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3.2. Genetic differentiation between populations

For each locus, 21 pair-wise comparisons of allele frequency distributions were made. Across six loci, significant
heterogeneity of allele distributions was detected In 73 of 126 possible tests after sequ?nt[al Bonferroni
adjustment. Local stocks (Hat 1 and Hat 2) differed in allele frequencies at Mbr-1 while Nat 1 and Rat 5 differed
at Mbr-5. The samples from Nat 1, Hat 1, Hat 2 and Hat 5 were among the simitar groups in which only 25% of
the tests were signlificant (9 out of 36 tests). Large differentiations were detected between the Myanmar (Hat 3)
and the India (Hat 4) from the others in which more than 75% of the tests were significant (42 out of 54 tests).
Hat 3 and Hat 4 differed from the rest of the populations at four to six loci. When probabiiities were combined
across loci, all comparisons were statistically significant, suggesting strong differentiation among populations.

Overall and single locus estimates of Fg indicated high levels of differentiation among populations. The overall
Fgr value of 0.0621 (95% Cl: 0.0415-0.0917) indicated that 6% of the detected variation arises from betwean
popuiation differences and 94% of within population differentiation. The values were significant (P < 0.05) over all
loci. All poputation pair-wise comparisons exhibited significant Fqy values (P < 0.05, Table 3). The highest
genstic differentiation using both D, and Fg; distances was observed between the Myanmar (Hat 3) and the
(ndia (Hat 4) populations (D, = 0.0848, Fg = 0.1222). The ChaoPhaya population was very similar to the
hatchery population (Hat 5) from Indonesia (D, = 0.0081, Fqp = 0.0113). Among hatchery stocks, the focal
populations (Hat 1 and Hat 2) were very similar (D, = 0.0102, Fgp = 0.0143). The MDS piot revealed genetic
relaticnships of three different groups (Fig. 2). Group 1 consisted of five populations (Nat 1, Nat 2, Hat 1, Hat 2,
and Hat 5). Groups 2 and 3 were Hat 3 (Myanmar) and Hat 4 {India} populations. The UPGMA dendrogram
constructed from the D, matrix corresponded to the MDS plot and origins of hatchery stocks (Fig. 3). The
ChaoPhaya River, Hat 5, Hat 1, and Hat 2 populations were grouped together in a single major branch, which
also contained the Krabur River (Nat 2) population. The Hat 3 and Hat 4 populations were clearly separated
fram each other and from the major group of the ChaoPhaya River origin. The dendrogram constructed by the
neighbor joining method displayed the same genetic relationships as the UPGMA clustering. .

Table 3.

Matrix of pair-wise g values {above dlagonal) and genetic distances (D,) between seven
populations

Population Nat1 Nat2 Hat1 Hat2 Hat3 Hat4 Hats

Nat 1 0.0441 (.0312 0.0261 0.0603 0.0835 0.0113
Nat 2 0.0318 0.0572 0.0480 0.0821 0.1110 0.0434
Hat 1 0.0224 0.0412 0.0143 0.0619 0.1092 0.0176
Hat 2 0.0191 00346 0.0102 0.0695 0.1019 0.0129
Hat 3 0.0441 00883 0.0458 0.0439 0.1 222 0.0599
Hat 4 0.0486 0.0869 0.0865 0.0810 0.0948 0.0952
Hat & 0.0081 0.0316 0.0125 0.0098 Q.0450 0.0765

All pair-wise Fgy values were significant at P < 0.05.
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Fig. 2. A muttidimensionat (MDS) plot based on D, distances showing genetic refationships
among seven populations of freshwater prawn.
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Fig. 3. UPGMA dendogram clustering Nei's genetic distances (D,) among seven populations of
freshwater prawn.

4. Discussion

Freshwater prawn culture has been practiced in Thailand for more than three decades. Since the success of
post-tarval preductien in the 1970s, broodstocks have been kept in captivity without proper management of
breeding programs. Breeding records including the size of founding population and the number of broodstock for
each generation were not known. The issue of inbreeding and genetlc deterioration of local stocks was raised by
both prawn farmers and sclentlsts as the probable cause of depressing farm production. As a Iesult, several
hatchery managers started to introduce non-native stocks from the nelghboring country, i.e., Myanmar and from
India to replace their own stocks. In this study, we found evidence of departures from HWE in all hatchery
populations, in which heterozygote deficlencles were axhibited, except the Myanmar (Hat 3) population. The
departures from HWE could have resulted from both smail sample size and mixing of populations within
sampies. The practice of acquiring broodstocks of different genetic background is common among local
hatcheries. It was difficult to determine the genetic relationship among broodstocks because the pedigree and
sale records of broodstock were mostly non-existent. Inbreeding also affects allele frequencies by increasing the
number of homozygotes, thus changlng genotype distribution within populations relative to HWE. However, we
found that all hatchery and wild populations exhibited similar and retatively high levels of genetic variation,
including number of alleles per locus, allele richness and heterozygosities. It was, therefore, unlikety that
inbreeding depression would be the cause of their departures from BWE or poorer performance of the stocks.
Among hatchery stocks, the local population (Hat 2) showed the highest number of allele per locus and allele
richnass (10.67, 9.37), while the Myanmar population (Hat 3) had the smallest (7.5, 6.34). In this case, the Hat 3
population may have established from a small number of broodstocks. Founder effect and genetic drift may have
eliminated rare alleles present in the original population resulting in the low allelic diversity and the
heterozygosity excess of the Hat 3 samples. Among populations of the ChaoPhya River origin, the numbers of
alteles existing In two local hatchery stocks (Hat 1 and Hat 2) for loci Mbr-5 and Mbr-7 were larger than the Nat 1.
The absence of tow frequency alleles at these loci from the Nat 1 population was likely due to sampling errot.

Population pair-wise F¢q vaiues suggested various levels of gene frequency differences among the studied
populations. We have found evidence of significant population sub-structuring among all samples from

hatcheries and natura) waters, The MDS analysis using Nei's (1978) unbiased minimum distance clearly
supported the above population differentiation analysis based on pair-wise Fgp values. The hatchery samples

from indonesia (Hat 5) appeared to be closely related to the ChaoPhya River (Nat 1) and the local hatcheries
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(Hat 1 and Hat 2) samples. it might be possible that the hatchery stock of Indonesian (Hat 5) was introduced
from Thailand. However, there was no decumented record to confirm the assumption, Among local hatchery
populations, the weak differences between Hat 1 and Hat 2 sampies implied that they were of similar origins.
According to our survey, most of the small or medium size hatcheries including Hat 1 gnd Hat 2 did not practice
selective breeding program nor maintain their own broodstock. Alternatively, they sell post-tarvae to grow-out
farms in the area and purchase gravid females for producing post-farvas. Because of the similarity of Hat 1 and
Hat 2 to the ChaoPhaya River samples, one might think that they were originated from the wild population of the
ChaoPhaya River. However, the history of restocking program and our results suggested otherwise. The
Macrobrachium population In the ChaoPhaya River had gone to nearly extinction after the closing of the
ChaoPhaya dam in tha 1970s interrupting migration of the species. The population reappeared after the
Departrnent of Fisheries (DOF) has made a decision to embark on the Intense restocking program to re-establish
local population almost 30 years ago. It was, therefore, likely that the hatchery populations rather than the wild
contributed to most of the genetic diversity detected in the ChacPhaya River samples. For the Kraburi River
samples, the situation differed because no restocking program has been done in the Kraburi River. The armount
of genstic diverslty detected in the samples was confributed by the wild population. Further, the slight but
significant differentiation between these two populations was clearly due fo geographical separation.

This study demonstrated that tocat hatchery stocks had more genetic variation than was expected based an the
comparison to other wild poputations. Reduced genetic diversity has been observed in several hatchery stocks of
fish and crustacean, e.g., Japanese flounder (Sekino et al., 2002), Nlfe tilapia {(Brummett et al., 2004), channel
catfish (Simmons et al., 2006}, Kuruma prawn (Luan et al., 2006) and tiger prawn {Xu et ai., 2001). In most
cases, selection and hatchery practices were the prime factors causing reduction of genetic variability in
aquaculture populations. For freshwater prawn, common practices of using gravid females to produce larvae
may alsg lead to a reduction of the effective population size and subsequent inbreeding. However, the negative
effects of hatchery practices were undetectable in this study. The presenca of high genetic variation in the local
hatchery populations was due to the fact that the large numbers of broodstocks were used In gach generation.
To prevent the chance of inbreeding that might occur (n later generations, hatchery managers should start
keeping breeding records and pedigree information of breeders.

[n conclusion, this study provided baseline for genetic investigations of freshwater prawn aguacutture and
practical guidelinas for hatchery managers. The high levels of genetic variafion In local hatchery stocks
suggested that genetic factors were unlikely to cause low production of this species. A proper management
program of local hatchery stocks Is needed to preserve genetic diversity for further development of prawn
aquaculture. Introduction of non-native stocks to increase production may have adverse effects on the genetic
integrity of local populations. Moreover, prawn producers should start investigating other potential problems that
might have negative effects on productivity.
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Abstract

Epinephelus coloides is a major species targeted for fisheries worldwide and for
aquaculture in Asia. E. coioides fisheries target both adults and juveniles. It is, therefore,
important to gather some basic genetic data for aggregations of £. coioides juveniles. The
year-round natural production of E. coioides juveniles in a nursery area in the tropics raises
an interesting biological question about possible distinct spawning times of spawners. If
genetically isolated spawner groups exist, temporal genetic structure of E. coioides
populations can raise a fisheries management concern about differential demographics of
isolated stocks. To test whether temporal genetic isolation exists in this £ cofoides
population, we examined genetic heterogeneity of juveniles collected at different times of
the year at a nursery area in coastal waters of Trang province, Thailand, with an outgroup
coming from a distant geographic location, Chantaburi. Genetic variation at six
polymorphic microsatellite genetic markers within each sample was moderate with
observed heterozygosities across all loci ranging from 0.51 — 0.63 and number of &lleles per
locus ranged from 6.33 — 7.83. Genetic differentiation measures (Exact tests, Fy, and
Cavallie Sforza’s genetic distance) indicated substantial differentiation between the two
geographic distant samples, Trang and Chantaburi. Within Trang, July samples were
genetically distinct from other samples (Fq = 0.028 — 0.0643, p-values < 0.05). The
Rannala and Moutain's (1997) method individual-based assignment also suggested a
similar pattern with large proportions of individuals {more than 0.83) collected in July
being correctly assigned to July, Temporal samples within Trang other than July were
genetically similar. Our results suggested possible genetically isolation between spawning
time of E. coicoides at this nursery area. To manage this E. coioides fisheries ina
sustainable manner, further invgstigalion on optimal exploitation strategies for each genetic

stock may be needed.
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Introduction

Orange-spotted grouper, Epinephelus coivides (Pisces: Serranidae) is economically and
ecologically significance species. This species is widely distributed throughout the Indo-
West Pacific from the Red Sea to South Africa, eastward to Palau and Fiji, north to the
Ryukyu Island and south to the Arafura Sea and Australia (Heemstra and Randall, 1993). It
is ane of the major species targeted for fisheries worldwide (e.g., Grandcourt et al., 2005)
and for aguacuiture in Asia (e.g., Sadovy, 2000). In Southeast Asia, juveniles of serranid
species are valuable commodity because of high demand for seeds for aquaculture (Sadovy,

2000; Mous et al., 2006).

Populations of E. coigides worldwide are under immense fishing pressure for both adults
(e.g., Grandcourt et al., 2005) and juveniles (e.g., Sadovy, 2000; Mous et al., 2006).
Current aquaculture operations rely heavily on juveniles harvested from the wild (more
than 90% in some areas, Sadovy, 2000). Current fisheries management often ovetlooks the
impacts of early life-phase capture on the adult populations (Mous et al., 2006). The
impetus for our study, therefore, is to generate basic population genetic information of
juvenile E coioides collected at a major harvest site within SE Asia (Sadovy, 2000) and to
gain insights about reproduction cycles of adult population(s) via the inference of juvenile
data. QOur study site in Trang province supports year-round natural production of juveniles
(at least 400,000 — 500,000 individuals purchased from this site in 1999, Sadovy, 2000;
Sheriff, 2004). Because of the heavy fishing pressure for all life stages and their life history
characters that make them vulnerable to overexploitation {e.g., long life span, stow
growing, spawn in aggregation, highly skewed sex ratio favoring femates), this species has
been listed as vulnerable to extfhction under the Red List of Threaten Species (IUCN) (e.g.,

TUCN, http:/#/www.iucnredlist.org/; Morris et al,, 2000).
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There is still large knowledge gap about reproductive biology of tropical serranid species
and the linkages between the dynamics of spawning adults in the oceanic environments and
the abundance of juveniles present at a nursery area. Existing literature for Serranid fishes
suggests that the spawﬁing/adult habitats and nursery sites for E. coicides can be separated
in a great distance (Gillanders et al,, 2003) with juveniles inhabiting the mangrove and
rocky reef estuarine environments and adults inhabiting oceanic environments (Sheaves,
1995). Most knowledge about reproductive and population ecology of Serranid fishes was
derived from temperate species (e.g., dusky grouper, E. mariginatus, Marino et al., 2001;
Nassua grouper, Epinephelus striatus, Sadovy and Collin, 1995) and our current
understanding of tropical grouper species is quite limited. For example, the fish stock
assessment data have only been reported for Epinephelus coioides populations within the

Arabian Gulf (e.g., Grandcourt et al,, 2003).

Spawning time for £. coioides adults in tropical areas is ancther mysterious aspect of
reproductive biology for this species. Observation of gonadal-somatic index (GSI) and
level of vitellogenin of a closely related species, £ malabaricus, suggests that the peak GSI
and the concentration of vitellogenin are expressed during November and March
(Kongkumnerd, 1997). Yet, the small-size juveniles (2 — 10 cm.) of E coioides can be
captured at a nursery are year round (personal observation}. The year-round presence of fry
raises an important biclogical and management question: do aggregations of juveniles
present at different times within a year in a nursing area derive from one or more
genetically distinct spawner groups? In some species, variation in spawning time is
heritable (e.g., Pacific Salmonids, Ford et al., 2006) and can lead to genetic isolation among

groups. The stability of temporal genetic structure, however, will depend on the levels of
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gene flow between the spawner groups, if the spawner groups are reproductively isolated.
Compared to freshwater or anadromous species, observing spawning events of marine
species may be more challenging. Using molecular techniques {(e.g., Hoarau et al., 2002,
Plaice, Pleuronectes platessa L.; Jorgensen et al., 2004, herring, Clupea herengus; Maes et
al,, 2006, European eel, Anguilla anguilla L.; Shaw et al., 2004, Patagonian squid, Loligo
gahi), some studies detected temporal genetic isolation for marine species with pelagic
larvae (e.g. Clupea herengus, Jorgensen et al., 2004; Anguilla anguilla, Maes et al., 2006).
In these species, the authors speculated that there are at least two genetically isolated

groups of spawners utilizing the same spawning ground.

Despite the economic significance of Serranid species, there are only handful genetic
studies (e.g., Stevenson et al., 1998; Rhodes et al., 2003; Zantcoff et al., 2004) and only a
few focused on tropical species (e.g., Koedprang, 2002; Antoro et al., 2006). Very few
designed the sampling schemes to assess possible temporal genetic isolation. Gerbtic data
generated from previous studies indicated strong spatial differentiation among populations
(e.g., Antoro et al., 2006; Rhodes et al., 2003, Zantcoff et al., 2004)., Within the Southeast
Asia region, Antoro et al. (2006)-discovered strong spatial population genetic structure in E.
coivides, at least at a regional scale (Thailand vs. Indonesia, and the east and west coasts of
Thailand) although allozyme analysis could not distinguish populations located in close

proximity (with Trang province, Thailand, Koedprang, 2002).

Availability of high-resolution genetic markers, such as microsatellite DNA markers and
powerful statistical models (such as Bayesian individual-based assignment methods;
reviewed in Manel et al,, 2005)‘5.110ws for the detection of genetic variation at a fine

geographic scale in both freshwater and marine species (e.g., Gadus morhua, Knutsen et
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al., 2003; Pangasianodon hypophthalmus, So et al., 2006). We, thercfore: utilized
microsatellite genetic markers and a variety of statistical models to evaluate potential
temporal genetic isolation. The objectives of this study were to describe genetic variation
within and among groups of juveniles collected at different times in a year and to determine
potential genetic isolation among spawner stocks from which the juveniles were produced.
Genetic insights about the temporal genetic variation of E. coioides juveniles would serve
as a starting point to address the biological and fisheries management question about

possible genetic distinct stocks that produce juveniles within a nursery area.

Methods

Study area and sampling scheme

We collected orange-spotted grouper (E. coicuides) juveniles from Trang (UTM
47TN0555556/0805863; N = 313) and Chantaburi (UTM47N1385415/0821685; N=45)
Provinces, Thailand (Figure 1). The Trang site is one of the largest nursery grounds for
grouper juveniles in Thailand as this area has relatively healthy mangrove coverage. In
1997, the mangrove areas in the three coastal districts of Trang accounted for roughly 12 %
(33,036 hectares) of Thailand's total mangrove coverage (275,805 hectares; National Park,
Wildlife and Plant Conservation Department, http://ims.dnp.go.th/index.htm}. We analyzed
nine samples, including eight samples from Trang and an outgroup from Chantaburi. We
coliected the Trang samples in January (JA), April (AP}, July (JU) and November (NO)
2004 and the Chantaburi sample (CH) in January 2004 (Fork length, FL = 6.6 - 12.8 cm).
For each sampling month, Trang samples consisted of two size classes, (1} either small (8,
FL =6.5-10.3 cm) or moderateJ(M, FL =10-12.5 ¢m), and (2) large (L, FL = 17.5-2% cm).

Each sample consisted of 33-40 individuals.
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Resolving microsatellite polymorphisms

We analyzed six microsatellite genetic markers (CA2, CA6, CA7, Rivera et al,, 2003,
EM07, EMO08 and EM10, Nugroho et al., 1998). The markers CA2, CA6 and CA7 were
originally developed for Epinephelus quernus and consisted of all perfect CA repeats.
EMO07, EM08 and EM 10 were developed for Epinephelus merra and consisted of imperfect
GT repeats. The DNA. analyses consist of three steps, (1) DNA extraction, (2) DNA
amplification using the polymerase chain reaction and (3) gel electrophoresis. We
extracted DNA from ethanol-preserved fin clips using a salting out protocol (adapted from
Aljanabi and Martinez, 1997). Briefly, we incubated small pieces of fin ¢lip tissue in lysis
buffer (10mM Tris HCl, 2mM EDTA, 0.4M NaCl, 10%SDS, and 20 ng of Proteinase K) at
55 °C overnight. We precipitated the lyzed protein using 300 pl of 7.5M Ammoniurn
Acetate. The DNA was precipitated and washed using 100% and 70% ethanol, ‘

respectively.

DNA was then amplified using polymerase chain reaction (PCR). PCR was performed in a
thermocycler {Hybaid Touchdown or Biometra Tgradient). Each reaction mixture (10 pL)
contained | PL template DNA solution or 50 ng purified template DNA, 2.5-5 uM of each
primer, 1.0 mM MgCl,, 0.01 mM of each dNTP, 1 X reaction buffer (Invitrogen, USA),
and 0.2-0.3 unit of Tag polymerase (Invitrogen, USA). Temperature profiles for the PCR
consisted of two steps: a seven-cycle profile consisting of denaturing at 94° C for | minute,
annealing at primer specific temperatures (50 — 54 °C) for 30 seconds, and elongating at 72°
s

C for 30 seconds, and a 33-cycle profile consisting of denaturing at 90° C for 30 seconds,

annealing at primer specific temperatures for 30 seconds, and elongating at 72° C for 30
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seconds (adapted from Nugroho et al., 1998). We performed elcctrophores{s of PCR
products on 6% polyacrylamide gel at 900 volts for 3 hours. We then visualized PCR
products on the gel stained with Silver Staining Technique (Promega, USA). To score
alleles, we compared the size of DNA fragments with a DNA sequence of PGEM plasmid

(Promega, USA).

Genetic data analysis

We analyzed genetic variation within samples using following indexes: allele frequencies,
number of allele/locus (A), the effective number of allele per locus (Ag), and
heterozygosities. We tested for the deviation of observed genotypes proportions from those
expected under Hardy-Weinberg equilibrium (HWE) using the Markov chain exact tests
(Raymond and Rousset, 1995) implemented within the software GENEPOP (Raymond and
Rousset, 1995; p-value estimated from 10000 dememorization number, in 100 batches with
1000 interations per batch). To investigate the likelihood of the presence of null atlele, we

used the Brookfield estimator | in the software Microchecker (Van Qosterhout et al., 2004).

To assess among-sample genetic variation, we performed exact tests of allele frequency
differences (Guo and Thompson, 1992), estimated subdivision index, Fy (Weir and
Cockerham, 1984}, and estimated genetic distance values (Cavalli-Sforza and Edwards’
genetic distance, and Neighbor-Joining cluster analysis with 1,000 bootstrap replications).
We performed exact tests using software GENEPOP (Raymond and Rousset, 1995) and
calculated Fg (1,000 permutations) and Cavalli-Sforza and Edwards’ genetic distance
values (1,000 bootstrap replications) using and Microsatellite Analyzer software (MSA;
Dieringer and Schidtterer, 2003'5. We constructed a genetic distance tree using the

Neighbor Joining clustering method, included in NEIGHBOR and CONCENSE within the
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PHYLIP software package (Felsenstein, 1993), The consensus tree was viewed in the

TREEVIEW software (Page, 1996).

To determine whether samples collected from Trang derive from one or more genetically
distinct groups, we took two approaches: (1) conventional population-based and (2)
individual-based assignment methods. For the conventional approach, we assessed the
genetic homogeneity both for pooled data for all Trang samples and for each predefined
temporal sample. For the individual-based approach, we used the approach developed by
Rannala and Mountain (1997) and Pritchard et al. (2000). The former method estimates the
probabilities that an array of multi locus genotypes belongs to putative baseline populations
using Bayesian approach (10,000 simulated individuals and threshold value = 0.05).
Pritchard et al.’s (2000) approach simulates the number of ‘true’ populations (K), each of
which is characterized by a set of allele frequencies at a locus, and estimates the admixture
proportions (Q) of each individual belonging to one of the K populations (length 8f Burnin
Period = 30,000, nurnber of Markov chain Monte Carlo Replications after Burnin: 100,000,
admixture model). The individual-based assignment methods were included in the

GeneClass2 (Piry et al., 2004) and Structure software (Pritchard et al., 2000).

Results

Microsatellite DNA polymorphisms and within-sample genetic variation

All microsatellite markers examined were polymorphic in at least one sample. For each

locus, the alleles ranged from five (CAD6) to 23 (EM10), average effective number of

alleles ranged from 2.59 (CA06} — 10.56 (EM10), and observed heterozygosities average
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across samples ranged from 0.11 (CA0Q7) to 0.82 (EM10) (Table 1). Withir:l each samnple,
the number of allele per locus average across loci ranged from 6.33 (JUL) to 7.83 (APS),
the average effective number of allele {Ag) ranged from 3.71 (JUL, Large size class
collected in July) to 4.52 (JUM, Medium size class collected in July), and the average
observed heterozygosities ranged from 0.51 (APL, Large size class collected in April;
NOL, Large size class collected in November) to 0.63 (CH, Chantaburi sample) (Table 1).
We detected private alleles in APS (EMO08, freq = 0.018), JUM (EM10, freq = 0.018), JUL
(CAQ2, freq = 0.015), NOS (CA06, freq = 0.013) and CH (CA7, freq = 0.047 and EM10 =

0.013).

