

  diversity-15-00543




diversity-15-00543







Diversity 2023, 15(4), 543; doi:10.3390/d15040543




Communication



Genetic Diversity and Population Structure of the Slender Racer (Orientocoluber spinalis) in South Korea



Hojun Jeong 1[image: Orcid], Il-Kook Park 1, Jongsun Kim 1[image: Orcid], Jaejin Park 1, Sang-Cheol Lee 2 and Daesik Park 1,*[image: Orcid]





1



Division of Science Education, Kangwon National University, Chuncheon 24341, Republic of Korea






2



Department of Biology, Incheon National University, Incheon 22012, Republic of Korea









*



Correspondence: parkda@kangwon.ac.kr







Academic Editors: Geraldo Jorge Barbosa De Moura, Luca Luiselli and Leonardo Pessoa Cabus Oitaven



Received: 10 February 2023 / Revised: 23 March 2023 / Accepted: 8 April 2023 / Published: 9 April 2023



Abstract

:

The slender racer, Orientocoluber spinalis, is a monotypic species found in northeast Asia. We collected 67 O. spinalis samples from the Republic of Korea (hereafter, South Korea) and 7 from China and Mongolia and investigated their genetic diversity and population structure. In South Korea, O. spinalis populations were mainly found on Oeyeondo, Uido, and Udo islands and Woraksan Mountain and showed low genetic diversity in the analysis of concatenated mitochondrial sequences of the cytochrome b (Cytb) and NADH dehydrogenase subunit 4 (ND4) genes. Orientocoluber spinalis populations in South Korea showed low differentiation and likely diverged recently. Orientocoluber spinalis may have colonized the Korean Peninsula from China and Mongolia, but this route is not confirmed due to the lack of samples from the Democratic People’s Republic of Korea and middle eastern China. Considering its extreme rarity, low population density, and low genetic diversity, O. spinalis should be designated an endangered species in South Korea, as it is in Russia, Mongolia, and Kazakhstan.
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1. Introduction


Rare species are often habitat-specific, have fragmented populations, and have low population densities [1,2,3,4,5]. Genetic flow between fragmented populations is generally limited, and conversely, the possibility of inbreeding within the population is high, resulting in low genetic diversity [6,7]. In various species, populations with low genetic diversity have been reported to be susceptible to genetic drift [8,9,10,11]. To identify the potential threats to rare species and develop conservation strategies, their ecological characteristics and genetic stability should first be evaluated [12,13,14]. Despite this necessity, studying rare species is often challenging because it is extremely difficult to collect enough specimens for study [15,16]. For this reason, population stability is sometimes overestimated even when only a few individuals are observed in an area [17]. Therefore, there is a great need to analyze the genetic diversity of captured individuals as well as perform population density surveys [13,18]. Among reptiles in the Republic of Korea (hereafter, South Korea), Orientocoluber spinalis and Scincella huanrenensis are considered rare species [19,20].



The slender racer (O. spinalis) is distributed across northeast Asia, including Korea, China, Mongolia, Kazakhstan, and Russia [21,22]. It is a nonvenomous, medium-sized snake with a total body length of 50–90 cm. It has a distinctive long yellowish-white stripe from the head to the tail on the dorsum [21,23]. The snakes are mainly found in lowland grasslands adjoined by low mountains and feed on frogs, lizards, small snakes, and small mammals [23,24]. Orientocoluber spinalis was recently reclassified into the genus Orientocoluber from the genus Hierophis based on morphological characteristics and phylogenetic findings [25,26,27]. Orientocoluber spinalis is a monotypic species and is extremely rarely observed across its distribution range. Therefore, the species is designated an endangered species in Russia [28], Mongolia [29], and Kazakhstan [30] and a threatened species in South Korea [31]. Nevertheless, there have been very few studies on the slender racer. Studies on the genetic diversity and structure of O. spinalis field populations have not been performed in any country due to the difficulty of sampling. Recent studies by the authors include mitochondrial DNA genome sequence analysis [32], food source research [24], and species distribution modeling [22]. In some countries, there are only discovery reports such as in Russia [21,28]. To identify risks and develop conservation plans, population genetic studies are necessary. In particular, this information could be crucial to the next national evaluation of endangered species in South Korea.



