaameiugnsu1Ae  femiduaudataniing  (effective
{ -] A 1 { o 1 I
number of allele, n,) ARUIUIINGAT n, = I/ TP’ 1il0 P = A1AWDVEIBAAA 910A1 n, Wuh
Aapunslinnuuand N iU sNgeRa (o, = 20.4) tazdeagainnuuanaemeiugnssy
Wouga (n, = 13.1) (137199 8)
L ﬁ: or A ] o 1 ¥ ar
11A1UAVeIsa Aol IR UIUAITZ U IINIINUENITUIEN I s291ns
. . & =t T 1 b4 I r L ] 1
(genetic distance = d) INBNSEUINEUAINUANANITNTNAWATLATY HUTTANUUANAN
mewugassuseudiales Tasanuuandaunfigasznindensiauazaga (d = 0.30) oo
' ¥ = ] @ o b @ o
gaszvinieaqauazass (d = 0.024) shllimihlassainanuduiuivesdsznns law
[ - o = { ar {
Neighbor joining tree (g‘ﬂﬁ 7 ) BAZIAATIEN Heterogeneity analysis NAANUDVDITARANNY
Tunguiaesne (Mani 9) wuhlifianuuanmemaiugnssumeludsennsdannduar-
T (P>.002) uawuanumnarmelulsernsnnen Insfedsgunsuazasa Taswuanu
uanaafilafa CUPmol8 uaz Di25 (P<.001) uazszvInnguissrinsnnsuaiuuay
817 Inu wuauRnAIEnINsEnsveItuaiufUATIA (P<.001) UA IIWLATIWLAN
ANsenIelszInsuosuaiunUYuNs (P>.05)
g‘ i 1 4
msssmnamdulszdniuenmuuandn (Fg) szninnguisznng naides
adpatu Taonudamnduaniulianuuandnnindnsia (P<001) ualisdeandeguws

(15199 10)

31



] L4 ]
ma 7. amonuenaeduisves Ty Tasummaladvia 5 Tadaanuludszannsdagard

veelny

LPLLER aga GER Wan YUNT A3A
Tand
CUPmol8
SMuAIBgN 32 35 30 42 39
W79 (bp) 106-162 104-172 106-160 104-168 106-144
uudaaa 23 24 21 28 20
e sl Tndn 0.56 0.49 0.77 0.83 0.77
Di25
$mudI 36 35 28 37 48
Y119 (bp) 140-208 140-208 136-208 142-202 140-188
$maudann 24 23 19 23 20
e TslaTnda 0.78 0.77 0.61 0.70 0.69
Di27
FMUUAIBEN 32 38 25 49 40
1119 (bp) 114-174 122-176 122-178 118-172 124-178
$maudada 20 25 20 28 28
jane 5l Tnda 0.75 0.71 0.80 0.84 0.95
CUPmol
R RN 32 35 31 38 51
Y114 (bp) 221-338 236-332 236314 218-326 224-326
fmudana 25 27 23 30 28
ione Tsle Tndn 1.00 0.71 0.90 0.82 0.75
CUPmo2
FUMUAIBEN 31 34 31 36 51
79 (bp) 143-217 147-219 147-221 147-217 137-217
fmudann 18 20 22 24 28
e sl Tnga 0.84 0.85 0.81 0.89 0.78
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msfs.  anuvanunawmavugnssulunguilizansdeiinsaedaelylasumnalad 5 Tade

PRI AunRduinu $1udana Aundoeme 1s 1o Inda
Daaa Yilina
AMHUDIT Amnmands
(Hg) (He)
aga 22.0 13.1 0.79 0.94
A4 23.8 16.4 0.71 0.95
Han 21.0 14.3 0.78 0.95
PUNS 26.6 20.4 0.82 0.95
A31R 24.8 15.9 0.79 0.94
Trang
157
Satun
82
Phangnga
88
Chumphon
v Trad

H o o g '
31 7. Neighbor joining tree tarna Insaerfrenrmduiuiveaszsnidena s undsvenlszimang
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M3 9. M3 ANTIEH Geographic heterogeneity 5zn319nguilsyainsfanaid

dusgansfinSsuidioy e (Probability values)

CUPmol8  Di25 Di27 CUPmol  CUPmo2
aga-ads 0060 0200 0030 0160 0436
aga - W 0248 0037 0034 0415 0247
A - NI 0.143° 0180 02120 0128 0012
aqa - A519 <0001 <0001 031" 0314 0910
A3 - Wa 0004 0169 0368 0313 0155
3 - QU 0003 0015 0407 0279 0268
a%e-ATA <0.001 0.001 0154 0070 0793
Wa7 - s 0084 0004 018 0260 0062
Wa91- 979 <0.001 008 0573 0160 0629
NS - A31A <0001 0001 249" 0646 0029
Fuaiu - quws 0042° 00210 0040 0014 0280
duanii - as1m <0001 <0001  0ps4 0014 0280

ns = ‘1ﬂﬁﬁﬂﬁ1ﬁ@ (not significant after adjusting); P-value > 0.002
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a3 10. mstszanumidulss@nivesnnuinndi (F,) serinngualsennsoinlu lasusma'lad

5 Tafe
g LA WA YUNT f31A
a9 -
M3 0.0012" E

Waan 0.0011™ 0.0012" -

qUNT 0.0044™ 0.0043" 0.0039"™ %

A319 0.0124° 0.0102% 0.0089™ 0.0118"
suaiu- guns 0.0035™
SUANIU - AT19 0.0101 -

' " ¥
ns = ldihfediy, *hivddyseduanminaiiunliudmiunsmaseunawaiilais

Sequential Bonferroni

6.62 MINUHUNT U
NIN1595390 11 'I.‘ﬂﬂ‘!l 84 Reference families A28 microsatellite markers CUPmo 1,2,9
P ;:n = o
uaz 11 (U7 8) (ManuIn) wavesd Tunii 1éi ladhs mtemational Shrimp Map ¥8A

nadwell aansodanudoyal@nin hip:/www/shrimpmap.tag.csiro.au
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Family 1

Family 2

Family 6

ffsprin

bp w253 offspring
2ESSrm

212 _8

208

180

152

g-m offspring

152

offspring

200

180

176

164

CUPmeo 2

oo - -
31/ 8. Manzaadulniffgaumis CUPmo2 andaatinefaiiu
4 Ll e
Reference families (Family 1, 2 UAY 6) (WO wensfiaTuy

PGF, PGM = Paternal grandfather and grandmother
MGF, MGM = Maternal grandfather and grandmother
F = Father, M = Mother
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= ¢
7. I1TUNANTINAAD
A o & o et - |
o luInsusma ladiliuinTeanmeRugnssuifiqueantidaniuaieanue
ar &4 4 = W - e a = P d -6
Wugnssudug  issnnninisanmafaiuadulunsnaiidiulylasummaladge (10
Ed >
10% a4 aoju) Juhldlinnumarnvawvesdadamnn (15, 36) Arumaiitah it luTague
o =t o 1 a ar a8 sSaa et o 2 o
ma'lag HuszTemilumsfnmanuuandemaiugnssulusyduvesddliinallddiduaiu
o 1 Lo dd & P
18 37,38) awsaldnadenmwaniugimnzay el 1dgnifinumannaiona
o o a o 4 ¥ ar 8
Wugnssuge 3D uTnsummaladdadadelinsaionea liggndiullmunguiea fafu
T | ar = q’d b 1 1 A
TuTdsunsumsAanugnisamneiugnssustatitsdunsolsdamune Wi gn  iWeuun
1 v wod (- ) ar y 4 3 L= = g
ngugnfannnawnseun s luiaderiuld dwmnanenlylaneueivadidue
] ¥
AUMIDWNBANNNUFATTUR NI
namsuonadinizd lu Insuamalad lud Tunvesfanandr  ewnsouonluTasier
o ' i o o ot .
malad18ds 335 duonie WedwundnuazluTasuamaladiuenld (eRvnnfeayatu
o
11111l convention LAY enrichment) ®14 Weber, 1990 (35) wu'luTasuana laduuy Perfect
repeats mnﬁqa 55.2% 504A911AD Imperfect repeats 28.1% Gl Compound repeats Nutiou
o o
AR 16.7% Alcivar-Warren Lazaalg, 1999 (39) uun lulasuanmalagnind Tunvesdenaid
1au75 random sequencing Wil Perfect repeats mﬂﬁqm‘ﬁuﬁuﬁa 75% AU Imperfect Hae
~ o o o 1
Compound repeats WUIfied 6 uaz 3% awdwu lumsuenm lulnsusma’lad wanfiilu
[ v ¥
dinucleotide repeats UvzwuINnigauaadriat lufigmidmuniianuenn @1, 22)
v o 4 1 o 1 1 o g - J
HazMsUIRANUIANANYBISatanAaMuiis 2 guadeudnen duiulunyiseiiezniy
d = - .
maueny luTnsumna ladeiia ti- g tetranucleotide repeats latiAvn 1Y Oligonucleotide
probe 9 AIf® (GAA),, (GATA),, (CAT),, (ATG),, (GGAT),, (GGAA),, (CACC),, (CATA),
¥ g
1ag (TCAG), WudnuaziuadAinuuIngAe (GAA),, (GATA),, (CAT), uag (ATG), T
Ed + ¥ ¥
Fuuuduwursssnuie linuias  duiuidion enrichment libraries AN enrichment
A L] ar i
lulasumma’lad (GAA), uag (GATA), Fawuilszunss 0.45 uag 0.69% MUHIAY (AN
o o 7 =
WoaeyaBulul  convention) $1uudhvedlulasummaladfiuen’ld windy ti- uog
¥ Ed
tetranucleotide repeats 3¢ iuina lionnin (agluaa 4-50 $1) maduwad iy dinucleotide
v
repeats 819WLU1I > 90 41 (21)
a ' L] o as y or
vnluTnsumnalad 335 dumis dwsenuuy IwsneivauaTemneRugnITy
= o ' ] (] & CaE L) 1
Rifivs 26 dumis Tasilgmdminginnnlaedrmisveslulnsuamaladogfndu
cloning site itaz lurlasuamaladiivmaeannn - Moore nazase (22) Meauilunisuen

