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Abstract

:

Indo-Pacific bottlenose dolphins (Tursiops aduncus) are a coastal species found in Thai waters off the coasts of the Andaman Sea and the Gulf of Thailand. This species was recently re-listed as near-threatened by the IUCN Red List, though the population status in Thai seas is not known. Here, we investigated genetic diversity, population structure, maternal lineage, and demographics by analyzing skin tissue samples (n = 30) of T. aduncus stranded along the Andaman coastline of Thailand between 1990 and 2019. This study was based on 11 microsatellite loci and 265 bp mtDNA control regions compared to data available through the National Center for Biotechnology Information (NCBI). From microsatellites, the observed heterozygosity (Ho) ranged from 0.46 to 0.85. The mean fixation index (F) value for all loci was 0.10 ± 0.04, which suggests some degree of inbreeding. Two genetic clusters (the most likely K at K = 2) were observed in T. aduncus through the population structure analysis using multiple criteria. For the mtDNA control region, a total of 17 haplotypes were found for dolphins in Thai seas (14 haplotypes from our samples; three haplotypes from the NCBI database) with high levels of haplotype diversity (h) at 0.926 ± 0.027 and nucleotide diversity (π) at 0.045 ± 0.002. A decline in the effective population size from 0.05 million years ago also was observed in Thai T. aduncus through Bayesian Skyline Plots analysis. A unique set of haplotypes was identified in our samples, which may have originated from the Australian and Indian Oceans rather than the Western Pacific Ocean. These results improve our understanding of the maternal lineage of the Indo-Pacific bottlenose dolphin, which can be used for monitoring population status and establishing better conservation plans for this species in the Thai Andaman Sea.
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1. Introduction


Indo-Pacific bottlenose dolphins (Tursiops aduncus) are found in shallow coastal and inshore waters of the Indian Ocean, Australia, and Southeast Asia, including the Gulf of Thailand and the Thai Andaman Sea [1,2,3], while another closely related species in genus Tursiops, the common bottlenose dolphin (Tursiops truncatus), has been found to occur in the same areas throughout their distribution range. However, T. truncatus are considered rare for Thai waters and are unlikely to be found in these areas [3,4]. T. aduncus is a coastal species that has been impacted by natural events such as morbillivirus [5,6], parasites [7], and human activities such as marine pollution [8,9], dolphin-watching tourism [10,11], and the most dominant threat, bycatch fisheries [1,12,13,14,15]. Until recently, T. aduncus were listed as data deficient by the International Union for Conservation of Nature’s Red List of Threatened Species (IUCN Red List); however, in 2019, their status was changed to near-threatened [1]. The species is also listed as a protected marine mammal by the Wild Animal Reservation and Protection Act 2019 of Thailand [16]. The occurrence of T. aduncus along the Thai Andaman Sea coastline, including Phangnga and Phuket province, has been reported [2]; however, knowledge pertaining to population status is not known, especially for species inhabiting Thai waters.



Top marine predators such as dolphins and other small cetaceans play an important role in shaping marine biological structures and communities [17], so the prevention of population declines is key to sustaining marine ecosystems. A number of genetic studies of T. aduncus have been conducted across their distribution range in the waters of South Africa [12], Australia [18], China [19], the northwest Indian Ocean [20], Taiwan, Japan, and the Philippines [21] to evaluate population health and understand evolutionary processes. For example, a study in southern Australia found that T. aduncus populations were impacted by dolphin-watching tourism based on seven microsatellite loci and the mtDNA control region [18]. The results identified separate populations with relatively low levels of mtDNA genetic diversity, and suggested that these discrete management units need specific, targeted management approaches. For effective species conservation, it is important to identify factors related to habitat usage, estimated population numbers, specific threats, population status, and connections to other regions, information that is generally lacking for T. aduncus inhabiting Thai waters. To date, genetic data are available only from one study of the Thai Andaman Sea population using an inter simple sequence repeat (ISSR) technique [22]. Lacking from that study, which used only nDNA, was information still needing to be discovered, such as maternal genetic diversity, the origin of the population, demographic changes over time, and connections between dolphin populations inhabiting the Thai Andaman Sea and other areas. Carcasses of this and other cetacean species are found stranded along both coasts of Thailand every year [23], which offers an opportunity to study population dynamics through DNA analysis of skin tissue samples.



