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Highlights

 • The population genetic structure of Nemipterus hexodon living 
along the Thailand coast was separated into the Gulf of Thailand 
and the Andaman Sea populations.

 • The management of the N. hexodon population along the Thailand 
coast should be managed as two-unit programs into the Gulf of 
Thailand and the Andaman Sea populations.

 • The multiple demographic history tests indicated that the  
N. hexodon population had experienced population expansion 
during the Pleistocene glaciation period.
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Abstract: Ornate threadfin bream (Nemipterus hexodon) is an economically important 
fishery species in Southeast Asia. In Thailand, N. hexodon decreased dramatically due 
to overexploitation for commercial purposes. To construct an effective sustainable 
management plan, genetic information is necessary. Thus, in our study, the population 
genetic structure and demographic history of N. hexodon were investigated using 419 bp 
of the mitochondrial DNA sequence in cytochrome oxidase subunit I gene (mtDNA COI). 
A total of 142 samples was collected from nine localities in the Gulf of Thailand (Chonburi, 
Samut Songkhram, Surat Thani, Nakhon Si Thammarat, Songkhla), and the Andaman 
Sea (Satun, Trang, Krabi, Phang Nga). Fourteen polymorphic sites defined 18 haplotypes, 
revealing a high haplotype diversity and low nucleotide diversity among nine localities. 
The analysis of molecular variance (AMOVA) analysis, pairwise FST, and minimum  
spanning network result revealed that the genetic structure of N. hexodon was separated 
into two populations: the Gulf of Thailand and the Andaman Sea population. The genetic 
structure of N. hexodon can be explained by a disruption of gene flow from the geographic 
barrier and the Pleistocene isolation of the marine basin hypothesis. Neutrality tests, 
Bayesian skyline analysis, mismatch distribution, and the estimated values of population 
growth suggested that N. hexodon had experienced a population expansion. The genetic 
information would certainly help us gain insight into the population genetic structure of 
N. hexodon living on the coast of Thailand.
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INTRODUCTION

Ornate threadfin bream (Nemipterus hexodon) is a demersal fish, widely 
distributed in the Indian Ocean to the Pacific Ocean. It is a principal catch species 
in the trawl fishing in Southeast Asia (Russell et al. 2016; Stobutzki et al. 2006).  
The meat of N. hexodon has a white colour and it has better gelling than the red-
fleshed fish (Hastuti et al. 2017). As a result, in Thailand, this species is widely 
used for surimi production (Nalinanon et al. 2011). Approximately 52,000 tons/year 
of N. hexodon is consumed. The annual economic value is approximately 1,560 
million baht. There was an apparent increase in the exploitation rate of N. hexodon 
from 2011 to 2013, and the amount of N. hexodon reduced sharply from 2014 
to 2015 owing to overexploitation for commercial purposes (Fishery Statistics 
Analysis and Research Group 2017).

Most species of marine fish spend part of their several free-moving stages 
in the life cycle to open waters and moving by sea current, promoting gene flow 
between populations (Uthicke & Benzie 2003). However, some factors including 
a geographic barrier could limit gene flow between the populations and evolved 
independently of genetic structure. In Thailand, N. hexodon is mainly found along 
the coast of Thailand. Thailand’s coast is divided into two seas (the Gulf of Thailand 
and the Andaman Sea) by geographic barriers from the Thai-Malaysian peninsula.

This geographic barrier limited gene flow of marine animals that lived 
between two areas (Held et al. 2011). Strong genetic differences in the Thailand Sea 
have been reported between the Gulf of Thailand and the Andaman Sea population 
of a variety of marine organisms, i.e., Varuna litterata (Suppapan et al. 2017), 
Portunus pelagicus (Klinbunga et al. 2010), Hippocampus kuda (Panithanarak 
et al. 2010), Epinephelus coioides (Antoro et al. 2006), and Penaeus merguiensis 
(Wanna et al. 2004). Hence, geographic barriers may affect the genetic structure 
of N. hexodon living between the Gulf of Thailand and the Andaman Sea.

The mitochondrial genome is an exclusively relatively rapid evolutionary 
rate, maternally inherited-a lack of recombination, and easy to amplification 
(Avise 2000). The cytochrome oxidase subunit I gene (mtDNA COI) is the one 
of the most frequently used mitochondrial genes and has been widely used to 
investigate the population genetic structure of marine organisms (Xu et al. 2014; 
Sun et al. 2011). The population genetic structure of several marine fish has 
been examined with mtDNA COI such as Sardinella longiceps (Sukumaran et al. 
2016), Larimichthys polyactis (Zhang et al. 2017) and Lateolabrax maculates  
(Wang et al. 2017). In our study, we used information from the mtDNA COI 
sequence to discuss the following questions: (1) to examine genetic variation and 
genetic structure of N. hexodon; and (2) to investigate the demographic history 
of N. hexodon. The genetic information would help design the management of  
N. hexodon in Thailand.
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MATERIALS AND METHODS

Sample Collection, DNA Extraction, Amplification and Sequencing

The total of 142 fish were caught between November 2014 and July 2015 from 
the Gulf of Thailand coast including Chonburi (CH), Samut Songkhram (SM),  
Surat Thani (SR), Nakhon Si Thammarat (NS) and Songkhla (SK), and the 
Andaman Sea coast including Satun (ST), Trang (TG), Krabi (KB) and Phang Nga 
(PN) (Table 1, Fig. 1). Samples were preserved on ice, transferred to a laboratory, 
and stored at −20°C until required. All samples were strictly identified according to 
the Food and Agriculture Organisation (FAO) description of this species (Russell 
1990) before DNA extraction. Total genomic DNA was extracted from N. hexodon 
muscle tissue using a Tissue Genomic DNA Extraction Mini Kit (FAVORGEN, 
Biotech Corp., Taiwan) according to the manufacturer’s protocol. Based on the 
mtDNA COI sequence database of N. hexodon from the National Centre for 
Biotechnology Information (Accession number: KY362820.1, Hung et al. 2017), 
primers were designed to amplify a 419 bp of mtDNA COI gene: NH_COI_H1 5’ 
CCT TTA TCT CTT ATT TGG TGC C 3’ and NH_COI_L1 5’ GAA GAG ATG TTG 
ATA AAG AAT GGG 3’.

Figure 1: Sampling areas of the N. hexodon from the Thailand coast: the Gulf of Thailand; 
Chonburi (CH), Samut Songkhram (SM), Surat Thani (SR), Nakhon Si Thammarat (NS) 
and  Songkhla (SK), and: the Andaman Sea; Satun (ST), Trang (TG), Krabi (KB) and Phang 
Nga (PN)
(Source: Wikimedia Common; https://commons.wikimedia.org/w/index.php?title=File:Straits_of_
Malacca.png&oldid=471830265)

https://commons.wikimedia.org/w/index.php?title=File:Straits_of_Malacca.png&oldid=471830265
https://commons.wikimedia.org/w/index.php?title=File:Straits_of_Malacca.png&oldid=471830265
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Table 1: Variation position among 18 mtDNA COI haplotypes of N. hexodon along the 
Thailand coast.

