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Abstract

:

The leatherback sea turtle (Dermochelys coriacea) is the largest and one of the most migratory turtle species, inhabiting oceans throughout the world. There has been a steady decline in leatherback populations over the past several decades due to human activities. They are considered endangered in Thailand and global, so conservation strategies are needed to study and protect the species, including determining their genetic diversity. A total of 8 microsatellite loci and 658 bp amplicon of mitochondrial DNA (mtDNA) were used to assess genetic data from 149 dead leatherback turtle hatchlings among 14 nests in five locations along the Andaman Sea, Thailand, between 2018–2020. The microsatellite findings show that the observed heterozygosity (Ho) ranged from 0.44 ± 0.09 to 0.65 ± 0.10. Population structures were further divided into two genetically distinct groups by Bayesian inference. For the mtDNA control region, our samples consisted of three haplotypes. Globally, there are 27 haplotypes of leatherback turtles, with a relatively low genetic diversity (h = 0.43). These results reveal the genetic status of leatherback turtles in Thailand and globally, and raise concerns about their relative genetic health, which highlight the need for proactive, long-term management and conservation strategies for this endangered species.
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1. Introduction


The leatherback sea turtle (Dermochelys coriacea) is the largest turtle species with a carapace composed of tough rubbery skin. The species is highly migratory and has the widest global distribution of any reptile, nesting primarily on tropical and subtropical beaches [1]. Once inhabiting all oceans except the Arctic and Antarctic, leatherback populations are declining precipitously throughout their range, and today numbers are estimated to be only about 2300 adult females globally [2]. Threats to the species exist on both nesting beaches and in the ocean, and include incidental capture in fishing gear (bycatch), hunting, and egg collection for food [3]. The species is listed as Vulnerable by the International Union for Conservation of Nature (IUCN RED LIST) and in Appendix I by the Convention on International Trade in Endangered Species (CITES) [4]. It is considered endangered in Thailand [5]. The Pacific population is the most at risk, with near extinction predicted by 2040 based on the current rate of decline [6,7,8]. A previously large nesting population in Malaysia already has been declared extinct [9].



Leatherback turtles have complex migration and life history characteristics [10], including homing to natal nesting beaches [11]. The migration patterns of juveniles are largely unknown [12], but climate change is believed to have a significant impact on population and breeding success [13,14]. Moreover, studies have shown declining loggerhead and leatherback turtle populations in some areas because of anthropogenetic activities, such as fishery bycatch in the Pacific Ocean [15], and plastic debris for leatherback turtles along French Guiana [16] and the Mediterranean Sea [17]. Most of the worldwide genetic studies of leatherback turtle have focused on nesting areas where females lay eggs in the sand [11,18,19,20,21], particularly in the North Atlantic and South Atlantic oceans [22,23,24]. To date, there are no reports of the genetic structure of leatherback sea turtles inhabiting the waters of Andaman Sea; only nesting relocation and eggshells of this species were studied in this area [25].



Mitochondrial DNA (mtDNA) markers are mostly inherited maternally and are important for species identification, but it can lack resolving power due to the slow rate of mitochondrial evolution, including in turtle species [26]. By contrast, nuclear markers (e.g., microsatellites) are inherited from both parents and so incorporate male connectivity that is essential for delineating populations with greater accuracy and statistical power. For example, the genetic analysis of green turtles in Turkey found different microsatellite allele frequencies suggestive of an underlying population structure that was not detected by mtDNA analysis [27]. Similarly, in leatherback turtles, mtDNA analysis distinguished seven populations in the Atlantic, whereas nine populations were clearly identified based on microsatellite analyses [19]. Thus, combining mtDNA and nuclear marker analyses can provide insight into male-mediated gene flow and population boundaries, identify differences between regions and species, and further advance our understanding of female and natal homing and fine-scale population structure. It is possible that leatherback turtles nesting in the Andaman Sea of Thailand differ genetically from turtles inhabiting other parts of the world. Thus, in the present study, we investigate genetic diversity and population structure using microsatellite DNA marker and mtDNA control region analyses of dead hatchling leatherback turtles along the coasts of the Andaman Sea to understand how genetic patterns compare with data on worldwide populations provided by the National Center for Biotechnology Information. An understanding of differences in genetic diversity or population structure of leatherback turtles in Thai waters could have a significant impact on their conservation status and management.




