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ABSTRACT
The project comprised of four sub-projects, (1) Genetic Approaches for
Sustainability of the Mekong Giant Catfish, Pangasianodon gigas which comprised of fwo

research topics, (1.1) Application of genstic markers for designing mating plans for Mekong

giant catfish (MGC): The research aimed to design mating plans for the first batch of broodstock

of MGC that matured in captivity in arder to avoid inbreeding. Seven microsatellite primers were
scored in a total of 129 MGC brooders from seven hatcheries, Then the genetic relatedness {ry)
between a brooder pair was calculated from the genotype data and used to identify the
unrelated pairs that can be bred without causing inbreeding. The ry less than 0.07, which was
derived from the minimum r, value of the pairing among individuals from a haif-sib family, was
used as a critical value for being unrelated. The results of different mating scenarios ware
obtained by simulation using a computer program and then compared. The results showed that
the highest efficiency was obtaineg when the mating pairs were selected according to low 7,

value. (1.2) A study on sex specific markers for the Mekong giant catfish and the striped catfish

{Pangasianodon hypophthalmus): The Amplified Fragments Length Polymorghisms (AFLP) was

studied covering 570 primer pairs iIn MGC DNA pools (four pools of each sex, 10

individuals/pool). The study in P. hypophthaimus covered 102 primer pairs analyzed in eight



DNA pools (four pools of sach sex, seven to eight individuais/pool). No sex specific markers
were identified. (1.3) Mitochondrial DNA diversity of Pangasild Catfishes: With a partial support

from the project “Genetic Characterization of the Threatened Mekong Pangasiid Catfishes”

{funded by BIOTEC, Thailand) sequences of 16S rRNA region in nine species of the
Pangasiidae were studied. The results showed that haplotype diversity was low to moderate
while the nucleotide diversity was very low across species. Despite of being critically
endangered, the Mekong giant catfish had genetic diversity comparable to other Pangasiids.
One paper was published in Animal Conservation {(IF=1.35). {2} Genetic Approach and Sex
Manipulation to Improve Production Efficiency of Freshwater Prawn, Macrobrachium

rosenbergii: (2.1) The production of the all-mmale treshwater prawn by tha neofemale

tachnology: This study aimed to produce the all-male freshwater prawn because males grow
faster than femates. The neofemale, a female with male genotype (ZZ), was produced by
removing androgenic glands of a 45-day-old male postlarva. The removal of the androgenic
glands in 87 post larvae resuited in 70% survival among which 21% changed sex fo female and
62% of the sex-reversed prawn produced eggs. Then 10 neofemales were mated with normal

males and the progeny were 88-100% male. (2.2} Genstic improvement of freshwater prawn:

The project originated from the anecdotal information that the local strains of freshwater prawn
which have been domesticated showed local adaptation but with growth retardation.
Theoretically tosing of genetic variation may explain the deterioration of traits. Therefore ten
microsatellite primers were developed and seven primers were used to study gensetic variation
of five local strains in comparison with two natural populations. The local strains had moderate
genetic variation which was comparable to that of the natural populations. Therefore loss of
genetic variation may not explain the deteriorated traits observed in the local strains of
freshwater prawn. All populations were genetically different from each other and hence should
be used as gene pools for genetic improvement. (3) Integrating Genetic Knowiedge to

Fisheries Management and Aquaculture of Groupers: (3.1) Genetic diversity among species

of grouper: Six microsatellite toci were studied in eight species of grouper and revealed large
genetic differentiation between species. Species specific alleles were observed between some
species pairs. Private alleles were observed in ail species but E. ongus; (3.2) Spatial genetic

variation among populations of Epiephelus coioides: Four microsatellite loci were used to study

genetic variation of six populations of E. coioides in Thailand and Indonesia. Genetic variation
within populations was low. Genestic diversity among populations did not correlate with

geographic distance but correlated with the directions of sea current; (3.3} Temporal genetic

variation of £. coicides in Trang Province: The samples of £. coioides fingerlings were collected




from Trang Province where most fingerlings for aquaculture are purchased. Samples were
collected at three months interval, from January 2004 to January 2005. Then the genstic
vartation of each size-group was monitored throughout a year using six microsatellite loci. The
overall genetic variation was moderate. The samples collected in July showed unique genetic
profile. The assignment test verified the uniqueness of this group wherein 83% of individual
genotypes were correctly assigned to the original group. The genetic profiles of the other
sample groups were not different. The results suggested the existence of more than one
populations of E. coioides in Trang Province. They may be separated by different spawning
time. Therefore further studies are needed In order to facilitate sustainable exploiation of the
resource. (4) Genetic Diversity of scallops, Chlamys senatoria and Amusium pleuronectes

in Thailand. The studies included the three following topics. (4.1) Genetic diversity of Amusium

pleuronectes: The variation at 185 rRNA was studied in six populations of A. pleuronectes in the
Gulf of Thailand and one population from the Andaman Sea. The genetic variation within
populations was fow indicating small population size. No common haplotypes were found
between the populations in the Gulf of Thailand and one from the Andaman Sea. Therefore the
transiocation of populations between the two coasts should be avoided. The study on genetic
differentiation between populations in the Gulf should be repeated using more polymorphic

markers before a management plan is made. {4.2) Phylogenetic relationship af scaliops in

Thailand: The sequence variation of nine species of scallops was studied at four gene regions,
16S rRNA, ITSI, 5.8% and [TS2. Three methods of analyses [maximum parsimony (MP),
maximum liketihood (ML) and Bayesian method] were employed and resulted in similar tree
topologies. In conclusion the clustering according fo the sequences agreed well with the
systematics of Waller (1991, 2008}, wherein the nine species of scallops belong to two
subfamilies, Pectininae and Chamydinae. Our results also showed that the subfamily Pectininas

is paraphyletic. (4.3} Genetic diversity of Mimachlamys senatoria in Thailand: Four microsatellite

primers were developed from a partial DNA library of Mimachlamys senatoria. They were
subsequently used to study genetic diversity of four populations of M. senaforia, three from the
Guf of Thailand and one from the Andaman Sea. The results revealed low genetic variation
within populations in the Guif of Thailand while it was relatively high for a poputation from
Andaman Sea. All population pairs were genetically different. The deep genetic divergence

between the populations from the Gulf of Thailand and the Andaman Sea was observed.



EXECUTIVE SUMMARY

The project entitled “Application of Genetics and Biotechnology for Sustainable
Development of Aquaculture” was conducted during September 181. 2003 to August 3131, 2007
(12 months extension granted by TRF). It aimed for two overall objectives, (1) to utilize genstic
approaches for establishing basic knowledge required for sustainablé development of
aquaculture of four aquatic organisms, Macrobrachium rosenbergii, Epinephelus coioides,
Pangasius gigas, Amusium pleuronectes, and Mimachlamys senatoria, and {2} to develop four
groups of specialists in the field of population and quantitative genetics, and biotechnalogy,

each group specialized in one of the four groups of aquatic animals previously mentioned.

A total of 12 researchers and seven graduate students (two Ph.D. and five M.S.)
involved in the project. The project was divided into four sub-projects; (1) Genetic Approaches
for Sustainability of the Mekong Giant Catfish, Pangasfanodon gigas which comprised of
two research topics, (1.1) Application of genetic markers for designing of mating plans for
Mekong_giant catfish {MGC): Recently the first batch of the captive stocks of Mekong giant

catfish was ready to spawn. They requires good mating strategy to avoid inbreeding because
they originated from a small number of wild caught parents. Seven microsatellite loci were
scored in a total of 129 MGC brooders from seven hatcheries. Then the unrelated pairs of
brooders (which can be bred without causing inbreeding) were identified basdd on the genetic
relatedness (r, ) calculated from the genotype data. The critical value of r, for being unrelated
{0.07) was derived from the minimum r,, value of the pairing among individuals from a half-sib
family. The outputs of this study are, one paper published in Aguaculture (IF= 2.08); a mating
plan submitted to the hatchery owners and Department of Fisheries, Thailand for endorsement;
one workshop on broodstock management of MGC. (1.2) A study on sex specific markers for
the Mekong giant catfish and the striped catfish (Pangasianodon hypophthalmus): Sex markers

are required for sexing of juvenile fish so that farmers can reduce number of broodstock being

kept in hatcheries. The Amplified Fragments Length Polymorphisms (AFLP) was studied
covering 570 primer pairs in MGC DNA pools (four pools of each sex, 10 individuals/pocl). The
study In P. hypophthalmus covered 102 primer pairs anaiyzed in eight DNA pools (four pools of
each sex, seven to eight individuals/pool). No sex specific markers were identified. The output

of this study is one short paper adcepted for publishing in Aquaculture. (1.3) Mitochondriai DNA

diversity of Pangasiid Catfishes: With a partial support from the project “Genetic

Characterization of the Threatened Mekong Pangasiid Catfishes” (funded by BIOTEC, Thailand)
sequences of 168 rRNA region in nine species of the Pangasiidae were studied. The results

showed that haplotype diversity was low to moderate while the nucleotide diversity was very low



across species. Despite of being critically endangered, the Mekong giant catfish had genetic

diversity comparable to other Pangasiids. One paper was published in Animal Conservation
{IF=1.35).

(2) Genetic Approach and Sex Manipulation to Improve Production Efficiency of
Freshwater Prawn, Macrobrachium rosenbergif. The sub-project comprised of the following

studies, (2.1) The production of the all-male freshwater prawn by the neofemale technology:

This study aimed to produce the all-male freshwater prawn because males grow faster than
females do. The neofemale, a female with a male genotype {ZZ), was produced by removing
androgenic glands of a 45-day-old male postlarva, We were successful in producing the
neofemales with 21% success and the necfemales, when mated with normal males, produced
tarvae comprising of 88-100% males. The technology has been transferred to farmers through
training courses and demonstration in the farms. One paper was published in Aquaculture and

we also published one technical booklet. (2.2) Genetic improvement of freshwatet prawn: The

project originated from the anecdotal information that the local strains of freshwater prawn which
have been domesticated for decades showed growth retardation. Theoretically losing of genetic
variation may explain the deterioration of traits, Therefore ten microsatellite primers were
developed and seven primers were used to study genetic variation of five local strains in
comparison with two natural poputations. The results showed that the local drains had
moderate genetic variation which was comparable to genetic variation of the natural populations.
Therefore loss of genetic variation does not explain the deteriorated traits observed in the local
strains of freshwater prawn. Further comparative studies on quantitative traits of each strain
should be conducted because genetic differentiation between strains existed. We published two
papers in international journals, Aquaculture and Molecular Ecology Notes (IF= 1.218).

(3) Integrating Genetic Knowledge to Fisheries Management and Aquaculture of

Groupers. This sub-project comprised of three studies, (3.1) Genetic diversity among species of

grouper: Species identification of grouper is problematic due to the overlapping characteristics
between species and differential appearance of juvenile and adult of a species. Therefore
genetic markers were used to assist grouper systematic. Six microsatellite loci were scored in
eight species of grouper. The results revealed large genstic differentiation between species.
Spécies specific alleles were observed between some species pairs. Private alleles were
observed in all species but E. ongus. The result was published in the international journai,

Fisheries Science (IF=0.77). {3.2) Spatial genetic variation among populations of Epinephelus

coioides: E. coivides is an important aquaculture species wherein natural fingerling are

harvested and used for stocking. In this study genetic diversity of E. coioides was evaluated



using four microsateilite loci In six populations in Thailand and Indonesia. Genstic variation
within populations was low. Genetic diversity among populations did not correlate with
geographic distance but correlated with the directions of sea current. From this study, one paper

was published in Marine Biotechnology (IF=1.545). {3.3) Temporal genetic variation of E.

coioides in Trang Province: Trang is the most important site for harvesting of fingerling £.

coioides for aquaculture. Despite its important the population of E. coioides in Trang has not
been studied. Therefore we conducted the first study aiming to clarify whether more than one
genetic groups exist. The samples of E. coloides fingeriings were collected from Amphur
Kuntung at three months interval, from January 2004 to January 2005. Then the genetic
variation of each size-group was monitored throughout a year using six microsatellite ioci. The
resuits showed the existence of more than one population of E. coioides in Trang Province
which may be separated by different spawning time. Therefore further studies are needed in
order to facilitate sustainable exploitation of the resource. The manuscript is under revision
according to the comments from the journal Marine Biology.

(4) Genetic Diversity of scallops, Mimachlamys senatoria and Amusium
pleuronectes in Thailand. At present aquaculture of M. senatoria is being developed while
commercial harvesting of A. pleuronectes is on decline. Therefore genstic diversity of these two
species was studied aiming at collecting baseline data for planning managergent strategy to
avoid adverse impact from aquaculture of M. senatoria, and for sustainable use of A.

pleuronectes. The studies included the three following fopics. (4.1) Genetic diversity of A.

pleuronectes: The vartation at 16S rRNA was studied in six populations of A. pleuronectes in the
Gulf of Thailand and one population from the Andaman Sea. The results revealed low genetic
variation within populations. Remarkable genstic differentiation existed between the populations
in the Gulf of Thailand and the Andaman Sea. Therefore the translocation of populations
between the two coasts should be avoided. The study on genetic differentiation between
populations in the Gulf should be repeated using more polymorphic markers before a
management plan is made. The result of this study was published in Marine Biotechnology.

{4.2) Phylogenetic relationship of scallops in Thailand: Systematic of scallops cannot rely on

morphological appearances alone. Rather it requires supporting data including molecular genetic
data. This study aimed to verify classification systems of scallops using molecular genetic data.
The sequence variation of nine speciés of scallops was studied at four gene regions, 168 rRNA,
ITSi, 5.85 and ITS2. Three methods of analyses [maximum parsimony (MP), maximum
iikelihood (ML) and Bayesian method] were employed and resulted in simifar free topologies. In

conclusion the clustering according to the sequences agreed well with the systematic of Waller
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{1991, 2008), wherein the nine species of scallops belong to two subfamilles, Pectininae and
Chamydinae. Our results also showed that the subfamily Pectininae is paraphyletic. The result

of this study was published in Joumal of Shellfish Research (IF=0.479). {4.3) Genetic diversity

of Mimachlamys senatoria in Thailand: Four microsateilite primers were developed from a partial

DNA library of Mimachlamys senatoria. They were subsequently used to study genetic diversity
of four populations of M. senatoria, three from the Guif of Thailand and one from the Andaman
Sea. The resuits revealed low genetic variation within populations in the Gulf of Thailand while i
was relatively high for a population from Andaman Sea. All population pairs were genetically
different. The deep genetic divergence between the populations fromn the Gulf of Thailand and
the Andaman Sea was observed. A manuscript was prepared from the result and will be

submitted to an international journal.

The main outputs of the project included 10 publications in international journals with
impact factors, ons book and one technical booklet, Moreover two technologies were adopted
by the target groups. Five and two papers were presented in the international and national

conferences respectively and one Ph.D. and three master students were graduated.
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Genetic Approach and Sex Manipulation to improve Prodluction Efficiency of

Freshwater Prawn
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Genetic Contributions to Fisheries Management a;nd Aquaculture of

Orange-spotted grouper, Epinephelus coioides
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grouper species Epinephelus spp. based on microsatsllite variations 1oy Worf\wut Koedprang,
Uthairat Na-Nakorn, Masamichi Nakajima W&t Nobuhike Taniguchi (t8n®15UwY 8) I.Lﬂzﬁf%ﬂd&ia
Fdalud

m'sﬁnmmauaquﬂm;m 8 sialeLn Epinephelus bleekeri, E. coioides, E.
malabaricus, E. ongus, E. akaara, E. maculatus, E. merra Uit E. fuscoguttatus Mn1sdnw
microsateliite 6 &S WA Em-01*, Em-03*, Em-07*, Em-08*, Em-10* and CA-O7* i
microsatellite FWAUIAN fudueradinnguanri mIfinwugasinnuusndaTzwieia
ag'lm:ﬁugq (Fg, =0.4403; P<0.008; Rgr =0.4954) WUSRRIATAMEALNNL 1 (fixed different)
UERIMMUUANGIIENING E. coioides, E. ongus W8 E. fuscoguttatus Tauansnaniud
microsatellite suvds Em-01* €% E. fuscoguttatus Wt E. ongus WANeNINuA microsateflite
FWHUY Em-08"

wudsdainsarnclunesiie udlildfianuidadariny 1) lalauimnsiia oniiu
E. opgus €1 pair-wise Fg, ‘fmuanﬂﬂmuﬂnﬁ’mmhwﬁﬂ fiesening 0.238 §i9 0.578 uazil
wpdaynerda (@duandnen 0) drzasvinansdusnssu fdnszndng 0.433 v 2.710
anuduiuinieiusnssulas?® neighbor-joining tree uadam 8 lleasniilu 2 ndulwajq
wiisIngM ot homoplasy (Unudidwaduwiainny uaddreauiuastaiu) fidaas Em-03*157
TaganuuandafsnuumaUiouuaszning 7- lapfeafiossumief 119
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3.3 ﬂ'?’)&l“ﬂ‘]fl‘ﬁii’\Hﬂﬁdﬁ%ﬁﬂ?i&l‘i:ﬁi‘lﬁﬂ‘a‘tﬁ‘lni‘ﬁa\‘lﬂa’llﬁ'lﬂi)nuﬂ\'i

m‘sﬁnmi{ﬁf@qﬂizﬁoﬁtﬁaﬁnmﬂﬂwmnnmumaﬁ'm;nﬁmmﬂa'uﬁmanu,m
Epinephelus coioides wllszinainuuacdulaiids 168nwiade Huy}'sﬁiua:aﬁuw"lmwsms
Marine Biotechnology mu‘lﬁ'{%aﬁ!aa Genetic Diversity of Orange-spotted Grouper, Epinephelus
coioides from Thailand and Indonesia using micosatellite markers lan Suci Antoro, Uthairat Na-
Nakorn and Worawut Koedprang (tansnsuny 9) lanfiila3aclassodait

URaNIRBNUS (Epinephelus coicides) TRMuEIR YN IATITAD u&iaavnﬁr’?mn"umm
o -~ e e a -
‘na’m%mumowuqnﬁmsmﬂawu@uuuaumn ﬂ'nammnvsmumawugmmmuluﬂnmm

maaﬂmnajuﬂmzﬁ'lma:ﬁfiw‘%ﬂ-xﬁaemn ﬂmméqﬁ%z‘smmjmminqqNﬂnﬁuf wazlidaonil
"?m‘]n'é'u'lﬁdnyﬁa:xﬂwﬁqmumn (Collin, 1996; Sala et al., 2001) fimsdsudanAswiniaiyiug
$mann Mlinualomatiessoeiug wananuw fasuwaaslaui vy 11 Fli
effective population size (N,) o‘iwn'z"ﬁi’nuwwauﬁﬁuﬁﬁﬁag uassianuduidldnenfentinan
Beade Fudunadaifiosnnnis N,

mianwadedl fiaquszan Wadnmemamainwanenavugnsisyeslaniasnuas
E. coivides 41w 6 1emint fruymnihwintng @51 weenaseisrsuns) uasdnlafide
(Lampung, Jepara, Sibolga U8z Fiores) (Mwf 3.1) azAnMANBIIRRETIRUINTIN TR
Ssznsuaumanic Namw"mmﬁ‘lﬁazﬁﬂﬁlﬁﬂﬂmm';';"ﬂ.m%aommwmnwmumqﬁuqmw U89
é‘mfn:mﬁfiauﬁ’wmgﬁ’uﬁ wuudoriuiinlsuresnuns Tanawzatnadsiafinyluiouh
wauadvasuaaniiingle uarmnf?uz';’mz‘ls‘fifaa&afi'\ﬂi:'mnﬂ@ﬁﬁuqnsmﬁwn@m Favniin
dalopiluniveying WM RANEE Y

msfneiilag udradralanmeanuasiiuin 250 &7 NUNAIFIIG 6 unss
AR NURIINIAIBBY microsatellite 4 FIMWUI AIURRIAVIUNRINARIDYNIRUTNTINUER
Tumsefl 3.1 lumwnusmanmnuarsmeludszmnnlsniasnuasiiddaudhas (effective

alleles across loci TA71E1i19 3.57 89 5.09, Laainalsislndannmidang Jansewing
0.36+0.16 fi3 0.55+0.19)
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INDONESI

indian Ocean

o o & o P [ ' . ~ 4
AN 3.1 uraIRINunaNarUSaitiualedlaiieanuas wazfianigvainszuaii

o . . .
A1518N 3.1 mmﬁmmnﬂmUmowuqnimmﬂluﬂs:mm Uariaanuay 6 Yszan3 (microsatellite
&
4 AUNL)

Ussoing Fwudadmaio 9w effective allele heterozygosity
Aadiuni 1ad BRINVINAIMRL QaEAIGT AN 1
a% 7.25 4.13 0.43+0.10 0.50+0.13
UATATETINTVE 7.75 4.24 0.55+0.19 0.59+0.19
Sibalga 7.25 4.81 0.52+0.15 0.55+0.15
Lampung 7.25 3.57 0.48+0.16 0.54+0.17
Jepara 8.00 5.08 0.47+0.10 0.66+0.12
Flores 75 3.65 0.36+0.16 0.80+0.17

m'sﬁﬂs:mn‘sﬁmmv.mnﬁmumaﬁuqnsmﬁﬂ sraflusannaungeana g ldun msf
UszrnIndnausaa (population isolation) semnsiivwiadn uaxmia mufiaanizas
11aluadie (Hanfling and Brandl, 1998) 'l.umsﬁnmﬂ%ﬁ‘lﬁwumé’ngmmnﬁ@ama:ﬂa"u'm

mifitszmnsla qﬁmmmm‘nwmumaﬁuqﬂ'smeﬁ o gy isanuaaninluns
YiudndefaurasauAanisdouulag (Hoslzel, 1999; Hedric, 1999) I@unﬁsgrynﬁuﬂaﬁu
RRNBANDUDIDARR (ﬁm’mé’aﬁamﬁ'ﬂ@ia@i’ummﬁ'\) a1RaRTEAUANNAINNIRGaalIn (Allendorf

and Phelps, 1980) Taansiisnasmsallunisiloany wSesanansznuniiay dwhianianisy
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resuud wwendaliiRufioning rwueradafiaygabiduld wisvhunifanoda
'nﬁmﬁ'szwmn@ﬁﬁmﬁfmnfﬁmﬁamﬂﬂ (Rhodes and Sadovy, 2002) _

Usurraenuasiilanahalszmnfidanm (F,, =0.074, P<0.08) szdLanuuandiang
1ﬁuqnssus:wiweﬂs:ﬁwnsgendﬁdeaﬁﬂﬁnuiinJa1ﬂ:La(VVanieraL,1994)%aﬂasﬁnniﬁhnﬂ1
Tafainasmsoliawizudasiszsing uanmmfuﬂt:mmﬁﬁﬁuqmmuﬂn@mﬁumﬁ'\t{ 9101l
Snumz g Amsiasyghiouandreiu (Kumagai et al, 2004) dasudenasiimdinuiwdsad

Fm.uf‘{auvﬁ’uﬁmaﬁuqnﬁwmﬂwmmﬁa 6 Utsainsissandedtussoensewing
Ussming LL&:wu'i'm‘s:umi'lﬁﬁduéﬂﬁ'{gﬁﬁmmmwﬂéﬁUﬂﬁa'i:uiuﬂsz’mm

lang1101989 _

Allendorf, F.W. and S.R. Phelps. 1980. Loss of genetic variation in a hatchery stock of cutthroat
trout. Trans. Am. Fish Soc. 109: 537-543.