To obtain more complete genetic information pertaining to the population of this species in the Thai Andaman Sea, this study aimed to reveal more information about their genetic diversity including maternal genetic diversity, population structure, maternal lineage compared to global populations, and demographic changes through both nDNA microsatellite markers and mtDNA control region analyses. The results are important for monitoring the population status of T. aduncus and understanding more about their maternal lineage and origin, information needed to fill knowledge gaps for this species left over from previous studies. Moreover, this information can be used for establishing conservation plans for dolphins living in Thai Andaman waters going forward.




2. Materials and Methods


2.1. Sample Collection and DNA Extraction


Skin samples of 30 deceased, stranded T. aduncus were provided by the Phuket Marine Biological Center, Phuket, Thailand, which has collected tissue samples from stranded dolphins along Thai Andaman Sea coast since 1990 (Figure 1). Initial species identification was based on morphological appearance at stranding sites by veterinarians from the Phuket Marine Biological Center. The samples were collected and preserved in 95% ethanol at −20 °C. DNA was extracted from skin tissue using DNA extraction kits according to the manufacturer’s instructions (DNeasy® Blood & Tissue Kit, QIAGEN, Germany) at the Faculty of Veterinary Medicine, Chiang Mai University. The DNA was measured qualitatively and quantitatively by agarose gel electrophoresis and spectrophotometry, respectively. These samples were diluted to a final concentration of 10 ng/µL for amplification.




2.2. Microsatellite Amplification and Genotyping


Twenty microsatellite loci were amplified and screened using a polymerase chain reaction (PCR) technique (see all microsatellite loci in Table S1). PCR reactions were performed in 25 μL volumes, containing 10 ng/µL DNA template, 0.2 mM dNTPs (Vivantis, Selangor Darul Ehsan, Malaysia), 0.2 µM of each primer (forward primer was 5′ M13 complementary tail to enable labeling with a fluorescent M13 primer), 1X PCR buffer, 1 U Taq DNA polymerase (Vivantis, Selangor Darul Ehsan, Malaysia), and 15.8 µL deionized water. PCR amplifications were performed in a PTC-200 DNA Engine Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). PCR conditions were as follows: pre-denaturation at 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s, at an optimal annealing temperature (Supplementary Material Table S1) for 45 s, 72 °C for 1 min, and the final extension step at 72 °C for 10 min. The PCR products were stained using RedSafeTM Nucleic acid staining solution (iNtRON Biotechnology, Gyeonggi-do, Republic of Korea) and separated by electrophoresis on 2% agarose gel (PanReac AppliChem ITW companies, Darmstadt, Germany) by PowerPac 200 (Bio-Rad, Hercules, CA, USA) containing 1X Tris-acetate-ethylenediamine 8 tetraacetate (TAE) buffer at 120 V for 30 min. The PCR products were visualized by UV light under a GelMax 125Imager (UVP, Cambridge, UK). Fragment analysis was performed using the Applied Biosystems® 3730XL-96 GENETIC ANALYZER (Thermo Fisher Scientific®, Waltham, MA, USA) Ward Medic Ltd. Bangkok, Thailand. The size of amplified microsatellite markers was determined manually through visual inspection of the sequencer traces using the program GENE MARKER version 2.6.2 [24]. Micro-Checker version 2.2.3 [25] was then used to test for genotyping errors such as null alleles, allele drop-out, and stuttering.