Genotypic frequencies of most samples at all loci were consistent with those expected
under the Hardy-Weinberg equilibrium (Exact tests, p < 0.00093 after the Bonferroni
correction for multiple comparisons of 54 tests, Rice 1989). Of 54 tests, nine tests deviated
from the Hardy-Weinberg proportions (EMO7 in NOL sample, EM 08 in JAS sanfples, and
EM10 in all samples, except NOS and CH). Most deviations occurred at EM10 (seven out
of nine tests at this locus). Micochecker analysis (Van Oaosterhout et al, 2004) for the
presence of null allele suggested that the frequencies of null allele (r) at EM10 ranged from
0.053 (CH) to 0.206 (JUL). The average r-value for the Trang temporal samples was 0.131.
We, therefore, removed genotypes at EM 10 from further analyses that require Hardy-
Weinberg equilibrium (HWE). After removing EM10, only two of 45 tests deviated from
the expectations under HWE (p <0.0011, Bonferroni correction for 45 tests). In addition to
the tests for predefined temporal samples in Trang, we tested the genetic heterogeneity
within the pooled sample using exact tests for heterozygote deficiency at six microsatellite

loci. The test results indicated that genotypic frequencies at four out of six loci of the
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pooled sample deviated from Hardy — Weinberg proportions (overall p valie < 0.001 )

This was the first indication of heterogeneity in the pooled sample.

Genetic variation among samples

Exact tests for allele frequency differentiation at five microsatellite loci and pair-wise Fg
values reveated genetic differentiation between Chantaburi (CH) and Trang samples
{p<0.0014 with the Bonferroni correction for 36 tests). For the Trang temporal samples,
global Fy indicated genetic differentiation among samples (F = 0.026, p<0.001). July
samples (both sizes) were genetically distinct from most samples (Table 2, Table 3). Other
Trang samples are genetically similar although some exact tests revealed the p values at the
boarder of the significance level (0.0014<p<0.0064). The Cavalli-Sforza and Edwards’
genetic distance values suggested a similar pattern of population differentiation (Figure 2),
with CH samples being distinct from Trang samples and JUM-JUL being genetici‘l.lly
distinct from other the sampling months in the Trang samples. The remaining Trang
samples were clustered into two groups: (1) JAL, NOS, NOL (12.0 % supporting bootstrap

value) and (2) JAS, APS, APL (42.7 % bootstrap supporting value).

Data generated from individual-based assignment methods were inconclusive. For Rannala
and Mountain’s (1997) method, most individuals were assigned to more than one sampling
months (Tzble 4). Significant proportions of individuals (more than 0.70) sampled within
JAS, JAL, APS, APL, NOS, and NOL were assigned to at least one of these sampling
months. Similarly, large proportions (more than 0.83) of individuals sampled within JUM
and JUL were assigned to July i_amples. Even though these genetic relationships were
consistent across most genetic baselines, the proportions of assigned individuals varied in

the following reciprocal sample-baseline pairs: JAS-NOL, JAS-JUL, JAL-APL, JAL-NOL,
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APS-APL, APS-NOL, APL-NOS, and JUM-JUL, and NOS-NOL. For the Pritchard et al.’s
{2000) clustering method, we could not group individuals based on the likelihood of an

individual belonging to one of the K clusters (Q > 0.15, data not shown).

Discussion and conclusions

Genetic variation within samples

The levels of microsatellite polymorphisms observed in temporal samples of E. coloides in
this study were comparable to those observed. in E. coicoides samples previously collected
for the spatial genetic analyses in the Southeast Asia region (mean Ho = 0.36 — 0.55, mean
allele/locus = 7.25 — 8, Antoro et al., 2006), but were relatively lower than those observed
in populations of other Serranid species (e.g., mean Ho = 0.6805, mean aliele/locus = 18.75
for E. Mario; mean Ho = 0.664 — 0.689, average allele/locus = 12.75 — 16 for Mycteroperca
phenax, Zantcoff et al., 2004; mean Ho = 0.735 — 0.885, average allele/locus = 19 - 22.66
for E. polyphekadion, Rhodes et al., 2003; mean Ho = 0.51 ~ 0.69, mean allele/loctis = 7.71
— 13.86 for £ marginatus, de Innocentiis et al., 2001). Low effective population size (N,;
Table 5) due to several life history traits, such as highly skewed sex ratio (Grandcourt et al,,
2005) and variance in family sizes, of E. coioides as well as limited gene flow among
populations (Antoro et al., 2006) may have contributed to the lower-than-average genetic

diversity.

We observed heterozygous deficiency at EM10 almost in all Trang samples (seven out of
eight) and at two additional loci in some samples (EMO08 and EM07 in JAS and APS,
respectively), The heterozygote deficiency at EM10 may be due to admixture of
individuals belonging to differedlt sib groups or populations (Wahlund effect), the presence

of null alleles or sampling error. We may have included full-sib families in our samples
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instead of representatives from the entire population. The juveniles collectécl may have
been schooling juveniles (size 6.5 cm —29 cm). The presence of null alleles could also
result in the deficiency of heterozygotes. Microchecker analysis (Van Oosterhout et al.
2004} suggested the presence of null alieles at noticeable frequencies (more than 0.1) in the
Trang samples. It is interesting to note that Antoro et al, (2006), whose sampies also
included a Trang sample, did not observe the deviation for HWE in their Trang sample (10
~ 15 em juveniles collected from May to July 2003). Inadequacy of sample size for each
sample may also play a significant role in the departure from HWE at this locus. This
marker is highly variable (23 alleles); our sample size in each sampling month may not be
adequate to include all possible genotypes (i.e., 105 — 190 genotypes for 14 to [9
alleles/sample respectively). In our case, it may require at least 53 — 80 individuals per
sample. Despite potential probiems associated with sampling and null alleles, we still
believe that the departures to HWE within the Trang sample might have some biolegical
significance. The genetic analysis of pooled data (all sampling months, n = 358) révealed

that the Trang samples were heterogeneous.

Genetic variation among samples

Examined genetic markers were adequately powerful to differentiate Trang and Chantaburi
samples and to reveal subtle genetic differentiation within the Trang samples. The spatial
differentiation (Chantaburi vs. Trang) might represent the differentiation between the
Andaman Sea and Guif of Thailand populations; it was consistent with the genetic
differentiation patterns observed in E. coicoides (Antoro et al., 2006) and some other
marine species in Thailand, such as black tiger prawn (Peneaus monodon; Supungul et al,,
2001) and tropical abalone (Hal}{oris asining; Tang et al,, 2004) and Asian moon scallop

(Amusium pleuronectes, Mahidol et al., in press). The genetic differentiation could be
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aftributed to the geographic barrier (the Malay peninsular) between the two coasts of

Thailand.

An interesting aspect of our study is the temporal genetic variation. Within Trang samples,
July samples (both size classes) were geneticafly distinct from most remaining samples (Fg
values = 0.029 — 0.064; Cavalli-Sforza and Edwards’ genetic distance = 0.19 - 0.26).
Neighbor-Joining cluster analysis based on genetic distance values also suggested some
subtle differences among sampling months other than July: (1) NOS, NOL, JAL and (2)
JAS, APS, APL. The Rannala and Mountain’s (1997) method indicated somewhat unique
genetic identify for the July samples. The differentiation between July samples and other
sampling months was comparable to the differentiation between Chantaburi and Trang
samples (Fg values = 0.015 — 0.037). We hypothesize that the factors contributing to this
temporal genetic differentiation may include (1) the presence of discrete spawning

episodes, and (2) artifacts of sampling. ¢

Juveniles collected in different sampling months might have derived from discrete groups
of spawners. In some marine species, genetic evidence supports the hypothesis of
‘spawning waves,’ where different groups of spawners use the same spawning ground at
different time (e.g., hemring, Clupea herengus; Jargensen et al., 2004; European ecl,
Anguilla anguilla L.; Maes et al., 2006). In herring (Clupea herengus L.) in the Baltic Sea,
Jergensen et al. (2004) found that, spawners present earlier (March, April) and later (May)
in the spawning season were genetically distinct (0.0019 <Fg< 0.0136) at one of the two
study sites. Qur results may suggest at least two spawning episodes that produce, (1) JAS,
JAL, APS, APL, NOS, NOL (dlfring October to March, assuming a growth rate of fry was

2-3 cm per month, Rimmer, 2000), and (2) JUM, JUL (during June to August). Spawners
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producing JAL might be genetically similar to the ones producing NOS and NOL in the
following year. Results from individual assignment indicated that there could be overlap

among spawning episodes (individuals were assigned to more than one sampling months).

Based on understanding of reproductive biology of other grouper species, aggregations of
individuals within a population may spawn asynchranously {(e.g. Levin and Grimes, 2002).
Peak spawning activities of each aggregation are often associated with lunar cycles {e.g.
Levin and Grimes, 2002). Based on growth data inferred from otoliths and behavior data,
the actual spawning time for each individual can be very brief ranging from days to weeks
(reviewed in Levin and Grimes, 2002} even though indexes for gonad maturation (e.g.,
gonado-somatic index) indicated that mature gonads may be retained for the period of 1-5
months in a year. The patterns of spawning activities of E. coioides in the Andaman Sea
are currently unknown. Information on reproductive season and behavior of closely related
species or the same species under semi-natural conditions is inconclusive. Kongkuthnerd
(1997) suggested that a peak reproductive season for E. malabaricus is from November to
March, based on the levels of vitellogenin and gonado-somatic index. On the other hand,
Sudaryanto et al. (2004) observed spawning patterns of E. coioides in cages located ina
bay (Komodo, Flores, Indonesia) and found that E. coioides spawn in pairs (as opposed to
aggregations), with the males initiate the spawning activities. The authors also observed
spawning activities in September through March in some cages and April through July in
others (2-5 times per year per cage). It was not clear of how many times one individual can
spawn within a year and whether spawning activities are induced by biological (e.g., age,

social hierarchy, genetics) or environmental factors (e.g., temperature or salinity).

o
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Demography of each spawner group of £, coivides could also facilitate gene:tic changes
within and among discrete spawner groups. Genetic drift within each group could be
substantial if the effective population size (N,) of a group is small and could lead to genetic
differentiation among groups. Antoro et al. (2006) speculated that genetically distinct
populations of E. coioides examined in their study were quite isolated and each population
was quite small. In our samples, N, estimated from levels of linkage disequilibrium (Peel
et al., 2004), indicated very small N, for most sampling months, except for NOS and JAL.
Even though we our experimental design did not lend itself for proper evaluation of N, (we
could not verify the assumptions of closed population and our small sample sizes were
quite small), the N, estimates using our data may serve as an approximation. Estimates of
small N, suspected for this species is not surprising because many marine species tend to
have small N¢:N ratios {e.g., Ne/N = 0.0001 in New Zealand snapper, Pagrus auratus,
Hausers et al., 2002). Factors that lead to small N, in E. coioides samples may include
highly skewed sex ratio, differential reproductive success among families and flucfation in
population sizes. Most species of the Order Serrannidae are protogynous hermaphrodites
(i.e., larger individuals within a group become a functional mtale while smaller individuals
remain functional females) and thus, populations tend to bave fewer males than females. In
seme instances, the sex ratios can be highty skew towards females (e.g., ratio of male to
female = 1:48 in the southern Arabian Gulf; Grandcourt et al.,, 2005). Many marine species
have high differential reproductive success among families (e.g., Hedgecock 1994). The
successes of recruitment are usually variable from year to year depending on the oceanic

conditions, which turn out to be highly variable.

Although the presence of discrete spawning episodes is a plausible explanation of the

observed genetic structure within the Trang sample, the observed genetic differences may
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also be an artifact of sampling either by collecting few full-sib families or a mlxture of
individuals from several spawning episodes, particularly when growth rates are unknown.
Our rationale for including two distinct size classes for each sampling month in Trang was
to aveid problems of sampling the same cohort in different sampling month, Tt is difficult
to draw a boundary for genetically isolated groups when undertaking a study of temporal
genetic variation, where a sampling location the same throughout a study. Even though we
used a size class as a proxy for age, there may still be substantial overlap in size among age

classes. A technique for determining ages of juveniles will be helpful.

Even though individual assignment methods did not reveal distinctive clustering of
individuals belonging to distinct genetic groups, this approach may still be valuable for
studies along the line of our study. A few factors may have reduced the power of the
individual-based approach in our study: (1) low level of differentiation between the Trang
samples (0.0001<Fq< 0.0643), (2) relatively few highly polymorphic loci, and (3} fack of
appropriate genetic baseline. Cornuet et al. (1999) simulated the relationships between Fy
and percent correct assignment and showed that the percent correct assignment decreased
rapidly at F, below 0.05. Even though some studies indicated that relatively few loci were
adequately powerful in discriminating individuals with distinct genetic background (e.g., 7
foci used in So et al. 2006), the genetic diversity of the loci under investigation were
generally high (total of 114 allele and Ho = 0.734 in So et al., 2006) and true population
differentiation were generally high (Fg > 0.05; Castric and Bernatchez, 2004). In addition
to the power of microatellite markers and the true genetic difference of populations,
baseline information is also important and in some cases, necessary (¢.g., Rannala and
Mountain, 1997). Hauser et al. {2006) itlustrated that availability of baselines substantially

improve the accuracy of all individual-based assignment methods.
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Implications for fisheries management and conservation

Our study is among a few to address temporal genetic variation in tropical marine species.
It is clear from our study and Antoro et al. (2006) that the population genetic structure
exists among populations inhabiting the Andaman Sea and the Gulf of Thailand. Our study
also provided some evidence for temporal genetic heterogeneity, possibly reflecting
discrete spawning waves. This finding raises several biclogical and management guestions
for this species: (1) is this termporal genetic structure stable? (2) Do different spawning
groups (if any) share the spawning grounds? (3) If different genetic stocks exist, how
different are their demographic characteristics? (4} How different is the fishing pressure on
genetically distinct stocks? Both genetic and demographic information will be necessary

for sustainable fisheries management of this species.
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Table 1. Microsatellite genetic variation at six loci of grouper samples collected in January

{JA), April (AP), July (JU) and November (NO) 2004 from Trang and Chantaburi (CH)

provinces. Designated codes of samples represent time of collection, size classes (7.6-10.3

cm, 8; 10-12.5 em, M; 17.5-29 cm, L} and location. Within population genetic variation

indexes include the number of allele per locus (A), effective number of allele per locus

(Ag), observed heterozygosity (H,), expected heterozygosity (H,), and Fis. Values

underlined indicate the deviation of heterozygotes from Hardy-Weignberg proportions (at

0.01<p<0.05 and p<0.00093 with Bonferroni cotrection for multiple comparisons, 0.05/54,

highlighted in bold type). EM10 was removed from further analyses that require HWE

assumptions.
Laci Sampling month /size classes (Trang samples) cH Across all
samples
JAS JALL APS APL JUM JUL NOS NOL
CA02 N 40 40 36 40 40 33 38 38 45 350
A 6 6 5 5 S 7 6 5 8 8
A L7 2 2.6 1.7 2.8 3.7 2.5 2.3 4.1 2.59
Ho 043 055 056 048 060 085 071 053 064 0.59
He 0.41 050 062 040 064 073 059 056 076 0.58
Fis -0.04 -0.10 0.11 -0.18 0.06 -0.17 -020 006 0.15 -0.02
CA06 N 40 40 40 40 40 33 40 38 41 352
A 11 8 12 9 8 8 9 8 9 13
As 43 4.8 5.1 498 4.7 475 5.1 46 5.04 4,83
Ho 084 068 090 070 093 097 075 055 0.83 0.79
He 077 079 081 080 079 079 080 078 0.80 0.79
Fis -0.10 0.15 -0.142 012 -0.17 -0.23 0.07 030 -0.03 0.00
CAD7 N 40 40 39 39 36 31 39 39 43 346
A 5 3 3 3 4 1 3 2 3 6
Agp 1.2 1.1 1.1 1.05 1.2 1 1.2 1.03 1.2 1,12
Ho 0.18 6.13 " 0610 0.05 0.14 000 Q.18 003 0.16 0.11
He 0.17 0.12 010 005 0.l6 000 017 003 0.13 0.10
Fis -0.06 -0.05 -0.04 -0.02 0.12 NA -0.09 001 -0.07 -0.03
EM07 N 38 39 & 37 36 38 33 38 39 41 339
A 6 6 6 5 6 5 6 6 6 6
Ap 43 4.1 4.5 42 415 3558 4.6 455 43 4.25
Ho 084 077 097 075 084 070 084 079 0388 0.82
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EMO08

EMI10

Across
all Toci

0.01.

JAS
JAL
APS
APL
JUM
JUL
NOS
NOL
CH

JAS

JAL
APS
APL

26

He 077 076 078 076 076 072 078 078 077 0.76
Fis -0.08 -002 -025 001 -0.11 0.03 -008 -002 -0.14 -0.08
N 33 39 28 37 33 28 36 35 4] 319
A 3 3 5 2 2 2 3 4 3 5
Ag 166 226 1.88 1.84 196 160 218 211 1.76 1.91
Ho 0.21 062 036 049 033 029 050 0.54 046 0.42
He 040 056 047 046 049 038 054 0.53 043 0.47
Fis 046 -0.10 023 -007 032 024 008 -0.03 -0.08 6.10
N 38 36 36 36 36 31 36 39 39 327
A 5 16 H) 19 18 15 17 14 15 23
Ag 106 10.4 1.7 116 i23 7.7 10.8 8.6 9.6 10.36
He 063 072 067 061 075 048 075 062 079 0.67
He 051 090 091 091 092 0387 091 0388 09 0.90
Fis 030 020 027 033 018 044 017 030 011 026
A 767 700 783 7.7 717 633 733 650 7.00
Ap 396 412 449 422 452 371 438 386 434
Ho 052 058 059 051 060 055 062 051 063
Table 2. P-values for the exact tests (Fisher’s method) of allele frequency differences for
each population pair across five loci. Values underlined indicate statistical significance (p
<0.0014, after Bonferoni correction = 0.05/36). Values in italics fall between 0.0014 and
JAS JAL APS APL JUM JUL NOS NOL ¢ CH
LEL £
0.0028 **»*
0.0356 0.0020 *++*
0.2054 0.0202 0.0734 *+*+
0.0012 0.0064 0.0001 0.0005 ****
0.0007 0.0000 00020 00045 0.0567 *++»*
0.0109 0.3329 0.1957 0.0120 0.0025 0.0000 ***+
0.0030 0.4861 0.0477 0.0215 0.0003 0.0001 (.1268 w***
0.0000 0.0000 0.0000 0.0003 0.0000 0.0006 0.0000 0.0000 ****
Table 3. Pair-wise Fq values among samples calculated as Weir and Cockerham’s (1984)
theta using genetic information at five loci (excluding EM10). Underlined values are
significantly higher than zero (p < 0.05).
JAS JAL APS APL UM JUL NOS NOL CH
0.0000 s
0.0120 0.0000
00125 0.0194 0.0000
0.0045 0.0117 0.0047 0.0000
0.0605 0.0482 0.0474 0.0643 0.0000

JUM
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JUL 0.0440

0.0520

0.0288 0.0500

NOS
NOL
CH

0.0148
0.0227
0.0284

0.0001
0.0036
0.0286

0.0034
0.0078
0.0161

0.0099
0.0148
0.0259

0.0114
0.0454
0.0566
0.0214

0.0000
0.0404
0.0479
0.0235

0.0000
0.0013 0.0000
0.0157 0.0349

27

0.0000

Table 4. Proportion of grouper juveniles within Trang samples assigned to each sampling
menth based on information from six microsatellite loci (using the Rannala and Mountain's
method). The numbers in bold type are the proportion of individuals assigned to their

respective sampling month.

Excluded from Assigned to

all months JAS JAL APS APL JUM JUL NOS NOL
JAS 0.08 083 078 088 075 073 050 085 063
JAL 0.03 070 088 0.83 0.65 088 045 0.83 055
APS 0.03 085 065 0988 063 048 043 080 053
APL 0.03 085 080 088 09 073 043 083 083
JUuM 0.05 050 045 048 028 096 048 048 013
JUL 0 070 052 081 030 082 084 067 027
NOS 0.03 078 073 078 055 053 025 098 050
NOL 0.03 085 080 080 0B85 060 043 083 0.95

Table 5. Estimation of effective population size (N.), based on the linkage disequilibrium
method, of the E. coioides samples from Trang (Peel et al., 2004)

Samples Ne estimates 95% CI
JAS 74.3 [43.1 200.3] N
JAL Infinity [153.4 Infinity)
APS 38.8 [26.5 65.3]
APL 22.1 [16.6 30.8]
JUM 76.3 [41 288.6]
JUL 62.6 [31.8315.4]
NOS 191.7 [66.0 Infinity]
NOL 29.9 [20.9 46.9]
-
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Figure 1. Map of Thailand showing sampling locations, coastal waters of Trang and
Chantaburi provinces,
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Figure 2 Neighbor Joining clustering of samples based on Cavalli-Sforza’s genetic distance
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ABSTRACT: Genetic diversity among eight species of grouper, Epinephelus bleekeri, E. coioides,
E. malabaricus, E. ongus, E. akaara, E. maculatus, E. merra and E. fuscoguttatus, was studied using
six microsatellite loci, Em-01*, Em-03*, Em-07*, Em-08*, Em-10*, and CA-07", with the aim of
expicring the feasibility of using microsateilite data for species identification. The resuits showed high
levels of genetic differentiation among species {Fsr = 0.4403 and Rsr=1{.4854). Species identification
based on fixed allelic differences was possible between E. coicides, E. ongus, and E. fuscoguttatus
al Em-01* and between E. fuscoguttatus and E. ongus at Em-08~. Private alleles wese found in all
species, except for E. ongus. Pairwise Fgrranged 0.2368-0.578 (P < 0.008 Bonfetroni correction}, and
Nei's genelic distance ranged 0.433-2.710. Size homoplasy was observed at Em-03 157 aliele,
which was characterized by a T-C transition at the 119th nuclectide site of PCR preducts. The genetic
assignment test unambigucusly assigned each individual to the correct species. Thus, thig test can be
used for species identification of unknown individuats when the multilocus genotypes of the six
microsatellite loci are avaitable. The phylogenetic (neighbor-jcining) tree, which was constructed
based on the genetic distance matrix, separated the eight grouper species into twe main groups.

KEY WORDS: Epinephelus, genetic diversity, grouper species, homoplasy, mic:osatel[ite.

INTRODUCTION

The grouper genus Epinephelus is one of the largest
genera among bony fish, with 129 congeneric
species inhabiting marine habitats around the
world.' Many of these species are economically
important for both capture fisheries and aquacul-
ture.

Species identification of grouper is problematic,
since morphological traits overlap among species,
and variations of body coloration during different
life stages can make it difficult to correctly classify
species. Although identification guides based on
morphological characteristics are available for the
identification of almost all grouper species in the
world,? misidentification between species is still

=
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common. For example, one grouper species,
E. coioides, which is cultured in South-East Asia, is
often misreported as E. tauvinag,’® and the cases of
misidentification between E. coioldes and E. mala-
baricus are also not uncommon.? Other instances
of misclassification include: (i) E. guaza inhabiting
the Mediterranean and the Atlantic Ocean was
often misidentified as E. tauvina (of the Indo-
Pacific region); and (ii) confusion of £. fuscoguita-
tus with E. polyphekadion.?

Molecular genetic markers have been used to
resolve taxonomic ambiguity in many taxa® includ-
ing fishes® For exampie, two morphologicaily
different forms of stream-dwelling fishes of the
genus [{yodon in certain rivers in Mexico had been
considered as different species, but later allozyme
analysis suggested that they shoutd not genetically
be delineated.®” The Bulthead Cottus gobio, previ-
ously thought to consist of one species, was
divided into two subspecies based on fixed allelic
differences of allozyme loci (10% of the examined
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loci).® Further, species-specific genetic markers
serve as an efficient toot for precise species identi-
fication and detection of introgression between
species.*!® Several types of molecular markers have
been used to quantify genetic diversity of groupers,
including aliozymes,'"'? microsatellite DNA,'*"
mitochondrial cytochrome b,'>'® the 590-bp region
of the 165 rRNA gene,’” and RAPDs.'®

in this study we investigated genetic diversity
among members of the genus Epinephelusin order
to document the potential of microsatellite DNA
loci for species identification in this genus. Micro-
satellites have been used to survey the extent of
genetic differentiation between species in several
fishes, such as sparids (Pagrus major and conge-
ners),'? salmonids,® and species in genus Seriola,?
largely because of the (hypervariable) nature and
transferability of microsateliice alieles, which has
recently received much attention in the context of
conservation and evolutionary popuiation genet-
ics. Size homoplasy, which explains the state that
ailetes with the same size have different nucleotide
sequences, has frequently been found in com-
pound and interrupted microsatellites™® in a
wide range of taxa such as primates,®* inverte-
brates,”*” and fishes.” We report here the fitst evi-
dence of size homoplasy among gmuper&%ies.