= o 1 =
TuTnsuasma'ladernd Tuavesds Penaeus japonicus wu'luTasummaladdnunu1iia 300
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v 4 4 ot a = = e o
e Fuilugdassademsesnuuy nswed lumsiulSnaddueluuinudl  Hild1d
& o - o 9 & a 3 ° 1.
wseameRugnssuidulse Tomiswoaudes inseaminuiugassuis 26 dumislinnm
1 ar & e : :
nanumesuandeiy lasilinioamany 4 dumiaiiidli monomorphic markers iw CUPMo 5,
¥ A 8 o
CUPmo 26, CUPmo 27 1i8g CUPmo 29 @IUATBINNIY CUPmo 28 NUSIHIUD DALY 2
" ¥
danavuIa 142 uay 145 qua luynqdiednfiasavaey uemiuilu polymorphic markers
Taowiaiuwanhfianuvaianaiogs #s CUPmo 1-4, 6,7, 9, 17, 20 Lag 22 Avdifuaudada
gan 21 ada 92U CUPmol1-13, 15, 19 uag 23-25 Ianunannawluszauthunars §
$mudanasyluyie 7-16 8ada 1AL CUPmol4, 16 uaz 21 danunainnateluszaud lay
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11. MANUIN

nan1595290 11 Inilues Reference families Tun1svumu sz Tuy

Y9518 CUPmo 1

A. Family 1

YUIA allele (bp) : a=278, b=264, A=270,B=238,C=234

an tluind gn il gn Tumd gn Tind gn @Tulnd

K1 - Kil BC K21 BC K31 AC K41 BC
K2 BC K12 - K22 BC K32 BC K42 AC
K3 AC K13 BC K23 BC K33 BC TuIndl
K4 BC K14 BC K24 BC K34 BC | ac’
K5 - KI5 BC K25 BC K35 BC 0 be
K6 AC K16 AC K26 - K36 AC a1 -
K7 - K17 - K27 AC K37 AC v AC
K8 AC K18 AC K28 - K38 BC ie -
K9 AC K19 BC K29 AC K39 BC 1l AB
K10 AC K20 AC K30 BC K40 BC

B. Family 2

YH1A allele (bp) : 2 =298, b =268, A =274, B =272, C=246,D =240

an Bluind g0 Fuind  gn Tuind  gp Tl @ TTuind

Kl AD K11 AD K21 AB K31 CD K4l CD
K2 AD K12 AB K22 CD K32 BC K42 -

K3 BC K13 CD K23 AD K33 - Tulnd
K4 AB K14 BC K24 BC K34 AD 1 aB
K5 BC K15 - K25 AD K35 AD a1 BD
K6 AD K16 cD K26 AD K36 AB a1 Ab
K7 CD K17 CD K27 CD K37 - gLl -

K8 BC K18 CD K28 - K38 AB vio BD
K9 AB K19 BC K29 AB K39 BC sl -
K10 BC K20 BC K30 CD K40 AD
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C. Family 6

YU1A zliele (bp) : 2 =234, A =310, B =308, C=262

an thulnd ga BTulmd g Tuind g il gn FTuind
K1 BB K1l AC K21 BB K31 AA K41 BC
K2 AA K12 AA K22 AC K32 AA K42 BC
K3 - K13 AC K23 AC K33 AA BTu'nd
K4 AA K14 . K24 . K34 AA | Aa
K5 AC KI5 . K25 AC K35 AA 0 BC
K6 AA K16 AC K26 AC K36 BB Y| -
K7 BB K17 AC K27 - K37 BB 1Y .
K8 BB K18 - K28 AA K38 AA o -
K9 AC K19 AC K29 BC K39 AC i -
K10 AA K20 BC K30 BC K40 -

Insiues CUPmo 2

A. Family 1

VUIA allele (bp) : a = 144, A =212, B =208, C = 180, D =152
g0 tlulnd  go EFlwind  gn Fluind  gn Tind ga Fluind
K1 BC K11 BC K21 AD K31 AB K41 AD
K2 AB K12 AB K22 BC K32 AB K42 CD
K3 . K13 - K23 AB K33 BC Tulnd
K4 AD K14 BC K24 AB K34 AD 1 BC
K5 BC KI5 AD K25 AB K35 - 61 AA
K6 BC K16 CD K26 CD K36 AB Al -
K7 AB K17 CD K27 BC K37 CD vy Ba
K8 CD K18 AB K28 AD K38 CD ) AC
K9 AB K19 AD K29 AD K39 AB 4ad BD
K10 . K20 BC K30 AD K40 AB
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B. Family 2

U1 allele (bp) : A=176, B =172, C=152,X =212

an tlulmd  ga Buimdl  ga Blulnd gn Bwlmd  gn Blulnd
Kl - K11 BC K21 AB K31 AB K41l BC
K2 AB K12 AB K22 AB K32 AB K42 AB
K3 AB K13 AB K23 AB K33 BC lu'lni]
K4 BC K14 BC K24 AB K34 AB ] BB
K5 AB K15 BC K25 - K35 AB Gy -
K6 AB K16 BC K26 XC K36 BC oy AC
K7 AB K17 AB K27 AB K37 AB v -
K8 AB K18 BC K28 BC K38 BC o BB
K9 AB K19 AB K29 AB K39 BC w =
K10 AB K20 AB K30 BC K40 AB

C. Family 6

YUTA allele (bp) : a =174, A =200, B =180, C =176, D =164
an tlulnd  gn Flulwd  gn Blulmd  gn Flulmdl gn Fluind
K1 BC Kl1 CD K21 BC K31 AB K41 BC
K2 BC K12 AD K22 AD K32 BC K42 AB
K3 - K13 AB K23 AB K33 BC FTu'lnd]
K4 BC K14 AB K24 BC K34 AD il Ba
K5 CD K15 CD K25 AD K35 BC t aD
K6 CD K16 CD K26 AB K36 AB M Aa
K7 BC K17 AD K27 CD K37 BC 010 -
K8 BC K18 AD K28 AB K38 BC e -
K9 BC K19 AD K29 CD K39 AD uad AC
K10 AB K20 CD K30 AB K40 cD
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Ywsnie3 CUPmo 11

A, Family 1

YUIA allele (bp) : A =148, B =144, C =142
an Twind ga FwInd e Tind  gn Fulnd  ga TTuind
Kl - K1l BC K21 BB K31 AC K41 BC
K2 - K12 BC K22 AC K32 BC K42 BC
K3 . K13 BC K23 BB K33 BB FTu'lnd
K4 AB K14 BB K24 BC K34 BB 1 BC
K5 BB K15 BB K25 BC K35 AC th BB
K6 BB K16 BB K26 BB K36 BC a1 -
K7 AC K17 - K27 AB K37 AB U] Ba
K8 BB K18 BB K28 - K38 AB o BC
K9 AB K19 BC K29 BB K39 AB i AB
K10 - K20 BB K30 AB K40 AC

B. Family 2

YHIA allele (bp) : A =146, B =135
g0 Tluind ga Fnd  gn Tind  ga Fwlnd ga ETuind
Kl BB Kil AB K21 BB K31 AB K41 BB
K2 BB K12 AB K22 BB K32 AB K42 BB
K3 AB K13 AB K23 - K33 - ulnd
K4 AB K14 - K24 - K34 - 1 -
KS BB KI5 - K25 AB K35 BB 8 -
K6 BB K16 BB K26 BB K36 BB m AB
K7 - K17 AB K27 AB K37 AB 0] -
K8 AB K18 BB K28 - K38 BB o AB
K9 AB K19 AB K29 BB K39 AB i BB
K10 . K20 BB K30 BB K40 BB
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C. Family 6

YU allele (bp) : A =147, B =138

gn flulndl gn Bulmd g Fuimd g Tmd ga FTuind

K1 AA K11 AB K21 AB K31 AB K4l .  AB

K2 AA K12 AA K22 AB K32 AB K42 AB

K3 - K13 AA K23 AB K33 AB Flu'lnil

K4 AB K14 AA K24 AA K34 AB i AB

K5 AB K15 AB K25 AA K35 AA 0 AA

K6 AB K16 AA K26 AB K36 AA o3 =

K7 AA K17 AB K27 AB K37 AA 8y .