Collin, P.L. 1996. Longevity of some coral reef fish spawning aggregations. Copeia 1996: 189-
192.

Hanfling, B. and R. Brandl. 1998. Genetic variability, population size and isolation of distinct
populations in the freshwater fish Cotfus gobio L. Molec Ecol 7: 1625-1632.

Hedrick, P.W. 1999. Genetics of Population, 2nd ed. Sudbury, Massachusetts: Jones and Bartlett

Publishers. .

Hoelzel, AR. 1999. Impact of population bottlenecks on genetic variation and the importance of
life-history; a case study of the northern elephant seal. Biol. J. Linn. Soc. 68: 23-39.

Kumagal, K., A.A. Barinova, M. Nakajima, and N. Taniguchi. 2004. Genetic diversity between
Japanese and Chinese Threeline Grunt (Parapristipoma frifineatun) examine by
microsatellite DNA markers. Mar. Biotechnol. 6: 221-228,

Rhodes, K.L., and Y. Sadovy. 2002. Temporal and special trends in spawning aggregations of
camouflage grouper, Epinephelus polyphekadion in Pohnpei, Micronesia. Env. Biol.
Fishes 63: 27-39.

Saia, E., E. Ballesteros, and R.M. Starr. 2001. Rapid decline of Nassau Grouper spawning

aggregations in Belize: Fishery management and conservation needs. Fisheries

(www fisheries.org) 26 {10): 23-30.
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3.4 nsAnm@NNNAININANEERIRNEREdIA ININATEgRsSTH I TE B nTe BN
ﬁanLma'ﬁﬁmwu.mmhamaﬁ'uqnﬁu

Lisansodnfunsle dasenlusznzusn mm‘mﬂummgndm‘l@'ﬂlﬁa Sumimaasd
Iefeprznita udnIzRIgnWIWaLRWIY 'lm:uz@iam'ls‘fwmmqunﬂmmmﬂao@ia uelal
mmmmgnﬂmmnsﬁama‘qﬁﬁmqlné’&ﬁuoﬁ'umﬁnm‘lﬁ tuﬂﬁwmmmhgnﬂmmni'hdﬂ
vy %aﬁnuﬁ'ugnﬂmmmmﬁn aayalitaw wdgnUmfensnue lasdn3dondn (@asdn
Tur Fuadey) ‘lﬁwmmmuﬁaﬁqﬂné”a wamitlasins (mariniad o uas) JetdRnsmnidei
Tnsams nnafiungguismalwissutzmno wesnswesdiiumin
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4. Tasanisdaaf 4

Genetic Diversity of Scallops, Chlamys senatoria and

Amusium pleuronectes in Thailand

PP -
‘[ﬂummﬁ'mqﬁs:mﬁ 2 ttzns @e
1. memmvmnnmUﬂ'mﬁ'm;nﬁmamam'ﬁaﬁ'ﬂﬁ@ Amusium pleuronectes
2. MIanANUFEARUSIBs I TR Tsanspsad twlsunang

3. NMIWAIUN microsatellite primers ua:msﬁnmmmumnnmumoﬁuqnﬁmm

Mimachlamys senatoria

‘A L= * o - » A‘
ramyidvoudazianiizasd (lavmiden) ddsdalui
Nt F- . ; 1
41 NIANIANUAINNANANINUENTINGDY Amusium pleuronectes (NUITpiusgu
wikvadimmiwusszduiggnen srwnnindahh I sudowszsdgmeadii
pnnsandssnol Sasnanuns)
. I it -~ v . -

Amusium pleuronectes \ilwwasisasniinisduidumsdannii 36 ud? lasluszozusnd
WM yau Uszanm 500-1,100 awdl udlutzucndiaaaunia 100-300 audl Fefianadniv
fizdashanammstimimsdansdzrinsanly sdwlifawluiududiepdaysdbn ne
L s L3 d o | H] ol & s & 1
duRugmaailzny Texduunldin voomsdtduimingvasmsdamsit dsznew dae

o o . w a s o s "o B w  doaa
Urzpnidan g ffenuuandumadiugnssuniali Fawindanauandrefiduludoaiiitng
Jamsuandieinly nenanuu daysaramamnumsyanugnssumsludszons azuenleh
, & w— v o o v P
Yszmnavauuasiidnonwlunmrdivdrlsdunedeasfulfouws W 18GRuela uazesezd
e ‘ . 'R E - s N -l
mivamIatnals Snudaaneiiiv uanamuuiusmsaiyssrnsdsuenldd vesiradf
[ nr L A 1 s ot [ A F) ]
mdsdnmnit deznaudrunashfianuuandwmsiusnsufisszauauuandwszausionisly
& o & X €A o o
aviuilulUidluGesitligs vounnmmammdiianamanwaiyresdnsacgaann lusmadn
. \ o~ ol % - A [P v ol a
nunasdariiedansfidnumsitndonduldiswdortu msfnmiifanlzadlunsfnmany
v & - '
PRMIRENWINUTNTINTVBNBBLTRS A. pleuronectes Tuilszinging (HanuIzALAMAILANGN
NIRKENTIH Meluksr T idssring uesnmuanaduiuimMIiuEnsusa =0T
. & . . <
i s Msgnwniiedeauysol uaz@iRewluases Marine Biotechnotogy mulddadas
Mitochondrial DNA diversity of thg Asian moon scallop, Amusium pleuronectes (Pectinidae) in
Thaitand 1@ Chulabhorn Mahidol, Uthairat Na-Nakorn, Srijunya Sukmanomon, Nobuhiko
_ ad Y
Taniguchi and Thuy T. T. Nguyen an®susy 10) lanficasdadsdalufi
msfnwwihlasifiudatrmansas A. pleuronectss 110 6 unsatuding (zaus3,

v - Pl 4 .
Jedos-1, Isu83-2, %umﬁ, ATIN URSTUIIBIIR NINN 4.1) maaﬂumﬂonmwmmmuuaurﬂaﬁ



wazdn 1 unsandonzaduenaiu (nsxd) MNNSANENEGLLUE 189 165 RNA INMBETIWIN
174 drnnsufieufisuiduiusyasmofiBuevwa 534 diua Aldnnufnier PCR wuh
fidnduiuafiuandiaiugs 16 uuy (haplotype) Tauanuuanesiwu AT uidumiadng 9 27
U T dua MR DRI transition 21 W9 &30 transversion 5 UWY uAzLiaNNTLRLWES
WALE 1w nandsenng uaenziaduandu 1ifl haplotyps Aniauiwiay wifus
haptotype Xalle!

HONBURI
RAYONG Cambaodia
PHETCH UR: @ CHANTABUR!
TRAT
y O ~L (—/
ANDAMAN RY2 TR L
SEA D
\ﬁetnt'rils/,
GUILF COF THAILAND
KRABI
v
O é
kB NT
NARATHIWAS

ot o = o o 1 .
NN 4.1 WHUNLFQIDTITUWLNUAIDU1INOY Amusium pleuronectes

AMIMaINBANEuUTETINIRaE A. pleuronectes fiendaudaen (@91n¢1 nucleotide
diversily-fZ;LLa: haplotype diversity-h) LﬁaLﬁUUﬁU?Wﬂqﬁu1uﬂaULﬁa§ﬁﬁﬂ§Iucj URTWLI
Uszrinsannduny? ﬁmmwwmnﬁmugoﬁqm (71=0.0017; h=0.511) $pI890NAYTETINININ
@710 (77=0.0010; h=0.364), iWT5YF (/1=0.0006; h=0.345), 5:083-1 (77=0.0004; h=0.197), -2
(77=0.0003; h=0.182), sl (77=0.0001; h=0.059) WRLUIBNMA (/7=0.0000; H=0.000) AINAL
ﬁa;&ai{uamd'\ﬂszmnwaa A. plegronectes Sumwialdn sanudedinnusansalumsdiusalad

A c: - A ] * 1 o [ - = 1
mamLnﬂaamﬂaﬂuuﬂaﬂﬂa:"lmmm‘maQiam‘la nmﬂ@ua‘gﬂﬂaﬂs:mnﬂmman 219 14l
AN

FnIutszrnsluwaing ﬁﬁuqnsm’lmmn@mﬁu WAWLAMULENANITENINYUITTINT
o s ' = ' \ ' -
ezl fudszmnslugninennuszmng myfdszrnsluwér Iinglifianuuandimaiugnisy
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aamé‘mﬁmlmﬁm%wamawﬁﬂﬁ fimansmafouiitda Yiznauduiimaldanlansuiinga
lunziadle flamaldmsauaosluvzduiuldine athalsfiany 1unﬂsﬁﬁﬁay}aﬁ‘1ﬂlﬁ'ﬂ'ﬁﬁ'}ﬁaﬁa
ariefiin Lﬂ%ammﬂﬁuqmm 16SIRNA 1 azflanumanuaisdswinas dotueranslw

ldthanusandesznidssmnsanihanuduege

aghatsfiiany ﬁagaﬁ%'lﬁ'&ﬁum‘mimaudﬁ Uszrinsnngn inauasnaeduadudanu
uandnmeiugnsuluszaugs innﬁagaﬁ"’lﬁmmmﬁ'}mm'lé"hﬂszmnwaumaé’mnd’n‘lm
uazNzedwAlu wenentuInwnlaiteanit 1.3-1.5 Auuirda FiuinanmTsEer
NNRUINTIN 2% FaduD)

v E X ﬁ‘
FRLARDUUTIINNITANWIRTIN HAT

‘ a L7 . f . w o &
1) lesimsvudsdsznituTzwingn insustnaaduendi izl szminsm
- o ] L [FTY [ e L o A’ A2 A [] A A z
aaqﬁwwuqnsmmonumn wazpndnmuauintunsuivdudiiuuesauieu duumn
o [ - e LY [ = “ o
umsummwnum%mlvsgngsﬁummmu’nniunwﬂmm mstdRsundasdszmseagne:
= ; 1 1 1 * A+
Wintupgsuiuanfio anuuandwTznivdTzmnTezeas wisnual dumygydoany
WRMWRTLANARENTIN
P v o [ '
2)  ernbweTeswinawugnsilizduenuvnnuansg nlddnslemntiudn
ot [ | P v . , & & & - A
Inednatonits alduiledsennawdwin usniiwdremnsdes gwiala neunszasn
& ) -
VIATNIFALINUMIIANITU T .
& & W e g w
3)  wineziimamisiRsamesrastiail daslddkmesnindedn inatuireslunziadu
o L~ : L ¥ At -f ] a gt 1
anain wazlunmanaunuf ldaamiwanaindedueniulbifodudning dmiviueninmesns
e ] L | =) i e oo od b ; e 1 o w ]
Iiwssanunaslndifsaiiuvowinug thailestumstwlownaiugnsss aunhesRgnllauy
o dermnsludninshivandraiuaieg

A o oy - S J (-1 [y A
4.2 nis@nsaaduinsiBed Tavintstammsairadindszind ine widufiidusgnnia
gafinminuiizaufiygien mmonnimgahh u sudawszdhgnisardidiigm
nnnssdnel daImTnan3)

ﬂ?ﬁﬁﬂﬂ'\dﬁ%éﬂﬁu%ﬂﬁ smeil i RN IToudr TudoSe9 Phylogenetic
relationships among nine scallop species (Bivalvia: Pectinidae) inferred from nuclectide
sequences of one mitochondrial and three nuclear gene regions @Ruvilu Journal of Shelffish
Research @8l Chulabhorn Mahidel, Uthairat Na-Nakorn, Srijunya Sukmanomon, Wantana
Yoosuk, Nobuhiko Taniguchi, and Thuy T.T. Nguyen (\@n&13Uu1s 11) Tmﬁtdaéaﬂﬂm}a fe

myduunsiiansozad dlasdedoyanmedugwine idu snwocyanifan sowlsf
A [ L J Ad L] J n} ol -y 5 [ Y -3 1
Ay Waller mmm‘fﬁuwummganmmU'znum's%'mun'ﬁuwam'ﬂaa Talvdafaind nsuen
giianagiuataunii Pectinidae 'hjﬂ'nﬂa'mgﬂ'é'\mazé'numzmuuanmamamwiaz'ﬂﬁm;ﬁm
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r.l [ [ 73 -~ g L) 8
sty (Waller, 1991) ud aasvz@nin tunday giuntasauad lasResamsnundslsg
' v . \ a - & - [ \
seninsaafiens 9 uazsznras guaansnalgidule mmw-rlmammﬁmmlﬁmnum%ﬁgﬂﬂq
- ar ] B x o F- af - a ' i 1 n} L Y
wiefFuuand9in uansniudainsMldlumsusnaiianariinu Wlealidveglutnvivdou

e

N

dayanwiugnssuazdnlinsd Lmnmﬁﬂ’lﬁgnﬁmmn fletu TamamzatneBanaiaf
IFfn3un POR lWaansadinmlduiaziidraiifivafosfia Wiadadwenafigamwlidin
r-% J’ A' -y o~ J A s Ar s 1
lasmaiiaiausoiivizeio Gdwe vinaleynamiiruas@dusfanataandating
. w - - oa & .
TﬂummantLuu'lWﬂummn‘uagaémumaﬂmUmumammﬂmma;m 2 Mu

msanwiluvsoizad 9 #iia law 8 sfiawuludszinalny ldun Amusivm
pleuronectes, Semipallium fulvicosta, Mimachlamys nobilis, Mimachlamys senatoria,
Mimachlamys sp., Annachlamys macassarensis, Minnivola pyxidata W8t Decatopecten plica Wae

3n 1 rRmdudrednnnydsanadulaiiido o Decatopecten raduta

AURI987 adductor muscle MINWBBUARLTRA THas: 2-7 02 shaane fdua iy
N a " - - A

tRud3unoe ALliute YT 16SIRNA, ITS1, 5.88 uae ITS2 wufn3sn PCR myillasldlwausd
lild L L b 3 A " =l & [ L o o r=3 '] L A L 2
fifideanuuutiug tialdame Gdwa senuinmds gduds e nsdaduius dheadld

=l ' ' a F-Y 2 .J vl ] AJ o
yfsurninvesudaen laglflibsunsunsufaaf Wwagilianuuandwvenusfidumils

o’ =% ] ' - o A

@ennunialy auwandlefieludnemzyeinnyisuulsaus wislivgmeawiolyl

- '3 L [ i . il L -l e . ‘ .
FiarnzianugunuiiBiitammalasldidedr 9% 3 55 &0 maximum parsimony (MP)

maximum likelihood (ML) WRs Bayesian

ranfndEFinnsiae g 3 35 WreanaduiuiiBad aumamioudy
datufasidudnisndguriniu lasds Mp 'lﬁ%’auazn’miﬁ';‘ﬁ"iﬁﬁqm I@)Biﬁﬁﬂam'ﬁaﬁﬁ‘:d 9
siauisaanidy 2 ngy (mwﬁ 4.1) ns‘imﬁntﬂuns‘iuﬂao Amusium pleuronectes (tribe Amusiini)
Decatopecten radula UWRT D. plica (tribe Decatopectinini) W&s Annachlamys macassarensis (tribe
Pectinini) Sowaandaatumsutiesas Waller (1991, 2006) Tﬂuﬁaﬁuﬂﬁgniﬂag;'luﬂ'sam’s"niau

Pectininae
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Ap-T-1 ]
0.98750/70 P .
© 577100470 :; ;;1? pku:o::‘c“l:’ Amusiini .
Ap-GB )
Decatopecten

0.59/93-
0.98/98/100 Dr-IN | aduta

Dp-PJ-1 | pecatopecten

14071007100 Dp-PJ-2 | plice

0.82/52/60 Am-NT-1 Annﬂehw Pectinini
09871007100 L Am-NT-2

—— stcp |, | Chlamydint

Mn-BC-1 ]
Mn-CH-1
Mn-CN-2
Mn-JP
1.007100/100| Mn-8C-1
Mn-BC-2
Mn-BC-3
Mn-8C-2

0.54/79/- Mn-PB
1 0.94/99/87 Mn-GBE Mimachlamydini

PECTININAE

:| Decatopectinini

0
|

Némacklamys nobliis

Ms-BC

CHLAMYDINAE

08910097 | -

0.63/90/69 Binndve

puxidata :l Pectinind 7| pECTININAE
Mv-GB| 172%™ | Mimachlamydini ] CHLAMYDINAE

Ostrea edulis

—— 50 changes

A L2 o A e W far) L - |
AN 4.2 aNUFBWUBIB I TR NN TU0 IV B LIRS 9 Tha AARULIIPIAULN fAodauas
3 Y A
233N asuranin 3 drunids

nsjuﬁ 2 Usznaudasaurnlu tribe Chlamydini (Semipafiium fulvicostatum) tribe
Mimachlamydini (Mimachlamys nobilis, M. senatoria, M. sp.) ﬁmuﬂiﬂa%ﬂuﬂiaUﬂﬁﬂau
Chlamydinae unsidavndrduiuRuny M. varia ﬁﬁ'u‘leﬁ’mngmﬁaga GenBank ¥fInulfisey
finydn Vieusna Mimachlamys 1 4 Bia ;m:mfﬁﬁ'uamognﬁm

nsfivassassiia Minnivola pyxidata dafiumanBnuas trive Pectinini (ayauasatiay
Pectininae) Qnﬁ'ﬂmswaghneiuﬁ 2 & usaei1 AnmirasnTouniitay Pectininae thawn
FWTIAUINATNINNIT 1 @e (paraphyletic) Nam'sﬁnmﬁg\;i‘fﬁﬁfvﬁguﬁ%m‘iﬁmun'ﬂm Waller
(2006) Immawq*amoﬁammymauwm&ma Amusium 8BnN tribe Pectinini uazdaidy tribe
'luaj'na Amusiini F9vziuldFauInEaM SANMA IR A, pleuronectes LBNBBNIN KUNFN
'uaa tribe Pectinii “

msﬁNanwﬁnuﬂmmé’u'ﬂbgm’ﬁaaQ’Lﬁuqmﬁﬂf FBRARDINUKRTDI Waller (2006)
LERI m'ﬁ‘hu,umaom;"jmmgnﬁ‘aauwnniwnwﬁmmmmuﬁuG) mms}mﬂ:wﬁ'mn'l’mulﬁ
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& [v) v w w [ g o =l
wnzisssFehin e sudswsndgrisaidiihynnswdsdnsol dasnanand)

- g a oa '3 3‘1 v oA » “ &  sa £ oW
ﬂﬂ‘fﬂﬂﬂ’mLﬁ‘i'\}ﬁuij?m BT W IPATHUAUDUUIWORINWUWURT (LONFITUUL 12) ‘1‘%
w30 Development of microsatellite primers and genetic diversity of Mimachlamys senatoria in

& | a e
Thaitand Tt Chutabhom Mahidol and Uthairat Na-Nakorn 1itawnlapgafieasit

Mimachlamys senatoria fanapisadsiewdnity Chiamys senatoria luipuised
fmgan ualwmsdnmnfileiunnanundnuos Waller (1991, 2001 was 2006) JeRpuuls
%aaqati'] Mimachiamys wopsagaiiail wurt lwiwiing dssmnowfvansdinats ue
Wnamsauldunnin dasn gmsf’m"uﬂs:m'mnﬁeﬂszmuﬁ"‘sﬁuﬁ nsuUszas Ussruanudnia
Tunnwiznasafiadl (Nugranad and Promijinda, 1997) ldifinausulafissimstwnzies
vouriaiin

PInMIEnwfiaansneanuuy microsateliite primers 'l 4 A sfioandoalumyed
41 11 primer 13 4 dllldAnmiaamanniaismINUENTINTBIMOBITIA M. senatorial@tiiis
FDHUINBBITAS M. senatoria MNUIEIFI G 4 unas aeusadluntwil 4.3 efadiBuiean
adductor muscle wi 1 TR ulign3e POR Tauld primer fiaundu swsr@asn
Ujn3en PCR Wuandanineiia electrophoresis niusu genotype maaé’a?ﬁﬁoadazﬁ? 1 igb T
ﬁ'\mmfhuﬁmﬂﬂammrmmUmoﬁuﬁqnswnw'lmh:'mmﬁa Swmdadadadising,
heterozygosity 9NATTHIIHY RASINNITRIUIN