In this study, we evaluated the genetic diversity and investigated the genetic structure of the O. spinalis population across South Korea by analyzing the mitochondrial cytochrome b (Cytb) and NADH dehydrogenase subunit 4 (ND4) genes. In addition, we also aimed to determine the phylogenetic relationships between South Korean populations and the populations in China and Mongolia.




2. Materials and Methods


2.1. Sample Collection


Between 2020 and 2022, we sampled a total of 72 O. spinalis, 66 from 11 sites in South Korea and 6 from 3 foreign sites (Table 1, Figure 1). We sampled throughout South Korea, but the main sampling was performed on Oeyeondo Island (hereafter, Oeyeondo, Chungnam, South Korea), Udo Island (Udo, Jeonnam, South Korea), Uido Island (Uido, Jeju, South Korea), and Woraksan Mountain (Woraksan, Chungbuk, South Korea), where the population density was relatively high. A small sample was taken from the tip of the tail, measuring approximately 1 cm long, to obtain genetic material. In the case of foreign countries, tail tissues from six snakes collected from Beijing and Inner Mongolia, China, and Omnogovi, Mongolia, were provided by foreign researchers. All samples were preserved in 99.5% ethanol at −20 °C until DNA extraction. Additionally, the genetic sequences of one O. spinalis from Woraksan (NC 049067) and one from the Hui Autonomous Region of Ningxia (hereafter, Ningxia), China (AY486924 and AY487056), were obtained from GenBank and added to the analysis. Therefore, a total of 74 samples were used in the analyses.




2.2. PCR Amplification and Sequencing


Genomic DNA extraction from tail tissues was performed using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. We analyzed the mitochondrial Cytb and ND4 genes because these genes are known to represent intraspecies variation among members of the suborder Serpentes [33,34]. Moreover, these genes are frequently used in genetic diversity and phylogenetic studies of the genus Hierophis, which is closely allied to O. spinalis [25,35,36]. For amplification, we produced a primer set for Cytb (forward primer: 5′-CTCAAAGCCACAACACTCACG-3′; reverse primer: 5’-TACTGGCTTTGGGCTAGA-3′) and ND4 (forward primer: 5′-TGCCATTACACGAACACATGG-3′; reverse primer: 5′-AAGAGTTAGCAGGTCTTG TGG-3′) using the Primer design tool as implemented in Geneious v.9.1.8 (Biomatters Ltd., Auckland, New Zealand) based on the reference mitochondrial genome of O. spinalis (GenBank accession number: NC049067). We performed PCR amplification using a SimpliAmp Thermal Cycler (Applied Biosystems, California, United State of America) in a volume of 40 µL, which consisted of 2 µL of template DNA (1 ng/1 µL), 1 µL/each (5 pmol) of forward/reverse primer, 20 µL of 2X TOPsimple™ PreMIX- nTaq (Enzynomics, Incheon, South Korea), and enough molecular biology grade water to reach the total volume (HyClone, Massachusetts, United State of America). The PCR conditions were as follows: heating to 95 °C for 2 min and 30 cycles of 95 °C for 30 s, 60 °C (ND4) or 65 °C (Cytb) for 45 s, and 72 °C for 1 min, followed by a final extension for 5 min. We confirmed the PCR products on a 1% agarose gel and sequenced them at Macrogen (Seoul, South Korea). We visually inspected and aligned all obtained sequences in Geneious v.9.1.8 (Biomatters Ltd., Auckland, New Zealand) using the MUSCLE algorithm [37]. We deposited all sequences of Cytb (1113 bp; OQ290815-24) and ND4 (1279 bp; OQ290825-38) obtained in this study in GenBank (Table 1).