Haplotype
Nucleotide position

008 011 013 068 104 106 197 201 210 253 353 362 374 396

H01 T A C G G G C G C T A A T T

H02 . . T . . . T . . . . . . .

H03 . . T . . A T . . . . . . .

H04 . . T . . . . . . . . . . .

H05 . . T . . . T . . C . . . .

H06 . . T . . . T . . . . . C .

H07 . . T . A . T . . . . G . .

H08 . . T . . . T . . . G G . C

H09 . . T . A . T . . . G G . .

H10 . . T . . . T . . . . G . .

H11 . . T . . . T . . . G G . .

H12 A . G . . . T . . . . . . .

H13 . . T A . . T . . . . G . .

H14 . . T . A . T . T . . G . .

H15 . . T . . . T . T . . G . .

H16 . . T . . . T T . . . G . .

H17 . T T . A . T . . . . G . .

H18 . . T A . . T . T . . G . .

Note: All haplotypes are compared with haplotype 1. Dot (.) indicates identical nucleotides.

Polymerase chain reaction (PCR) was prepared in a final volume 
of 50 µL. The reaction mixture consisted of 2.5 µL of DNA template (50 ng–
100 ng), 5 µL of 10X Taq buffer, 7.5 µL of 25 mM MgCl2, 4 µL of 2 mM dNTPs 
mix, each 2 µL of 10 µM forward and reverse primers, 0.5 µL of 2.5 unit Taq 
DNA polymerase (ThermoScientific, USA), and 26.5 µL of ultrapure water. The 
reaction mixtures were amplified in a thermocycler (Major Cycler, Cycle, Taiwan).  
PCR cycling profile consisted of first denaturation at 94°C for 4 min, followed 
by 35 cycles of 94°C for 40 s, 51°C for 1 min, 72°C for 1 min, and a final 
extension at 72°C for 10 min. All PCR products were checked with the correct 
size on 1% agarose gels (1×TAE), cleaned using a Gel/PCR Purification Mini Kit  
(FAVORGEN, Biotech Corp.) and sequenced (1st Base Laboratory, Apical 
Scientific, Malaysia).
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Data Analysis

Genetic diversity

Multiple sequence alignments were implemented by using ClustalW version 1.83 
(Thompson et al. 1994). Ambiguous positions of the aligned sequences were 
adjusted manually. The polymorphic sites, nucleotide diversity (π) (Nei & Tajima 
1981) and haplotype diversity (h) (Nei 1987), were calculated using DnaSP version 
5.00 (Librado & Rozas 2009).

Population genetic structure 

An analysis of molecular variance (AMOVA) was performed with ARLEQUIN 
version 3.5 (Excoffier & Lischer 2010) to investigate the population genetic 
structure. A hierarchical AMOVA was used to estimate the relative contribution 
of molecular variance: (1) among groups of populations relative to the whole 
species (ΦCT), (2) among populations relative to a regional group of populations 
(ΦSC), and (3) among populations (ΦST: correlation of haplotype within populations 
relative to those from the whole species). The population genetic structure 
of N. hexodon was investigated under four groups. Firstly, the N. hexodon  
specimens were separated into nine populations according to the sampling 
areas (CH, SM, SR, NS, ST, SK, TG, KB, PN). Secondly, they were determined 
according to the two geographic regions: The Gulf of Thailand (CH, SM, SR, NS, 
SK) and the Andaman Sea (ST, TG, KB, PN). Thirdly, they were determined 
according to the two geographic regions: the lower Gulf of Thailand (SR, NS, 
SK) and the upper Gulf of Thailand (CH, SM). Fourthly, they were determined 
according to the two geographic regions: the lower Andaman Sea (ST, TG) 
and the upper Andaman Sea (KB, PN). Genetic distances between all possible  
pairwise FST combinations of populations were estimated within the region and 
between regions to strengthen the genetic structuring hypothesis. The significance 
of the pairwise differentiation was tested with 10 000 permutations. A minimum 
spanning network (MSN) was constructed and drawn by hand to show the 
relationship among haplotypes using ARLEQUIN version 3.5 (Excoffier & Lischer 
2010).

Demographic history

The demographic history of N. hexodon from all localities across the Thailand 
coast was examined using four independent approaches. Firstly, Tajima’s 
D-test (Tajima 1989) and Fu’s Fs test (Fu 1997) were performed in ARLEQUIN 
version 3.5 (Excoffier & Lischer 2010) using 10 000 replicates, to test for 
deviations from neutral molecular evolution. Secondly, Bayesian skyline analysis 
was calculated by using BEAST/BEAUTi version 1.7.2 (Drummond et al. 2012) 
to infer the change of the effective population size (Ne) with time. In our analysis,  
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the best substitution models of mtDNA COI were recommended by jModelTest 
2.1.7 (Darriba et al. 2012). Based on Di Battista et al. (2013), the evolutionary  
rate of mtDNA COI was adjusted to 2.0% per million years. The analysis was 
conducted with 20 million steps in a Markov chain Monte Carlo (MCMC) 
simulation with a relaxed molecular clock model. The result was generated by 
Tracer version 1.6 (Rambaut et al. 2014). Thirdly, mismatch distributions (Rogers 
& Harpending 1992) were estimated to check that a population had undergone 
a sudden population expansion (Rogers 1995). Harpending raggedness index 
(Harpending 1994) and the sum of squared deviations (SSD) of the goodness-
of-fittest (Schneider & Excoffier 1999) were tested the fit between observed and 
expected mismatch distribution with 10 000 bootstrap replicates, as implemented 
in ARLEQUIN version 3.5 (Excoffier & Lischer 2010). Fourthly, two parameters: 
θ0 (population size before expansion, θ0 = 2N0µ) and θ1 (population size after 
expansion, θ1 = 2N1µ) (Rogers 1995) of the mismatch distribution were calculated. 

RESULTS

Genetic Diversity

The alignment results showed that out of 419 aligned sites, 405 were monomorphic 
and 14 were polymorphic. Among the 14 polymorphic sites, 3 sites were a 
singleton, and 11 sites were informative parsimony sites. The samples from the 
Gulf of Thailand had 9 polymorphic sites and the Andaman Sea had 5 polymorphic 
sites. The alignment of variable sites is presented in Table 1. 