K8 AA K18 AA K28 AA K38 AB e -

K9 AB K19 - K29 AA K39 AB uj -

K10 AA K20 AB K30 AA K40 AA

1wsined CUPmo 9

A. Family 1
WA allele (bp) : A =372, B =265, C =367, D =357, E = 346, F = 344

g0 el gn Flwind  gn Fluind  gn Tnd g Fuind
K1 - K1l CF K21 FB K31 FB K41 -
K2 CF K12 - K22 EB K32 CF K42 EB
K3 EB K13 EB K23 - K33 FB lu'lnd
K4 FB K14 CF K24 - K34 CE 1 AB
K5 EB K15 CF K25 FB K35 EB t CcD
K6 CE K16 - K26 FB K36 EB Ly -
K7 - K17 - K27 CE K37 CE e CF
K8 - K18 - K28 EB K38 CF o CB
K9 CE K19 FB K29 EB K39 FB uaj EF
K10 - K20 CE K30 EB K40 CE
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B. Family 2

YA allele (bp) : A =352, B =263, C =300, D =216

0 luind gn Thuind g Fwind g Tlwnd g Fluind
K1 - K11 AC K21 BD K31 BD K41 AB
K2 BD K12 AC K22 AB K32 BD K42 -
K3 CD K13 . K23 BD K33 . Blu'Ind
K4 BD K14 AC K24 AC K34 AB 1 .
K5 - K15 - K25 E K35 - t -
K6 BD K16 AC K26 AC K36 BD oy -
K7 CA K17 - K27 AB K37 AC 0y -
K8 CA K18 AC K28 BD K38 AB e -
K9 AB K19 BD K29 BD K39 cD 1 -
K10 - K20 BD K30 BD K40 AB

C. Family 6

V1@ allele (bp) : A =330, B =308, C =352, D =376
g0 fluind  gn Tulmd g Fwind g Findl qn FTwind
K1 cD K11 CD K21 CB K31 - K41 CB
K2 CD K12 - K22 - K32 - K42 CB
K3 2 K13 CB K23 - K33 AD Tulnd
K4 . K14 - K24 . K34 AD 1 AB
K5 AB K15 AB K25 CB K35 CcD oy -
K6 - K16 AB K26 AB K36 - oy AB
K7 - K17 - K27 - K37 - 81y -
K8 - K18 - K28 - K38 - ) -
K9 B K19 . K29 . K39 CB uy -
K10 CD K20 - K30 AD K40 -
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ABSTRACT In order to characierize tri- and tetranucleotide microsatellites in the black tiger prawn,
Penaeus monodon, a genomic library of P monodon was screened with the repeats (GAA),, (GATA),,
(GGAT),, (GGAA), and (CACC),. In the 79 positive clones isolated, the repeats (GATA), was found at
the highest [requency, followed by the (GAA), while the other sequence types were rare or not found.
Sequencing of the microsatellite positive clones revealed that the predominant category of (GAA), and
(GATA), microsatellites were perfect repeats, with the number of repeats ranging from 5 to 45 for
(GAA), and 4 to 16 for (GATA),. Primers were designed for seven microsatellite loci and 6 pairs of
primers produce scorable PCR products. Analysis of polymorphism in wild P monodon caught off the
Gull of Thailand revealed that all six microsatellite loci were highly polymorphic with 21 to 29 alleles
and heterozygosities of 16 1o 89%. Cross-amplification using these microsatellite markers on related
penaeid shrimps suggested low level of sequence similarity in microsatellite regions among penaeids.

ScienceAsia 26 (2000) : 1-8

KEYWORDS: microsatellite, Penaeus monodon, black tiger prawn.

INTRODUCTION

Microsatellites are tandemly repetitive DNA
sequences with very short nucleotide motifs (1-6 bp)
and their repeat arrays are generally no longer than
300 bp.! They are abundant and distributed
throughout the eukaryotic genome. Variation in the
numbers of repeating units was demonstrated? and
microsatellite polymorphisms can be assayed by the
polymerase chain reaction (PCR).> Allelic variants
of a microsatellite locus are codominant and show
Mendelian inheritance. Microsatellites are being
employed as genetic markers in a variety of
organisms.* Their applications include genome
characterization and mapping,’® parentage and
identity testing,”® genetic diferentiation and
population studies.®!°

Microsatellite markers are being increasingly
applied in fisheries and aquaculture.!’ The
development of microsatellite markers have been
reported in fish and marine invertebrate species
including Atlantic salmon,'? Atlantic cod, seabass, 't
oyster!® and lobster.!¢

In the commercially important marine shrimps,
microsatellites have been characterized in Penaeus
vannamei,'™® P. japonicus'® and P. monodon.?%%!
Shrimp microsatellites, particularly the dinucleotide

repeats, have been found to consist of very long
repeat arrays which has resulted in difficulties in
developing useful microsatellite markers. Tri- and
tetranucleotide repeats, have become useful genetic
markers in penaeids. These markers are easier to
analyse as fewer stutter bands, characteristic of
dinucleotide repeats, have been observed.

In this study, we further investigated sequence
types and characteristics of tri- and tetranucleotide
microsatellites in the black tiger prawn, B monodon
genome. We also report allelic variations and
heterozygosities of 6 useful markers in wild
population of P monodon and examine whether these
microsatellite loci are conserved in other penaeid
species.

MATERIALS AND METHODS

Samples and DNA extraction

Wild P monodon used to survey for
polymorphism were taken from the east coast of
Thailand (The Gulf of Thailand). Other penaeid
species, E vannamei, P japonicus, P semisulcatus, P
mergiensis and P, indicus which were tested for cross-
amplification were also wild-caught animals. For
cloning purposes, genomic DNA was extracted from
the pleopod of a shrimp using the phenol/chloroform



extraction described in Sambrook et al.22 DNAs used
in genotyping were extracted using simple chelex
method described by Walsh et al.?

Cloning and screening of tri- and tetranucleotide
microsatellites

High molecular weight DNA was sonicated to
yield approximately 500 bp fragments. The DNA
fragments were treated with T4 polynucleotide
kinase (Promega) and Klenow Polymerase
(Promega) to repair ends. Approximately 150 ng of
this DNA fragments was ligated into 50 ng of pUC18/
Smal (Pharmacia) at 16°C overnight. The ligation
mixture was transformed into Epicurian Coli XL-
10-Gold™ Ultracompetent cells (Stratagene).
Transformed cells were grown up overnight on LB
agar plates containing 50 pg/ml ampicillin with X-
gal and IPTG.

Recombinant colonies were transferred onto
Hybond-N* nylon membranes (Amersham) and
hybridized with microsatellite probes as described
by Moore et al.”¥ The synthetic oligonucleotide
probes, (GATA),, (GGAT), (GGAA),, (CACC),and
a concatemer probe (GAA), were used in library
screening. The (GAA), probe was labelled with [o-
32p].dCTP by random priming method? while the
oligoprobes were 5'-end labelling with [y-*2P]-ATP
and T4 polynucleotide kinase (Promega). The
radiolabelled oligoprobes were hybridized to the
colony-lifted membranes in a bufler containing 1M
NaCl, 42 mM Tris-HCl pH 7.4, 1.2 mM EDTA, 0.2%
SDS, 1% BSA and 0.1% sodium pyrophosphate, at
Tm-5°C overnight but the (GAA), concatemer were
hybridized at 65°C overnight.