2.3. Population Genetic Analysis


We aligned all 74 sequences using MUSCLE [37] and used 1113 bp for Cytb and 696 bp for ND4 in the analyses. Because Cytb and ND4 had only four and two polymorphic sites, respectively, among Korean specimens, we concatenated the Cytb and ND4 sequences (1809 bp) for the analyses [38] to increase the accuracy and resolution of the results. Using DnaSP v.6 [39], we identified the nucleotide mutations in the concatenated sequences, determined the haplotype, and produced a haplotype table for the comparison among populations. We analyzed the genetic diversity of four major Korean populations (Oeyeondo, Udo, Uido, and Woraksan) and the combined Korean population consisting of all 11 populations in South Korea using DnaSP v.6. The parameters included the number of haplotypes (NH), haplotype diversity (h), nucleotide diversity (π), and number of polymorphic sites (Ps). Due to the difference in sample size among the populations, we employed a rarefaction procedure using Contrib v.1.02 [40] to calculate haplotype richness (HR).



To infer the demographic history of the four major populations in South Korea and of the combined Korean population, neutrality tests based on four different statistical approaches (Tajima’s D, Fu’s Fs, Fu and Li’s D*, and Fu and Li’s F*) [41,42,43] were conducted using DnaSP v.6 [39]. Additionally, to infer changes in population size, mismatch distributions were generated for the combined Korean population. To investigate historical fluctuations in the effective population size of O. spinalis in South Korea [44], we conducted Bayesian skyline plot (BSP) analysis using BEAST2 v. 2.7.1 [45]. A strict clock model suitable for comparative analysis within the same species was applied [46]. In the analysis, 1.34% per million years, which is the mutation rate of Colubroidea, to which O. spinalis ebelongs, was applied as the mtDNA substitution rate [47,48]. The tree prior used a coalescent Bayesian skyline. We conducted model generation 2,000,000 times using Markov chain Monte Carlo (MCMC), sampled every 100th generation, and removed 10% of the initial iterations as burn-in. Proper sampling, where the effective sample size of each parameter was 200 or more [49], was confirmed with TRACER v.1.7.1 [50]. The rest of the variables were finalized in the BSP with default settings. In these analyses, we did not include the data from China and Mongolia because we collected few samples from the sites in these countries, which are very far apart from each other, and they did not share any haplotypes with the populations in South Korea (see results).



Using PopART v.1.7, a median-joining haplotype network was drawn to evaluate genetic relationships among the studied populations in South Korea, China, and Mongolia [51,52]. In addition, the degree of genetic differentiation among the four major populations in South Korea and the combined foreign population consisting of three Chinese and one Mongolian population was evaluated by uncorrected p-distances using MEGA v.11.0.13 [53].



We investigated the phylogenetic relationships among the studied populations by using MrBayes v.3.2.7 [54] to construct a Bayesian inference (BI) phylogenetic tree. We used the Cytb (AY486925 and AY376741) and ND4 (AY487057 and AY487044) sequences of Hierophis viridiflavus and H. gemonensis as outgroups for the BI tree. Finally, a sequence (1813 bp) combining Cytb (1113 bp) and ND4 (696 bp) was used for phylogenetic analysis. We used MODELTEST v. 3.7 [55] to select the nucleotide sequence evolution model for the phylogenetic analysis. We selected the TIMef model among the 59 evaluated models, which had the smallest Bayesian information criterion value [56]. We conducted model generation 2,000,000 times using Markov chain Monte Carlo (MCMC), sampled every 100th generation, and removed 10% of the initial iterations as burn-in. The derived BI tree was schematized using FigTree v.1.4.4 [50].





3. Results


3.1. Genetic Diversity


The 74 O. spinalis had a total of 18 haplotypes (Table 2). In South Korea, each population had 1–3 haplotypes, and a total of 11 haplotypes were identified. None of the Korean populations shared haplotypes with the Chinese or Mongolian populations. Snakes in the Udo, Woraksan, Uido, and Jejudo populations had more than two haplotypes. Haplotype 1, the main haplotype, which was found across many populations, was shared by the Oeyeondo, Udo, and Gauido populations, and haplotype 2 was shared by the Uido, Buan, Shinan, and Danyang populations. Snakes in the Woraksan population had haplotypes 3 and 4. In foreign countries, a total of 7 haplotypes were identified, and each population had 1–3 haplotypes. The Chinese and Mongolian populations did not share haplotypes with each other.