2. Materials and Methods


2.1. Sample Collection and DNA Extraction


Samples (n = 149) from dead hatchling leatherback turtles in 14 nests along the Andaman Sea coastline of Thailand during 2018–2020 were collected and preserved in 95% ethanol at −20 °C (Table 1). Tissue samples were preserved in 70% ethanol and approximately 50 mg used for DNA isolation (E.Z.N.A.® Tissue DNA Kit, Omega, Norcross, GA, USA). DNA was measured for quality and quantity using a DU®730 spectrophotometer (Beckman Coulter, CA, USA) and the samples stored at −20 °C until analysis. This study was approved by the Laboratory Animal Research Center, Chiang Mai University, Thailand (No. R13/ 2021). All methods were carried out in accordance with relevant guidelines and regulations.




2.2. Microsatellite Amplification and Genotyping


Twelve microsatellite loci were selected from those previously identified and characterized for leatherback turtles [28] and screened using a polymerase chain reaction (PCR) technique, resulting in the selection of eight that produced reproducible and unambiguous bands (Table 2). The PCR reaction was carried out in a total volume of 25 µL: 1X ViBuffer S [16 mM (NH2)4SO4, 50 mM Tris-HCl, 1.75 mM MgCl2, and 0.01% TritonTM X-100)], 0.2 µM dNTP (Vivantis, Selangor Darul Ehsan, Malaysia), 0.2 µM microsatellite primer (each forward primer had a 50 M13 complementary tail to enable labeling with a fluorescent M13 primer), 1 U Taq DNA polymerase (Vivantis, Selangor Darul Ehsan, Malaysia), and 10 ng DNA template in deionized water. For every PCR reaction, deionized water was used instead of the DNA template to serve as a negative control. Amplifications were conducted in a PTC-200/DNA Engine thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). PCR cycling parameters were as follows: pre-denaturation at 95 °C for 5 min, followed by 40 cycles consisting of a denaturation step at 95 °C for 30 s, at an optimal annealing temperature (Table 2) and an extension step at 72 °C for 1 min with a final extension step at 72 °C for 10 min. The PCR products were stained by RedSafeTM Nucleic acid staining solution (iNtRON Biotechnology, Seongnam-Si, Gyeonggi-do, South Korea) and then separated electrophoretically on 2% agarose gel (PanReac AppliChem ITW companies, Darmstadt, Germany) by PowerPac 200 (Bio-Rad, Hercules, CA, USA) containing 1X Tris-acetate-ethylenediaminetetraacetate (TAE) buffer at 120 V for 30 min. The PCR products were then visualized by UV light under a GelMax 125Imager (UVP, Cambridge, UK). Fragment analysis was performed using an Applied Biosystems® Genetic Analyzer (Thermo Fisher Scientific®, Waltham, MA, USA) Ward Medic Ltd. Bangkok, Thailand. The fragments were sized on GENE MARKER® software.




2.3. Mitochondrial DNA


The primers LCM15382 (5′-GCTTAACCCTAAAGCATTGG-3′), H950g (5′-GTCTCGGATTTAGGGGTTTG-3′) [29] were used to amplify the mtDNA control region. PCR was conducted in a total volume of 25 μL. Reactions generally contained 1X PCR buffer, 50 ng DNA templates, 1 U Taq DNA polymerase, 0.2 mM dNTP, 0.2 μM of forward primer and reverse primer, adjusted to 25 μL with deionized or distilled water. DNA amplifications were performed in a PCR thermocycler machine (Bio-Rad Laboratories, Inc., CA, USA). The temperature was programmed at 95 °C for 5 min with 40 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 1 min. The final extension was performed at 72 °C for 10 min followed by a hold step at 4 °C. The amplified fragment was analyzed by electrophoresis in a 2% agarose gel stained by 3 μL 5X GelRed and 3 μL of 6X loading dye in tris-acetic acid-EDTA (TAE) buffer at 120 V for 25–30 min and viewed under ultraviolet light. Sequencing analysis was performed by ATGC Co., Ltd. Pathumthani, Thailand Using 3730XL-96 GENETIC ANALYZER (Thermo Fisher Scientific®, UK).