The filters probed with the end labelled
oligonucleotides were washed in 2 x SSC, 0.1% SDS
for 10 min at the hybridization temperature and
twice for 10 min at room temperature in 0.2 x SSC,
0.1% SDS. Filters probed with (GAA), were treated
in the same way except all washes were performed
at 65°C.

Sequencing and primer synthesis

Positive colonies were picked from the plates and
grown in terrific broth.22 Plasmid DNA was extracted
by modified alkaline lysis/PEP precipitation,?
sequenced using the ABI Prism™ Ready Reaction
Dye Deoxy Cycle Sequencing Kit and analysed on a
ABI 373 Automated Sequencer. Primers were
designed from the unique sequences flanking
microsatellites loci using the computer program
MACVECTOR version 4.5.1 primer design software
(International Biotechnologies Inc Kodak). The

B = R PRV VIV Y]

primers were synthesized by Geneworks, Adelaide,
Australia.

PCR amplification

PCR conditions for each primer pair were
optimized by testing at three different annealing
temperatures: 50; 56; and 60°C, using the Robo
Cycler Gradient Temperature Thermocycler
(Stratagene). Other PCR conditions were fixed at 1
cycle of 95°C for 3 min, 30 cycles of denaturation at
95°C for 1 min, annealing for 2 min and extension
at 72°C for 1 min, followed by a final extension step
at 72°C for 10 min. One of each pair of primers was
end-labelled with [y->?P]-ATP (Amersham) using T4
polynucleotide kinase. PCR was performed in a 20
ul reaction volume containing 5-50 ng of genomic
DNA, 1X PCR buffer, 0.2 mM of each dNTP, 1.5 mM
MgCl,, 250 nM of each primer and 0.44 U of Taq
polymerase. PCR products were separated on 6%
denaturing acrylamide gels. Gels were dried and
exposed to x-ray film overnight.

Data analysis

The number of alleles at each microsatellite locus,
the proportion of individual samples that are
heterozygous (direct count heterozygosity, H,, ) and
the unbiased estimate ol heterozygosity (H,, ), were
assessed for each locus using a modilied version of
BIOSYS-1 program.* Hardy-Weinberg expectation
test for each locus was a Markov chain "approxi-
mation to exact test" following Guo and Thompson?
and carried out using the GENEPOP program.*

ResuLts

Isolation of tri- and tetranucleotide repeats in P
monodon

The results of genomic library screening for
microsatellite repeats (GAA),, (GATA)_, (GGAT),,
(GGAA), and (CACC), are summarized in Table 1.
A total of 79 positive clones were found in the
screening. The percentages of positive clones were
0.24% for (GAA),, 1.21% for (GATA),, 0.04% for
(GGAT),, 0.05% for (GGAA), and 0% for (CACC),.
The results suggested that the trinucleotide (GAA),
and the tetranucleotide repeats (GATA),, were present
in significant numbers in the P monodon genome but
the repeats (GGAT),, (GGAA), and (CACC) , appeared
to be rare or did not exist. Sequencing of those
positive clones revealed 71 microsatellite containing
clones and most of these clones contained more than
one microsatellite array. According to Stalling et al,’
asequence is considered to be a microsatellite when
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Table 1. Screening of the partial genomie library of P,
monodon with various tri- and fetranucleotide

probes.

e - R Nelt Ty

: Fones Ry
(GAA),, 9900 24 0.24
(GATA), 4,200 51 1.21
(GGAT), 7.560 3 0.04
(GGAA),  1.900 1 0.05
(CACC)s  1.900 0 0

the number of repeats is greater than 10 for mono-
nucleotide, 6 for dinucleotide, 4 for trinucleotide,
and 3 for tetranucleotide, pentanucleotide and
hexanucleotide. A total of 163 microsatellite arrays
were identified from 71 clones and among these
microsatellites, 32 were (GAA), and 36 wer
(GATA), repeats. Seventy-seven dinucleotide micro-
satellites, including (CT),, (AT)n and (GT),, were
found within those positive clones adjacent to the
repeat arrays of either (GAA), or (GATA),.

Microsatellite characteristics .

The (GAA), and (GATA), microsatellites were
classified into 3 categories, perfect, imperfect, and
compound repeats as defined by Weber (1990).%
Perfect repeats are uninterrupted stretches of repeat
units, whil2 imperfect repeats have one to three
intervening bases with repeat sequence on either
side. Compound repeats consist of several different
repeat types and'are separated by less than three
bases. Compound repeats were further subdivided
into perfect and imperfect sequences (Table 2).
Perfect repeats were found at the highest percentages
for both (GAA), and (GATA),. For (GAA),, 66% of
the repeats were perfect microsatellite, while 53%
of those (GATA), isolated were perfect micro-
satellites. Compound repeats were also found at high
percentage (42%) for (GATA)n while only 9% of
(GAA), were compound repeats. A range of repeat
numbers were 5-45 for (GAA), and 4-16 for
(GATA),. The maximum repeat number may be
underestimated because there were 4 clones which
had the cloning sites occurred within the repeats.

Table 2. Repeatfrange and percentage of perfect, imperfect and compound repeats in P. monodon microsateliites.

Category of Repeat
Perfect Imperfect Compound
Repeat Tofalno  Rangeof No of No of
repeat no No % No. % perfect Imperfect %
(GAA), 32 5-45 21 66 8 25 1 2 9
(GATA), 36 4-16 19 53 2 5 7 8 42

Table 3. Repeat sequences, PCR primers, and optimized annealing temperature for 6 microsatellite loci in 2.

monodon.
Locus Repeat sequences Primer sequences*® ?nneallng
emp (°C)
CSCUPmol © (GAA)g F= ATGATGGC‘HTGGTMATGC
R= CGTACITCCTCTTCATAGGTATC 56
CSCUPmo2 F= CCAAGATGTCCCCMGGCL
s 1 g g R= CTGCAATAGGAAAGATCAGAC-,
CscuPmo3 i (ATCI},(AT)QT(GT), F= TGGGTGAT[CCGTGCATG .
- R=AGACCTICCGCATACATAC 56
CSCUPmo4 .f:CT),.,T(é‘v(CT),,(ATCT)"J F= ﬂTCTTTCTTCTCGTGATCCC 5
' R= GACGGCATGAGGAATAGAGG 52
CSCUPmob (GATA)O(GA)M : F= TAGTGTTACTCAGGTGCAGC
: R= GCGTGT{\TTFGT_(—‘:ATFFCAC‘.»_.__.-
.(CT);'S(ATCT)q F=ACGAATGAATGCGGIGGTGC

CSCUPmo7

* Findicates forward; R, reverse.

R=TCGGTGCCCAGTIGTATGAGAG



However, most of the repeat numbers for the two
microsatellite types were less than 15 repeats.

Many compound repeats contain more than 2
different repeat types separated by 1 to 3 bases
indicated ‘the complexity of P monodon micro-
satellites. (GATA), microsatellites are frequently
associated with dinucleotides (AT), and (CT), and
tetranucleotide (CATA), repeats.

Primer design and microsatellite polymorphism

Although most tri- and tetranucleotide
microsatellites exhibited less than 15 repeats, they
were often associated with other dinucleotide
microsatellites which contained very long repeat
arrays. Moreover, many compound microsatellites
consisted of several different repeat types and some
microsatellites were adjacent to the cloning sites so
unique sequences flanking the repeats for primer
design were not available. Only 7 pairs of primers
were designed, 1 from (GAA), and 6 from (GATA),
repeats. Six primers produced scorable PCR products
with size in the expected range. The repeat type,
primer sequences and annealing temperature for
each microsatellite locus are shown in Table 3.
Examples of amplified alleles of unrelated individuals
using CSCUPmol (alleles 224-326 bp) and
CSCUPmo2 (alleles 137-217 bp) were shown in Figs
land 2.

DNA samples from wild P monodon caught off
the Gull of Thailand were analysed at the six
microsatellite loci. All six loci were polymorphic with
21 to 29 alleles and heterozygosities of 16 to 89%
(Table 4). A comparison of the observed hetero-
zygosities with expected values suggest that there
was a deficiency of heterozygotes and consequently
all loci except the locus CSCUPmo4, were not in
Hardy-Weinberg equilibrium (p<0.05).

dLlEnceAsid L0 \LUUY)

Fig 1. PCRamplified alleles for CSCUPmol locus from unrelated
P monodon.
Lanes 1-19: 19 unrelated animals
The size of PCR products were estimated using M13
sequencing ladder (lanes A, C, G, and T).

Fig 2. PCRamplified alleles for CSCUPmo2 locus from unrelated
P monodon.
Lancs 1-18: 18 unrelated animals
The size of PCR products were estimated using M13
sequencing ladder (lanes A, C, G, and T).