The haplotype diversity of the combined Korean population (Oeyeondo, Udo, Woraksan, and Uido) was 0.602 ± 0.064 (Table 3). The haplotype diversity was the smallest in Oeyeondo (0.000 ± 0.000) and the highest in Woraksan (0.467 ± 0.132). The nucleotide diversity of the combined Korean population was 0.0007 ± 0.0001. The nucleotide diversity was the smallest in Oeyeondo (0.0000 ± 0.0000) and the highest in Woraksan (0.0003 ± 0.0001). Haplotype richness was 0.000 for Oeyeondo, 1.000 for Uido and Udo, and 0.992 for Woraksan.



The four major populations in South Korea did not show significant neutrality test results, but the combined Korean population showed significant results for Fu’s FS, Fu and Li’s D*, and Fu and Li’s F* (Table 3). Although this population did not show a significant raggedness index for the observed mismatch distribution (p = 0.111), the mismatch distributions showed the typical unimodal shape with a small raggedness index (r = 0.207, Figure 2A). According to the BSP, the effective population sizes of O. spinalis in South Korea have increased since approximately 10,000 years ago (Figure 2B).




3.2. Genetic Structure


In the haplotype network (Figure 3), the Korean and foreign populations were divided into two groups. The Korean populations showed a typical star-like pattern overall. Specifically, Oeyeondo, Gauido, Udo, and Jejudo formed one group, and Uido, Shinan, Goryeong, Gochang, Danyang, and Buan formed a second group. Woraksan formed its own group. Regarding the populations in foreign countries, Omnogovi in Mongolia and Ningxia in China were closely related. Snakes from Inner Mongolia in China were the most genetically distant from other foreign and Korean populations. The foreign population most closely related to the Korean population was the Beijing population in China. The pairwise genetic p-distances between the major four Korean populations were small, at 0.01–0.20% (Table 4). They ranged from 0.42% to 0.57% between the Korean and combined foreign population. In the BI tree (Figure 4), snakes from Inner Mongolia in China were located at the most basal position. Next, Omnogovi, Ningxia, and Beijing were located at the base in that order. Korean O. spinalis was in the most derived position and formed a clade.





4. Discussion


In South Korea, the major populations of O. spinalis were found on islands, with low genetic diversity. The Woraksan population, located inland, also showed low genetic diversity. Thus, both island and inland populations in which a large number of O. spinalis were studied in South Korea commonly had low genetic diversity. In particular, the genetic diversity of the Oeyeondo population was very low. We identified only one haplotype, even though we analyzed the sequences of 27 snakes. In contrast to our results, allied species such as the horseshoe whip snake (Hemorrhois hippocrepis) and the green whip snake (Hierophis carbonarius) had high genetic diversity, with haplotype diversity values of 0.924 and 0.623 and nucleotide diversity values of 0.006 and 0.004, respectively [57,58]. Our results can be interpreted in two ways. First, the low genetic diversity of populations located on islands can be attributed to the nature of the islands. In general, reptile species on islands have low genetic diversity due to their small population sizes and limited gene flow due to oceanic barriers [59,60]. Our results are consistent with these explanations. Second, the low diversity of the inland Woraksan population can be explained by the habitat use characteristics of the species [22]. Orientocoluber spinalis in Woraksan was mainly found on the embankments of mountain valleys and in nearby grasslands. Even if there are other populations in the vicinity, gene flow with them will not be high. In reptiles, mountain barriers often restrict gene flow between populations [6,61]. Our results suggest that O. spinalis in South Korea is likely facing a high risk of extinction due to low genetic diversity, particularly if habitat changes occur.