1 1 L A
ﬂ']']ﬂ“a"ln“ﬁ'lU?:“T‘Iﬂﬁ?:'ﬂ'\n'ﬁuﬁﬂﬁﬁ?ﬂ ﬂ'??ﬂ@\ﬂﬂﬁﬂ'}']ﬂLLﬁnﬂQG?:ﬁqqﬁﬂ’Jqﬂﬂ'ﬂa\!ﬁu,
i1 Fg, STUTWIINNWUINTSY (genetic distance)

) o . ) ) ) g e ¥ o
@1719Y 4.1 URAIRIADLU LD microsatellite primers NWE&WITYW, S@LLL&DT, qnmq:un

manzanludinien PCR uazawaua9 PCR product

Aunid SSVWEVD primer AU Annealin  YWImuBa PCR
ey 5 U a9 . gtemp.  product {bp)

Cse01 F CATGTTTIGCTT CGAGTT TAG TTG (GA) 55 220-358

R TGG AAA CAA CCACTG ATGTTIC TAT G
Csell? F  ACA ACA ACA ACA ACA TCA TCC ACA (CAA), 60 189-297

" R TCC AAA ACC GTT CAC ACT AAA GC Na(CAA);

Cse03 F CAA CAA CAA CTT CAC CAA CAACG (CAA)s 65 156-180

R CAACATTIGCTG TCGTTC TGT CT N2z (CAA)sN,4

(CAAY; Nio(CAAY,

Cse04 F ATA GGA CAC ACA CCG TGT CA {TA) 55 172-180

R ATT TTG ATC GGA CAC ACT GC Nyo(CA)s
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A15197 4.2 FLERIA IR SN IAREN TIIM o IU T2 N T2 0IMBULTRS
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Abstract

A broodstock management plan was designed for the world's bigggstj-c_émeh, the critically endangered Mekong giant catfish
(MGC), Pangasianodon gigas, based on multlocus genotypes of sevep, mié&iosatcl!j{e loci. The broodstock included a total of 129
pit-tagged matsre MGC from sever farms in Thailand coveﬁnwpiﬁ!iﬁiate]y five year-classes. The genetic variaiton within
siocks was refatively low {number of aileles/locus=2.29 :I:076—4;\QG:Ei 83; effective number of alleles/locus=1.84+:0.51-3.04+
1.04; H,=0.58+0.34-0.80+0.12; H,=0.43+0.21~0.66+0.11);, Thetenetic relatedness (ry: [Ritland, K., 1996. Estimators for
pairwise relatedness and individual inbreeding coefﬁcients.,géﬁ‘i‘]g,l{%. 67, 175—185.]) was used to idegtify the unrelated pairs
wherein a minimum value of r,,, for half-sib family (r,, =087} was considered as a critical value of unrelatedness. The average r,,
within farm (0,21 £0.13~0.31 £0.07) was refatively high.cortifisred to the overall average Fyp (0.20£0.01), suggesting collaborative
broodstock management among farms should be carried out:in future. Tn the short-term six scenarios were proposed based on the
28 and 63 mature male and female brooders, respecli\;éiy,}‘__"_i'he results suggest that the best strategy for maintaining the genetic
diversity white minimizing inbreeding of MGC was to sélect mating pairs based on the ru. A long-term management plan
simulation using the BOTTLESIM program showed that if 2 random mating scheme is adopted N, should be kept at 100 in order to
preserve >90% A for four generations (120 years). Applying the mk (minimal kinship) selection for only the first generation can
reduce N, to0 >30 individuals and can retai?398% A throughout the same period.
© 2007 Efsevier B.V. All rights reserved®
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1, [ntroduction to factors such as overexploitation (Froese and Pauly,
' 2005), improper fishing practices such as poisoning, and

One of the world’s biggest freshwater fish, the environment modification (e.g., damming) (Mitchell
Mekong giant catfish:-(MGC), Pangasianodon gigas is and Braun, 2003). It has been listed as Critically
endemic 1o the Mekong River and its tributaries Endangered in the 2005 IUCN Red List of threatened
(Polprasit and Tevaratmaneekul, 1997). “The wild species (IUCN, 2005). However, fishing of MGC is still
population of MGC has rapidly declined, thought due practiced in Haad Khrai District, Amphur Chiangkhong,
Chiangrai Province in northern Thailand as a part of a

« Comesponding author. Tel.: +66 2 579 2924; fax: +66 2 561 0990, cuitural ceremony. The ceremony dates back more than
E-mail address: wthairatn@yahoo.com (U. Na-Nakom). a hundred vears and as it is something of a tourist

(044-8486/5 - see front matter © 2007 Elsevier 8.V, All rights reserved.
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attraction, contributes to the livelihood of the local
community as a whole and not only fishermen,

As conservation measure the Thai Department of
Fisheries has performed artificial breeding using wild
caught broodstock since 1983 (Polprasit and Tevarat-
maneekui, 1997). The mass production of fingerlings
was first achieved in 1984 {Phukasawan et al., 1984)
and has continued until present with approximately
3.4 million offspring produced (Sulcunasavin, pers.
comin.). Approximately 18,000 adult fish covering
approximately 22 year-classes are reared as potential
broodstock in government and private farms throughout
Thailand for aquaculture and restocking purposes.

Offspring of wild caught broodstock were grown In
ponds and matured at about 15 years and breeding of
pond-reared broodstock was first achieved in 200}
(Unakomsawad et al., 2001). Despite the fact that this
captive stock serves as the only long-term hope for
conservation of MGC, genetic management of the stock
has not yet been initiated to date.

Improper management of broodstock could lead to
reduction of effective population size (), the number
of parents contributing their genes to the next genera-
tion. As a consequence, this could result in a loss of

genetic diversity which is often a case for endangered

species (Frankham et al., 2002), for example the captive

population of the endangered haplochromine cichljd;"

Prognathochromis perrieri with N, represented onl
10% of the observed census size in the gene.b ank
(reviewed by Philippart, 1995).

In addition to the fact that the captive broodstock (G l) of
MGC originated from a small number of wild fish (Go),
further decline of genetic variability may- egeur in suc-
cessive generations due to genetic driftyFrankham et al,,
2002). Moreover, the G, fish were ot systematically
tagged and hence the pedigree record Is’ﬂackmg As such,
the genetic diversity cannot be remmed by simply maxi-
mizing N, because the varance“betieen family sizes
cannot be controlled (Doyle et:al.; 2001).

Due to inadequate decumentation on spawning
records, there is an urgqgﬁt‘ nged to employ molecular
tools to facilitate proper MGC broodstock management.
We selected microsateflitt markers for this purpose
because of their hypervariability and due to the
availability of primers developed from DNA_of the
same species (Na-Nakomn et al., 2006). l\fbrecwcr
microsatellite maskers have been widely applied for
broodstock selection approaches, e.g. genetic related-
ness (r.) (Ritland, 1996), minimal kinship (mk)
selection (Baliou and Lacy, 1995). The r,, approach
has atso been used to facilitate selection of breeding pairs
to avoid inbreeding (Norris et al., 2000; Bomell et al.,

2004; McDonaid et al., 2004). Selection of brooders with
the lowest mean kinship value, an average genetic
relatedness of an individual, will enable hatcheries to
keep fish with rare alleles (Ballou and Lacy, 1995; Doyle
et al., 2001) hence maximizing genetic diversity and
reducing divergence from the ancestral generation. This
approach has been proposed for broodstock management
of many fish species for examples, fed sea bream, Pa-
grus major (Doyle et al., 2000);. turbat, Scophthalmus
maximus L. (Borrell et al., 2004) and Japanese flounder,
Paralichthys olivaceus (Sgkime etal., 2004).

In the present study sﬁ:%fm:crosatclllte loci were
studied in 129 MGCf‘mdgviﬁua}s Different scenarios
regarding different br&pgﬁbck recruitment and mating
strategies were proposed. The efficiency of each
scenario in retaining genetic diversity while minimizing
inbreeding v&as compared. This information will be

.amakifig recommendations on development
of an M(ﬁt byeeding strategy to the Department of
Fisheries; Thailand, and also to private hatcheries. In
addmt}n;\(t,he results of the present study could serve as
an dttgortant resource to develop guidelines for the
geretio:management of other endangered species.

2..Materials and methods

2.1 Fish samples

The broodstock (&) (7=129) used in this study were
the first generation offspring of wild caught Mekong giant
catfish (Gy) produced during 19841994, Hence, the
different genetic structure between stocks reflects the
composition of different year-classes rather than hatchery
management practices. They weighed 17-120 kg among
which 28 males and 63 females were mature. We collected
G, tissue samples only from potential brooders. They
were reared in four government fisheries stations and
three private haicheries as detatled in Table 1. Approx-
imately 150 mg of tissue was collected from caudal fin of
129 individuals and separately preserved in 90% ethanol.
Then fish were tagged with microchips in the head area.

2.2. Microsatellite analysis

DNA was extracted following a procedure described by
Taggart et al. (1995). Amplification reactions were per-
formed using seven microsatellite primers, Pg-1, Pg-2, Pg-
3, Pg-6, Pg-16 and Pg-17 developed from the Mekong
giant catfish DNA (Genbank accession numbers: AV
364900-3, AV 364907-8) (Na-Nakem et al., 2006) and
PSP-G 507 developed from Pangasius species DNA pool
(Hogan and May, 2002). The conditions for the 10 pi PCR
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Table 1
Dretails on collection sites, abbreviation, number of samples and year

classes of Mekong Giam Catfish brooders coltected from farmns in
Thaitand

Pop. Pop. name  Collection sites Size No. Year
no. (kg class
| Chiangmai  Chiangmai Inland 40-120 31 1984
Fisheries Research and
Devetopraent Center
2z Phayao Phayao inland Fisheries 50-70 14 1984
Research Developroent
Center
3 Ayudthaya  Ayudthaya Intand 3346 4 1984
Fisheries Research
Blevelopmient [nstitute
4 Macgjo Maejo University 17-22 (2 199)
{Department of Fisheries
Technology, Faculty of
Agricuttural Production)
Chiangmai Province
5 Suphanburi  Cheomudcha Fanm, 27-35 19 199%0-
Amphur Songpeenong, 1991
Suphanburi Province
6 Chiangrai-W Wangplebuk Farm, 4762 3% 1988~
Amphur Wiangchai, 1990

Chiangrai Province
7 Chiangrai-]  Jaran Farm, Amphor 20-22 10 1994
Phan, Chiangeni Province

reactions were 5 ng DNA template, 1x PCR buffér,”

0.25 pmol forward/reverse primer, 1.5 mM MgCli
100 uM dNTPs, 0.4 unit Tag polymerase (Femientam)
and dH,0 to 10 ul. Temperature profites were as follows:
denaturation at 94 °C for 3 min; 35 cycles of 30 s at 94 °C,
30 s at annealing temperature, | min at 72 °C and a final
extension at 72 °C for 5 min. The PCR condition and
temperature profite of PSP-G 507 fallowed Hogan and
May (2002). PCR products were se'parated on 4.5%
denatured polyacrylamide gels and mguahzed by silver
staining. Allele sizes were detmmmed according to M13
sequence ladder (Promega, USA). "

2.3. The referenced ry, uahzesﬂ‘or Sfull-sibs and half-sibs

Five full-sib famijlies' and one half-sib family
collected from Chiangmdi Inland Fisheries Research
and Development @éfiter (a total of 20 individuals/
family} were used for calculation of referenced ry,
values for full-sib and half-sib family, respectively.

2.4. Data analysis
2.4.1. Genetic variation

Parameters for genetic variation, number and effec-
tive number of alleles per locus, observed and expected

heterozygosity were calculated on the 129 individuals of
G, using the program POPGENE (Yeh and Boyle,
1997). The differences between populations were tested
for each paremeter (4, 4., H, H,) using ANOVA
inctuded in the SPSS statistical package (version 10)
following a post-hoc multiple comparison with Bonfer-
roni corrected for muitiple tests.

2.4.2. FPairwise relatedness coefficient (r,) and mean
kinship value(mk)

There are at least three estimators proposed by Ritland
(1996), Lynch and Ritland {1999) and Queller and
Goodnight (1989}, foi geneuc relatedness based on ¢o-
dominant markers, In;ardﬁr to choose the best estimator
we used these estimators to calculate mean pairwise
relatedness of five full-sib families. Then a ttest was
performed (rull hypothesis, Ho: r,,=0.5) which showed
that only ry, bifed on Ritland (1996} was not signi-
ficantly dﬁ’&r&lt from 0.5 (P>0.01) (Table 2). As such,
the Rigféid, eftimator was empioyed and estimated using

the MK computer program, written by KR in
F@R’ERKN% for Windows, available at http:/www.

‘gex;‘gges forestry.ubc.ca/ritland/programs.htmi,

. "The mean kinship of the /ith individual, the average
kiniship values for that individual with every individual
in the population including itself, was estimated
following Doyle et al. (2001).The mean kinship for
the whole sample of 129 G; individuals and separately
for each population was calculated using Microsoft
Excel.

2.4.3. Short-term breeding scheme

The mating plan for short-term application was
designed following six scenarios based on the fact that at
present only 91 fish, including 28 males and 63 females,
were of known sex and ready for breeding and the goal
was to maximize genetic variation and minimize

Table 2

Mean pairwise telatedness (r) calculated from five full-sib families
based on the three estimaters, Rittand, Lynch-Ritland and Quelles-
Goodnight, and P for t-test (Ho: r=0.5)

Ritland r Lynch-Ritfand r Quelles-Goodnight r
(=S50 {x5D) (=5D)

Family oo.

Full-sib no. 1 0.45{0.16)  0.14 (0.14} 0.15 (0.15)
Fult-sibno, 2 0.39 (0.10)  0.14 (0.14) 0.19 (0.13)
Full-sib no. 3 0.41 (0.13)  0.13 (0.14) 0.12 (0.16)
Fullsibno. 4 047 {0.i2)  0.19 (0.12) 0.17 {0.14)
Fuil-sib no. § 0.48(0.15)  0.21 (0.15) 0.21 ¢0.14)
Mean 0.44™ (0.14) 0.16% (0.14)  0.17* (0.15)
P 0.026 0.000 0.000

Note: ns=not different from 0.5 {i-test; P>0.01% * significantly
different from 0.5 (P<0.01).
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Table 3 §

Gengtic vartation based on seven microsateliite loci of the Mekong giant catfish broodstock kept in hatcheries in Thailzrd

Populations N A A H, H, Mean r,, Range r,,
1. Chiangmai 31 4.00 (1.29} 2.72{083) 0.74 {0.18) 0.60 {014} 0.24 (0.1 0.63-0.79
2. Phayac 14 400 (1.30) .04 (t.04) 0.80 (0.12) 0.66 (0.1%) 0.27 (0.21) 0.03-1.25
3. Ayudthaya 4 271 (1.1t} 2.42 {0.97) 0.68 {6.24) 0.63 (0.12) 0.25 {0.04) 0.19-0.29
4. Maejo 12 2.29 (0.76) 1.84 (0.51) 0.58 (0.34} 0.43 (0.21) 031 (0.07) 0.15-0.48
5. Suphanbyri 19 4.00 {1.83) 2.56 (0.88) 0.69 {0.14) 0.5% (0.t4) 0.21 {0.13) 0.06~1.12
6. Chiangrai-W 39 386 (LI 2.49 (0.86) 0.65 (0.20) 0.57 (0.14) 0.22:(0:11) .03--0.64
7. Chiangrai-J 10 343 (1.2 2.44 (0.5 0.62 (0.21) 0.60 (0.11) 0:23 (0.19) 0.04-0.84
Cverall 129 4.71 {1.80) 2.71 {0.90) 0.68(0.15) 0.60 (0.12) 0.26%0.01) 0.03-1.25

Note: 4, A., i, and H, are not significantly different among hatcheries.

A=number allcles/locus; 4. =effective number alleles/locus, A,=observed heterozygosity, .= expected heterezygasity. A number in a parcnihesis

is standard deviation.

inbreeding. The scenarios were as follows: 1) single pair
mating of 28 males: 28 females, pairs decided according
to low r,,, each male used once; 2) same as 1, but each
male mated with two females in order to make use of all
available females; 3) single pair mating of the pairs with
7y tess than 0.07, each male participated in one mating;
4) same as 3, but each male mated with two females; 5)
single pair mating of each of the 28 males mated to
females with tower mean kinship value, each male
participated in one mating; 6) same as 5 buf each male
mated with two females. Genetic variation was
calculated from the genotypes of brooders selected
according to each of the six scenarios mentioned above,

The calculation was facilitated by the POPGENE

compuser program {Yeh and Boyle, 1997),

2.4.4. Long-term breeding plan: Genetic simulation
The long-term plan was designed according to the
assumption that all 129 individuals are matured and ali
of them were involved in the breedingsplairggardless of
sex. Two scenarios were used, 1) gandom mating of
different effective population size, giliavailable indivi-
duals, 100, 50, 30 or 10 for 10 generations (the
“RANDOM"* scenario); 2) using ‘the’ minimal kinship
approach in the first generation the “MK” scenario)
wherein 100, 50, 30 or 10 individuals with the lowest

mean kinship value are used as a founder stock followed
by random mating for nine generations,

We did n'b"'te@p_ply the r,, approach for the long-term
plan becauge thessimulation program (BOTTLESIM,
Kuo and Janzen, 2003} did not restrict only the
designateitbrééding pairs. Rather it covered alf possible
crossesiof the input individuals, hence the results would
inclifdesthe pairs with r,, higher than the critical value
(r=0407). The computer program “BOTTLESIM”
*(ng) and Janzen, 2003) was used to estimate the
‘Bemetic variation that resulted from each scenmario

: . wherein the N, value was stable over a period of 10

generations (300 years), with OttIEi‘ simulation para-
meters kept constant (lifespan=30 years, age at
maturity=15 years, discrete pgenerations, dioecious
reproduction, random mating, sex ratio 1:1, 300 years
simutated, 1000 iterations).

3. Resuits

3.1. Genetic diversity within and among stocks
Genetic vanation (Table 3) within each stock of

MGC brooders was relatively low in terms of number of

alleles and effective number of alleles per locus (4
ranged from 2.29+£0.76 to 4.00+£1.83 and 4, ranged

Table 4

Pair-wise Fgr between hatchery stocks of Mekong giaat catfish in Thailand

Stacks . 1 2 3 4 5 6 7
-

1. Chuangmai G.000

2. Phayao ~0.004 0.040

3. Ayudthaya 0.006 -0.046 0.000

4, Maejo 0.147* 0.165* 0.212* 0.000

5. Suphanburi 0.018 0.007 -03.013 0.094* 0.000

6. Chiangrai-W 0.048* 0.054* 0.064 9.033 0.034 0.000

7. Chiangrai-§ 0.043* 0.031 (.048 0.034 ¢.008 ~0.008 0.000

Note: Asterisks indicate statisticaliy significant («=0.05/21~0.0024 -—— Bonferroni comected).
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Fig. 1. Genetic relatedness coefficient (7., distcibutions. of‘ offspring of krown parent.

from 1.84+0.51 to 3.04+1.04). Heterozygosity was . different between the seven hatchery populations (4:
moderate (£, ranged from 0.584£0.34 10 0.80+£0.12; H, = F=1831, P=0.116; 4, F=1.272, P=0.291; H,:
ranged from 0.43+0.21 to 0.66£0.11). Acrossatotalﬁ?--' F=0,703, P=0.64%, H;: F=1.930, P=0.098). The
129 brooders genetic variation was A=4. 71:&.&\6 . pair-wise Fgy (Table 4) showed significant genetic
A,=2.71%0.90, H,=0.68+0.15, H,=0.60+0.12, }}é}l differentiation between seven pairs of population among
5 . . . . ..
genetic variation parameters were not s:gmﬁcaht{x which the Magjo and Chiangmai stocks were distinct.
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Fig. 2. Genetic relatedness coefficient (r,,} distributions of captive stocks of MGC from seven farms; CR-W=Chiangrsi-W, CM = Chiangrai,
S=Suphapburi, PY = Phayzo, CR-J=Chiangrai-1, AY = Ayudthaya, M=Mazjo,
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Table 5
Genetic variation of the broodstock recruited according to six
scenanos as shown in Materials and methods section

Scenario  No. brooders A AL H Mean 2,
I 28 M 457 2.83 0.62 0.062
BF (1.62)  (1.0D) (0.13) (0.029)
2 28 M 4.71 2.70 0.60 0.085"
S6 F (1L.30)  (0.95) {0.13) (0.04D)
3 20 M 457 2.38 0.62 0.050"
20F {162y (1.07) (0.1%) (0.015)
4 20M 457 2.85 .62 0.053°
25F {162y (1.05) (0.13} (0.0i5)
5 28 M 471 2.88 0.62 0.096°
W F (1.80y  (5.O%Y (0.12)  (0.045)
6 2 M 4.71 268 0.60 0.088"
56 F (1L.80) (0.91)  (0.12)  (0.038)

Note: 'no significant different between each pair of scenarios; *mean in
the same column superseripted with different letters are significantly
differemt from each other {£<0.05).

The abbreviation as described in Table 2; S in parentheses.

3.2. Genetic relatedness of full-sib, half-sib and
unrelated pairs

In order to determine the cut-off value for unrelated
pairs, genetic relatedness of full-sib, half-sib and
unretated families were studied. The five full-sib families

showed r,, between 0.39 and 0.48 (mean=0.44+0.14)

which was not significantly different from the expectefl”
value of 0.5 (#-test; P=0.026) (Table 2). The 7, value for
haif-sib (average 0.38+0.11; range 0.07 to 0.85) anﬁ the;
unrelated (average, 0.19+0.07; range, —0.02 to @’ﬁlgj
were significantly higher than the expected value 0. 28

4t

and 0 for half-sib and unrelated respectively (f-test;
P=0.000),

The values of r,, for the three kinship categories were
overlapping (Fig. 1). If the mean value of r,, for the
unrelated pairs (0.19) was used as a cut-off value for being
unrelated some full-sib and half-sib pairs were included.
Thus we decided to regard a pair with r,,,<0.07, which
was a minimum value of genetic reclatedness of half-sib, as
unrelated. ~

3.3. Genetic relatedness w_frk:n ar,:d among stocks

Mean genetic relatgdiiess (r,,) of G, in the different
farms is shown in T#ble<3 and Fig. 2, ranging from
0.21£0.13 {Suphenburi) to 0.31£0.07 (Maejo). In
every case this was greater than the overall genetic
relatedness (iE'able 3: 129 pooled sample, 0.20+0.01).