2.4. Data Analysis


2.4.1. Microsatellite Analysis


Microsatellite comparisons were made among five nesting areas (Table 1): Khuk Khak Beach (Zone 1); Bor Dan Beach (Zone 2); Sai Keaw Beach (Zone 3); Nai Thon Beach (Zone 4); and Bang Kwan Beach (Zone 5). Hardy–Weinberg Equilibrium p-values (HWE p-value), observed number of alleles (Na), effective number of alleles (Ne), Shannon’s information index (I), observed heterozygosity (Ho), expected heterozygosity (He), and F-statistics were analyzed by GENALEX program version 6.5. The statistical parameters of forensic interest, including power of discrimination [30], matching probability [31], and power of exclusion (PE), were calculated by GENALEX program version 6.5.




2.4.2. Population Structure


A total of 149 samples were analyzed by distance and model-based clustering methods to reveal population affinity and structure. Pairwise linearized genetic distance based on the number of different alleles (Fst) was computed by GENALEX program version 6.5. A Bayesian clustering approach implemented in STRUCTURE version 2.3.4 was used to cluster individuals into populations on the basis of microsatellite genotypes with admixture-assumed and correlated allele frequencies. The LOCPRIOR model was used to infer cryptic population structure K = 1 to K = 10, using the admixture population model, 1,000,000 iterations, 50,000 burn-in replicates and five independent replicates per K value [21]. This method uses a Markov Chain Monte Carlo (MCMC) approach in order to group individuals into K populations based on their genotypes without any prior information. The best K value was defined using the log probability of the data Pr(X|K) for each value of K by the STRUCTURE HARVESTER to identify the optimal number of clusters in the data. Outputs from the STRUCTURE HARVESTER were graphically modified by DISTRUCT [32]. The pairwise Fst comparison confirmed the genetic difference among population. To visualize the relationships among the population, the principal component analysis (PCA) plot constructed from a distance matrix of linearized Fst. The unweighted pair-group method of arithmetic averages (UPGMA) tree was constructed based on Nei’s genetic distances using the Molecular Evolutionary Genetics Analysis (MEGA) 6.0 software [33].




2.4.3. Kinship Analysis


To evaluate relatedness among leatherback turtles, the ML-RELATE program [34] was used to calculate the maximum likelihood estimates of relatedness (r value) [35] based on [36]. ML-RELATE uses a downhill simplex routine to find the maximum likelihood estimate of r value. ML-RELATE estimates r for one pair of individuals only. The r value indicates a relatedness with a value of 0–1 (1 = strongly correlated, 0 = not correlated) with 0.05 level of significance. This method was chosen because the maximum likelihood estimates of relatedness are usually more accurate than other estimators [37]. Relatedness analysis produced results in both matrix and list output formats. Heatmap and clustering based on matrix output were produced by R-STUDIO program version 4.1 [38].




2.4.4. Mitochondrial DNA Control Region Analysis


Consensus sequences (GenBank accession number: OK040245–OK040379) (Supplementary Material Table S1) were edited and aligned manually using the program MEGA-X version 10.2.2 [31], performed with Crustal W implement in MEGA 3.1. We also used the median joining Thai leatherback turtle alignment, which consisted of 144 mtDNA control region sequences obtained from samples collected in the Andaman Sea. The global leatherback turtle alignment of 1484 sequences included these Thai sequences and additional sequences downloaded from GenBank (Table S2). The genetic diversity of mtDNA control region was computed through DnaSP version 6.12.3 [39] and illustrated as the term of the number of haplotypes (H), haplotype diversity (h), and nucleotide diversity (π).




2.4.5. The Median Joining Network (MJN) Analysis and Genetic Diversity


To depict the maternal lineage haplotypes relationship and the mutation steps of observed haplotype, the median joining networks were analyzed using Popart version 1.7 [40], performed in two analyses. The first analyzed the haplotype in Andaman Sea, the second analyzed the haplotype globally.




2.4.6. Phylogenetic Trees Construction


After the alimented mtDNA control region sequences of species were generated, J model test version 2.1.10 [41] was used to select the best tree evolutionary models for the species. The best-fit substitution model was found to be GTR + G. The phylogenetic trees of worldwide and Andaman Sea samples were constructed using MrBayes version 3.2.7. with MCMC 20,000,000 iterations for each tree, the first 1,000,000 iterations as burn-in [30], and envision the tree using iTOL version 6.1.1 [42].




