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ABSTRACT 

 

Wild boar, Sus scrofa, is an extant wild ancestor of the 

domestic pig as an agro-economically important mammal. Wild boar 

has a worldwide distribution with its geographic origin in Southeast 

Asia. However, genetic diversity and genetic structure of wild boar 

in Asia are poorly understood although some previous studies based 

on mitochondrial DNA demonstrated phylogenetic relationships 

among S. scrofa populations. In this study, the phylogeography and 

population structure of wild boar of Asia including previously 

unsampled regions, Trans-baikal, Caucasus and Urals, were 
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investigated utilizing DNA markers of the mitochondrial control 

region, two Y-chromosome genes and microsatellite loci. 

The phylogeography of Asian wild boars (Sus scrofa) was 

reconstructed from comprehensive phylogenetic inference based on 

DNA sequence data of mitochondrial control region and two Y-

chromosome genes (AMELY and USP9Y). The sequence data were 

obtained from 186 wild boar genetic samples from 14 Asia-wide 

locations, and published wild boar sequences (642-bp) of 112 

individuals were further employed to analyze phylogeographic 

relationships of Asian wild boars at higher resolution and wide-

range coverage. MtDNA-based phylogeography clearly revealed 

that the westernmost Asian wild boars, including those from the 

Urals and Dagestan, clustered with Eastern European wild boars as 

a distinct clade. In contrast, wild boars in Central and East Asia 

showed a generally mixed pattern with no apparent geographic 

structure. However, the West Asian clade could not be 

differentiated from Central and East Asian wild boars based on the 

Y-chromosome. Overall, phylogeography of Asian wild boars 

implied potential migratory patterns from Southeast Asia to South 

Asia, followed by migration to East and West Asia. Trans-Baikal 

regions may have functioned as bridge areas, with evidence of 

genetic admixtures reflecting both eastward and westward dispersal. 

Moreover, the broadly mixed genetic clade suggests that multiple 

migrations occurred since the initial dispersal from Southeast Asia. 

In addition, the most common haplotype in the paternal lineage was 

found throughout Asia-wide regions suggesting that male wild 
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boars dispersed more widely than females, making phylogeographic 

inference from paternally inherited genetic markers more complex. 

To characterize the pattern and amount of genetic variation and 

population structure of wild boar in Asia, we genotyped and 

analyzed microsatellite loci for a total of 363 wild boar specimens 

from twelve locations across ten countries in Asia-wide regions. 

Our data indicated that wild boar populations in Asia are genetically 

diverse and structured, showing a significant correlation of genetic 

distance with geographic distance and implying a low level of gene 

flow at a regional scale. Bayesian-based clustering analysis was 

indicative of five main inferred genetic clusters with a total of 12 

substructures in which wild boars in Asia-wide regions are 

geographically structured. The level of genetic diversity was 

relatively high in wild boars from Southeast Asia, compared with 

those from Northeast, Central, and West Asia. This gradient pattern 

of genetic diversity is consistent with an assumed ancestral 

population of wild boar in Southeast Asia. Genetic evidences from a 

relationship tree and structure analysis suggest that wild boar in 

Jeju Island, South Korea have a distinct genetic background from 

those in mainland Korea. Overall, analyses of microsatellite loci 

reveal a diverse pattern of genetic diversity and the existence of 

genetic differentiation among wild boar populations inhabiting Asia. 

This result highlights the potential contribution of genetic variation 

of wild boar to the high genetic diversity of local domestic pigs 

during domestication in Asia. 

The long-tailed goral, Naemorhedus caudatus, is an 
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internationally endangered species. This species is distributed 

throughout Northeastern Asia including Northeastern China, the 

Russian Far East, and the Korean peninsula. The population size of 

long-tailed goral is currently small and unstable in South Korea, 

thus effective conservation of the animal is urgently needed. 

Although studies on the evolution and phylogeny of this animal have 

been conducted, population genetic studies are needed to design 

effective conservation and management strategies. 

To evaluate the present status of genetic diversity and genetic 

structure of long-tailed goral in South Korea, we investigated 

genetic variability among 68 goral individuals from different regions, 

including 11 captive zoo animals, at 12 microsatellite loci. A 

moderate level of genetic diversity was found in wild goral 

populations, but it was lower in the captive group. The goral 

population from the lower Northeast region of South Korea was 

distinctly differentiated from the upper Northeast population 

probably due to the natural climatic and geographic conditions. The 

genetic characteristic of the captive group was more similar to that 

of the upper Northeast population than the lower Northeast, 

confirming the origin of the zoo animals from somewhere in the 

Seorak Mountain range. Direct translocations between the upper 

and the lower Northeast populations are not currently recommended 

considering the natural population structure and the moderate levels 

of genetic diversity in those populations. This study highlights the 

importance of genetic information in designing effective 

conservation strategies and translocations of endangered animals, 
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including the Korean goral. 
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General Introduction 

 

    Artiodactyls are the most diverse, terrestrial group of mammals 

alive today, consisting of 10 families, and around 220 species. 

Artiodactyla is translated to even-toed ungulates, remaining the 

third and forth digits and the other digits degenerated or lost. 

Artiodactyls are found on all continents except Australia and 

Antarctica, and the fossil record of artiodactyls goes back to the 

earliest Eocene.  

In this study, two artiodactyl species, wild boar (Suidae, Sus 

scrofa) and long-tailed goral (Bovidae, Naemorhedus caudatus) 

were genetically studied. Although those two species belong to 

Artiodactyla and both are distributed in Korea, the ecological needs, 

habitat preferences as well as the conservation status are 

completely different between wild boar and long-tailed goral. 

Consequently, the effective management regime for these species 

with different conservation status is considered as an important 

issue. For the adequate management of wild species, not only their 

population abundance but also maintaining genetic diversity is 

crucial. Thus, this study aimed to determine genetic diversities and 

population structure for long-tailed goral in South Korea and wild 

boars in Asia. In addition, the phylogeography and migration 

patterns of Asia-wide wild boar are also studied.  
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Wild Boar (Sus scrofa) 

 

The wild boar, Sus scrofa, is omnivorous mammal and an extent 

wild ancestor of the domestic pig as an agro-economically 

important mammal. Wild boar belongs to the family Suidae, and this 

family includes the most widely spread species of non-ruminant 

even-toed ungulates such as pigs and hogs. The extant family 

Suidae comprises of about 18 species grouped into around six 

genera (IUCN, 2014), however the origin, evolutionary 

relationships and dispersal patterns of Suidae species remain 

controversial.  

Genus Sus is known to be originated in the Island Southeast 

Asia (ISEA) and then migrated into East Asia before spreading 

west towards the Near East, North Africa and Europe (Larson et al., 

2005). Seven species has been classified in the genus Sus although 

genetic studies were not sufficient to discriminate among some 

species of Sus and to determine the relationships between taxa. 

Currently, Sus scrofa is classified in approximately 16 

subspecies (Groves and Grubb, 1993), however only a few of them, 

such as the insular S. s. taivanus (Taiwan) and S. s. riukiuanus 

(Ryukyu Is., Japan), have clearly defined their range. For most Sus 

scrofa subspecies, the range of their limits or intergraded zone on 

continental area remains unclear. Thus, the authors classified as 

four subspecies races, namely, Western races, Indian races, 

Eastern races and Indonesian race, based on both geographic and 
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morphological criteria. Western races include S. s. scrofa (mostly 

Europe); S. s. meridionalis (Andalusia in Spain, Sardinia and 

Corsica); S. s. algira (the northern tip of Africa); S. s. attila (East 

Europe); S. s. lybicus (Western Asia including Turkey). Indian 

races include S. s. davidi (Pakistan and northwest India to 

southeastern Iran); S. s. cristatus (sub-Himalayan region including 

Nepal and Burma); S. s. affinis (southern India and Sri Lanka); S. s. 

subsp (Sri Lanka). Eastern races include S. s. sibiricus (Mongolia, 

Transbaikalia); S. s. ussuricus (Russian Far East, Korea); S. s. 

lecomystax and S. s. riukiuanus (Japan); S. s. taivanus (Taiwan); S. 

s. moupinensis (southeast China and Vietnam). Indonesian race 

consists of S. s. vittatus (Malaysia and Indonesia). 

Wild boar, S. scrofa, is distributed across Eurasia from Europe 

to the Far East including southern and eastern Asia, extending 

North Africa. This species was introduced into Americas, Australia 

and Oceania (Ruvinsky et al., 2011). This species has been closely 

related to human settlement since the domestication of wild animals 

has become the fundamental step in transition of food production. 

The archaeological evidence of the earliest domestication of pigs 

was recorded to 9,000 years ago in Middle East (Epstein and 

Bichard, 1984). The divergence time of the ancestral forms through 

molecular genetic evidence estimated 500,000 years ago (Giuffra et 

al., 2000). As pig domestication event has occurred in multiple 

locations after migration from origin area, S. scrofa would have 

been changed in their morphologies and genetics. Because of the 

relationship with human settlement and movement, studies on wild 
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boar phylogeography have provided important evidences to reveal 

both anthropogenic and biogeographical history (Epstein and 

Bichard, 1984). 

In Korea, wild boar once abundantly inhabited the Korean 

wilderness and was one of the most common large mammals 

throughout the Peninsula (Allen and Andrews, 1913). However, the 

populations were greatly reduced due to extensive hunting or 

trapping for use as food and for sport, as well as their habitat 

destruction along with industrial development and urbanization 

process (Won and Smith, 1999). In recent decades, the number of 

wild boar has been increasing due to the extensive reforestation 

and reduction of predators and competitors. The population density 

was estimated as 4.1 individuals/100 ha (approximately 230,000 

individuals) in South Korea (NIBR. 2008). Breakdown of boundary 

of habitat between wild boar and human is mainly due to habitat 

reduction caused by industrial development and cultivation of 

agriculture and forestry. Thus proper management of wild boar is  

an urgent issue, but studies for effective management of wild boar 

population in Korea are scarce.  

Although wild boar has been attracted as a main target species 

for studies on evolution and phylogeny, studies on population 

genetics and phylogeography of wild boars, especially in Asia, are 

limited. The researches of domesticated pigs and wild boars in 

Eurasia have obtained attention over several decades, but the 

patterns of genetic diversity and genetic structure of populations at 

a regional scale are still poorly known.  
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In this study, to characterize genetic diversity and population 

structure as well as phylogeographic patterns of wild boars in Asia, 

we examined genetic variation and relationships of the wild boar 

populations with three different kinds of genetic markers, 

microsatellite loci, mitochondrial control region and two genes of 

Y-chromosome. 

 

Long-tailed goral (Naemorhedus caudatus) 

 

The long-tailed goral, Naemorhedus caudatus, is an 

internationally recognized endangered species and distributed 

throughout Northeastern Asia, across the Russia Far East 

(Primorsky and Khabarovsk Territories), Northeastern China, and 

the Korean peninsula (Grubb, 2005). This species is categorized as 

a vulnerable species by IUCN (2008) and is listed in Appendix I of 

CITES, which prohibits commercial trade of this species (Hutton 

and Dickson, 2000).  

Recent taxonomic inference has led to the proposal that the 

Caprinae subfamily includes 35 species, which can be grouped into 

14 genera (Ropiquet and Hassanin, 2005a, 2005b; Wilson and 

Reeder, 2005). However, their phylogenetic relationships and 

systematics have been controversial for many years (Mucci et al., 

1998) due in part to the limitation of sampling in mountainous 

habitats. Currently, Caprinae is subdivided into three tribes, 

Rupicaprini, Ovibovini, and Caprini (Geist, 1987; Gentry, 1992). The 
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long-tailed goral, N. caudatus, belongs to Rupicaprini along with 

three other genera: Rupicapra, Capricornis, and Oreamnos (Nowak, 

1991; Hassanin et al., 1998b). Four species are currently 

recognized in the genus Naemorhedus, namely, N. baileyi (red 

goral), N. griseus (Chinese Goral), N. goral (Himalayan goral) and 

N. caudatus (long-tailed goral) (IUCN, 2014). 

In South Korea, goral populations have been drastically 

diminished due to human activities including habitat destruction and 

poaching, as well as weather events such as heavy snowfall. Of 21 

reported goral habitats, inhabited by 690-784 individuals, only four 

maintain more than 100 individuals (Ministry of Environment of 

Korea, 2002). Thus, goral is designated as an endangered species 

by the South Korean government (Ministry of Environment of 

Korea, 2004), and as a natural monument (No. 217: Cultural 

Properties Administration).  

Since the genetic diversity of Korean goral populations had 

been decreasing (Kim et al., 2004a), there is an urgent need to 

develop conservation projects to promote recovery of both 

population size and distribution.  

Knowledge on the species’ taxonomic status and population 

genetic structure is fundamental to develop effective strategies to 

this end (Lorenzini et al., 2004). Inter- and intraspecific 

phylogenetic knowledge also would help clarify the species' biology, 

and would resolve appropriate conservation and management units 

for this species (An, 2006). During the past decade, several 

molecular analyses of Naemorhedus caudatus have been reported 
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(Min et al., 2004; Kim et al., 2004a; An et al., 2005; Kim et al., 

2008; An et al., 2010). However, a population genetics study among 

geographic populations of long-tailed goral in Korea has not yet 

been conducted.  

This study aimed to investigate the extant level of genetic 

diversity and population structure of the endangered long-tailed 

goral, N. caudatus, in South Korea. Knowledge of geographic 

patterns and the effects of natural processes on the present status 

of genetic variation and genetic structure of long-tailed goral in 

South Korea will provide important scientific grounds for 

establishing effective conservation and management strategies for 

this endangered species in South Korea.  
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CHAPTER I. Phylogeography of wild boar  

(Sus scrofa) in Asia based on mitochondrial 

DNA and Y-chromosome analysis 

 

Introduction 

 

Wild boar, S. scrofa, is the ancestor of the domesticated pig. It 

is distributed across Eurasia from Europe to the Far East, including 

southern and eastern Asia, and extending to North Africa. This 

species was also introduced into the Americas, Australia and 

Oceania (Ruvinsky et al., 2011). The archaeological evidence 

indicates that the earliest domestication of pigs occurred 9,000 

years ago in the Near East (Epstein and Bichard, 1984). Molecular 

genetic evidence suggests that divergence of ancestral subspecies 

happened about 500,000 years ago (Giuffra et al., 2000). It is 

presumed that S. scrofa morphology and genetics would have 

diverged as pig domestication events occurred independently in 

multiple locations after migration from its area of origin. Because of 

the relationship with human settlement and movement, studies on 

wild boar phylogeography have provided important evidence 

revealing both anthropogenic and biogeographical history (Epstein 

and Bichard, 1984). 

Phylogenetic studies of modern wild boar provide clues 

regarding its phylogenetic origins, patterns of dispersal, and time of 
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domestication. At a large geographic scale, wild boars are 

genetically divided into Asian and European clades, in which wild 

boars in Italy formed separate clades from other European clades 

(Giuffra et al., 2000; Larson et al., 2005; Scandura et al., 2008; 

Vilaça et al., 2014). Larson et al. (2005, 2011) suggested a 

phylogeographical cline of S. scrofa from East to West, implying an 

evolutionary origin in Island South-east Asia (ISEA) and a 

subsequent westward dispersal. Archaeological evidence from the 

Late Pleistocene also supports the post-glacial range expansion of 

the wild boar from central to western Eurasia across Asia Minor 

(Hou et al., 2014). Results of a phylogeographic study based on 

joint analyses of three types of genetic markers – mtDNA 

(cytochrome b), Y-chromosome and autosomal microsatellites – 

were consistent with previous findings of clearly distinct European 

and Asian wild boars, with Near Eastern wild boars intermediate but 

closer to the European group (Ramírez et al., 2009).  