Orientocoluber spinalis populations in South Korea are genetically closely related to each other, showing recent population divergence. In the haplotype network, Korean populations showed a typical star-like network, showing evidence of recent differentiation [38,62]. The low pairwise genetic p-distances of 0.01–0.20% among the four major Korean populations also support the recent differentiation [36]. Oeyeondo, Udo, and Uido, where major populations are located, separated from the Korean Peninsula approximately 8800 years ago as sea levels rose [63,64]. Therefore, the divergence of O. spinalis across the Korean Peninsula likely occurred before the island separation. In particular, the fact that Oeyeondo and Udo are genetically very similar even though they are latitudinally far apart (more than 350 km) supports the idea that O. spinalis occupied these islands at a similar time period before their separation from the peninsula. In the mismatch distribution analysis, a unimodal pattern and nonsignificant raggedness index indicated a recent, sudden expansion of a population [65]. Our results suggest recent sudden expansion of the populations in South Korea. Moreover, this interpretation is consistent with our results from three different neutrality tests, which suggested a recent population expansion in South Korea [42,43]. It is also supported by our BSP findings that populations in South Korea have expanded from 10,000 years ago. Overall, these multiple lines of evidence suggest that O. spinalis populations in South Korea recently expanded.



Orientocoluber spinalis in South Korea originated from China and/or Mongolia, but the dispersal route is not clear. In the BI tree, the Inner Mongolian population was located at the most basal position, and the Korean populations were located in the most derived clade. These findings support a Chinese or Mongolian origin of the Korean O. spinalis populations. Two possible introduction routes can be considered. The first is a route from northeastern China. Orientocoluber spinalis inhabits Democratic People’s Republic of Korea hereafter, North Korea [23,66], which is located in the middle of the dispersal route. Major suitable habitats of O. spinalis are found in the northern parts of China as well as the western coastal areas of North Korea [22]. These results support this northern dispersal route. In contrast, South Korean populations are not genetically related to northeastern populations in China, which were investigated in this study. Additionally, Woraksan, Gauido, and Oeyeondo, which are located at a higher latitude in South Korea, did not show greater differentiation than the southernmost populations, such as Uido and Jejudo. These results did not support this northern route. However, we still cannot rule out this route because we did not examine samples from North Korea. A route through the West (Yellow) Sea is another option. During the last glacial maximum period, grasslands and drylands, which are suitable habitats for O. spinalis, covered the entire West (Yellow) Sea area [22,67,68]. Major suitable habitats of O. spinalis were located on the Shandong Peninsula at the time, which is the closest to the western coastal areas of the Korean Peninsula [22]. In our haplotype network, populations in Gauido, Oeyeondo, Udo, and Jejudo, which are the circular outermost parts of the western and southern coasts of the Korean Peninsula, are genetically grouped together despite great latitudinal differences. These results support this western introduction route. Although the current data favor the western route, samples from mid-central China and North Korea should be analyzed to further confirm it.




5. Conclusions


The major populations of O. spinalis in South Korea were located on islands. Both island and inland populations had low genetic diversity. Korean O. spinalis populations likely originated from China and/or Mongolia, but the introduction route is not clear. Considering that O. spinalis is a monotypic species and has low population density and low genetic diversity, it should be designated an endangered species in South Korea, as it is in Russia, Mongolia, and Kazakhstan. In addition, further studies with additional samples and using microsatellites should be performed.
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Figure 1. Sampling locations of Orientocoluber spinalis across South Korea, China, and Mongolia. 
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Figure 2. Mismatch distribution (A) and Bayesian skyline plot (B) of 67 Orientocoluber spinalis samples based on concatenated mtDNA (Cytb + ND4; 1809 bp) across populations in South Korea. In panel (A), the solid line represents the observed distribution of pairwise differences and the dotted line represents the expected distribution, assuming population expansion in the mismatch distribution. A raggedness index value (r) is included. In panel (B), the solid dark blue line represents the mean value of the log10 effective population size, while the gray-blue area shows the 95% highest posterior density interval in the Bayesian skyline plot. Kya, thousand years ago. 






Figure 2. Mismatch distribution (A) and Bayesian skyline plot (B) of 67 Orientocoluber spinalis samples based on concatenated mtDNA (Cytb + ND4; 1809 bp) across populations in South Korea. In panel (A), the solid line represents the observed distribution of pairwise differences and the dotted line represents the expected distribution, assuming population expansion in the mismatch distribution. A raggedness index value (r) is included. In panel (B), the solid dark blue line represents the mean value of the log10 effective population size, while the gray-blue area shows the 95% highest posterior density interval in the Bayesian skyline plot. Kya, thousand years ago.