Haplotype diversity value ranged from 0.133 ± 0.112 to 0.792 ± 
0.089 in Thailand, 0.582 ± 0.092 to 0.792 ± 0.089 in the Gulf of Thailand, and 
0.133 ± 0.112 to 0.614 ± 0.117 in the Andaman Sea. Haplotype diversity of the 
Gulf Thailand and the Andaman Sea was 0.740 ± 0.035 and 0.468 ± 0.074,  
respectively (Table 2). Nucleotide diversity value ranged from 0.000 ± 0.000 to 
0.003 ± 0.000 in Thailand, 0.001 ± 0.000 to 0.003 ± 0.000 in the Gulf of Thailand, 
and 0.000 ± 0.000 to 0.001 ± 0.000 in the Andaman Sea (Table 2). Nucleotide 
diversity of the Gulf Thailand and the Andaman Sea was 0.002 ± 0.000 and  
0.001 ± 0.000, respectively. In total, 18 haplotypes were identified. In the Gulf of 
Thailand, 12 haplotypes were found. Haplotype H07 and H10 were shared by all 
populations from the Gulf of Thailand. Five haplotypes were specific within the 
population called “rare haplotype” (Table 3). In the Andaman Sea, 6 haplotypes 
were found. Haplotype H02 was shared by all populations from the Andaman Sea 
and one population from the Gulf of Thailand. The Andaman Sea population did not 
have a rare haplotype (Table 3). Eighteen haplotypes of mtDNA COI sequences 
have been deposited into GenBank; accession numbers MH361216-MH361233. 
The number of polymorphic sites, number of haplotypes, haplotype diversity (h), 
and nucleotide diversity (π) within each population are presented in Table 2.
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Table 2: Collecting localities, code of collecting site, number of individuals per sampling 
site (N), number of polymorphic sites, haplotype diversity (h) and nucleotide diversity (π) of 
N. hexodon along the Thailand coast.

Collecting localities Code N
No.

polymorphic  
sites

No.
haplotypes

Haplotype  
diversity (h)
(mean ± SD)

Nucleotide  
diversity (π)
(mean ± SD)

Chonburi CH 16 5 6 0.742 ± 0.084 0.002 ± 0.000

Samut Songkhram SM 15 3 5 0.705 ± 0.088 0.002 ± 0.000

Surat Thani SR 16 3 5 0.608 ± 0.130 0.002 ± 0.000

Nakhon Si Thammarat NS 14 2 3 0.582 ± 0.092 0.001 ± 0.000

Songkhla SK 16 6 7 0.792 ± 0.089 0.003 ± 0.000

Gulf of Thailand 77 9 12 0.740 ± 0.035 0.002 ± 0.000

Satun ST 17 3 4 0.500 ± 0.135 0.001 ± 0.000

Trang TG 18 4 5 0.614 ± 0.117 0.001 ± 0.000

Krabi KB 15 3 4 0.543 ± 0.133 0.001 ± 0.000

Phang Nga PN 15 1 2 0.133 ± 0.112 0.000 ± 0.000

Andaman Sea 65 5 6 0.468 ± 0.074 0.001 ± 0.000

Table 3: Haplotype distributions of N. hexodon from 9 localities along the Thailand coast.

Haplotype CH SM SR NS SK ST TG KB PN Total

H01 - - - - - 2 - - - 2
H02 - - - - 3 12 11 10 14 50
H03 - - - - - 2 2 - - 4
H04 - - - - - 1 1 3 - 5
H05 - - - - - - 1 1 1 3
H06 - - - - - - 3 1 - 4
H07 5 1 10 8 7 - - - - 31
H08 - - 1 - 1 - - - - 2
H09 - - 2 - 1 - - - - 3
H10 7 7 2 5 2 - - - - 23
H11 - - 1 1 1 - - - - 3
H12 - - - - 1 - - - - 1
H13 - 5 - - - - - - - 5
H14 - 1 - - - - - - - 1
H15 1 1 - - - - - - - 2
H16 1 - - - - - - - - 1
H17 1 - - - - - - - - 1
H18 1 - - - - - - - - 1

Total 16 15 16 14 16 17 18 15 15 142

Note: Station codes are given in Table 2.
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Population Genetic Structure 

The population genetic structures of N. hexodon collected from the Thailand coast 
and based on the mtDNA COI sequence were determined. The AMOVA result 
for the overall population showed a highly significant difference (ΦST = 0.460, 
p = 0.000), indicating a genetic structuring among N. hexodon population in  
Thailand (Table 4). The hierarchical AMOVA revealed a strong genetic structure 
between the Gulf of Thailand and the Andaman Sea (ΦCT = 0.547, p = 0.008) 
(Table 4). In the Gulf of Thailand, the hierarchical AMOVA showed no significant 
difference between the lower and upper Gulf of Thailand (ΦCT = 0.133, p = 0.098),  
indicating that the N. hexodon population in the Gulf of Thailand was single  
(Table 4). In the Andaman Sea, the hierarchical AMOVA revealed that the lower 
Andaman Sea was not significantly different from the upper Andaman Sea 
(ΦCT = −0.009, p = 0.672), indicating a lack of genetic structure of N. hexodon in the 
Andaman Sea (Table 4). Furthermore, evidence of genetic differentiation between 
the regions was revealed by pairwise FST analysis as shown in Table 5. Every 
pairwise FST of the geographic-based populations showed significant differences 
for most comparisons between the Gulf of Thailand and the Andaman Sea 

Table 4: Hierarchical AMOVA of N. hexodon.

Source of variation df Sum of 
squares

Variance 
components

Percentage  
of variation p-value

Single region
Among populations 8 48.772 0.359Va 46.08 ΦST = 0.460*(p = 0.000)

Within populations 133 56.024 0.421Vb 53.92

Total 141 104.796 0.781

Gulf of Thailand and Andaman Sea 
Among groups 1 40.891 0.563Va 54.76 ΦCT = 0.547*(p = 0.008)

Among populations within groups 7 7.881 0.044Vb 4.35 ΦSC = 0.096*(p = 0.000)

Among populations 133 56.024 0.421Vc 40.90 ΦST = 0.591*(p = 0.000)

Total 141 104.796 1.029

Lower and upper Gulf of Thailand
Among groups 1 4.070 0.086Va 13.37 ΦCT = 0.133 (p = 0.098)

Among populations within groups 3 2.623 0.021Vb 3.41 ΦSC = 0.030 (p = 0.094)

Among populations 72 38.657 0.536Vc 83.23 ΦST = 0.167 (p = 0.090)

Total 76 45.351 0.645

Lower and upper Andaman Sea
Among groups 1 0.335 −0.002Va −0.97 ΦCT = -0.009 (p = 0.672)

Among populations within groups 2 0.852 0.008Vb 3.00 ΦSC = 0.029 (p = 0.147)

Among populations 61 17.367 0.284Vc 97.97 ΦST = 0.020 (p = 0.145)

Total 64 18.554 0.290

Note: *significant differentiation (p < 0.05).
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populations. The haplotype network of N. hexodon was divided into two clades from 
a distinct pattern of geographic structure among 18 haplotypes (Fig. 2). Clade I 
consisted of all haplotypes from the Gulf of Thailand and a common haplotype 
was haplotype H10. Clade II consisted of haplotypes from the Andaman Sea in a 
large proportion and a common haplotype was haplotype H02. These two clades 
were separated by 5 mutation steps (Fig. 2). The resultant network exhibited  
star-like patterns surrounding common haplotype H10 and H02.