In Europe, most wild boars underwent post-glacial 

demographic expansion, except Italian wild boars, which maintained 

substantial pre-glacial diversity (Scandura et al., 2008). The effect 

of climate oscillation on genetic diversity of S. scrofa in Europe 

supports re-colonization of northern areas from Italian and Iberian 

refugia in Western Europe, and from the Balkans in Central Europe 

(Alexandri et al., 2012; Vilaça et al., 2014), which corresponds to 

the hypothesis that climate fluctuation may have led to reduced 

genetic variation toward the poles during interglacial periods 

(Adams and Hadly, 2013).  
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Wild boars from East and Southeast Asia generally have greater 

amounts of genetic variation than European wild boars, based on 

both mtDNA (Larson et al., 2011) and nuclear markers (Ramírez et 

al., 2009). ISEA and Mainland Southeast Asia (MSEA), known to be 

the area of phylogenetic origin of wild boars (S. scrofa), is a 

biodiversity hotspot where most other species in the genus Sus are 

restricted. Genome sequence analysis suggests that extensive 

inter-specific gene flow occurred during the glacial period (Frantz 

et al., 2013). Wild boars from MSEA, specifically the so-called 

“Mekong region” in the study by Wu et al. (2007), contained nearly 

all major East Asian lineages with high genetic diversity relative to 

those from other regions. The implication is that East Asian wild 

boar lineages are most likely derived from the Mekong region 

population and dispersed northward via two main routes:  eastern 

China (Yangtze River region to northeast Asia) and central China 

(the upper catchment of the Yangtze River to the upper and middle 

catchment of the Yellow River).  

A study based on nuclear and mitochondrial genomes showed 

no phylogeographic substructure among East Asian wild boars and 

pigs (Ji et al., 2011). However, distinct genetic clades were found 

in wild boars from islands in East Asia including Okinawa, Japan, 

Taiwan and the southern Chinese island of Hainan (Larson et al., 

2010, 2011). In addition, unique phylogenetic clades were found in 

wild boars from South Korea (Larson et al., 2010, 2011). In 

contrast, other studies ascertained that South Korean wild boars 

have phylogenetically close relationships with other regions 
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including Vietnam, Thailand and Myanmar (Hongo et al., 2002; 

Ishiguro et al., 2008; Cho et al., 2009).  

Although genetic studies of S. scrofa have received worldwide 

attention, wild boar samples have been confined mainly to defined 

areas within Europe and East Asia. Some studies have investigated 

the phylogeny of wild boars worldwide (Larson et al., 2005), but 

some areas were missing from analysis including the Ural, Trans-

Baikal, and Caucasus regions. Another limitation of previous studies 

is the type of gene used, mostly mitochondrial DNA which reflects 

only maternal lineages. Although one study demonstrated the origin 

of pig breeds based on three different types of genetic markers 

(Ramírez et al., 2009), several areas in Eurasia were not included.  

We aimed to investigate the phylogeography of wild boars Asia-

wide based on the mtDNA control region and two Y-chromosome 

genes. In this study, wild boars from regions not sampled in 

previous studies were included to better delineate the genetic 

relationships among and within geographical regions. This study will 

thus provide a more comprehensive understanding of the 

phylogeography of wild boars throughout Asia. 
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Material and Methods 

 

Sample collection and DNA extraction  

A total of 186 wild boar (S. scrofa) samples were collected from 14 

locations across ten countries in Asia and East Europe (Russia, 

n=37; Estonia, n=6; Dagestan, n=6; Mongolia, n=10; N. Korea, 

n=2; S. Korea, n=69; Japan, n=13; China, n=14; Vietnam, n=13; 

and Indonesia, n=16) (Table 1). In this study, the new study areas 

namely Trans-Baikal region (Mongolia, Chita in Russia), Caucasus 

region (Dagestan), and Ural region, were included which have not 

been previously studied. Wild boars in Ural region were known to 

be introduced from several areas in formerly Soviet Union (Markov 

and Bolshakov, 1996; Markov, 1997). In addition, nine Sulawesi 

warty pigs (S. celebensis) and two Javan warty pigs (S. 

verrucosus) from Indonesia were included for comparison (Table 1; 

Appendix S1). The experimental work was conducted with 

permission by the Conservation Genome Resource Bank for Korean 

Wildlife (CGRB) that provided goral samples for this study. All 

samples were legally collected and deposited into CGRB. The 

procedures involving animal samples followed the guidelines by 

Seoul National University Institutional Animal Care and Use 

Committee (SNUIACUC). Genomic DNA was extracted using the 

DNeasy Blood & Tissue Kit or the Gentra Puregene Tissue Kit 

(QIAGEN, USA) according to the manufacturer’s instructions.  
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Table 1. Sample locations and haplotype distributions of S. scrofa, S. celebensis and S. verrucosus sampled from ten 

Asia-wide countries.  The haplotypes were obtained from the mitochondrial DNA control region and Y-chromosome. 

Two Y-chomosome genes, 543-bp AMELY and 425-bp USP9Y, were combined for analysis. 

 

Location (Abbr.) 
mtDNA control region 

 
Y-chromosome 

N h Haplotypes 
 

N h Haplotypes 

Russia 
       

Primorsky (RUP) 18 5 Hap01 (5), Hap02 (4), Hap03 (3), Hap17 (1), Hap30 (5) 
 

9 1 Y_Hap03 (9) 

Chita (RUC) 4 2 Hap15 (3), Hap18 (1) 
 

2 1 Y_Hap03 (2) 

Ural regions (RUU) 7 2 Hap45 (2), Hap49 (5) 
 

5 3 Y_Hap01 (2), Y_Hap02 (2), Y_Hap03 (1) 

Western regions (RUW) 8 4 Hap11 (2), Hap47 (1), Hap48 (1), Hap49 (4) 
 

5 1 Y_Hap01 (5) 

Estonia (EST) 6 2 Hap44 (2), Hap48 (4) 
 

0 ㅡ ㅡ 

Dagestan (DAG) 6 3 Hap43 (3), Hap46 (1), Hap47 (2) 
 

4 1 Y_Hap02 (4) 

Mongolia (MON) 10 8 
Hap04 (2), Hap05 (1), Hap07 (1), Hap09 (1), Hap10 (1), Hap13 (1), 

Hap15 (2), Hap16 (1)  
12 2 Y_Hap01 (1), Y_Hap03 (11) 

North Korea (NKR) 2 1 Hap41 (2) 
 

0 ㅡ ㅡ 

South Korea 
       

Mainland (KOR) 40 6 
Hap24 (1), Hap31 (12), Hap38 (1), Hap40 (14), Hap41 (11), Hap42 

(1)  
25 1 Y_Hap03 (25) 

Jeju Island (KJI) 29 2 Hap29 (28), Hap41 (1) 
 

7 1 Y_Hap03 (7) 

Japan (JPN) 13 5 Hap06 (4), Hap07 (6), Hap08 (1), Hap12 (1), Hap20 (1) 
 

4 1 Y_Hap02 (4) 

China 
       

Xinjiang (CXJ) 7 2 Hap23 (1), Hap26 (6) 
 

2 1 Y_Hap01 (2) 

Yunnan (CYN) 7 6 Hap14 (1), Hap19 (2), Hap21 (1), Hap25 (1), Hap27 (1), Hap28 (1) 
 

5 2 Y_Hap01 (4), Y_Hap03 (1) 

Vietnam (VIE) 13 4 Hap22 (2), Hap32 (3), Hap33 (3), Hap39 (5) 
 

4 1 Y_Hap03 (4) 

Indonesia 
       

Sus scrofa (IND) 16 9 
Hap34 (1), Hap35 (1), Hap36 (1), Hap37 (2), Hap54 (1), Hap55 (5), 

Hap56 (1), Hap57 (1), Hap58 (3)  
11 3 Y_Hap03 (8), Y_Hap04 (2), Y_Hap06 (1) 

Sus celebensis (INDsc) 9 7 
Hap50 (1), Hap51 (1), Hap52 (2), Hap53 (1), Hap59 (2), Hap60 (1), 

Hap61 (1)  
4 1 Y_Hap06 (4) 

Sus verrucosus (INDsv) 2 2 Hap54 (1), Hap56 (1) 
 

2 2 Y_Hap03 (1), Y_Hap05 (1) 

Total 197 4.1 
  

101 1.4 
 

 
N, sample size; h number of haplotypes 
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PCR amplification and DNA sequencing  

The primers pDF/pDR (Cho et al., 2009) were used to amplify the 

mtDNA control region (approximately 1,250-bp to 1,350-bp). A 

set of combined PCR for sex identification was performed before 

sequencing Y-chromosome genes. A portion of the Sry gene 

(SRYB) was amplified to identify males, and a region of Zfy-Zfx 

genes (P1-5EZ/ P2-3EZ) was amplified as a positive control to 

confirm the success of PCR (Aasen and Medrano, 1990; Pomp et al., 

1995). Two Y-chromosome genes – the 425-bp intron 24 of the 

ubiquitin-specific protease 9 (USP9Y) gene and a 543-bp region 

located in the amelogenin (AMELY) gene (GenBank accession 

number, EU549792-94 and EU549795-99, respectively) – were 

amplified using the method of Ramírez et al. (2009). All polymerase 

chain reactions (PCRs) were carried out in a final reaction mixture 

of 30uL, containing 2.0mM MgCl2, 0.2mM dNTPs, 0.27uM of each 

primer, and 0.75U i-StarTaqTM DNA Polymerase (iNtRON 

BIOTECHNOLOGY, S. Korea). For DNA sequencing, PCR products 

were further purified using the Zymoclean™ Gel DNA Recovery Kit 

(ZYMO RESEARCH, CA, USA) according to the manufacturer’s 

instructions. DNA sequencing was carried out using an ABI 3730XL 

DNA Analyzer (Applied Biosystems, Foster City, CA, USA). 

 

Data analyses  

DNA sequences – 197 sequences for the mtDNA control region and 

101 sequences for the Y-chromosome – were aligned using 
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Geneious 5.3.6 software (Biomatters Ltd., 

http://www.geneious.com). After eliminating repeated DNA in the 

control region, a total of 1,014-bp was obtained and used for 

further analyses. The AMELY and USP9Y sequences from the Y-

chromosome were combined for further analyses. The number of 

haplotypes (h), haplotype diversity (Hd) and nucleotide diversity 

(π) were computed using DnaSP 5.1 (Librado and Rozas, 2009). 

The Tajima D test (Tajima, 1989, 1996) and Fu’s Fs (Fu, 1997) 

were calculated from 1,000 simulated samples to demonstrate 

selective neutrality or population demographic expansion. 

Harpending's Raggedness index (r) (Harpending, 1994) is based on 

the maximum number of mutational differences and frequencies of 

the allelic classes. It was obtained with 100 bootstrap replications 

under the model of sudden demographic expansion using Arlequin 

3.1 software (Excoffier et al., 2005). An analysis of molecular 

variance (AMOVA) was performed using four geographically 

defined regions, namely West (EST, RUW, DAG, RUU), Mid-North 

(CXJ, MON, RUC), South (CYN, VIE, IND) and East (RUP, NKR, 

KOR, KJI, JPN) to examine genetic variation among and within 

regions (See Table 1 and Figure 1 for abbreviations and locations, 

respectively). Pairwise genetic differences among the four regions 

were obtained through corrected average number of between and 

within populations. These genetic variances at regional scales were 

also tested using Arlequin 3.1. 

Four phylogenetic trees were constructed based on identified 

haplotypes to visualize genetic relationships and phylogenetic 
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inferences among sampled locations. Neighbor-joining (NJ), 

Maximum Likelihood (ML), Maximum Parsimony (MP) and 

Bayesian trees were constructed according to the best-suggested 

model or algorithm as implemented in Mega 5.2 (Tamura et al., 

2011) and jModelTest 2.1.3 (Darriba et al., 2012). The Bayesian 

tree based upon posterior probabilities was constructed using the 

programme MrBayes 3.2 (Ronquist et al., 2012). The Hasegawa-

Kishino-Yano (HKY) model with gamma distributed invariant sites 

(G+I) was selected for construction of ML and Bayesian trees. Both 

mtDNA control region and Y-chromosome data were analyzed by 

the same models, except that the ML tree for Y-chromosome 

sequence employed the Tamura 3-parameter model (T92). Gaps 

were treated both as complete and partial deletions. Statistical 

bootstrap support for each node of all phylogenetic trees was based 

on 1,000 replicates. For Bayesian analysis, the Markov chain Monte 

Carlo (MCMC) procedure was performed with one cold and three 

hot chains in two different runs. To obtain sufficient convergence of 

the log likelihood values (average standard deviation < 0.008), the 

MCMC ran for 3 million generations for the mitochondrial control 

region and 1 million generations for the Y-chromosome, 

respectively. For each MCMC, a tree was sampled every 100 

generations and the first 25% of each run was discarded as burn-in. 

The consensus tree was illustrated using FigTree 1.3.1 (Rambaut, 

2009). The phylogenetic trees were pairwise-compared to assess 

their quality and similarity using Compare2Trees (Nye et al., 2006). 

As outgroups, sequences of the warthog, Phacochoerus aethiopicus, 
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(GenBank accession number: AB046876) and the bearded pig, Sus 

barbatus, (GenBank accession number: EU549796 and EU549794) 

were employed respectively for the control region and Y-

chromosome. 

Haplotype relationships among Asia-wide wild boars were 

delineated using a median-joining network approach through 

NETWORK 4.6.1.2 (Bandelt et al., 1999). The parameter of genetic 

distance (ε) was set to zero, and an equal nucleotide weight of 

mutation was implemented (transversions: transitions = 1:1). 

To obtain a more comprehensive phylogeography of Asia-wide 

wild boars, mtDNA control region sequences (642-bp) from a total 

of 298 wild boars, including 112 published sequences from NCBI 

(see Appendix S1), were aligned. The phylogenetic analyses 

mentioned above were implemented with slight modification. MCMC 

analysis for the Bayesian method (using GTR + G + I model) was 

run for 1.7 million generations with sampling every 100 generations. 

The average standard deviation was less than 0.019 for log 

likelihood values. The time of divergence (T) was estimated among 

clades of Asia-wide wild boars in Bayesian phylogenetic tree. The 

time of divergence was calculated using the equation, T = K/(2r), 

given by Li (1997), where sequence divergence (K, 

substitutions/site) was derived through p-distance between groups 

with mean distance using Mega 5.2 (Tamura et al., 2011), and r is 

the average mutation rate of the mtDNA control region (r = 12.6 ± 

3.2; Pesole et al., 1999).  
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Results 

 

Genetic variability of Asia-wide wild boars  

A total of 54 haplotypes based on 1,014-bp of the mtDNA control 

region were identified in 186 wild boars sampled across Asia. Two 

Indonesian haplotypes were shared with S. verrucosus, and seven 

haplotypes were additionally found in S. celebensis (Table 1). 

Among S. scrofa, haplotype diversity (Hd) ranged from 0.069 in 

Jeju Island, South Korea (KJI) to 0.956 in Mongolia (MON), and 

nucleotide diversity (π) ranged from 0.089% in KJI to 1.873% in 

Indonesia (IND). Although genetic diversity was variable among 

locations, it was generally high in wild boars from Southeast Asia. 

The highest genetic diversity was detected in the South Region 

(Hd=0.949, π =1.731%) (Table 2). 

A total of five haplotypes were detected in combined sequences 

(968-bp) of two Y-chromosome genes in S. scrofa. One additional 

haplotype was found only in S. verrucosus (Table 1). Four 

nucleotide-variable sites (all transitional changes) were identified 

in S. scrofa (Appendix S2). Most geographic locations, except Ural 

in Russia (RUU), Mongolia (MON), Yunnan in China (CYN), and 

Indonesia (IND), exhibited a single Y-chromosome haplotype 

(Tables 1 and 2). Haplotype Y_Hap03 was the most common in S. 

scrofa, comprising over 50% of the total (Appendix S3).  
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Table 2. Genetic variability and demographic analyses for wild boars 

from four Asia-wide geographical regions. Two Y-chomosome 

genes, 543-bp AMELY and 425-bp USP9Y, were combined for 

analysis. See Table 1 for location abbreviations.  