[image: Diversity 15 00543 g002]







[image: Diversity 15 00543 g003 550] 





Figure 3. Median-joining haplotype network of 18 concatenated mitochondrial DNA (Cytb + ND4; 1809 bp) haplotypes of 15 Orientocoluber spinalis populations from South Korea, China, and Mongolia. The sizes of nodes (circles) are proportional to the number of individuals. Black dots represent median vectors inferred and unsampled haplotypes. Mutation steps between two haplotypes were indicated by diagonals. 
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Figure 4. Bayesian inference (BI) tree of 74 Orientocoluber spinalis based on the concatenated mitochondrial DNA (Cytb + ND4; 1813 bp). Bayesian posterior probabilities (%) are reported above tree branches. Population abbreviations: OY, Oeyeondo; UD, Udo; WR, Woraksan; UI, Uido; JJ, Jejudo; GU, Gauido; BA, Buan; DY, Danyang; GC, Gochang; GR, Goryeong; SA, Shinan in South Korea; BJ, Beijing; IM, Inner Mongolia; NH, Ningxia in China; OG, Omnogovi in Mongolia. 
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Table 1. Sampling information of Orientocoluber spinalis collected from South Korea, China, and Mongolia. Haplotypes are based on the concatenated sequence of mitochondrial Cytb (1113 bp) and ND4 (696 bp).
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Locality ID

	
Country

	
Locality

	
No. of Samples

	
Haplotype

	
GenBank Accession Number




	
Cytb

	
ND4






	
KR1

	
South Korea

	
Oeyeondo, Chungnam

	
27

	
Hap1

	
OQ290820

	
OQ290083




	
KR2

	
Udo, Jeju

	
14

	
Hap1 Hap8 Hap12

	
OQ290820 OQ290824

	
OQ290837, OQ290838




	
KR3

	
Woraksan, Chungbuk

	
10

	
Hap3 Hap4

	
OQ290816 NC049067

	
OQ290825, OQ290083, NC049067




	
KR4

	
Uido, Jeonnam

	
7

	
Hap2 Hap9

	
OQ290823

	
OQ290836, OQ290825, OQ290083




	
KR5

	
Jejudo, Jeju

	
2

	
Hap7 Hap11

	
OQ290820 OQ290822

	
OQ290083, OQ290831, OQ290835




	
KR6

	
Gauido, Chungnam

	
2

	
Hap1

	
OQ290820

	
OQ290083




	
KR7

	
Buan, Jeonbuk

	
1

	
Hap2

	
OQ290823

	
OQ290083




	
KR8

	
Danyang, Chungbuk

	
1

	
Hap2

	
OQ290823

	
OQ290083




	
KR9

	
Gochang, Jeonbuk

	
1

	
Hap10

	
OQ290817

	
OQ290083




	
KR10

	
Goryeong, Gyeongbuk

	
1

	
Hap6

	
OQ290815

	
OQ290083




	
KR11

	
Shinan, Jeonnam

	
1

	
Hap2

	
OQ290823

	
OQ290083




	
CN1

	
China

	
Beijing

	
3

	
Hap13

	
OQ290818

	
OQ290826, OQ290827, OQ290828




	
CN2

	
Inner Mongolia Autonomous Region

	
1

	
Hap14

	
OQ290819

	
OQ290829, OQ290834




	
CN3

	
Ningxia Hui Autonomous Region

	
1

	
Hap18

	
AY486924

	
AY487056




	
MN1

	
Mongolia

	
Omnogovi

	
2

	
Hap16 Hap17

	
OQ290821

	
OQ290832, OQ290833




	
Total

	

	

	
74
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Table 2. Distribution of the concatenated mitochondrial DNA (Cytb + ND4; 1809 bp) haplotypes of Orientocoluber spinalis across 11 South Korean populations, 3 Chinese populations, and 1 Mongolian population. OY, Oeyeondo; UD, Udo; WR, Woraksan; UI, Uido; JJ, Jejudo; GU, Gauido; BA, Buan; DY, Danyang; GC, Gochang; GR, Goryeong; SA, Shinan in South Korea, BJ, Beijing; IM, Inner Mongolia; NH, Ningxia in China; OG, Omnogovi in Mongolia.
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Country