Table 4. Allele size and heterozygosity at 6 microsatelite locl detected by PCR ampilification.

CHAN

tocts Het ol
CSCUPmo! o7 096 - <0,0001
CSCUPMO2 187:217 0.94 ~0.0024
CSCUPmo3 135223 0.93 <0,0001
CSCuPmo4 206-256 0.89 " 02188
CSCUPMOs 49 166242 © 096 <0.0001
CSCUPMo7 43 172-234 0.94 <0.0001

"Observed heterozygosity; ? Expected heterozygosity,

'Probabliity of agreement fo Hardy-Welnberg equilibrium.
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Fig 3. Distribution of allele frequencies in wild P monodon from The Gull of Thailand at six microsatellite loci: CSCUPmol; CSCUPmo2;
CSCUPmo3; CSCUPmo4; CSCUPmo6; and CSCUPmo7.



The six microsatellite loci varied in allele size
range from 135-326 bp. The allele frequency
distributions for the six microsatellite loci in wild P
monodon are shown in Fig 3. All loci showed wide
variation in allele size range. Allele size differences
of 3-bp were found in CSCUPmol and 2 bp
differences were found in the other 5 loci. There were
gaps in the range of allele sizes, particularly at
CSCUPmo3, there was a jump from 147 to 169 bp.
The frequencies of the common alleles did not
exceed 20% in any one of the loci.

Conservation of microsatellite markers
Conservation of microsatellites was examined by
testing for amplification of the six microsatellite loci
in five penaeid species: E vannamei, P. japonicus, P
semisulcatus, P merguiensis and P, indicus. The PCR
conditions used were those optimal for amplification
of microsatellite loci from P monodon and thus may
not be optimal in the other species. Primers from P
monodon microsatellite loci CSCUPmol, CSCUPmo2
and CSCUPmo6 weakly amplified five other penaeid
species (five individuals [or each species) yielding
faint bands of amplified alleles suggesting at least
partial conservation of the priming sites (data not
shown). The CSCUPmo3 and CSCUPmo7 primers
amplified non-specifically in other penaeids yielding
unscorable DNA patterns while no product was
detected after PCR with the CSCUPmo4 primers.

Discussion

Tri- and tetranucleotide microsatellites have been
demonstrated to be highly polymorphicand are stably
inherited in the human genome.? They are becoming
increasingly popular markers because the allele
differences are easier to distinguish than those of
dinucleotide repeats and less stutter bands have been
observed in the amplification products. In this study,
the abundance of different tri- and tetranucleotide
repeats in the P monodon genome were examined. By
screening the genomic library with 5 repeat types and
sequencing of positive clones, only the repeats
(GATA), and (GAA), were found at significant
amounts. Xu ct al*! have found various sequence types
of tri- and tetranucleotide microsatellites in P monodon
by direct sequencing of recombinant clones without
probe screening. The simple repeat(GATA), was first
identified and isolated [rom snake satellite DNA? and
subsequently it has been found throughout the
cukaryotic genomes. The low [requency of positive
clones found in the screening suggests that
enrichment of microsatellite sequences prior to
screening would be useful

Classification of the repeats (GATA), and (GAA),
based on Weber's criteria,” revealed that perfect
microsatellites were the predominant categories for
both types of repeats. This was different than that
found in the dinucleotide repeats of P mondon
reported previously® where imperfect microsatellites
were found to be the most abundant. The
dinucleotide microsatellites contained very long
repeat arrays and mostoften were interrupted with
one to three bases on either side while tri-
and tetranucleotide repeats contained short
uninterrupted repeats.

From the 71 microsatellite clones sequenced,
only 7 primer pairs were designed due to the
complexity of microsatellite arrays. Six usable
markers were obtained. All six loci were highly
polymorphic exhibiting more than 20 alleles at each
locus. The high level of polymorphism makes these
microsatellite loci ideal for genome mapping,
determining of parentage and pedigree analysis.!!
The allele differences between consecutive alleles for
all loci depended on the repeat type. For CSCUPmol,
which was a perfect (GAA), repeat, consecutive
alleles differ by 3 bp. For the other loci, which were
compound repeats of (GATA), linked to different
types of dinucleotide repeats, the alleles were
different by multiples of 2 bases. This suggests that
the polymorphism detected at these loci is occurring
both within the dinucleotide and the tetranucleotide
repeal arrays. The stutter bands which often appear
on the dinucleotide microsatellite alleles were also
observed in all loci except CSCUPmol. The
appearance of shadow or stutter bands has been
shown to be due to slipped-strand mispairing during
PCR? and the stutter bands tend to decrease with
increasing unit length.?®

Observed heterozygosities were lower than the
expected values in all six loci and significant deviation
from Hardy-Weinberg proportion was observed in all
except the CSCUPmo#4 locus. The deficiency of
heterozygotes observed could be a result of small
sample size®? or the presence of null alleles.?® The
sample size of 50, which is normally adequate for an
allozyme study, may not cover all possible genotypes
generated by microsatellite loci which have a high
number of alleles per locus. The extreme heterozygote
deficiency found at the CSCUPmo7 locus could
possibly be caused by mis-scoring of the stutter alleles
or the presence of null alleles.

The weak amplification obtained with P monodon
primers when used with other penaeid species
suggests a low level of sequence similarity in
microsatellite regions among penaeid shrimps. This



supports the finding of Moore et al ' that primers
are likely to be largely species specific among a
number of penaeids. However, the usefulness of P
manodon microsatellites in closely related species
should be further investigated by changing the
primer binding sites in each locus. Xu et al* have
reported that 3 out of 10 P monodon microsatellites
amplified alleles in Pvanamei indicating the potential
of some microsatellites for cross-species amplification.
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Introduction

The black tiger prawn, Penaeus monodon is one of the most commercially important marine shrimp
accounting for 46% of total world cultured shrimp production (Hanpongkittikun et al, 1995). In
Thailand, the cultivation of P. monodon has developed rapidly over the last decade to the current
production of approximately 200,000 metric tons per year. Although good success in the farming
industry has been achieved, the business encountered several difficulties. One of the major obstacles
is that farming of P. monodon relies entirely on wild-caught spawners resulting in unreliable supplies
of seed stock and extensive exploitation of wild broodstock. Domestication of this important species
would provide a great benefit to the industry. Recently, our research group at Chulalongkom
University has initiated a selective breeding program of P. monodon. Basic knowledge on genetic
diversity and population structure of P. monodon in Thailand is required to select the shrimp stocks
for establishing a sensible breeding program. '

In this study, microsatellite markers were employed to assess the genetic diversity in wild populations
of P. monodon collected from 5 different geographic locales from 2 main fishery regions: the
Andaman Sea on the west and the Gulf of Thailand on the east coast.

Figure 1. Map
showing collection
sites (Satun, Trang,
Phang-nga,
Chumphon and
Trat). Shaded areas
show locations
where black tiger
prawn broodstocks
are commonly
caught for farming
in Thailand.

Methods

Samples and DNA extraction

Samples were wild-caught broodstocks collected from 5 different locations comprising Trat and
Chumphon in the Gulf of Thailand and Satun, Trang and Phangnga in the Andaman Sea (Fig. 1).
Genomic DNA was extracted from pleopods of individual shrimps as described by Tassanakajon et al.
(1997).

PCR analysis
PCR amplification was as previously described by Tassanakajon et al. (1998) using three set of P.
monodon microsatellite primers, CUPmol8, Di 25 and Di 27. The primer sequences for CUPmo18
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were as described previously (Tassanakajon et.al., 1998). The sequences of primers for Di 25 and Di
27 were kindly provided by Dr. F. Bonhomm (Genetique de Population Marines, Station
Mediterrancene de I' Environment, Sete, France). The PCR products were resolved on 6% denaturing
acrylamide gel and the alleles were sized relative to a sequence ladder generated from M13mp18.

Data analysis

The number of alleles at each locus, the proportion of individual samples that are heterozygous
(direct-count heterozygosity, He,) and the unbiased estimate of heterozygosity (Hex; Nei, 1978), were
assessed for each locus using a modified version of BIOSYS-1 program. 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. Effective number of alleles per locus was
averaged over three loci, and for each locus the number of effective alleles was 1/Ep%; where p; is the
allele frequency (Crow and Kimura, 1965).