Region Location 

mtDNA control region 
 

Y-

chromosome 

Hd π (%) 
Tajima's 

D 
Fu's Fs r 

 
Hd π (%) 

West 

EST 0.533 0.106 1.032
NS

 1.723
 NS

 0.787
 NS

 
 

- - 

RUW 0.75 0.803 0.552
 NS

 3.698
 NS

 0.292
 NS

 
 

0.000 0.000 

RUU 0.476 0.141 0.755
 NS

 2.508
 NS

 0.728
 NS

 
 

0.800 0.145 

DAG 0.733 1.044 2.091
 NS

 5.310
 NS

 0.276
 NS

 
 

0.000 0.000 

Total 0.843 0.675 -0.464
 NS

 3.438
 NS

 0.111
 NS

 
 

0.604 0.085 

Mid-North 

CXJ 0.286 0.142 -1.486
*
 2.508

 NS
 0.673

 NS
 

 
0.000 0.000 

RUC 0.5 0.248 -0.797
 NS

 2.598
 NS

 0.750
 NS

 
 

0.000 0.000 

MON 0.956 0.225 -0.356
 NS

 -4.581
*
 0.073

 NS
 

 
0.167 0.052 

Total 0.876 0.323 -0.798
 NS

 -3.269
*
 0.052

 NS
 

 
0.325 0.101 

East 

RUP 0.81 0.402 1.426
 NS

 2.742
 NS

 0.149
 NS

 
 

0.000 0.000 

KOR 0.728 0.555 1.871
 NS

 5.912
 NS

 0.217
*
 

 
0.000 0.000 

KJI 0.069 0.089 -2.425
*
 3.009

 NS
 0.876

 NS
 

 
0.000 0.000 

JPN 0.731 0.17 -1.292
 NS

 -0.431
 NS

 0.097
 NS

 
 

0.000 0.000 

Total 0.869 0.715 1.165
 NS

 1.671
 NS

 0.040
*
 

 
0.166 0.034 

South 

CYN 0.952 0.463 -1.314
 NS

 -1.269
 NS

 0.125
 NS

 
 

0.400 0.124 

VIE 0.782 0.59 1.322
 NS

 4.677
 NS

 0.308
*
 

 
0.000 0.000 

IND 0.883 1.873 1.787
 NS

 3.748
 NS

 0.092
*
 

 
0.473 0.147 

Total 0.949 1.731 0.903
 NS

 0.958
 NS

 0.066
 NS

 
 

0.553 0.186 

 
INDsc 0.944 2.294 1.322

 NS
 2.1 0.057 

 
0.000 0.000 

 
INDsv 1.000 1.782 0.000

 NS
 2.89 0.000

*
 

 
1.000 0.517 

Hd, haplotype diversity; π, nucleotide diversity; r, Harpending's 

Raggedness; 
*
Significant (P-value < 0.05); 

NS
Not significant   
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Phylogeography of Asia-wide wild boars  

The phylogenetic analyses based on four different approaches (NJ, 

ML, MP and Bayesian analysis) showed similar topologies within 

each parental lineage. The phylogenetic trees were over 85% 

similar (data not shown). The ML tree based on mtDNA showed 

that haplotypes from mainland Korea (KOR) and Primorsky, Russia 

(RUP), Hap30 and 31, were clustered with a 73% bootstrap value, 

whereas they belonged to a general clade (CL9) in the other trees 

(Figures 1 and 2, Appendix S4).  

Indonesian wild boars and S. celebensis formed a basal cluster 

relative to other wild boar clades. Wild boars from Eastern Europe, 

e.g. Estonia (EST), and western regions of Russia (RUW) as well 

as Ural (RUU) and Dagestan (DAG) were clustered in Clade 3, 

where one haplotype from DAG was basal to the cluster (Figures 1 

and 2). Clade 9 was the most general cluster, containing wild boars 

from almost all geographic locations (Figures 1 and 2). A haplotype 

(Hap29) shared by the majority of wild boars from Jeju Island, 

Korea (KJI) was clustered with Yunnan, China (CYN) in Clade 1. 

Wild boars in Clades 2 and 7 were not in geographical proximity to 

each other, however the East Asian clades CL4, CL5, CL6, and CL8 

were formed by wild boars from the same geographic locations. 
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Figure 1. Wild boar (S. scrofa) sample sites and groups of haplotypes in Asia-wide regions. The proportion of colour 

in each circle indicates clade of phylogenetic tree in Figure 2. Circle sizes are proportional to the number of samples 

from each area. See Table 1 for site abbreviations. 
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 Figure 2. 
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Figure 2. (cont’d.) Bayesian (MCMC) haplotype tree based on the 

mtDNA control region (1,014bp) for 197 wild boars (S. scrofa) 

sampled Asia-wide, including Indonesian S. celebensis and S. 

verrucosus. Bayesian posterior probability and bootstrap values for 

NJ, MP and ML, respectively, are shown for branches with over 

50% support. See Table 1 for location abbreviations.  

 

 

Y-chromosome phylogenetic trees revealed no geographic 

structure among wild boars in Asia (Figure 3). Like mtDNA 

topology, Indonesian Sus species in the Y-chromosome tree 

occupied ancestral branches. The most common haplotype 

(Y_Hap03) was shared by wild boars from nine of 13 geographic 

locations and by one of two S. verrucosus specimens (Figure 3 and 

Appendix S3). Wild boars from West Asia were more recently 

diverged (Y_Hap01, Y_Hap02). Interestingly, male wild boars from 

Japan shared the same haplotype (Y_Hap02) with those from Ural 

(RUU) and Dagestan (DAG) (Figure 3). 
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Figure 3. Phylogenetic tree based on combined AMELY (543-bp) and USP9Y (425-bp) sequences from the Y-

chromosome (968-bp) from 101 wild boars (S. scrofa) sampled Asia-wide, including Indonesian S. celebensis and S. 

verrucosus. Bayesian posterior probability and bootstrap values for NJ, MP and ML, respectively, are shown for 

branches with over 50% support. See Table 1 for location abbreviations. 
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Genetic structure of Asia-wide wild boars  

About 28% of genetic variation in wild boar mtDNA was accounted 

for by region, and 37% among populations within region, whereas 

14% of genetic variation in the Y-chromosome was accounted for 

by region, and 55% among populations within region (Table 3). The 

West region of Asia was the most significantly differentiated with 

respect to the other three regions, ranging from 11.437 to 12.348 

for mtDNA and from 1.107 to 1.627 for the Y-chromosome (Table 

4). Non-significant pairwise differences for the Y-chromosome 

were found for the mid-North region vs. the South and East regions. 

 

 

Table 3. Analysis of Molecular Variance (AMOVA) of S. scrofa in 

four Asia-wide geographical regions: West (EST, RUW, DAG, 

RUU), Mid-North (CXJ, MON, RUC), South (CYN, VIE, IND) and 

East (RUP, NKR, KOR, KJI, JPN). See Table 1 for location 

abbreviations.  

Source of variation d.f. 
Sum of 

squares 

Variance 

components 

% of 

variation 

mtDNA control region 
    

Among groups 3 363.627 2.033 27.5 

Among populations within groups 8 347.885 2.714 36.71 

Within populations 174 460.337 2.646 35.79 

Total 185 1171.849 7.392 
 

Y-chromosome         

Among groups 3 18.844 0.102 14.44 

Among populations within groups 8 22.186 0.39 55.39 

Within populations 83 17.622 0.212 30.17 

Total 94 58.653 0.704   
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Table 4. Pairwise genetic differences for mtDNA control region 

(below diagonal) and Y-chromosome (above diagonal) 

 
West Mid-North South East 

West 
 

1.136
*
 1.107

*
 1.627

*
 

Mid-North 12.348
*
 

 
-0.045

NS
 0.020

NS
 

South 11.437
*
 3.762

*
 

 
0.046

*
 

East 12.013
*
 1.092

*
 2.380

*
 

 
Corrected pairwise difference., PiXY-(PiX+PiY)/2;

 *
Significant (P-value < 

0.05); 
NS 

Non-significant; West= EST, RUW, DAG, RUU; Mid-North= 

CXJ, MON, RUC; South= CYN, VIE, IND; East= RUP, KOR, KJI, JPN; EST 

was not included for Y-chromosome analysis because all samples from 

EST were identified as females. 

 

 

Two measures for the selective neutrality test revealed that 

wild boars from Xinjiang, China (CXJ) and Jeju, Korea (KJI) had 

significantly negative Tajima D values, but only the wild boars from 

Mongolia (MON) had a significantly negative Fu’s Fs value (Table 

2). In contrast, significant Harpending's Raggedness index (r) were 

observed in wild boars from Mainland Korea, Vietnam, and 

Indonesia. At the regional level, a significant Fu’s Fs value was 

observed for the Mid-North region, and a significant Raggedness 

index (r) was observed for the East region. 
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Comprehensive phylogeography and divergence time of Asia-wide 

wild boars  

In this study, 197 mitochondrial control region sequences, including 

11 samples from other Sus species (S. verrucosus and S. 

celebensis), were combined with 112 published wild boar 

sequences. A total of 117 haplotypes were detected in 309 

sequences (642-bp), including five sequences with nucleotide 

ambiguity codes. Only six haplotypes were found in S. celebensis, 

and two haplotypes (WB105, 107) were shared between S. 

verrucosus and Indonesian wild boar, S. scrofa. Most wild boars 

from ISEA were clearly defined by basal branches in the 

phylogenetic tree (Figure 4). Wild boars from South Asia including 

India, Nepal, Pakistan and Sri Lanka (B) were initially diverged 

from ISEA clades but two Indian haplotypes (WB16, WB17) were 

included in Asia-wide II (Figure 4). General Asia-wide clades I 

and II are composed of haplotypes from a large geographical range. 

However, wild boars from Western Asia, including Ural, Dagestan, 

Iran and Turkey, as well as from East Europe (C2) were distinctly 

clustered outside of Asia-wide clades (Figure 4). Within Asia-

wide clades, 6 of 15 Korean wild boar haplotypes were closely 

related to wild boars from Myanmar, Thailand and Laos regardless 

of geographic distances (C1).  
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Figure 4. 
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Figure 4. (cont’d.) Bayesian (MCMC) haplotype tree based on the 

mtDNA control region (642-bp) for 309 wild boars (S. scrofa) 

sampled Asia-wide, including Indonesian S. celebensis and S. 

verrucosus. General Time Reversible (GTR) + G + I model was 

implemented. Bayesian posterior probability is shown for branches 

with over 50% support. See Table1-S1 for haplotype information. 

 

 

Network analysis of Asia-wide wild boars displayed patterns 

similar to phylogeographic relationships in the phylogenetic tree 

(Figure 5). The dispersal of S. scrofa from evolutionary area of 

origin, ISEA, was reflected by the connection between the South 

Asia region and the rest of Asia. Wild boar groups from East Europe 

and West Asia were more closely related to those from East and 

Northern Asia than to the South Asian group (Figure 5).  
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Figure 5. Median-joining network 

for S. scrofa from Asia-wide 

samples, including S. verrucosus 

and S. celebensis from Indonesia, 

based on mtDNA (642-bp). Circle 

sizes are proportional to haplotype 

frequencies. Black dots denote 

inferred missing haplotypes.  
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Sequence divergence of Asia-wide wild boars was estimated 

based on clustering in the Bayesian phylogenetic tree (Table 5, 

Figure 4). The South Asian clade (B) initially diverged from the 

ISEA clade (A) in T = 1221 х 103 YBP, followed by separation 

from the Asia-wide clade (C) (T = 1180 х 103 YBP). The most 

recent divergence was between the clade including Korea, Myanmar, 

Thailand and Laos (C1) from the Asia-wide clade (C) (T = 672 х 

103 YBP). A clade (C2) of Eastern Europe and West Asia including 

Ural, and Dagestan, diverged from the Asia-wide clade (C) (T = 

883 х 103 YBP), predating C1 by more than 200,000 years and C3 

by about 160,000 years. 

 

 

Table 5. Estimates of average sequence divergence and time among 

Asia-wide wild boars 

Divergence point 
Estimated sequence 

divergence (K ± SE, %) 

Estimated time of 

divergence (T, 10
3
 years) 

A vs. B 3.078 ± 0.726 1221 

A vs. C 2.973 ± 0.503 1180 

C vs. C1 1.694 ± 0.305 672 

C vs. C2 2.225 ± 0.410 883 

C vs C3 1.817 ± 0.333 721 

Average mutation rate of mammalian mtDNA control region, r =12.6 ± 

3.2 (Pesole et al., 1999) and T = K/(2r) (Li, 1997) were applied. A, ISEA 

clade ( incl. S. scrofa only); B, South Asia clade; C, all clades except A and 

B; C1, Asia clade within C; C2, West Asia and Eastern Europe clade within 

C; C3, China and Indonesia clade within C. See Figure 4 for details. 
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Discussion 

 

This study demonstrates a comprehensive phylogeography of 

Asia-wide wild boars, including samples from several locations in 

West and Central Asia that have not been previously examined. In 

general, the phylogeography reconstructed for Asia-wide wild 

boars in this study is similar to phylogenetic patterns reported in 

previous studies (Larson et al., 2005, 2010). Wild boars from West 

Asia, East Asia and Southeast Asia (ISEA) formed distinct 

phylogenetic clades corresponding to their geographic ranges. This 

result is also consistent with findings from a phylogenetic study of 

S. scrofa based on mtDNA cytochrome b, in which Indian wild boars 

formed basal branches, and the other regional clades (Europe and 

East Asia) were separately clustered (Gupta et al., 2013).  

Together with previous phylogenetic studies, our analyses 

clearly support ISEA being the area of ancestral origin of wild boars 

that are now dispersed worldwide. The greater genetic diversity of 

wild boars from South and Southeast Asia compared with other 

Asian populations support the hypothesis that wild boar originated 

from these areas, because a variable gene pool is most likely to be 

maintained in genetic source populations. Moreover, two other 

species in Sus, S. verrucosus and S. celebensis, showed much 

greater genetic diversity (Table 2). The existence of various Sus 

species in MSEA and ISEA, and the ability to interbreed can lead to 

mixing of the gene pools (Blouch and Groves, 1990; Macdonald, 
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1993; Semiadi and Meijaard, 2006), and has probably led to 

speciation within Sus (Frantz et al., 2013). The genetic 

relationships among the three Sus species in this study are 

consistent with recent studies (Ishiguro et al., 2012; Frantz et al., 

2013). The geography of Sundaland during periods of low sea level 

presumably enabled gene flow between S. scrofa and S. verrucosus, 

while Sulawesi Island, where S. celebensis is native, was still 

isolated from the continent.  

Wu et al. (2007) suggested two dispersal routes of wild boars 

from MSEA to northeast Asia across middle and downstream 

regions of the Yangtze River. However, further dispersal in north 

and northeast Asia has not been elucidated yet. Wild boars in 

Mongolia (MON), a region not previously investigated, showed the 

highest haplotype diversity, whereas nucleotide diversity was 

relatively low compared to other locations (Table 2). All mtDNA 

haplotypes from the surrounding area Trans-Baikal region, 

including MON and Chita, Russia (RUC) belonged to a generally-

mixed Asian clade (CL9) and Asia-wide clade I in phylogenetic 

trees (Figures 2 and 4). The discrepancy between haplotype and 

nucleotide diversity represents the signature of recent demographic 

expansion in maternal inheritance, and the existence of admixed 

haplotypes in the general clade suggests that the Trans-Baikal 

region probably functioned as a bridge for gene flow between wild 

boar migrants from southeast to northeast Asia and for westward-

moving migrants. Moreover, these patterns indicate that multiple 

dispersals of wild boars have occurred in recent history. Indication 
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of recent population expansion in wild boars from Mongolia and 

Mid-North Asia are also found in three indices for demographic 

changes, Tajima’s D, Fu’s Fs, and Harpending’s raggedness index 

(Table 2). 