	
South Korea

	
China

	
Mongolia




	
Haplotype

	
OY

	
UD

	
WR

	
UI

	
JJ

	
GU

	
BA

	
DY

	
GC

	
GR

	
SA

	
BJ

	
IM

	
NH

	
OG






	
Hap1

	
27

	
12

	

	

	

	
2

	

	

	

	

	

	

	

	

	




	
Hap2

	

	

	

	
6

	

	

	
1

	
1

	

	

	
1

	

	

	

	




	
Hap3

	

	

	
7

	

	

	

	

	

	

	

	

	

	

	

	




	
Hap4

	

	

	
3

	

	

	

	

	

	

	

	

	

	

	

	




	
Hap5

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	




	
Hap6

	

	

	

	

	

	

	

	

	

	
1

	

	

	

	

	




	
Hap7

	

	

	

	

	
1

	

	

	

	

	

	

	

	

	

	




	
Hap8

	

	
1

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Hap9

	

	

	

	
1

	

	

	

	

	

	

	

	

	

	

	




	
Hap10

	

	

	

	

	

	

	

	

	
1

	

	

	

	

	

	




	
Hap11

	

	

	

	

	
1

	

	

	

	

	

	

	

	

	

	




	
Hap12

	

	
1

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Hap13

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	




	
Hap14

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	




	
Hap15

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	




	
Hap16

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1




	
Hap17

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1




	
Hap18

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	




	
Total

	
1

	
3

	
2

	
2

	
2

	
1

	
1

	
1

	
1

	
1

	
1

	
3

	
1

	
1

	
2
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Table 3. Genetic diversity and neutrality tests of the four major Orientocoluber spinalis populations in South Korea and the combined Korean population consisting of all 11 populations in South Korea based on concatenated mitochondrial DNA (Cytb + ND4; 1809 bp). N: the number of individuals, NH: the number of haplotypes, Ps: the number of polymorphic sites, h: haplotype diversity, π: nucleotide diversity, HR: haplotype richness, D: Tajima’s D, FS: Fu’s FS, FD: Fu and Li’s D*, and FF: Fu and Li’s F*. † p < 0.05.
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	Population
	N
	NH
	Ps
	h ± SD
	π ± SD
	HR
	D
	FS
	FD*
	FF*





	Oeyeondo
	27
	1
	0
	0.000 ± 0.000
	0.0000 ± 0.0000
	0.000
	NA
	0.000
	0.000
	0.000



	Udo
	14
	3
	2
	0.275 ± 0.148
	0.0002 ± 0.0001
	1.000
	−1.481
	−1.475
	−1.827
	−1.827



	Woraksan
	10
	2
	1
	0.467 ± 0.132
	0.0003 ± 0.0001
	0.992
	0.820
	0.818
	0.804
	0.898



	Uido
	7
	2
	1
	0.286 ± 0.196
	0.0002 ± 0.0001
	1.000
	−1.006
	−0.095
	−1.049
	−1.101



	Combined Korean population
	67
	11
	12
	0.602 ± 0.064
	0.0007 ± 0.0001
	
	−1.398
	−4.557 †
	−3.153 †
	−2.874 †
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Table 4. Uncorrected pairwise genetic p-distances (%) between the four major Orientocoluber spinalis populations in South Korea and the combined foreign population consisting of three populations in China and one population in Mongolia based on concatenated mitochondrial DNA (Cytb + ND4; 1809 bp).
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Country

	

	
South Korea




	

	
Population

	
Oyen (n = 27)

	
Udo (n = 14)

	
Woraksan (n = 10)

	
Uido (n = 7)






	
South Korea

	
Oeyeondo

	

	

	

	




	
Udo

	
0.01

	

	

	




	
Woraksan

	
0.15

	
0.16

	

	




	
Uido

	
0.06

	
0.07

	
0.20

	




	
China and Mongolia

	
Combined foreign population

	
0.42

	
0.43

	
0.57

	
0.48
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