MATERIALS AND METHODS
*
DNA samples

We drew samples from eigh? species of groupers of
the genus Epinephelus. Four species, E. Dleekeri
(n=34), E coivides (n=50), E. malabaricus
(n =50), and E. ongus (n = 50), were sampled from
natural habitats along the coast of the Andaman
Sea in Trang Province, Thailand. Three other
species, £ akaara (n=29), E maculatus (n=11),
and E. merra (n = 10), were coliected from natural
habitats around Okinawa, Japan. Epinephelus fus-
coguttatus (n = 48) was collected from a hatchery
in Taiwan. Sampling sites are shown in Figure 1,

Before collecting tissue samples for DNA exitac-
tion, we identified the species of these fish samples
based on their morphological characteristics fol-
lowing Heemstra and Randall” Then, we cut small
pieces of caudal fins and preserved them individu-
ally in 80% ethanol until DNA extraction was per-
formed. Genomic DNA was extracted by the
phenol-chloroforin method, and the concentra-
tion was checked.

Microsatellite DNA analysis

A total of six microsateliite primer sets were used,
with five developed f[fom E. malabaricus: three

W Koedprang et al.
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Fig. 1 Sampling sites of eight species of groupers of the
genus Epinepheius included in this study.

sets® (Em-01, Em-03, and Em-08) and two sets®
(Em-07 and Em-10). One primer set (CA-07,
GENBANK accession number AF539609) was
derived from E. quernus™ The forward primer of
cach primer set was biotin-iabeled at its 5" end to
visualize PCR products. The PCR mixture was pre-
pared according to Nugroho et al.®

The conditions for the PCR cycles were as
follows: seven cycles of 1 min at 94°C, 30 s at the
optimal annealing temperature (Tonn), and 30 s at
72°C followed by 33 cycles of 30 s at 90°C, 30 s at
optimal Tae, and 30 s at 72°C. After PCR cycling,
deiconized formamide stop dye was added to each
reaction mixture,

Electrophoresis was performed on 6% polyacry-
lamide urea gel after denaturation of PCR products
(at 95°C for 15 min), and the alieles were sized rela-
tive to the sequence ladder geperated from
MI3mpl8.

Chemiluiminescence detection was performed
according to the method described by Perez-
Enriquez er al® After electrophoresis, DNA was
transferved to a nylon membrane by blotting, and
then the transferred membrane was dried and
UV-cross linked. DNA on the membrane was
detected using a Phototope Star Detection Kit
(New England Biolabs, Beverly, MA, USA).

Data analysis

Genotype data were used to calculate the number
of alleles at each locus, and observed (H,) and
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expected (H,) heterozygosity. Subsequent calcula-
tion of the effective number of alleles (A.) was
made using the formula A,=1/X x7 , where x; is the
frequency of the alleie for each locus.®

Genetic differentiation was assessed using
Wright's F-statistic.*** Rerover ali samples was also
estimated following Rousset.* Pairwise Fsrwas cal-
culated to examine genetic differentiation between
species. All calculations were performed using
GENEPOP software.”® Nei's unbiased genetic dis-
tances® were calculated and subsequently used
to construct a phylogenetic dendrogram by a
neighbor-joining method® using PHYLIP soft-
ware.?® The iree was evaluaied by 1000 resamplings
of loci. Visualization of the tree was done on Tree-
Explorer software.®®

Species assignment test

Species assignment of individuals was verified to
explore the feasibility of using microsatellite data
for species identification. The test is on the basis of
the muitilocus genotypes of microsatellite lociby a
maximum likelihood method using WHICHRUN"
to allocate individuals to their most likely source

population. /

Assessment of microsatellite DNA homoplasy

We addressed size homoplasy of microsatellile
alleles at cne locus (Em-03), where seven of the
eight species shared a common allele (Em-03%157,
Appendix Table Al), Three species (E. bleekeri,
E. coipides, and E. malabaricus) showed no allelic
variation at this locus. The Em-03*157 allele was
sampled from 10 homozygous individuals each
from E akaara, E. bleekeri, E. coioides, E. fus-
coguttatus, and E. malabaricus, and four homozy-
gotes from E. macidatus. Alleles from E. merra
were not analyzed because no homozygote
Em-03 *157/*157 was found in this species and
we were unable to elute the *I157 allele from
the heterozygoies. DNA from each individual
was amplified vsing the £m-03 primer set, and
PCR products were resolved on 2% agarose gel.
The *157 bands were extracted and purified
from the agarose gel using a QlAquick Gel
Extraction Kit (Qiagen, Hilden, Germany). Both
strands of purified 157-bp PCR productg were
sequenced using a DNA sequencer (Prism 377,
ABI, Foster City, CA, USA). The DNA sequences
were manually aligned and polymorphism was
detected.
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RESULTS
Private alleles and diagnostic loci

Allele frequencies are showp in Appendix Table Al.
Private alleles were found in seven species (ai
species studied except for E. ongus), and across
seven loci examined six alleles were specific to
E. akaara, five alleles in E. bleekeri, two in E. coio-
ides, thirteen in E. fuscoguitatus, four in E. macu-
latus, six in E. malabaricus, and eight alleles in
E. merra. For example, at locus Em-01, two alleles
(*270 and *274) appeared in E. akaara but not in
the other species. Likewise, *235 and *239 were
unique for E. maculatus; *220, *222, *224, and *226
for E. merra, *225 for E. fuscoguttatus; and *255
for E. malabaricus.

Two diagnostic loci that refer to loci that are
monomorphic at different alleles in different
species were observed between E. coioides,
E. ongus (fixed at Em-01*257), and £. fuscoguitatus
{fixed at Em-017224), and between E. fuscoguttatus
(fixed ai Em-08*204) and E. ongus (fixed at
Em-08*202).

Genetic variability within species

The leveis of polymorphism varied considerably
among loci. The mean number of alleles over loci
across eight species ranged from 2.8 (E. ongus) to
6.8 (E fuscoguttatus), and the mean effective
numbers of alleles ranged from 1.8 ongus)to 3.6
(E. merra) (Table 1). The average H, of eight species
ranged from 0.32 (E. ongus) and 0.58 (E. merra),
while H. was between 0.36 (E. coioides) and 0.62
(E. merra).

Genetic differentiation

Genetic differentiation among species in terms of
the overall Fsr (Fsr=0.4403, P<0.008 after Bon-
ferroni correction) was statistically significant
(Table 2). The loci that contributed much to the
genetic differentiation were Em-0I*, Em-08*, and
Em-03* (Fsr of each locus across species = 0.7414,
0.7015, and 0.5735, respectively).

Rsrover all samples was 0.4954. We could not test
the significance of the Rsr because the core repeat
sequences of the microsateilite markers developed
by Nugroho er al.”® were not available. Three loci
(Em-01*, CA-07%, and Em-08*) generated high Rsr
values (Em-01* |Rsr=0.981), CA-O07* |Rsy = 0.605],
and Em-08* [Rsr=0.585]).

Pairwise Fsr values between species ranged
0.238-0.578 and were statistically different from
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Table 1 Within-species genetic variability of eight grouper species estimated based on six microsatellite [oci

Locus EA EB EC EF EMac EMa) EMer EOQ
Em-01*

n 29 34 50 49 il 41 10 50

A (A 2{1.9) 2(1L.4) 1{-} t(-) 2(1.8) 2(1.9) 4 {2.6) 1=

H, .88 (.35 0 0 .54 0.46 0.4G 0

H, 0.49 0.33 o o 0.48 G.50 G.65 ]

Fiy -0.750 ~0.065 - - -0.132 0.077 0.405 -
Em-03* F

1n 29 34 50 44 i 41 10 50

A (A) 2(1.1) 1(-) 1(-) 2(1.5) 2 (1.7} 1 (=) 3({2.8) 2(1.6)

H, 0.17 0 0 .45 0.63 [t 0.90 048

H, le 0 0 0.35 0.45 o 0.67 (.39

Fis -0.077 - - -0.284 —0.429 - -0.350 -0.157
Em-07*

n 25 34 50 35 11 4] 10 50

A (A 5 (2.6) B (2.8) 3(2.2) 10 (3.2} 4 {2.4) 6(2.7) 4 (3.3) 5 (2.3}

H, .82 0.47 0.58 0.60 045 0.53 .90 0.16

H, 0.62 0.65 .55 0.6% (.61 0.64 .74 0.57

Fis -0.322* 0.282* -0.052* 0.141% 0,275 {.167 -.227 0.722%
Em-08*

n 29 34 A0 49 11 41 10 50

A (A 3012 20.0) 4(2.1) 1= 2{1.2) 2(3.7) 2(1.1) 1{~)

H, 0.13 0.02 (.44 1} 0 0.75 g.10 i}

H. 0.19 0.02 0.51 0 0.7 .74 .10 0

F 0.293 - 0.155 - 1.00 -0.016 - -
Em-10~

n 29 34 50 49 11 41 10 50

A{A) 8 (2.64) 16 (8.5) 21 (11.2) 22{i0.8) 5(4.3) i2 (7.4) 10 (8.3) 5 (3.8}

H, 0.96 0.97 1.00 0.97 1.060 0.90 1.00 0.92

H, (.63 0.89 0.92 .91 0.80 {0.87 0.9z 0.74

Fis —0.5%0* -0.085 -0.087 ~0.070 ~(,257* -0.030* —0.084 -0.266*
CA-07*

b4 29 34 50 49 \11\\5 4t 19 50

A (Al 6 (2.5) 8(3.5 4{1.2) 5(2.4) 9.3) 3{2.4) 3(2.4) 3 {2.0}

H, .51 0.82 0.18 0.38 0.81 {.48 0.20 .42

H, .61 0.73 0.16 0.59 0.85 0.59 0.52 0.50

Fis 0.167 -(.128 -0.069 0.354~ 0.043 0.302 0.692* 0.169
Mean

H 28 34 20 415 11 41 10 50

A (A} 4.3 (2.0) 6.1 (2.9) 5.61(2.7 6.8 (3.0) 4.0(2.8) 4.4 (3.0) 4.3 (3.8) 2.8(1.8)

H, 0.58 0.44 .36 .40 0.57 0.52 0.58 0.32

H, 0.45 0.44 0.36 Q.42 0.56 0.55 0.62 0.37
Overall

Fis —0.275*% ~-0.002* -Q.017" 0.056* -0.020 0.063 0.661* 0.119*

EA, £ akaara, B, E. bleekeri; EC, E. coivides; EE E. fuscogutratus, EMac, E. maculatus; EMal, E. malabaricus; EMer, E. merra;

EQ, £ ongus.

1, sample size; A, number of observed alleles; A, effeciive number of alleles; H, and #,, observed and expecied heterozygosity,
respectively; Fis, inbreeding coefficient, where statistically significant F;; value is indicated by adding an asterisk (*P < 0.001, simulta-

negus 1ests).

zero (P <0.008 after Bonferront correction). Nei's
unbiased genetic distances suggested high levels of
inter-specific genetic differentiation, as the dis-
tances ranged 0.433-2.710 (Table 2),

Homoplasy at Em-03*157

Sequencing of the 157-bp products obtained from
multiplication reactiop primed by the primer

Em-03 revealed that the reverse strands of all six
species comprised 154 nucleotide sequences
(accession numbers AY736036-41) pius an A
stretch (3 nt), which was probably added to the 3’
end of the PCR product because of terminal trans-
ferase activity of Tag polymerase. The 157-bp prod-
ucts obtained from the six species comprised the
same sequences except for a T-C transition at the
119th nucleotide site observed in the PCR products
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Table 2 Pairwise Fsr between eight grouper species (upper matrix) and Nei's unbiased genetic distance (lower matrix)

Species EA EB EC EF EMac EiMal EMer EO
EA - 0.466 0.513 0.385 0.39G 0.391 0.437 0.578
EB 1.219 - 0.447 0.462 0.292 0.323 ; ©.305 0.460
EC 1.199 0.748 - 0.494 0.487 0.304 0.504 0.518
EF 0.666 1.064 0.976 - 0.431 0.391 0.456 Q.554
EMac 1.010 0.478 1.160 1.118 - 0.327 0.236 0.424
EMal 1.112 0.654 0.433 0.945 0.975 - 0.349 0.433
EMer 1.713 0.566 1.538 1.614 0.558 1.385 - 0.396
EO 2.710 0.842 0.960 1.721 $.788 1.033 0.7t5 -

EA. E. akaara; EB, E bleekeri;, EC, E coioides; EF, E. fuscoguriatus: EMac, E maculatus, EMal, E malabaricus; EMer, E merra;
EQ, E. ongus.

All pairwise Fyr were statistically significant (Bonferroni corrected P < 0.05/28 = 0.0018, where the critical vaiue 0.05 is adjusied
because of multiple tests by dividing by number of 1ests = 28.}

Table 3 Percent of species assignment test of individuals of eight grouper species

Species of origin

Sample EA EB EC EF EMac EMal EMer EQ
EA 100 0 0 0 t} ¢ o ]
EB g 100 0 0 0 G i) 0
EC G 1) 100 0 0 1] ] 0
EF 0 0 0 100 0 4] 0 Q
EMac 0 0 0 0 100 0 0 0
EMai 4] 0 0 4 0 100 0 1]
EiMer v} 0 0 v} 0 0 100 0
EO 0 Q 0 ¢ 0 0 ) 100

EA, E. akaara; EB, E. bleckeri; EC, E. cofoid&\gﬁ L. fuscoguitatus, EMac, E maculaties; EMal, E. malabaricus; EMer. E. merra
EQ. E. ongus.
Individuals were assigned (o each species at a level of LOD > 2.

L

5 y from eight grouper species were successfully
assigned to their origin. The percent of collected

E. akaeira . . .
E. bleakeri species is shown in Tabie 3.
E. coimiees
E. fuscagusiatus
E. macufatus
E. malabaricny
Consensus TTCTGY GTGTAGCTATGTGTGIGTGCGTGIGTOCG
Phylogenetic dendrogram
Fig. 2 Reverse strand sequence of microsateilite focus
Em-03 determined for six grouper species. The nucle- The neighbor-joining tree generated from the dis-
otide site where a point mutation (I-C wansition) tance matrix (Fig. 3) showed that the eight grouper
appeared (119th nucleotide site) and adjacent species are clustered into two main groups. The

sequences are shown, Repeat domain of this locus is

S first group comprised the two temperate species
underiined in the consensus sequence. group P b P

E. fuscogufttatus and E. akaara with a bootstrap-
ping value of 63%. The second group included all

from E. bleekeri and E. maculatus. The transitional the remaining species in which all the internal

site was at the first GT repeats of (GT)s(Fig. 2). nodes except for a node that grouped £ coioides

There was no sequence polymorphism among and E. malabaricus were not supported by boot-
conspecific individuals. strap values.

The phylogenetic dendrogram regenerated

o taking into account the size homoplasy (without

Species assignment test E. merra) resulted in a slight change of the original

tree topology (figure not shown). However, both

The species assignment was accomplished using the originat and new trees were statistically not

the data of six microsateilite loci. The individuals well supported at most of the internal nodes.
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E cofoides
I £ {
E maiabaricus
33 E. merma
4B
E. macuiatus
38
5
E. Weeker
E ongus
- E. fuscoguitatus
L E. akaam

ot

Pig. 3 Neighbor-joining tree based on Nej’s unbiased
genetic distance’’ Bootstrap value is shown at each
nade, scale bar = genetic distance.

DISCUSSION
Genetic differentiation between species

The eight grouper species were readily differenti-
ated using microsatellite loci, as the Fsr values
between species were much higher than intra-
specific Fsr vaiues for E. marginatus {For = 0.018)'%
and E. coioides (Fsr=0.074)."" Genetic distance
obtained in thig study (D= 0.433-2.710) was also
higher than that reported for intraspecific differ-
ence of the three species of Epinephelus
(D=0.051-0470 for E. marginatus,'“D=(.023-
0.123 for E. polyphekadion,"D =0.016-0.086 for
E. coioides*®.

The diagnostic alieles observed at Em-0I*
{beeween E. coioides, E. ongus, and E. fuscogutia-
tus) and Em-08* (between E. ongus and E fus-
coguttatus) are useful for species identification.
Although polymorphism at £m-01* was cbserved
in four different populations of E coioides,*™ the
allele sizes did not overlap with the alleles from
E. fuscoguttarus, with approximately 30-bp differ-
ence, suggesting that this locus can be used for
species differentiation between E. coioides and
E fuscoguttatus. In addition to the diagnostic
alleles, private alleles, which were found in several
species, will provide an objective means to dis-
criminate the grouper species, for example,
between E.akaara and E. bleekeri-E. coioides—
E. maculatus-E. ongus and between E. merra-
E. fuscoguttatus and E. maculatus. Although in the
case of species identification for adult fish listle
taxonomic confusion occurs between these
species based on external characteristics alone, the
private alleles can be useful for taxonomic classifi-
cation of larvae. Becau?e the sample size is small,

W Kvedprang et al.

it is very unlikely that we were able to sample al
alieles for every locus and species; therefore, it is
necessary t0 extensively survey the allelic diversi-
ties of other populations in each species.

Homoplasy at Em-03*157

Size homoplasy was observed between species of
grouger but not within species, and this finding
complements those of previous studies that size
homoplasy always occurred at compound and
interrupted microsatellites.?*2"% Most of the pre-
viously reported homoplasy was caused by deie-
tion and additions of repeat units, and in some
instances, especially between species, by nucle-
otide variations in microsatellite flanking regions
(detetion, addition, and poin{ mutation).®

The presence of size homoplasy is expected to
resultin reduction of the branch length of a phyio-
genetic tree™ or alteration of tree topology.” When
we scored the homoplasius alleles as different
alleles, the tree topology was altered (figure not
shown), but the confidence level of the recon-
structed tree was low as the bootstrap values
ranged 52-79. Hence, gur data sets do not suffice to
evaluate how much the presence of size homopiasy
influences the inference of phylogenetic relation-
ships among species; this topic should be investi-
gated further.

Species assignmen\test

The eight grouper species were unambiguously
separated by the assignment test, when the indi-
viduals were completely assigned to their species
at the level of logarithm of the odds ratio (LOD) > 2.

" The microsatellite DNA markers provide more sta-

tistical power than was previously afforded by
allozymes, both for detecting linkage disequi-
librium, a signal of sample admixture, and for
assigning individuals to populations of origin.*
An example is the non-winter contaminants of
chinook salmon Oncorhynchus tshawyischa in
winter-run broodstock, which were assigned by
microsatellite loci data using the WHICHRUN*
program. Removing 17 individuals determined to
be likely of non-winter origin from these stock
restored equitibrium conditions.* Further identifi-
cation of any unknown grouper can be facilitated
by the assignment test (WHICHRUN program)
using our data as a baseline, providing that the
same microsatellite loci are scored.

Phylogenetic dendrogram

The dendrogram obtained in this study did not
show a robust refationship between species
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because most of the internal nodes were not sup-
ported by high bootstrap values. Nevertheless, at
least the close relationship between E. coioides
and E malabaricus was supported {(bootstrap
value = 77%) and is in agreement with the study
based on RAPDs."®

CONCLUSION

This study demonstrated that: (i) the eight species
of the genus Epinephelus could be readily differen-
tiated using microsatellite markers; (i) the fixed
alkelic different and private alleles provide an addi-
tionai tool for species identification; (i1} the eight
species included in this study were divided into
two distinct groups; and (iv) size homoplasy was
present.
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APPENDIX
Table A1 Microsatellite allele frequencies in gight grouper species
Aliele EA EB EC EF EMac EMal EMer EC
n 29 34 50 49 11 50 10 50
Em-017
220 0 G 0 1] 0 0 0.100 0
222 0 b 0 0 0 0 0.200 0
224 Q 0 G 1.000 0 G 0.550 0
226 G ] o 0 0 G 6.150 G
235 G 4] 0 G (.364 G o 0
239 0 0 0 o 0.636 0 0 0
255 4] G 0 0 0 0.451 a 0
257 0 0.206 1.G0G 0 0 0.549 0 1.6G0
258 0 0.794 G 0 0 0 ¢ 0
270 0.431 0 ¢ O 0 G ¢ 0
274 0.569 G 0 0 G 0 0 ¢
Em-03~
157 0.914 1.000 1.000 0.773 0.682 1.000 0.450 0
159 0.086 0 o 0 0.318 G 0.250 0.730
161 0 0 0 0 t] ¢ 4.300 0.270
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Table Al Continued
Allele EA ER iEC EF EMac EMal EMer EQ
i 29 34 56 49 11 50 10 50
177 0 0 0 0.227 0 0 G 0
Em-07*
155 0 0412 0.570 0.327 0 0.305 0.150 0.620
157 0.414 ¢ Q 4] 0.136 c.012 0 0.170
159 0.448 0.015 0.080 Y 0.182 0 G {.040
16} 4 0 0 3.011 0.091 Q ¢ G
163 0 0.015 0 0.041 0 0 G G
165 4 0.029 ] Q 0 0 ¢.300 0
167 G 0 0 0.029 0 ] 4] G
169 0.034 0 9 0.029 G O 0.400 0
17 G 0.426 0.350 {0.443 0.591 0.451 0.150 g
173 0.086 0.059 i 0 ¢ 0.024 0 0
175 0 0.015 G 0 i 0.037 1} 0.130
177 0.017 4 0 0.041 §] 0.085 9 0
179 0 0.029 0 0 o ¢ 4] 0
18! 0 0 0 0.011 0 0 0 0.040
183 0 0 0 0.057 0 0 Q 0
185 0 0 a 0.011 0 g 0 0
Em-08*
196 0 0 0.020 0 0 0 ¢ 0
200 0 0 4] 0 0.081 0 3 0
201 0 H 0 0 0 0.244 o 0
202 0 (:.985 0 ¢ 0.909 0 0.950 1.000
204 0.897 6.015 H 1.000 G 0 0.050 0
206 0.052 0 0.570 0 Q H a 0
207 0 4] a 0 0 {.134 H] 0
208 (.052 0 0.400 0 ] 0 0 g
214 D 0 0.010 0 0 0 0 o
211 0 0 0 0 0 0.329 [t 0
213 ¢ 0 4] 0 0 0.281 4] G
215 G 0 ¢ 0 0 0.0i2 ' ¢
Em-17¢
Hg 0 H 0.030 0 G G G.050 0
9 0 0.074 0.010 o G G 0.150 1]
98 0 0 0 0 0 0" 0.100 0
oo 0 0.015 0 Q 0 0 0.100 0
104 (.397 Q 0 0 1] 1} 1] 4
102 0 0 0 4] 0 0.037 0 o
193 0.466 0 4] 0 0 0 ¢ G
104 0 0 0.010 G 0 g G.100 0
105 017 0 0 4] 0.227 0 G 1}
106 4 G.015 0.050 G 0 0.073 ¢ Q.170
107 0.052 0 0 0 (r227 0 0 0
108 0 0.015 0.040 0 0 0.061 0 0.170
108 0 0 0 ] {.273 Q 0 0
1ig 0 0.103 0.080 0.122 a 0.085 0.100 130
il 0.017 0 0 0 0.227 0 0 G
i1z G 0 0.030 0.019 0 <0073 0.200 0.420
113 G.017 0 0 0 (0.045 0 0 H
114 4 (.103 G.160 0.122 4] 4] 0.1G0 0.110
115 0,017 G G G ¢ 0 G ]
116 0 0.221 0.100 0.010 0 0.024 G 0
1i8 0 0.088 0.160 0.031 0 0.085 0.050 Q0
120 0 0.1562 0.080¥ 0.051 0 0.182 0.050 )]
121 0.017 0 0 0 0 0 0 0
122 ] { 0.030 0.010 0 0.244 Q 0
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Table Al Corntinued

Allele EA £B EC EF EMac EMal EMer EQ

H 29 34 50 49 11 50 10 50
124 (} 0.059 0.030 0.020 0 0.098 0 0
126 0 0.629 (.330 0.031 0 0.024 ¢ 0
128 1] G.015 0.010 0.112 0 0.012 t] 0
130 0 0.044 B.016G 0.184 0 0 0 0
132 0 0.015 G.010 G.041 0 0 0 0
134 0 0.015 0.0190 0.031 0 G 0 ]
136 0 0 0.060 0.051 0 ¢ 0 0
138 0 0 0.020 0.031 0 0 0 0
140 0 0.02% 2.040 0.061 0 o 0 0
142 0 0 Q 0.020 0 0 Q 0
148 0 0 0 0.020 0 0 0 0
150 Q 0 0 0.031 0 0 0 0
156 0 ¢ 0 0.010 0 0 y] o

CA-07*
117 0 0 G 0 ¢ ] (.250 0
119 0] 0 ] G 0 0 0.550 0
201 0 Q 0 i 0 0 G.200 0
203 Y 0.412 Q o 0 G H 0
205 0 0.294 0 0] 0 0 ¢ 0
207 0.017 (.044 0 0 0 0 0 0
209 0.224 4.029 0 0 0.045 0 \ 0 0
211 0.121 0 0 0.591 0.273 0 0 2.590
213 0 G G0 Q (3.045 0.524 0 0.390
215 0 0,132 0 0 G 0.122 0 0.020
217 0.034 0 0.010 0 0.045 0 Q 0
219 (.569 0 0.010 0 0.273 0] 0 0
221 3.034 0.029 0.910 6.2i6 0.091 0 0 G
223 (4 0.015 0.070 0.102 0.045 0.354 0 0
225 o H} 0 0.068 0.045 0 0 {}
229 G 0 0 0.023 0 it 0 4
23] 0 G 0 0 0.136 0 o 0
237 0 3.044 0 0 0 0 G 0

EA, E. akaara; EB, E. bleekeri; EC, E. coioides; EF, E. fuscogurtatus; EMac, E. maculatus; EMal, E. malabaricus; EMer, E. merra; EQ.