2.3. Control Region (D-Loop) Primer and Amplification


One pair of PCR primers designed for dugongs—forward (5′-CATATTACAACGGTCTTGTAAACC-3′) and reverse (5′-GTCATAAGTCCATCGAGATGTC-3′) [26]—was used to amplify the mitochondrial DNA control region of T. aduncus as the universal primers. This pair of primers has the ability to amplify the tRNA-Pro gene to the middle of the control region (D-loop), as shown for many other cetacean species [27,28,29]. PCR reactions were conducted in 25 µL reaction volumes consisting of 1X reaction buffer, 2 mM MgCl2, 0.4 mg/mL bovine serum albumin, 0.25 mM dNTPs, 0.4 µM of both forward and reverse primers, 5 U/µL platinum Taq DNA polymerase (Invitrogen), and 10 ng/µL of the DNA sample. PCR conditions were performed as follows: 95 °C for 5 min, 40 cycles of 95 °C for 30 s, 50 °C for 45 s, 72 °C for 1 min, and 72 °C for 10 min. The PCR products were stained using RedSafeTM nucleic acid staining solution (iNtRON Biotechnology, Gyeonggi-do, Republic of Korea) and separated by electrophoresis on 2% agarose gel (PanReac AppliChem ITW companies, Darmstadt, Germany) by PowerPac 200 (Bio-Rad, Hercules, CA, USA) containing 1X Tris-acetate-ethylenediamine tetraacetate (TAE) buffer at 120 V for 30 min and viewed under ultraviolet light. Sequencing analysis was performed by ATGC Co., Ltd. Pathumthani, Thailand, using the 3730XL-96 GENETIC ANALYZER (Thermo Fisher Scientific®, MA, USA). To ensure accurate species identification, all sequences were then confirmed against the reference sequence of T. aduncus using the Basic Local Alignment Search Tool (BLAST).




2.4. Data Analysis


2.4.1. Microsatellite Analysis


The polymorphism levels of each microsatellite loci, including deviation from Hardy–Weinberg Equilibrium (HWE), observed number of alleles (Na), effective number of alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), Shannon’s information index (I), and Fixation Index (F), were analyzed by the GENALEX program version 6.5 [30]. The statistical forensic parameters used to identify the probability that the microsatellite loci used had enough power to distinguish individuals, including combined power of discrimination (PD), matching probability (MP), and power of exclusion (PE), were calculated by the GENALEX program version 6.5 [30].



The Bayesian clustering methods implemented in STRUCTURE version 2.3.4 [31] were used to group individuals into populations on the basis of microsatellite genotypes with different distributions of genetic variants amongst populations. The analysis was performed without the LOCPRIOR model. This method used a Markov Chain Monte Carlo (MCMC) repetition for values of K = 1 to K = 10 to test for the presence of population structure and to estimate the number of populations, using the admixture population model, 1,000,000 iterations, 100,000 burn-in replicates, and 10 independent replicates per K value. The most likely K value was defined using multiple criteria, including the Pritchard method (Pr[X|K]) [31], the Evanno method (ΔK) [32], and the Parsimony index (PI) [33], by KFinder version 1.0.0.0 [33] to identify the optimal number of clusters in the data. The outputs were then graphically modified by DISTRUCT [34].



Principal component analysis (PCA) was conducted to discriminate between population groups in the dataset and confirm the population structure using the function dudi.pca of adegenet package [35] complemented in Rstudio version 3.5.2 (RStudio Team (2020). Rstudio: Integrated Development for R. Rstudio, PBC, Boston, MA, USA, URL http://www.rstudio.com/ accessed on 31 October 2022).