In contrast to a signature of recent population growth in the 

maternal lineage from the mid-north region, no indication of 

demographic expansion was detected in paternal inheritance (Table 

2 and Appendix S5). The difference in inheritance mode and 

evolution rate between the mtDNA control region and the Y-

chromosome might possibly lead to this incongruent result. Perhaps 

the recent population growth is not yet reflected in Y-chromosome 

genes because of its slower rate of evolution compared to the 

mtDNA control region. However, the possibility of different 

histories of demographic expansion of males and females cannot be 

ruled out. 

Phylogeographic inference can provide important clues for 

migration and introduction routes of animals at a regional scale. 

Wild boars in West Asia, including the Ural and Caucasus region, 

are abundant and important in the regional ecosystem and economy, 

however information on the origin and dispersal routes of the 

animals is scarce. Two possible patterns of the westward dispersal 

of wild boars from MSEA into West Asia can be conjectured. First, 

it is possible that wild boars migrated westward through South Asia 

including Nepal, India and Pakistan, as suggested by Cho et al. 

(2009). Initial divergence of South Asia (Clade B) from MSEA and 

ISEA (Clade A) is clearly supported by this (Figure 4 and Table 5) 
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and previous studies (Larson et al., 2005; Cho et al., 2009). 

However, the scenario of westward dispersal through South Asia is 

hardly justified because wild boars in West Asia are within Asia-

wide clades, where wild boars likely directly diverged throughout 

ISEA and MSEA rather than South Asia (Figures 4 and 5). 

Alternatively, wild boars from West Asia may have dispersed 

through Central Asia, including Trans-Baikal and Mainland China, 

from Southwest (Yunnan, Sichuan) to Northwest (Xinjiang) across 

central provinces (Gansu, Shensi, Shanxi). Our phylogenetic 

analysis indicates that wild boars from West, East and Northeast 

Asia are within general Asia-wide clades. Moreover, network 

analysis clearly implied that a cluster of wild boars in West Asia 

was derived from a large cluster of wild boars from North, East and 

Southeast Asia (Figure 5). Archaeological evidence from the Late 

Pleistocene (Hou et al., 2014) and a steppe ecosystem that 

stretched across central and western Eurasia in the mid-early 

Pleistocene also support a range expansion of the wild boar from 

central to western Eurasia across Asia Minor. 

Interestingly, wild boars from Iran were grouped with those 

from Turkey and East Europe (C2) rather with South Asian wild 

boars (B). Despite the intermediate geographic location between 

those two regions, Iranian wild boars were more similar to those 

from Eastern Anatolia, one of domestication centres described in 

Larson et al. (2011). One incongruous haplotype from Iran (WB31) 

fell in the general Asia-wide I clade and was clustered with the 

haplotypes from Northeast Asia (RUP) (Figure 4). Therefore, our 



 

 36 

data suggest that wild boars in West Asia originated from boars that 

migrated through Central Asia and Mainland China, rather than 

through South Asia. However, more samples of wild boars from 

Central Asia, such as Kazakhstan, Afghanistan, Kyrgyzstan, and 

Uzbekistan, will be required to more precisely determine the origin 

and migration route of wild boars in West Asia. 

Wild boars from Caucasus, Dagestan, that have not been 

previously investigated, clearly belonged to the East European 

clade (CL3 in Figure 2) rather than connecting with the East Asian 

group. Moreover, an earlier divergence time and large genetic 

differences were observed for East European and West Asian wild 

boars compared to other Asia-wide wild boars (Tables 4 and 5, and 

Figure 4). It is probable that dispersal and gene flow from East Asia 

might be disrupted by geographical barriers such as the Caspian 

Sea. 

Although phylogenetic studies of wild boars from northeast Asia 

have been conducted, the dispersal pattern of wild boars in 

Northeast Asia, including Primorsky, Russia (RUP), the Korean 

peninsula (KOR) and Japan (JPN), is not precisely known. Larson 

et al. (2010, 2011) found that wild boars from some geographically 

restricted islands such as Taiwan, Okinawa, and Hainan, as well as 

the Korean peninsula, form unique phylogenetic clades. In addition, 

Cho et al. (2009) demonstrated that Korean wild boars formed four 

clades that belonged to Asian clades, and that two of the Korean 

mainland clades were grouped with Myanmar and Thailand. Our 

results are consistent with this clustering between Korean wild 
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boars and those from Myanmar and Thailand. On the other hand, in 

our results, three of six Korean wild boar haplotypes from the 

1,014-bp sequence analysis (Hap 24, 31, 38 in Figure 2) and one 

haplotype from the 642-bp analysis (WB84 in Figure 4) belonged 

to a general Asia-wide clade (CL 9 in Figure 2; Asia-wide I in 

Figure 4), which includes wild boars from western and Far Eastern 

Russia, Mongolia, Japan and Vietnam. In the MP and ML tree, one of 

three haplotypes from mainland Korea (Hap 31) was clustered with 

the haplotype from the Far East, Russia (Hap 30) with > 50% 

bootstrap support (See Appendix S4). It is, therefore, noted that 

the number of samples is one of the most important factors in 

drawing robust phylogeographic inference. 

Interestingly, paternal phylogenetic analysis revealed that 

Japanese wild boars clustered with West Asian wild boars (RUU, 

DAG) in the more recently diverged clade (Figure 3). This is 

similar to the finding of Ramírez et al. (2009), showing that 

Japanese wild boars did not contain the main Asian Y-chromosome 

haplotype. In contrast, mitochondrial analysis demonstrated that 

Japanese wild boars belong to a general Asia-wide clade. One 

probable explanation for this incongruence would be subsequent 

loss of some haplotypes through genetic drift during the 

colonization by migrants. This phenomenon is more conspicuous 

when geographic isolation, e.g. an island, is considered. Different 

modes of inheritance and evolution rates for these two genetic 

marker types might also lead to this discrepancy.  

Regarding the dispersal patterns in northeast Asia, Cho et al. 
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(2009) postulated the migration of Korean wild boars from Kyushu 

Island, Japan through land bridges to the Korean peninsula during 

the glacial periods in the Late Pleistocene. In contrast, both paternal 

and maternal genetic evidence from our study indicate that Korean 

wild boars originated from northeast Asia, including Far East (RUP) 

and northeast China, rather than Japan. Although a geographic study 

demonstrated the existence of a land bridge between the Korean 

peninsula and Japan (Dobson, 1994), the direction of wild boar 

migration from mainland China through the Far East region to the 

Korean peninsula and Japanese islands is more plausible, regardless 

of the land bridge, because Japan was geographically located on the 

edge of the East Asian continent. In addition, the mammalian 

paleobiogeographical evidence described by Kawamura (2007) 

supports the idea that the Korean Strait functioned as a barrier in 

the last glacial period between the Korean peninsula and Honshu-

Shikoku-Kyushu, Japan. The wild boars of the Ryukyu Islands, 

Japan may have shared ancestors with Vietnamese wild boars 

rather than wild boars from the other parts of Japan (Hongo et al.,  

2002; Ishiguro et al., 2008), but the bootstrap support leading to 

this hypothesis was below 40%. Our results showed that wild boars 

from the Ryukyu Islands belong to a general Asia-wide clade, 

although they form a distinct cluster with the exception of one 

haplotype (WB46) (Figure 4). These results imply that wild boars 

from Ryukyu Island experienced genetic changes in advance of 

migration from ISEA, because Ryukyu Island was geographically 

isolated when other Japanese Islands were still connected to the 
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Eurasian continent (Watanobe et al., 1999).  

Wild boars from Ural, Russia, that have not been previously 

investigated clearly belonged to the East European clade (CL3 in 

Figure 2) rather than connecting with the East Asian group. Wild 

boar population in this region was established as a result from a 

series of releases of animals originating from multiple regions such 

as Eastern Europe (Belarus, Central Russia), Caucasus, Central 

Asia (Kyrgyzstan) and Russian Far East (Markov and Bolshakov, 

1996; Markov, 1997). Ural wild boars grouped with East European 

wild boars based on the analysis of mtDNA sequences, while one of 

haplotypes from Ural wild boars in Y-chromosome belonged to 

Asian lineage. It is possible that increasing the sample size will help 

to identify the presence of Asian maternal lineages. 

Overall, this phylogeographic study of Asia-wide wild boars 

provides important insights into the evolutionary history and 

migration patterns of S. scrofa throughout Asia. The results reflect 

a more comprehensive phylogeography of Asia-wide wild boars by 

including wild boars from the Ural, Caucasus, and Trans-Baikal 

regions which were not sampled in previous studies. Modern 

distribution of Asia-wide wild boars reflects the natural dispersal 

of S. scrofa out of ISEA throughout the Asian continent and is in 

agreement with the results by Larson et al. (2005).  

Although the ancestral populations as well as recently diverged 

populations were shown in the level of geographic scales, broadly 

mixed phylogenetic patterns were detected in East Asia. We 

suggest that the Trans-Baikal regions in East Asia may have 



 

 40 

functioned as bridges leading to genetic mixtures after both 

eastward and westward dispersal. Further research with more 

samples of wild boars from Central Asian countries between the 

Urals and East Asia will be the key to solving the remaining 

questions about evolutionary boundaries between wild boars from 

Europe and East Asia. In contrast to distinct phylogenetic 

structuring between West and East Asia in maternal lineages, mixed 

genetic patterns of paternal phylogeny were observed for Asia-

wide wild boars. This suggests that male wild boars dispersed more 

widely than females.  

The broad distribution and relationships with human settlement 

may have complicated genetic patterns in Asia-wide wild boars. 

Based on analyses of the mtDNA control region and Y-chromosome 

in this study, the subspecies of Sus scrofa are not obviously related 

to geographic scale in East Asia. This vague classification of 

subspecies is probably caused by relatively small sample sizes, the 

lack of data from a number of regions of Central Asia as well as the 

types of genes used. It is, therefore, suggested that subspecies 

classification may need to be reconsidered and updated by further 

researches.  
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CHAPTER II. Genetic structure of wild boar 

(Sus scrofa) populations in Asia based on 

microsatellite loci analyses 

 

Introduction 

 

Wild boar, Sus scrofa, is one of the most widely distributed 

mammalian species, native throughout Europe, North Africa, and 

much of Asia as far south as Indonesia. Wild boar populations have 

also been artificially introduced in some areas of the world including 

the Americas and Australasia, principally for hunting, or through 

escapes from captivity. Sus scrofa is the most common wild 

ancestor of the domestic pig, with which it freely hybridizes (Oliver 

et al., 1993). The Family Suidae includes many species of pigs, 

hogs and boars which served as one of the main food resources for 

humans during the extended history of human settlement. Their 

economic value increased as they were domesticated, reared, 

crossed, translocated, hunted, eaten, and in certain cases, venerated 

or persecuted for cultural or ritual purpose (Randi, 1995). 

Since wild boar is a co-existing wild ancestor of domesticated 

pig, the patterns and origins of pig domestication worldwide are of 

increasing interest, not only in economic contexts, but also 

academically. Previous phylogenetic studies based on the mtDNA 

D-loop sequence revealed that continental wild boars and domestic 



 

 42 

pigs are clearly divided into eastern and western clades (Larson et 

al., 2005; Wu et al., 2007; Luetkemeier et al., 2010). These studies 

suggested that pig domestications occurred independently in 

multiple centers of Eurasia, implying that European and Asian 

domestic populations derived from their respective regional areas. 

Molecular genetic evidence for the origin of wild and domestic pigs 

from Asia and Europe supports the historical record that Asian pigs 

were subsequently interbred with European breeds during the 18th 

and 19th centuries after independent domestication (Giuffra et al., 

2000). A recent study based on single nucleotide polymorphism 

(SNP) genotyping revealed that populations of wild boars from 

Europe and Near Eastern Asia are genetically differentiated, 

supporting previous mitochondrial studies (Manunza et al., 2013). 

It has been well known that the cosmopolitan wild boar 

originated and spread from Islands of Southeast Asia, ISEA (Larson 

et al., 2005). Knowledge of genetic diversity of wild boar in Asia, 

therefore, is important for reconstructing the evolutionary history 

of the species as well as understanding the domestication process 

of local domestic pigs. Most genetic studies on wild boars in Asia 

have been carried out using mtDNA sequence analysis, which did 

not expose geographic structure, although they revealed several 

subclades (Wu et al., 2007; Hongo et al., 2002; Cho et al., 2009; 

Ramayo et al., 2010). One recent study based on both mtDNA and 

nuclear genes demonstrated that no population substructure exists 

in either wild boars or domestic pigs in Asia and showed a very high 

level of admixture between them (Ji et al., 2011). Korean wild 



 

 43 

boars clearly clustered with Asian wild boar groups, sharing the 

same cluster with populations from Myanmar and Thailand (Cho et 

al., 2009), and the Vietnamese wild pig haplotype (Hongo et al., 

2002). On the other hand, Larson et al. (2010) ascertained that wild 

boars in South Korea belong to groups unique within East Asia, and 

remain differentiated from domestic pigs. Thus, genetic research 

has been conducted on domesticated pigs and wild boars in Asia 

over several decades, but the patterns of genetic diversity and 

genetic structure of populations at a regional scale in Asia remains 

unclear. 

In this study, we aimed to characterize genetic relationships and 

genetic structure of wild boars from Asia including western Russia 

and Caucasus region by examining genetic variation at 

microsatellite loci for a total of 363 wild boar individuals from ten 

countries. Our results shed light on the genetic relationships among 

populations and help define population boundaries of wild boar in 

Asia. 
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Material and Methods 

 

Sample collection  

Samples from a total of 363 wild boars, mostly muscle tissue, some 

blood and hair, were collected from twelve locations across ten 

countries; Russia (Primorsky Krai, Urals, Chita and Moscow 

Regions), Estonia, Dagestan, Mongolia, Japan, China (Xinjiang and 

Yunnan province), Vietnam, Indonesia, North Korea and South 

Korea. Wild boars from Russian Chita and Mongolia were grouped 

together due to geographical vicinity located in Trans-Baikal region 

(Table 6). To investigate fine scale of genetic structure in East 

Asia, wild boars in South Korea were divided into five regional 

groups according to the province of collection and other geographic 

considerations: Gyeonggi-do (KGGW), Gangwon-do (KGWW), 

Gyeongsang-do (KGSW), Jeolla-do (KJLW) and Jeju Island 

(KJIW) (Appendix S6). This experimental work was conducted 

with permission by the Conservation Genome Resource Bank for 

Korean Wildlife (CGRB) that provided wild boar samples for this 

study. All samples were legally collected and deposited into CGRB. 

The procedures involving animal samples followed the guidelines by 

Seoul National University Institutional Animal Care and Use 

Committee (SNUIACUC). All the samples were stored at −70°C 

until DNA extraction. 
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Microsatellite markers and PCR  

In this study, we selected and tested 18 of 30 polymorphic 

microsatellite markers developed for swine biodiversity studies 

(FAO 1998). We carried out a series of tests using a subset of 

Korean wild boars to verify if these markers adequately fit marker 

selection criteria suggested by Kim et al. (Kim et al., 2008). 16 of 

18 markers revealed good scorability, Hardy–Weinberg equilibrium, 

absence of null alleles, evidence of selective neutrality and linkage 

equilibrium between loci. Therefore, these 16 markers were used 

for wild boar population genetics in this study. Information on 

genetic variation for individual markers from wild boars sampled at 

each location is shown in Appendix S7. 