2.4.7. Bayesian Skyline Plots (BSPs)


For the estimation of the effective population size of the worldwide and Andaman Sea leatherback turtle populations, Bayesian skyline plots were implemented in BEAUti and BEAST version 2.6.3 [43]. The substitution model and a strict clock model were used for mtDNA control region sequences. The BSPs were visualized using Bayesian Skyline Reconstruction executed in Tracer version 1.7.1 [44].






3. Results


3.1. Microsatellite Primers


The observed mean heterozygosity was lower than the expected heterozygosity. The highest observed heterozygosity (0.703) was shown by locus LB110, while the lowest (0.293) was shown by locus LB157. Maximum expected heterozygosity (0.839) was provided by LB143 and the minimum (0.448) was shown by LB157. The mean allele difference between the populations (Fst) was 0.260, mean inbreeding coefficient (Fis) was −0.020, and the mean number of migration (Nm) was 0.864 (Table 3). All microsatellite loci significantly deviated from the Hardy–Weinberg Equilibrium, which means there were some degrees of assortative mating, selection, or population stratification by these loci (Table 3).




3.2. Genetic Diversity


The genetic variation of leatherback turtles in Zone 1 was the highest compared to all other zones, with that in Zone 2 being the lowest (Table 4). The observed heterozygosity ranged from 0.437 to 0.646 and the expected heterozygosity ranged from 0.463 to 0.633 (Table 4). Forensic parameter estimates comprised a combined power of discrimination (PD) and power of exclusion (PE) [30] that was greater than 0.999 and 0.98, respectively, for the leatherback population in the Andaman Sea (Table 4).




3.3. Genetic Differentiation and Population Structure


The pairwise Fst values of Nei’s genetic distance analysis (Table S3) showed the lowest distance between Zones 2 and 3 (0.048), and the highest between Zones 3 and 5 (0.302). In the UPGMA dendrogram, two main clusters were identified (Figure 1a). In the main cluster, Zones 2, 3, and 4 grouped together, while Zones 1 and 5 were in the second main cluster. STRUCTURE analysis identified the highest ΔK at K = 2 for 10 simulations at K values from 1 to 10. Two genetic clusters were identified (Figure 1b), one in Zones 2 to 4 (yellow color) and the another in Zone 5 (blue). Zone 1 had a mix of the two genetic clusters. The PCA of microsatellite loci of the five zones plotted on cumulatively explained 39.02% of the variation. The PCA plot of the five zones revealed the populations were divided into two groups (Figure 1c).




3.4. Kinship Analysis


From analyzing the genetic relationship, two related groups were identified: leatherback turtles from all zones except Zone 5 (Bang Kwan Beach), and individuals in Zone 1 (Khuk Khak Beach) and Zone 5 (Bang Kwan Beach) (Figure 2).




3.5. Mitochondrial DNA


Based on mtDNA control region sequence data from 144 specimens (686 bp, 14 nests), three haplotypes were identified (Hap_1, Hap_2, and Hap_3). Fifty individuals (34.72%) presented with Hap_1 were found in nests 3, 4, and 5; 85 individuals (59.02%) in Hap_2 were found in nests 1, 2, and 7 to 14; and Hap_3 was found in nest 6 with only 9 individuals (6.25%) (Figure 3a). The genetic pattern of samples performed using mtDNA control region analyses showed that each nesting site had a specific haplotype, but not more than one. The 85 individuals with Hap_2 were found mainly in the Thai Andaman Sea.



One nest with samples from Khuk Khak Beach was represented in Hap_3, while two nests were found in Hap_2. The remaining four zones had only one haplotype in each zone. Hap_1 three nests was found in Bor Dan, Sai Kaew, and Nai Thon Beaches, while Hap_2 for eight nests was found in Bang Kwan Beach (Figure 3b).



The global analysis based on data from 1484 sequences of mtDNA control region identified 27 haplotypes (Figure 4a). The genetic diversity of population sites was expressed by haplotype diversity (h) and nucleotide diversities ( π ) within populations as h = 0.43 and   π = 0.00203  , respectively. The number of polymorphic (segregating) sites was = 33. Hap_1 was the most common haplotype globally and was found in many areas (Figure 4). Examining the global haplotype distribution of leatherback turtles, three haplotypes in the Andaman Sea appeared to be linked to haplotypes found in South Africa and the Atlantic Ocean (Figure 4a).