Genetic ¢ téﬁness among the 129 G, individuals
regardless of; a}'fns and sexes (8256 pairs) falls between
0.03 and £25%mean r,,,=0.20+0.01). Most of the pairs
showedithe r., within ranges for full-sib or half-sib, and
6%:(439 pairs) were unrelated (ryy<0.07).

_._'3:4;:_:=S;:orr-tenn breeding plan: The results of the six
“braddstock recruitment scenarios

Genetic vaniation of the broodstot:k recruited accord-
ing to each scenario was shown in Table 5. All scenarios
resulted in no differences in terrus of genetic variation
(£>0.05) even though different numbers of broodstock
were used (28 males and femaies each in scenario 1 and

5.0

4.0 —— mk 100
—8—ranl29
—d— rani®0

a0 —>— k50

- \\\ —¥— ran50

2.0 - ——mi30
—+— ran3)
— mkl10

1o [———ranl0 |

e
0.0 T T T ¥ T T T T 1
1 30 &0 E ) 110 150 180 210 240 270 300
year

Fig. 3. Number of alleles per tocus (4) over 300 years resulted from the simulation (BOTTLESIM) based on 2 scenarios (RANDOM and MK) using

different N,.
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=3 mk50
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oy 050 —¥— ran50
—— mk3}0
~—— ran3Q
0.40 ——mkI10
—— ranld
030 ¥ T T T T

1 k.1 &0 9 120 150

year

180 210
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Fig. 4. Gbserved heterozygosity {f,) over 300 years resutled from the simulation (BOTTLBSIM} based on 2 scenanos {RANDOM and MK) using

different N,.

5; 28 males and 56 fernales in scenario 2 and 6; 20 males
and fernales each in scenario 3; 20 males and 25 females
in scenario 4) as well as different recruitment strategies.
When compared to genetic variation of the overall stock

(P>0.05, t-test). Mean r,, was not significantty cb;gerem
among scenarios 1, 3, 4 but they were mgmﬁcan,ﬂy
smatler than the mean r,, for scenarios 2, 5 and 6.

3.5. Long-term breeding plan

The results of the simulation are shown in Fig, 3 for
the number of alleles per locus (A) and Fig. 4 for the
observed heterozygosity (H,). The:simulation for 10
generations showed that both the “RANDOM” and the
“MK” breeding plan were, dliogt equally effective in
retalmng H, (96%; if Sﬁwl()ﬂ»hmodstock were used. At

=10 and 30 the “RANDOA gave slightly lower H,
than the “MK™, Number"af alleles per locus (4) was
retained with equal effi€iency (88% A retained) in both
methods when 1907broodstock were used. If N,=10-
50, despite the remarkable decline of 4, the “MK” was
slightly more efficient in preserving A “than the
“RANDOM” (e.g. at N,=50; 82% and 79% A were
retained following the “MK’ and “RANDOM”
respectively).

Notabty the reduction of N, to 10 individuals resulted
in sharp decline of both H, and 4 for both practices.
After four generations (120 years) the MK with N, =50

anek100 both preserved >90% of 4 while the RANDOM

‘sgheme required N, =100 to retain>9%0% A

, 4. Discussion N
(from a total of 129 figh) all scenarios gave values ofﬁ £
A, and H, not significantly different from the oyelgé’ﬁs :

4.1. Genetic diversity of the captive stocks

Genetic variation of the captive populations (G,) was
not significantly different (P, t-test of H,>0.0}, Archie,
1985) to that of the natural populations (A=4.43+1.62,
H,=0.677+0.140; n=]5) based on the same loci (Na-
Nakorn et al., pers. comm.). Generally the captive stocks
often lose genetic variation due to founder effect
(Allendorf, 1986; Tave, 1999). However, in the context
of the present study the impacts of founder effect were
compensated by inclusion of samples covering a wide
range of year-classes (at least four year-classes) while
the genetic variation of the natural stock couid have
been underestimated due to limited sample size. The
significant Fgramong farmed G, indicates that variation
among founder collections contributed substantially to
the genetic variance of the captive populations.

Based on the substantial level of genetic variation of
the G, (relative to the wild stock) the captive stocks are
suitable for establishing a founder stock provided that
proper strategies are applied to maintain genetic
diversity and avoid inbreeding in successive genera-
tions. Stocks selected for a restocking program should
retain high genetic diversity, which is essential for an
adaptation potential (Frankham et al., 2002). Vrijenhoek
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et al. {1985} and Quattro and Vrijenhoek {1989) reparted
that a failure on captive rearing of Poeciliopsis
occidentalis was attributable to a Jack of genetic
diversity.

The existing captive populations did not have all
alieles found in wild samples (Na-Nakom et al., pers.
comm.) implying that they did not fully represent the
available genetic diversity. Therefore further inclusion
of wild gene pool, by bringing in gametes and/or
offspring, is recommended. It is expected not oniy to
enhance the genetic variation but also to reduce the
effect of previous domestication selection (Schonhuth
et al., 2003).

4.2. The genetic relatedness within and among stocks

Mean genetic relatedness (ry,) of each stock was
relatively high compared to the overall r,, (0.198%
0.012), indicating that using breeding pairs from
different hatcheries may assist in conservation of genetic
diversity. Broodstock should be managed as a single
stock and collaborative breeding programs should be
established between haicheries.

However, if individuals of known sex were consid-
ered only 28 males and 63 females were available for

breeding in 2006. This number is much smaller than the
recommended N, to retain evolutionary potential (509,
5000; Frankham et at., 2004). Therefore, the genetically:
important individuat approach (Ballou and Lacy, 1995)

might be more desirable, in which genetically unigue
individuals are identified and included as broodstock,
which is expected to maximize retentlon of penetic
variation.

4.3. Variation of r., for three categopies of kinship

The distribution of the r., of €achikinship category
calculating from empirical data obtained from one half-
sib and five full-sib famibies $hewed high varation
within a category (full- sfb', halgsib or unrelated pairs)
and the overlapping bgﬁween each category was
obvious. Our findings, are<similar to those previously
reported in many fishes: using r,, of Queller and
Goodnight (1989), siieh as Atlantic salmon, Saimo
salar (Norris ¢t al,, 2000), Japanese flounder (Sekino
et al., 2004), and turbot (Borrell et al., 2004). Such high
levels of variation in #,,, value might be due to low levels
of polymorphism of the markers rather than a property
of the estimator. Norris et al. {2000} ciearly showed that
increasing number of loci or using only high poly-
morphic loci reduced distribution of r,, for each kinghip
category.

4.4. The cut-off value for bethg unrelated

One of our purposes was 1o identify unrelated presumed
mating pairs to avoid inbreeding (applied for scenarios 3,
4). Theoretically, the unrelated individuals should have nil
genetic relatedness (r,,,=0) but the empirical data from our
study showed r, range between —0.02 to 0.41
(mean=0.18£0.07) for the unrelated pairs. If we use the
mean 7,, for unrelated pairs as thescut-off value there are
3780 half-sib pairs included. Howéver, if the theoretical
ro=0 is used all of the known.sex:pairs were discarded.
Therefore we decided to tojerae relatedness smaller than
those of between half-sib, i.e. minimum r,, for half-sib
(r,=0.07) as a cut-offivalué which resulted in identifica-
tion of 20 unrelated pairs (scenario 3),

45 4 shoﬂ‘-"?@;gg_ plan for MGC broodstock recruitment
and matings... "

The géne{fc variation of the stocks recruited accord-
ing to-each of the six scenarios was not different
regaTdIBSS ‘'of different number of brooders involved. All
of the proposed scenarios were capable of retaining 4,
A,iand H, of the overall stock.

Fhe advantage of applying r,, was to reduce

inbreeding (Norris et al., 2000; Sgkino et al., 2004)

while genetic variation may not be efficiently retained.
However in our case the low 7, strategy was efficient
for both retaining genetic diversity and minimize
inbreeding. This was not the case for scenario 2 (mating
of pairs with low r,, males mated twice with different
females) which resulted in high mean r,. This was
because males participated in second mating hence
allowed for inclusion of pairs with relatively high r,,.
The failure of increasing genetic varation as a result of
more female inclusion in scenario 2 was explained by
small overail genetic variation of available stock.

The application of the cut-off value for being
unrelated limited the number of breeding pairs to 20
pairs, nevertheless the genetic variation was not reduced
relative to the overall genetic variation. The effort to
efficiently exploit the stock was made by allowing the
same male to mate with second females whose r,, was
lower than the cut-off value (scenario 4). However such
efforts would not alter genetic variation aor mean #,,.

In scenarios 4 and 5 the mk selection approach was
applied to recruit genetically unigue females which
might improve genetic variation of the stock (Doyle
et al., 2001). However genetic variation was not
improved, which may be because the number of alleles
in our stock was small. Moreover, mean r,, of the
recruited stock, which represented mean inbreeding
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coefficient in the offspring, was enhanced in both
scenarios.

As a conclusion we suggest a recruitment and breeding
plan following scenarios 1, 3 or 4. This means that the
mating pairs should be decided based on low r, with or
without applying the cut-off value for being unrelated.

4.6. Long-term breeding plan

The ultimate goal of the conservation program is to
retain 90% of the initial genetic variation overa 100 year
period (Frankham et al., 2002) which is approximately
four generations for MGC. Due to higher sensitivity of
A than H, in response to varying »,, we would make
decisions based on 4 which is more related to the
adaptability of the stocks to environmental changes than
H, (Allendorf, 1986).

We suggested the N,= 100 o retain 94% A4 (98% H,) for
about 120 years (approximately four generations). This
value seems much lower than that generally recommended
for long term sustainability of genetic diversity (e.g.
N,=500-5000; Tave, 1999, Frankham et al., 2004). For
endangered fish species, such as copper redhorse, Moxos-
toma hubbsi, Lippé et al. (2006) suggested an N, value of
400 to retain 90% penetic diversity over 100 years, which is

also much higher than what our data suggested for the

MGC, although this species has a similar life spgh

(approximately 30 years) and generation time (mature.. at. .

10 years) compared to MCG. In general, for spcme&.;mth*a
tong life span like the MGC and copper redhorse, "t is
advantageous that inbreeding will take a long time tb
accumnulate (Lippé et al., 2006). Moreover, in the case of the
MGC, the number of rare alleles is limited: diydas such the
chance to have allele loss due to gtylé’ﬁc fift is low
{Allendorf, 1986; Tave. 1999) and hegjee the lowN value
suggested in the present study can bejugtified.

In addition our results suggested fhat applying the mk
setection for only the first gcnamﬁ‘on can reduce N,
down to 30 individuals and can-keep >90% A. Owr
recommendation is in cpncord@nce with the empirical
data in red sea bream which.has clearly shown that mk
selection was effective in recapture number of alleles/
locus {Doyle et al., 2001). Moreover, it could remedy
the apparent mismanagement that could have occurred
in the past (Ballow-and Lacy. 1995). This makes the mk
selection suitable for the captive stocks of the Mekong
giant catfish, which comprises a small number of
founders with unequal contribution of each full-sib,
hence effective population size was decreased following
a random mating scheme (Doyle et al.,, 2001).

It is of concern that the mk selection may introduce
inbreeding (Sekino et al,, 2004) because it does not

eliminate a mating amongssiblings. Moreover, two
individuals with the lowest mean kinship value may
often be related (Ballou and Lacy, 1995). The same
authors also recommended that a mating of the low
mean kinship vaiue individuals with the high mean
kinship value will partly reduce inbreeding relative to
the breeding between low mean kipship value fish.

Therefore we explored the.result of the mating
between different groups (of megknowm sex fish) based
on mean kinship values on mbreeding coefficient. On the
basis that r,, of a breeding-pair eguals to an inbreeding
coefficient of the ofESpnn’g(, we calculated the inbreeding
coefficient of the le of’fsprmg resulting from a
random mating of ﬁv%g&aji's of either low mean kinship
(5 lowest mean kinship females) x low mean kinship (5
lowest mean kinship males) (LL), high mean kinship (5
bighest mmnghlp females)x high mean kinship (5
highest tcggm?ﬁinshlp males) (HH), low mean kinship
male x high efngé’n kinship female (L ,Hy) and vice versa
(H,,Loytinean kinship values of the lowest and highest
five mdmduals are in Table 6).

Hhe. miean r,, of all possible pairs without seifing,
was-averaged within each mating category. It was shown

‘that the inbreeding coefficient of the virtual offspring
“(@¢an r,,) of LL pairs (0.232+0.156) was significantly
higher (F=2.859; P=0.037) than that of the Hl,

(0.154£0.042). Although the averatgc inbreeding coef-
ficient of the reciprocal crosses (H,Ly) did not
significantly differ (P=1.000) from that of the LL
pairs, the mean inbreeding coefficient showed a
declining trend (0.198+0.090 compared to 0.232+
0.156 of the LL or 0.214+0.064 of the HH). Such
differences may be more obvious if fish of wider range
of mean kinship values are included.

Qur results likely support the breeding between the
low mean kinship value with the high mean kinship

Table &
Mean kinship values of the lowest and highest five individuais

Low mean kinship female Low mean kiaship male

Chiangrai-W #2) 0.18826  Suphanbuc #9 0.18918
Phayao #2 0.18834 Chiangrai-W #33  0.19209
Chiangrai-J #6 0.18901 Chiangrai-J #9 0.19445
Phayao #12 0.18902  Chiangrai-) #4 0.19464
Suphanburi #17 0.18976  Chiangrai-J #2 0.19516

High mean kinship female High mean kinship male

Chiangmai #15 0.19863 Chiangrai-W #27 0.i9843
Maejo #9 0.19867 Chiangrai-J #5 0.19859
Maejo #7 0.19888 Suphanburi #3 0.195t7
Suphanbur #11 0.19388 Ayudthaya #1 6.19920
Suphanburi #8 0.19898 Suphanburi #14 0.1992%
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value fish rather than the breeding between the low mean
kinship fish. However, this is only a short-term gain, since
the avoidance of brother—sister mating in a random-
mating population has little effect on the long-term N,
(Faiconer and Mackay, 1996). The alternative practice to
avoid inbreeding would be applying mk selection
foliowing by culling of the pairs with high »,,.

4.7. Conclusions and recommendations

1. Genetic variation of the captive stocks was compa-
rable to the wild stock.

2. Mean genetic relatedness (r,) of each stock was
relatively high compared to the overall r,, indicating
that using breeding pairs from different hatcheries
could assist conservation of genetic diversity.

3. For a short-term plan we suggest breeding of the 28
mature maies and 28 mature females that showed
lowest pairwise r,. The genetic diversity can be
retained with a reduction of number of breeding pairs
to 20 pairs if only the unrelated pairs (7., <0.07) are
bred.

4, For a long term plan mk selection should be applied
at teast in the first generation then following by a
random mating scheme and N, should be more than

30, Accordingly it is expected that at least 90% of

genetic variation will be preserved over 100 years.

5. As a general recommendation we suggest applying
the mk selection approach for management of the
captive stocks of the MGC, either for desigitiiig
mating pairs or for culling of fish due to limited
hatchery resources {(Ballou and Lacy, 1993).

6. In this study only 129 fish covering, 5 ygar-classes
have been explored, further study i§zequired to cover
fish from all available year-classes;

7. Introduction of gametes from wild. fish is recom-
mended 1o increase genetic vanatfhn of the founder
stock, prevent adaptation toxaptiye environment and
avoid inbreeding,.

Acknowledgements

We would like to thenk “Thailand Research Fund”
for the funding of this research through the project
entitled “Application of Genetics and Biotechnology for
Sustainable Development of Aquaculture™”(Senior
Research Scholar 2004) awarded to UN. The senior
author was supported by the Royal Golden Jubilee
program, TRF for her Ph.D. study. We greatly
appreciated Chiangmai Inland Fisheries Research and
Development Center (CIFRDC), Phayao IFRDC,
Ayudthaya [FRDI, Department of Fisheries, Maejo

University, Chaomudcha Fargn, Wangplabuk Famm and
Jaran Farm for providing samples of MGC broodstock.
We thank Dr. Naruepol Sukumasavin for facilitating
sample collection, Professor Roger Doyle, Ph.D,,
Genetic Computation Ltd. for his critical comments
that substantially improved the manuscriptand Dr. T.T.T.
Nguyen and Mr. Simon Wilkirson, Network of Aqua-
culture Centers in Asia Pacific fag revision of English.
Finally, we appreciate the critical cﬁmments of the
anonymous referees which si@nﬂeant!y contributed to
improvemnent of the manuscript.”

Appendix A
Table 1
Allele frequencies of the MGC captive broodstack
Locus ‘ . Allete Frequencies
Pt 231 0.392
g 2319 0.596
251t 0012
Pg2 256 0.0513
258 0.1614
260 0.1457
264 0.0787
270 003135
272 0.0157
276 0.5157
Pgd 204 ‘ 0.0874
206 G.0992
210 0.1825
212 0.2063
214 0.0516
218 0.0119
220 0361t
Ppb 250 0.5708
252 0.1457
258 0.2835
Pgl6 174 0.0773
176 0.0081
178 0.5366
182 0.0081
1B4 0.3699
Pgi? 235 0.7126
241 0.0630
243 0.2244
PSP-G507 251 (.4031
253 0.0465
255 0.i318
257 0.3798
261 0.0388
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Abstract
Sex specific DNA markers are useful for hatchery managemerit. Sex identification
at early ages can reduce broodstock rearing costs. This study employed the Amplified

Fragment Length Polymorphism (AFLP) approach for the identification of sex-linked

markers in Pangasianodon gigas and P. hypophthalmus. Eight DNA pools (4 females, 4
males) each from P. gigas and P. hypophthalmus were screened using a total of 570 and
102 different primer combinations, respectively. None of the 570 primer combinations
gave sex-associated amplification for P. gigas while 21 of the 102 primer combinations
gave apparent sex-associated amplification across the pooled DNA samples of P.

hypophthalmus. However, none of the 44 SCAR markers derived from the presumed sex

specific fragments showed sex specificity when tested using DNA of individual P.
hypophthalmus males and females. Apparently neither Pangasianodon species may has a
simple genetic sex determining system.
1. Introduction
The critically endangered Mekong Giant Catfish (MGC; Pangasianodon gigas)

(TUCN, 2005) is not only of concem for conservation but has also gained interest among
aquaculturists due to its extremely high growth rate (e.g. 5-15 kg/year weight gain)
(Pholprasith, 1997; Unakornsawat, 2001). At present there are at least seven farms in
Thailand, private and government owned, keeping MGC broodstock for artificial breeding.
A broodstock management plan based on microsatellite DNA -data has also been proposed
(Sriphairoj et al., 2007).

| Rearing of the MGC to maturation requires considerable space (e.g. stocking
density is less than 300 fish/ha- Chairoengyos, 2001) and time (maturation is reached at

about 16-20 years-Manosroi, 2003). Therefore, it would be of great benefit if farmers could
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sex these fish at early stages and keep only good mating pairs (based on the molecular
data). However, manual sexing of the MGC is not possible until matdration, forcing
farmers to keep unnecessarily high numbers of broodstock. This increases costs and
reduces broodstock condition due to overcrowding.

Sex identification at immature stages may be done using molecular genetic markers

[e.g., AFLP in Takifupu rubripees (Cui et al,, 2006) and three-spined stickleback

(Gasterosteus aculeatus (Griffiths et al., 2000); RAPD in Clarias garepinus (Kovécs et al.,
2001)]. Molecular techniques employed for sex identification include subtractive
hybridization (Devlin et al., 1994; Khamnamtong et. al., 2006), Randomly Amplified
Polymorphic DNAs-RAPDs (McGowan and Davidson, 1998; Li et. al., 2002; Kovacs et
al., 2001) and Amplified Fragment Length Polymorphism-AFLP (Li et. al., 2002; Griffiths
et al., 2000; Cui et al., 2006; Wuertz et.al. 2006) among which the AFLP approach has
been especially widely used (Griffiths et al., 1999; Brunelli and Thorgaard; 2004; Felip et
al., 2005; Cui et al., 2006) due to the simplicity and reproducibility of the procedure
(Griffiths et al., 1999).

Therefore AFLP was used in this study aiming at identifying markers specific to
each sex of the MGC. Concurrently, we attempted to develop sex specific markers for
striped catfish (Pangasianodon hypophthalmus) which is the only congener of the MGC
and is economically important in Southeast Asian countries including Thailand (FAO,
2006).