Table 1. Number of alleles, size range of alleles, heterozygosities and effective
number of alleles at three microsatellite loci (CUPmo18, Di 25, Di 27) for each

sample.
loci Collection sites
Satun Trang Phang-nga Chumphon Trat
CUPmo18 :
N 32 35 30 - 42 39
Neofallele 23 24 21 28 20
size range 106-162  104-172  106-160  104-168 106-144
' Hes 0.56 0.49 0.77 0.83 0.77
*Hexp 0.94 0.95 0.95 0.95 0.92
*n. 16.20 18.53 14.37 18.31 15.01
CPeval <0000l <0.0001 _ <0.0001 __ 0.0003 ¢ 0.0004
Di 25
N 36 35 28 37 48
Neofallele 24 23 19 23 20
size range 140-208  140-208  136-208  142-202 140-188
' Hobs 0.78 0.77 0.61 0.70 0.69
Heo 0.95 0.95 0.94 0.94 0.92
30, 14.93 153 13.29 14.05 11.10
Peval | <0.0001  <0.0001  <0.0001  <0.0001 _ <0.0001
Di 27

N 32 32 25 49 40
Neofallele 20 25 20 28 28
size range 114-174  122-176  122-178  118-172 124-178
;A 0.75 0.71 0.8 0.84 0.95
Hep 0.94 0.95 0.95 0.96 0.96
“ne 12.91 17.08 15.06 20.36 19.34
‘p-val 0.0002 0.0001 0.0031 0.0001 0.4748
‘averagedn,  14.68 16.97 14.24 17.57 15.15
T Observed heterozygosity
? Expected heterozygosity

? Effective number of alleles
* Probability of agreement to Hardy-Weinberg equilibrium
5 Effective number of alleles averaged for 3 microsatellite loci
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Results and discussion

Numbers of alleles, size range odf alleles, hei‘erozygos:t!es and effective number of alleles at the 3
microsatellite loci were as shown in Table 1. A total of 37 alleles were observed at locus CUPmo18
with the size range from 104-172 bp, 32 alles at locus Di 25 with the size range from 136-208 bp, and
31 alleles at locus Di 27 with the size range from 114-178 bp. All loci which are perfect (GT) repeats
exhibited consecutive allelels that differed by multiple number of two bp.

The observed and expected heterozygosities in all samples, at all loci ranging from 0.49-0.95 are
shown in Table 1. Significant deviation from HW expectation were detected in all samples for all loci
examined except those in Trat at locus Di 27 (P = 0.4748). Heterozygote deficits could be due to
several factors such as the presence of null alleles, non-random mating, mixed populations etc.
(Lessios, 1992). In this study, deviations from HW expectations may arise from small sample sizes
and many rare allelles. The effective number of alleles per locus was smaller than the actual number
of alleles per locus due to the presence of rare alleles at all locus since the former takes into account
the allele frequencies to which rare alleles contributes negligibly to the estimates. The effective
number of alleles averaged for 3 loci indicate relatively high genetic variability in all samples
examined.

To investigate whether genetic differentiation exists between the populations on the west and the east
coasts, the samples from each coast were pooled (Satun Trang, Phang-nga as 1 group and Chumphon
and Trat as the other). Significant differences in allele frequencies were observed between the
populations from the Andaman Sea and the Gulf of Thailand at CUPmo18 and Di 25 (P<0.0001) but
no genetic differentiation was found at Di 27 (P=0.066). At all three loci, significant differences in
allele frequencies were observed (P<0.005), indicating population subdivision between the Andaman
Sea and the Gulf of Thailand populations. These results were concordant with those from PAPD and
mtDNA-RFLP analysis (Tassanakajon et al., 1997, Klinbunga, 1996)
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Abstract: Genetic variation and differentiation of Thai Penaeus monodon from five geographic locations
(Chumphon, Trad, Phangnga, Satun, and Trang) were investigated using five microsatellite loci (CUPmol8,
Di25, Di27, CSCUPmol, and CSCUPmo2). The number of alleles across the five loci ranged from 19 to 30, and
heterozygosities ranged from 0.49 to 0.95. The mean number of alleles and effective number of alleles per locus
were 21.0 to 26.6 and 13.1 to 20.4, respectively. The average heterozygosity across all investigated samples was
0.78, indicating high genetic diversity in this species. Geographic heterogeneity analysis of the results from two
of the loci, CUPmol8 and Di25, showed significant differences among the Gulf of Thailand (Trad and
Chumphon) but not the Andaman samples. Comparison between regions revealed significant heterogeneity of
the Andaman and Trad P. monoedon (P < ,001), whereas those from Chumphon and the Andaman were
genetically similar (P > .05). Significant genetic differentiation was consistently observed between the Anda-
man-Trad samples (Fgp = 0.0101, P < .0001) and the Chumphon-Trad samples (F¢; = 0.0101, P <.0001). On
the basis of our analyses, the investigated samples from five geographic locations were allocated to three distinct
populations composed of the Andaman Sea (A), Chumphon (B), and Trad (C).

Key words: microsatellite marker, genetic variation, black tiger shrimp, Penaeus monodon.
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INTRODUCTION

Among commercial shrimp species listed by the Food and
Agriculture Organization of the United Nations (FAO), the
black tiger shrimp (Penaeus monodon) is the most com-
monly cultured in Southeast Asia (Bailey-Brook and Mass,
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1992). Farming of this species in Thailand has increased
tremendously during the last decade, leading to the pro-
duction of at least 200,000 metric tons annually. Since 1992,
Thailand has ranked as the leader in farmed P. monodon
production (Lin and Nash, 1996).

The farming cycle has yet to be completed as the seed
of P. monodon used in the shrimp industry comes entirely
from wild broods. Rapid expansion of P. monodon farming
has led to heavy exploitation of the female broodstock in
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natural populations (Klinbunga et al., 1999). Accordingly,
basic knowledge about genetic diversity and population dif-
ferentiation of P. monodon is required to avoid selection of
an inbred P. monodon broodstock in our selective breeding
program (Jarayabhand et al, 1998) and to help identify
release sites if a restocking program of this species is re-
quired.

The development of molecular genetic markers in P.
monodon has been an important approach toward studying
population genetics and dynamics of this economically im-
portant species. Analysis of genetic diversity using allozymes
indicated a low level of genetic heterozygosity in P. mo-
nodon (Benzie et al., 1992; Sodsuk, 1996).

The mitochondrial DNA restriction fragment length
polymorphism (mtDNA-RFLP) of P. monodon yielded a
greater level of genetic variation, providing potential genetic
markers for mixed fisheries and stock assessment (Benzie et
al., 1993; Bouchon et al, 1994). More recently, genetic
population structures of P, monodon in Thailand from three
different geographic locations (Surat and Trad from the
Gulf of Thailand and Satun from the Andaman Sea) were
reported (Klinbunga et al., 1999).

Tassanakajon et al. (1997 and 1998a) illustrated geo-
graphic population differentiation of P. monodon in Thai-
land using randomly amplified polymorphic DNA (RAPD)
analysis. The Andaman P. monodon (west) showed signifi-
cant genetic differences compared with the Gulf of Thailand
P. monodon (east), indicating genetic subdivision between
P. monodon from these main fisheries regions in Thailand.

Microsatellites are short DNA tandem repeats (usually
2-6 nucleotides), abundantly dispersed along the eukaryotic
genome (O’Reilly and Wright, 1993). The polymorphism of
microsatellites varies greatly among loci but is usually
higher than that of allozymes and mtDNA (Wright and
Bentzen, 1994). The range of polymorphism allows for the
versatility necessary to select suitable loci for a particular
application. For example, highly polymorphic loci exhibit-
ing large numbers of alleles are ideal for gene mapping and
pedigree analysis, whereas less polymorphic loci can be used
to analyze population differentiation (O’Reilly and Wright,
1995).

The use of microsatellites to analyze genetic variation
and population differentiation of aquatic organisms has
been increasingly reported during the last few years (Mc-
Connell et al., 1995), but it has not been reported for wild
P. monodon of Thailand or elsewhere. We recently charac-
terized microsatellites of P. monoden, and our preliminary
results indicated that the average heterozygosity levels de-

termined by two (GT), microsatellite loci (CUPmoI8 and
CUPmo386) were relatively high implying the potential to
use these genetic markers for population genetic studies in
P, monodon (Tassanakajon et al., 1998b).

The objective of this study was to evaluate the levels of
genetic variation and divergence of wild P. monedon col-
lected from five geographically different locales in Thailand
at five microsatellite loci (CUPmol18, Di25, Di27,
CSCUPmol, and CSCUPmio2). The variation and differen-
tiation patterns are compared with those previously re-
ported using RAPD and mtDNA analyses.

MATERIALS AND METHODS

Field Sampling

Two hundred and forty-two individuals of wild P. monodon
were captured alive from five geographic locales in Thai-
land: i.e., Chumphon (N = 54) and Trad (N = 49) at the
Gulf of Thailand and Phangnga (N = 38), Satun (N = 49),
and Trang (N = 52) at the Andaman Sea (Figure 1). Pleo-
pods were dissected from each individual and stored at
—80°C until required.