E. angus. n, sample size.
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Abstract

Genetic diversity of Epinephelus coioides {Hamil-
ton, 1822}, which inhabits coastal reefs from the
western Indian Ocean to the western Pacific Qcean,
was studied based on four polymorphic microsatel-
Yite loci. Two hundred and fifty individuals were
collected from two locations in Thailand (Nakorns-
rithammarat-N and Trang-T) and four in Indonesia
(Sibolga-§, Lampung-L, Jepara-J, and Flores-F). The
genetic variation of E. coioides was relatively low,
the observed heterozygosities {Ho) ranged between
0.36 (F) and 0.55 {N). The average number of alleles/
locus was between 3.57 (L} and 5.09 (J). Genotypic
distribution for most population pairs was signifi-
cantly different after Bonferrdni. correction {P <
0.0024) except for | and E. Population structuring
was significant [FsT = 0.074). The genetic distances
between populations ranged between 0.016 (L and
N} o 0.086 {F and S). Mantel's test showed no
correlation between genetic distance and geograph-
ical distance. The NJ tree clearly separated N from
the others which comprised two subgroups, T-S and
LJ-E

Keywords: Genetic variation — grouper — popula-
tion structure — southeast Asia

Introduction

Epinephelus coioides, the orange-spotted grouper,
belongs to the subfamily Epinepheifnae {family
Serranidae) and inhabits areas from the Red Sea,
south to at least Durban, east to the western Pacific
from the Ryukyu Islands to Australia, and eastward

Correspondence to: Uthairat Na-Nakomn, E-mail: ffisurn@ku.zc.th

to Palau and Fiji {Heemstra and Randall, 1993}. E.
coioides and other members of the genus Epinephe-
lug and the two sister genera Plectropomus and
Cromileptes significantly contributed to capture
fisheries production, with more than 233,000 metric
tonnes landed in 2002 {FAO online at htep://www.
fao.org/ffi/statist/statist.asp). Moreover, E. coioides
is among a few species of Epinephelus that are ac-
cepted for aguaculture and showed an increasing
wend for the world’s annual production {from 9,577
metric tonnes in 2000 to 22,808 metric tonnes in
2002) [RAO online at http://www.fao.org/f/statist/
statist.asp).

Despite the economic importance of E. coioides,
litele is known about its genetic diversity. Genetic
variation within populations of groupers may be low
for one or more of the following reasens: decreased
abundance as a result of fishing activities during
their spawning aggregation {Collin, 1996; Sala et al,,
2001) and catching large quantities of immature
groupers for either consumption {Al Janhi et al,
2005]) or aquaceliture [Cesar et al., 2000), reduction
of effective population size owing to skewed sex
ratio, and inbreeding.

Groupers are believed to mate with a skewed
sex ratio because most are consecutive hermaphro-
dites {Collin, 1996); hence large fish comprise only
one sex and are caught more frequently than the
smaller ones {Shapiro, 1987}, Empirical data showed
that the sex ratio of E. coioides caught around the
United Arab Emirates was one male to 23.6 females
(Al Janhi et al., 2005). This unequal sex ratio leads
to a reduction of effective population size which
determines levels of inbreeding and eventually
results in loss of genetic diversity {Falconer, 1985}.

Genetic diversity among populations is an
invaluable resource for the sustainability of the

DO 10.1007/s10126-005-5026-0 » Volume 8§, 17-26 {2006) » © Springer Science+Business Media, Inc. 2005 17
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species. It is likely that Serranid species as well as
other demersal marine fishes possess a distinct
population structure because of their relatively
sedentary nature at adult stages. However, gene
flow is facilitated by dispersal of planktonic eggs
and larvae by oceanic current (Thompson and
Munro, 1978; Shaklee, 1984; Garcia de Leon et al,,
1997; Bagley et al., 1999, Medioni et al, 2001).
Genetic differentiation depends on duzation of the
larval period, degree of larval retention, survival of
the dispersed larvae [Rhodes et al., 2003), and other
factors precluding larval dispersal e.g., river outflow
and oceanic expanses and historical differentiation)
{Carlin et al., 2003|.

Information on genetic diversity of groupers is
still limited, especially among the species of south-
east Asia. Most studies revealed significant popula-
tion structuring of grouper populations inhabiting a

Suct ANTORO ET AL.; GENETIC DIVERSITY OF ERINEPHELUS COIOIDES

Fig. 1. Sampling locations of
E. coioides and sea surface
current {0 to 10 m| in the
Gulf of Thailand during
northeast monsoor (December
to February). Source:
Snidvongs and Sojisuporn
[1999).

wide range of geographic areas (Sugama et al., 1999;
De Innocentiis et al., 2001; Carlin et al., 2003).
The objectives of this study were to quantify
genetic diversity of E. coioides from six populations
throughout their natural range in Thai and Indo-
nesian waters, and assess their genetic relation-
ship. The information obtained will facilitate better
understanding of the genetic diversity of sedentary
marine species such as E. coicides, especially the
species of southeast Asian waters. It will also pro-
vide information on genetically distinct populations
useful for fishery management and aquaculture.

Materials and Methods

Sample Collection. Two hundred and fifty samples
of E. coioides (3] to 50 fish/site) were collected from
May to July, 2003, covering six sampling sites

Table 1. Details for Collection Sites, Size, and Number of Samples of Epinephelus cofoides Collected from Six Locations

int Thailand and Indonesia

Collection sites Country dat /Long. Sizes of samples {cm) No. of samples
Nakomsrithamamarat Thailand 100°15' E/8°45' N 20-25 50
Trang Thailand 99°3(Y Ef7°30 N 10-15 46
Sibolga [ndonesia 98°15' Ef1°45' N 10-15 42
Lampung Indonesia 105°20" Ef5°45' § 20-30 43
Jepara Indonesia 110°45" E/6°25' § 20-30 38
Flores [ndonesia 119°45° £/8°45’ § 40-60 31
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{Figure 1 and Table 1): two in Thailand, Trang
(Andaman Sea) and Nakornsrithammarat {Southern
Gulf of Thailand), and four in Indonesia, Siboiga
(Western Coast of North Sumatra Island), Lampung
{Southern tip of Sumatra Island), Jepara (Northem
Coast of Central Java Island), and Flores (Elores Sea).

A small piece of a caudal fin was cut and
preserved in 90% ethanol and delivered to Fish
Genetics Laboratory, Department of Aguaculture,
Faculty of Fishery, Kasetsart University. Before fin
tissue was taken, the fish were identified according
to Heemstra and Randall {1993),

DNA extraction was performed using a standard
phenol/chloroform method {Taggart et al., 1992}
with slight modifications. The individual DNA
was resuspended in TE buffer (10 mM Tris-HC],
pH 7.2; 1 mM EDTA, pH 8.0} and stored at 4°C,

The DNA of each individual was amplified via
polymerase chain reaction ([PCR) primed by five
microsatellite primers developed from E. mera
DNA librazries, Em-01, Em-03, and Em-08 {Nugroho
et al,, 1998), Em-07, and Em-1Q {Taniguchi and
Nugroho, 2000}. PTC {Programmable Thermal Con-
troller)-100 was used to perform amplification. Each
10 ul of PCR reaction contained 5 to 15 ng of
termuplate DNA, 0.5 uM of reverse and forward
primers, reaction buifer (8.8 mM Tris-HCI, pH 8.3
and 43.9 mM KCl), 1.2 to 1.5 mM MgCl,, 100 M of
dNTP mix, and 0.2 U of Taqg polymerase (Pharmacia
Biotech.). The PCR cycles consisted of one cycle at
94°C for 1 minute, followed by 35 cycles of 94°C {30
sec), appropriate annealing temperature (30 second),
and 72°C {1 minute}), and then terminated by one
cycle of 72°C for 1 minute.

Following amplification, each PCR product was
mixed with 5 pl of sequencing dye and denaturated
at 95°C for 5 min. Three microliters of each PCR
product were electrophoresed on polyacryfamide gel
6% acrylamide, 700 ! of 10% ammonium persul-
fate, and 14 p! of N,N, N/, N‘-tetramethyiethylenedi-
amine [TEMED). Gel fixation and silver staining
were performed following the method described by
Sambrook et al. (1989). Sizes of alleles were deter-
mined according to a M13 sequence ladder.

Data Analyses. Because of the monomorphism
of the Em-03, only data from the remaining four
microsatellites wexe used for the following
analyses. The number of alleles per locus, number
of effective alieles per locus, and Sbserved and
expected heterozygosities were caiculated. Con-
formity to Hardy-Weinberg equilibrium was tested
using the Markov chain method (dememonzation:
1000, batches: 500 and iterations per batches: 1000}
All of these calculations were performed using
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the GENEPOP computer package {Raymond and
Rousset, 1995). The independent -test comparison
was employed to check differentiation of observed
heterozygosity among populations {Archie, 1985).

A test for the existence of a bottleneck was per-
formed according to Cornuet and Luikart {1996)
using the program BOTTLENECK version 1.2.02
{Cornuet and Luikart, 1996}, The program per-
formed tests that aimed to detect allele deficiency
by comparing observed heterozygosity and the
heterozygosity expected from the observed number
of alieies. Populations showing heterozygosity ex-
cess were consgidered as having experienced a recent
genetic bottieneck.

The GENEPOP package was used to calculate
F-statistics {Fig, Frr, and Pst), test of genetic disequi-
librum for each pair of loci, and genetic differenti-
ation between populations {dememorization: 1000,
batches: 100 and iterations per batches: 1000}
Because of the small number of loci used, the
package did not allow for a significant test of the
overall Pgr. Therefore, a heterogeneity chi-square for
each locus was employed to test whether Fsp was
significantly different than from {Halliburton,
2004). The locus-wise Fig for each population was
also calculated to detect effects of inbreeding and
Wahlund effects.

Genetic distance between populations was
based on the Cavalli-Sforza®and Edwards (1967)
chord distance because it is among the best meas-
ures to recover the true tree topology (Takezaki and
Nei, 1996). A neighbor joining tree including boot-
strap values was constructed using the PHYLIP
computer package {Felsenstein, 1995). Mantel’s test
was performed to evaluate correlation between ge-
netic distances and geographical distances {Manly,
1993} using TFPGA version 1.3 {Miller, 1997},

Results

Private Alleles and Allele Fixation. Six private
alleles at three loci were observed in Flores, Em-
074170, *172, Em-08*216, Em-10"70, *72, while
one allele, Em-10* 98, was private for Sibolga.
Alletes fixation (gene frequency = 1} was observed
in Trang {at Em-01*256}. Gene frequencies are
shown in Table 2.

Hardy-Weinberg Equilibrium (HWE) and
Linkage Disequilibrium. The Fis value for each
population across all loci {Table 2} indicated
heterozygote deficiency {P < (.05} in all but one
population [Nakorfisrithammarat). However, when
the Bonferroni correction was applied, three
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Table 2. Allele Frequenc;es at Four Microsatellite Loci and Fig Across Loci for Each Populagon of E. coioides Collected
from Two Locations in Thailand and Four Locations in Indonesia

Alleles Trang Nakornsri Sibolga Lampung Jepara Flores
Em-01 45 50 42 43 38 31
*254 0.00 0.00 0.04 4.01 0.07 0.03
*256 1.00 0.80 0.89 0.95 0.80 0.95
*258 0.00 0.20 0.07 0.04 0.13 0.02
Fis NA -0.24 -0.08 0.23 0.15 0.66"
Em-07 44 50 42 43 as 31
*162 0.1} 0.03 0.0 0.05 0.09 0.06
*164 0.50 0.36 0.32 0.46 0.39 0.24
“168 0.08 0.12 0.05 0.11 0.17 0.22
*170 0.00 0.00 0.00 0.00 0.00 0.14
*172 8.00 0.00 0.00 0.00 0.00 0.02
Fis .40 0.26* 0.14 034~ 0.44* 0.63*
Em-(8 46 50 42 43 3s 31
*204 .00 0.m 0.00 0.02 0.00 0.00
206 0.65 0.64 0.62 0.55 0.01 0.03
*208 0.35 0.34 0.38 0.39 0.23 0.31
*210 .00 0.01 0.00 0.04 0.43 0.48
*212 0.00 0.00 0.00 0.00 032 0.14
‘214 0.00 0.00 0.00 0.00 0.01 6.02
"216 0.00 0.00 0.00 0.00 0.00 0.02
Fis 0.15 -0.04 0.10 -0.06 0.33* g.51¢
Em-10 45 50 42 43 38 3
=70 0.00 0.00 0.00 0.00 0.00 0.02
*72 0.00 0.00 0.00 0.00 0.00 0.03
94 0.02 0.01 0.01 0.01 0.01 0.00
*98 0.00 0.00 0.01 0.00 0.00 0.00
“104 0.01 0.00 0.00 0.02 0.00 0.02
"106 0.06 0.05 0.03 0.00 0.04 0.05
*108 0.04 0.17 .07 0.11 0.04 0.05
t110 0.08 6.03 0.05 0.04 0‘85 0.00
*112 0.04 .04 .05 0.09 . 0.06
“114 0.17 0.09 0.06 0.26 0.14 0.08
*116 0.08 0.07 0.09 0.06 0.08 0.06
*118 0.17 0.15 0.11 0.12 0.12 0.31
*120 0.10 0.10 0.13 0.07 0.03 0.19
*122 0.03 0.07 0.05 008 0.12 0.02
“124 0.03 002 0.09 0.05 0.03 0.06
*126 0.02 0.02 0.05 0.01 0.03 0.02
"128 0.0t 0.02 0.04 0.00 0.00 .00
*130 0.01 0.02 0.05 0.01 0.03 0.01
"132 0.00 Q.06 0.01 0.03 0.03 0.02
134 0.03 0.0% .01 0.01 0.08 0.00
136 0.02 0.01 0.00 0.01 0.04 0.00
"138 0.03 0.0z .00 0.0 0.01 0.00
*140 0.00 0.00 0.04 .00 0.03 0.00
“142 0.02 0.01 0.00 0.00 0.0t 0.00
*144 0.01 0.02 0.04 0.00 0.00 0.00
“14% 0.01 €.00 0.00 0.00 0.00 0.00
*148 0.01 £.00 0.01 0.01 - o0 0.00
‘150 0.00 0.0t 0.00 0.00 0.00 0.00
Fis —0.02 0.06 0.0t 0.03 0.18* 0.06

NA = not available.

~Statistically significant after Bonferroni correction (P < 0.05/24).

.
populations, Nakornsrithammarat, Sibolga, and
Lampung, conformed to HWE (P > 0.05/24}, There
was no significant genotypic linkage disequilibrium
between each pair of loci within each of the seven
populations.

Genetic Variation Within Populations and
Existence of Bottlenecks. Genetic variability
within populations is shown in Table 3. Mean
numbers of alleles per locus ranged from 7.25 in
populations from Trang, Siboiga, and Lampung to
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Table 3. Genetic Variability of Six E. ceioides Populations Collected from Thailand and lndonesia Based on Four
Microsatellite Loci
Mean heterozygosit

Mean no. Effective allele no. y8osIty
Population allelesflocus across loci Observed Expected
Trang 7.25 4.13 0.43120.19 0.50 + 5,13
Nakomsrithammarat 7.75 4.24 0.55+0.19 0.59 £ .19
Sibolga 7.25 4.81 0.52 £ .15 0.55+0.15
Lampung 7.25 3.57 048 £+ 0.16 0.54 £0.17
Jepara 3.00 5.09 0.47 £ 0.10 0.66 £ 0.12
Flores 7.50 3.65 0.36 £ 0.16 0.60 £ 0.17

8.0 in a population from Jepara. However, when
allelic evenness was considered, the effective alicle
numbers across loci were reduced to between 3.57
in Lampung and 5.09 in Jepara. Observed
heterozygosities ranged between 0.36 in the Flores
population and 0.55 in the Nakornsrithammarat
population. Expected heterozygosities were between
0.50 and 0.66.

An independent t-test (Archie, 1985) showed
that neither observed nor expected heterozygosity
was significantly different between populations.

The detection of bottlenecks gave different
results between sign test, standard difference test
[SDT}, Wilcoxon sign-rank test, and the mode-shift
test. The sign test failed to reject the hypothesis of
mutation-drife equilibrium, thus showing no evi-
dence of a recent bottleneck. The SDT rejected the
hypothesis under SMM [stepwise mutation model)
in two populations, Lampung (T2 = -2.385; P =
0.008} and Flores {T2 =-3.271; P = 0.001), and under
1AM (infinite allele model] in Jepara {T2 =1.734; P =
0.041} while Wilcoxon test showed a presence of a
bortleneck for Nakornsrithammarat under IAM (P =
0.031} (Table 4}. Nevertheless, the allele frequency
distribution was approximately L-shaped for ali
populations, which implied no recent bottienecks
occurred in these populations.

Table 4. Results of Bottleneck Test

Population Structuring and Population Differ-
entiation, Fst was 0.074 and significantly different
from 0 (Halliburton, 2004}, thus clearly showing that
populations of E. coicides divided into subpopula-
tions. Four of 15 population pairs were not signifi-
cantly different (P < 0.003, Bonferroni corrected),
Sibolga and Nakornsrithammarat, Lampung and
Nakornsrithammarat, Lampung and Trang, and
Lampung and Sibolga.

The locus-wise Fg for each population were
shown in Table 2. It was significant after Bonferroni
correction (F < 0.0021} at one locus in Nakornsri-
thammarat, Trang, and Lampung and three loci in
Flores (Em-07*, -08~ and -10* and Jepara (Em-01°,
-07*, -08").

&

Genetic Distance and a Phylogenetic Den-
drogram. Cavalli-Sforza and Edwards chord
distance between populations fall within a wide
range, from 0.183 {Lampung and Nakornsrithammarat}
to 0.416 (Flores and Sibolga} [Table 5},

Mantel’s test showed nonsignificant correlation
between genetic and geographical distance (r -
0.3292; Z = 1539.0326; upper tail P = (.1588; lower
tail P = 0.8452).

The NJ tree (Figure 2} clearly separated
Nakomsrithammarat from the others which com-

Wilcoxon sign-rank test

Sign test sDT
Populations IAM TPM SMM IAM TPM SMM IAM TPM SMM Mode-shift
Trang 0.077 0.613 0.592 0,065 0.287 0.332 0.031 0.156 0.906 Normal
Nakom. 0.309 0.661 0.656 £.133 0.401 0.254 0.094 0.437 0.843 Normal
Sibolga 0.341 0.378 0.413 ¢ 0056 0.148 0.465 0.062 0.156 0.437 Normal
Lampung 0.394 0.552 0.201 0.359 0.267 G.008 0.437 0.844 0.96% Normal
Jepara 0.107 0.451 0.185 0.041 0.169 0.477 0.031 0.062 0.844 Normal
Flores 0.573 0.197 0.180 0.492 0.103 D001 0.562 0.937 0.968 Normal

The values show probabilities (P) to reject the hypothesis of mutation-drift equilibrium. (P < 0.05) indicates evidence of a recent bottleneck,
The normal mode-shift indicates the approximately L-shaped aliele frequency distribution; hence no recent bottienecks occur. SDT =

standardized different test,
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Table 5. Matrix of Genetic Distance and Geographical Distance

Populations/species N T 5 L F P
Nakornsrithammarat (N) cas 2it7 2959 1914 2088 3103
Trang (T) 0.624 na 1160 1856 1972 2087
Siboiga {S) 0.017 0.020 cxa 1218 1856 2871
Lampung (L} 0.016 0.018 0.021 “es 638 1827
Jepara ff) 0.074 0.085 0.080 0.064 ces 1044
Flores {F} 0.081 0.084 0.086 0.068 0.042 s

Above diagonal is geographical distance {kemn); below diagonal is genetic distance according to Cavalli-Sforza and Edwards [1967) chord

distance,

prised two clusters (bootstrap value = 86.9%). Trang
and Sibolga (1160 km apart} were clustered but the
node was not supported by hootstrap value (56.6%).
The populations along the Java Island formed a
distinct cluster wherein Jepara and Flores were the
most similar despite the geographic distance of 1044
km. Lampung ciustered to the previous pair with a
deep branch supported by a 68.4% bootstzap value
although it is only 638 km away from Jepara.

Discussion

Departures from Hardy-Weinberg equilibrium
(HWE). Three populations {Trang, Jepara, and
Flores} did not conform to HWE toward homozy-

I—_— Jepara

§9.0

Flores
—1{68.4

Lampung
86.9

—56.6

—— Sibolga

—— Nakornsrithammarat
0.01

Fig. 2. Neighborjoining tree based on Cavalli-Sforza Ed-
ward chord distance, [Note: the numbers on the branches
indicate bootstrap values.)

gote excess. In this case, because of significant Fig at
three of four loci in Jepera and Flores, we surmised
that inbreeding, resuiting from small effective pop-
ulation sizes andfor unequal number of male and
female parents, might have occurred and caused
departure from HWE in these populations. An
evidence for the occurrence of the Wahlund effect,
undetectable breeding subunits are not found inside
the population samples and therefore are unlikely to
be the reason for the homozygote excess (Hallibur-
ton, 2004} observed here. The presence of null
alieles at Em-07* is possible and may be responsible
for the departure from HWE {Garcia de Leon et al,,
1997; Valles-Jimenez et al., 2005) because this locus
showed significant Fj5 in all but one population. In
addition, homozygote excess may be a result of
inclusion of a few fullsib familigs in the sample
rather than representative of the population (Na-
Nakom et al.,, 2004). This situation was also sup-
ported in Jepara and Flores by significant Fis at three
of four loci, Sampling of a few fullsibs was possible
because all of our samples (except Nakormsritham-
marat] were obtained from cages initially stocked
with schoaling fingerling.