Table 5: Population pairwise FST values of N. hexodon. 

CH
Gulf of Thailand Andaman Sea

SM SR NS SK ST TG KB PN

G
ul

f o
f T

ha
ila

nd

CH –
SM 0.064 –
SR 0.143* 0.351* –
NS 0.011 0.245* 0.016 –
SK 0.046 0.179* 0.042 0.011 –

An
da

m
an

 S
ea ST 0.559* 0.574* 0.662* 0.652* 0.416* –

TG 0.561* 0.577* 0.655* 0.655* 0.421* 0.022 –
KB 0.572* 0.591* 0.678* 0.676* 0.422* −0.008 0.003 –
PN 0.639* 0.668* 0.746* 0.796* 0.496* 0.069 0.032 0.050 –

Note: *significant differentiation (p < 0.05). Stations codes are given in Table 2.

Figure 2: A minimum spanning network of the 18 mitochondrial haplotypes of the 
N. hexodon. The sizes of the circles are proportional to the frequency of haplotypes. The 
vertical bars on the line indicate the number of mutation step separating two haplotypes.  
A lack of vertical bars on the line connecting haplotypes indicates that a single mutation step 
separates two haplotypes.
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Demographic History 

Tajima’s D and Fu’s Fs showed negative values in every population (Table 6). 
Tajima’s D statistic was in the range −0.067 to −1.159 in Thailand, −0.067 
to −0.576 in the Gulf of Thailand, and −0.438 to −1.159 in the Andaman Sea 
(Table 6). Tajima’s D statistic was significantly negative for the Gulf of Thailand 
(D = −1.034, p = 0.026) and the Andaman Sea (D = −0.941, p = 0.037). Fu’s 
Fs statistic was in the range −0.055 to −2.360 in Thailand, −0.055 to −2.360 
in the Gulf of Thailand, and −0.648 to −2.095 in the Andaman Sea (Table 6). 
The Fu’s Fs test showed significantly negative values in the Gulf of Thailand 
(Fs = −2.479, p = 0.002) and the Andaman Sea (Fs = −5.918, p = 0.008) 
(Table 6). The Bayesian skyline analysis was used to estimate the population 
expansion time and found that population expansion had occurred around  
10 000 years ago in the Gulf of Thailand population (Fig. 3a) and 4,000 years 
ago in the Andaman Sea population (Fig. 3b). Mismatch distribution of the Gulf 
of Thailand and the Andaman Sea fitted the unimodal distribution (Figs. 4a, 
4b). The measurement of SSD from the goodness of fit test, the mismatch 
distribution observed from the Gulf of Thailand (SSD = 0.001, p = 0.154),  
and the Andaman Sea (SSD = 0.005, p = 0.085) did fit a sudden expansion model 
(Table 6). The raggedness statistic (rg), which measured the smoothness of  
the mismatch distribution (Harpending 1994) in the Gulf of Thailand (rg = 0.109,  
p = 0.124) and the Andaman Sea (rg = 0.092, p = 0.111) was not statistically 
significant (Table 6). The estimated θ1 was higher than θ0 for the Gulf of Thailand 
and the Andaman Sea, indicating the population expansion from a small to a large 
size (Table 6).

Table 6: Parameter indices of mismatch distribution analysis and neutrality test of  
N. hexodon. 

Collecting localities Tajima’s D Fu’s Fs SSDa rgb θ0
c θ1

d

Chonburi −0.576 −2.360* 0.011 0.126 0.000 99999.000

Samut Songkhram −0.157 −1.598 0.017 0.152 0.000 99999.000

Surat Thani −0.067 −1.625 0.001 0.062 0.000 99999.000

Nakhon Si Thammarat −0.178 −0.055 0.021 0.178 0.000 99999.000

Songkhla −0.331 −2.356* 0.007 0.053 0.000 16.235

Gulf of Thailand −1.034* −2.479* 0.001 0.109 0.000 99999.000

Satun −0.438 −0.827 0.003 0.083 0.000 11.247

Trang −1.128 −2.095 0.022 0.179 0.000 99999.000

Krabi −1.009 −1.419 0.019 0.172 0.000 99999.000

Phang Nga −1.159 −0.648 0.037 0.555 0.112 12.045

Andaman Sea −0.941* −5.918* 0.005 0.092 0.002 99999.000

Notes: *significant differentiation (p < 0.05), asum of squared deviations, braggedness index, cpopulation size before 
expansion (θ0 = 2N0µ), d population size after expansion (θ1 = 2N1µ).
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Figure 3: Bayesian skyline plots show the changes in effective population size over time. 
Central line: median estimation; grey colour: limits of 95% confidence interval.
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Figure 4: The observed pairwise differences (dotted line) and the expected mismatch 
distribution (thin line) under sudden population expansion model of N. hexodon.

DISCUSSION

Genetic Diversity

In our study, the pattern of genetic diversity highly revealed a value of 
haplotype diversity and a low value of nucleotide diversity. Grant and Bowen 
(1998) categorised population dynamics into four scenarios from the different 
combinations of values of haplotype diversity and nucleotide diversity. The 
second category consists of populations with high haplotype diversity and low 
nucleotide diversity. The population has experienced rapid expansion after a 
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period of low effective population size. The cause of the population growth is 
responsible for retaining new mutations and keeping up high haplotype diversity 
within a population (Ma et al. 2010; Rogers & Harpending 1992; Watterson 1984). 
Besides, the low nucleotide diversity may be purported to a short existence of 
haplotypes. Hence, newly created haplotypes go extinct after obtaining more base 
pair differences (Cassone & Boulding 2006). According to Grant and Bowen’s 
criteria, the variability pattern of genetic diversity in this study indicates that  
N. hexodon has experienced a population expansion. This pattern has been 
reported as a typical molecular character of marine fish species, such as the 
Chinese sea bass (L. maculatus) (Wang et al. 2017), the small yellow croaker  
(L. polyacis) (Zhang et al. 2017) and Indian oil sardine (S. longiceps) (Sukumaran 
et al. 2016). In our study, the fish population from the Andaman Sea had lower 
genetic diversity than the Gulf of Thailand population. Therefore, this area should 
be focused on to aid in determining breeding populations and proper units of 
management for conservation. For example, to enhance the genetic diversity of  
N. hexodon populations in the Andaman Sea, the regulatory enforcement in 
capturing and trade must be used to prevent population declines.