2. Materials and methods

Tissue samples were taken from 80 mature P. gigas individuals (40 females and 40

males) and 64 P. hypopthalmus individuals (31 females and 33 males). Phenotypic sex was

determined by examining for the presence of eggs and sperm using catheterization.
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Genomic DNA was extracted following the standard phenol-chloroform protocol (Taggart
et a]., 1992). Pooled DNA samples from captive stocks of P. gigas and P. hypophthalmus
were prepared using 100 ng/ul of genomic DNA from the 80 and 64 males and females
respective to each species to make four pools for each sex (n=10 fish/pool for P. gigas;

n=7-8 fish/pool for P. hypophthaimus). The AFLP analysis was conducted following the

procedures described by Brunelli and Thorgaard (2004) using 500 ng total DNA from each
pooled sample. Four DNA pools of each sex were digested using three different pairs of

restriction enzymes (EcoRI/Msel, BamHI/Msel and BamHI/Mspl) and were then screened

employing a total of 570 and 102 different primer combinations for P. gigas and P.

hypophthalmus, respectively. AFLP-PCR products were separated on 6% denaturing

polyacrylamide gels and visualized by fluorescence imaging (Brunelli and Thorgaard,
2004). The primer combinations yielding AFLP bands which were associated with a single

sex of P. gigas and P. hypophthalmus were re-analyzed in individual DNA iamples. The

presumed sex-specific bands were then eluted and converted into single locus markers
(SCARs; Sequence Characterized Amplified Regions) following Felip et al. (2005). The
eluted DNA was also sequenced and tested for homology to other sequences in GenBank
using BlastN and BlastX (http://www.ncbi.nlm.nih.gov/blast/). Similarity was considered
significant when the probability value was less than 107,

Forward and reverse primers were designed for candidate sex markers and tested
with male and female DNA samples of each species. The PCR conditions comprised
predenaturation at 94°C for 3 min followed by 30 cycles of denaturation at 94°C for 30 sec,
annealing at 60°C for 50 sec and’extension at 72°C for 1 min. The final extension was
performed at 72°C for 5 min. The PCR products were separated by electrophoresis on 2%

agarose gel and stained with ethidium bromide.
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3. Results and Discussion

Failure to identify sex markers in Pangasianodon gigas

Two AFLP baﬁds (from Bam-cgaMse-aac and Eco-agcMse-att) were initially
considered as possibly being male-specific because they were amplified in all of the male
DNA pools and only one of four female pools from P. gigas. However, the primers
developed for these bands amplified DNA of both sexes in individual samples.

Another primer combination (Bam-agtMse-agg) gave a band that appeared only in
the male DNA pool from P. gigas. However, when it was re-analyzed in all samples
including male and female DNA pools and individual DNA samples, this band was not
amplified.

Candidate but inconsistent sex markers in Pangasianodon hypopthalmus

In P. hypophthalmus, 21 of the 102 primer combinations gave presumed sex
assoclated bands (22 male and eight female specific bands) in the pooled DI:TA samples.
After analysis of the individual DNA samples, 28 fragments showed sex specificity (21
male and 7 female specific fragments). Twenty six of these 28 presumed sex- specific
fragments were successfully cloned and gave clear nucleotide sequences.

Forty-four primer pairs were designed from these sequences among which only one
(PHMS8 F1R2) gave a 526 bp fragment which was relatively more specific to and gave
stronger amplification products in males (Figure 1). The fragment appeared in 25 males
and 13 females but only one female had a band with an intensi.ty approaching that in males.
The remaining primers yielded PCR products against the individual DNA samples of both
sexes. However when this primér was used to amplify additional individual samples (22

males and 22 females) from another stock of P. hypophthalmus, no differential

amplification success between males and females (appeared in 10 males and 12 females)
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was observed. Further SSCP analysis of the PHM8 F1R2 amplicons (obtained from eight
male and four female samples) showed no sex-associated variation (Figure 2).

The Blast analyses showed high homology of 15 fragments with the sequences in
GenBank, but none were sex associated regions. Three fragments showed high homology

with the protein-encoding regions in Danio rerio and Takifugu rubripes with no relation to

sex (details of the results are in Table 1).
Do the Pangasianodon species lack sex chromosomes?

Despite the large number of primer combinations (570) used this study failed to
identify sex-specific markers for P. gigas. The number of primer combinations used was
much larger than the numbers reported in previous studies, e.g. 486 primer combinations

for rainbow trout (Oncorhynchus mykiss) (Felip et al., 2005), 256 for Penaeus monodon

(Khamnamtong et al., 2006) and 128-396 for sturgeon species (Wuertz et.al. 2006).
Therefore, we are confident that our analyses have covered a relatively largi: portion of P.
glgas genomes.

The success of the identification of sex-specific markers has depended largely on
the presence of a sex chromosome {e.g. African catfish (Kovacs et al., 2001); chinook,
chum and coho salmon (Brunelli and Thorgaard, 2004); rainbow trout (Felip et al., 2005)]
or non-chromosomal genetic sex determining mechanisms (three-spined stickleback,

Gasterosteus aculeatus) (Griffiths et al., 2000) in the target species. In contrast, failures to

identify sex specific markers have been reported in species without demonstrated sex
chromosomes or genetic sex determining systems [e.g. Atlantic salmon (McGowan and
Davidson, 1998); green spotted pufferfish (Li et al., 2002); giant tiger shrimp
(Khamnamtong et al., 2006) and sturgeon (Wuertz et al., 2006)]. The sex-determining

system of P._gigas is still unclear despite an inconclusive report suggesting presence of an
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XX/XY system (Manosroi et al., 2003). The failure to identify sex-associated markers in
the present study suggests that sex chromosomes may be absent in P. gigas.

Despite the smaller number of primer combinations used for P. hypophthalmus, we

observed a larger number of the presumed sex-associated AFLP fragments in this species
than in P. gigas. This may be attributable as a family effect wherein the male samples share
only one Y chromosome received from the father, thus have many polymorphisms
distinguishing the Y chromosome from the X chromosome. Although our P.

hypophthalmus samples were not a full-sib, it is likely that they came from only a small

number of families (Po-Charoen Farm, pers. comm.) whereas the P. gigas samples were
collected from widely distributed populations (both from the wild and from a large number
of hatcheries). The recombination events which have occurred along the sex chromosome
pair throughout the evolutionary history of P. gigas may be responsible for the inability to
detect the presumed sex-associated AFLP fragments. .

Nevertheless the present study does not reveal any sex specific markers in P.

hypophthalmus. To our knowledge there is no evidence for sex chromosomes and/or other

sex determining mechanisms in P, hypophthalmus. Therefore, we surmise that sex-specific
markers may not exist in this species despite having analyzed only a relatively small
portion of the genome by a small number of primer combinations used in this study.

In some cases, although sex is controlled by a sex chromosome, phenotypic sex
may be altered due to “modifying genes” and this may result in failure to identify sex-

associated markers (Li et al., 2002). This might explain our failure to detect such markers,

especially in P. ypophthalmus. *
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Our study was the first attempt to find sex markers in the Pangasiids. Despite the
faiture to find such markers our data are useful as a guideline for further studies targeting
similar goals.
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Table 1 Blast analysis of 16 fragments which show high homology (E-value <le-04)

Clone Insert blast¥ E-value Dblastx ? E-value
size (bp)

PH19 254 Gusterosteus aculeatus 3e-05 >le-04 >le-04
clone VMR(C26-21C14

PH37 330 Conger myriaster DNA le-06 >1e-04 >le-04

PH41 397 Ictalurus punctatus 8e-34 >1e-04 >le-04
upprocessed RNA for Oct2
transcription factor

PH45 503 Oryzias latipes gene for 3e-09 hypothetical protein 6e-05
membrane guanylyl cyclase [Danio rerio]
O1GC1

PHM2Z 390 Pseudobagrus ichikawai le-05 >le-04 >1e-04
DNA, microsatellite,
clone:Pi-m03

PHM4 156 Zebrafish DNA sequence Se-12 >le-04 >le-04
from clore DKEY-14H17
in linkape group 11

PHM7 191 Danio rerlo similar to Te-04 kinesin-related 3e-08
Kinesin-related microtuble-based
microtuble-based mator motor protein [Danio
protein (LOC558818), raric]
mRNA

PHME 557 >le-04 >le-04 putative nucleic acid le-10

binding protein
[Takifugu rubripes] &

PHMO 464 Mus musculus chromosome  4e-06 >le-04 >le-04
7, clone RP23-184F6

PHMI0O 174 Mus musculus chromosome  2e-05 >1e-04 >le-04
3, clone RP23-324B15

PHMI11 357 Zebrafish DNA sequence 3e-07 >1e-04 >1e-04
from clone DKEY-267L4 in
linkage group 17

PHMI12 245 Zebrafish DNA sequence 2e-07 >1e-04 >1e-04
from clone CH211-
151113 in linkage group
21

PHEM13 420 Zebrafish DNA sequence 3e-08 >le-04 >le-04
from clone DKEYP-50B9
in linkage group 25

PHM14 303 Zebrafish DNA sequence Te-14 >le-04 >1e-04
from clone DKEYP4C7 in
linkage group 13

PHMi6 213 Zebrafish DNA sequence Se-11 >1e-04 >le-04
from clone CH211-286H12

PHFMi1 366 Zebrafish DNA sequence 2e-09 >le-04 >le-04

from clone CH211-190N9
in linkage group 15




Fig 1 The amplification results of PHM8F1R2 with DNA of 28 females and males P.
hypophthalmus. M is 100 bp DNA marker.

Fig 2 SSCP analysts of the PCR product amplified from gemomic DNA of females
(lanes 1-4) and males (lanes 5-12) P. hypophthalmus using primer PHM8F1R2. Lanes
M and D are a 100 bp DNA marker and the double strand PCR product, respectively.
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Introduction

Abstract

Catfishes of the family Pangasiidae are an imporiant group that contributes
significantly to the fisheries of the Mekong River basin. In recent times the
populations of severai catfish species have declined, thought to be due to over-
fishing and habitat changes brought about by anthropogenic influences. The
Mekong giant catfish Pangasianoden gigas Chevey, 1913 is listed as Critically
Endangered on the IUCN Red List. In the present seudy, we assessed the level of
genetic diversity of nine catfish species using sequences of the targe subunit of
mitochondrial DNA {165 rRNA). Approximately 570 bage pairs (bp) were
sequenced from 672 individuals of nine species. In all species studied, haplotype
diversity and nucleotide diversity ranged from 0.118 £ 0.101 to 0.667 £0.141 and
from 0.0002+0.0003 to 0.0016 00013, respectively. Four haplotypes were
detected among 16 samples from natural populations of the criticaily endangered
Mekong giant catfish, The results, in spite of the limited sample size for some
species investigated, indicated that the level of genetic variation ébserved in wild
populations of the Mekong giant caifish (haplotype divessity = 0.350+0.148,
nucleotide diversity = 0.0009 + 0.0008) is commensurate with that of some other
related species. This finding indicates that {I) wild populations of the Mekong
giant catfish might be more robust than currently thought or (2) present wikd
populations of this species carry a genetic signature of the historcally larger
population(s}. Findings from this study also have important implications lor
conservation of the Mekong giant catfish, especially in desigaing and implement-
ing artificial breeding programme for restocking purposes.

largest Freshwater fishes of the world, up to 300 kg in weight
and 300cm in length {Hogan e al., 2004). This species is

An understanding of the level of genetic diversity of rare and
endangered species can coatribute to knowledge of their
evolutionary history and potential and is critical to develop-
ing strategies for their conservation and management. Ge-
netic diversity influences the adaptive flexibility of 4 species
to environmental changes (Vrijenhoek, 1994) and is an
important factor in the conservation of endangered species.
Although there are instances where populations survive over
long periods of time despite iow levels of genetic variations
{Groombridge er al., 2000; Visscher er al., 2001), the long-
tesm risks posed by low levels of genetic varistion have
made the management and restoration of the iatter a major
aim in conservation {Frankham, Ballou & Briscoe, 2002).
Pangasianodon gigas Chevey, 1913, the Mekong giant
catfish endemic to the Mekong River basin, is one of the

considered to be Critically Endangered (IUCN, http:f/
www.iucn.org) and is also listed in Appendix [ of the
Convention on International Trade in Endangered Species
of Wild Flora and Fauna (CITES). Conservation initiatives
by the TUCN have included a 'buy-and-release’ scheme
to reduce Gshing-related mortality (Hogan er al., 2004},
Mekong giant catfishes are commercially farmed in Thai-
iand and. despite the apparent endangered status of wild
stocks, a substantial population of first-generation broed-
stock is heid in captivity.

Several species of the family Papgasiidae are important
food fish in the Soutb-east Asian region. These specics
contribute significantly to regional fisheries, especially the
fisheries in the Mekong, which supports one of the most
significant riverine fisheres in the world (Coates, 2002).
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Some of the pungasiid species such as Pargasius
(= Pangasianodon) hypophthalmus (Sauvage 1878} and Pan-
gasius hocourti Sauvage 1880 are widely cultured in the
lower Mekong River basin (Trong, Nguyen & Griffiths.
2002},

Populations of the Mekong giant catfish and other closely
species are reported to have markedly declined over the
years (Sverdrup-Jensen. 2002). The decline in wild popula-
tions is thought to be due to overfishing ard habitat
destruction caused by anthropogenic activities (Coates,
2002). The numbers of Mekong giant catfish caught from
the wild, in Chiangrai Province, Thailand for example, have
declined {rom u peak of about 65 individuals in 1990 to
fewer than five in 1997 (Photprasith & Tavarutmaneegui,
1997}, and in the 2001 and 2002 seasons (April-May} none
were caught (Poulsen &1 af., 2004). This species is also of
importan! cultural value, particularly in Lao PDR and
Thailand, and in the upper reaches of the river the annual
fishery is preceded by a traditional ceremony. Pangasiid
fishes are likely to be at high risk as most fisheries for such
species take place during their spawning migrations and
species are generally of large size and mature slowly (War-
rer, Chapman & Singanouvong, 1998, Sverdrup-lensen,
2002).

Despite the importance and popularity of pangasiid cat-
fishes 1o Mekong riparian countries, details of their biology,
especially levels of genctic diversity, are not well documen-
ted (Mattson et af., 2002; Poulsen er af., 2004). The only
genetic investigation to date is a study of the phylogenetic
relationships amorg pangasiid catfishes by Pouyaud e/ al.
(2000}, in which intraspecific genetic diversity was not
examined. In most species and populations, the amount of
genetic variation and thus the potential threats posed by
limited vaciation are unknown.

In this study we estimated the levels of genetic variation
of botk wild and captive populations of the Mekong giant
catfish, and that of other closely related species using
sequences of the large subunit ribosomal RNA (165 rRNA)
gene region of the mitochondrial genome. One needs to zlse
appreciate the difficulties of obtaining samples of wild
stocks of 2 highly endangered species such as the Mekong
giant catfish, of which only one or two individual fish are
caught in & yedr in the commercial fishery, and of which
knowledge on the spawning grounds and life-history stages
is almost unknown.

Materials and methods

Sampling

Details of sampling localities and sample sizes are presented
in Table 1 and Fig. ). Finclips from 16 individuals of
Pangasianoden gigas were collected between 2002 2nd 2005
from commercial catches in the Mekong River and its
tributaries {from Cambodia and Thailand). In addition,
finclips of 127 individuals from captive-bred stocks held at
four government and three private hatcheries in Thaitand
were also obtained (Table 1).

U. Na-Nakom at af.

Finclips of 95 individuals of thfa only congener (i.e. species
betonging to the same genus) of the giant catfish Pangasia-
nedon hypophihalimus were collected. Samples of 435 indivi-
duals of seven other species, including five species of the
genus Pangasius, that is P. bocowrri, Pangasius conchophilus
Roberts & Vidthayanon, 1991, Pangasius larnaudii Bocourt,
1866, Pangasius macronema Bleeker, 1851 and Pangasius
sanitwongsei Smith, 1931, and one species each of the two
other closely related genera, that is Helicophagus waandersii
Blecker, 1858 and Preropangasius pleurotgenia Sauvage,
1878, from commercial catches in the Mekong River and
some from the Chao Phraya River were also collected {Tabie
1). All finclips were preserved in 95% ethano! until required.

Lahoratory procedures

Genomic DNA was extracted from 20-50mg of finclip
tissue according to the method described by Taggart ef 4l
{1992) with siight medifications. DNA was suspended in TE
buffer (i¢mM Tris-HCl pH 7.5; 1 mM EDTA pH 8.0) and
stored at 4 °C until requized.

A partial region of mitochondrial [68 rRNA gene was
amptified using primers 168ar (5-CGC CTG TTT AAC AAA
AAC AT-3") and 165br (5'-CCG GTC TGA ACT CAG ATC
ATG T-3") (Palumbi er al., 1991). Polymerase chain reaction
(PCR) was performed in a total volume of 30 4L containing
50nguL~" of template DNA, | x PCR buffer, 2mM MgCl,,
0.2mM dNTPS, 0.5uM of each primer apd 1 unit of Taq
Polymerase (Promega, Madison, WL USA). Initial denatura-
tion at 94 “C for 3 min was followed by 30 cycles of denaturation
al 94 °C for | min, annealing at 52 °C for 4nin and exteasion at
72°C for 1 main, and a final extension at 72 *C for 5 min.

The majority of samples was analysed at the Laboratory
of Population Genetic Informatics, Tohoku University,
Japan, where PCR products were purified with ExoSAP-IT
(usb) and sequenced in an ABI Prism™ 377 DNA Sequencer
{Applied Biosystems, Foster City, CA, USA) using the
BigDye™ Terminator Cycle Sequencing Ready Reaction
Kit. The remaining samples were sent to Macrogen Inc..
Republic of Korea, for purification and sequencing. All
samples were sequenced in both directions to check the
validity of the sequence data.

Data analysis

Sequences were viewed and edited using MEGA3.1 (Kumar,
Tamura & Nei, 2004) and then aligned using ClustaiW as
implemented in the same software. Data were then imported
inte Arlequin version 2.0 (Schoeider, Roessli & Excofier,
2000) for further analysis.

Moleculas diversity indices within species, that is haplotype
diversity (&, the probability that two randomiy chosen hapto-
types are different) and nucleotide diversity (x, the probability
that two randomly chosen homologous nucteotides are differ-
ent), were estimated (Nei, 1987). Retationships between in-
traspecific haplotypes within each species were assessed using
the molecular-variance parsimony technigue (minimum span-
ning networks) using the same software.
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Table 1 Sample codes, sample origins (MK, Mekonyg River basin; CP, Chao Phraye River basin; CS, ceptive stock), localities, and sample size for
populations of pangasiid species analysed in the present study

Qrigin Locality Year of collection Sample size
Fangasianadon gigas
MK Tonle Sap, Camboxiia 2004 1
MAK, Chiangrai Province 2004-2005 1
MK Nakornpanom Province 2001 1
MK Ubonratchatani Province 2002 3
s Inland Fisherias Research Institute, Ayuithays Province 2004 4
cs Chiangmai Inland Fisharies Research and Devalopmant Cantre 2004 |
CS Maejo University, Chiangmai Province 2003 g
cs Hatchery, Jaran Farm, Chizngrai Province 2003 11
Ccs Hatchary, Wangplabug Farm, Chiangrai Province 2004 39
cs Phayso Inland Fisharies Research and Development Centre 2004 14
cs Hatchery, Chaomudeha Farm, Supanburi Province 2004 18
Pangasianodon hypophthalmus
MK Tonlg Sap, Cambodia 2004 18
MK Chiangrai Provinca 2004 4
MK Nakomganom Province 2003 12
MK Nongkhai Inland Fisheries Resesrch and Development Centre 2005 T
CP Ayutthaya Frovince 2005 20
ce Paturntani Pravince 2004 0
CP Sakaekrang River, Uthaitani Provinca 2005 20
Pangasius bocourti
MK Chiangrai Province 2004 4
MK Nongkhai Province 2006 2
MK MNakompanom Pravince 2004 33
MK Ubonrstechatani Province 2005 3
Pangasius conchophilus
MK Mukdahan Province 2004 7
MK Nengkhai Pravince 2008 13
WK Makompanor Province 2004 4 g
MK Sakonnakorn Inland Fisheries Resaarch and Development Centre 2004 H
Pangasius lamaudii
MK Mekong Rivar, Cambodia 2004 27
MK Mekong River, Nongkhai Province 2003 6
MK Nakornpanom Province 2003 8
MK Ubonratchatani Provinga 2004 27
ce Chainat Province 2003 49
CpP Pichit Province 2003 45
CP Pisanulok Province 2003 4
CcpP Pstumtani Province 2004 51
Fangasius macronerma
MK Nongkhai Pravince 2005 14
MK Nakornpanom Province 2004 !
Pangasius sanftwongsei
MK Chiangrai Pravince 2003 1
MK Nskornpanomn Province 2003 44
MK Ubonratchatani Provinca 2003 10
MK Sakonnakorn inland Fisheries Research and Devslopment Centre 2004 10
Helicophagus waandersii
MK Mongkhai Province 2004-2005 n
MK Nakompanom Province 2004 24
Frergpangasius pleurotaenia
MK Nongkhai Province 2005 3
MK Nakornpanom Province - 2004 2
MK Ubonratchatani Province 2005 2
MK Mongkhai Inland Fisherias Research and Devaloprmant Centre 2005 5

Unless othenwise stated the samplas were from diffarent locations in Thailand.
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Demographic history was investigated by unalysing mis-
match distributions of pairwise dilferences between all wild-
caught tndividuals of each species. This kind ol analysis is
uble to discern whether u populationfspecies has undergone
rapid expansion {possibly after a botileneck) or has re-
mained siable over tme. It has been demonstrated that
popukition expansion generates a unimeodzl distribution
(similar to a Poisson curve) and stable populalions typically
preduce a2 mullimodal distribution (Slatkin & Hudson,
1991; Rogers & Harpending. 1992). We analysed the shape
of the mismatch distribution for cach species to test whether
the presently observed genetic variation fit an equilibrium
model. The interpreted data were subjected to a goodness-
of-fit iest belween the observed and simulated dala
{Harpending, 1994).