2.4.2. Mitochondrial DNA Control Region Analysis


To investigate the maternal relationship of Thai T. aduncus compared to other populations worldwide, we analyzed a total of 232 mtDNA control region sequences obtained from this study and GenBank (see accession number in Table S2). All sequences were aligned manually to reduce the length for comparison at consensus length of 265 bp implemented with Crustal W by MEGA-X version 10.2.2 [36]. These sequences represented 14 regional populations: Thailand (THA); Bangladesh (BGD); Oman (OMN); Pakistan (PAK); China (CHN); China, Taiwan, and Japan (MIX); Indonesia (IDN); China and Taiwan (CHN/TWN); Taiwan (TWN); South Africa (ZAF); Japan (JPN); Australia (AUS); Melanesia (MLN); and Iran (IRN). The haplotype diversity and nucleotide diversity of the mtDNA control region were determined using the DnaSP program version 6.12.3 [37]. The median joining networks (MJNs) were used for illustrating the haplotypes’ relationship using PopART version 1.7 [38].




2.4.3. Phylogenetic Tree Construction


The phylogenetic tree of mtDNA control region sequences of worldwide T. aduncus was constructed using Bayesian analysis implemented by MrBayes version 3.2.7 [39]. The mtDNA control region sequence of Atlantic spotted dolphin (Stenella frontalis: accession number EF682840) was used as an outgroup for the phylogenetic tree. To select the best tree evolutionary models, jModelTest version 2.1.10 [40] was used, which defined it as HKY + G. Two independent analyses were run simultaneously with four chains by the default setting of the MrBayes program. The phylogenetic tree was constructed on the run length of Markov Chain Monte Carlo (MCMC) at 25,000,000 iterations, sampled every 5000 steps using the average standard deviation of split frequencies below 0.01 as the convergence diagnostics. The first 100,000 iterations were discarded as burn-in. The robustness of phylogenetic branching was assessed by posterior probabilities (PP). The phylogenetic tree was then illustrated using iTOL version 6.1.1 [41].




2.4.4. Bayesian Skyline Plots (BSPs)


For inferring demographic changes in Thai T. aduncus populations, Bayesian Skyline Plots (BSPs) were implemented in BEAUti and BEAST version 2.6.3 [42]. The substitution model and a strict clock model were used for the dataset of mtDNA control region sequences over 10,000,000 iterations, sampled every 1000 steps. The first 1,000,000 iterations were used as a burn-in step. The mutation rate of the mtDNA genome of T. aduncus at 0.0307 substitutions/site/million year that had been estimated by Moura et al. (2013) [43] was used for molecular clock calibration. The BSPs were then visualized using Bayesian skyline reconstruction executed in Tracer version 1.7.1 [44].






3. Results


3.1. Microsatellite Primers and Genetic Diversity


Genetic diversity results using microsatellite DNA markers found that 16 of 20 primers were successfully amplified from the 30 tissue samples of T. aduncus from the Thai Andaman Sea (Table 1). A further five loci were excluded from the analysis, showing signs of null alleles. A total of 11 microsatellite loci were then used for the subsequent analyses. Testing found that all 11 primers significantly deviated from the HWE, except for primer Sl9-69 (Table 1). For the observed heterozygosity, primer Sd8 had the highest variations (Ho = 0.85), while primer Slo4 had the lowest variation (Ho = 0.46). The mean Fixation Index value for all loci was 0.10 ± 0.04, which means there was a low level of inbreeding.




3.2. Microsatellite Forensic Parameter


For the estimation of forensic parameters of 16 primers used for Thai T. aduncus, the results found that both the combined power of discrimination (PD) and the power of exclusion (PE) were greater than 0.999, while matching probability (MP) was 1.53 × 10−11. This means over 100 billion individuals had the same genetic makeup as one Thai T. aduncus.




3.3. Population Structure


For the results from STRUCTURE and KFinder, the most likely K for both ΔK and PI were at K = 2, while K = 4 was observed for Pr[X|K]. Thus, the optimal number of genetic clusters at K = 2 was chosen, which depicted two genetic clusters for T. aduncus in the Thai Andaman Sea in orange and blue without the grouping by location of stranding (Figure 2). The individuals of the dominant orange color had a higher proportion than the blue clustering, accounting for 63.33% and 36.67%, respectively. The most likely K at K = 2 also agreed with the results of clustering from PCA (Figure 3). For PCA, only one cluster was observed with 10 individuals that were clearly distinct from the others (Figure 3).