Population Genetic Structure 

The AMOVA analysis revealed that the genetic structure of N. hexodon was 
separated into two populations including the Gulf of Thailand and the Andaman Sea 
population, corresponding well with the geographic regions. Further pairwise FST 
analysis and a minimum spanning network showed the genetic structure between 
the N. hexodon population living in the Gulf of Thailand and the Andaman Sea. The 
distinct genetic separation between the two populations may be partly explained 
by gene flow disruption from the geographic barrier caused by the Thai-Malaysian 
peninsula. Genetic differentiation between these two regions has been observed in 
various marine species, such as Haliotis asinina (Tang et al. 2005), Thenus indicus 
(Iamsuwansuk & Denduangboripant 2011), Amusium pleuronectes (Mahidol et al. 
2007), and H. kuda (Panithanarak et al. 2010). Various studies have also tested 
the relation between morphological and genetic grouping. Many results have found 
that the morphology of organisms is different in each population group. On the 
other hand, a morphological study of some species failed to support the genetic 
groupings such as Nothobranchius furzeri (Bartáková et al. 2013) and Myotomys 
unisulcatus (Edwards et al. 2011). In our study, there were no differences in the 
morphology of N. hexodon between the Gulf of Thailand and the Andaman Sea. The 
result showed that there was only one population of N. hexodon along the 1,800 km 
of Gulf of Thailand coastline and the 900 km of the Andaman Sea coastline. There 
are two main factors to promote gene flow of marine animals in the open sea: a 
geographic distance and oceanographic current (Chambers et al. 2006; Neethling 
et al. 2008). In general, marine species-gametes, planktonic larvae, and adults 
in open waters- which have a high dispersal ability by spending part of their life 
cycle are distributed by a marine current. This strategy promoted gene flow among 
marine species population (Lacson 1992; Ovenden et al. 1992; Russo et al. 1994; 
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Uthicke & Benzie 2003). The evidence of genetic connectivity in other marine 
populations by a high level of gene flow across 3,000 km coastline was reported 
in S. longiceps (Sukumaran et al. 2016), Uca annulipes (Silva et al. 2010) and 
Neosarmatium meinerti (Ragionieri et al. 2009). Thus, a lack of population genetic 
structure of N. hexodon in each Thailand coastline was plausibly maintained by 
a high dispersal ability in the larval phase and a short geographic distance. Also, 
genetic homogeneity among N. hexodon populations in each coastline could be 
the result of the panmixia of moving planktonic larva under the influence of the 
monsoon and the marine circulation patterns. In the Gulf of Thailand, the marine 
current is a clockwise gyre during the southwest monsoon and a counterclockwise 
gyre in the northeast monsoon period (Nakthon 1992), and in the Andaman Sea 
marine current always flows from the Malacca strait toward the Andaman Sea 
during the northeast and southeast monsoon (Sharp 1996). The lack of genetic 
structure was also reported in populations of other marine species in the Thailand 
coast such as the Gulf of Thailand; Perna viridis (Prakoon et al. 2010), H. kuda 
(Panithanarak et al. 2010), A. pleuronectes (Mahidol et al. 2007) and Crassostrea 
belcheri (Bussarawit & Simonsen 2006): the Andaman Sea; Episesarma versicolor 
(Supmee et al. 2012) and P. monodon (Supungul et al. 2000). From the genetic 
structure result in the study, we suggested that the implication to the management 
of the N. hexodon population in the Gulf of Thailand and the Andaman Sea should 
be managed as distinct units because each population carries a unique genetic 
structure. For example, to increase the abundance of the N. hexodon population 
in the Gulf of Thailand via restocking individuals should not be collected fish from 
the Andaman Sea because it could lead to outbreeding depression and genetic 
contamination of natural populations. 

Demographic History

In our study, all of the demographic history tests revealed that N. hexodon 
living in the Gulf of Thailand and the Andaman Sea had experienced population 
expansion. Firstly, the neutrality test showing negative Tajima’s D and Fu’s 
Fs deviated significantly (p < 0.05) from the neutral state. Tajima’s D test with 
a significant negative value might have been caused by slightly deleterious 
mutations, purifying selection, or a population expansion (Yang 2006). Also, Fu’s 
Fs statistics, a powerful statistical test for detecting demographic expansion from 
mitochondrial DNA sequence, indicated a significant negative value and population 
expansion (Ramirez-Soriano et al. 2008). Secondly, the demographic expansion 
was confirmed with the Bayesian skyline analysis that the expansion time of the 
N. hexodon population occurred around 10,000 years ago in the Gulf of Thailand 
and 4,000 years ago in the Andaman Sea during the Pleistocene glaciation period. 
The expansion time coincided with the violent climate changes that started in the 
same period. The estimated time of the population expansion obtained in this study 
supported the diversification of marine species in Southeast Asia from 2.4 million 
to 10,000 years ago (McMillan & Palumbi 1995). The Pleistocene isolation of 
the marine basin hypothesis revealed that the lowered sea levels during the 
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Pleistocene ice ages affected the genetic structure of Indo-Pacific marine species 
between the Indian and the Pacific Ocean populations (McManus 1985). These 
two oceans were separated from each other during each glaciation as sea levels 
dropped up to 120 m below present-day levels and form land bridges between the 
Pacific and Indian Oceans (Voris 2000). Further, the land bridges prevented the 
dispersal of marine species between the oceans. Low dispersal over a long period 
would limit the gene flow of N. hexodon as evidence of a genetic structure in our 
study. Thus, the genetic diversity of N. hexodon may be clarified by the McManus 
hypothesis, which would have isolated the Gulf of Thailand and the Andaman 
Sea populations. Changes in sea levels during the Pleistocene period affected 
the diversification of other marine species living along the Thailand coast, such 
as H. kuda (Panithanarak et al. 2010), A. pleuronectes (Mahidol et al. 2007) and 
Lutjanus russelli (Klangnurak et al. 2012). In our study, the expansion time of the 
N. hexodon population in the Gulf of Thailand occurred around 10,000 years ago 
while in the Andaman Sea occurred around 4,000 years ago, indicating that the 
fish population in the Andaman Sea had a recent population expansion. Thirdly, 
the mismatch distribution was accepted by the sudden expansion model through 
the goodness of fit test. Fourthly, the estimated values of θ1 were higher than θ0 
in every population indicating a demographic expansion. A minimum spanning 
network revealed a star-like topology in the Gulf of Thailand and the Andaman 
Sea group, indicating a signature of population expansion between these two  
seas (Slatkin & Hudson 1991).

CONCLUSION

In conclusion, our study showed that the population genetic structure of N. 
hexodon living along the Thailand coast was separated into two populations: the 
Gulf of Thailand and the Andaman Sea. The cause of genetic structure is caused 
by a geographic barrier from the Thai-Malaysian peninsula and the Pleistocene  
isolation of the marine basin hypothesis. The results of demographic history 
indicated that the N. hexodon population had experienced population expansion 
during the Pleistocene glaciation period. The results suggested that N. hexodon 
population along the Thailand coast should be managed as two-unit programmes 
into the Gulf of Thailand and the Andaman Sea populations because each 
population carries a unique genetic structure.