Genetic Variation Within Populations. The
genetic variation of E. coicides (H, = 0.3630-0.555;
A = 7.25-8.00) revealed in the present study was
comparabie with that reported for other epinephelin
species, E. bonthoides, E. coromandelicus, E. ongus,
E. fuscoguitatus, and Cromilepis altivelis (H,
ranged between 0.41 and 0.57; A = 4-11] (Nugroho
et al., 1998}, and E.- quernus {H, = 0.54; A = 2-18}
(Rivera et al., 2003}, except for the endangered E.
marginatus {H, = 0.62; A = 7.71-13.86} {De Inno-
centiis et al., 2001). But despite the dispersal ability
of their pelagic larvae, which enhanced substantial
gene flow, level of heterozygosity of epinephelin
fishes, which are rather sedentary, was relatively
low compared to the migratory fishes, such as cod
(H. = 0.898; A = 40.8] {Bentzen et al., 1996}, 1ed sea
bream {H, = 0.808; A = 13.5) {Takagi et al., 1997),
and king fish {H, = 0.729; A = 21.5] {Nugroho et al,,
2001).
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Relatively low genetic variation could have
been a result of population isolation, small pepula-
tion size, or histerical population bottleneck {Han-
fiing and Brand}, 1998). The evidence for occurrence
of bottleneck in our samples was not conclusive
because the results varied with the tests. The SDT
revealed recent bottlenecks in Lampung, Jepara, and
Flores while the Wilcoxon test demonstrated the
same for Nakornsrithammarat. The Wilcoxon test
provided relatively high power whereas the SDT
may have suffered from a low number of loci used in
our study (this test requires at least 20 loci).

Small genetic variation can result in decline of
adaptability to changing environments (Hedrick,
1999, Hoelzel, 1999); loss of alleles might decrease
the degree of disease resistance [Allendorf and
Phelps, 1980). Low genetic variation has been
correlated with low variation of major histocompat-
ability complex (MHC) and acceptance of intrapop-
ulation skin grafts in pocket gophers, Thomomys
bottae [Sanjayan et al, 1996), while it resulted in
adverse effects on physiological traits such as
salinity tolerance among populations of wild guppy
{Shikano et al., 2000; Shikano and Taniguchi, 2002).

Population Structuring. The population
structure of E. coloides was strong relative to pelagic
species such as Atlantic cod {Fgt = 0.015; Bentzen
et al., 1996), yellowtail kmghsh tFST = (.046;
Nugroho et al., 2001) or other demersal fishes such
as European sea bass (FgT = 0.007; Garcia de Leon
et al., 1997}, vermiilion snapper {Fer = 0.004; Bagley
et al., 1999}, dusky grouper (Fsr = 0.0179; De
Innocentiis et al, 2001}, and Hawaiian grouper
(Fsr = 0.0649; Rivera et al., 2004). The leve! of popu-
lation differentiation was slightly higher than aver-
age population differentiation of marine fishes
revealed by isozyme marker {Fer = 0.062) (Ward
et zl, 1994). Strong population structuring and
low genetic variation suggest that populations of
E. coioldes are small and isolated.

Despite limited information on dispersal ability
of adults and larval stages of E. coioides, its strong
population structuring suggests that it tends to have
strong site fidelity such as highly specific habitat
preferences, male territorial behavior, and stable
spawning aggregations like other epinephelin spe-
cies {Heemstra and Randall, 1993; Sadovy et al,
1994}, Such characteristics enhance population
differentiation. s

Effects of Sea Current Patterns end Geo-
graphical Events on Genetic Diversity Among Pop-
ulations, The genetic relationship revesled by the
phyiogenetic dendrogram did not agree with geo-
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graphic distances. Jepata and Flores were the most
similar despite the distance of 1044 km, whereas
Lampung, onty 638 km away from Jeparz, was sig-
nificantly separated from the first pair {bootstrapped
value = 68.4%). Such a relationship suggested that
sea current may play a role in the shaping genetic
relationships of these populations.

Although information for E. coioides is lacking,
serranid fishes are generally high fecundity fish
(ranging from 2.4 x 10* to more than 2.4 x 10° eggs
depending on body weight) {Collins et al,, 2002;
Whiteman et al., 2005}, They release large amounts
of pelagic larvae dispersing through oceanic current
{Thompson and Munro, 1978} In the case of
E. coioldes, anecdotal information indicated spawn-
ing occurs during the months of the northeast
monsocn {November to March with peak season
from December to January).

The northeast monsoon forces sea surface cur-
rent from the South China Sea southward to
Earimata Strait toward Sunda Strait and eastward
passing Java Sea to Flores Sea. In Malacca strait,
surface current always flows from the South China
Sea toward Andaman Sea during either the north-
east or southeast monsoon (Sharp, 1996} [Figure 1).
As such the current facilitates dispersal of E,
coioides larvae from Jepara to Flores, resulting in a
close relationship between them. The current flow-
ing through the Sunda strait thay enhance dispersal
of larvae from Lampung toward the Indian Ocean
rather than eastward to Jepara, thus enhancing
genetic differentiation between Lampung and Jepara
and supporting the similarity between Lampung
and Trang. Similar results supporting the effect of
sea current on pattern of genetic relationship among
conspecific populations were reported in the six bar
wrasse {Thallasoma hardwicki) in the northern
South China Sea {Chen et al., 2004).

The distinct separation between the two Thai
populations, Nakornsrithammarat and Trang, may
be partly explained by a geographic barrier caused by
the Malay peninsuia. Qur result was concordant
with the report in the tropical abalone (Haliotis
assinina} in which marked differentistion existed
between populations of the Andaman sea and the
Gulf of Thailand {Tang et al., 2005].

Conclusion and Recommendations

Our study revealed strong population structuring of
E. coioides in Thailand and Indonesia. The six
populations included in this study had relatively
low genetic variation, which may impair adap-
tability to the changing environment. Specifically,
recent bottlenecks were observed in Nakorn-
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srithamnmarat, Jepara, Lampung, and Flores. There-
fore, measures should be established to a2void or
minimize the additional threats caused by anthropo-
genic activities on these populations, for example,
establishment of reserved area, restriction of fishing
sizes, sales bans during spawning aggregation period,
and so forth (Rhodes and Sadovy, 2002).

Distinet genetic differentiation suggested that
these populations should be managed separately.
Moreover, genetically differentiated populations
may show variation of traits important for aquacul-
ture (Kumagai et al., 2004}. Therefore, economically
important traits, such as growth, disease resistance,
and so forth, of these populations should be evalu-
ated. Incorporating information on genetic variation
and performances would enable efficient exploita-
tion of these resources for aquaculture and genetic
improvement programs.

Furthermore, the baseline information estab-
lished here would enable efficient monitoring of the
impact of natural and/or anthropogenic activities on
ratural populations of E. coioides. For example,
unique alleles occurring in Flores (Em-07170,
*172; Em-08*216;, Em-10*70, *72) and in Sibolga
{Em-10*98) may be useful for further genetic mon-
itoring of stock translocation including these
populations.
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Abstract

Sequence variation of the mitochondrial DNA 165
rRNA region of the Asian moon scallop, Amusivm
pleuronectes, was surveyed in seven populations along
the coast of Thailand. A total of 16 unique haplotypes
were detected among 174 individuals with a total 27
variable sites out of 534 bp sequenced. The mitochon-
drial haplotypes grouped into two distinct arrays
{estimated to differ by about 2.62% to 2.99% nucleo-
tide divergence) that characterized samples cotlected
from the Gulf of Thailand versus the Andaman Sea.
Low levels of intrapopulation variation were observed,
while in contrast, significant divergence was observed
between populations from the Gulf of Thailand and
Andaman Sea. Results of AMOVA reveal a high Fer
value [0.765) and showed that the majority of the total
genetic variance (76.03%} occurred among groups (i.e.,
Andaman Sea and the Gulf of Thailand) and littie
among populations within the group [0.52%) and
within populations {23.45%). The genetic differentia-
tion between the populations recorded in the present
study is similar to that observed in a variety of marine
species in the Indo-Pacific. The implications of the
findings for management of A. pleurcnectes genetic
resources in Thailand are discussed.

Keywords: 165 rRNA —genetic diversity —mtDNA —
Amusium pleuronectes — the Gulf of Thailand —
Andaman Sea

Introduction #

Amusium pleuronectes, commonly referred to as
Asian moon scallop, is present over much of Indo-

Correspondence to: Uthairat Na-Nakom; E-mail: uthgiram®@
yahoo.com

Pacific coastal areas. The species has been recorded
from the Indian QOcean, South China Sea, Indo-
China, Japan, the Philippines, New Guinea, Indo-
nesia, Java, and Australia (Morton, 1980] and at a
depth of 18 to 40 m {Minchin, 2003}. In Thailand,
the species is of significant commercial value, with
about 500 to 1100 metric tonnes/year harvested
during 1994-1999. However, the recent catch sta.
tistics showed that production declined to 100 to
300 metric tonnes/year between 2000 and 2003
(FAO, 2006}, An effort has been made to reduce
pressure on wild-caught fisheries, through aquacul-
ture development of this species although this is at
an early stage.

An understanding of genetic variability and
population structure are critical for management
and conservation of exploited aquatic species. It is
now widely recognized that this information could
be achieved through the recently developed molec-
ular genetic techniques. Molecular genetic data
provide fishery managers with essential information
regarding the existence and distribution of discrete
populations and/or management units (Ward and
Grewe, 1995} In addition, for newly emerging
aquaculture species such as the Asian moon scallop,
genetic information would provide useful insight
into the establishment of baseline stocks for selec-
tive breeding and development of broodstock man-
agement strategies (Carvalho and Pitcher, 1995).

Molecular genectic studies using allozyme and
DNA markers have provided useful insights into a
number of areas of biclogy of many scallop species,
including evolution, taxonomy, and fishery man-
agement. For example, the identification of genetical-
ly distinct populations of Pecten maximus {Wilding
et al., 1997, Heipel et al,, 1999) and Patinopecten
yessoensis {Dolganov and Pudovkin, 1998] are of

DO 10.1007/510126-006-6137-y « Volume [+) 1-7 [2007]+ © Springer Science + Business Media, inc. 2007
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significant value to the development of management
strategies of these genetic resources.

Mitochondrial DNA [(mtDNA) is haploid and
generally believed to be maternally inherited (Birky
et al., 1983). Therefore, the effective population sizes
estimated from mtDNA is smaller than those from
nuclear DNA, increasing its sensitivity to genetic
drift and bottleneck effects, MtDNA has been a
successful marker for addressing questions relating
to evolutionary relationships among scallop species
{Frischer et al., 1998, Capana et al., 1999, Matsumoto
and Hayami, 2000; Capana et al., 2000a,b]) or within
bivalve in general [Giribet and Wheeler, 2002). At the
population level, mtDNA has proven to be useful in
determining population genetic structure of some
scallop species such as Pecten maximus (Wilding et al.,
1997) and Japanese scallop, Mizuhopecten yessoensis
(Nagashima et al., 2005).

Along the Guif of Thailand, the moon scallop is
found from Chonburi Province to Rayong, Chantaburi,
Trat and down to Narathiwas in the south {Figure 1},
Different spawning seasons were observed at different
locations—July to January in Rayong Bay (Roongratri,
1996) and January to March in Trat (Nugranad, 1990),
which are less than 100 km apart. Reproductive
isolation among these populations is likely and hence
significant population subdivision is expected.

The overall objective of the current study was to
conduct a baseline survey on the genetic resources
of A, pleuronectes and determine population genetic

structure of this species along the coast of Thailand
using nucleotide sequences of partial 16§ rRNA
gene of the mtDINA. The information obtained will
provide useful insight into management practices of
scallop resources in Thailand.

Materlals and Methods

Sample Collection. A total of 174 individuals of 4.
pleuronectes from six locations in the Gulf of
Thailand and one location from the Andaman Sea
were collected from April to December 2005 by
trawling. Details on sample sizes and localities are
presented in Table 1 and Figure 1.

Fresh specimens of A. pleuronectes were identified
following Okutani [2000). Approximately 150 mg of
adductor muscle was taken from each individual and
preserved in 90% ethanol. All samples were trans-
ferred and kept at 4°C at the Fish Genetics Laboratary,
Department of Aquaculture, Faculty of Fisheries,
Rasetsart University, Thailand until required.

DNA Extraction, Polymerase Chain Reaction
(PCR), and Sequencing. DNA extraction was
performed following the method of Taggart et al.
(1992). Approximately 50 mg tissue sample was
taken and macerated in 500 ul of lysis buffer (0.1 M
Tris-OH, pH 8.0, 0.05 M EDTA, 0.2 M NaCl, and
1% sodium dodecyl sulfate [SDS]‘with 0.5 mg/ml of
proteinase K) followed by incubation at 65°C for 2 h.

\
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Figure 1. Sampling localities of
seven A. pleuronectes populations
analyzed in the present study.
Closed circles represent the

o adjacent town; open circles are

06 sampling sites.
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Table 1. Sample code, sample size and collecting localities of seven populations of A. plenronectes analyzed in the present

study

Sample code Locality Coordinates Sample size
CcT Chantaburi Province, Guif of Thailand 12°22°21” N 101° 52 48" E 10

KB Krabi Province, Andaman Sea 07°33°24" N 98°52"38" £ 34

NT MNarathiwas Province, Gulf of Thailand 06° 323" N 102° 04" 07" E 5

PB Phetchabur Province, Gulf of Thailand 13° 05° 14" N 100° 04" 10" E 26

RY1 Rayong Province, Gulf of Thailand 12° 35 42" N 101* 15" 12" E 39

RY2 Rayong Province, Gulf of Thailand 12° 32 38" N 101° 33 40" E 11

TR Trat Province, Gulf ol Thailand 12204 29" N 102° 07" 14" E 49

The digested products were then extracted twice
with phenol (saturated with 10 mM Tris, | mM
EDTA, pH 8.0} and once with chloroform-isoamyl
alcohol {24:1]. The DNA was precipitated with
ethanol, dried, and dissolved in sterile deionized
water.

PCR reactions were performed using the uni-
versal primer for 16S rRNA developed by Palumbi
et al. [1991); 168p 5-CGC CTG TTT AAC AAA
AAC AT-3 and 168g, 5-CCG GTC TGA ACT CAG
ATC ATGC T-3'. PCR was performed in a total
volume of 35 w containing 50 ngful of template
DNA, 1 x PCR buffer, 2 mM MgCly, 0.2 mM dINTPs,
0.5 pM of each primer, 1 U of Tezq polymerase
{Promega). The PCR profile comprised an initial
denaturation at 94°C for 3 min followed by 30 cycles
of denaturation at 94°C for 1 min, annealing at 52°C
for 1 min, and extension at 72°C for 1 min, and a
final extension at 72°C for 5 min.

Sequencing was performed at the Laboratory of
Population Genetic Informatics, Tohoku Universi-
ty, lapan where the PCR products were purified
using ExoSAP-IT® (usb) before sequencing via the
BigDyet™ Terminator Cycle Sequencing Ready Re-
action Kit. The fragments were separated on a ABI
Prism® 377 DINA Sequencer (Applied Biosystems).

Data Analysis. Sequences were viewed, edited,
and aligned using MECA software |[Kurnar et al., 2004).
Levels of mtDNA 165 rRNA variability within
samples of A. pleuronectes were examined by
computing the nucleotide and haplotype diversity
indices via Arlequin version 3.1 (Schneider et al.,
2000). Statistical testing for population differen-
tiation involved an exact test (Raymond and Rousset,
1995) of a contingency table based on haplotype
frequencies and pairwise comparisons gf the Fgr
using analysis of molecular variance {Excoffier ¢t al.,
1992} based on 20,000 permutations of the data
matrix. Minimum spanning network showing
relationships among haplotypes and average pairwise
differences among populations [Nei and Li, 1979) were
estimated via the same software. Multiple tests of the

same null hypothesis were subjected to table-wide
sequential Bonferroni correction to aveid elevated
type I error rates.

Results

A total of 534 base pairs of the 165 rRNA gene
fragment were successfully sequenced for 174 indi-
viduals from seven populations of A. pleuropectes.
Sixteen unique haplotypes with 27 varable sites
{5.06%) were identifled, of which 21 were transi-
tions, 5 transversions, and 1 position was an
insertionfdeletion. Sequences representing each
haplotype were submitted to GenBank (GenBank
accession nos. DQG40830 to DQ640485). The mean
total nucleotide compositior® was A=249%,
T=31.5%, C=16.4%, and G=27.2%. Mean nucleo-
tide divergence among haplotypes observed within
the Gulf of Thailand was 0.004, and that of the
Andaman Sea sample was 0.002. The average
difference between haplotypes from the Gulf of
Thailand samples and that of the Andaman Sea

Figure 2. Minimum spanning newwork showing relation-
ships among 16 haplotypes of mtDNA 165 rRNA of A.
pleuronectes observed in the present study, Each bar with
a crossed connection between haplotypes indicates one
mutation. Shaded circles are haplotypes that accur only in
the KB population, and upen circles are those observed
only in populations from the Gulf of Thailand.



CHULABHORN MAHDOL £T aL.: MTDNA DIVERSITY OF Amusium PLEURONECTES N THAILAND

‘uonended yors ur adlyoldey 18 Yam SEENPIAIpUL J0 sa1dUanbayy s sreotpul wolendod Yoes Iapun SIMQUINK UOTIS[IP © STEILPUL

(-} ysep & pue 10deY WY se Juasard SI HPUOSINT HES JYI 1EYL IIEDTPAL s10¢] Fouanbas dq-peg 1P UTYILM SIPYIOIINT IQELIEA Jo Uonsed 3M J1eITPUT SIHQUING [EITUSA AL,
6500 +IE0 T8I0 L610 SHEQ 0000 1150 {4l Ansraaip sdirodeyy
7 9 z g ¥ [ £ sadaojdey jo raqump
10000 01000 £000°0 +000°0 0000 00000 L1000 (1} Ausraatp 3puoaPIN
{ S [ * £ 0 4 saus wijdiowzdjod o 1aquinn
6200 . .. . AR o1
1£6'0 i A o ol

<

=
<<
ouU

oo
oo
LG

j ol 2]

Qo

<

B

oo

Qo
1

1900 T A T A S i

0200 o Y o

0 T o

1600 e e e g e 2

o0 T P

400 pacrdy G e T o

N o040 T o

6500 O 00

5000 ey %

oo e e '

0T0 - e T g iy e 0

et R 4

964 0 6050 £6R0 8080 2001 MO LDD D DDOYODILDIVIIVIADYVY IV VYD 0

(pe=u} @ (gp=v} UL (11=4) ZXd (6€=4] IAY {92=v} gd (§=vw}IN (0I=1) LD o edK10pdpH
BE6S6LS 08 L9V SOI9S068925ETSE?D

668 L LLP9YEESETE

4
0zegl9 bbb

<
o™
LY

Ly

pprEFEEEEEEEZEEETCEEeeacececel

Asuanbalf 2dli0fdvy 23S FPLOIINN

sapeuornad "y jo
saoniemdod yo sa3s drqdromA[ed yo raqmunu pae ‘hisrearp addrojdeq ‘sad L1078y J0 equunu ‘Aysrearp spnoeajann ‘sadlrofdey v S9T VNQID PRAIISGO 91 0 TonNqUISICT “Z B{QRYL



CHULABHORM MAHIDOL ET AL.: MTIOINA DIVERSIIY OF AMUSIUM FLEURONECTES 1N THAILAND

was 0.029. Relationships among haplotypes are
shown in Pigure 2.

An alignment of varisble sites of the 16 haplo-
types and the distribution of these haplotypes among
populations are presented in Table 2. Haplotype 01
was dominant (70% to 100%]} in all populations
from the west coast [CT, PB, RY1, RY2, TR, and
NT). Almost all populations, except for NT, had at
least two haplotypes that were not shared with
other popuiations, although with low frequencies
(0.020 to 0.115). None of the haplotypes from the
west coast population (KB) were recorded elsewhere.

Imtrapopulation diversity indices are shown in
Table 2. Overall, low levels of intrapopulation
diversity were observed. Of all the populations
examined, the highest nucleotide diversity (0.0017}
and haplotype diversity {0.511) occurred in the
population from Chantaburi Province {CTJ, and the
lowest diversity in the population from Narathiwas
Province (NTJ, probably associated with its small
sample size (five individuals).

The average number of pairwise differences be-
tween populations and pairwise Fer values are shown
in Table 3. Pairwise genetic differences ranged from
0.091 [between NT and RY2) to 1.000 [between KB
and others). Significant pairwise Fgr values [0.767 to
0.948, P<(.05} and significant probabilities (P<0.05}
based on 20,000 permutations of haplotype frequen-
cies after sequential Bonferroni correction were ob-
served between KB and zll other populations.
AMOVA with two groups (i.e, Gulf of Thailand
versus Andaman Sea) revealed a high Fgr value
{0.765), and showed that the majority of the total
genetic variance [76.03%} occurred among groups, and
to a lesser extent within populations (23.45%) and
little among populations within the group (0.52%).

Discussion

Levels of Population Divergence. The levels of
intrapopulation variation of A. pleuronectes revéaled

by sequences of the mtDIA 165 rRNA gene region
in the present study are relatively low. Mean
nucleotide diversity of 0.0006 and mean haplotype
diversity of 0.237 observed in each population are
considerably lower than that reported for other
scallop species. Saavedra and Peiia (2004} used
sequences of the same gene region, with limited
sample sizes {six to eight individuals), and observed
higher haplotype diversities and nucleotide diversities
{h=0.857, 0.667, and 0.800; and = =0.039, 0.015, and
0.002  for Pecten maximus, P japonicus, and P
novaezelandiae, respectively). In another study,
Wilding et al. (1997} examined genetic variation of
P maximus populations from the United Kingdom
and Atlantic coasts using PCR-restriction length
polymorphism [RFLP} of about 6000 bp of the
mtDNA and revealed much higher within-
population diversity (h=0.7056 to 0.2011, ==0.0145
to 0.0265). However, levels of within-population
diversity reported herein seem similar to that
observed in pearl oyster, Pinctada margaritifera
{h=0.087 to 0.600, ==0.004 to 0.0044] {Arnaud-
Haond et al, 2003). No diagnostic haplotypes ot
nigh-frequency haplotypes confined to any particular
population were observed, except for two haplotypes
fhaplotypes 15 and 16) representing a population
from the Andaman Sea (KB).

Klinbunga et al. (2001), using RFLP analysis of
two mitochondrial gene regioffs (168 rRNA and
COI-COIj, demonstrated that geographic samples
of Penaeus monodon in a similar geographical
region showed much higher levels of intrapopuia-
tion variation (h=0.831 to 0.887, n=0.032 to 0.038]
compared to A, pleuronectes samples in the present
study. Similarly, three abalone species (Haliotis
asinina, H. oving, and H. varia} studied by Klinbunga
et al. (2003) also showed much higher levels of
intrapopulation variation in general.

No significant genetic structure was observed
within the Gulf of Thailand, and even though pop-
ulations from Rayong Bay and Trat had differential

Table 3. Average number of pairwise differences {below diagonal) and pairwise Fgr values {above diagonal) between
populations of A. pleuronectes examined in the present study

cT NT PB RY1 RYZ TR KB

CT 0.046 0.03¢ 0.103 0.053 0.028 0.824*
NT 0.300 -0.031 -0.082 -0.08% -0.034 0.948%
P8 0.435 0.192 ¥ 0.020 -0.006 0.007 0.815%
RYI 0.372 0.103 0275 -0.031 0.007 0.868*
RY2 0.364 0.091 0.266 0.184 -0.009 0.910*
TR 0.443 0.204 0.357 0.283 0.276 0.767%
KB 1.000 1.000 1.000 1.00G 1.600 L.O0C

Signiflcant Fey (P<0.05) and significant probabilities |P <0.05) based on 20,000 permutations of haplotype frequencies after Bonferroni

correction among samples are indicated with an asterisk (*).



CHULASHORN MAHIDOL £T AL.! MTDNA DIvErsiTy OF Amisiom poukanecres IN THALAND

spawning seasons (Nugranad, 1990; Roongratri, 1996,
they did not show genetic differentiation, as evident
from low genetic distances [0.276 to 0.283} and
nonsignificant pairwise Fsr (-0.009 to 0.007,
P>0.05).This is not surprising, as gene flow between
these populations {less than 100 km apart} is possible,
as a result of migratory behaviour during spawning
and larval dispersal in A. pleuronectes {Morton,
1980). The differences in spawning season are there-
fore most likely the result of annual! fluctuation,
reflecting environmental variation, as the two studies
of Nugranad (1990] and Roongratyi (1996} were con-
ducted in two different years.