The time of possible population expansions {1, in aumber
of generations) was calculated through the relationship
7= 2ut (Rogers & Harpending, 1992), where tis the mode
of the mismatch distribunion, and « is the mutation rate of
the sequence considering that 12 = 2uk (g is the mutation rale
per nucleotide and & is the number of nuBleotides). A
mutation rate of 1.0% per nucleotide per millior years
(Myr) was used, as the 1653 rRNA gene is considered as one
of the most conserved genes in the mtDNA genome (Simon
¢t al., 1994) although it is accepted thai the mean cate of

485

Figura 1 Sampling localities of the mine catfish
species in the prasans itudy,

evolution of fish miDINA is 1.0-2.0% (Donalson & Wilson,
1999). As there is no reliable information on maturation age
in the wild of any catfish specics studied, we used the data
that are available in captivity for several species, for example
I0-16years for Pangasianedon gigas (Meng-Umphan,
2000, 2-5 years for Pangasianodan hypaphthalmus (Pimon-
bud, Udomkarn & Meewan, 1994) and 4-5years for
P. fgrnaudii (Pongsidjan, Rungtongbaisuree & Pongjanya-
kun, 2001), 6-7 years for P. saniiwongsei (Unakornsawad,
Tripelaksorn & Yodpaen, 1998), 45 years for 2. focourii
(Pongmanserat e af., 2006). For species with no informa-
tion available, we applied the average peneration time of
4-5 yeurs,

Arlequin 2.0 {Schneider er of.. 2000) was also used to Lest
for departures from mutatioa-drift equilibrium with Taji-
ma’s D test (Tajima, 1989). The statistical significance of this
neutralily test was obtained by generating samples in accor-
dance with the hypothesis of selective neuvtrality and popula-
lion equilibrium, using 4 coalescent simulation algorithm as
adapted from Hudson (1990).

Statistical testing for population differentiation in each
species (where applicable) involved an cxact test (Raymond
& Rousset, 1995) of a contingency table based on haplotype
frequencies and pairwise comparisons of Fgr using analysis
of molecular variunce {Excoffier, Smouse & Qualiro, 1992)

Armal Conservation 9120061 483484 & 2006 The Authors. Journal complaton © 2006 The Zoological Society of Loadan
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Table 2 Distribution of haplotypes observed in the nine psngasiid catfish species originating from the Mekong (MK) énd}or the Chao Phrays (CF)

River basins
Qrigin Origin
Haplotype MK cp Species Haplotype MK ol
Pangasianodon gigas
Pan 13 No Pangasius macranems Fm01 16 NS
Pg02 1 No Pm02 1 NS
Fg03 1 Mo
PgD4 1 No Pangasius sanitwongsel Ps01 52 NS
Ps02 9 NS
Pangasianodon hypophthaimus
PhO1i 36 42 Ps03 ] NS5
Prd2 0 1 Ps04 i NS
PhO3 0 7 Ps05 1 NS
PHO4 3 4] Ps06 1 NS
FhOZ 1 o
Ph8 2 0 Raticophagus Hwi1 37 NS
PhO7 2 0 wagndersii Hw02 3 NS
Phi8 1 Q HwO3 1 NS
Pangasius bocourti Hw04 ! NS
PoO1 25 NS HwAd5 1 NS
P02 1 NS Hwis 1 NS
P03 4 NS HwD? 1 NS
P4 2 NS
Pu0s 1 NS Preropangasius Pp01 7 NS
Fb0s 3 NS plaurotasnia Ppl2 1 NS
F&07 2 NS Pp03 2 NS
Po08 1 NS Ppi4 1 NS
Pl 1 NS Pal% 1 NS
Pb1Q 1 NS
Pangasius conchophilus 4
P01 5 NS
PcO2 1 NS
Pc03 1 NS
Pangasisu faraudil
Pi01 63 139
PIOZ 2 2
PIG3 1 4]
PID4 0 1
FI05 1 0
Pig8 0 t
PIa7 Q ]
P8 0 1
PIng 0 1
Po a 3
P11 1 o

No, does not occur; NS, not sampled.

based on 1000 permutations of the data matrix. Samples
were grouped on the basis of their origins, for example
Mekong River basin (MK}, Chao Phraya River basin (CP)
and captive stock (CS).

Genetic retationships among haplotypes were assessed by
neighbor-joining (NJ), maximum parsimony (’MP)_ and
maximum likelihood (ML) analyses using PAUP* version
4b10 (Swofford, 200%). The omtimal model of nucleotide
evolution for NJ and ML analyses was determired by
hierarchical likelihood ratio tests using the seltware Model

Test version 3.7 {Posada & Crandall, 1998). The resultant
models were used to calculate pairwise sequence distances
und to construct the NJ and ML trees. An unweighted MP
and ML heuristic search option was used to search for the
best tree with starting trees obtained via stepwise addition of
taxa, and each seurch was replicated [0 times. Branch
swapping was implemented using the tree-bisection-recon-
nection (TBR} option. Confidence limits were assessed using
bootstrap procedure (Felsenstein, 1985) with 1000 and
500 pseudoreplicates for NJ and MP, and ML, respectively.
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Flgure 2 Minimumn spanning networks of miIDNA 165 rRNA haplo-
rypas of the rne catlish species swdied. Bars across branches
indicate single-nuclectida change. The size of each circle, for each
specias, is an approximale indication of the frequency of the haplo-
types present {open circle: found only in the Mekong River system;
grey circte: common in caplive stocks and in 1he Mekong; checked
shaded circle: found anly in Chao Phraya River systern; black cirele:
common in both river systems),

Resuits

MtDNA 16S rRNA sequence variability and
haplotype networks

A total of ¢. 570 bp of the mIDNA 165 rRNA gene region
was successfully sequenced for 633 individuals of nine
specics of pangasiid catfish. Overall, 56 haplotypes were
detected Tor all species, of which the highest number of
haplotypes (L1} was observed in P. farncudi and the lowest
numbes (1wo) was detected in P. macronema. 1n the critically
endangered Mekong giant catfish, although only 16 indivi-
duals were examined, four haplotypes were detected. All
individuals (# = 127) lrom captive stock samples of Panga-
sianodon gigas shared one haplotype, which is identical to
the most commeon haplolypes found in the wild samples.
Distribution of these haplotypes of each specieS of different
origins {i.c. MK. CP, C8) is presented in Table 2. Sequences
of all haplotypes were submitted 10 GenBank (accession
numbers: Pangasianodon gigas DQ307046-DQI07049; Pan-
gasiunodon hypophihalimus DQ334282-DQ334289:

U. Na-MNakom af af

P.  bocourti DQJ34290—DQ§34299; P.  conchophilus
DQ334300-DQ334302; P. larnaudii DQ334303-DQ334313;
P. macronema DQ334314-DQ334315; P. sanitwongsei
DQ334316-DQ33432); H. waandersii  DQ334322-DQ
334328, Preropangasius pleurotaenia DQ334329-DQ334333).

Minimum spasning networks showing relationships
ameng haplotypes within each species are presented in
Fig. 2. With the exception of P. macronema samples, which
consist of only two haplotypes, al) the other species showed
a star-like phylogery with one common central haplotype,
which is believed to be the most likely ancestral variant
according to coalescent theory (Posada & Crandall, 2001}
The peripheral mitochondrial variants are connecied to the
central haplotypes with one to three mulations (Fig. 2).

A summary of mtDNA variation for wild-caught samples
of each species is given in Table 3. Owerall, all species
showed low to moderate haplotype diversity (0.118-0.667)
and very low nucleotide diversity (0.0002-0.0016). Of all the
species examined, P. macroneima showed the least genelic
variation, while Preropangasius pleurotaenia, even with the
smallest sample size. appeared to be the most divergent.
Pangasiancdon hypophthalmus, with much larger sample
size, showed similar values of diversily indices Lo Hs most
closely related and the critically endangered Mekong giant
catfish Pangasianodon gigas.

Population differentiation

Eslimates of genetic differentiation belween samples using
pairwise Fgy and cxact tests are given in Table 4. Among
three available pairwise tests, significan® population differ-
entiation and significant Fgy values were observed on only
one occasion, for ¢example between the wild and caplive
stocks of Pangasionodon gigas (Fep = 0.376. P = 0.000, ex-
acl test P value = 0.002). Genetic differentiation belween
populations was not detected for species with samples
collected from both the Mekong and Chao Phraya River
systems, although several private haplotypes were observed
in low frequencies in Chao Phraya and Mekong Rivers for
Pangasianodon hypophihalmus and P. larnauddii.

Inference of population history

As there was no evidence of genetic differentiation, all
natural samples within each species were pooled as a single
group to conduct tests of sclective neutrality and demo-
graphic history as for intraspecific diversity. Results of
pairwise mismatch analysis and Tajima’s 2 test performed
on cach species are given in Fig. 2. D values obtained from
Tajima's D tests were negative and ranged from —2.2435 for
P. larnaudii 10 —1.103 for Pieropangasius pleurotaeniy.
These negative values (indicating more rare nucleotide site
variants than would be expected under a neutral model of
evolution) can result from selection andfor population
expansion. Except for three species, that is P, conchophilus,
P.nacronema and Preropangasius plewrotaenia, \he hypoth-
csis of neutral evolution was rejected with Tajima’s D test
(Fig. 3).
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Table 3 Number of mtONA. 185 rRNA region haplotypes, number of haplotypes (M), pumber of polymorphic sites (PS), haplotype diversity (A,
nucleotide diversity {n} and parameters estimated under the sudden expansion modet

Spacies n H S h+so rtsD T 1 T

Pangasianodon gigas 16 4 4 035040148 0.0008 + 0.0008 2.065 009599 0.80-1.44
Pangasianodon hypophthalmus 95 8 7 0.322 +0.081 0.0006 + 0.0006 0.927 40445.03 0.08-0.20
Psngasius bocourts 42 10 8 0.576+0.086 0.0012 +0.00113 0.908 39616.06 0.16-0.20
Pangasius conchophilus 26 3 2 0.145:+0.08% 0.0003 £ 0.0004 3.000 130820.05 0.52-0.65
Pangasius larnaudii 217 11 13 0.133:+0.031 0.0003 +0.0004 3.032 132286.21 0.53-0.66
FPangastus macronema 17 2 1 0.118+0.101 0.0002 + 0.0003 3.000 130890.05 0.52-0.65
Fangasius sanitwongsel 85 ] 8 0.345 £ 0.089 0.0008 £ 0.0007 3.000 130890.05 0.79-0.92
Helicophagus wasndersii 55 7 8 0.324 +£0.090 0.0007 £ 0.0007 1.013 4418721 0.18-0.22
Ptaropangasius pleurotaenia 12 5 4 0667 +£0.141 0.0016+0.0033 1.345 5858237 0.23-0.29

7. tim@ since the population expansion measured in units of 1/2u generations, whare v is the pernuclectide rate of mutation {1% per Myr is
applied in the present study} muttiplied by the number of nuclectides in the sequence; ¢, time since expansion in numbar of generations; T, time

since population expansion in Myrl; so, standard deviation

Dhstributions of pairwise differences between alleles of
each species were compared with the pairwise mismatch
distribution (Fig. 2) obtained under the sudden population
expansion model (Rogers, 1993). Pairwise mismatch
distributions for almost all species in this study conformed
to Rogers’ (1995) model of sudden expansion (P =
0.052-0.542), except for that of Pangasianadon hypophthal-
mus {P=0.045). A unimodal mismaich disiribution was
observed in all species, and all species showed a high
proportion of paired comparisons between ideatical haplo-
types {zero sites difference). Estimated possible population
expansion times of the nine catfish species are shown in
Table 3.

Interspecific relationships

K80+ G (equal basc frequencies, transitionftransversion
ratio = 3.1268, y distribution shape parameter G = 0.1283)
was selected as the most suited model for the 165 rRNA
sequences of pangasiid catfish. MP recovered a single most
parstmonious tree (L = 130}, which is identical to the tree
recovered from ML analysis in terms of topology, with
minor differences in bootstrap support at some nodes (Fig.
4). The tree recovered from NJ has a different topology with
regard to the position of P. bocourti and P. cenchophifuy
{Fig. 4}. Overall, haplotypes within each species are clus-
tered together with high bootstrap support (8i-100%).
whereas the confidence limits of interspecific relationships
are rather poor at some nodes (Table 5}

Discussion

Genetic variation and historical demography

The present study reveals several significant findings in
relation to the genetic diversity of the rine pangasiid catfish
species investigated, including the critically efdangered
Mekong giant catfish. In general, low levels of intraspecific
variation were observed not only in the criticaily endangered
Mekong giant catfish but also in other closely related species
that are prescntly common and abundant.

Table 4 Pairwise Fgy between samples (MK, Mekeng River basin; CP,
Chac Phraya Rivar besin; CS, captive stocks) of three pengasiid
species examined based on 1000 permutations of the 185 rRNA
sequences

Species Origin BAK
Pangaswanodon gigas cs {0.376)*
Pangasianotion hypophthalmus cP 0.027*
Fangasius farnaudii CcP 0.000

Parenthases indicate significant Fgy values, while asterisks indicate
that the exact test of sllela frequency homaogenaity is rejected.

in genmeral, it is predicted that genetic dariation within
species should positively correlate with population size, and
as a consequence genetic variation in endangered species is
expected to be lower than in non-endangered species
(Frankham, [996). In addition, genetic varatior in body
size relationships is ofien negatively correlated, and proven
to be significantly so in mammais (Wooten & Smith, 1985;
Frankham, 1998). The results from the present study,
however, did not conform to the above predictions. Panga-
sianodon gigas is the largest freshwater fish in the Mekong:
however, the observed haplotype diversity and nucléotide
diversity of this relatively small naturai population sample
appear to be commensurate with that observed in other
related species. Other studies on a range of endangered
species have also shown similar results {e.g. Lewis & Craw-
ford, 1995; Ge et al., 1999; Gitzendanner & Soltis, 2000;
Madsen er af., 2000). This lack of correlation may be a result
of the complicated processes involved in determiniag genetic
variation at specific foci.

The unexpected, relatively high number of haplotypes
observed in the present population of Mekong giant catfish
could be a reflection of large historical poputation size. This
genetic signature of large historica) population size is likely
reflected in current individuals for a long time due o the
long generation time of this species {10-16 years in captivity;
Meng-Umphan, 2000), as in the case of an endangered
population of rhinoceros Rhlioceros unicornis in Chitwan
Valiey (Nepal) (Dinerstein & McCracken, 1990).
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Number of diflerancas

The results of mismatch distribution and the neutrality
test suggesl thal many species have undergone recent demo-
gruphic expansion. Nearly all species uppear 10 be in a
mutation-dnift disequilibrium. 11 is estimated that the possi-
ble imes of expansion (Rogers & Harpending, 1992) for the
Pangasiid catfishes ranpe from 0.08 to 1.44 Myr ago. This
implics that the expansion of these species occurred in the
carly to mid-Pleistocenc. In the last 0.25 Myr, it 15 estimated
that in this geographical region the sea level has been 75m
below the present level for up to 37% of the time (Voris,
2000). These geological eveats could have shaped genetic
variation of the aquatic fauna in the region, and the caifish
species studied may not be an exception in this regard.

it is upparent that the indicalion from genétic informa-
ton in the present study is not in accordance with the
avajlable fisheries statistics. Alhough genetic data indicale
an expansion ol the populations of all species, fishery data
report a significant decline in cuiches (Sverdrup-Jensen,

490

from witd populstions of the ning Pangasud
catfish species. Grey knes correspond to ex-
pacted mismaich distributions. SDD. sum of
squared deviation of mismatch distribution;
D, Tajima’'s D value; P. probability,

2002). A possible explanation for this confliciing observa-
tion is that the genelic data information presented here may
reflect the genetic signature of past population(s) but nol its
present status,

Admittedly, in the case of the Mekong giam caifish,
which was never caught in large numbers since the time
records became available, the current catches are very few in
number. For example. in the Cambodian sector of the
Mekong River only 46 fish have been caugin between 1999
and 2005 (Hortle er al., 2005). In the Thailand sector there
has been a significant decline in the number of giant catfish
caught per year, from a high of about 40-50 fish in 1930 to
an average of three fish in the period 2000-2005 (N.
Sukumasavin, pers. comm.}. This decline in catches may
not only necessarily reflect a decline in populalion size but
may alse be due lo behavioural changes, including the
migratory pattern of the species. among other factors, which
still remains largely unknown.
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Implications for conservation

The level of mtDNA 165 rRNA sequence variation of the
wild population of the critically endungered Mekong gianl
catfish is similar 1o most of 15 elosely related species, excepl
for P. borourti and Pierepangasius pleurotaenia, which
showed a preater level of diversity. It is important that
conscrvation cfforts should develop a sirategy so that the
current level of genetic diversity of the Mekeng giant catfish
is maintained over time.
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Figura 4 Maximurm liketihood (ML) tree showing the relationships
among 56 mtDNA 165 (RNA haplotypes from nine pangasid catfish
species. The numbers a1 each nods rapresant bootstrap proponion
based on 500 pseudorepiicates for ML and 1000 for maximum
parsimony end neighbor-joining {NJ} anslyses, respectively, — indi-
cates that bootstrap values are lower than 50. “indicatas that topology
was diffarent in the NJ ree.

MtDMA diversity of Mekong giant catfish

Almost all fish samples of Pangusianedon gigas used in
the present analysis were derived from wild parents capiured
in the commercial fishery, [rom which eggs and sperm were
stripped for artificial fertilization. in almost all instances.
stripping and the stress of capture of these Jarge fish lead to
mortality. It is belicved that these fish contributed their
genetic material to the present captive stock, which is
currently held in a number of hatcheries in Thailand.
However, the present analysis of 127 hatchery-bred indivi-
duals did not correspond 1o the level of genetic variation
observed in the wild counterparts. The captive broodstock
population is thought to be a critical resource for luture
cfforts to rebuild the wild population(s). Thus for conserva-
tien purpeses, il 15 important that a broodstock manage-
ment plan that takes into account the process of founding
broodstock be developed, and should include all availuble
haplotypes to maximize the effective population size in
order lo maimain the genetic integrity of Pangasianodon
gigas in captivily.

To date, most conservation efforts have concentrated on
the Mekorg giant catfish alone and little atiention has been
paid to ils retatives. Species such us P. sanitwongsel, which is
considered 1o be relatively rare in the Mekong and thought
10 be cxtinct in the Chao Phraya River, also deserves
attention. In fact, it has been included in the IUCN Red
List but as ‘data deficient” (Poulsen er «f., 2004), and
curreatly 2 strategy does not exist 1o preserve this species.

Capiive breeding programmes for Pangasianodon gigas
were initiated in 1984 with the aim to replenish depleted wild
stocks. Currently, there are over 20000 individuals of Lhe
first generation of Pangasianoden gigas #n captivity. In
general, most management strategies focus on the mainte-
nance of a maximum level of genetic diversity of broodstock
to ensure minimal adverse genetic impacts on wild counter-
parts after restocking or incidental escapements. as revealed
in many other studies (Waples, 1991; Hughes e: al., 2003).
With respect to Pangasianedon gigas. although the samples
analysed may notl represent the entire captive population,
the common haplotypes scem to dominate the stock and
thereforc carc must be taken in selecting broodstock for
restocking purposes. For species such as Pangasianodon
hypophthahnus and P, bocowrdd, which are not widely
cultured in Thailund but mass produced clsewhere in the

Table 5 Summary of parcentage sequance divargence within [diagonal) and batween (below diagonal) the nina pangasild species and calculated

based on the KBO + G modat

Species PG PH PB PC PL PM P3 Hw PP
Pengasianodon gigas IPG) 0.004

Pangastancdon hypephihalmus IPH} 0.024 0.004

Pangasius bocowti (PB) 0.041 0.041 0.003

Pangashis conchophiiug (PC) 0.027 0.030 0.034 0.003

Panggsius fernaudif (PL) 0.038 0.035 0037 Q033 0035

Pangasius macronerna (PM) 0.039 0.038 0.035 0.034 0.035 0.002

Pangasius sanitwongse: {FS) 0.036 0.033 0.030 0.026 0.022 0.028 0.005

Helicophagus waandarsi (HW) 0.038 0.037 0.040 0.030 0.037 0.040 0.034 0.004
Praropangasivs pleurotaema (PP} 0.048 0043 0.042 0.028 0.041 0.030 0.031 0.043 0.003
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lower Mekong. particularly in Vietnam (Trong et af., 2002),
special atiention is needed in designing breeding pro-
grammes 5o that genelic diversity is maintained and the
risks associated with inbreeding are minimized. It is also
acknowledged that matataining genetic diversity alone does
not ensure survival in the wild due to possible behavioural
and genetic adaptations in captivity.

Further studies

The vltimate goal of conservation programmes is to identify
and preserve the historical popuiation steucture and/or
patterns of diversity within and between populations of
species under consideration (Vrijeshoek, 1994). With re-
spect to the nine pangasiid cutfish species, information
concerning the population structure of each species is
currently lacking, especially on a finer scale, for example
upstream and downstream and between tributuries in each
river system. Although no genetic differentiation was de-
tected between the Chao Phraya and Mekong samples of
Pangasianodon hypophthabmus and P. larnaudii, it is not
certain ai this stage whether to consider fish from the two
river systems to be of one single stock or not. This needs
further clarification using extensive samplinag and more
variable genetic markers such as microsatellites, which are
readily available for pangasiid catfishes (Hogan & May,
2002).

in the present study, levels of genetic variation were
estimated based on only a single non-coding locus. How-
ever, recent studies have criticized the use of mon-coding
genetic mackers in that these may not reflect the variation
that is important to the fitness of the species in guestion
{Reed & Frankham. 2001; van Tienderen et af., 2002:
Bekessy ef af., 2003}. On the other hand, using markers that
only target a small number of penes is risky when assessing
the hiodiversity of endangered species, especially if there is a
threat to the species from genome-wide inbreeding depres-
sion (van Tienderen er al., 2002). As such, further assess-
ment of levels of genetic variation of pangasiid catfish
species, including the critically endangered Mekong giant
catfish, using a combination of both coding and non-coding
loci, may be warranted {Hasson & Richardson, 2005).
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Abstract

The giant freshwater prawn, Macrobrachivm rosenbergii is commercially cultured in many tropical countries. Males of this
species grow much faster than fernales so that, obviously, culture of an ali-male population produces significantly higher yield than
an all-fernale or mixed-sex culture. Although sex of M. rosenberyii is determined by genetics, sex reversal from males to females
ean be triggered by the removal of androgenic glands at an early stape. The empirical information obtained from two famities
showed that almost all offspiings of the neofemales were male. Therefore we conducted this study to explore the result of such
mating with sufficient aumber of crosses in the Thai strain of M. rosenbergii. The histology of the gonadg during the threshold
period of sex determination was also studied. The results showed that the gonadal differentiation of M, rosenbergii did not occur
until the stage that both gonopore complexes and appendix masculinae appeared in males. The bilateral removal of androgenic
glands of a total of 87 postlarvae at stage [ (presence of the gonopore complexes but not the apperdix masculinae) resulted in
80.4% survival. Among the survivors 30% developed as female and 27.14% eventually matured. Mating of {2 neofernales with
normal majes resulted in all-male offspring in cight crosses; 88-99.49% males in two crosses. The remaining two crosses produced
offspring with 1:1 sex ratio and hence were attributed to misiabeling of the normal female as neofemales. The 10 control crosses
(normal mate x normzl female) produced varying offspring sex ratios from 1:1 (six crosses) to 1,72%:10" (pooled data from four
crosses). Fecundity of the neofemnales was not different from that of the normal females. Qur results suggest that the application of
the nepfemnale technology to produce ali-male stock for aquaculture is promising.
© 2006 Elsevier B.V. All rights reserved.