ACKNOWLEDGEMENTS

We wish to thank Rajamangala University of Technology Srivijaya, Nakhon Si 
Thammarat, Thailand for their financial support (Research Fund No. 254750). 
The authors would like to thank Dr. Jamjun Pechsiri and the anonymous 
reviewers for their valuable suggestions on the manuscript. We also want to thank  



Verakiat Supmee et al.

78

Dr. Nutjarin Petkliang and Dr. Wijitara Wisoram for their help in collecting samples 
used in this study. We wish to thank Assistant Professor Vikrom Chantarangkul for 
proofreading and editing this manuscript.

REFERENCES

Antoro S, Na-Nakorn U and Koedprang W. (2006). Study of genetic diversity of orange-
spotted grouper, Epinephelus coioides, from Thailand and Indonesia using 
microsatellite markers. Marine Biotechnology 8: 17–26. https://doi.org/10.1007/
s10126-005-5026-0

Avise J C. (2000). Phylogeography. London: Harvard University Press. https://doi.org/ 
10.1006/rwgn.2001.1470

Bartáková V, Reichard M, Janko K, Polačik M, Blažek R, Reichwald K, Cellerino A and Bryja 
J. (2013). Strong population genetic structuring in an annual fish, Nothobranchius 
furzeri, suggests multiple savannah refugia in southern Mozambique. BMC 
Evolutionary Biology 13: 196. https://doi.org/10.1186/1471-2148-13-196

Bussarawit S and Simonsen V. (2006). Genetic variation in populations of white scar 
(Crassostrea belcheri) and black scar oysters (C. iredalei) along the coast of 
Thailand by means of isozymes. Phuket Marine Biological Center Research 
Bulletin 67: 11–21.

Cassone B J and Boulding E G. (2006). Genetic structure and phylogeography of the lined 
shore crab, Pachygrapsus crassipes, along the northeastern and western Pacific 
coasts. Marine Biology 149: 213–226. https://doi.org/10.1007/s00227-005-0197-9

Chambers M D, van Blaricom G R, Hauser L, Utter F and Friedman C S. (2006). Genetic 
structure of black abalone (Haliotis cracherodii) populations in the California 
islands and central California: Impacts of larval dispersal and decimation from 
withering syndrome. Journal of Experimental Marine Biology and Ecology 331: 
173–185. https://doi.org/10.1016/j.jembe.2005.10.016

Darriba D, Taboada G L, Doallo R and Posada D. (2012). jModelTest 2: More models, new 
heuristics and parallel computing. Nature Methods 9: 772. https://doi.org/10.1038/
nmeth.2109

Di Battista J D, Berumen M L, Gaither M R, Rocha L A, Eble J A, Choat J H, Craig M 
T, Skillings D J and Bowen B W. (2013). After continents divide: Comparative 
phylogeography of reef fishes from the Red Sea and Indian Ocean. Journal of 
Biogeography 40: 1170–1181. https://doi.org/10.1111/jbi.12068

Drummond A J, Suchard M A, Xie D and Rambaut A. (2012). Bayesian phylogenetics with 
BEAUTi and the BEAST 1.7. Molecular Biology and Evolution 29: 1969–1973. 
https://doi.org/10.1093/molbev/mss075

Edwards S, Claude J, van Vuuren B J and Matthee C A. (2011). Evolutionary history of 
the Karoo bush rat, Myotomys unisulcatus (Rodentia: Muridae): Disconcordance 
between morphology and genetics. Biological Journal of the Linnean Society 
102(3): 510–526. https://doi.org/10.1111/j.1095-8312.2010.01583.x

Excoffier L and Lischer H E L. (2010). Arlequin suite ver 3.5: A new series of programs to 
perform population genetics analysis under Linux and Windows. Molecular Ecology 
Resources 10: 564–567. https://doi.org/10.1111/j.1755-0998.2010.02847.x

Fishery Statistics Analysis and Research Group. (2017). Fisheries statistics of Thailand  
2010, No. 5/2017. Department of Fisheries. Ministry of Agriculture and 
Cooperatives, Thailand. (in Thai)

https://doi.org/10.1007/s10126-005-5026-0
https://doi.org/10.1007/s10126-005-5026-0
https://doi.org/10.1006/rwgn.2001.1470
https://doi.org/10.1006/rwgn.2001.1470
https://doi.org/10.1186/1471-2148-13-196
https://doi.org/10.1007/s00227-005-0197-9
https://doi.org/10.1016/j.jembe.2005.10.016
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1111/jbi.12068
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1111/j.1095-8312.2010.01583.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x


Genetic Structure of Ornate Threadfin Bream

79

Fu F X. (1997). Statistical tests of neutrality of mutations against population growth, 
hitchhiking and background selection. Genetics 147: 915–925. https://doi.org/ 
10.1093/genetics/147.2.915

Grant W S and Bowen B W. (1998). Shallow population histories in deep evolutionary 
lineages of marine fishes: Insights from sardines and anchovies and lessons 
for conservation. Journal of Heredity 89: 415–426. https://doi.org/10.1093/
jhered/89.5.415

Harpending H C. (1994). Signature of ancient population growth in a low-resolution 
mitochondrial DNA mismatch distribution. Human Biology 66: 591–600.

Hastuti K S, Yonvitner Y and Boer M. (2017). Indicator parameters population for the 
management of threadfin bream (Nemipterus spp.) in the inshore Java Sea, 
Indonesia. International Research Journal of Applied Sciences 33(3): 35–51.

Held C, Koenemann S and Schubart C D. (2011). Phylogeography and population genetics 
in crustacea. New York: CRC press.

Hung K, Russell B C and Chen W. (2017). Molecular systematics of threadfin breams 
and relatives (Teleostei, Nemipteridae). Zoologica Scripta 46(5): 536–551.  
https://doi.org/10.1111/zsc.12237

Iamsuwansuk A and Denduangboripant J. (2011). Phylogenetic study of shovel-nosed 
lobster Thenus indicus in Thailand. Proceeding of the 37th Congress on Science 
and Technology of Thailand. Bangkok, Thailand, 10–12 October 2011.

Klangnurak W, Phinchongsakuldit J and James T. (2012). Population structure and genetic 
connectivity of Lutjanus russelli (Lutjanidae) in Thailand. Proceeding of the 12th 
International Coral Reef Symposium. Cairns, Australia, 9–13 July 2012.