The phylogenetic tree of global leatherback turtles (296 sequences) identified four clades: three paraphyly clades, A, B1, and B2, and one monophyly clade, B3. All samples in this study (n = 144) were found in clade B3 (Figure 4c). A Bayesian Skyline Plot (BSP) was used to estimate population size changes and found the leatherback turtle population since 400 million years ago has been fairly constant or slightly increased (Figure 5).





4. Discussion


To date, genetic studies of leatherback turtles in the Andaman Sea have been limited; thus, our findings are pivotal for use in the field of turtle conservation. In this paper, we used information from microsatellite and mtDNA control region analyses to understand the genetic diversity and structure of leatherback turtles inhabiting coastal areas of the Andaman Sea, compared to that of global populations. Both analyses indicate the low genetic diversity of turtles in the Andaman Sea, with the exception of the Khuk Khak Beach (zone 1) population. This zone appeared to be more diverse than the others because it contained two genetic clusters from the population structure analysis. Moreover, two mtDNA control region haplotypes were found in this zone, which was greater than the others. However, data should be interpreted with caution because the samples from Khuk Khak Beach were from two nesting periods while the others were from only one nesting period. We suggest that additional analyses in this region be conducted because there could be more genetic variation in later nesting periods. In light of the similarity of the genetic pattern between Khuk Khak Beach and Bang Kwan Beach for both population structure and mtDNA, it is possible the same female oviposited in both zones. The pairwise Fst Values of Nei’s genetic distance ranged from 0.048 to 0.302, suggesting the possibility of eight loci for estimating genetic relatedness among individuals in populations of unknown pedigree. From kinship analyses, we postulated that the two groups of leatherback turtles in Bang Kwan Beach and Khuk Khak Beach might be genetically related, while those at Bang Kwan Beach were not related to the others. Furthermore, it appears some individuals in the Khuk Khak Beach population (11.5%) are likely to be siblings of those at Bang Kwan Beach (88.5%). Thus, female turtles with the same genetic pattern or kinship may be laying eggs in different areas, perhaps because human activities (e.g., tourism) are disturbing historical laying sites, causing females to seek and lay eggs elsewhere.



Three haplotypes in the Andaman Sea were similar to haplotypes found in South Africa and the Atlantic Ocean, suggesting a common genetic history between these geographically different locations. In the global analysis, we observed 27 haplotypes of leatherback turtles, which differed from previous studies [11,19,24,45]. Different numbers of haplotypes between studies are likely linked to the length and number of sequences and SNP frequency [46]. In leatherback turtles, Dutton and colleagues [11] analyzed the mtDNA control region of Brazilian leatherback turtles with lengths of 496 and 711 bp and found longer sequences that identified seven haplotypes, while shorter sequences found only five. In 2013, an analysis of nucleotide sequences of 763 bp found 10 haplotypes [19]. Our study used 1484 sequences with a length of 658 bp and identified 27 haplotypes, compared to 1059 sequences with a length of 763 bp that resulted in 10 haplotypes [19]. So, while the length of the nucleotide sequences using the mtDNA control region in this study was somewhat shorter, the analysis revealed more haplotypes than previous studies.



Haplotype diversity in the Thai Andaman Sea, Atlantic coast [47], and Northwest Atlantic [21] populations all showed a similarly low genetic diversity, and a low haplotype diversity globally (h = 0.43). In Brazil (pelagic aggregate), the results showed low haplotype diversity and low nucleotide diversity (h = 0.37, π = 0.0014) in 52 samples with seven haplotypes [23]. In 2019, a report of nine nesting sites in the Atlantic and South-west Indian Ocean detected additional mtDNA variation with the longer sequences, identifying 10 haplotypes [45]. These results show that the genotype of leatherback turtles has low diversity, which may be due to female natal homing activity resulting in increased inbreeding. Future studies should investigate if population diversity continues to decline, and what impact that may be having on population fitness.