Genomic DNA was extracted using the DNeasy Blood & Tissue 

Kit or Gentra Puregene Tissue Kit (QIAGEN) according the 

manufacturer’s instructions. The 16 microsatellite loci were 

amplified using the Multiplex PCR Kit (QIAGEN). Touchdown PCR 

was carried out under the following conditions: initial denaturation 

for 15 min at 95°C, followed by seven touchdown cycles starting at 

94°C for 30s, 67°C for 90s, and 72°C for 60s, with annealing 

temperature decreasing by 2°C per cycle to 53°C. The touchdown 

cycles were followed by an additional 25 cycles at 94°C for 30s, 

53°C for 90s, 72°C for 60s, and a final extension at 60°C for 30 min. 

Individuals were genotyped using a DNA Sequencer (ABI Prism 

3730 XL DNA Analyzer, Applied Biosystems). 
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Data analysis  

Measures of genetic diversity, including mean number of alleles 

(Ad) per locus, observed heterozygosity (HO), and expected 

heterozygosity (HE) under Hardy-Weinberg assumptions, were 

estimated using the Microsatellite Tool Kit (Park, 2001). Allelic 

richness (Ar) (Hurlbert, 1971) is a fundamental measure of genetic 

diversity. It was calculated based on the minimum sample size of 

each population to correct for differences in sample size among 

populations using the rarefaction approach implemented in FSTAT v. 

2.9.3 (Goudet, 1995). Inbreeding coefficient, FIS, and the level of 

genetic differentiation between each pair of populations, pairwise 

FST estimates, and their significance values were calculated using a 

permutation approach with FSTAT v. 2.9.3 (Goudet, 1995). 

Significance level was determined after applying the sequential 

Bonferroni correction to take account of experiment-wise errors 

due to multiple tests (Rice, 1989). Indirect estimates of gene flow 

(Nm, effective number of migrants per generation) were calculated 

from FST using the equation of Wright (Wright, 1943). The software 

program GenAlEx v.6.0 (Peakal and Smouse, 2006) was used to 

conduct Principal Coordinates Analysis (PCA) to visualize 

geometric relationships between wild boar populations. GenAlEx 

v.6.0 was further used to carry out an analysis of molecular 

variance (AMOVA) for wild boars among six potential regions 

suggested by the model-based clustering analysis: inland Northeast 

Asia (RUP, KOR), Jeju Island (KJI), Japan (JPN), Trans-Baikal 

region in Central Asia (TBK), Southeast Asia (CXJ, CYN, VIE, IND), 



 

 47 

West Asia (RUU, DAG, RUW). Significance level was calculated by 

the permutation procedure (999 permutations). We checked for 

isolation by distance (IBD) (Wright, 1943) by testing for correlation 

between genetic distance, FST/(1- FST), and geographic distance 

among locations using Mantel’s test in GenAlEx v.6.0, and 

significance was determined based on 999 permutations. The 

DISPAN computer program (Ota, 1993) was used to construct the 

genetic relationship tree based on Nei’s DA genetic distance and 

Nei’s standard genetic distance by the neighbor-joining (NJ) 

method and the unweighted pair-group method (UPGMA), 

respectively (Nei, 1972; Nei et al., 1983; Saitou and Nei, 1987).  

To assess population structure, STRUCTURE 2.3.3 software 

(Pritchard et al., 2000) was used. The number of MCMC (Markov 

chain Monte Carlo) replications was set to 400,000 after a burn-in 

period of 200,000 using the default parameters of an admixture 

model and correlated allele frequencies among populations. The 

number of inferred clusters (K) was estimated according to the 

method of Evanno et al. (2005), where an ad hoc statistic ΔK is 

based on the rate of change in the log probability of data between 

successive K values. Ten runs were carried out for each K, from 1 

to 10, to quantify the amount of variation of the likelihood value. 

Initially, we obtained the highest ΔK value when K was set to 5. 

Five main clusters, therefore, were further analyzed according to 

the hierarchical island model to probe for possible hidden 

substructure for each predefined cluster (Evanno et al., 2005). 
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Evidence of a recent fluctuation in effective population size (Ne) 

was explored using three different approaches. The Wilcoxon sign-

rank test was conducted to determine whether a population exhibits 

significant heterozygosity excess relative to expected 

heterozygosity at mutation-drift equilibrium, using BOTTLENECK 

1.2 (Cornuet and Luikart, 1996; Piry et al., 1999). Under the 

Wilcoxon sign-rank test, a stepwise mutation model (SMM) and a 

two-phase model (TPM) that employs 90% probability for the 

stepwise mutation model (SMM) and 10% for variance among 

mutation lengths were applied using 1,000 iterations (Di Rienzo et 

al., 1994). A mode-shift in allele frequency distribution was used 

as a qualitative indicator for detecting a recent bottleneck event 

(Luikart et al., 1998). Lastly, Garza and Williamson’s M ratio and its 

variance across loci were calculated using the program AGARst 

(Harley, 2001) to detect evidence of reduction in population size 

many more generations in the past than tested by the two methods 

mentioned above (Garza and Williamson, 2001). 
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Results 

 

Genetic characteristics and genetic diversity of wild boars in Asia  

In total, 283 alleles were observed across the 16 microsatellite loci. 

The number of alleles per locus ranged from ten for locus Sw72 to 

34 for locus S0005, with a mean of 17.7. A total of 66 of 273 alleles 

were unique to single sample locations in this study. The proportion 

of most private alleles at a location was low, with a frequency of 

less than 5%, but eight of the 66 private alleles were present at a 

frequency over 15%: Japan (one allele of 15.6%), Korean peninsula 

(one allele of 18.5%), Vietnam (two alleles of 19.2% each), and 

Indonesia (four alleles of 14.6%, 16.7%, 29.2%, and 66.7%, 

respectively). The highest number of alleles (154 alleles) was 

found in wild boars from Indonesia, of which 25 were private alleles. 

Inbreeding coefficients, FIS, ranged from -0.042 to 0.279 with a 

mean of 0.066. Five of twelve populations, namely Korean peninsula, 

Japan, Trans-Baikal region, Indonesia, and Urals, Russia, showed 

significant FIS values, implying signature of inbreeding (Table 6). 

Levels of genetic diversity for regional samples of 363 wild 

boars from Asia-wide regions are shown in Table 6. The mean 

number of alleles across loci ranged from 4.0 (Jeju Island, Korea) 

to 9.6 (Indonesia). Four diversity measures revealed a consistently 

high level of genetic diversity in wild boars from southeastern China 

(Yunnan province), Vietnam, and Indonesia (≥0.796 in HE and ≥ 5.8 

in allelic richness), followed by the Russian Far East (Primorsky 
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Krai) and Russian Urals. The lowest level of genetic diversity was 

found in the samples from Jeju Island, Korea (HE = 0.549; Ad = 

4.0; Ar = 2.9)(Table 6). 
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Table 6. Genetic diversity estimates for wild boars from Asia-wide regions 

Location (Abbr.) N 

Allelic 

 diversity 

(Ad) 

Allelic  

richness 

(Ar) 

HE HO FIS 

Russia Primorsky (RUP) 30 7.63 4.90 0.736 0.710 0.036
NS

 

Korea peninsula (KOR) 111 7.06 4.21 0.678 0.619 0.087
*
 

Korea Jeju Island (KJI) 37 4.00 2.85 0.549 0.539 0.019
NS

 

Japan (JPN) 16 6.19 4.28 0.650 0.473 0.279
*
 

Trans-Baikal (TBK) 48 7.38 4.29 0.661 0.591 0.106
*
 

China Xinjiang (CXJ) 10 5.19 4.35 0.697 0.725 0.042
NS

 

China Yunnan (CYN) 10 8.00 6.39 0.845 0.831 0.017
NS

 

Vietnam (VIE) 13 9.13 6.59 0.859 0.836 0.028
NS

 

Indonesia (IND) 24 9.63 5.80 0.796 0.658 0.177
*
 

Russia Ural (RUU) 36 7.69 4.74 0.756 0.683 0.097
*
 

Dagestan (DAG) 6 4.25 4.25 0.665 0.656 0.014
NS

 

Russia Western Region (RUW) 22 6.69 4.56 0.731 0.746 0.021
NS

 

N: Number of samples; Ad: Mean number of alleles; HO: Observed heterozygosity; HE: Expected heterozygosity; FIS: Inbreeding 

coefficients; 
*
Significant, 

NS
Not significant, after adjusted nominal level (5%): 0.0003; Ar: The number of genes obtained from 

Dagestan, the smallest sample size in this study, was employed. 
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Genetic relationships and gene flow among populations  

Between population genetic differences, as indicated by pairwise 

FST estimates and the estimated number of migrants per generation 

(Nm), are presented in Table 7 for each pair of wild boar 

populations. Pairwise FST values ranged from 0.026 (Russia Urals 

vs. Western regions of Russia) to 0.356 (Dagestan vs. Jeju Island, 

Korea). Gene flow estimates (Nm) derived from FST ranged from 

0.453 to 9.478. All wild boar population pairs were significantly 

differentiated from one another. The wild boar population on Jeju 

Island showed the highest degree of genetic differentiation from 

other populations (mean FST = 0.264). The lowest mean FST value 

was found in Yunnan province, China vs. other populations (mean 

FST = 0.116). The level of genetic differentiation, estimated by the 

pairwise FST value, of five regional wild boar groups in South Korea, 

ranged from 0.020 (Gyeonggi-do, KGGW vs. Gangwon-do, 

KGWW) to 0.314 (Jeolla-do, KJLW vs. Jeju Island, KJIW). The 

highest differentiation among four regions in mainland Korea was 

observed between KGGW and KJLW (Table 8). 

The NJ tree based on Nei’s DA genetic distance showed wild 

boars from west Russian regions (RUU, RUW) and Caucasus region 

(DAG) grouped together, forming a basal cluster to all other 

populations whereas, in UPGMA tree, wild boars from Vietnam and 

Indonesia were clustered in the basal branches (Figure 6). Among 

Korean wild boars, mainland populations grouped with, and were 

closely related to, wild boars from the Russian Far East (Primorsky 

Krai), followed by wild boars from Trans-Baikal regions. However, 
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wild boars from Japan and Jeju Island were basal to Northeast 

Asian clades (Figure 6 and Appendix S8A). Wild boar populations 

from Caucasus region, Urals, and western Russia formed distinct 

clades from those of Asian populations. 
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Table 7. Genetic distance and gene flow estimates among Asia-wide wild boars. Pairwise FST (below diagonal) and 

gene flow (Nm) estimates (above diagonal) among geographic populations of Asia-wide wild boars. Local 

abbreviations were shown in Table 6. 

  RUP KOR KJI JPN TBK CXJ CYN VIE IND RUU DAG RUW 

RUP 
 

2.376  0.769  1.172  1.720  1.066  2.156  1.579  1.179  1.378  0.843  1.216  

KOR 0.095  
 

0.874  1.272  1.024  0.816  1.600  1.227  0.861  1.019  0.675  0.899  

KJI 0.245  0.222  
 

0.639  0.538  0.739  1.175  0.736  0.674  0.768  0.453  0.620  

JPN 0.176  0.164  0.281  
 

0.745  0.648  1.369  1.279  1.011  0.933  0.658  0.958  

TBK 0.127  0.196  0.317  0.251  
 

0.654  1.186  1.064  0.836  0.972  0.641  0.859  

CXJ 0.190  0.235  0.253  0.279  0.276  
 

2.829  1.498  1.125  1.340  0.744  1.094  

CYN 0.104  0.135  0.176  0.154  0.174  0.081  
 

4.144  2.268  3.327  1.534  2.637  

VIE 0.137  0.169  0.254  0.164  0.190  0.143  0.057  
 

2.044  1.798  1.160  1.628  

IND 0.175  0.225  0.271  0.198  0.230  0.182  0.099  0.109  
 

1.290  1.068  1.168  

RUU 0.154  0.197  0.246  0.211  0.205  0.157  0.070  0.122  0.162  
 

2.379  9.478  

DAG 0.229  0.270  0.356  0.275  0.281  0.251  0.140  0.177  0.190  0.095  
 

2.314  

RUW 0.171  0.218  0.287  0.207  0.226  0.186  0.087  0.133  0.176  0.026  0.098    

All FST values were significant after adjusted nominal level (5%): 0.0003; Indirect indicator of gene flow (Nm) was calculated 

among geographic populations using the equation, Nm =1/4{(1- FST)/FST} 
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Table 8. Genetic distances and gene flow estimates among wild 

boars in South Korea. Pairwise FST (below diagonal) and gene flow 

(Nm) estimates (above diagonal) among geographic regions of wild 

boars in South Korea. 

 KGGW KGWW KGSW KJLW KJIW 

Gyeonggi-do (KGGW)  12.250 3.718 1.384 0.669 

Gangwon-do (KGWW) 0.020
NS

  6.507 2.275 0.770 

Gyeongsang-do (KGSW) 0.063
*
 0.037

*
  2.410 0.907 

Jeolla-do (KJLW) 0.153
*
 0.099

*
 0.094

*
  0.546 

Jeju Island (KJIW) 0.272
*
 0.245

*
 0.216

*
 0.314

*
  

*
Significant after Bonferroni correction (P<0.05); 

NS
 Not significant; 

Indirect indicator of gene flow (Nm) was calculated among geographic 

populations using the equation, Nm =1/4{(1- FST)/FST} 
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Figure 6. Genetic relationships among Asia-wide wild boars. NJ (A) 

and UPGMA (B) tree based on Nei’s DA distance with bootstrap 

values from 1,000 replications. Local abbreviations were shown in 

Table 6. 
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In a Principal Coordinates Analysis (PCA), the first two 

components, PC 1 and PC 2 (x- and y- axes, respectively), 

accounted for 28.64% and 22.56% of the total variance (Figure 7). 

PC 1 revealed the genetic difference between wild boars by 

geographical isolation. “Northeastern” regions (Korea, Russian Far 

East, Japan and Trans-Baikal regions), “southern” regions 

(southeastern China, Vietnam and Indonesia), and “western” regions 

(Urals and western regions of Russia and Caucasus region) formed 

separate groups. Wild boars from Xinjiang province, China were 

separated by PC 2, representing “near central” Asian regions. The 

discrete position of wild boars from Jeju Island along PC 2 reflects 

its high genetic differentiation from all other wild boar populations. 

Pairwise FST data, the genetic relationship tree and the PCA 

scattergram all indicate that Jeju Island wild boars are quite distinct 

from wild boars in mainland Korea. Interestingly, despite the 

genetically distinct population structure of wild boars from Jeju 

Island, one of the 37 individuals we sampled belonged genetically to 

a population from the Korean mainland (Figures 8 and 9).  
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Figure 7. Principal Coordinates Analysis (PCA) based on pairwise 

FST values. Local abbreviations were shown in Table 6. 
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Figure 8. Geographical locations of wild boar samples in Asia. Pie charts indicate proportions of membership of each 

sampled population to five clusters inferred by structure analysis (K = 5) (see text for details and Figure 9). See 

Table 6 for location abbreviations. 
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Figure 9. Individual membership of wild boar samples from Asia to 

the K clusters inferred by structure analysis. Codes on the x-axis 

indicate the putative population of origin. See Table 6 for location 

abbreviations. Each color denotes a cluster from STRUCTURE 

analysis.  
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Genetic structure of Asian wild boars  

Samples from twelve geographic locations were tested to determine 

the potential number of populations (K) they represent. Model-

based clustering analysis revealed that wild boars in Eastern Asia 

had the highest ΔK when K was set to 5, assuming five inferred 

populations: 1. Northeast Asia (RUP, KOR, JPN); 2. Jeju Island 

(KJI); 3. Southeast Asia (CXJ, CYN, VIE, IND); 4. Trans-Baikal 

region (TBK); and 5. West Asia (RUU, RUW, DAG) (Figures 8 and 

9;Appendix S9). In this scenario, three populations from Primorsky 

Krai, Russia, Japan and Yunnan, China showed mixed genetic 

clusters whereas the other populations are composed of one main 

cluster (≥86%). Wild boars from Primorsky Krai, Russia, shared 

genetic components with mainland Korea (54.2%), Trans-Baikal 

region (22.3%) and Southeast Asia (16.7%). Japanese wild boars 

showed intermediate genetic compositions between Southeast Asian 

populations (60%) and mainland Korea (34.6%). Wild boars from 

Yunnan province, China showed mixed clusters among Southeast 

Asia, West Asia and Jeju Island, Korea (58.6%, 21.8%, and 10.4%, 

respectively) (Figure 8). 