In contrast to the low levels of genetic variation
observed within populations and within the Gulf of
Thailand, substantial inter-population variation of A.
pleuronectes was observed between these populations
and that from the Andaman Sea. This deep genetic
division between these populations observed in the
present study is similar to that described for a variety
marine species in the Indo-Pacific, including fish
{Keenan, 1994; Lacson and Clark, 1995, McMilian
and Palumbi, 1995, Chenoweth et al., 1998), crusta-
ceans [Lavery et al., 1996; Duda and Palumbi, 1999,
Williams et al.,, 1999, Barber et al.,, 2000}, starfish
(Williams and Benzie, 1998; Benzie, 1999a}, and
molluses such as abalone, Haliotis oving {Klinbunga
et al., 2003). We admit that our interpretation relies
to a major degree on inference from the biogeogra-
phic patterns in other species, as we sampled only
one population from the Andaman Sea. Accordingly,
the observed association between genetic divergence
and the separation of the Pacific and Indian Oceans
is thought related to past low sea level events
associated with the ice age (Palumbi, 1997; Benzie,
1999b; Alfaro et al., 2004).

The existence of two distinct lineages is clear
evidence of a relatively old geographically based
pattern of divergence in A. pleuronectes. Two different
hypotheses could be proposed for such contemporary
divergence: {1} colonization of the two different
isolated ancestral populations or {2} reproductive/
physical isolation of two subpopulations between an
ancestral panmictic population. These hypotheses
could be tested with more intensive sampling cou-
pled with a nested analysis approach,

Estimated time of divergence [based on 2%
nucleotide differences per million years) between
haplotypes of populations from the Gulf of Thailand
and the Andaman Sea since a shared ancéstor hap-
lotype was from 1.3 to 1.5 million years ago, indi-
cating that limited gene flow could occur since the
Pleistocene during the connection of the Asian
landmass to the Greater Sunda Islands due to
lowered sea levels and emergence of the Sunda

Shelf. Further, even undes the contemporary sea
level, gene flow between the Gulf of Thailand and
the Andaman Sea is likely inhibited due to the
constant north-flowing current in the Strait of
Malacca [Great Britain Hydrographic Office, 1958).

Management Implications. The sequence data
of the 165 rRNA gene region identified significant
differences between populations from the Cuilf of
Thailand and Andaman Sea of A. pleuronectes. Ac-
cordingly, it is desirable to manage these distinct
populations separately. Transfer of individuals of A,
plearonectes between the Gulf of Thailand and the
Andaman Sez is discouraged, as it may threaten the
genetic component of species diversity because of
interbreeding and competition (Johnson, 2000).
Moreover, the long-term isolation of these popula-
tions could lead to the possibility of local adapta-
tion to specific environment conditions, and hence
translocation of individuals between distinct pop-
ulations could also bring about indirect genetic risks
such as disease transmission.

The 165 rRNA sequence data did not reveal
significant genetic structure among populations with-
in the east coast of Thailand. However, the absence of
divergence among samples does not necessarily indi-
cate that such populations are panmictic {Johnson,
2000). As Klinbunga et al,, {2003} noted, no genetic
differentiation was observed in M. asinina using
mitochondrial DNA markers, but substantial popu-
lation structure was revealed when nuclear markers
were employed (i.e., 185 tRNA, RAPD and micro-
satellites). This suggests the need for further inves-
tigations using more variable genetic markers such as
microsatellites, which have stronger resolving power
compared to allozymes {Arnaud-Haond et al., 2003]
and mitochondrial DNA (Hoarau et al,, 2004).

Finally, if aquaculrare of A. pleuronectes is to
expand, care must be taken when selecting brood-
stock. It is advisable to select from residing pop-
ulations and develop clear broodstock management
strategies so that genetic contamination is avoided,
especially if the progeny are used for restocking
purposes. These strategies will minimize the risk
associated with. hybridization and dilution of the
gene pool, which have been well documented in
many aquaculture species {Hindar et al, 1991;
Crozier, 1993},
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ABSTRACT Current knowledge of Lhe evolutionary relationships atnong scallop specics {Molluscs: Bivalvia: Pectinidac) in the
tndo-Pacific region is rather scanty. To enhance the understanding of the relationships within this group, phylogenics of ninc
specics of seallops with the majorily lrom coastal regions of Thailand, were reconstrucied by maximum parsimony, maxinnem
likelihood, and Baycsian methods using sequenocs of the 168 rRMNA of the mitochondrial genome, and a lragment conlaining Lhe
ITS1, 5.8S and ITSZ geaes of the nuclear DMA. The trees that resulted from the three methods of analysis were 1opoiogically
identical, however, gained differcnt levels of support al some nodes. Nige specics were clusicred inlo (wo major clades.
corresponding 1o lwo sublamilics (Pectininae and Chiamydinace) of the three currently recagnized subfamilies within Pechnidac.
Qverall, the relationships reported berein are mostly in accordance with the previous molecular studies thal used sequences of the
miDNA cylachrome oxidase subunil I, and ihe classification system based on microsculpiure of shell fcatures and morphological
characleristics of juveniles. Levels of divergeonces were different among genes (e, the 5.85 penc showed the lowest levels of
nucleatide divergenoe ai all levels, whereas the 165 rRNA showed the highest level of vanation within specics, and FT52 gene
revealed the highest level of divergence al higher levels).

KEY WORDS: Peclinidac, scallops, phyjogeny. nucleoiide sequences

INTRODUCTION

Bivalves of the Jamily Pectinidae, often referred 10 as scallops,
arc among the better-known shellfishes. Scallops are distribured
worldwide and inhabit a wide variety of environments ta all
seas from polar regions 16 the tropics {Brand 2006). Scallops
are also well known becausc of their commercial importance
and conlribule significantly 1o commercial fisheries as well us
aquacullure production. Many specics are currently culiured.
and the average annual aquaculure production of scallops in
the period 2000-2004 was about |17 mitlion 1. valued at $63.6
million USD, acepunting for about 61.2% global scallop pro-
duction (FAQ 2006). Given their importance, scaliops have
been the subject of much research (Shumway & Parsons 2006).

Currenily about 400 living scallop species are recognized
and arc reputed 10 have a very complex taxonomy. A numbcer
of clussification systems have been proposed based on morpho-
logical characlers (e.g., Hertlein 1969, Korobkov 1960, Waller
1991, 1993, 20066). The current consensus and well-accepled
systern 5 thar of Waller. who classified Pectinidae, based on
microsculptuee of shell features and maorphological character-
istics of juveniles. Waller {1991, 1993} suggested the division of
Pectinidae into three subfamilies, comprising of Camptonectinae.
Chlamydinae, and Pectininae. The subfumily Chlamydinae wus
further divided into four tribes: Chlamydini. CrfSsadomini,
Mimachlamydini and Acquipectini, and Pectininae into threc
tribes: Palliolini, Decalopectini, and Peclinini. in a recenl revi-
sion, Waller {2006) suggesied the additional tribc Amusiini in
Peclininae.

*Correspoeading auther. E-mail: thuy nguyenfiicnaca.org
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With the recent advances in the field o malecular phy-
logenetics, several atlempts have been made to reconstruct the
phylogeny of Pectinidae using molecular data. Sequences from
a aumber of gene regions have been used to infer scallop
phylogenies. such as the 165 rRNA and 125 rRMA (Capana
et al. {999, 2000b, Capana et al. 2000a} and the cylochrome ox-
idase subunit [ {COI) (Giribet & Wheeler 2002, Malsumoto &
Hayami 2000) ol the mitochondrial genome, and 185 rRNA
{Capana et al. 1999, Frischer el al. 1998, Ginbet & Carranza
1999, Giribet & Wheeler 2002, Winnepenninckx et al. 1996)
and the internal transeribed spacer 1 ([TSt) o internal tran-
seribed spacer 11 (ITS2) {Insna et al. 2003) of the nuclear
DNA. In general, phylogenies recovered from molecular
DNA sequences supporl the classificution system proposed by
Waller (1991, 1993) (Barucca et al. 2004, Matsumoto & Huayami
2000). However, most studies used scallop samples from the
north Atlantic and 1he north Pacific regions, and little attention
has been paid 10 specics from the Indo-Pacific. The only study
to date on scallop systematics in this region was that of
Matsumoto and Hayami (2000), but was confined to Japan.

The Indo-Pacific coustal region harbors a rich scailop fsuna.
with about 185 known specics belonging 1o 38 genera currently
listed in the Qcean Biogeographic Information System (OBIS)
Indo-Pacific Molluscan Database (hiip:/fdata.acnalsci.org/
obisf}. Many scallop species found in the Indo-Pacific region
are of commercial importance and some are being cultured.
such as for example Chigmys farreri and Mimachiomyps nobilis in
Ching {Guo & Lua 2006}, Patinopectvn vessoensis in japan
(Kosaka & [to 2006). and Pecten spp. in Australia {Saavedra &
Peita 2004). The Asian region has been leading cuttured scallop
production over the last many decades, contribuling uboul
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97.9% 10 that of the world (FAQO 2006). In Thailand. as in most
of SE Asia, many wild populations of scullops have been
overexploited and efforis have been made, although stilt at a
very carly stage. in filling Lthe gap between demand and supply
through aquaculture. In this regasd for example, haichery
produclion techniques have been developed lor species such
as Mimachlamys senatorie {Nugranad & Promjinda t997).

The objective of this study is 10 undertake a phylogenctic
anulysis of sequences from four gene regions, including partial
165 rRINA gene region of the mitochondrial DNA, and the
complete sequences of three nuclear genes (i.e., ITS1, 5.88. and
IT82) 10 invesligate phylogenelic relationships among nine
scallop species in the Indo-West Pacific region with samples
mainly obtained from Thailand coastal areas.

MATERIALS AND METHQDS

Sample Callection nnd DNA Extraction

A tonal of 29 individuals of scaliops, believed 10 be from
nine species were collecled from 2004-2006 along the coast
of Thailand. Upon capture, a small portion (approximately
150 mg) of adductor muscle was preserved in 95% ethanol.
Youcher specimens comprising of preserved tissues and shells
were held al the Kasetsurt University Muscum of Fisheries,
Bangkok, Thailand. For comparative purposes, Lhree individ-
uaks of Decatapecten radufa from Lampung, [ndonesia; threc
and two individuals of Mimaciiamys nobilis were also abiained
from Hainan, China and Kochi Prefecture, Japan, respectively.
Details on localities and sample sizes ure given in Table 1 and
Figure f.

Total genomic DNA was extracted using phenol/chloroform
standard method as described by Taggart et al. (1992) with a
slight modification. The individual DNA was resuspended in
TE buffer (16 mM Tris-HCl pH 7.2: | mM EDTA pH 8.0} and
stored al -20°C until required.

PCRA

ne &
iplification and Seq

5

A fragmenl of the large ribosomal mitochondrial gene { 16Sr
RNA} was amplified using primers [68ar {§' CGC CTG TTT
AAC AAA AAC AT-3}and 168br (5 -CCG GTC TGA ACT
CAG ATC ATG T-3') (Palumbi et al. 1991). The transcribed
spacer ([TS} region, comprising of ITS4, the 5.8 rRNA gene,
and [TS2, was umplified using primers designed by Heath et al.
{19953 which anneal to Lthe 3 -cad of the 185 pene and 1o the
5'-end of the 288 gene (Torward - 5 GTT TCC GTA GGT GAA
CCTG 3, reverse - 5 CTCOGTC TGA TCT GAGGTC G 3°).
PCR was performed in a 1olal volume of 30 ul containing
approximately 50 ng iemplate DNA, 1X PCR bufler, 2 mM
MgaCly. 3.2 miM dNTPs, 0.5 pM of each primer, and ] unit Tag
Polymeruse { Promega). PCR conditions were as follows: tnitial
denaturution at 94°C for 3 min followed by 3P cycles of
denatorution 2t 94°C for 1 min, annealing at 58%C for | min
and extension ul 72°C for } min, and a final exteasion as 72°C
for $ min,

The majority of samples were analyzed at the Laboratory
ol Population Gengelic informalies. Tohoku University, Japan
where PCR products were purified with Ue ExoSAP-IT (ush)
and sequenced using an ABI Prism 377 DNA Sequencer

r
TABLE 1.

Details of specimens of Pectinid species used in the present study.
Most of the samples were from Thailand atherwise indicated.

Sample Sample
Species Code Size Locality
Anntsivm Ap-T 2 Trat
pleuronectes Ap-NT l Maraliwag Province
Annachlamys
macaxsarensls Am-NT 4 Maratiwas Provinece
Decaiopecien
radulta Dr-IN 3 Lampung. INDONESIA
Decatoperten Dp-PJ 4 Bangsapan,
plica Prajuabkirikhan
Mimachlunys Mn-BC 3 Bangsare, Chonburi
nobilis Mn-5C 3 Samacsan, Chonburi
Mp-CN 3 Hainan. CHINA
M- )P 2 Koachi Prefecture, JAPAN
Mn-GB GenBank Asscssion
Number ASST1620°
and AY69059%°
Mimachlamys Ms-BC i Bangsare, Chonburi
SERATOPIE Provincs
Ms-SC 2 Samacsan, Chonbur
Provinee
Msz-PB 1 Cha-am, Phelchaburi
Provinee
Wis-BJ | Bangsapan,
Prajuabkirikhan
Ms-PK Phuket
Mimachlwnys spp. MTKBI 2 Lanta Noi Island,
Krabi Provinee
Minnivola Mp-KB 3 Lantz MNoi Island,
Byxidotg Krubi Province
Mimachiamyx Mv-GB GenBank Assession
varia Number AJ243575°
und AJ534978°
Semipaltivme SF-CP 2 Cha-am, Phelburi
Jutvicosian Provinee

! Barucca et al. (2004)

2 Bao ct al. {unpublished}
N Capana ¢l al. (2000b)

* Insua et al. (2003)

{Applied Biosysiems) by using the BigDye Terminalor {Ver-
sion 3) Cycle Sequencing Reudy Reaction Kit. Remuining
samples were sent to Macrogen Inc., Korea for purification
and sequencing.

Data Analvsis

The data sel included a total of 39 sequences of nine
scallop species. [n addition, sequences from the GenBank for
M. nobitis ([168 rRNA: AJ571620, Barucea el al. {2004 1TS54,
5.88 and ITS2: AY650599; Bao et al. [unpublished]). and
M. varia {165 TRNA: AJ243575, Capansa et al. [2000b]; [TSi,
5.85 and 1TS2: AJ534978, [nsua ct al. [2003]) were also included
for comparative purposes. Scquences of Ostrea edulis (Genbank
Accession No. DQ280032 [Giribet ¢t al. 2008] [or 165 tRINA,
and UR8709 |Carnegie, unpublished] for olher gene regions)
were used as an oultgroup.
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Figure 1. Sampling localities of nine scallop species in the present study.

The 5.88 gene lrugment was aligned by cyes and the amino
acid sequenves were lranslated with relerence (o Pecten maxins
{GenBank Accession No. AJ428410) as a test of the presence
of nuclear paralogues. Alignment of the 168 rRNA, 1TS! and
ITS2 genc regions was underiaken using the program SOAP
{Léyiynoja & Milinkowiich 2001). This program gencratcs
and compures alignments corresponding to 30 ditferent sets
of alignment paramelers (gap extension penalty from 12-17 in
steps of |; gap opening penalty from 6-8 in sieps of 0.50. A strict
consensus of all of Uhese alignment combnalions was then used
for further analysis

Significant differences m base composition were lested
for each data pariition using homogeneily y* analysis as
mplemented in PAUP* 4.0b10 (SwolTord 2001). The presence
ol signilicant heterogencity belween pariitions was assessed
using partition homogeneity test {Farns e1 al. 1995) as imple-
menied sn PAUP* 4.0b10 (Swofford 2001).

Maximum parsimony (MP), maximum likelihood (ML}Y
and Bayesian approaches were used Lo estimate phylogenelic
telationslnps among the subject Laxa. MP and ML phylogenetie
analyses were exceuted in PAUP*4.0b10 (Swoliord 2001). For
the MP analysis, trees were generaled using the heuristic search
oplion with TBR branch swapping using 1,000 random laxon
additions and gaps were treated as missing data. The best fil
substitution madel was estimaled using MODELTEST version
3.07 (Posada & Crandall 1998). The best-fit maximpum likeli-
hood score was chosen using Akaike’s informaltion criterion
(AIC), because this reduced the amount of unnecessary param-
clers Lhal contribulte litike 10 deseribing the dula by penalizing
more complex models (Bernham & Anderson, 2002; Nylander
¢l al., 2004). For the ML analyses heuristic scarches with TBR
branch swapping and 100 randont additions of taxa were also
performed.

Uncorrecled (p™) sequence divergence values were calcu-
laled belween samples. Phylogenctic confidence in (he nodes
recovered [rom parsimony was estimaled b$ nonparametric
bootstrapping (Felsensicin 1985), analyzing 1.000 pseudoreph-
cates of dala sets, whereas becanse of computational constrainis
only 200 pscudo-replicates were performed for ML. Bayesian
inferences were used 10 investigale optimal iree space using
the program MrBayes 3.0b4 (Huelsenbeck & Ronquist 2001).
For each analysis, four Markov chains were run, with cach
chain starting from a random tree and three million gencrations
generaled. Sampling from the chain occurred gvery 500th tree
for cach of the four pariitions (16S rRNA, ITSI, 5.85, 1TS2).
followed by the total evidence. In these combined analyses,
genes were parlitioned according to substitulion models
selected using MODELTEST, using unlinked parameters A
fifty percent majorily rule consensus lree was generated from
the (rees retained, with posterior probabilities for each node
cstimated by the percentage of time the node was recovered. IFor
the Baycsiun analyses, daw sels were run a minimum of lfour
times 1o test whether they converge on e same lopology.

We used Bayesian analysis {MrBayces 3.0bd) 1o ¢eslimate base
lrequencics, transilion matrices, proportion of invarian! siles
and [-shapes for cach partition by unlinking estimates ol
these for cach partition. For all runs, stationarity as reached
after aboul 2.2 X 10° generations and parameler cstimates were
based on the last 1,000 trees (i.c., kast half million generations).

RESULTS

A lotal of 39 sequences For cach gene (168 rRNAITS!. 5.88,
and 1TS2) were oblained from the ninc scallop species used in
the present study. All sequences were deposited in GenBank
{GenBank Assession Numbers BQ873890-DQR73916 for the
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regions from ITSH to ITS2. DR873917-DQB873942 for 165
rRNA). Alignment of 165 rRNA resulted in 606 hase pairs
{bp). of which four regions consisting of t 58 bp (between bases
J20~239, 389-309. 550-563. and 597-603 in the origina) align-
ment) were deemed unstable and removed from further analy-
sis. Similarly, of 320 bp obtained from the 1TS1 region. six
repions with a Lolal of 77 bp {bctween bases 22-29. 95-108,
124-135, 198-203, 248-255. and 297-330 in the original align-
ment) were inconsisient between aligaments and therefore
excluded from further analysis. Four regions of the ITS2 gene,
consisling of 78 bp (between bases 123139, 224-242, 247-283,
and 248-352) were found unstablc and removed. Only 14 bp al
the 3’-end of the 188 rRINA gene was obtained, and Lhese were
inviriable among samples examined and as such also cxcluded
from further analyses.

Chi-square tests in base composition among taxa indicated
no significant differences for any of the genes (df = 1t1, £ =
.99 - 1.00, Table 2). No significant heterogeneity between
data partitions was detected under the partition homogeneity
test {P = 0.09), and as such all data partitions were combined
for lurther analysis.

in 4 towl of 1142 bp of the combined dsia sct, 771 siles
were variable, of which 447 siles were parsimany informalive.
Bayesian estimates for GTR substitulion matrices. proportions
of invariant sites, and [-shapes are given in Table 2. These data
indicated very different evolutionary dynamics for cach of the
partilions, in particular [-shape values varied among the
partitions and extremely high in the ITS1 and ITS2 gene regions.
Levels of divergence between species estimated as uncorrected
“p" distances are presented in Table 3. Qverall, low levels
of intsaspecific variation were observed, ranging rom 0.000
{D. ruchdu) 10 0.003 (M. senaitoria). The lowest level of belween
species differcntiation {0.073} was observed belween M. nobilly
and M. senatorie. All species showed high Jevels of variation to
the outgroup, O. edufis with an uvernge genetic distunce of 0.528.

r

A comparison wmoeng gene partitions on level of divergence
is shown in Figure 2. Among the parlitions, the 5.85 gene
showed the lowest variation 41 all levels (0.000 within species,
(.05 | between species, 0.0(8 belween genera und 0.021 belween
sublamilies), whercas the ITS2 gene fragment showed the
highest level of divergence al species level or higher (0.150
between species. €.317 between genera, and 0.471 belween
subfamilies). The 165 rRNA gene region showed the highest
level of intraspecific variation (0.005). however, less nucleotide
divergence was found al higher levels compared with the two
ITS genes.

The muximum parsimony analysis for the combined data seu
with all sites weighted equally gave Lhree most parsimonious
trees al the length of £547. A strict consensus of thesc Lrees
recovered idenlical lopology to the tree obtained from Baycesian
analysis (Fig. 3}. The MP trec was supporied by high bootsirap
values (79% to 100%} al major nodes, but support from ML
analysis was lower than 30% sl some nodes, and Bayesian pos-
terior probabilities ranged from moderate to high {0.54-1.00).

The tree was bifurcated into two major clades. The first
clade (Pectininue) represented tribes Amusiini, Decalopectini,
and Peclinini, in which Decalopectinini was found (o be
more closely related 10 Peclining with high level of support
{60% 10 80% boolstrap, 0.82 posterior probability}. Except
for the three samples of D. radule, which were monomorphic,
all others in this clade were polymorphic at least in onc gene
region. Three haplotypes were observed among That samples
of A. pleuronccres, which showed an average of 0.003 divergence
1o the sequence of the same species oblained from GenBank,

The remaining samples were clustered into the second group.
comprising of Chlamydinae {Chlamidini and®imachlam ydini)
with low to moderaie supporl (posierior probability of 0.54.
bootsirap 79% lor MP and <30 for ML) and a samplc of
Pectininae {Minaivela pyxidatd). Within Mimachlamydini, a
strong correlation between patterns of genetic variation with

TABLE 2.

Base frequencies of each gene partition and chi-square tests of bias among taxa, and substitution rate matrices, proportion of invariant
sites and I'-shapes (a), estimated using Bayesian analyses of 165 rRINA, ITS1, 5.5 and 1TS2 partitions, and the combined data set
(estimates zre based on means of 1,000 saved trees representing generations 2.5-3 X 10% in the MICMC analysis).