Klinbunga S, Yuvanatemiya V, Wongphayak S, Khetpu K, Menasveta P and Khamnamtong 
B. (2010). Genetic population differentiation of the blue swimming crab Portunus 
pelagicus (Portunidae) in Thai waters revealed by RAPD analysis. Genetics and 
Molecular Research 9(3): 1615–1624. https://doi.org/10.4238/vol9-3gmr886

Lacson J M. (1992). Minimal genetic variation among samples of six species of coral reef 
fishes collected at La Parguera, Puerto Rico, and Discovery Bay, Jamaica. Marine 
Biology 112: 327–331. https://doi.org/10.1007/BF00702479

Librado P and Rozas J. (2009). DnaSP v5: A software for comprehensive analysis of 
DNA polymorphism data. Bioinformatics 25: 1451–1452. https://doi.org/10.1093/
bioinformatics/btp187

Ma C Y, Cheng Q Q, Zhang Q Y, Zhuang P V and Zhao, Y L. (2010). Genetic variation of 
Coiliaectenes (Clupeiformes: Engraulidae) revealed by the complete cytochrome 
b sequences of mitochondrial DNA. Journal of Experimental Marine Biology and 
Ecology 385: 14–19. https://doi.org/10.1016/j.jembe.2010.01.015

Mahidol C, Na-Nakorn U, Sukmanomon S, Taniguchi N and Nguyen T T T. (2007). 
Mitochondrial DNA diversity of the asian moon scallop, Amusium pleuronectes 
(Pectinidae), in Thailand. Marine Biotechnology 9: 352–359. https://doi.org/ 
10.1007/s10126-006-6137-y

McManus J W. (1985). Marine speciation, tectonics and sea level changes in Southeast 
Asia. Proceedings of the 5th International Coral Reef Congress. Tahiti, 4: 133–138.

McMillan W O and Palumbi S R. (1995). Concordant evolutionary patterns among Indo 
West Pacific butterfly fishes. Proceedings of the Royal Society of London. Series 
B. Biological Sciences 260: 229–236. https://doi.org/10.1098/rspb.1995.0085

Nakthon N. (1992). Marine territory of Thailand and neighboring countries. Unpublished 
Master’s thesis, Hydrograph Department, Royal Thai navy, Thailand (in Thai).

https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1093/jhered/89.5.415
https://doi.org/10.1093/jhered/89.5.415
https://doi.org/10.1111/zsc.12237
https://doi.org/10.4238/vol9-3gmr886
https://doi.org/10.1007/BF00702479
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1016/j.jembe.2010.01.015
https://doi.org/10.1007/s10126-006-6137-y
https://doi.org/10.1007/s10126-006-6137-y
https://doi.org/10.1098/rspb.1995.0085


Verakiat Supmee et al.

80

Nalinanon S, Benjakul S, Kishimura H and Kazufumi O. (2011). Type I collagen from the 
skin of ornate threadfin bream (Nemipterus hexodon): Characteristics and effect 
of pepsin hydrolysis. Food Chemistry 125: 500–507. https://doi.org/10.1016/j.
foodchem.2010.09.040

Neethling M, Matthee C A, Bowie R C K and von der Heyden S. (2008). Evidence for 
panmixia despite barriers to gene flow in the southern African endemic, 
Caffrogobius caffer (Teleostei: Gobiidae). BMC Evolutionary Biology 8: 325. 
https://doi.org/10.1186/1471-2148-8-325

Nei M. (1987). Molecular evolutionary genetics. New York: Columbia University Press. 
https://doi.org/10.7312/nei-92038

Nei M and Tajima F. (1981). DNA polymorphism detectable by restriction endonucleases. 
Genetics 97: 145–163.

Ovenden J R, Brasher D J and White R W. (1992). Mitochondrial DNA analyses 
of the red rock lobster Jasus edwardsii supports an apparent absence of 
population subdivision throughout Australasia. Marine Biology 112: 319–326.  
https://doi.org/10.1007/BF00702478

Panithanarak T, Karuwancharoen R, Na-Nakorn U and Nguyen T T T. (2010). Population 
genetics of the spotted seahorse (Hippocampus kuda) in Thai waters: Implications 
for conservation. Zoological Studies 49: 564–576.

Prakoon W, Tunkijjanukij S, Nguyen T T T and Na-Nakorn U. (2010). Spatial and 
temporal genetic variation of green mussel, Perna viridis in the Gulf of 
Thailand and implication for aquaculture. Marine Biotechnology 12: 506–515.  
https://doi.org/10.1007/s10126-009-9234-x

Ragionieri L, Fratini S, Vannini M and Schubart C D. (2009). Phylogenetic and morphometric 
differentiation reveal geographic radiation and pseudo-cryptic speciation in 
a mangrove crab from the Indo-West Pacific. Molecular Phylogenetics and  
Evolution 52: 825–834. https://doi.org/10.1016/j.ympev.2009.04.008

Rambaut A, Suchard M A, Xie D and Drummond A J. (2014). Tracer v1.6. http://beast.bio 
.ed.ac.uk/Tracer (accessed on 12 October 2019).

Ramirez-Soriano A, Ramos-Onsins S E, Rozas J, Calafell F and Navarro A. (2008). 
Statistical power analysis of neutrality tests under demographic expansions, 
contractions and bottlenecks with recombination. Genetics 179: 555–567.  
https://doi.org/10.1534/genetics.107.083006

Rogers A R. (1995). Genetic evidence for a Pleistocene population explosion.  
Evolution 49: 608–615. https://doi.org/10.1111/j.1558-5646.1995.tb02297.x

Rogers A R and Harpending H. (1992). Population growth makes waves in the distribution 
of pairwise genetic differences. Molecular Biology and Evolution 9: 552–569. 
https://doi.org/10.1111/j.1558-5646.1995.tb02297.x

Russell B C. (1990). FAO species catalogue. Vol. 12. Nemipterid fishes of the world. 
(Threadfin breams, whiptail breams, monocle breams, dwarf monocle breams, 
and coral breams). Family Nemipteridae. An annotated and illustrated catalogue 
of nemipterid species known to date. FAO Fishes Synopsis 125(12): pp. 149.

Russell B, Lawrence A and Smith-Vaniz W F. (2016). Nemipterus hexodon. The IUCN 
red list of threatened species 2016: e.T69539271A69539701. https://doi.org/ 
10.2305/IUCN.UK.2016-3.RLTS.T69539271A69539701.en (accessed on 16 
October 2019). 

Russo C A M, Sole-cava A M and Thorpe J P. (1994). Population structure and genetic 
variation in two tropical sea anemones (Cnidaria, Actinidae) with different 
reproductive strategies. Marine Biology 119: 267–276. https://doi.org/10.1007/
BF00349566

https://doi.org/10.1016/j.foodchem.2010.09.040
https://doi.org/10.1016/j.foodchem.2010.09.040
https://doi.org/10.1186/1471-2148-8-325
https://doi.org/10.7312/nei-92038
https://doi.org/10.1007/BF00702478
https://doi.org/10.1007/s10126-009-9234-x
https://doi.org/10.1016/j.ympev.2009.04.008
http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer
https://doi.org/10.1534/genetics.107.083006
https://doi.org/10.1111/j.1558-5646.1995.tb02297.x
https://doi.org/10.1111/j.1558-5646.1995.tb02297.x
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T69539271A69539701.en
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T69539271A69539701.en
https://doi.org/10.1007/BF00349566
https://doi.org/10.1007/BF00349566


Genetic Structure of Ornate Threadfin Bream

81

Schneider S and Excoffier L. (1999). Estimation of past demographic parameters from 
the distribution of pairwise differences when mutation rates vary among sites: 
Application to human mitochondrial DNA. Genetics 152: 1079–1089.