When a hierarchical island model (Evanno et al., 2005), was 

applied to verify possible substructure in each cluster, a total of 

twelve genetically substructured groups of populations were found 

in wild boars in Asia (Figure 9). Wild boars from Northeast Asia 

including Primorsky Krai, Russia, Korea peninsula and Japan divided 

four clusters and two of four clusters were observed in wild boars 

from Korea peninsula. In Trans-Baikal region, two genetic 
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compositions were shown although there was no geographical 

correlation. When K was set to 3 for structure analysis of China and 

Southeast Asia, Vietnamese wild boar population grouped with 

Yunnan province, China. The Indonesian population was isolated 

albeit 9 of 24 individuals shared genetic composition with those 

populations. Wild boars from west Asia showed two clusters 

without any local division between Urals and western regions of 

Russia. However, one of genetic characteristics was mainly 

consisted of the wild boar population from Dagestan (Figure 9).  

Most wild boars from Korea peninsula (KOR), Jeju Island (KJI), 

Trans-Baikal regions (TBK), two populations from Southeast Asia 

(VIE, IND), and west Asia (RUU, RUW, DAG), showed discrete 

genetic composition in the structure analysis when K was set to 5, 

with genetic traits of those populations shared among a few 

individuals of Primorsky Krai, Russia (RUP) and Yunnan province, 

China (CYN) (Figures 8 and 9). With one exception, wild boar 

individuals from Jeju Island had a conspicuously different genetic 

composition with respect to populations from mainland Korea. 

Although wild boars from mainland Korea were genetically admixed, 

the genetic composition showed a gradual geographic gradient from 

north to south (Figure 10). The structure analysis in East Asian 

wild boars revealed that the prevalent (96%) cluster in the wild 

boar population on Jeju Island was more abundant (13%) in wild 

boars from Yunnan province than in wild boars from mainland Korea 

(<2%) (Figures 10 and 11). 
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Figure 10.  Geographical locations of wild boar samples in East Asia (left) and South Korea (right). Pie charts 

indicate proportions of membership of each sampled population to seven clusters inferred by structure analysis 

(K=7) (see Figure 11). 
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Figure 11. Individual membership of wild boar samples from East 

Asia to the K clusters inferred by structure analysis. Codes on the 

x-axis indicate the putative population of origin. See Appendix S6 

for location abbreviations. Each color denotes a cluster from 

STRUCTURE analysis.  
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Table 9. Analysis of Molecular Variance (AMOVA) of wild boar 

from six geographic regions 

Source df SS MS Est. Var. % 

Among Regions 5 712.747 142.549 0.829 12% 

Among Populations 6 184.969 30.828 0.604 9% 

Among Individuals 351 2114.419 6.024 0.446 6% 

Within Individuals 363 1863.000 5.132 5.132 73% 

Total 725 4875.135   7.011 100% 

F-Statistics Value P-value       

FRT 0.118 0.001 
   

FSR 0.098 0.001 
   

FST 0.204 0.001 
   

FIS 0.080 0.001 
   

FIT 0.268 0.001       

Six regions: Inland Northeast Asia (RUP, KOR), Jeju Island (KJI), Japan 

(JPN), Trans-Baikal region in North Central Asia (TBK), Southeast Asia 

(CXJ, CYN, VIE, IND), West Asia (RUU, DAG, RUW). See Table 6 for 

location abbreviations. 

df, Degrees of freedom; SS, Sums of squares; MS, Mean squares; Est. Var., 

Estimated variance within and among populations.  
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AMOVA analysis was carried out to ascertain hierarchical 

patterns of genetic variation for six regions distinguished on the 

basis of geographical distance, pairwise FST and population 

structure (Table 9). 11.8% of genetic variance was accounted for 

among the six regions (FRT = 0.118) and 9.8% among populations 

within region (FSR = 0.098), to explain the proportion of genetic 

variance among populations to the total (FST = 0.204) (Table 9). 

No signature of a recent genetic bottleneck was detected for all 

wild boar populations under the SMM and TPM model at a threshold 

of P = 0.05 (Table 10). In addition, the distribution of allele 

frequencies for all populations did not deviate from the L-shape 

mode indicative of a stable population except wild boars from 

Yunnan, China. Garza and Williamson’s M values ranged from 0.560 

to 0.775, displaying evidence of a bottleneck (i.e., M < 0.68) in 

eight of twelve wild boar populations in the past generations.  

The isolation by distance test revealed that genetic distance 

was not significantly correlated to the geographic distance for total 

populations (R2 = 0.046; P = 0.102). However, when Japan and the 

Jeju Island population was excluded, a significant regression was 

detected (R2 = 0.160; P = 0.006) (Appendix S10). 
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Table 10. Analyses to detect a recent (SMM, TPM, mode shift) or 

past (M) population reduction of expansion 

Location 

(Abbr.) 

Wilcoxon sign-rank tests
a
 

Mode 

shift 
Mb SMM TPM 

Het 

excess 

Het 

deficit 

Het 

excess 

Het 

deficit 

RUP 0.9923  0.0091  0.8943  0.1156  Normal 0.674(0.025) 

KOR 0.9630  0.0416  0.7523  0.2641  Normal 0.657(0.037) 

KJI 0.4699  0.5500  0.2166  0.7981  Normal 0.560(0.056) 

JPN 0.9999  0.0001  0.9996  0.0005  Normal 0.637(0.038) 

TBK 0.9998  0.0003  0.9875  0.0145  Normal 0.701(0.028) 

CXJ 0.8123  0.2019  0.6657  0.3529  Normal 0.569(0.044) 

CYN 0.3343  0.6839  0.1877  0.8258  
Shifted 

mode 
0.711(0.040) 

VIE 0.6471  0.3718  0.3343  0.6839  Normal 0.630(0.025) 

IND 0.9778  0.0253  0.9123  0.0964  Normal 0.644(0.033) 

RUU 0.7523  0.2641  0.3718  0.6471  Normal 0.720(0.017) 

DAG 0.8628  0.1489  0.8123  0.2019  Normal 0.628(0.052) 

RUW 0.9417  0.0649  0.7191  0.2983  Normal 0.775(0.021) 

a
 One tail probability for excess or deficit of observed heterozygosity 

relative to the expected equilibrium heterozygosity, computed from the 

observed number of alleles under muttion-drift equilibrium; 
b
 M=mean 

ratio of the no. of alleles to the range of allele size (Garza and Williamson 

2001). Variance in parentheses; SMM, stepwise mutation model; TPM, 

two-phased model of mutation. 
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Discussion 

Levels of genetic diversity and the structuring of geographic 

populations provide important clues to local adaptation and species 

evolution. Such information can further be employed to understand 

the effect of genetic variation of regional wild boars on pig 

domestication in Asia and to facilitate conservation and management 

of this species at a regional scale. In this study, wild boar 

populations from Asia showed various levels of genetic diversity, as 

well as a distinct genetic structure, related to geographic 

distribution.  

 

Genetic diversity and population structure of wild boar in Asia  

The pattern and magnitude of allelic diversity vary with the 

geographic distribution of wild boars in Asia. Wild boars from 

southeastern regions, represented by Yunnan province of China, 

Vietnam and Indonesia, exhibited generally high levels of genetic 

diversity with large numbers of alleles. In contrast, low levels of 

genetic diversity were found in wild boars from Jeju Island, Korea.  

The high level of genetic diversity and large numbers of alleles 

in wild boars from Southeast Asia are expected given the historical 

geographic range of S. scrofa. Previous studies (Larson et al., 2005, 

2010; Frantz et al., 2013) revealed that S. scrofa originated from 

Islands of Southeast Asia, i.e. an “ISEA” origin of wild boar. 

Although various factors such as climatic fluctuations and human-

mediated translocations can affect the genetic composition of a 
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spreading species, its gene pool will be retained with a higher 

probability in the area of origin than in areas of colonization. 

Additionally, extensive inter-specific gene flow in the genus Sus 

took place during glacial periods when a land bridge formed 

between the islands of Southeast Asia (Frantz et al., 2013), and this 

could explain the observed high level of genetic diversity in ISEA. 

Structure analysis using the hierarchical island model revealed 

that Indonesian wild boars are differentiated from other populations 

of Southeastern Asia, despite some individuals with genetic profiles 

similar to those of wild boars from Yunnan province, China and 

Vietnam (Figures 9, 10, and 11). In addition, the high proportion of 

private alleles and high allelic diversity in the Indonesian wild boar 

population support its subspecific classification as the “Indonesian 

race”, S. s. vittatus, proposed by Groves and Grubb (1993). Wild 

boar populations in Northeast Asia including Trans-Baikal region 

were structured in finer scale compared with populations from the 

other regions, West Asia and Southeast Asia, when geographic 

scales among locations were considered (Figure 8). 

In contrast, wild boars from Jeju Island, Korea had genetic 

diversity almost two fold lower than wild boars from Southeast Asia. 

The wild boar population from Jeju Island (HE = 0.549; Ar= 2.9) 

exhibited the lowest genetic diversity among all populations 

sampled from Asia-wide regions. Negligible gene flow from the 

Korean mainland (Nm= 0.874, mean Nm= 0.726, Table 7), and the 

sudden population increase on Jeju Island during recent decades, 

could account for the low level of genetic diversity on the island, 
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and suggest there has not been enough time to reach 

mutation/migration-drift equilibrium since human-mediated 

translocation or natural migration. The lowest level of genetic 

differentiation between wild boars from Urals and western regions 

of Russia (FST =0.026) indicated that wild boars in Ural region were 

introduced from several areas in formerly Soviet Union (Markov 

and Bolshakov, 1996; Markov, 1997). 

Patterns of genetic diversity and differentiation at local and 

regional scales observed in this study, together with results from 

the model-based structure analysis, suggest that wild boars in 

Northeast Asia share closer ancestry with wild boars in southern 

China than do those in Vietnam and Indonesia, indicating gradual 

gene flow from ISEA through Southern China (Figures 6 and 8). A 

diverging gene pool and high level of genetic diversity in wild boars 

from Asia are likely reflected in a high diversity of local pig breeds 

in Asia, arising during multiple and independent domestication 

events in this region (Larson et al., 2011). 

In contrast to a previous study based on mtDNA and nuclear 

genes (Ji et al., 2011), which found no genetic structure among wild 

boar populations in Asia, we found high genetic variation and 

differentiation between wild boar populations at both local and 

regional levels (Figures 8, 9, 10 and 11), which include previously 

unsampled regions such as Urals, Russia, Trans-Baikal region and 

Caucasus region. Mitochondrial DNA sequence comparisons 

indicated that genetic clusters of wild boars from Asia, including 

China, Korea, Japan and the Russian Far East, were not clearly 
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separated by region (Ramayo et al., 2010). In addition, no 

conspicuous genetic structure in Asia, including China, Korea and 

Japan, was detected based on three different marker systems, 

mtDNA, microsatellite and Y-chromosome genes (Ramírez et al., 

2009). In these cases, the number of samples and markers used for 

wild boar study in Asia probably were not enough to detect 

population structure. Alternatively, the use of populations such as 

domestic pigs with strong geographic structuring could mask the 

hidden structure of wild boars in Asia that might otherwise exist in 

such region. Our contrasting results relative to previous studies 

(Ramírez et al., 2009; Ramayo et al., 2010; Ji et al., 2011) could 

also be due to the use of different marker systems. Although both 

mtDNA and microsatellite loci analyses showed indication of 

population structuring in European wild boars (Scandura et al., 

2008; Alexandri et al., 2012; Vilaça et al., 2014), microsatellite loci 

have shown better resolution in detecting genetic structure among 

geographic populations than mtDNA (Scandura et al., 2008). 

Population differentiation and admixture in the recent past can be 

better detected by fast-evolving markers like microsatellites. 

Geographical distance was significantly correlated with genetic 

distance when the island populations (JPN, KJI) were excluded 

(Appendix S10). A hierarchical genetic differentiation related to 

geographical distances is also well-supported by the AMOVA 

incorporating three regions (Table 9). Furthermore, Principal 

Coordinates Analysis (PCA) showed the wild boar populations in 
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Asia occupied unique positions along PC 1, mainly related to 

geographic distribution (Figure 7). Taken together, our data 

indicate that genetic differentiation of wild boars in Asia is 

maintained by geographic separation. 

 

Genetic status of local wild boar populations in South Korea  

Archaeological evidence suggests that wild boars appeared on the 

Korean peninsula in the mid-Pleistocene, ca. 780,000 to 130,000 

years before present (Norton, 2000). However, predators, such as 

wolf and tiger, which have played important roles in effectively 

controlling the population size of wild boar, have been absent from 

South Korea over recent decades. As a result, wild boar is the 

largest mammal with an extensive distribution in South Korea 

although Asiatic black bears (Ursus thibetanus) were reintroduced 

to the mainland a decade ago (Kim et al., 2011). Archaeological 

evidence and ancient records indicate that wild boars became 

established on Jeju Island, the largest island in southern Korea, 

presumably between the 1st and 8th centuries A.D. (Shin et al., 

1996; Kim et al., 2002). Modern populations decreased and went 

undetected for several decades, but over the last decade, wild boars 

have greatly increased on the island. Although the reason for the 

recent increase of wild boars on Jeju Island is unclear, it has been 

assumed that some captive individuals escaped to the wild. As a 

consequence of wild boar population growth on the mainland and 

Jeju Island in South Korea, proper management of the species is of 

increasing concern and population genetics would be a useful tool to 
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reveal whether gene flow occurs between local wild boar 

populations. 

Structure analysis (K = 7) showed that wild boars from 

mainland Korea are represented by two genetic clusters (Figures 

10 and 11). Although genetic traits within populations in mainland 

Korea were not clearly discrete, genetic profiles were gradually 

displaced from the north-central region (KGGW and KGWW) to the 

southeast region (KGSW), followed by the southwest region 

(KJLW) (Figure 10). These three regions of the Korean peninsula 

are geographically separated by the Baekdu-daegan mountain 

range, which runs most of the length of the eastern peninsula, from 

Baekdu Mountain in the north to Jiri Mountain in the mid-south. 

This mountain range may function as a geographical barrier to wild 

boar dispersal, although they are capable of crossing mountain 

ridges. Moreover, S. scrofa does not tend to disperse long distances 

from their birth site, with geographic ranges less than 6.5 km2 

(Caley, 1997; Choi et al., 2006). Our result showed that Jeju wild 

boar had a closer relationship with Yunnan, China rather than the 

mainland Korea, which suggests that wild boars in Jeju Island share 

closer common ancestry with wild boars in Yunnan, China than 

mainland Korea. This is in agreement with the conclusion of a 

previous study that Jeju Island wild boars probably introduced from 

somewhere in China (Han et al., 2011), and were not directly 

originated from mainland Korea. A phylogenetic study using 

mitochondrial sequences suggested that wild boar from Jeju Island 

should be allocated to the Chinese wild boar cluster (Han et al., 
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2011). However, precise identification of the geographic origin of 

the Jeju Island wild boar will require a survey of more samples from 

broadly spaced regions (e.g. Eastern China and Taiwan) using a 

variety of analytical methods, such as paternal history using Y-

chromosome genes and maternal history using mitochondrial DNA. 

For effective management of wild boars in Korea, genetic traits 

must be considered to establish appropriate strategies. Our results 

show that wild boar populations on mainland Korea are genetically 

structured. For example, wild boars from Jeolla-do, in the 

southwest region of South Korea, shared only 3.6% genetic 

composition with the population from Gyeonggi-do in the northwest. 