While we were interested in determining how many females were laying eggs in the 14 studied nests, that was not possible from the microsatellite data because we lacked maternal DNA. Microsatellite markers are capable of discriminating between related and unrelated individuals where no pedigree information is available [48], whereas control region data can estimate the number of females laying eggs at each nesting site through maternal inheritance based on haplotype and determine the genetic pattern. Based on our identification of three haplotypes, at least three female turtles with different DNA were laying eggs along the Andaman Sea. To estimate the number of females spawning, other mitochondrial regions (e.g., cytochrome C oxidase I) [49,50] and cytochrome b [51,52] could be used, or longer control region DNA sequencing could be performed.



Currently, high throughput methods such as RAD-Seq have been used for obtaining complete mitochondrial genome from sea turtles that can provide greater resolution than using some part of mtDNA genes [51]. It is considered a cost-effective and efficient method for gaining in-depth genetic information; however, the use of traditional markers in this study was also sufficient to estimate population status of leatherback turtle in the Thai Andaman Sea. The eight microsatellite markers used in this study were enough to evaluate the genetic diversity of leatherback turtles in the Andaman Sea. From our study, the MP value = 0.000000048, meaning that over 10 million leatherback turtles had the same genetic makeup of four leatherback turtles; however, the population in the Andaman Sea is not over 10 million animals [53]. Analyses of mtDNA are often used in evolution and genetic diversity studies. It is widely known that the mtDNA is inherited mostly from maternal lineages, and that descending mtDNA by male or paternal leakage is not a common phenomenon [54,55]. For sea turtles, the paternal inheritance of mtDNA is poorly understood, although heteroplasmy can occur by spontaneous mutation, as observed in green turtles (Chelonia mydas) [56], hawksbill turtle (Eretmochelys imbricata), and logger head turtle (Caretta caretta) [57]. This could lead to the variation of mtDNA of individuals and increase in population diversity [56]. However, for the leatherback turtle, evidence of the occurrence of heteroplasmy has not been demonstrated, including in this study. Our evaluations of both microsatellite and control region indicated that leatherback turtle populations have low genetic diversity in the Andaman Sea, while the control region enabled the estimation of the number of females that laid egg in different nests and beaches, estimated of at least three individuals in the study area. This information can be used to support and develop management strategies of wild leatherback turtles aiming to conserve genetic diversity in the future.



This study had some limitations. First, while sampling dead hatchlings is an accepted method for sea turtles [58,59,60], we only analyzed 149 samples from 14 nests, which might not be a good representation of the entire population. For this, all microsatellite loci were found to deviate significantly from HWE; however, some populations (zones) did not, which could be the effect of low sample size in each population. More hatchlings from more nests along the Andaman coastline could improve the data. Previous studies of leatherback turtle populations used as few as five microsatellites marker loci [61] and as many as 17 loci [19]. In this study, eight microsatellite markers were used, which was enough to study the genetic diversity in this population; however, more markers might provide better discrimination.




5. Conclusions


This study analyzed, for the first time, the genetic status of leatherback turtles in the Andaman Sea, Thailand. The results found three haplotypes in the Andaman Sea, information that could be useful in the development of long-term management and conservation guidelines for this species. Maintaining a high level of genetic diversity is essential for the conservation of at-risk populations and ensuring long-term population fitness. At present, the leatherback turtle has not been successfully raised in captivity, which limits the efficiency of conservation strategies for the species. Therefore, it is important to conserve the remaining populations of wild leatherback turtles throughout their range.
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Figure 1. UPGMA-based dendrogram of genetic distances and population structure of leatherback turtles in the Andaman Sea. (a) UPGMA cluster analysis based on Nei’s genetic distances among five zones. Zone 1 = Khuk Khak Beach; Zone 2 = Bor Dan Beach; Zone 3 = Sai Keaw Beach; Zone 4 = Nai Thon Beach; Zone 5 = Bang Kwan Beach; (b) Population structure of leatherback turtle population for K = 2 using STRUCTURE software. Each individual is represented by a single vertical bar divided into K colors (blue and yellow); (c) Principal component analysis plot (autosomal microsatellite data). The five genetic clusters by zones of the leatherback turtle. 
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Figure 2. Kinship relatedness among leatherback turtle populations. Samples were categorized into two groups: all zones except Zone 5 (Bang Kwan Beach) (a); and Zones 1 (Khuk Khak Beach) (11.5%) and 2 (Bang Kwan Beach) (88.5%) (b). 
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Figure 3. Haplotype of leatherback turtles in the Andaman Sea. (a) Median-joining network from analyses of the mtDNA control region of leatherback turtles in the Andaman Sea. Size of the circles are proportional to the haplotype frequencies. Number of mutations between haplotypes is illustrated by dashes in connecting lines; (b) Number of nests from five locations collected from two provinces in the Andaman Sea. 
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Figure 4. Median-joining network (MJNs) based on 658 bp of mtDNA control region. (a) MJNs of mtDNA control region 658 bp of the global leatherback turtles (b), geographic distribution of leatherback turtle haplotypes in the global scale (c), and phylogenetic tree of global leatherback turtle haplotypes. Leatherback turtle populations were divided into four clades: A (1 sequence: green branch); B1 (1 sequence: pink branch); B2 (1 sequence: blue branch); and B3 (291 sequences: purple branch). The inner color circle indicates haplotype and the outer circle indicates location—Thailand (THA), Indonesia (IND), Japan (JP), Brazil (BRA), Costa Rica (ACR), Florida (FLA), St. Croix (STX), Trinidad (TRI), Guiana (GUI), Dominican Republic (DR), Ghana (GHA), Gabon (GAB), South Africa (SAF), Buenos Aires (BA), Pacific (PCF), Southwest Atlantic (SWA), Northwest Atlantic (NWA), No location (NL). 
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Figure 5. Bayesian Skyline Plots (BSPs) of effective population size over time of leatherback turtles in the Andaman Sea. The 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. Location and number of samples collected from leatherback turtles in each province of Thailand along the Andaman Sea.
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Province