Kevwords: Macrobrachium rosenbergil, Andrectomy: All-male stock

1. Introduction production between 1998 and 2003 (FAQO, 2004).

However, culture technologies of this species are still

Aquacuiture of the giant freshwater prawn, Macro-
brachium rosenbergii has been established for more
than 30years and is expanding worldwide with
approximately 23.5% increment in the wqgld annual
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varying. The differential growth between sexes is of
great concem in M. rosenbergii culture wherein males
grow much faster than females (Holthuis, 1980).
Culture of all-male prawn gave significantly higher
yield with shorter culture period than the mixed-sexes
and the all-female culture (Sagi etal., 1986; Coben etal.,
1988). Moreover the manual sexing was not justified by
the refatively smal! increase of income (Hulata et al,,



W Rungsin et al. / Aquacuiture 259 (2006} 83-94 89

1988). Therefore, the alternative biotechnological
method has been explored for producing an all-male
stock of freshwater prawn, among which the neofemale
technology is promising (reviewed by Sagi and Aflalo,
2005).

The androgenic gland of crustaceans is the only
source of hormone that contrals sex differentiation fo
maleness and the development of male characters
(Ruppert et al., 2004), The ablation of the androgenic
gland at carly stage of development caused sex reversal
to females (necfemale) (Nagamine et al., 1980) while
the implantation of the androgenic gland in female M
rosenbergii resulted in sex reversal to males (neomaie)
{Malecha et al., 1992).

Sagi and Cohen (1990) based on two crosses (a total
of 567 offspring) showed that the mating of the
neofemale with the normal male resulted in 99.1% and
100% male offspring. Although their results have shown
the potential of the technique for producing all-male
offspring of M. rosenbergii for aquaculture, more
information is needed because it is likely that sex
determination of freshwater prawn may not completely
rely on the ZW system (Malecha et al., 1992). The
authors observed the fluctuation of sex rato among
controt crosses {normal males x normal female) towards
femaleness. Moreover the mating between the neomale
{(ZW) and the normal female produced varying sex ratios
that ranged between 14% and 44% male in 10 crosses
{Malecha et al., 1992).

Recently, Aflalo et al. {2606) who failed to ideatify
male postlarvae at a sufficiently early stage of develop-
ment for successful sex reversai by the androgenic gland
ablation, overcame the problem by using a two-step pro-
cedure. Whereby in phase I, 25-60 days postlarvae were
andrectomized with a low success rate of sex reversal. In
phase [1, the presumed ali-male postlarvae of 20-30 days
otd produced from the neofemales were andrectomized
resulted in improved success rate of sex reversal,

Therefore we conducted this study to explore the
possibility of uvsing the neofemale technology to
produce ali-male offspring in Thai strain of freshwater
prawn which has been domesticated from the wild stock
from Chaophraya River for more than 30years (Raba-
nal, 1979,

Moreover despite 2 study on morphological sex
differentiation in male the histology of gonads in very
early stages was not available. Our study reports the
histologicat sex differentiation of freshwater prawn in
relation to the appearance of the stages defined by
Nagamine et al. (1980) based on external sex character-
istics. The results obtained cnabie defining a precise
stage for efficient removal of the androgenic gland.

2. Materials and methods
2.1. The stock of M. rosenbergii

The stock of the freshwater prawn used in our siudy
was a stock used for commercial aquaculture. It has been
domesticated since 1970 from a natural population
collected from central Thailand without the benefit of
genetic knowledge.

2.2. Histology of males at stages I and Il

According to Nagamine et al. {1980) the male
freshwater prawn postlarva was first identified based
on the presence of only the gonopore complexes (Stage
I, 6—10mm carapace length—CL). It reached stage II
when both the gonopore complexes and appendix
masculinae were present (10-28mm CL)J. They found
that the removal of the androgenic glands at stage |
resulted in successful sex reversal. Nevertheless,
histology of these stages was not provided,

Therefore we studied the histology of freshwater
prawn postlarvae to elaborate the histology of the
gonad in relation to the presence of male external
characters. Thirty postlarvae from a single family were
collected at each of the three squemial stages: (1)
1 week prior to the first development of the gonopore
complexes, (2) when the gonopore complexes first
observed, 15 each of specimens with and without the
gonopore complexes were collected, (3) when the
appendix masculinae were observed, !5 each of the
specimen with and without gonopore complexes and
the appendix masculinac were collected The samples
were preserved in Davidson’s fixative for 24h and
subsequently transferred to 70% alcohol. The histolo-
gical study was performed following the method
described by Humason (1979).

2.3. Removal of androgenic glands

The sex determination study showed that the external
male sex character was first observed at 45days of the
postlarval stage at which it developed the gonopore
complexes, an opening of a vas deferens, at the base of
the fifth walking leg which is visible under a stereo
microscope.,

To remove the androgenic gland both fifth walking
tegs were cut and the androgenic gland which was
visible under a stereomicroscope was pulled out using
forceps. The walking legs regenerated soon after the
operation. Then the andrectomized prawns were indivi-
duaily reared in plastic boxes of about 1000¢m? floating
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in 1 x2m? tanks (20boxes/tank) with water temperature
of 28+2°C.

A total of 87 postlarvae were andrectomized and they
were investigated for extemal sex character and
development of ovary on a weekly basis,

2.4. Progeny testing

A iotal of 12 gravid suspected neofemales were
mated with nommal males (1:1, male/female). It was
crucial that the newly molted suspected neofemale was
introduced to the male soon after moiting otherwise it
did not ailow the male to mate. The male was removed
after 24 and the suspected neofemale was allowed to
brood eggs until hatching took place.

The larvae from a single pair were separately reared
in 250-1 round tanks until they reached postiarval stage,
afier which they were transferred to 700-1 rectanguiar
tanks. The feeding and water quality management
foitowed the method of Damrongphol et al. (1991). A
sex ratio of the postlarvae was determined when they
reached a size of approximatelytOmm CL. The male
prawn was identified based on the presence of gonopore
compliexes and the appendix masculinae.

At the same time 10 replications of the single pair
mating between normatl female and male were done. The
larvai rearing and determination of sex were the same as
previously described for the suspected neofemales.

2.5. Fecundity of the neofemales

The berry 8-month-old suspected neofemales (n=9)
and normal females (7= 11) were measured for carapace
length. Then the eggs attached to swimmerets of each
female were removed and weighed, a sample of 0.94-
1.21¢g of eggs/femaie were taken and enumerated. The
total number of eggs/female was calculated based on a
proportion of weight and number of eggs sampled.

2.6. Data analysis

The sex ratio of postlarvae of each family was tested
against the 1:1 ratio using the chi-sgquare test.

Correlation between number of postiarvae and
percentage of maie offspring of 10 normal crosses and
12 crosses using suspected neofemale dams was
calculated wherein the percentages of male were
transformed using arcsin transformation prior to the
calculation.

The carapace length and number of eggs/female were
compared between the suspected neofemales and
normal females using the r-test. All the caiculations

t
were performed using the statistical function avaitable in
the Microsoft Excel 2003.

3. Results

3.1. The gonadal differentiation in relation fo external
sex characters

The specimens coliected 1week prior to sex
differentiation without the gonopore complexes devei-
oped a thoracic spine between the fifth walking legs
(Fig. 1A) first visible when it was approximately 7 days
of the postiarval stage. They all showed undifferentiated
gonad which appeared as a cluster of germ celis (Fig.
2A) located between the heart and hepatopancreas (Fig.
2B).

The external characters specific for male appeared
first in the postlarvae having carapace length ranged
0.6-0.7cm (approximately day 45th of the postlarval
stage); the male postlarvae developed the gonopore
complexes (Fig. 1B) at the opening of the vas deferens
(Fig. 1C) at the base of each fifth walking leg. Ail of the
specimens {with and without the gonopere complexes)
showed undifferentiated gonads.

When the male postlarva reached a size of approxi-
matety | cm carapace length (approzdmately 67 days of
the postlarval stage) the appendix masculinae appeared
at the inner rim of the second pleopods (Fig. 1D). The
gonads of all the stage Il male specimens (with the
gonopore complexes and the appendix masculinae)
differentiated into testes which were characterized by a
structure of spermatogenic lobules (Fig. 3A). All of the
specimens without the gonopore complexes and the
appendix masculinae were fernale, as characterized by
the gonads filled with oogonia (Fig. 3B).

3.2, Results of the andrectomy

At lweek after the androgenic gland removal, 70
{80.4%) of 87 postlarvae survived the surgical operation
(Table 1). Mortality rate during the rearing was very low
(<5%). Two weeks later some andrectomized prawns
developed normal gonopoere complexes followed by the
appearance of the appendix masculinae which repre-
sented the faifure t0 sex reversal. However, some
developed normal testes but without the vas deferens.

Twenty-one survivors (30%) were successfully
reversed to female as shown by the lack of the gonadai
complexes and the appendix masculinae.

Nineteen suspected neofemales (90.5% of the 21 sex
reversed females or 27.14% of the survivors) deveioped
matured ovaries, 2 at 5 and 6months and 15 at §months
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Fig 1 {A} A cross seclion of theracic spine {T3) between Lhe fifth walking legs. (B) A ponopore complex (GP) of a prawn at 45 days old. {C) Cross
seclion of 2 prawn showing the vas deferens (VD) and a gonopare complex. (D) An appendix masculina (AM) located st the innet part of the second

swimmereL

after the operation. All of the suspected neofemales with
matured ovaries eventually spawned and showed
normal egg-caring behavior.

3.3 Sex ratio of offspring

Sex ratios of the offspring of the suspected
neofemales varied from 100% males in eight families
(a total of 2357 postiarvae), 99% males (a total of 376
postlarvae from one family), 88% males (a total of 390
postlarvae from one family) and 48-52% male {a total
of 585 postlarvae from two families) (Table 2). All but
two families showed sex ratios deviating from 1:1 x*
test, P< (.05, 0.01).

Among the control mating six pairs produced
offspring (a total of 951) with sex ratio of 1:1 (x* test,
P>0.05) while four pairs (a total of 1015 postlarvae)
showed offspring sex ratio deviating from the !:1 ratio
(%% tess, P<0.05,0.01) favoring female (1.72%:15")
(Table 2). ‘
3.4. Correlation between mumnber of survivers and
percentage of male offspring

The correlation cocfficient berween percentages of
male offspring and numbers of survivors was not

statistically significant (P>0.05) fbr both the control
crosses and the crosses using the suspected neofemales
as dams (r=—0.25, P=0.487 for the control and
r=0.294, P=0.353 for the nreofemale crosses). It
implied that the density did not affect the sex ratio.

3.5. Fecundity of the neofemales

The number of eggs/female and CL are shown in
Table 3. The neofemales of 8 months old (CL.=2.85-
3.25¢m) produced 4000 to 25,000 eggs (mean fecund-
ity=16,148.8£6997.5) and was not different (P=0.737,
t-test) from the fecundity of the normal females (mean
fecundity =20,668.3£7927.3, range 10,000-30,000
eggs/female) of the same age. The carapace length of
the ncofemales and the normal females did not differ
(P=0.690, -test).

4. Discussion

4.1. Gonadal differentiation in relation to morphologi-
cal sex differentintion

The histology of the undifferentiated gonads in the
stage 1 male samples gave an evidence to support the
previous report that in the freshwater prawn external sex
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Fig. 2. A cross section of a gonad of the uandifferentiated giant
freshwater prawn (before a presence of the gonopore complexes in
male}. Notice Lhe undifferentiated gonad which appeared as a cluster of
germ cells (A} localed between the heart and hepatopancreas {B).
SA =sternal antery, HP =hepatopancreas, G=gonad.

differentiation to maleness occurred prior to gonadal
differentiation (Nagamine et al., 1980; Sagi and Cohen,
1990). The gonopore complexes presented at day 45th
of the postlarval stage and hence enrabled identification
of maies.

The explanation would be the development of the
gonopore complexes is regulated by a genetic factor.
Then the gonopore complexes triggered development of
the testes by secretion of the androgenic gland hormone.
The removal of the androgenic glands in a young male
resulted in sex reversal to a female. However if testes
already developed (day 67th) remova!l of the androgenic
glands did not result in sex reversal.

4.2. The success rate of sex reversal
&

The ability to identify male postlarvae at an early
stage of development (45days after metamorphosis)
enhanced successful production of neofemales (27.14%
of the survivors) compared to 1.3% {phase 1) and
17.62% {(phase 1) reported by Aflalo et al. (2006).
Moreover the ime required for a mass production of al-

'k-‘m
; Lo
LI 9

Fig. 3. A cross sections of a testis (A) and an ovary (B} of Macro-
brachium rosenbergii at 67days afier metamorphosis when both the
ponopore complexes and the appendix masculinae appeared in & male.
SL=spermatogenic lobule; OG=oogonia

[

male offspring was reduced by half of the two-step
procedure of Afialo et al. {(2006). However the low
proportion of the presumed sex reversed females
(andrectomized larvae without the appendix masculi-
nae) in both our and Aflalo et al’s (2006) results
indicated that the success rate could be improved if the
operation was done earlier.

4.3. Sex ratios of the offspring of the neofemales

Due to the targe fluctuation of the stocking densities
because of the different mortality rates among families

Table 1

Survival of the andrectomized Macrobrachium rosenbergil at 1 week
after the surgical operation, number of successful sex reversal and
nuraber of matured neofemale

Number (%)

Initial number 87
Supvivors at 1 week after the surgical operation 70 {80.4}
Neofemates 21 {30.0}
Matured neofemales at Smonths 2{9.5}
Matured neofemales at Smonths 2{9.5)
Matured neofemales at 8months 15{71.4}
Total matured neofernates 19 (940.5}
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Tabie 2

Summary ¢l the resulls from mating experimenls between neofemale
and normal male Mucrobrachium rosenbergii [X%.osc n=3.84; xﬁmt n=
6.63]

Type of Offspring Sex ratio P

Crosses m (fermale/male)

Control

Family No. 1 133 67 1.98:1 21.78%*
No. 2 174 62 2.8%:1 36.04%*
No. 3 98 102 1:1.04 0.08™
No. 4 95 101 1:1.06 0.18™
No. 5 85 76 1.t3:1 0.62™
No. 6 53 3 1.71:1 5.76*
No. 7 163 101 1.02:1 0.g2™
Nao. 8 12 t5 1:1.25 0.33™
No. 9 73 89 1:1.22 e 1.58™
No. 18 282 213 1.32:1 9.62%%

Tiral 09 BS7 1.29:1 3230

Neofemale = male

Family No. | 96 104 [N 032
No. 2 200 185 .11 0.58™
No. 3 0 738 Gl 738%+
No. 4 0 634 G:1 344
No. 5 0 542 1 542**
No. 6 46 330 1:1.2 214.5%*
No. ? 0 10 Gl 10%*
No. 8 0 124 0:1 124%*
No. 9 2 388 1:494 182+
No. 10 [ 08 0 309%
No. 11 4] 2075 0:f 20754
Mo. 12 0 1679 0:1 1679+

Total 344 7018 1:20.7

Total! 48 6829 1:142.3

The supercripts * and ** indicate xf051,=3-84 and x5 o1y =6.63,

respectively.

® Withow families 1 and 2.

we were concemned that the sex ratios of the offspring
may have been influenced as was reported in a copepod
(Voordouw et al., 2005). However the correlation
coefficient between the numbers of survivors and the
percentages of male offspring was not different from 0,
implying that the sex ratios were not influenced by the
density.

Qur results support the previous study by Sagi and
Cohen {1990) and Aflalo et al. (2006) in that most of
the andrectomized neofemale freshwater prawn (8 of
12 neofemales) gave all-male offspring from the
mating with the normal males. The result well agreed
with the ZZ/ZW sex determining mode proposed for
freshwater prawn (Malecha et al., 1992). Nevertheless
four crosses gave the controversial resuits in which
0.51-51.90% female offspring were observed. The
presence of females in the cross numbers | and 2 (1:1
male/female offspring) and the cross number 9 (0.51%
female offspring) was attnibuted to human error. The

4
H

cross numbers 1 and 2 were done during the inital
stage of the study when the tagging system was not
good and might have caused misidentification of
normal females as neofemales.

The presence of females in the cross numbers 6 and
9, which were expected to produce all-male offspring
was not surprising. Sagi and Cohen (1990) also found
0.92% female offspring in one of the two crosses
between the neofemales and normeal male freshwater
prawn, Maiecha et al. (1992) also reported the skewed
sex ratic towards femaleness (1M:1.29F) in offspring
from seven control crosses and one cross produced
IM:2.22F. In the present study 4 of 10 normal crosses
produced more female offspring than the males while
the expected all-male offspring (arising from ZZ-
necfemale x ZZ-normal maie) contained some females,
These may indicate the presence of modifying genes on
sex determination and a selective mortality vpon male
(Malecha et al., 1992). The additional explanation
particularly applied for our study would be misidenti-
fication of a male as a female. We coutd not nile out this
explanation because we identified sexes of the post-
tarvae at very early stage (I0mm CL) based on a
presence of gonopore complexes and the appendixes
masculina in males hence late differentiated males could
have been misidentified as femaies. |

However further studies are needed to find out the
minor factors that determine sex of M. rosenbergii to
enhance the success of production of all-male stack.

Despite the brief observation given by Sagi and
Cohen (1990) that the neofemales produced smaller
number of eggs than the normal females our results

Table 3
Fecundity of the neofernales and normal females at 8 months old reared
in tanks

MNo. Neofemales Normal females
Carapace Fecundity Carapace Fecundity
length length

§ 2,85 . 16,868 208 10,899

2 .05 22,367 2.4 30,3717

k) 318 24,020 2.72 24,760

4 2.38 4358 138 23,033

5 85 9566 2.89 34,761

& 2.72 11,273 2.89 10,899

7 3.25 15,680 3.18 21,384

3 3.07 15585 3.03 24.714

9 3.2 25,282 2.467 12,525

10 - - 15 19,472

11 - — 2.7 14,527

Mean 2.95 16,148.8 2.81 20,668.3
{0.28) (6997.5) 0.40) {7921.3)

Standard deviation in parentheses.
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revealed no significant difference between the fecundity
of the two groups. Moreover our observation showed a
tendency of increasing fecundity with age in the
neofemales. A neofemale of 10months old with
comparable size to the neofemales used in this study
(CL=3.24) produced as many as 68,876 eggs (Rungsin
et al, unpublished- data), suggesting that fecundity
would not be a problem in using the neofemale
technology for aquaculture.

4.4. Implications for aguaculture

Qur study showed the feasibility of using the
neofemale technology to produce all-male postlarvae
for aguaculture based on the following reasons. First,
the attempt to produce all-male offspring was success-
ful. From the mating of 10 neofemales (excluding the
misidentified neofemales in the cross numbers 1 and 2)
99.3% males were produced. The inciusion of a small
proportion of females will not affect the yield in the
grow-out ponds. Second, the neofemales had as much
eggs as the normal females. This indicated that the mass
production of all-male postlarvae is possible. The
fecundity of female M. rosenbergii in this study was
lower than normal because of the marginal rearing
condition in our laboratory. The fecundity can be
improved in 2 normal rearing environment. And third,
the 30% success rate for sex reversal is acceptable and
can be improved with better skill and technrique. From
our experience, after a sufficient training it is possible to
remove the androgenic glands of 100 postlarvae within a
day.
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Abstract

Microsatellite loci were characterized in a freshwater prawn from enriched genomic library
using six biotinylated probes: (AG)y, (TG)yy (CAA),,, (CAG),, (GAT)y,; and (TAQ),,.
Primers for DNA amplification were designed and synthesized for 20 loci. Ten loci were
polymorphic with the number of alleles ranging from five to 17 alleles per locus and the
observed heterozygosity ranging from 0.27 to 0.83 per locus. Developed microsatellite
primers should prove useful for selective breeding programs and population genetic

studies of freshwater prawn.