DNA Extraction

Genomic DNA was extracted from frozen pleopods of P.
monodon using a phenol/chloroform—proteinase K method
according to Tassanakajon et al. (1998a). The concentration
of extracted DNA was spectrophotometrically estimated us-
ing a DU 650 spectrophotometer (Beckman Instruments
Inc.).

Polymerase Chain Reaction and
Gel Electrophoresis

Primers of three microsatellite loci of P. monodon used in
the present study were developed in our laboratory: the loci
CUPmol8 (Tassanakajon et al., 1998b) and CSCUPmiol and
CSCUPmo2 (Pongsomboon et al., 2000). Primers of the two
loci Di25 and Di27 (Brooker et al., 2000) were kindly pro-
vided by Dr. F. Bonhomme, Laboratoire Genome et Popu-
lations, Universite de Montpellier, France. Polymerase
chain reaction (PCR) conditions were optimized for each
microsatellite primer pair. The amplifications of CUPmo18,
CSCUPmol, and CSCUPmo2 were as described by Tassan-
akajon et al. (1998b). Amplifications of Di25 and Di27 were
performed using a touchdown PCR. The reaction mixture
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Figure 1. Map of Thailand showing sampling sites for five geo-
graphic samples of Penaeus monodon used in this study.

was denatured at 94°C for 4 minutes followed by nine cycles
at 94°C for 1 minute, annealing at the respective tempera-
tures for 1 minute, and extension at 72°C for 1 minute. The
annealing temperature (65°C for Di25, 54°C for Di27) was
gradually decreased by 2°C for every three cycles. Finally,
PCR was performed for 20 cycles of 94°C for 30 seconds,
annealing (initial annealing temperature, 6°C) for 30 sec-
onds, and 72°C for 30 seconds. Amplification was con-
ducted in a 10-pl reaction volume containing 0.45 pM of
the forward primer, 0.38 uM of the reverse primer, 0.067
UM of the [y*2-P]ATP labeled reverse primer, 20 mM Tris-
HCI, pH 8.3, 100 mM KCl, 10 mM MgCl, 200 pM each of
the four dN'TPs, 15 ng of DNA template, and 0.75 U of Tagq
polymerase.

PCR products were electrophoretically separated on
8% denaturing polyacrylamide gels and visualized by auto-
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radiography (Maniatis et al., 1982). The sizes of alleles were
estimated by reference to an M13 sequence ladder. A num-
ber of individuals exhibiting known homozygous allele sizes
were included in other gels to ensure that the estimated
allele sizes were consistent among the gels.

Data Analysis

The effective number of alleles at each locus (Crow and
Kimura, 1965) and observed and expected heterozygosity
(Nei, 1987) were calculated. Allele frequencies at each locus
of P. monodon from all geographic locations were analyzed
against Hardy-Weinberg equilibrium using Fisher’s exact
test implemented in GENEPOP (Raymond and Rousset,
1995). Geographic heterogeneity in the distribution of allele
frequencies among compared samples was determined with
the Markov chain approach using x* probability values
(Gua and Thompson, 1992). The probability of Fsr of pairs
of samples (Weir and Cockerham, 1984) being significantly
different from 0 was determined using GENEPOP. Criti-
cally significant levels for the tests were adjusted using a
sequential Bonferroni approach (Rice, 1989)

The genetic distance between geographic samples was
based on the Cavalli-Sforza and Edwards (1967) chord dis-
tance because for microsatellites it is among the best genetic
distance measures to recover the true tree topology
(Takezaki and Nei, 1996). Allele frequencies were boot-
strapped 1000 times using SEQBOOT. The resulting data
were used to calculate the Cavalli-Sforza and Edwards dis-
tance using GENDIST. A neighbor-joining tree (Saitou and
Nei, 1987) was constructed to illustrate the relations among
geographic samples using NEIGHBOR and CONSENSE. All
phylogenetic programs described were routinely imple-
mented in PHYLIP (]. Felsenstein, University of Washing-
ton, Seattle, 1993)

ResuLTS

Genetic Diversity Within Samples and
Hardy-Weinberg Equilibrium

Genetic variations of P. mondon from five geographic loca-
tions were investigated at five microsatellite loci. The num-
ber of alleles, size range, and heterozygosity for each mi-
crosatellite locus are shown in Table 1. All five loci were
highly polymorphic and exhibited a high number of alleles
per locus. Genetic variability within the five locations at the
five loci is shown in Table 2. The mean numbers of alleles
per locus were comparable in all geographic samples, but
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Table 1. Microsatellite Polymorphism in Five Geographical Samples of Penaeus monodon in Thailand

Sample
locus Satun Trang Phangnga Chumphon Trac_i_
CUPmol8
N* 32 35 30 42 39
Size range (bp) 106—-162 104-172 106160 104-168 106—144
No. of alleles 23 24 21 28 20
HeterozygosityT 0.56 0.49 0.77 0.83 0.77
Di25
N* 36 35 28 37 48
Size range (bp) 140-208 140-208 136-208 142-202 140188
No. of alleles 24 23 19 23 20
HeterozygosityT 0.78 0.77 0.61 0.70 0.69
Di27
N* 32 38 25 49 40
Size range (bp) 114-174 122-176 122-178 118-172 124-178
No. of alleles 20 25 20 28 28
Heterozygosityf 0.75 0.71 0.80 0.84 _ 0.95
CSCUPmol
N* 32 35 31 38 51
Size range (bp) 221-338 236-332 236-314 218-326 224-326
No. of alleles 25 27 23 30 28
Heterozygosityt 1.00 0.71 0.90 0.82 0.7
CSCUPmo2
N* 31 34 31 36 51
Size range (bp) 143-217 147-219 147-221 147-217 137-217
No. of alleles 18 20 22 24 28
Heterozygosityt 0.84 0.85 0.81 0.89 0.78
*Sample size,
TObserved heterozygosity.
the Gulf of Thailand P. monodon (Chumphon and Trad) _ - o
showeid more alléles than ‘did the Andaraan: P monodon 'I"able 2: Genetic Variability Among Samples at Five Microsatel-
(Satun, Trang, and Phangnga). The effective number of -
alleles within each sample varied considerably, from 13.1 in Mean heterozygosity
Satun to 20.4 in Chumphon (Table 2). In all samples the Mean no. Effective no. Observed Expected
observed heterozygosity was relatively high and not signifi-  gample of allelss:  rafallales (H.) (H.)
cantly different (0’7.1_0'82)‘ o - Satun 22,0 13.1 0.79 0.94
In 19 of 25 possible tests, significant deviation from the Frang 238 16.4 071 0.95
Hardy-Weinberg expectation was observed following cor- Phangnga 210 143 0.78 0.95
rection for multiple tests using the sequential Bonferroni  Chymphon 266 204 0.82 0.95
procedure (P < .001). All of these exhibited an excess of

homozygotes.

Genetic Distances and Phylogenetic Relations

Allelic frequencies at five microsatellite loci in each pair of
geographic samples were used to calculate the genetic dis-
tance between samples. A low level of genetic differences

Trad 24.8 15.9 0.79 0.94

was observed between pairs of P. monodon samples in Thai-
land. The greatest genetic distance was observed between
Trad and Satun (d = 0.030), whereas the shortest distance
was between Satun and Trang (d = 0.024).
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Figure 2. A neighbor-joining tree illustrating relations between
five geographic samples of Penaeus monodon in Thailand based on
the Cavalli-Sforza and Edwards chord distance. Values at the node
represent the percentage of times that the particular node occurred
in 1000 trees generated by bootstrapping the original allele fre-
quencies.

A neighbor-joining tree showed close clustering of Sa-
tun, Trang, and Phangnga at the Andaman Sea, indicating
their genetically close relations, whereas Chumphon and
Trad at the Gulf of Thailand should be regarded as different
populations (Figure 2).

Geographic Heterogeneity and
Population Differentiation

Heterogeneity analysis of allele frequencies among samples
is shown in Table 3. Three microsatellite loci (Di27,
CSCUPmol, and CSCUPmo2) did not show any significant
differences in the distribution of allele frequencies in all
possible pairwise comparisons (P > ,002). At the remaining
loci (CUPmol18 and Di25), we detected significant genetic
heterogeneity of the investigated P. monodon samples,
Whereas the P. monodon from the three Andaman Sea lo-
cations were not genetically different, geographic heteroge-
neity between P. monodon from the two Gulf of Thailand
locations, Trad and Chumphon, was observed at both loci
(P < .001). Comparison between regions indicated statisti-
cally significant differences between each of the Andaman P.
monodon samples and Trad (P < .001) but no significant
differences when each of those was compared with
Chumphon (Table 3).