3.4. Mitochondrial DNA


According to the analysis of 232 mtDNA control region sequences worldwide, a total of 109 haplotypes were found, with high levels of haplotype diversity at 0.970 ± 0.006 and nucleotide diversity at 0.042 ± 0.001 (Table 2). For our samples from the Thai Andaman Sea, there were 14 haplotypes (accession number MZ401176—MZ401205) found with haplotype diversity (h) at 0.910 ± 0.032 and nucleotide diversity (π) at 0.043 ± 0.003. Haplotypes H1–H14 were from this study. Most of these haplotypes (H1–H10, H12, H13) were clustered with haplotypes from the Indian Ocean (BGD, PAK, OMN, IRN, and ZAF), as shown in Figure 4. An additional three haplotypes from Thai seas, namely H24, H74, and H85, were first revealed in the NCBI database by Gray et al. (2022) [45]. These three haplotypes and two others (H11 and H14) from Thailand were found in the Pacific Ocean haplogroup (Figure 4). Among these 17 haplotypes from Thailand, 14 (H1–H5, H7, H9–H14, H74, and H85) were unique for Thai seas, while only three were shared with other locations (H6 shared with BGD and OMN; H8 shared with BGD, OMN, and PAK; H24 shared with IDN and CHN) (Figure 4). Thus, the combined haplotype and nucleotide diversity levels for all 17 haplotypes from Thai seas were 0.926 ± 0.027 and 0.045 ± 0.002, respectively.



The results from the phylogenetic tree found there were five clades with individuals from different oceans (Figure 5a). Individuals from the Indian Ocean were found in nearly all clades (four of five clades), but predominated in clade A and B2b1, while individuals from the Western Pacific Ocean were only found in clade B2b2. Samples of Thai T. aduncus were found scattered throughout the phylogenetic tree, but were most common in clades B2a and B2b1. These two clades also contained animals from other locations, including Thailand (THA), Bangladesh (BGD), Oman (OMN), Pakistan (PAK), and Australia (AUS). The geographic distribution of T. aduncus by clades of the phylogenetic tree is shown in Figure 5b. The BSP analysis of Thai T. aduncus is shown in Figure 6. The effective population size had been continuously expanding from before 0.6 million years ago and then stabilized, until drastically decreasing around 50,000 years ago (Figure 6).





4. Discussion


The results of this study have led to a better understanding of population genetic relationships of T. aduncus in the Thai Andaman Sea. The 11 microsatellite markers used in this study were sufficient to estimate genetic diversity and the population structure. Based on the small MP value, there was a low level of probability of finding two random individuals sharing the same genetic makeup [61]. However, deviation from HWE and lower heterozygosity (mean Ho < He) were detected by using these microsatellite loci for the Thai Andaman Sea population. Additionally, the positive value of mean F was a low level, which means there could have been a small degree of inbreeding. However, a deficiency in heterozygosity could also occur with a mix of two sub-populations that breed mostly within the sub-populations but not between them, thus resulting in a decrease in fitness for the heterozygotes [62]. Thus, it is possible there is a large population in the Thai Andaman Sea, which may consist of several disconnected subpopulations where mating is restricted only within subgroups and with a lack of gene flow between subgroups. A fragmentation of populations for T. aduncus also has been observed in Western Australia, determined by site fidelity of resident and non-resident groups [63]. Niche partitioning for two populations of T. aduncus in shallow and offshore waters around Mayotte Island also has been reported [64]. The results of the population structure analysis from our study also support this contention as they show two genetic clusters confirmed by the clustering of PCA, suggesting that undiscovered populations could exist in this area. Thus, further studies with more samples throughout the living range of these dolphins are needed to more fully evaluate the management units.