Bast¢ Frequencies

Substitution Rate Matrices

Gene Pariitions A C G T x P C G T Minv) &

165 rRNA 023 0.to 0.29 0.29 3716 1.00 A 0.033 £.381 0.12¢ 8.155 0.36
c 0012 0.392
G 0.054

1TSI 0.33 027 020 0.20 6597 099 A 0190 0.150 0.126 0.294 105.24
C 0.134 0.204
G 0.195

5385 0.24 0.26 028 02 5.3 1.00 A £.122 0.223 0.229 0.107 2.63
- c 0.056 0.260
G 0.119

ITS?2 0.27 0.24 0.25 0.24 71.54 0.99 A 8.130 0.169 0.166 00147 119.37
C 0.132 0.255
G 0143

Combincd 0.26 0.23 026 0.25 36.49 1.00 A 0149 0.15% 0.209 0.122 68.56
dan C 0.087 0.238
G 0.15%
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TABLE 3.
Mean uncorrected ¥p* genetic distances between species examined in the present study based on the combined data ser.
The numbers on the diagonal are within species variation, dash (—) indicates only one sample was sequenced.
Species 1 2 3 q s [ 7 7 9 10 11
1. Artuninm plenwonecivi 0.00)
Fa Antehiommys
IR AV SEPORN IS 0.326 0.007
3 Decarvpecien raduly o117 D145 0.000
4. Decaiopecion plica 0186 0.150 0.100 0.00}
5 Mimachlamys nobiis 0.232 0.243 0.242 0,235 0.002
6. Minwchlanys senaioria 0.242 0.236 0.242 0.237 0.073 4.003
k3 Mimachlamvs spp ' 0191 0.232 0.236 0.23%8 0.121 0015 0.00
8. Mennrvolo pyxidata 0.213 0,230 0.235 0.231 0.134 0123 0.104
49, Mimachtamys varia' 0.255 0,246 0.250 0.261 0.184 D.172 0.169 Q.166
10 Semipatiiivm
Sulvicosiuaum 0.226 0.225 0.246 0.241 Q.18&i 0.168 0173 0.176 0.204
1. Ostrea vdulty’ 0.516 02135 0,520 0.535 0.536 0.538 0.330 0.528 0.539 0.527

' Capuna ci al. £2000b) and [nsua ct al. (2003) for 168 rRNA and 1781, 5.85 and ITS2, respeeti vely
* Giribet et al. {2006) and Carnegic (unpublished) fur 165 rRNA and [TS!. 5.35 and ITS2, respectively

geographical distribution was observed. Mimachiamys varia,
a specics that is distributed through out Medilcrrancan and
¢xtending Lo the Norih Sea, and was genetically dilferentinled
{(0.178 nucleotide divergence) from its congeners oceurring in
the Indo-West Pacific region.

DISCUSSION

Phylogenetic Relationships

The phylogenetic analysis of a total of 1,142 bp comprising
of mitechondrial and nuclear genes indicates 1hat scallops
species included in the present study consulule clearly distinct
lineages. Nine scallop species from Thailand weve well grouped
inle bwo subfumilies of the three currently recognized subfami-
hes of Pectinidag, corresponding Lo Peclininac and Chlamydinac
of Waller (1991, 2006). The sublamily Pectininac appears 1o be
paraphyletic considering the position of M. pyxidata, a species
that has not been ¢xamined by Waller {1991, 2006) and or

Level of divergence

(TRTE

= Betfeoon smbfamilics
Pretweom itihes
BeTasm spocked

HO5)

A Withiu specics
IRS rRMA s

545
Gene reglons

Figure 2. Comparison of levels of nucleotide divergences between four
different gene feagments used {n the present study.

subjected to other molecular studies (Capana <t al. 2000b.
Giribet el al. 2006, Matsumotlo & Flayami 2000).

Overall. \he phylogenetic relationships presented hercin
are complimentary 10 (hose suggested by Waller (2006). as
slightly modified trom Waller (1991, 1993), With the zddinen
of mine species trom the Indo-Pacific region used in the present
unalysis, the findings conlorm 1o Waller's system nol only
the conslituent genera but also in the ranking of subfamilics
and tribes, This ohscrvation is also supporleddby Lhe resulls of
Maisumeolo and Hayami (2000), who inferved (he relationships
among seven Japancse scallop specics using scquences of
the CO1 mIDNA gene region. As suggesied by Malsumolo
and Hayami (2000), molecular data seem to support Waller's
classification system probably because Waller used a cladistic
approuch based on microscopic characters appearing in the
carly dissoconchs, such as shell microscullnre, patterns of rad-
ical ribs, and dentition. These characlers arc believed 1o be less
influcnced by changes in life history, unlike in the case of adult
shells {Hertlcin 1969, Korobkov 1960, Thicle 1935).

In a recenl revision, Waller (2006) suggested Lhat genus
Antusiven be removed from Lhe trbe Pectining, and included in
a new lribe (Amusiini) together with the other 1wo peneri. Qur
data support this view considering the pesition of A. plenro-
nectes in associalion with Decalopectinini and Peclinini species.
In addition, the mean genclic distance between 4. plewronuctes
and Decatopeatinini {0.170) is higher than thai between Deca-
topectinini and Pectinini (0.148). juslifying the recogniuon of
Anmusiini as a distinel tribe. 1t is ulso noted thai this obscrvation
is similar to that of Matsumoro and Hayanm {2000). but these
authors. however, suggested thal a subfamilial status Tor Amu-
sivrne was unwarranted, and did not discuss about its tribal siatus.

The phylogenetic tree recovered Trom our dala is nel in
conflormiily Lo thal of Waller {2006) at one occasion. Although
limiled nuniber of taxa were examined in the present study, our
findings and that o’ Matsumoto and Hayami (2000) indicate
the close relationship belween Decalopeciinini and Pecinini
species (posterior probability of 0.82, and boolsirap supports
resulted from MDD and ML analysis are 82 and 60, respectively).
Waller (2006) using morphological dala and fossil records,
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Figure 3. Bayesian estimation of the phylogenctic relationships among 10 scallops species, and the oulg roup using combined data of four gene fragments
([65 7RNA of the mitochondrial genome. and TTS1, 5.88 and ITS2 of the nuctear DNA). Tree produced from 3 X 10° gencrations ustag the GTR « 141
model of sequence cvolution wlinked across all partitions. Numbers at ecach node represent posterior probabilitics, bootstrap support for MP and

bootstrap support for ML, respectively.

however, suggesied that Decatopectinini is 4 sister group of
the (Pectinim + Amusiini). Further investigations with brouder
taxon sampling {i.c., morc species representing cach Iribe would
be uselul in resolving this uncertainty).

It is difficuli to compare the phylogenctic relationships
recovered from our data o thal of Winanepenninckx ¢t al. (1996)
and Frischer et al. (1998) breause of differences in Laxon sam-
phings However, il is noted that \he tree recovered by IFrischer
ct al, {1998) using 185 rRMNA gence sequences of seven scallop
species Trom the north Atlantic and northeast Pacific were
interpreledt as partially inconaislent with Waller's system,
although bootsirap supports were low {(<50%) al some nodes.
For example, species thal represents the sublamily Pec-
uninae { Placopecien magellanicws ) appeared to constitute Chla-
mydinae. Similar branching patterns were also observed by
Winnepenniackx ¢t al. {1996). The different observations
among melecular studics mdicale the recd for angevaluslion
of the nulity of different gene regions for Pectinidac systemanic
studics with additonal specics.

The placement of M. mianivela (Pectinind) (Dijksira 1998)
within the Chlantidinae group raises an itriguing question re-
lnung to paruphyletic status of Pectinini. This finding indicales
that there are problems with shell morphelogical based
tavonomy. 1t is noted that members of genus Minnivola were

not examined by Waller (1991, 1993, 1996) or any other molec-
ular studics and as such its position is based solely on mor-
phological features of adult shells. There could be a possibility
that the gene trecs gencrated in this swudy do not reflect the
true phylogenstic relutionship among taxa or there » possible
presence of molecular convergence. However, the use of com.
bination ol one mitochondrial gene region and other three
nuclear genes would be sufficient Lo eliminate these doubis,

Levels of Divergeace

Although sequences of Ihe two gene Nagments used in ihe
preseat study for phylogenciic mference have been examined
previously (Barucea et al. 2004, Capana ¢t al. 2000b, Insua et al.
2003), this is the first study thal used a combination ol these
genes. Tn addition 10 COT sequences oblained by Matsumoio
and Hayami (2000}, dala presented herein provide useful insight
into the phylogeny of Pectinidac and the nilivy of a parucular
gene in systemaltic studics of this group. Overall. the fragmem
Irom 5.85 ribosomal coding pene showed the least variation,
and the Mmagments of [TS genes showed considerably greater
levels of divergence between major groups. The 165 rRNA
gene of the mitochondrial genome although showed the
highest level of intruspecific variation, i1 reveals lower a level
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of varation at higher levels compared with the (wo nuclear
iT§ genes.

The levels of divergence at intraspecific tevel observed in gur
sludy are lower than those previously reparted, For example,
the highest level of divergence was observed within M. nobilis
in the 165 rRNA gene (0.006), is much lower than thal found
in European specics {i.e.. Pecten jocobaeus [1.200]) and Pecten
maximuy ({1420}, and Australian king scallops. Pecren novae-
celondine (0.300) (Saavedra & Peda 2004). These differences
could be because of 2 number of factors, including differences
in taxon swnpling, sample size, the models used for estimating
genetic distances, and probably the exclusion of a number of
sites in our data set after alignment in the dala sel.

Levels ol interspecific varialion of the 165 rRNA gene region
observed in our study are, however, very similar 1o that reported
by Saavedra and Pedia (2004}, The atter study reported average
valugs for inlerspeeific comparisons among two European
species and two Australasian species and ranged from 0.043—
0.480, whereas our results ranged from 0.072-0.166. Frischer
et al. {1998} reported only 0.095 at the maxiswum divergence
observed among seven pectinids for the 188 rRNA gene,
and according (o Matsumoto and Hayami (2000) this level
of variation indicates 188 rRINA gene is too conscrvative
compared wilth COI gene, which has 30% amino acid variable
sites among 17 pectinids. However, the level of divergence
observed herein for the 5.88 gene sequences arc ¢ven lower than

r

that of the 185 rRINA gene reported by Frischer et ul. (§998). As
for the ITS genes, level of variztion observed in the present
sludy are commensurale with that determined by insua et al.
(2003).

In conclusion, scallops species analyzed in this study
belong 1o two subfamilies, Pectininae and Chlamydinac of
Pecinidae. Analysis of both mitochondrial and nuclear genes
of thesc samples has resulied in a phylogeny that is largely
consistent wilh those previously described based on nonadup-
tive morphological characters of scallop species. Qur sampling
wus mainly confined to a relatively small geographic region,
and an exicnsion Lo this study with additional number of specics
in the Indo-Pacific region is warranted 1o understand hetter
the evolulionary relationships wilhin this group.
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ABSTRACT

Four microsatellite primers were developed from a partial DNA library of
Mimachiamys (Chlamys) senatoria. They were subsequently used to study genetic
diversity of four populations of M. senatoria, three from the Gulf of Thailand and one
from the Andaman Sea. The results revealed low genetic variation within poputations
in the Guif of Thailand (A, ranged 6.14-6.51; A, ranged 5.71-8.75; H, ranged 0.55-
0.61) while it was relatively high for a population from Andaman Sea (ﬁe =10.6; A,
=7.76; H, =0.72). Population structuring exists with Fg7=0.022 (P<0.01). All
population pairs were genetically different. The deep genetic divergence between the
populations from the Gulf of Thailand and the Andaman Sea was observed.

INTRODUCTION

The bivalves of the family Pectinidae significantly contribute to the annual
world fishery production (e.g. 1,166,756 metric tonnes in 2004 with 69% contribution
from aquacuiture) (FAO, 20086). Recently aguaculture of the Pectinids has been
expanding worldwide, for example 12% expansion of annual production of
Patinopecten yessoensis in Japan during 1990-2004 (FAQO, 2006); culture of
Chilamys nobilis in China increased by 5 folds during the same period (annual
production was 910,352 in 2004; FAQ, 2008).

As in other countries, scallops also gains popularity among consumers in
Thailand. The attempts to develop aquaculture of scallops was encouraged by the
successful breeding of Chlamys or Mimachlamys senatoria (Nugranad and
Promijinda, 1997) and Amusium pleuronectes (Chaithanavisuti, 1987) in the
late1980s. Due to possible adverse impacts of aquaculture on genetic diversity of the
local stocks (Hindar et al., 1991; Crozier, 1993; Bentzen and Thodesen, 2005) the
present study was initiated to study genetic diversity of the conspecific natural stocks.
The information obtained will be considered as a baseline for genetic monitoring.
Moreover the conservation and fishery management authorities can utilize our resuits
to develop management strategies for these stocks.



The study based on sequence of the 16S rRNA genes revealed no genetic
differentiation among samples of Amusium pleuronectes within the Gulf of Thailand
while the difference between the Gulf's population and the Andaman's population
was distinct (Mahidol ef al,, 2007a). Similarly clear genetic divergence between the
two coasts was shown in Mimachlamys senatoria based on 16S rRNA sequences
despite a low sample size (Mahidol et al., 2007b). However, owing to the
conservative nature of the 16S rRNA more polymorphic markers should be used to
study the fine scale differentiation of the stocks especially the Guif's populations.

Microsatellite loci, tandem repeats of subunits of di, tri or tetra nucleotides, are
widely used for studies on genetic diversities especially among the closely related
populations due to the hypervariable, codominat nature. They were used to detect
genetic differences between natural and aquaculture stocks in Turbot, Scophthalmus
maximus (Coughlan et al. 1998), Kuruma prawn, Marsupeneus japonicus (Luan et
al., 2006) and Pacific oyster, Crassostrea gigas (Appleyard and Ward, 2006),
assessed the impacts of aquaculture stocks on natural stocks (Kamonrat, 1996; Na-
Nakorn ef al., 2004).

None of microsatellite primers are developed from M. senatoria to date.
Therefore the first objective of this study was to develop microsatellite primers from
DNA of M. senatoria. Then the primers were used for studying the genetic diversity of
this species in Thailand.

MATERIALS AND METHODS

Isolation and characterization of microsateliite loci

Total DNA was extracted from adductor muscle tissue obtained from an
individual M. senatoria following the standard phenol-chloroform protocol{Taggart et
al., 1895). Then a partial microsateliite library was constructed using the modified
enrichment procedure (Billotte et a/., 1999) wherein the genomic DNA was digested
with a restriction enzyme, Msel, and ligated to the Msel-Adaptor. Then the ligated
DNA was amplified using Mse/ adaptor as a primer. The PCR product was hybridized
to 6 streptavidin-biotinylated oligo SSR complexes, (AG)g, (TG)1o, (TAC)19, (CAA)1q,
(CAG)4p and (GAT)1o. The bound enriched DNA was eluted and re-amplified. The
amplified fragments were cloned using pGEM-T Easy vector and transformed into E.
cofi DH10 B. Six DIG-labelled oligo SSRs were used to screen the colonies which
represented the repeat inserts. Eighty-two positive clones were identified and
subsequently sequenced using the BigDye Terminator Cycle Sequencing Ready
Reaction Kit (PE Applied Biosystem) and ABI PRISM 377 DNA Sequencer (PE
Applied Biosystem). The cloning and design of primers was done by DNA
Technology Laboratory, Kampaengsaen, Thailand.

The study on genetic diversity

Sample collection: A total of 128 samples of M, senatoria were collected
from four localities in Thailand as detailed in Tablet and Figure 1. They were found
attached to rocks and corals at the depth between 3-10 m. The live specimens were
delivered to shore and 150 g of addUctor muscle was collected from each individual,
preserved in 99% alcohol and delivered to Laboratory of Fish Genetics, Faculty of
Fisheries, Kasetsart University, Bangkok for further DNA analyses. The identification
was performed on shell morphology following the description of Poutiers {(1998).

Microsatellite DNA analyses: The PCR conditions were as foliow: each of 10
ul reactions contained 5 ng DNA template, 10X PCR buffer, 0.25 uM each of forward
and reversed primers, 1.5 mM MgCl; and 0.2 U Tag DNA polymerase (Promega).



PCR reactions were performed using PTC-100 Peltier Thermal Cycler (MJ Research)
with 3 min at 94 °C followed by 35 cycles of 94 °C for 30 s, 30 s at annealing
temperature (see Table 2) and 60 s at 72 °C and a final extension step of 5 min at 72
°C. The PCR products were subsequently separated on 4.5% dendturing acrylamide
gel and visualized by silver staining. Alleles were sized based on M13 ladder.

Data analyses: First the test for conformation to Hardy-Weinberg
expectations (HWE) and linkage disequilibrium were performed using GENEPOP
ver.3.4 (Raymond & Rousset, 2004). Then parameters for genetic variation within
populations, average number of alleles/locus (A), effective number of alleles/locus
(Ae), observed and expected heterozygosity per individual (H, and H, respectively)
were calculated using POPGENE ver 1.31 (Yeh et al., 1999). Allelic richness (4,),
allele diversity independent of sample sizes, was calculated using the FSTAT V2.9.3
computor program (Goudet, 2002).

To analyze the genetic diversity between populations, population structuring
was studied using F-statistics calculated using the program FSTAT Vv2.9.3 and the
overall Fst was tested against 0 using the TFPGA program (Miller, 1997). The
difference between pairwise populations was tested using the program Arlequin
(Schneider et al., 2000).

The genetic distance (Cavalli-Sforza and Edwards, 1967) was calculated
using the program PHYLIP (Felsenstein, 1995) and a subsequent reconstruction of
the neighbor joining tree was facilitated by the same program.

RESULTS

Microsatellite loci: Among a total of one hundred twenty sequenced inserts,
fourty-three contained microsatellite and only six primers could be designed. Four
primer pairs were able to amplify DNA of M. senatoria. The PCR conditions were as
follow: each of 5 ul reactions contained 5 ng DNA template, 100 mM MgClz, 0.25 puM
each of forward and reversed primers, 100 uM dNTPs and 0.2 U Tag DNA
polymerase (Promega). PCR reactions were performed using PTC-100 Peltier
Thermal Cycler (MJ Research) with 3 min at 94 °C followed by 35 cycles of 94 °C for
30 s, 30 s at annealing temperature (see Table 2) and 60 s at 72 °C and a final
extension step of 5 min at 72 °C. The PCR products were subsequently separated on
5% denaturing acrylamide gel and visualized by silver staining. Alleles were sized
based on M13 ladder. The pictures of microsatellite profiles are shown in Fig 2.

Allele frequency: Scoring of microsatellite loci across 128 M. senatoria
individuals resulted in the allele size range between 220-346 for Cse 1, 1838-297 for
Cse 2, 156-180 for Cse 3 and 172-190 for Cse 4. Number of alleles across
populations was 35, 31, 5 and 6 for Cse 1, Cse 2, Cse 3 and Cse 4 respectively.
Allele frequencies for each population are in Table 3.

Tests for conformation to Hardy-Weinberg equilibrium and linkage
disequilibrium: The Fisher's exact test showed the departure from HWE towards
homozygote excess in two populations (PJ and PK) (Table 4). However the locus-
wise F;s showed significant departure from HWE at only one out of four loci in either
PJ or PK (Table 4). No linkage disequilibrium was observed between loci in each
poputation.

Genetic variation within populations: Genetic variation of M. senatoria in
Thailand (Table 5) was quite low regarding allele diversity (A,= 9.39 £ 8.17}); A, =
7.03 £ 1.47) and varied considerably among populations (e.g. A, ranged from 6.14 in
CB-1 to 10.60 in PK; A,ranged from 5.71 in CB-1 to 8.75 in CB-2). Likewise H, of the



populations from the Gulf of Thailand/was low (0.552-0.612) while it was quite high in
the population from the Andaman Sea (0.716).

Genetic variation between populations

Popuilation structuring: The overall Fsr was 0.022 and was étatistically greater
than 0 (95% CI = 0.0346 and 0.0070) and hence suggested the subdivision of the
populations.

The genotypic differentiation test showed that all population pairs were
statistically different (Table 6). The pairwise Fsr (Table 6) revealed significant
differences of all population pairs except for CB-1 and CB-2. The Bayesian
assignment test assigned most individuals to the correct population (Table 7)

Genetic distances: The Carvalli-Sfozar chord distance (D) ranged between
0.0311 (PJ and CB-1) and 0.0474 (PK and CB-2). The D between the populations
from Andaman Sea (PK) and the Gulf of Thailand (ranged 0.0378 — 0.0474) was
slightly higher than D within the Gulf of Thailand (ranged 0.0311 — 0.0359) (Table 8).

Phylogenetic dendrogram: The UPGMA dendrogram (Figure 3) clearly
separated the populations in the Guif (CB-1, CB-2, PJ) from the Andaman'’s (PK).
Wherein within the Gulf, CB-1 and PJ formed the closest ciuster but was not
supported by the bootstrap (bootstrap = 46.9%) while CB-2 was separated from the
first group with a bootstrap of 100.

DISCUSSION

The microsatellite primers developed from DNA of Mimachlamys senatoria
showed similar level of polymorphism to those developed from other species (e.g. 16
primers from Patinopecten caurinus by Eifstrom et al., 2005; 10 primers from
Mizuhopecten yessoensis by An et al., 2005; 15 primers from Patinopegten
yessoensis by Zhao ef al., 2006; 35 primers from Nodipecten subnodosus by Ibarra
et al., 2006; 10 primers from Chiamys nobilis, by Hui et al., 2006).

Despite large number of microsatellite developed only limited studies on
genetic diversity within species were available to date. The genetic variation reported
for M. senatoria in this study was lower than those of two species of scallops,
Placopecten magelfanicus (H,=0.802; Gjetvaj et al., 1997) and Mizuhopecten
yessoensis (H, ranged 0.65 to 0.76; Sato ef al., 2005), the European flat oyster,
Ostrea edulis (H, ranged 0.801-0.845) (Sobolewska and Beaumont, 2005) but similar
with Asian abalone, Haliotis asinina collected from the same area (A,=6.04-9.37; Ho=
0.58-0.78) (Tang et al., 2004). The low genetic variation of M. senatoria agrees well
with the low abundance and patchy occurrence of this species in Thai waters.

Among the four populations included in this study CB-2 and PK showed
relatively high allele diversity hence indicating that they did not experience serious
genetic drift (Allendorf, 1986). Nevertheless low heterozygosity of CB-2 suggested
that it may have limit distribution (Hedrick, 1985; Allendorf and Luikart, 2007) while
high heterozygosity of PK may indicate better dispersal ability. Although the aduit M.
senatoria attaches to substrate tnost of the time its distribution can be varied
between localities due to different dispersal ability of the planktonic larvae (reviewed
by Brand [1991]). In the reviews Brand (1991) stated that long pelagic larval period of
scallops enhances dispersal of larvae which significantly determine local distribution.
However, larvae may be retained in some particular places with certain geographic
and environmental features such as persistent gyres, two layer circulation and fronts.

CB-1 and PJ showed relatively low A, and H, hence suggested that they may
have passed bottieneck resulted in contemporary small population sizes. It is of



concern that the environment around the Gulf of Thailand is rapidly deteriorated
(Chongprasith and Praekulvanich, 2003). As such the populations with low genetic
variation would be more vuinerable-to extinction due to the compromised adaptability
to changing environment (Allendorf and Luikart, 2007). d

Nevertheless, we also concerned that the estimates of genetic variation in this
study based on small number of populations and loci with remarkable variation in
level of polymorphism among loci. Hence, further study including more loci and
covering wide distribution of populations is recommended.

Genetic divergence between populations from the Gulf of Thailand and
Andaman Sea

Microsatellite revealed distinct genetic divergence between populations of M.
senatoria in the Gulf of Thailand and Andaman Sea which has been reported in wide
range of taxa, e.g. mollusks (Heliotis asinina: Klinbunga et al., 2003; Amusium
pleuronectes: Mahidol et al., 2007a), crustacean (Penaeus monodon: Klinbunga et
al., 2001), teleost (Epinephelus coioides: Antoro ef al., 2006). Thus it is obvious that
such divergence related to historical low sea level events that separated the Pacific
and Indian Oceans (reviewed by Mahidol et al., 2007a).

The genetic divergence among populations of M. senatoria within the Gulf was
significant for all pairs as revealed by pairwise Fsr This is quite contrast with lack of
genetic divergence observed in A. pleuronectes collected from areas with longer
geographic distance (e.g. between Narathiwas and Rayong) (Mahidol et al., 2007a).
The difference may associate with different dispersal ability of adults wherein A.
pleuronectes is a mobile species showing a certain degree of spawning migration
(Morton, 1980) hence resulted in genetic homogeneity of populations through out the
Gulf. M. senatoria is retatively sesslle hence gene flow depended largely on larval
dispersal. Thus, although it is rather a speculation, our results indicated that adult
dispersal was more efficient in enhancing gene flow than the dispersal of larvae.

Application for conservation and aquaculture

Genetic differentiation among populations of M. senatoria suggested that
stock translocation should be avoided in order to conserve the genetic integrity.
Stock transiocation which is always practiced in scallop aquaculture may have
adverse impacts, e.g. diluting or destroying the unigue genetic stocks while
hybridization may break the useful adaptive linkage group (Beaumont, 2000).