	
Beach

	
Nest Number

	
Number of Samples

	
Latitude and Longitude






	
Phang-nga

	
Khuk Khak (Zone 1)

	
3

	
20

	
8.67829, 98.241




	
Bor Dan (Zone 2)

	
1

	
16

	
8.32848, 98.263




	

	
Bang Kwan (Zone 3)

	
8

	
77

	
8.20880, 98.282




	
Phuket

	
Sai Keaw (Zone 4)

	
1

	
17

	
8.19015, 98.287




	
Nai Thon (Zone 5)

	
1

	
19

	
8.05605, 98.277




	
Total

	

	
14

	
149
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Table 2. Nucleotide sequences of microsatellite primers used in this study.
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Primers

	
Sequence (5′-3′)

	
Repeat Motif

	
Ta (°C)

	
Length (bp)






	
LB99

	
F: CACCCATTTTTTCCCATTG

	
(TG)11

	
55

	
113–133




	
R: ATTTGAGCATAAGTTTTCGTGG




	
LB110

	
F: TAGCAACTGCAGGAGC

	
(CT)15

	
58

	
182–198




	
R: CATTCCCTAAGATTATCACC




	
LB123

	
F: TGTAGTCaGGTGTCCAATG

	
(GT)12

	
51

	
170–186




	
R: CCAAGCCAAAGAAAGAA




	
LB125

	
F: AACTAATGCCTTACAGAG

	
(AC)13

	
55

	
182–196




	
R: CCTTAGAGGGAGAATCT




	
LB128

	
F: AAGCATGGAGGAGAAGG

	
(GT)11

	
55

	
157–165




	
R: GGTTCTTTGCCCCAGTA




	
LB133

	
F: AGAGGCAGCAGAGCAAGG

	
(AC)13

	
60

	
156–200




	
R: GGCTGAGGGTGGTGAGG




	
LB141

	
F: CATCCTCATGTTCCCATC

	
(TC)20(AC)9

	
55

	
166–192




	
R: CATTGCCTCATAATAAGAGAAA




	
LB142

	
F: GGCCAACTTTCCTTTCTTATTA

	
(CA)16

	
58

	
219–237




	
R: CTGTGTGTATCTGCACCCA




	
LB143

	
F: CCTATGGGCCACTGCAATGACA

	
(GT)10

	
58

	
181–197




	
R: CAGCTGGAGGGATGCAAGATGT




	
LB145

	
F: GGCCTCCACACAAATAAATAAA

	
(AC)28

	
55

	
121–197




	
R: CATTCACCTTACGCAGAAGAA




	
LB157

	
F: GGCATGAGTGTGAGTGA

	
(AC)13

	
60

	
72–102




	
R: CCTGGTTAAAGCTGTCTC




	
LB158

	
F: AGGACAAGGCATTCTAGC

	
(CA)12

	
55

	
162–178




	
R: ATGTACTTGCCCATCTGC
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Table 3. Summary of F-coefficients and microsatellite polymorphism, Hardy–Weinberg Equilibrium (HWE) of eight microsatellite primers of leatherback turtles in the Andaman Sea of Thailand.
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Locus