Differences in maternal lineages between African, Pacific, and Indian Ocean T. aduncus populations have been investigated in previous studies [12,21,45,46,49,65,66]; however, knowledge pertaining to the lineage of the Thai T. aduncus population is lacking due to the limited number of samples from Thai seas and knowledge gaps left from the previous study on this population [22]. In a previous study Amaral et al. (2017) [46], a total of 52 haplotypes were found for worldwide T. aduncus using 380 bp of the mtDNA control region. These haplotypes clustered into three haplogroups, namely Pacific, African, and Bangladesh T. aduncus without a sharing of haplotypes and a lack of gene flow across these locations [46]. The results of MJN and phylogenetic tree analyses in our study using 265 bp of the mtDNA control region agree with the haplotype networks generated from the previous study [46], as three putative maternal lineages could be separated from each other (Pacific, African, and Bangladesh T. aduncus).



Moreover, we can observe more evolutionary historical details and fill in knowledge gaps for this species particularly for the Thai Andaman Sea population, which has not been studied in such detail before. The haplotypes from Australia and the Thai Andaman Sea appear to be in the intermediate group between the Pacific and Indian Oceans, including African and Bangladesh haplogroups. Although the haplotypes from Australia were mostly found in Pacific T. aduncus, several of the Australian haplotypes were discrete and more related to haplotypes from the Indian Ocean. Similarly, most of the Thai Andaman Sea haplotypes were located among Australian to Bangladeshi and Pakistani haplotypes, which were also found to be more closely related to Indian Ocean haplotypes. These results are also supported by a previous study using the mitogenome to determine the origin of the genus Tursiops [43], which was found to be derived from a coastal habitat in Australasia. A study of paleogeographic scenarios within the South China Sea also supports this contention, as the lowering of sea levels during the last glacial cycle led to a disconnection between the Indian and Pacific Oceans about 65,000 years ago [67]. Thus, we suggest that most of the Thai Andaman Sea T. aduncus may originate from Australia and were then distributed to the Indian Ocean, rather than coming from the Western Pacific Ocean.



However, there is other evidence that these populations from the Thai Andaman Sea also share a lineage with the West Pacific regions, as some of the Thai haplotypes, including our two haplotypes and the three others from the NCBI database [45], showed a closed relationship to the Pacific T. aduncus. Thus, this could infer a connection of diverse populations found along the Thai Andaman Sea and nearby regions such as Langkawi Island of Malaysia, the Malacca Strait, Singapore, and the Gulf of Thailand [1,2,68]. This may also be the reason for the high value of haplotype and nucleotide diversity for Thai Andaman Sea T. aduncus. The high value of mtDNA diversity in Thai populations may have been aided by the establishment of Marine Protected Areas [69], which potentially lessoned the impacts of negative human activities on animal populations and deserves further investigation.



Female philopatric behavior has been observed in Australian T. aduncus and likely occurs in other populations [70,71]. Food familiarity and rearing behavior were suggested as reasons for natal philopatry, while male T. aduncus often disperse across wider ranges. A lack of mtDNA gene flow between groups could be occurring in populations affected by high levels of human activities, as has been observed in South African waters, where hunting and dolphin-watching tourism are considered to be the major threats for this species [12]. Different levels of impact from human activities in the differing regions could explain varied mtDNA diversity in each population, including those of the Thai Andaman Sea. Thus, regular reassessment of these indices is needed for long-term population monitoring.



The results of the BSP analysis in our study agrees with the T. aduncus demographic changes reported by Vijay et al. (2018) [72]. Using whole-genome sequencing, a decreasing effective population size in the last glacial melting was observed around 0.02–0.05 million years ago [72], which is similar to our study, suggesting that global climate change could have affected these populations in the same time [73]. However, the stable phase in the BSPs should be interpreted cautiously because a small sequence size can reduce the levels of polymorphism or variable sites for BSP analysis and can cause an under-detection of population expansion [74,75]. Thus, in further studies, mitogenome of Thai T. aduncus could potentially be used for observing more details of population change over time.