Low genetic variation within populations of CB-1 and PJ should receive
special attention. Genetic monitoring is recommended and a restoration plan should
be applied if the decline of genetic variation is observed.

Although genetic diversity based on neutral loci does not always relate with
performance of stocks, e.g. no correlation befween growth rate and heterozygosity at
single locus nuclear restriction fragment length polymorphisms of the scallop
Placopecten magelilanicus (Pogson and Zouros, 1994}, nor between mortality and
microsatellite diversity of Gila topminnow (Poeciliopsis occidentalis) (Giese and
Hedrick, 2003), it is possible thaf the genetic divergent stocks may show differential
phenotypic performances of some economic traits. Thus further studies to evaluate
economic traits of the stocks are encouraged in order for efficient utilization of these
genepools for aquaculture.
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Table 1 Details for sampling locations, sample sizes and population abbreviation of

Chlamys senatoria.

Lat/Lbng No.
Populations Pop. Sampling locations
Abbrev.
Bangsarae CB-1 Amphur Bangsarae, Lat.12° 36" 40°N 27
Chonburi Province, Long. 100° 58" 22"E
Gulf of Thailand
Sattahip CB-2  Amphur Sattahib, Lat.12° 38" 10"N 24
Chonburi Province, Long. 100° 53" 23E
Gulf of Thaitand
Prajuabkirikhan Amphur Bangsaphan, Lat.11° 08 45N 40
PJ Prajuabkirikhan Long. 99° 31" 47°E
Province, Gulf of
Thailand
Phuket PK Amphur Muang, Phuket Lat.7° 53 32"N 37
Province, Andaman Long. 98° 15°22E
Sea
Total 128
Table 2 Details of microsatelliite loci developed for Mimachlamys senatoria.
Loci Primer sequences Repeat Sequence  Ann, Product
(5" -3 accession T. size range
no. {bp)
Cset F CATGTTTIGCTTCGAGTTTAGTTG (GA)z DQ641501 85 220-356
R TGG AAACAACCACTGATGTICTATG
Cse2 F ACAACAACAACAACATCATCCACA (CAA), DQE41502 60 189-297
R TCC AAA ACC GTT CAC ACT AAAGC N2a(CAA)s
Cse3 F CAACAACAACTT CAC CAACAACG (CAA)s DQB41503 55 156-180
R CAACATTIGCTGTCGTICTGTCT N{CAA)s
N2 (CAA);2
Ni2(CAA),
Cse4 F ATAGGACAC ACACCG TGTCA (TA)s DQ641504 55 172-190
R ATT TTG ATC GGA CAC ACT GC Nwo(CA)s

Ann. T. = annealing temperature



Table 3 Allele frequency at four microsatellite loci in four populations of
Mimachlamys senatoria in Thailand.

Loci Alilele CB-1 CB-2 PJ PK " Private
size allele
Cse 1 27 24 40 37
220 0.0000 0.0000 0.0000 0.0135 PK
222 0.0000 0.0000 0.0000 0.01358 PK
224 0.0000 0.0000 0.0000 0.0270 PK
226 0.0000 0.0208 0.0000 0.0000 CB-2
228 0.0000 0.0625 0.0000 0.0135
232 0.0000 0.0625 0.0125 0.0270
236 0.0000 0.0208 0.0000 0.0135
238 0.0000 0.0417 0.0375 0.0000 \
240 0.0185 0.0417 0.1000 0.0135
242 0.0370 0.0208 0.0625 0.0405
244 0.0556 0.0833 0.0625 0.0946
246 0.0741 0.0417 0.0625 0.0270
248 0.0556 0.0417 0.1250 0.0405
250 0.1111  0.0000 0.0500 0.0270
252 0.0741  0.0000 0.0625 0.0811
254 0.0370 0.0417 0.0000 0.0000
256 0.0741  0.1042 0.0625 0.0405
258 0.0370 0.0417 0.1375 0.0811
260 0.1111  0.0625 0.0125 0.0676
262 0.0185 0.0417 0.0875 0.0811
264 0.1111  0.0208 0.0125 0.0541 ‘
2686 0.0000 0.0833 0.0375 0.0541
268 0.0000 0.0000 0.0375 0.0135
270 0.0000 0.0000 0.0000 0.0405 PK
272 0.0000 0.0625 0.0000 0.0541
274 0.0185 0.0625 0.0000 0.0541
286 0.0000 0.0000 0.0000 0.0270 PK
308 0.0185 0.0000 0.0000 0.0000 CB-1
310 0.0185 0.0000 0.0000 0.0000 CB-1
316 0.0185 0.0000 0.0000 0.0000 CB-1
318 0.0185 0.0000 0.0125 0.0000
322 0.0000 0.0417 0.0250 0.0000
326 0.0556 0.0000 0.0000 0.0000 CB-1
330 0.0185 0.0000 0.0000 0.0000 CB-1
346 0.0185 0.0000 0.0000 0.0000 CB-1
Cse 2 26 24 24 37
189 0.0000 0.0000 ©0.0000 0.0135 PK
185 0.0000 0.0000 0.0000 0.0135 PK
201 0.0000 0.0000 0.0000 0.0135 PK
204 0.0000 0.0000 0.0000 0.0135 PK
216 0.0000 0.0417 0.0000 0.0135
219 0.0185 0.0000 0.0000 0.0135
222 0.1111 0.0000 0.0000 0.0541
225 0.0000 0.0000 0.0125 0.0270



228 0.0556 0.0625 0.0375 0.0135
231 0.0370 0.0825 0.0125 0.0676
234 0.0926 0.1250 0.0750 0.1081
237 0.1111 0.1042 0.0500 0.0541°
240 0.1667 0.0625 0.0625 0.0135
243 0.2583 (0.3333 0.1000 0.0405
246 0.0370 0.1250 0.1375 0.0135
249 0.0656 0.0000 0.1250 0.0811
252 0.0185 0.0000 0.1625 0.04056
255 0.0370 0.0000 0.0625 0.0270
258 0.0000 0.0625 0.0625 0.0541
261 0.0000 0.0000 0.0500 0.0405
264 0.0000 0.0000 0.0375 0.0405
267 0.0000 0.0208 0.0000 0.0000 CB-2
270 0.0000 0.0000 0.0000 0.0270 PK
273 0.0000 0.0000 0.0125 0.0405
279 0.0000 0.0000 0.0000 0.0135 PK
282 0.0000 0.0000 0.0000 0.0541 PK
285 0.0000 0.0000 0.0000 0.0135 PK
288 0.0000 0.0000 0.0000 0.0135 PK
281 0.0000 0.0000 0.0000 0.0405 PK
294 0.0000 0.0000 0.0000 0.0135 PK
297 0.0000 0.0000 0.0000 0.0270 PK
Cse 3 27 24 40 37
156 0.0000 0.0208 0.0125 0.0000
168 0.0000 0.0000 0.0000 0.0541 PK
174 0.05656 0.0833 0.1250 0.1081 .
177 0.9444 (0.8958 0.8500 0.8378
180 0.0000 0.0000 0.0125 0.0000 PJ
Cse 4 26 24 40 37
172 0.0000 0.0000 0.0000 0.0135 PK
180 0.0000 0Q.0000 0.0000 0.0405 PK
182 0.4444 0.6250 0.5625 0.4865
184 0.5556 0.3750 0.4375 0.2432
188 0.0000 0.0000 0.0000 0.0676 PK
190 0.0000 0.0000 0.0000 0.1486 PK




Table 4 Genetic variation at four microsateliite loci of four populations of
Mimachlamys senatoria in Thailand and results of Hardy-Weinberg test.
(n=sample size; A= average no. alleles/locus; A,=effective no. alleles/locus:;
Ho, He=0bserved and expected heterozygosity respectively; numbers in
parentheses were standard deviation)

Populations n A Ae Ar Ha He
Bangsarae (CB-1) 27 9.25 6.14 5.71 0.565 0.609
(9.14) (6.06) (4.66) (0.390) (0.387)
Sattahip (CB-2) 24 8.75 6.41 8.75 0.552 0.620
(8.30) (7.15) (8.30) (0.277) (0.350)
Prajuabkirikhan (PJ) 40 9.7% 6.56 5.92 0.612 0.652
(7.93) (6.73) (4.36) (0.302) (0.327)

Phuket (PK) 37 16,756 1060 7.76 0.716  0.723
(13.27) (9.72) (5.05) (0.274) (0.318)
Overall 128 19.25  9.39 7.03 0.621 0.668

(15.97) (9.17) (1.47) (0.302) (0.345)
Note: « after Bonferroni correction = 0.05/20

Table 5 The locus-wise Fis and the exact P-values by the Markov chain method (in
parentheses) for four populations of Mimachlamys senatoria in Thailand. (a
critical value for P=0.0025 after Bonferroni comrection for 4 multiple tests).
The P-values for the overall Fis were estimated foliowing the Fisher's

method.
Pop. loci qverall
Cse01 Csel2 Cse03 Csel4

Bangsarae 0.023 0.029 -0.040 0.268 0.073
(CB-1) (0.6553) (0.0390) M (0.2440) (0.2543)
Sattahip 0.090 0.266 -0.075 -0.045 0.112
(CB-2) {0.0919) (0.0007) (1) (1) (0.0127)
Prajuabkirikhan  0.088 0.099 0.247 -0.1566 0.062
(PJ) (0.0041) (0.0000) (0.0071) (0.3548) (High. Sign.)
Phuket 0.069 0.047 -0.131 -0.066 0.010
(PK) (0.0002) (0.0060) (1) (0.1312) (0.0001)

Table 6 Genotypic differentiation (P- value) (above diagonal) and pairwise Fsr (below
diagonal) of Mimachlamys senatoria in Thailand.

Pop. CB-1 CB-2 PJ PK
Bangsarae (CB-1) .- 0.00272 0.00002 0.00000
Sattahip (CB-2) 0.0169™ - 0.00033 0.00001
Prajuabkirikhan (PJ) 0.0237* 0.0187* - infinity
Phuket (PK) 0.0355* 0.0253* 0.0179* -

Note: P=0.005 (Bonferroni correction)



Table 7 Genetic distance (Cavalli-Sfozar chord distance) between populations of
Mimachlamys senatoria in Thailand.

Populations CB-1 CB-2 PJ PK
Bangsarae (CB-1) o

Sattahip (CB-2) 0.0369  ***

Prajuabkirikhan (PJ) 0.0311 0.0337 ***

Phuket (PK) 0.0470 0.0474 0.0378 **

Table 8 Summary of population assignment for four populations of Mimachlamys
senatoria in Thailand based on microsatellite loci.

Sample Correctly assigned Assigned to other sample
Assignedto Score % -log(L)
CB-1 92.6%
CB-2 59.83 4.62
PJ 57.87 4.62
CB-2 87.5%
CcB-1 67.99 4.75
PJ 62.17 4.44
PJ 95.0%
CB-1 62.65 4.81
CB-2 64.27 4.09
PK (86.5%)
CB-1 74.07 4.39

PJ 61.69 5.73
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Figure 1 Sampling sites of Mimachlamys senatoria used for this study.
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LONEVTHWUN 12

—am A - ¥ o & e ey
“uﬂﬁﬂl?aﬂﬂ“qﬂ’]ﬁ'ﬂﬂjszﬁ'}ﬂ'ﬁ?\lﬂnq'ﬂqulﬂU\!ﬁ'@'ﬂvz’]



LDNEITHWUN 13

ONEITIHDUNS "mu‘imwm@'\sr'haurmuu.a:mwﬁfnﬁnrj’atwmjé'm'[ﬂum*sﬁwmua’au
uawlasieia’



LANHITUWUN 14

J L
ngIuEaNTaI ntsansuna lulsdvasmeianan



uBNIagoUaNlalunS: i
Us:nusimE3sRuan/nn?

S
e




(S
DT E TR

naifaniangaiangna”. wiosldgndaes.

4 PIMflatsanandaununiusiinmn
_mqﬁmmﬁmamsﬁm'fﬁ'\’lﬁﬁﬁmua'luﬁm N3
? abauiugarunsuiigihusagdou s
‘mMManasien androgenicgland el imalianis
3 m%nmﬁuﬂuummmm afnsu FeRud Al
i fariau andrgenlcgland 'lunumq'inmﬂ'ﬁu
Lﬂuﬂﬁ‘qmnwmluzﬂuuumquw lunfadu
'. mmumu‘lﬁLmuww‘lﬂqaﬁﬂwmmuqqn']um’m
;__mﬂu.ﬂmmﬂqqm:j'lmﬂumma EHRE AT
j:ﬂ.ﬁnm wazlfianasiRningunsaslutinuans
fai auil 109 Tedleliinauesanlyufaiy
jugﬁu’h’(uwmﬂtﬂmﬂmumn viafnaudslall
:pﬂmuuamuwum?m sign andrgenicgland Tuafs
Ffunminaue luarid

- - ) = "
AzaalFNagiIsinandn niennaula

- o 1 a [ P
nm?wmmaqﬂaanuma‘i{wmwﬁmwu ATUBUNS
F-Y ) o =% adj 14 i e
netund agiiudszanfisrauauutihrasgniene

4 -t 1 3 N o =1
gngnassianuasidmadvisiiugnaraiunm

v J N 1

Wignsagduls InadiatssnusiumauBmnag
IJ and [} . i
ARl insdwiainguisuns ud




iy anUniSTwT:®n

1 il L l'.a! - [
draziinisainauui wugnlsdfunasfesien
. i AJ : s o -l
andrgenicgland lutiaMaeliauilany 6 iHau uay

L A‘ d’ v - k-4 [ 4
anrmittunne Weda ldlsude (aniuidug
ﬂ:ﬁ‘ 1 --:IJ L7 [ v v =) ra{d o
A ldunduu biadaldluvad uusndao A
99917 15 ARN) Tanantanuauldiuntsudednn

= -y 44 & 1 '
wd AR IR INATN S £ Yimins A mal i
b o 1 a:‘} B = 1
Tudn 2 Juseun WaI’INIIasiinIsaINan
. YW . Y 4 o4 x Yo
Wufgatauunanafavil Jeafeusnldvianisan
[ ré’ Tr :l/ 1 o L2 -J 2
ulWugrumangs 1 a5 Ihwdwugiedwunsmls
e Ad ] l-él - | 1 ° L=
Snnlaawanilduniaunn 1 f9 wAdldilladn
Tuazifugniaudoengiszunn 13 Su
- nl ) = e A ~ :',’;
FuRYNIANIUE gl aTn AW fusiu
[ Lo 2 .X :: 4
Wunirarnusivugfadrunsaaunuuaiah 2

’:.f byt s [ 'y } 1 )du - = 2
Tnolunfeillfuimuiidlieitu 3 @ Foifalddn

J X v
S uuMRNTIAINATILTN AINATRBLNNAM

suns gaanisvihfuiafuntsdneegdn

e AR B W B!

SNUNUUODAS WILWLUSIUADIWA

N17A9saN androgenicgland luAFausn
q‘ - | 1 =t n v b :’/ Q [ -] 1
e a.3n5u THuageamall afeiunaldsouly
ar dI af Lt me ch-:l -a‘ o toed
snnvindiaseniignisdndifiangiznunsain il
a 1 s dJ ::l
uquliuan wasdrglawlrgasszyziaah
Lr o = L SJ [ ¥ .
sApavnRs Rt sudaana i linan ws
-t 5 1 - Uc&d =J 1
waudamiudgniingaiionghatunsonsion
14 X £ =t [ TR :J [ =
Teuanzu niarfuRaliindsnisinwnasin
. ' . .
AUTUNITAIABY androgenicgland YiNNTAIFABY
GJ 1 %) df i [ o L 3
wandasiwaganiteg ndnasliusdwugieia
IJ 1L I'JH :’I 1 =i
naudlfuInnTulaanaARlatgReus 6 heu
4 n Lo d!’ Lo
aunnilegllaqiiuiidssun 4,000 & Wseos
F. % ] [ Y 7 a:l
watlumsislsziiniion 1 \weu widmiuned
ﬁjd ' 1 r-
gnudastwagausniiiasguinniy 6 LAsu
J C .
Panunsofilduasinuwizgniddagseanm 30
. X M v : P ol X
A antResas 1 saznanarRs AU ARG
ld vy ya" k- :’r '
(Fau wzgnifaiadithuulaanatueay b
1 [ G‘; [ 2 1 o L 73 nld
witdu Taunasuanizeeld 2 ve Aededidiany
1 = -x ai‘ o -
unnda 3 wauanlluenidueniieaiuau 2,500 M
1 ' 1r Ejﬁ | %) i rF= -l
usrdnusvildudeniiongdsandn 3 \Hau uau
1,500 i TelueusniiulATinistisenfadndadl
- v [ vl a A o
Wwesing azldannunasiunrinnesys 1we i
mstguiugiuausrsRg AN e iute waIaINT




| umnlswadn |

fasnpetanusifuiiliuiiu
wnzgniadiagaaudaty
AIUAN IS YD IUIWG
fafaunguRldFunsulasme
urudalaonishama v
andregenicgland AnNITRILNA
FNEUERINIEANATEEDN B9
azuinfersiidneusindne
pavALAaun Refldnye
yeafugutinfenifeiaiie
335078 wazlaunadaitivn
NIFAUETTUTR UWARANELY
naadeulwtaninsssn®
dntiey dwmfuiesiifauinsa
lunindnda s sns Rl
Wrazifnuiaandandasina

A & ar QI v [ 7 '
augnesuifaaaiudodag

g
Adller
drufunisiafuldeas
r'j&r‘imna‘mﬁqnuﬂﬂwmu?’u v
FFFunAanusRuE AT WA
B 4 i Pnauesldhidinias
azfiag 3 lu 4 eafunalddle
witusuiuudfesssueial

2

_\ ._,.- i o fn
{ andofldantdiiodung )
YUNAANNIAY HNADEIDY
= 1 [} :4:‘ 1 ¥l -~
Tnpin@szldldunndeadnaan
1Uszsnne 20,000 Wavdn us
Tumifaudasinana 4 sinlil
sz 15,000 Wawsia 3emsail

a1aazuga W iuseudneduney
FPINITAINBIUTUN T BAAU
- rn:} ) - 1 R
wugndldunfduldld sdes
NARDIRINNITRINGIVUHUG
i |a¥ AJ :; =
ldunTusdon wangaaay
RzaN15058Y LA UAANINAIN
; E. o Tl i
amgeyls RviintanTudah
Trasunixlulds a.3nn anfiaun
INANM LA
AIUARTINNTTDALDIGN
T A‘ [¥) =|‘
fanlsunanudRugagnulas
i -
AN duiudndmitawiu

5 AJ } 74 - .~
gnianlfuansanudwWug

sreuand laglunauiignfy
iz iiengld 13 Fu G
Muszaztiazfiuiswmilngng
ArunsrunAas Alyuuiai
LI} e 4 =5
waguser) uazdndrsuilanel
srurignifeninilszunn 20-21

a

fu wiadau 2 gaeillyl
Dadrdaeaduudn iwsrzgni
fRmdeazuansarnisly
2 4as srwzilesianizide
MINVIAEXSVAZUARIBINITARN
snhszoignifenduasasyi iy
fiassendn wrrzaniAinany
Fumgangnisliadae Gogn
ﬁaﬂgmﬁﬁqagiuﬁaqr.mnﬂg‘ﬁ@::ﬁm
saganlUaundingnisazadiil
ax¥Eminteaiiiuan mﬁ‘m
ﬁfadﬂqnﬁ’ﬂmﬁﬁiawfﬁwxﬁé’mm
37808 |
dhusaaluniruangns
r‘\'mn?mﬁu guFugniaiiy
nenwAd Aol nuTufH
HAUNITaIHANIANEUNS
na1rdrannna i lEyane iy
AMINEY ANASIAAGLUTUIS
vdu gnifedunssmagsou
aryraanurandan sl
anfludszinouduil 50 ludas
18I UITRNIENARD DN
winlwitu msaiiterzy il Tow
Tudaquazidunasin
Yszaunisalldlineennsia

may  andrgenicgland %83




irnUnS wwLEn

uﬂmn?ﬁﬁ'agi'lumﬂuﬁm'aqmqﬂ’n‘u'lﬁmn%u‘lﬂ
feu warmgsfiazuiypansfmie Widaundon
R wenzazfsinuugfaiunsinees
wanzan g uuiiniungail
dwdudndnilunisfiaznangniadounsn
¥ 2 wuu AagniuLnfsssuatuazgnianLy
mﬁéé’quﬁ'%w&mLﬁﬂ(é’ﬁwﬁwaiuﬁuﬂnﬁﬂﬁ’u u
srurusnasinlynisgniouuudnfsssnnn
wnndt dadnilsznn 60:40 Jensstidemamn
Lildazdnegninsanaafinefnisdoasadiun
Ysznautdden dazmnzadngniadaluunnmide
Yina Tasewrzgniuwedutuiiiitunn 165
n’asﬁ"w@qmnqné’hL"’t‘i"}mﬁ’nmﬁa RN HGTGTY
Aulldraeiudszunasulinin
Tmmfmu,é’qsmmmwﬁmqnﬁ}aﬁ’mumm

c - .
InAviiulutlaqiuagiussunn 5 &rusinniou

ﬁ?wmﬂuqnr'jamnmiﬁuﬁﬁﬁwmﬁﬁ’wm gt
ntdntasrhfuiasein dfniadaiu 2
Tmﬁ‘ﬁuﬂfgﬂrmm 20-25 FuFAREY ﬁwﬁmqnﬁ'ﬂ
IR uladunn Luﬁqmmnmmmﬁrgmmqqu
sm'atmwuq"lutﬁ'mmwuﬂﬂimamwuuwwuﬁqq aq
mgldldunteslunssyraunisudn Ganseiinng
Mrfungna ey Wa-wiufaran iy

o
98]
- - 1 [ ch ' 1/
amfuna-usiwugnldidudasmamn:
s iiludeRuwagmsniuaiinisinegdeiiang
[T 4 ] e ] e [ [ [
deenlszunng 3 1mew Fefaitan Midure-widug
Tadlet Tﬂﬂmmquﬂﬂaamam’muuwﬂgﬂa‘umm
250,000 51 afintsuanluusasunsninuanies
auldorgaruatniug anbiudainnls¥any
~ e A o =3 = B '
FugMuneaatdguininiaaerde IngUlssdes
=y ) Tl ' A’ ﬂ‘; EJ
Tunnsudnwe-wiRugussnaiiuaun aniiie
2 ) ] 1 e r:J ;I' 1
Wunarafrve-wivugidasaainidialraiigeg
Intlamzd@e MANY uay XSV Anfuaosidau
Wiiuneansieinunsulutigiy Ganevinmsditng
T, g A L7 L 1 1
uuderniunisanndosiacaes iinve-ua
o el -
WUEH IEHNRNN B TINTIR
uinerduddasiseiisruonisliosiulag
i [ fei 1r =y i
N NRTIAND-WHWUG LA S TIR A Tuus
azuugds diintsarmanpasmmsoiuduiaiie
:’P 1] D o - L} | qu L}
Haupnarlinwiviug druiure-usdvugatg
o ‘v & ¢ LL I
nIsdumTIRasiNnasTu§iia lignfeaanin
- = =i o - P w ! ' 14
udn azfinnaguasrrdnaianiis e liuiladtldan
- 4}:1 ey ot tr ‘l 1 y
favidinnuninader dvfugniedlfdonuims
vrfuanfuliudsans weasviuluwsdWugi
L ] ot A o Il 1
gninAddausiell BndaunilazsmieliuignAn
g « ¥ Y 1 4 d‘ ' '
fneafineffimesdundsdnlunaceg luaanig
NIANEN
'Luwmmmq@uqnqwﬂuwmemnum
wuquﬂmmﬁuu UERDEE maw@mswg@u@n
szanny 45-50 Fu udsaniignieadn azdeass
] b2 .5 } 14 EJ a & & dl
gingniegatiasidumwadilszuniulefiiud 3
NIRRT TE U E Vb VAR LR PUTEEAS it
=, « AI -] L PR
nisRgadneldiveaziinuaualiundauwly
Tenasaly