Keywords: genetic marker, genetic variation, heterozygosity, Macrobrachium rosenbergii, microsatellite,

primer
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Giant freshwater prawn Macrobrachium rosenbergii is a
species with wide range of distribution from India to
Southeast Asia and northern Australia. Culture of fresh-
water prawn represents one of important segments in
Thailand’s aquaculture industry. The potential growth of
this industry, however, has been limited by iow level of
production. Genetic improvement provides effective means
to increase yield of aquaculture species. For freshwater
prawn, evidence suggests that increased growth may be
obtained through selection (Uraiwan et al. 2002). Improv-
ement of prawn by selection depends on the existence of
genetic variation in the base population. Development
of highly polymorphic genetic markers will be particularly
useful for assessing genetic variation of founding popu-
iaion and the selection of suitable stocks in breeding
programs. Based on phylogenetic analysis, freshwater
prawn in Southeast Asia including Thailand has been
recognized as ‘western’ form (de Bruyn et al. 2004). Recently,
microsatellite loci in the eastern form of freshwater
prawn have been characterized (Chand et al. 2005), but
these loci were not conserved between the eastern and
western forms. None of six microsatellite loci amplified
samples of the western form. We developed mirosatellite
primers for the western forrm of M. rosenbergii for genetic

Correspondence: Supawadee Poompuang, Fax: 66-2-5613984;
E-mail: supawades.p@ku.acth

@ 2006 The Authors
Journal Compilation © 2006 Blackwell Publishing Ltd

characterization of wild and cuitured stocks and for
determining genetic basis of suitable sipcks for selection
purposes,

The microsateliite lod were isolated from a microsatellite-
enriched library of M. rosenbergii following the procedure
described by Billotte et al. (1999). Approximately 500 ng
DNA from swimmeret Hssue of a single prawn was
digested with Msel, and the fragments were ligated to Mse]
adaptor, Microsatellite sequences were selected using six
bictinylated oligo simple sequence repeat (SSR) probes:
(AG) o (TG)yy (CAA), (CAG), (GAT), and (TAC),,
and Streptavidin MagneSphere Paramagnetic Particles
{Promega). Magnetic separation stands (MS-MSS} were
used to seject streptavidin-biotinylated oligo SSR complex.
These selected DNA fragments were amplified and cloned
into pGEM-T easy vector (Promega) in a final volume of
10 pL at 4 °C overnight. Plasmids were electrotransformed
into competent Escherichia coli (DH 10B) and grown on LB-
ampicillin agar plates. Colonies were transferred to filter
paper and screened with six DIG-labelled microsatellite
oligoprobes (Roche). Filters were stored in hybridization
solution at 55 °C for (AG},, and (TG),, probes, and at 65 °C
for (CAA),,, (CAG),,, (GAT),, and {TAC),, probes. Positive
clones were detected by chemiluminescence (Roche) and
cultured in LB-ampicillin medium at 37 °C for 3-5 h. Cell
cultured was amplified in a final volume of 20 UL reaction
mixture containing 0.5pM each of MI13 forward and



§24 PRIMER NOTE

reverse primers, 100 um of dNTPs, 1x polymerase chain
reaction (PCR) buffer (100 mm Tris-HCl pH 9.0, 500 mm
KCl, 0.1% Triton X-100), 1.5 mm MgCl and 1 Uof Tag DNA
polymerase. The PCR profile was inittal denaturation
at 94 °C for 3 min; then 35 cycles at 94 °C for 305, 55 °C for
30 s and 72 °C for 1 min; then 1 cycle at 72 °C for 5 min
in a GeneAmp PCR System 9700 (Applied Biosystems).
PCR product was sequenced using dye terminator cycle
sequencing with M13-20 segquencing primer and the
AB] PRISM 377 DNA sequencer (PE Applied Biosystems},
Seventy positive clones sequenced were analysed and 20
primers flanking microsatellite repeat regions were designed
using the PRIMER J program (www-genome wi.mif.edu/
cgi-bin/primer/ primer3.cgi/}.

Primers were tested on genomic DNA from 28 unrelated
prawn sampled from a natural population to anaiyse
polymorphism and levels of heterozygosity and determine
optimal PCR amplification. Genomic DNA was exiracted
from swimmeret tissue using standard phenol-chloroform
method (Taggart et al. 1992), The 10 L reactions contained
20 ng of genomic DNA, 1x PCR buffer (100 mas Tris-HCl
pH 9.0, 500 mm KCl, 0.1% Triton X-100), 1.5 mm MgCt,,
200 M of ANTPs, 0.5 puM of each primer and 0.3 U of Tag
DNA polymerase (Fermentas). The PCR profile was initial
denaturation at 94 °C for 3 min; then 35 cycles at 94 °C for
30 s, anneating temperature (Table 1) for 45 5 and 72 °C
for 1 min; then 1 cycle at 72 °C for 7 min in a PCT-100
Programmabie Thermal Controller (M] Research).

Following amplification, reaction products were mixed
with 2.5 ub. of sequencing dyet(o.l% bromophenol blue,
0.1% xylene cyanol, 2% of 0.5 M EDTA pH 8.0 and 98%
formamide). The reaction mixtures were heated for
5 min at 95 °C and elecrophoresed on 5.5% denaturing
polyacrylamide gel in 1x TBE running buffer at 80 W for
3h in sequencing gel apparatus (Bio-Rad). Gel was
denatured at 100 °C for 30 min before electrophoresis. Get
was visualized by silver staining. Allele sizes were
determined according to an M13 sequence ladder. Hetero-
zygosity was calculated using the software Generop
{Raymond & Rousset 1995).

BLAST results showed that all microsatellite loci
developed in this study did not have significant similarity
with sequences from the previous efforts by Chand ef al.
{2005). Seven of the M. rosenbergii microsatellites contained
dinucieotide core sequences and three loci contained
trinucleotide repeat motifs. Characterizations of 10 poly-
morphic loci were sutnmarized in Table 1. The number
of aileles per locus ranged from six to 17. The observed
heterozygosity ranged from 0.27 to 0.83. Significant
deviations from Hardy-Weinberg expectations were found
at loci Mbr-1, Mbr-3, Mbr~4, Mbr-9 and Mbr-10, suggesting
heterozygote deficiency (P < 0.05). There was no signifi-
cant linkage disequilibrium for all pairs of lod. Developed
microsateilite primers should prove useful for population
studies and management of genetic variation in brood-
stocks of {reshwater prawn.

&

Table1 Characterization of 10 Macrobrachium rosenbergii microsatellite lodl, including GeneBank Accession no., primer sequences,
anneaiing temperature (T,), repeat sequence, number of alieles, size range (bp), observed and expected heterozygosities (sample size = 28

individuals)
Genbank T, Repeat No.of  Size range

Locus Accession no.  Primer sequences 5'-3° *C)  sequence alleles  (bp) Hy Hy

Mbe-1  DQ019863 F: COCAOCATCANTTCTCACTTACC 60 (BRI, 13 272-320 07692 09110
R: TCCT T T CACATCGTTTICCAGTSC

Mbr-2 Q019864 F: TTCCCGACCAATTTICTCTTTCTC 60 (GT)y, 8 208-336 08333  0.8387
R: GOCAAAARTGATCT TGGATTCAC

Mbr3  DQO!985 F: CRACTCTATOTTTOGOCATTIGE 62 (aGH, 16 232-284 02692 09276
R: GGGGAAT T TTACCGATGT TTCTG

Mbr-4  DQO19866 F: CCACCTACCGTACATTCCCAAAC 62 (GT)y 10 288-326 04643 08732
R: CGGGGCGACT T TTAGTATCGAC

Mbr5  DQO19867 F: CAAGEC TCGIGTCTCTIGT TTC 62 {AG) 10 286-328 07308  0.8997
R: GOTTGTACT TGT TCAGCT T TTGC .

Mbr-7  DQO19869 F: ATAAAAGAGTOGCCARATGAGCE 62 [TGCh 5 274-286 03556 05108
R: ATTGGGAAT TGT TGACCTCCAAG

Mor8  DQO19870 F: ARCCAGUCGACT TAGACTGTGC 62 {AGCH{AGIARAG) 5 256266 05000 058%
R: CGCCATTTGCGTCTATCTCTTAC

Mbr-9 DOO19873 F: TTGTTTGCTTGTTTACTCTCAAGG 60 (TG} (AG)yy 17 240-284 05185  0.%067
R: CTCCARARCCGARRBATOCTCAC

Mbr-10  DQE19871 F. ATGRCGATGATGRGGARTGAACC 69 (ATG)ATG), 7 241-265 05714 07071
R: TTTCAGGCTATATCAAGCAACAG

Mbr-£1  DQO19872 F: GP AT TGAGARCAAAGGCGCACAG 60 (G, 7 26329 05000 08213
R: ATCTCT T TCCARAACAGGGCACA

© 2006 The Authors

Jouynal Compilation & 2006 Blackwell Publishing Ltd
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Abstract

The culture of freshwater prawn in central Theiland has experienced low productivity despite the rapid expansion
during the past several years. Deterioration of genetic varlation and inbreeding depression were blamed for slow
growth rate in farmed stocks. Six microsateliite DNA locl were used to assess genetic diversity fram five hatchery
stocks and two wild populations of frashwater prawn. Natural populations were collected from the ChaoPhaya
River and the Kraburi River. Two local hatchery populations originated from the ChaoPhya River were collected
from the provinces of Nakorn Pathom and Supanburi. Another ChaoPhya originating samples were obtained
from a hatchery in Indonesla. An introduced stock of Myanmar origin was sampled from a hatchery in Nakhon
Pathom province and samples of a commercial strain which originated from India were collected in Ratchaburi
province. All hatchery and wild populations exhibited relatively high genetic variation and were similar with an
average of 7.50 to 10.67 alieles per locus and average expected heterozygosity at all locl of 0.64 ta 0.73. Pair-
wise comparisons and the Fg; values revesled significant genetic differentiation across all populations. Results
indicated that poor parformance of freshwater prawn due to daterioration of genetic variability and inbreeding
was not an issue. &

Keywords: Macrobrachium rosenbergil; Microsatellites; Genetic diversity; Freshwater prawn
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1. Introduction

Cuiture of giant freshwater prawn Macrobrachium rosenbergii represents one of the important segmants in
Thailand’s aquacuiture Industry. The annual production has dramatically increased from 2.2 metric tonnes (mt) in
1997 to 28.5 mt in 2003 (FAQ, 2006). The rapid expansion of prawn farming over the past 10 years was due to
some extent o the crash of penaeid shrimp culture In the country. The maior farming areas are situated in the
central part of Thailand, southwest of the ChaoPhaya Basin {Fig. 1). Prawn production in the area accounts for
80% of total domestic preduction. Despite the increase in annual farmed production, the inconsistency and a
relatively low production are potential problems to the development of prawn farming into large-scale industry for
export market. There are some factors that might cause low levels of prawn production, including slow growth
rate, size variation at harvest, and deterioration of pond environment, Genetic deterioration in the local hatchery
stocks due to inbreeding also may be responsible for low productivity of prawn culture.

Display Full Size version of this image {123K}

Fig. 1. Map showing sampling sites of seven freshwater prawn populations.

Domestication of freshwater prawn has been established since the 1970s by government hatcheries. However,
the number of foundation populations and information on mating scheme were not known. A number of private
hatcherles in Thailand have been using broodstock identified as local strains to produce iarvae. Despite a long
aquaculture history, tha genetic structure of these jocal stocks has not been determined. In addition, several
private hatcheries have introduced non-native prawn broodstocks from india.and Myanmar (Nithid Patarakulchai,
pers. comm.) to replace or upgrade thelr own stocks due to the inconsistency of prawn production of the local
populations.

Previous studies of genetic vartation amang wild populations of M. rosenbergii based on allozyme markers
suggested low genetic diversity and failed to detect population differenttation (Sodsuk and Sodsuk, 1998). in this
study, we have chosen to use microsatellite markers because they are capable of resolving low genetic
differentiation un-resolvable by allozymes {Liu and Cordes, 2004). The objectives of this study were to
investigate genetic diversity among hatchery stocks of M. rosenbergii in central Thailand using six microsatellite
markers developed for freshwater prawn (Charoentawee et al., 2006) and o provide information for genetic
management of hatchery populations, Currently, three hatchery strains are avallable in the studied area, the local
stocks, the Myanmar origin strain and the improved stock which originated from India. Because baseline
information on diversity of hatchery stocks was not available, we used two wild populations from the ChaoPhya



ScienceDirect - Aquaculture : Genetic diversity of hatchery stocks of giant fr... Page 3 of 11

River and the Kraburl River as references, The ChaoPhya River population might have been largely
contaminated with hatchery released prawn from the long cantinued restocking program white the Kraburi River
population represents the small and uncontaminated population.

2. Materlals and methods

2.1, Sample collections

Prawns were sampled from two natural populations, four hatchery stocks in central Thailand and one hatchery
population In Indanesia (Table 1 and Fig. 1). Broodstocks of Roumchoke and Lomchoy farms wers originated
from the ChaoPhaya River while those of Kwanmuang and Nithid farms were praoduced using broodstocks which
originated from Myanmar and India respectively.

Table 1.

Freshwater prawn sample collections

Sample name Population Number Source

Nat 1 wild 36 ChaoPhaya River, Ayutthaya Province

Nat 2 wild 28 Kraburi River, Ranong Province

Hat 1 Hatchery 50 Ruomchoke Farm, Nakorn Pathom Province
Hat 2 Hatchery 46 Lomchoy Farm, Supanburi Province

Hat 3 Hatchery 60 Kwanmuang Farm, Nakom Pathom Province
Hat 4 Hatchery 49 Nithid Farm, Ratchaburi Province 4

Hat 5 Hatchery 36 Private Hatchery, Sumatra, Indonesia

Sample name refers to location in Fig. 1.
2.2, Microsatellite analysis

Genomic DNA was extracted from swimmeret tissues using the standard phenol-chloroform extraction
procedure described by Taggart et al. (1992).

Six microsatellite primers (Mbr-1, Mbr-2, Mbr-5, Mbr-7, Mbr-8 and Mbr-10 with accession numbers DQC 19863,
DQO19864, DQO19867, DQO19868, DQO19570 and DQO19871) developed from M. rosenbergii genomic library
wera used to amplify DNA samples as described by Charoentawee et al. (2008). PCR reactions were performed
in 15 pl reactions which contained 10 ng template DNA, 0.3 #M forward and reverse primears, 0.2 mM each
dNTP, 2 mM MgCL,, 50 mM KCI, 10 mM Tris—HCI {(pH 8.0}, 0.1% Triton X-100, and 1 unit of Tag DNA
polymerase (Promega). The PCR profile was initlal denaturation at 84 °C for 3 min; then 35 cycles of 94 °C for
30 s, annealing temperature for 45 s, and72 °C for 1 min; then 1 cycle of 72 °C for 7 min. Following
amplification, PCR products were mixed with 2.5 ul of sequencing dye and heated for § min at 95 °C, The
reaction mixtures were subjected to electropharesis on 5.5% denaturing polyacryiamide gel at 80 W for 3 h. Gel
was denatured at 100 °C for 30 min before electrophoresis. Gel was visualized by silver staining. Allele sizes
were determined according to an M13 sequence ladder.

2.3. Genetic data analysis

Genetic variation within each of 7 populations including mean number of alleles per locus (A4}, allefic richness
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(Ar). observed (H,) and expected (H,) heterozygosities were calculated using GENEPOP version 3.1¢
(Raymond and Rousset, 1995). The significance of differences in average values of A, H, and F among
populations was tested by independent t-test of Archie (1985} using FSTAT version 2.9.3 (Goudet, 2001).
Genotypic linkage disequilibium was tested using GENEPOP version 3.1¢. The exact P values for tests of
Hardy-Weinberg expectations were calculated by a Mackov chain randomization method (Guo and Thompson,
1892} using ARLEQUIN version 3.11 {Excoffier et al., 2006). A sequential Bonferroni correction method was
used to adjust significance lavels for muttiple tests {(Rice, 1988).

Population differentiation was examined by testing for heterogeneity of allele distributions hetwesn pairs of
populations and P values were conducted using GENEPOP verslon 3.1c. Fisher's combined method (a chi-
square tast) was used to calculate P values of all loci for overall test. Population palr-wise Fgr values were

calculated and tested for significance by bootstrapping using ARLEQUIN version 3.11.

The TFPGA computer program (Miller, 1997) was used to estimate Wright's F-statistics {(Frr. Fgr, and Fig) and

confidence interval across locl. Estimates of F-statistics for each locus were tested for significance by
bootstrapping over samples.

Nei's D, distances (Nel et al., 1983), were calcutated between all pairs of populations using the TFPGA program.
The pattern of genetic relationships among populations was analyzed using a multidimensional scaling (MDS)
approach and was obtained from SYSTAT (Wilkinson et al., 1992). The D, distance was used to construct a
UPGMA dendrogram and to test population grouping by bootstrapping analysls (1000 replicates) and was
obtalned fram TFPGA. However, UPGMA does not necessarily reveal a true lineage of a freshwater prawn in our
study, because natural popuiations also contained hatchery released population {Kamonrat, 1996).

Neverthaless, UPGMA was appropriate since grouplng of genefically simllar prawn populations was our focus
not thelr lineage.

3. Results
3.1. Genetic variability within populations

A total of 76 aileles were detected over all six microsatellite loci, with the number of allelas per locus ranging
from four at Mbr-7, Mbr-8 and Mbr-10 to 20 at Mbr-5 (Table 2). All naturaj and hatchery populations exhibited
relatively high genetic variation and were similar with average number of alieles per locus varied from 7.50 (Hat
3) to 10.67 (Hat 2) and average allele richness varied from 6.34 {Hat 3} to 9.37 (Hat 2). Obhserved
heterozygosities across locl ranged from 0.57 (Nat 2) to 0.67 (Hat 5) and expected heterozygosities ranged from
0.84 (Hat 3) to 0.73 {Hat 4 and Hat 5). Observed heterozygosities were lower than expected in most poputations
except that from Hat 3. However, neither allele richness nor expected heterozygosities differed significantly
across all populations. Only one private allele was observed at Mbr-5 in Hat 3 population whose broodstocks
ware introduced from Myanmar.

Table 2.
Genetic variability at six microsatéllite loci in seven populations including sample size (N), total

number of alieles (A), allelic richness (A)), observed heterozygosity (H,), expected heterozygosity
{H,), fixation index (F), and P value for test of HW expectations (HW)}

Population Locus Average
{N) - across locl

Mbr Mbr-2 Mbr-5 Mbr.-7 Mbr-8 Mbr-10
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Nat t (36)

A g 11 18 4 6 9 9.50+4.85
A 8.746 10.62 16.372 3749 5689 8803 8.96 £ 4.38
H, 0.87 0.57 0.89 028 05 0.83 0.62 +0.22
H, 0.86 0.84 0.93 034 05 0.8 0.71+024
Fis 0.23 0.32 0.04 0.18 0.00 -0.05 0.127

HW 0.005%* 0.005¥ ns ns ns ns

Nat 2 (28)

A 10 11 19 4 6 4 9.00+5.73
A, 10 11 19 396 6.00 3.96 8991574
H, 0.74 0.67 0.70 025 054 0.50 057 £ 0.18
H, 0.88 0.89 0.94 023 063 0.48 068+0.28
F 0.16 0.26 0.28 -0.03 0.15 -0.02 0.162

Hw ns 0.003*%  <0.001* ns ns ns

Hat 1 {50)

A 8 11 19 6 6 9 8.83 1488
A 7.98 9.98 17.21 487 499 7.88 , 8.821t4.55
H, 0.53 0.6 0.88 056 048 0.8 0.64 +0.16
H, 0.85 0.74 0.91 054 042 0.69 069+ 0.18
Fi 0.38 0.19 0.03 -003 -014 -0.16  0.072

HW <0.001* <0.001* <0.001* ns ns ns

Hat 2 (46)

A 10 12 20 6 5 11 10.67 £ 5.35
A 9.55 10.14 16.88 548 435 9.83 9.37 £ 4.41
H, 0.59 0.58 0.91 046 046 0.76 062+0.18
H, 0.88 0.74 0.89 052 045 0.74 0.70x£0.18
Fiq 0.34 0.22 - 0.02 012 -001 -0.03 0.114

HW < D001* ng ns ns ns ns

Hat 3 (60)

A 8 8 13 5 5 6 7.50 + 3.02
A, 6.65 6.51 11.34 392 445 5.16 6.34 + 2.68

H, 0.59 0.77 0.73 .56 0.63 0.66 0.66 + 0.08
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H, 0.75 0.72 0.80 047 052 060 0.64 £0.13
Fi 0.22 -007 008 ~0.19 =021 -010 - 0.031
HW <0.001% 0.003* <0.001* ns ns < 0.001*

Hat 4 (49)

A 9 12 17 5 6 7 9.33 £ 4.50
A 8.89 10.91 1503 435 534 654 8.51  3.40
H, 0.69 0.47 0.81 033 046  0.71 0.58 £ 0.19
H, 0.88 0.80 0.92 035 064 0.79 0.73 £0.20
Fi 0.19 0.42 0.12 008 028  0.10 0.205

HW ns <0.001* <0.001* ns 0.005* ns

Hat 5 (38)

A 9 12 18 6 4 9 9.67 + 4.93
A, 8.71 11.62 16.50 569 398  8.25 9.12 + 4.47
H, 0.54 0.67 0.89 064 042  0.86 0.67 £ 0.16
H, 0.86 0.83 0.92 058 043 077 0.73 + 0.19
Fiq 0.37 0.19 0.03 -0.11 0.04 -012  0.082

HW <0.001* ns ns ns ns ns 4

All populations

A 10 13 27 7 8 11 1267 +734
A, 9.16 11.01 15.30 507 6.15 8.55 0.87 £ 5.09
H, 0.61 0.62 0.83 045 0.50 0.73 062+ 014
H, 0.88 0.81 0.94 046 058 075 0.74+0.18
Fis 0.28 0.21 0.07 -0.02 001 -0.05
HW <0.001* <0.00t* <0.001* ns ns ns

* P<0.007.

Significant departures from Hardy-Weinberg expectations were observed in 16 of 42 (6 loci x 7 populations)
single locus exact tests after applying a sequental Bonferroni correction. Fourteen deviations displayed
significant heterozygote deficiencies whileftwo deviations showed excess of heterozygotes (Hat 3). The
genotypic distribution at all loci except one (Mbr-7) deviated significantty from Hardy—Weinberg expectations in at
least one population. Departures from Hardy-Weinberg expectations at loci Mbr-1 and Mbr-2 were observed in
five samples. Four samples showed significant deviations at Mbr-5. The heterozygote deficiency could have
resulted from null alleles, small sampie size or mixing of populations within samples. However, none of our
samples showed indications of null alleles at the three loci (Mbr-1, Mbr-2, and Mbr-5). Linkage disequilibrium was
observed in four populations in at least one pair of locl. The Hat 3 population showed significant linkage
disequillbrium at 10 out of 15 pairs of locl.