The length of the consensus fragment mtDNA control region used in our study was adequate for detecting the unique set of haplotypes from T. aduncus in the Thai Andaman Sea; however, three shared haplotypes with other regions were also revealed. This can occur when a short length of consensus fragments is generated. However, shared haplotypes could be separated from each other using longer consensus fragments. For example, in studies of Risso’s dolphins, a total of 85 haplotypes worldwide were detected in 473 bp of a consensus fragment, while 81 haplotypes were found when using a shorter length at 390 bp [28,76]. Thus, for future studies, mitogenome, providing high-resolution phylogeny, should be used to gain more in-depth genetic information on Thai T. aduncus. Additionally, the comparative study of population genetics of this species between Thai Andaman Sea and the Gulf of Thailand populations would be of great interest.




5. Conclusions


This study was successful in revealing genetic variations and the maternal lineage of T. aduncus in the Thai Andaman Sea through analyses of 11 microsatellite loci and the mtDNA control region, which can fill in the knowledge gaps left from the previous study. Although a heterozygote deficit and a small degree of inbreeding were observed for microsatellite loci, it is also possible that several undiscovered populations may have existed in this area. This study also allows us to understand more about the origin of Thai Andaman Sea T. aduncus through the mtDNA analysis, which indicates a close relationship with Australian and India Ocean T. aduncus species, rather than those in the Western Pacific Ocean. While a unique set of haplotypes and a high level of mtDNA diversity were revealed for Thai Andaman Sea T. aduncus in this study, other information pertaining to the specific threats, the efficiency of the Marine Protected Areas, and nearby population genetic information, including in the Gulf of Thailand, are needed to fully understand the biology of this population and develop effective conservation management strategies for T. aduncus in the Thai Andaman Sea.
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Figure 1. Map showing the location of stranded T. aduncus samples used in this study. 
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Figure 2. Population structure plot for 11 microsatellite loci of T. aduncus from the Thai Andaman Sea. The population structure consisted of two genetic clusters (K = 2) indicated by different colors (blue and orange). Each individual is represented by a single vertical stripe divided into K color segments, of which K is the assumed number of ancestral groups. 
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Figure 3. Principal component analysis (PCA) showing the partition of individual T. aduncus from the Thai Andaman Sea. 
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Figure 4. MJNs of mitochondrial DNA control region based on 256 bp from 232 sequences of T. aduncus. The MJNs are represented by 102 haplotypes found worldwide. Each haplotype is colored by geographic location. 
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Figure 5. Phylogenetic tree and geographic distribution of T. aduncus through mtDNA control region analysis. (a) Phylogenetic tree based on 256 bp from 232 sequences of T. aduncus, illustrating five clades by color. The number label on the branches is the posterior probability (PP) of the supporting branch. All branches have a PP value greater than or equal to 0.50, and the branches without number labeling indicate a PP value greater than 0.99. The peripheral circle colors indicate location: Thailand (THA), Bangladesh (BGD), Oman (OMN), Pakistan (PAK), China (CHN), Taiwan and Japan (MIX), Indonesia (IDN), China and Taiwan (CHN/TWN), Taiwan (TWN), South Africa (ZAF), Japan (JPN), Australia (AUS), Melanesia (MLN), and Iran (IRN). (b) The geographic distribution of T. aduncus by clades based on the phylogenetic tree on the global scale. 
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Figure 6. Bayesian Skyline Plots (BSPs) of effective population size over time of T. aduncus in the Andaman Sea of Thailand. The central line represents the mean divergence time value for the log of population size, Y-axis indicates effective population size, X-axis indicates mean time in millions of years to the present, and the blue area represents the standard error. 
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Table 1. The observed number of alleles (Na), effective number of alleles (Ne), Shannon’s information index (I), observed heterozygosity (Ho), expected heterozygosity (He), Fixation Index (F), and Hardy–Weinberg Equilibrium (HWE) p-values across 16 microsatellite primers.
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Locus