Sharp G D. (1996). Oceanography of the Indonesian Archipelago and adjacent areas. 
In: Pauly D and Martosubroto P (eds.), Baseline studies of biodiversity: The 
fish resources of Western Indonesia. Philippines: International Center for Living 
Aquatic Resources Management (ICLARM), 7–14.

Silva I C, Mesquita N and Paula J. (2010). Lack of population structure in the fiddler crab 
Uca annulipes along an East African latitudinal gradient: genetic and morphometric 
evidence. Marine Biology 157: 1113–1126. https://doi.org/10.1007/s00227-010-
1393-9

Slatkin  M and Hudson R R.  (1991). Pairwise comparisons ofmitochondrial DNA sequences 
in stable and exponentially growing populations. Genetics 129: 555–562.  
https://doi.org/10.1093/genetics/129.2.555

Stobutzki I C, Silvestre G T, Tali A A, Krongprom A, Supongpan M, Khemakorn P, 
Armada N and Garces L R. (2006). Decline of demersal fisheries resources 
in three developing Asian countries. Fisheries Research 78: 130–142.  
https://doi.org/10.1016/j.fishres.2006.02.004

Sukumaran S, Sebastian W and Gopalakrishnan A. (2016). Population genetic structure of 
Indian oil sardine, Sardinella longiceps along Indian coast. Gene 576: 372–378. 
https://doi.org/10.1016/j.gene.2015.10.043

Sun P, Shi Z H, Yin F and Peng S M. (2011). Genetic variation analysis of Mugil cephalus 
in China sea based on mitochondrial COI gene sequences. Biochemical Genetics 
50(3–4): 180–191. https://doi.org/10.1007/s10528-011-9460-6

Supmee V, Ngernsiri L, Sriboonlert A, Wonnapinij P and Sangthong P. (2012). Population 
genetic analysis of violet vinegar crab (Episesarma versicolor) along the Andaman 
sea coast of Thailand. Zoological Studies 51(7): 1040–1050.

Suppapan J, Pechsiri J, O-Thong S, Vanichanon A, Sangthong P and Supmee V. (2017). 
Population genetic analysis of Oceanic paddle crab (Varuna litterata) in Thailand. 
Sains Malaysiana 46(12): 2251–2261. https://doi.org/10.17576/jsm-2017-4612-01

Supungul P, Sootanan P, Klinbunga S, Kamonrat W, Jarayabh P and Tassanakajon A. 
(2000). Microsatellite polymorphism and the population structure of the black 
tiger shrimp (Penaeus monodon) in Thailand. Marine Biotechnology 2: 339–347.  
https://doi.org/10.1007/s101260000012

Tajima F. (1989). Statistical method for testing the neutral mutation hypothesis by DNA 
polymorphism. Genetics 123: 585–595. https://doi.org/10.1093/genetics/123.3.585

Tang S, Tassanakajorn A, Klinbunga S, Jarayaphand P and Menasveta P. (2005). 
Population structure of tropical abalone (Haliotis asinina) in coastal waters of 
Thailand determined using microsatellite markers. Marine Biotechnology 6: 604–
611. https://doi.org/10.1007/s10126-004-2300-5

Thompson J D, Higgins D G and Gibson T J. (1994). CLUSTALW: Improving the sensitivity 
of progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic Acids Research 22: 
4673–4680. https://doi.org/10.1093/nar/22.22.4673

Uthicke S and Benzie J A H. (2003). Gene flow and population history in high dispersal marine 
invertebrates: Mitochondrial DNA analysis of Holothuria nobilis (Echinodermata: 
Holothuroidea) populations from Indo-Pacific. Molecular Ecology 12: 2635–2648. 
https://doi.org/10.1046/j.1365-294X.2003.01954.x

https://doi.org/10.1007/s00227-010-1393-9
https://doi.org/10.1007/s00227-010-1393-9
https://doi.org/10.1093/genetics/129.2.555
https://doi.org/10.1016/j.fishres.2006.02.004
https://doi.org/10.1016/j.gene.2015.10.043
https://doi.org/10.1007/s10528-011-9460-6
https://doi.org/10.17576/jsm-2017-4612-01
https://doi.org/10.1007/s101260000012
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1007/s10126-004-2300-5
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1046/j.1365-294X.2003.01954.x


Verakiat Supmee et al.

82

Voris H K. (2000). Maps of Pleistocene sea levels in Southeast Asia: Shorelines, 
river systems and time durations. Journal of Biogeography 27: 1153–1167.  
https://doi.org/10.1046/j.1365-2699.2000.00489.x

Wang W, Ma C, Chen W, Zhang H, Kang W, Ni Y and Ma L. (2017). Population genetic 
diversity of Chinese sea bass (Lateolabrax maculatus) from southeast coastal 
regions of China based on mitochondrial COI gene sequences. Biochemical 
Systematics and Ecology 71: 114–120. https://doi.org/10.1016/j.bse.2017.01.002

Wanna W, Rolland J, Bonhomme F and Phongdara A. (2004). Population genetic structure 
of Penaeus merguiensis in Thailand based on nuclear DNA variation. Journal of 
Experimental Marine Biology and Ecology 311: 63–78. https://doi.org/10.1016/j.
jembe.2004.04.018

Watterson A. (1984). Allele frequencies after a bottleneck. Theoretical Population Biology 
26: 387–407. https://doi.org/10.1016/0040-5809(84)90042-X

Xu H, Zhang Y, Xu D, Lou B, Guo Y, Sun X and Guo B. (2014). Genetic population structure 
of Miiuy croaker (Miichthys miiuy) in the Yellow and East China Seas base on 
mitochondrial COI sequences. Biochemical Systematics and Ecology 54: 240–
246. https://doi.org/10.1016/j.bse.2014.01.013

Yang Z. (2006). Computational molecular evolution. New York: Oxford University Press. 
https://doi.org/10.1093/acprof:oso/9780198567028.001.0001

Zhang Y, Yang F, Wang Z, You Q, Lou B, Xu D, Chen R, Zhan W and Liu F. (2017). 
Mitochondrial DNA variation and population genetic structure in the Small yellow 
croaker at the coast of Yellow Sea and East China Sea. Biochemical Systematics 
and Ecology 71: 236–243. https://doi.org/10.1016/j.bse.2017.03.003

https://doi.org/10.1046/j.1365-2699.2000.00489.x
https://doi.org/10.1016/j.bse.2017.01.002
https://doi.org/10.1016/j.jembe.2004.04.018
https://doi.org/10.1016/j.jembe.2004.04.018
https://doi.org/10.1016/0040-5809(84)90042-X
https://doi.org/10.1016/j.bse.2014.01.013
https://doi.org/10.1093/acprof:oso/9780198567028.001.0001
https://doi.org/10.1016/j.bse.2017.03.003