	
Fis

	
Fit

	
Fst

	
Nm

	
Genetic Variabilities

	
Overall HWE (p-Value)




	
Na

	
Ne

	
I

	
Ho

	
He






	
LB99

	
−0.08

	
0.15

	
0.22

	
0.91

	
13.00

	
5.18

	
1.89

	
0.70

	
0.81

	
0.00 *




	
LB110

	
−0.13

	
0.05

	
0.16

	
1.32

	
7.00

	
4.21

	
1.56

	
0.70

	
0.76

	
0.00 *




	
LB141

	
0.11

	
0.50

	
0.44

	
0.32

	
9.00

	
3.39

	
1.41

	
0.43

	
0.71

	
0.00 *




	
LB157

	
−0.03

	
0.29

	
0.31

	
0.55

	
6.00

	
1.81

	
0.81

	
0.29

	
0.45

	
0.00 *




	
LB128

	
−0.03

	
0.19

	
0.22

	
0.91

	
7.00

	
3.66

	
1.54

	
0.38

	
0.73

	
0.00 *




	
LB142

	
−0.37

	
0.19

	
0.41

	
0.37

	
6.00

	
3.53

	
1.39

	
0.69

	
0.72

	
0.00 *




	
LB143

	
0.26

	
0.39

	
0.17

	
1.20

	
9.00

	
6.20

	
1.97

	
0.48

	
0.84

	
0.00 *




	
LB158

	
0.11

	
0.25

	
0.16

	
1.34

	
5.00

	
2.22

	
1.00

	
0.45

	
0.55

	
0.00 *




	
Mean

	
−0.02

	
0.25

	
0.26

	
0.86

	

	

	

	

	

	




	
±SE

	
±0.07

	
±0.05

	
±0.04

	
±0.15

	

	

	

	

	

	








Fis, Fit and Fst = F-statistics; Nm = gene flow; Na = observed number of alleles; Ne = effective number of alleles; I = Shannon’s information index; Ho = observed heterozygosity; He = expected heterozygosity; * = significant value (p < 0.05).
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Table 4. Forensic parameters and diversity indices values (mean ± SE) for leatherback turtles in the Andaman Sea based on eight microsatellite loci across five regional zones.
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Population

	
Forensic Parameters

	
Diversity Indices




	
PD

	
PE

	
MP

	
Na

	
Ne

	
I

	
Ho

	
He






	
Zone 1

	
0.9999996241

	
0.9996082621

	
0.0000003759

	
5.13 ± 0.79

	
3.30 ± 0.45

	
1.26 ± 0.17

	
0.65 ± 0.10

	
0.63 ± 0.07




	
Zone 2

	
0.9999495824

	
0.9910400379

	
0.0000504176

	
3.38 ± 0.80

	
2.40 ± 0.42

	
0.86 ± 0.20

	
0.44 ± 0.09

	
0.48 ± 0.09




	
Zone 3

	
0.9998545164

	
0.9805346366

	
0.0001454836

	
3.25 ± 0.95

	
2.11 ± 0.26

	
0.80 ± 0.16

	
0.49 ± 0.11

	
0.46 ± 0.08




	
Zone 4

	
0.9999254295

	
0.9853515299

	
0.0000745705

	
3.38 ± 0.46

	
2.15 ± 0.25

	
0.86 ± 0.11

	
0.50 ± 0.09

	
0.50 ± 0.05




	
Zone 5

	
0.9999359368

	
0.9869546837

	
0.0000640632

	
4.00 ± 0.33

	
2.20 ± 0.26

	
0.88 ± 0.12

	
0.51 ± 0.10

	
0.50 ± 0.06




	
Overall

	
0.9999999512

	
0.9999021520

	
0.0000000488

	

	

	

	

	








PD = power of discrimination; PE = power of exclusion; MP = matching probability; Na = observed number of alleles; Ne = effective number of alleles; I = Shannon’s information index; Ho = observed heterozygosity; He = expected heterozygosity.
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