	
Genetic Variabilities

	
HWE

(p-Value)




	
Na

	
Ne

	
I

	
Ho

	
He

	
F






	
Sl9-69

	
6.00

	
2.25

	
1.14

	
0.55

	
0.55

	
0.02

	
ns




	
Sd8

	
14.00

	
9.64

	
2.42

	
0.85

	
0.90

	
0.05

	
0.00 *




	
Sl10-26

	
12.00

	
4.41

	
1.91

	
0.71

	
0.77

	
0.08

	
0.00 *




	
Slo15

	
7.00

	
4.43

	
1.59

	
0.80

	
0.77

	
−0.03

	
0.00 *




	
Sco65

	
6.00

	
2.43

	
1.18

	
0.65

	
0.59

	
−0.11

	
0.00 *




	
Sl8-49

	
9.00

	
5.08

	
1.83

	
0.68

	
0.80

	
0.15

	
0.00 *




	
Slo4

	
5.00

	
2.53

	
1.18

	
0.46

	
0.60

	
0.24

	
0.00 *




	
EV104

	
6.00

	
3.01

	
1.31

	
0.62

	
0.67

	
0.07

	
0.00 *




	
Slo9

	
7.00

	
4.26

	
1.65

	
0.50

	
0.77

	
0.35

	
0.00 *




	
Sco66

	
7.00

	
4.52

	
1.66

	
0.52

	
0.78

	
0.33

	
0.00 *




	
Slo1

	
7.00

	
3.04

	
1.35

	
0.68

	
0.67

	
−0.01

	
0.00 *




	
Mean (SE)

	
7.82 (0.84)

	
4.15 (0.63)

	
1.57 (0.12)

	
0.64 (0.04)

	
0.72 (0.03)

	
0.10 (0.04)

	








ns = not significantly deviated from HWE; * = significantly deviated from HWE at p < 0.05.
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Table 2. The number of haplotypes, haplotype diversity, and nucleotide diversity of T. aduncus worldwide.
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	Location
	Number of Haplotypes
	Haplotype Diversity (h)
	Nucleotide Diversity (π)
	Reference





	THA
	17
	0.926 ± 0.027
	0.045 ± 0.002
	[45], this study



	BGD
	7
	1.000 ± 0.076
	0.021 ± 0.009
	[46,47]



	OMN
	9
	0.624 ± 0.058
	0.011 ± 0.003
	[45]



	PAK
	6
	0.889 ± 0.091
	0.018 ± 0.010
	[45]



	CHN
	15
	0.932 ± 0.031
	0.020 ± 0.001
	[46,48]



	MIX
	18
	1.000 ± 0.019
	0.020 ± 0.001
	[21]



	IDN
	3
	1.000 ± 0.272
	0.272 ± 0.010
	[49]



	CHN/TWN
	5
	1.000 ± 0.126
	0.019 ± 0.003
	[49]



	TWN
	5
	1.000 ± 0.126
	0.025 ± 0.004
	[49]



	ZAF
	5
	0.786 ± 0.151
	0.007 ± 0.002
	[12,50,51]



	JPN
	3
	1.000 ± 0.272
	0.025 ± 0.007
	[52,53,54]



	AUS
	40
	0.989 ± 0.006
	0.031 ± 0.002
	[47,55,56,57,58,59]



	MLN
	9
	1.000 ± 0.052
	0.013 ± 0.002
	[60]



	IRN
	1
	0.000
	0.000
	[45]



	Overall
	109
	0.970 ± 0.006
	0.042 ± 0.001
	







THA, Thailand; BGD, Bangladesh; OMN Oman; PAK Pakistan; CHN China; MIX, Taiwan and Japan; IDN, Indonesia; CHN/TWN, China and Taiwan; TWN, Taiwan; ZAF, South Africa; JPN, Japan; AUS, Australia; MLN, Melanesia; IRN, Iran.
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