Genetic population subdivisions among P. monodon
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samples were detected by Fg; estimate, but the correspond-

ing value for each pairwise comparison averaging the overall
loci was usually below 0.01. Comparisons between the An-
daman and Trad P. monodon revealed significant differences
at both CUPmol8 and Di25, suggesting some degree of
genetic differentiation between samples (P < .001). Lack of
significant genetic differentiation between the Andaman
and Chumphon P. monodon was also found consistently
with this estimate (Table 4).

DiscussioN

Information on genetic variation and population differen-
tiation of P. monodon is crucial for appropriate conserva-
tion and management of this species. Analysis of genetic
diversity of P. monodon from the Southeast Asian areas
using allozyme markers has revealed a low level of genetic
differentiation (Sodsuk, 1996). Using microsatellite mark-
ers, high levels of genetic diversity were observed in five
different geographic samples of P. monodon in Thailand.
The average observed heterozygosity of 0.78 in P. monodon
was still lower than that of wild P. vannamei collected from
Salinas (Ecuador) when analyzed with the M1 locus (H, =
1.0). Conversely, the average effective number of alleles of
P. monodon in this study was slightly higher than that of the
Ecuadorian P. vannamei, implying similarly high levels of
diversity of allele frequencies in these two species (Wolfus et
al., 1997). Moreover, the lack of drastic reduction of the
mean number of alleles and heterozygosity in any sample
examined indicated no recent bottlenecks in these P. mo-
nodon samples.

Highly significant deviations from Hardy-Weinberg ex-
pectations due to homozygote excess were found in almost
all geographic samples at all five microsatellite loci. A simi-
lar phenomenon has been reported in other aquatic organ-
isms including the whiting Merlangius merlangius (Rico et
al., 1997), the colonial ascidian Botryllus schlosseri (Stoner et
al., 1997), and the turbot Scophthalmus maximus (Coughlan
et al., 1998). Mendelian segregation was confirmed at all
five loci using pedigree samples (P > .05, data not shown).
The results showed the absence of nonamplifying (null)
alleles at these loci.

Misscoring of microsatellite alleles due mainly to inter-
ference of stutter bands may also account for the deviation
from Hardy-Weinberg expectations for the investigated
samples (O’Reilly and Wright, 1995), but the alleles were
determined on the basis of highest intensity, and therefore,
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Table 3. Geographic Heterogeneity Analysis for Pairwise Comparisons of Microsatellite Allele Frequencies of Penaeus monodon

Probability values
Pairwise comparison CU Pmol8 Di25 Di27 CSCU Pmol CSUS Pmo2
Satun—Trang 060™ 200* 030" .160% 436"
Satun—Phangnga .248* 037 034" 415* 247
Satun—Chumphon 143* .180* 212 A28 .012*
Satun-Trad <.001 <001 031> 34 910*
Trang-Phangnga 004" 169 Jded* 313 J55*
Trang-Chumphon .003* 015* A407* 279 268"
Trang-Trad <.001 001 154* 070* T93*
Phangnga—Chumphon .084* .004% .186* .260* 062~
Phangnga—Trad <.001 .008* 573* 160" .629*
Chumphon-Trad <.001 001 249% 646 029
Andaman Sea—Chumphon 0427 021 .040* 014 .280%
Andaman Sea-Trad <.001 <.001 .054* 0147 .280%

*Not significant after adjusting; P value > .002.

Table 4. Pairwise Fy Estimates Among Five Geographic Samples of Penaeus monodon Based on Five Microsatellite Loci

Satun Trang Phangnga Chumphon Trad
Satun —
Trang .0012* —
Phangnga 0011 .0012* =,
Chumphon .0044* .0043* 0039% —
Trad 0124+ 0102* .0089* 0118F —
The Andaman Sea—Chumphon .0035*
The Andaman Sea—Trad 0101

*Not significant.

tSignificant at the probability level adjusted for multiple tests using sequential Bonferroni procedure.

accurate scoring and genotype assignation should not in-
terfere to a large extent. Also, each geographic sample may
contain a mixture of adults from separate breeding stocks as
a result of extensive transplantation of P. menodon larvae in
Thailand annually (Sodsuk, 1996) Each wild P. monodon
breeding female may spawn more than once a year and
produce 248,000 to 811,000 eggs per spawning (Motoh,
1981), and this enormous number of eggs may be sufficient
to replace part of the entire adult population (Primavera,
1988).

 In P. vannamei, the total lifetime nauplii production of
74 breeding females was examined. Approximately 50% of
live nauplii were generated by only seven families. The fe-

male offspring of the two most preductive females pro-
duced approximately four times the live nauplii as that of
randomly chosen females (Wyban and Bentzen, 1991). The
variance of family size resulting from reproductive success
of P. monodon may be large (Klinbunga, 1996). Hedgecock
(1994) proposed that sweepstake recruitment might lead to
family effects causing Hardy-Weinberg disequilibrium
among marine organisms. Nonetheless, on the basis of these
data, it is not possible to unambiguously conclude which
explanation for homozygote excess among P. monodon is
correct.

Genetic relations inferred from the bootstrapped
neighbor-joining tree showed differentiation between the



Andaman and Trad P. monodon. Chumphon proved geneti-
cally more closely related to Andaman than to Trad, the
geographically closer region. Analysis of the genetic rela-
tions of P. monodon from the same geographic locations
using RAPD analysis of three polymorphic primers.
UBC268, UBC273, and UBC299, indicated a similar phe-
nomenon (P. Menasaveta et al., personal communication).

Three microsatellite loci (Di27, CSCUPmol, and
CSCUPmo2) did not reveal any significant genetic hetero-
geneity in all possible comparisons after the probability
level was adjusted by the sequential Bonferroni procedure
(Rice, 1989). In contrast, CUPmol8 and Di25 indicated that
the Andaman Sea and Trad P. monodon were genetically
different) as were Trad and Chumphon (P < .001), whereas
Andaman Sea and Chumphon P. monodon were genetically
similar. This suggested that these P. monodon samples were
not a large panmictic population but, rather, had been dis-
persed to different gene pools, indicating the existence of
intraspecific population structures of P. monodon. The re-
sults of this study were in agreement with our results based
on the RAPD approach for the same set of P. monodon
specimens, confirming that intraspecific differentiation of
five geographic P. menodon samples in Thailand did not
originate from artifacts or accidents due to sampling errors
(Tassanakajon et al., 1998a).

Strong genetic differentiation between different regions
of P. monodon (Satun from the west and Surat and Trad
from the east coasts) has previously been reported using
RELP of the mtDNA digested with 11 restriction endo-
nucleases (Avall, BamHI, Bglll, Clal, Dral, EcoRV, Hindlll,
Pvull, Sacl, Seal, and Xbal). In contrast to the results of the
present study, allele distribution frequencies among the east
coast samples (Surat and Trad) were not statistically signifi-
cant (P > .05). These three samples were allocated to two
separate populations; the Andaman Sea (Satun) and the
Gulf of Thailand (Surat and Trad) (Klinbunga et al., 1999).

Considering population-specific alleles, a number of
microsatellite alleles found in the Andaman sample were
not available in Trad, but some of those existed in
Chumphon. The failure to detect significant allele distribu-
tion frequencies between Chumphon and each of the west
coast samples might have resulted from mixing of the gene
pools of different P. monodon stocks as a consequence of
extensive transplantation of P. monodon in Thailand (Sod-
suk, 1996). Collection of more P. monodon samples from
farther south of the Thai-Malaysian Peninsula and increas-
ing the microsatellite loci may clarify the differentiation
patterns of P. monodon in these areas.
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Low degrees of population differentiation were ob-
served in this species. A high level of gene flow during
planktonic larval stages of P. monodon may be responsible
for this limited differentiation. Notably, the present popu-
lation differentiation of P. monodon may be underestimated
as it results from both unintentional transplantation and
restocking programs of this species in Thailand. On the
basis of the present study, five P. monodon samples could be
allocated to three different populations: A (the Andaman
Sea), B (Chumphon), and C (Trad). More importantly,
further screening of wild P. monodon covering a larger geo-
graphic scale (e.g., Southeast Asia} should be undertaken to
elucidate the patterns of intraspecific genetic structure in
this species at macrogeographic scales. Although a limited
level of subdivision has been observed, three isolated P.
monodon populations should, from the management point
of view, be treated as separately exploited stocks (Carvalho
and Hauser, 1994).
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