This result indicates that geographic barriers such as mountain 

ridges, lowlands and islands have become one of main factors to 

determine the present distribution and partial isolation of wild boar 

in the Korean peninsula. Although wild boars are now abundant in 

South Korea, various levels of genetic and ecological studies will be 

required to obtain adequate information for long-term management.  

In conclusion, microsatellite loci analyses revealed wild boar 

populations of Asia-wide regions are genetically diverse and 

structured, and that genetic distance is correlated with geographic 

distance. The level of genetic diversity decreases gradually from 

Southeastern Asia to Northeastern Asia and to western Asia, 

reflecting northward spread of ancestral wild boar populations in 

Asia-wide regions. We also observed conspicuous genetic 

structure and divergence among wild boar populations at local and 

regional scales in Asia. High levels and diverse patterns of genetic 



 

 75 

variation among regional populations of wild boars from Asia have 

likely contributed to the high genetic diversity of local domestic pig 

populations retained through multiple independent domestications 

(Larson et al., 2005). In addition, extant genetic richness of wild 

boars in Asia can become an important resource for the future 

breeding of domestic pigs. Although microsatellites provide genetic 

information other markers do not, novel approaches such as SNP 

and genome sequencing also will be helpful in better understanding 

the population structure of wild boars in Asia. Moreover, further 

studies with more samples at larger and finer geographic scales will 

shed light on unresolved questions, such as the paternal and 

maternal history, and the phylogeography of wild boars from 

Eurasia.  
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CHAPTER III. Genetic diversity and  

population structure of the long-tailed goral, 

Naemorhedus caudatus, in South Korea 

 

Introduction 

 

The long-tailed goral, Naemorhedus caudatus, is distributed 

throughout Northeastern Asia, across the Russia Far East 

(Primorsky and Khabarovsk Territories), Northeastern China, and 

the Korean peninsula (Grubb, 2005). Recent taxonomic inference 

has led to the proposal that the Caprinae subfamily includes 35 

species, which can be grouped into 14 genera (Ropiquet and 

Hassanin, 2005a, 2005b; Wilson and Reeder, 2005). However, their 

phylogenetic relationships and systematics have been controversial 

for many years (Mucci et al., 1998) due in part to the limitation of 

sampling in mountainous habitats. Extreme climate and difficult 

terrain have led to a poor fossil record, thus, paleontological 

evidence has not yet been of much help in phylogenetic 

reconstructions of this group (Groves and Shields, 1996; Hassanin 

et al., 1998a).  

Currently, Caprinae is subdivided into three tribes, Rupicaprini, 

Ovibovini, and Caprini (Geist, 1987; Gentry, 1992). The long-tailed 

goral, N. caudatus, belongs to Rupicaprini along with three other 

genera: Rupicapra, Capricornis, and Oreamnos (Nowak, 1991; 
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Hassanin et al., 1998b). Four species are currently recognized in 

the genus Naemorhedus (IUCN, 2014). Molecular evolutionary 

studies have revealed that Naemorhedus (goral) and Capricornis 

(serow) represent a basal evolutionary lineage among the Caprinae 

(Mucci et al., 1998). Hence, phylogenetic analysis of either of these 

two genera would significantly improve understanding of the 

Caprinae subfamily. 

Internationally, long-tailed goral is categorized as a vulnerable 

species by IUCN (2008) and is listed in Appendix I of CITES, which 

prohibits commercial trade of this species (Hutton and Dickson, 

2000). Numerous ecological and molecular studies have been 

conducted on long-tailed goral from Russia and South Korea. 

Bromley (1977) estimated the total number of goral in the Russian 

populations to be between 600 and 750 individuals. Myslenkov and 

Voloshina (1989) later concluded that there had been no decline in 

the number of individuals or known populations. However, due to 

persistent overexploitation, Russian goral has been listed as a 

Category I species in the Russian Red Data Book (Borodin, 1984).  

In South Korea, goral populations have been drastically 

diminished due to human activities including habitat destruction and 

poaching, as well as weather events such as heavy snowfall. Of 21 

reported goral habitats, inhabited by 690-784 individuals, only four 

maintain more than 100 individuals (Ministry of Environment of 

Korea, 2002). Thus, goral is designated as an endangered species 

by the South Korean government (Ministry of Environment of 

Korea, 2004), and as a natural monument (No. 217: Cultural 
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Properties Administration).  

Since the genetic diversity of Korean goral populations had 

been decreasing (Kim et al., 2004a), there is an urgent need to 

develop conservation projects to promote recovery of both 

population size and distribution. Knowledge of the species’ 

taxonomic status and population genetic structure is fundamental to 

developing effective strategies to this end (Lorenzini et al., 2004). 

Inter- and intraspecific phylogenetic knowledge also would help 

clarify the species' biology, and would resolve appropriate 

conservation and management units for this species (An, 2006). 

During the past decade, molecular analyses of Naemorhedus 

caudatus have been reported. Min et al. (2004) confirmed the 

phylogenetic relationship between long-tailed goral and Japanese 

serow using partial mitochondrial DNA sequence, and also revealed 

that a Korean goral population is genetically closer to Russian than 

Chinese populations. Kim et al. (2004a) screened 34 Bovidae 

microsatellite markers through cross-species amplification of N. 

caudatus, and noted that the Korean goral population has the lowest 

level of heterozygosity among the Caprinae subfamily including 

goats, Alpine ibex and Spanish ibex. Additionally, An et al. (2005) 

characterized 15 goral-specific microsatellite loci and Kim et al. 

(2008) reported molecular methods for species identification and 

sex determination for ungulate species of Korea. Recently, the 

complete mitochondrial genome (16,519 bp) of long-tailed goral 

was sequenced (Jang and Hwang, 2010) and eight additional novel 

microsatellite loci were developed (An et al., 2010). However, a 
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population genetic study among geographic populations of long-

tailed goral in Korea has not yet been conducted.  

This study aimed to investigate the extant level of genetic 

diversity and population structure of the endangered long-tailed 

goral, N. caudatus, in South Korea using 12 previously developed 

microsatellite markers. Knowledge of geographic patterns and the 

effects of natural processes on the present status of genetic 

variation and genetic structure of long-tailed goral in South Korea 

will provide important scientific grounds for establishing effective 

conservation and management strategies for this endangered 

species in South Korea.  
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Material and Methods 

 

Sample collection and microsatellite genotyping  

A total of 68 samples of long-tailed goral, mostly tissue, blood and 

skeleton samples, were collected in this study. This experimental 

work was conducted with permission of the Conservation Genome 

Resource Bank for Korean Wildlife (CGRB), which provided goral 

samples for this study. All samples were legally collected and 

deposited into CGRB. The procedures involving animal samples 

followed the guidelines of the Seoul National University Institutional 

Animal Care and Use Committee (SNUIACUC). Samples were 

collected from mountain areas of the species along the East coast of 

the South Korean peninsula (Figure 12 and Appendix S11). There 

are four main habitats where more than 100 individuals are resident, 

namely the Demilitarized Zone in the Northeast part of Gangwon 

Province, the Yanggu-Hwachen region, Seorak Mountain, and the 

Uljin-Samcheok-Bongwha region (Yang, 2002). Three of these are 

located in the Seorak Mountain range in the upper Northeast region 

(designated KNE_A wild, n=30), including Goseong, Hwacheon, 

Yanggu, Inje and Yangyang.  The fourth is located outside the 

Seorak Mountain range in the lower Northeast region (designated 

KNE_B, n=23), including Samcheok and Uljin. The source area of 

four sample specimens was not reported (ND), and 11 samples 

were collected from captive animals in the Everland zoo in Yongin 

(KNE_A captive), whose original provenance is believed to be 
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Seorak Mountain from where these individuals were rescued (Table 

11 and Figure 12).  

All samples were stored at -70 ℃ until DNA extraction. 

Genomic DNA was isolated using the DNeasy Blood and Tissue Kit 

or Gentra Puregene Tissue Kit (QIAGEN) according to the 

manufacturer’s instructions. In this study, we tested 13 

polymorphic microsatellite markers developed for N. caudatus (An 

et al., 2005, 2010) and of these, 12 were selected based on good 

readability and low frequency of null alleles as indicated by Micro-

Checker 2.2.3 (Van Oosterhout et al., 2004). One marker showed a 

significant level of null alleles for two wild populations (KNE_A wild 

and KNE_B), and thus was excluded from further analyses. 

Although another marker, SY112, exhibited null alleles in the 

KNE_A wild population, this also could be caused by population 

subdivision in the region. Genetic characteristics of individual 

markers for long-tailed gorals for each of the sampling regions are 

shown in Appendix S12. The microsatellite loci were amplified by a 

touchdown PCR strategy using the Multiplex PCR Kit (QIAGEN). 

Individuals were genotyped using a DNA Sequencer (ABI Prism 

3730 XL DNA Analyzer, Applied Biosystems). 
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Figure 12. Distribution and study sites of long-tailed goral, Naemorhedus caudatus, (IUCN 2008) in South Korea. 

Numbers indicate sampling locations; 1=Goseong, 2= Hwacheon, 3=Yanggu, 4=Inje, 5= Yangyang, 6=Chiak Mountain, 

7=Samcheok, 8=Uljin, 9= Seorak Mountain, 10=Wolak Mountain, and 11=Yongin (Everland Zoo). The color 

designation of each of location symbol (grey, KNE_A and black, KNE_B) was based on the population structure 

analysis in Figure 13. Site of a population translocation is 10=Wolak Mountain (see details in discussion). Sample 

details are described in Appendix S11. 
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Data Analysis  

Genetic diversity measures were calculated using the Microsatellite 

Tool Kit (Park, 2001), including mean number of alleles (Ad) per 

locus, observed heterozygosity (HO), and expected heterozygosity 

(HE) under Hardy-Weinberg assumptions. Allelic richness (Ar), 

based on a rarefaction approach, and mean inbreeding coefficient 

(FIS) across all loci for each population were computed using 

FSTAT v.2.9.3 (Goudet, 1995). The level of genetic differentiation, 

FST, between each pair of populations and its significance based on a 

permutation approach were calculated by FSTAT v. 2.9.3. The 

sequential Bonferroni correction was applied when testing 

significance in multiple comparisons. Indirect estimates of gene flow 

(Nm, effective number of migrants per generation) among 

populations were calculated from FST using the equation of Wright 

(1943). Principal Coordinates Analysis (PCA) based on genotypic 

distance, and frequency-based assignment tests were used to 

visualize genetic relationships among groups using GenAlex v.6.0 

(Peakall and Smouse, 2006). STRUCTURE 2.3.3 software 

(Pritchard et al., 2000) was employed to demonstrate the existence 

of population structure. The number of MCMC (Markov chain Monte 

Carlo) steps was set to 200,000 after a burn-in period of 100,000 

using the default parameters of an admixture model. Ten iterations 

were carried out for each K, from 1 to 5, to quantify the amount of 

variation in the likelihood value. The number of inferred clusters 

was estimated based on the method suggested by Evanno et al. 

(2005).  
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Direct assignment and exclusion tests were conducted to 

identify probable immigrants and their origins, as well as source 

localities for samples of unknown provenance, using the program 

GeneClass 2 (Piry et al., 2004). A direct assignment approach, and 

the exclusion method using a simulation approach based on allele 

frequencies of each reference population (Cornuet et al., 1999) 

were carried out at a threshold of 0.05 using the Bayesian 

statistical method (Rannala and Mountain, 1997).  

Pairwise relatedness (r) was estimated based on methods by 

Lynch and Ritland (1999) and Queller and Goodnight (1989) using 

GenAlex v.6.0 (Peakall and Smouse, 2006) to detect kinship within 

and between goral populations. For the Lynch and Ritland (1999) 

method (LRM), an r value close to 0.5 indicates an identical twin, a 

value close to 0.25 indicates a full sibling relationship (parents and 

offspring, or siblings that share the same parents), and an r value of 

0.125 indicates a half sibling (one shared parent). In the Quller and 

Goodnight (1989) method (QGM), r values around 1, 0.5, and 0.25 

correspond to identical, full, and half siblings, respectively. 

However, caution must be exercised when interpreting genetic 

relatedness, because LRM and QGM methods using microsatellite 

data are based on genotype similarity that can vary according to 

allele frequencies of a population. However, these genetic 

relatedness data are still informative in estimating relative kinship 

among individuals. 

Evidence of a recent reduction in effective population size (Ne) 

was explored using three different approaches. Individuals from the 
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zoo (KNE_A captive) were excluded from bottleneck tests due to 

the small sample size, as well as being from a captive population. 

The Wilcoxon sign-rank test was conducted to determine whether 

a population exhibits significant heterozygosity excess relative to 

expected heterozygosity at mutation-drift equilibrium, using 

BOTTLENECK 1.2 (Cornuet and Luikart, 1996; Piry et al., 1999). 

Under the Wilcoxon sign-rank test, a stepwise mutation model 

(SMM) and a two-phase model (TPM) that employs 90% 

probability for the stepwise mutation model (SMM) and 10% for 

variance among mutation lengths were applied using 1,000 

iterations (Di Rienzo et al., 1994). A mode-shift in allele frequency 

distribution was used as a qualitative indicator for detecting a 

recent bottleneck event (Luikart et al., 1998). Lastly, Garza and 

Williamson’s M ratio and its variance across loci were calculated 

using the program AGARst (Harley, 2001) to detect evidence of 

reduction in population size many more generations in the past than 

tested by the two methods mentioned above (Garza and Williamson, 

2001). 
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Results 

 

A total of 67 alleles were found across the 12 microsatellite loci 

for 68 N. caudatus individuals from South Korea. Fifteen alleles 

from wild populations (11 for KNE_A wild and 4 for KNE_B) and 

two alleles from captive zoo individuals (KNE_A captive) turned out 

to be private alleles. Long-tailed gorals from the upper Northeast 

region (KNE_A wild) in South Korea showed a higher level of 

genetic diversity (Ad=5.08, Ar=4.23, HE=0.697) than the other 

groups (Table 11). Zoo individuals (KNE_A captive) had the lowest 

genetic diversities (Ad=3.17, Ar=3.11, HE=0.554), with 21% lower 

expected heterozygosity (HE) than KNE_A wild. However, the 

highest observed heterozygosity (HO) was present (HO=0.676) 

among KNE_A captive individuals. The lower Northeast region 

(KNE_B) showed an intermediate level of genetic diversity. A 

significant inbreeding coefficient (FIS=0.137) was detected only in 

the KNE_A wild population (Table 11). 

Genetic differentiation (FST) was significant among all pairs of 

long-tailed goral populations (Table 12). The FST value between 

KNE_A wild and KNE_B is comparable to that between KNE_A 

captive and KNE_A wild, but was relatively high between KNE_B 

and KNE_A captive. Indirect estimates of gene flow (Nm) between 

populations ranged from 1.291 in KNE_B vs. KNE_A captive to 

2.955 in KNE_A wild vs. KNE_A captive.  
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Table 11. Genetic diversity estimates for long-tailed goral from 

South Korea 

Location N 

Allelic 

diversity  

(Ad) 

Allelic 

richness  

(Ar) 

HE HO FIS 

Everland Zoo 

(KNE_A captive) 
11 3.17 3.11 0.554 0.676 -0.235

 NS
 

Upper Northeast region  

(KNE_A wild) 
30 5.08 4.23 0.697 0.603 0.137

*
 

Lower Northeast region  

(KNE_B) 
23 4.17 3.72 0.630 0.640 -0.017

 NS
 

Not determined (ND) 4 
     

N: Number of samples; Ad: Mean number of alleles; HO: Observed 

heterozygosity; HE: Expected heterozygosity; FIS: Inbreeding coefficients; 

*
Significant, 

NS
Not significant, after Bonferroni correction to adjusted 

nominal level (5%), P = 0.00139 

 

 

Table 12. Genetic differentiation (pairwise FST, below diagonal) and 

gene flow estimates (Nm, above diagonal) among geographic 

populations of long-tailed gorals from South Korea.  

  
KNE_A 

captive 

KNE_A 

wild 
KNE_B 

Korea Everland Zoo (KNE_A captive) 
 

2.955 1.291 

Korea Northeast _A (KNE_A wild) 0.078
*
 

 
2.712 

Korea Northeast _B (KNE_B) 0.162
*
 0.084

*
 

 
*
Significant after Bonferroni correction (P<0.05); indirect indicator of gene 

flow (Nm) was calculated among geographic populations using the equation, 

Nm =1/4{(1- FST)/FST} (Wright 1943) 
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Model-based genetic cluster analyses inferred two genetic 

clusters from long-tailed gorals in South Korea (Figure 13 and 

Appendix S13). The two major genetic clusters correspond to the 

following genetic populations, 1) KNE_A wild together with KNE_A 

captive and 2) KNE_B. These populations showed distinct genetic 

compositions, although a few individuals from KNE_A wild shared 

some similarity with the major cluster of the KNE_B population 

(Figure 13). Two of four unknown samples (ND) were allocated 

into each of the two genetic clusters, respectively.  

 

 

Figure 13. Bar plot of population structure estimates of N. caudatus 

samples collected in South Korea. X-axis indicates the region of 

sample collection. See Figure 12 for sampling locations.  

 

 

The pairwise assignment of individuals between goral groups 

also showed individuals belonging to their respective collection area 

(Appendix S14). Most individuals were assigned to their collected 
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populations. However, one individual from KNE_A captive was 

assigned to KNE_A wild (61.9%), and three individuals from KNE_A 

wild were assigned to KNE_A captive (81.8, 85.1 and 99.9% each). 

The assignment test identified probable source populations for the 

four individuals of unknown provenance. Two individuals each were 

assigned to the KNE_A wild population (83 and 98 %) and KNE_B 

population (both 100 %), respectively (data not shown). However, 

the exclusion method indicated that the two individuals allocated to 

KNE_A wild by the assignment method did not belong to either 

KNE_A wild or KNE_B.  

Pairwise relatedness (r), or kinship, among each pair of 

individual gorals showed similar trends based on two methods, LRM 

and QGM (Table 13). Of 2,278 total pairwise comparisons, 7.55% in 

LRM and 11.15% in QGM appeared to share possible kinship. The 

highest proportion of kinship was observed within KNE_A captive 

(63.6% in LRM; 78.2% in QGM), whereas the proportion of kinship 

between KNE_A wild and KNE_B was relatively low (0.43% in LRM 

and 3.48% in QGM). The kinship among individuals within KNE_A 

wild was less than 10% according to both methods, and was 

comparable to the level of kinship between KNE_A captive and 

KNE_A wild. Two of the four unknown samples were genetically 

more related to KNE_B than KNE_A wild. 
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Table 13. Genetic relatedness (r) among long-tailed gorals from South Korea according to the Lynch and Ritland 

(1989) method (LRM), and the Queller and Goodnight (1999) method (QGM). 

Population 
No. of 

comparisons 

LRM (%)
 

 
QGM (%)

 

r = 

0.5 

0.25 

≤ r < 

0.5 

0.125 

≤ r < 

0.25 

Total 
 

r =1 

0.5 

≤ r < 

1 

0.25 

≤ r < 

0.5 

Total 

All individuals 2278 0.26 1.27 6.01 7.55 
 

0.26 1.80 9.09 11.15 

Within 

Population 

KNE_A(C) 55 5.45 23.64 34.55 63.64 
 

5.45 21.82 50.91 78.18 

KNE_A(W) 435 0.23 1.61 5.98 7.82 
 

0.23 1.15 8.51 9.89 

KNE_B 253 0.40 2.37 20.55 23.32 
 

0.40 4.74 23.72 28.85 

NA 6 0.00 0.00 16.67 16.67 
 

0.00 16.67 0.00 16.67 

Between 

Populations 

KNE_A(C) KNE_A(W) 330 0.30 0.61 8.18 9.09 
 

0.30 2.73 9.70 12.73 

KNE_A(C) KNE_B 253 0.00 0.00 0.00 0.00 
 

0.00 0.00 3.16 3.16 

KNE_A(C) NA 44 0.00 0.00 2.27 2.27 
 

0.00 0.00 0.00 0.00 

KNE_A(W) KNE_B 690 0.00 0.00 0.43 0.43 
 

0.00 0.14 3.33 3.48 

KNE_A(W) NA 120 0.00 0.00 0.00 0.00 
 

0.00 0.00 0.83 0.83 

KNE_B NA 92 0.00 1.09 8.70 9.78 
 

0.00 1.09 19.57 20.65 

KNE_A (C), KNE_A captive; KNE_A (W), KNE_A wild 
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A signature of a recent bottleneck was detected for both wild 

populations under the TPM model (<0.05) (Table 14). However, the 

distribution of allele frequencies for all populations does not deviate 

from the L-shape mode indicative of a stable population. Garza and 

Williamson’s M values ranged from 0.635 to 0.713, displaying 

evidence of a bottleneck (i.e., M < 0.68) in the KNE_B population 

sometime many generations in the past. Population KNE_A wild 

showed a marginal value of M around 0.68, perhaps a lingering 

signature of a population bottleneck long ago (Table 14).  

 

 

Table 14. Tests to detect a population bottleneck event within 

long-tailed goral populations from South Korea. 

Location (Abbr.) 
Wilcoxon sign-rank tests

 a
 

Mode shift M
b
 

SMM
 
 TPM

 
 

KNE_A wild 0.032 0.001 Normal 0.713 (0.059) 

KNE_B 0.190 0.005 Normal 0.635 (0.068) 

a
One-tail probability that excess of observed heterozygosity relative to 

the expected equilibrium heterozygosity is due to chance, computed from 

the observed no. of alleles under mutation-drift equilibrium; SMM, 

stepwise mutation model; TPM, two-phased model of mutation. 

bM = mean ratio of the no. of alleles to the range of allele size (Garza and 

Williamson 2001); variance in parentheses.   
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Discussion 

 

Genetic Diversity  

The main objectives of this study were to determine the level of 

genetic variability and to elucidate genetic structure of long-tailed 

gorals, N. caudatus, in South Korea, which will help explore the 

level of genetic connectivity and genetic relatedness across 

geographical regions.  

Wild populations of long-tailed gorals (KNE_A wild, KNE_B) 

showed moderate levels of genetic diversity (HE = 0.697 and 

0.630; HO = 0.603 and 0.640 respectively), compared to Japanese 

serow (Capricornis crispus), which belongs to the same tribe 

Rupicaprini in Caprinae. The subset of microsatellite markers used 

in this study indicate a relatively low level of genetic diversity in 

two Japanese serow populations (HE = 0.602 and 0.456; HO = 0.4 

and 0.28 respectively) (unpublished data). Alpine chamois 

(Rupicapra rupicapra rupicapra) and Tatra chamois (R. r. tatrica) in 

the tribe Rupicaprini, showed much lower genetic diversities (HE = 

0.383 and 0.227; HO = 0.396 and 0.223 respectively) than N. 

caudatus and C. crispus (An et al., 2010; J. An, personal 

communication). Zoo animals (KNE_A captive), which were rescued 

from Seorak Mountain and vicinity (the same area of KNE_A wild 

population) and subsequently bred in captivity, showed the lowest 

level of genetic diversity among Korean gorals (Table 11). 

However, observed heterozygosity was higher than expected in the 
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KNE_A captive population. This could be due to an isolation-

breaking effect such as the mixing and interbreeding of individuals 

from two previously isolated populations, although sampling error 

owing to a small sample size of heterozygous gorals cannot be ruled 

out.  

The inbreeding coefficient (FIS) was significant in the 

population KNE_A wild. This may be due to a Wahlund effect, the 

reduction of observed heterozygotes caused by admixture of 

subpopulations with different genetic constitutions, as suggested by 

irregular genetic compositions in the structure analysis (Figure 13 

and Appendix S15). 

 

Population Structure and Origin of Captive Individuals  

The degree of genetic differentiation (FST) between two wild 

populations (KNE_A wild and KNE_B) was not strong but significant 

(FST=0.084; Table 12). Similar patterns of low but significant 

genetic differentiation (FST) between wild animal populations have 

been observed in other Rupicaprini species such as Japanese serow, 

with limited gene flow at a regional scale. Although two wild 

populations of Japanese serow showed a higher level of genetic 

differentiation amongst each other (FST = 0.255), the distance 

between the populations was about 360 km (unpublished data), 

whereas the distance between KNE_A wild and KNE_B long-tailed 

goral populations ranged from 84 to 174 km. These comparisons 

demonstrate the level of genetic differentiation among populations 

of Rupicaprini species in mountainous habitats that might be 
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common at a regional scale. The moderate FST value indicates a 

certain amount of gene flow between KNE_A wild and KNE_B 

populations. Together with the relatively lower genetic diversity in 

the KNE_B region, this implies that the gorals in the lower 

Northeast region (KNE_B) represent a colonizing population from 

the source population KNE_A wild. Migration and subsequent 

colonization from the upper Northeast to lower regions is a 

reasonable scenario, because the KNE_B region is regarded as one 

of southernmost distribution boundaries of N. caudatus (Yang, 

2002), and thus lower genetic diversity in the KNE_B region is 

expected as an example of peripheral isolation. Although gorals in 

the KNE_B region could have colonized/migrated from the potential 

source population KNE_A wild, a rigorous genetic study using more 

samples from a wide range of geographic locations is required to 

address this question. 

Genetic differentiation and population structure analyses 

showed that individuals of the KNE_A captive population originated 

from local areas within the upper Northeast regions harboring the 

KNE_A wild population (Tables 12 and 13; Figure 13; Appendix 

S15). The geometric patterns of genetic variance visualized by PCA 

likewise indicate that KNE_A captive is genetically closer to the 

KNE_A wild population than to KNE_B (Figure 14). This is 

consistent with the results of the structure analysis showing a 

similar genetic cluster containing KNE_A captive and KNE_A wild 

individuals. Nevertheless, the FST between KNE_A captive and 

KNE_A wild was comparable to that between two wild populations, 
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KNE_A wild and KNE_B (Table 12 and Figure 14). It is probable 

that the zoo gorals (KNE_A captive) have been completely isolated 

genetically from wild populations since their captivity. The 

existence of a subset of KNE_A wild genetic composition in KNE_A 

captive when K=3 in the structure analysis supports genetic 

isolation of KNE_A captive (Appendix S15).  

 

 

 

Figure 14. Scattergram from Principal Coordinates Analysis (PCA) 

based on genotypic distances among long-tailed gorals in South 

Korea. See Figure 12 for sampling locations. 
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Unfortunately, detailed information on the founders, breeding 

and pedigree of the captive population is not available, but it is 

known that the population originated from a small number of 

individuals rescued from areas around Seorak Mountain in the 

1980’s. The current study confirms the geographic origin of the 

captive population by showing the close association of the KNE_A 

captive and KNE_A wild populations. In addition, the assignment 

test reveals the possible origin of four goral samples for which no 

information was previously available. One of the samples of 

unknown origin was a carcass found beside the Yeongdong 

Expressway near Yongin in 2010. The sample was assigned to the 

KNE_B wild population, implying that the animal might have been 

poached from KNE_B wild habitat and abandoned for some reason 

near Yongin. 

The relatedness (r) analysis revealed different levels of genetic 

relatedness within KNE_A wild and KNE_B, indicating a difference 

in genetic connectivity and habitat range for each population. 

Closely related kin within KNE_B suggest relatively smaller habitat 

ranges and smaller population size than within the KNE_A region. 

The observed low level of relatedness between KNE_A wild and 

KNE_B also indicates that these populations are genetically distinct 

with restricted gene flow between them. However, interpreting 

results of relatedness analysis among populations must be done 

with caution, because sampling error caused by small sample size 

can lead to biased estimates of population allele frequencies (Blouin, 

2003; Wang, 2002). In addition to breeding among captive 
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individuals, a potential explanation for the high level of kinship 

within KNE_A captive is that a goral kinship group was rescued by 

chance. 

 

Population Differentiation  

Geographically, the goral habitats in South Korea are connected 

through the Baekdu-daegan mountain range, which runs most of the 

length of the eastern peninsula, from Baekdu Mountain in the north 

to Jiri Mountain in the south. The habitats of KNE_A wild and 

KNE_B are also directly connected through the Baekdu-daegan 

mountain range as well as the other mountainous goral habitats 

(Kim et al., 2004b). Nevertheless, the genetic data in this study 

indicate that two genetically structured populations, KNE_A wild 

and KNE_B, exist in major habitats of long-tailed goral in South 

Korea.  

Two different possibilities could explain the population 

differentiation between KNE_A wild and KNE_B: 1) human-made 

barriers and environmental changes that occurred in relatively 

recent years; and 2) natural environmental conditions that have 

existed for hundreds or thousands of years. 

    Artificial barriers such as the Yeongdong Expressway, tourist 

facilities and highland agriculture in Daegwallyeong could be factors 

in maintaining differentiation between KNE_A wild and KNE_B 

populations. Daegwallyeong is a mountain pass that branched out 

west from the Baekdu-daegan to Chiak Mountain (Figure 12). The 

Yeongdong Expressway was constructed in the early 1970’s and 
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tourist facilities such as ski resorts have been placed in this area. In 

addition, slash-and-burn farmers have lived in these mountain 

areas probably from the 19th century until the 1960s, leading to 

destruction of wildlife habitat by deforestation (Yoon, 2009). 

However, such artificial barriers might not be a major cause of goral 

population differentiation because the elapsed time is insufficient to 

generate the current level of population structure. The same pattern 

of population differentiation was also revealed in a study using 

mitochondrial DNA analysis (unpublished data).  

Natural barriers may include climatic, landscape and ecological 

factors. Daegwallyeong, the mountain pass that corresponds to the 

boundary between KNE_A wild and KNE_B, is a mountainous 

plateau with an elevation of over 800 meter. This plateau is not a 

habitat ideally suited to goral which usually inhabit steep rocky 

slopes. Moreover, this area is one of the heaviest snowfall regions 

in South Korea, with annual snow cover reaching more than 900 mm 

(Lee et al., 2007; Kim et al., 2010). Heavy snow accumulation 

would contribute to the inappropriateness of the plateau as habitat 

for gorals and to its inefficiency as a corridor for habitat 

connectivity. Thus, the natural conditions of Daegwallyeong may 

have resulted in low population density in this region for a long time. 

Although several dozen individuals were observed in this area 

(Ministry of Environment of Korea, 2002), densities of goral may 

be too low to function as a natural bridge for effective gene flow 

between KNE_A wild and KNE_B.  

Ecological characteristics of long-tailed goral also could 
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contribute to population isolation. Home ranges of long-tailed goral 

vary depending on seasonal climate and geographic factors such as 

natural barriers and habitat steepness, but are less than 1 km2 

(Myslenkov and Voloshina, 1989; Ministry of Environment of Korea, 

2002; Cho et al., 2014). This implies that this species would not 

likely disperse long distances from their birth site.  

To sum up, both human-mediated and natural factors are 

possible contributors to genetic differentiation of long-tailed goral 

populations in South Korea. Although anthropogenic factors cannot 

be ignored, natural climatic and geographic conditions, as well as 

the sedentary behavior of this species, are the more likely 

mediators of genetic structuring between the two populations 

KNE_A wild and KNE_B.  

 

Conservation Implications  

Conservation of N. caudatus is of urgent importance given its 

international classification as an endangered and protected species. 

A few genetic studies of N. caudatus, based on mitochondrial DNA, 

have focused on intra- or interspecific phylogenetic relationships, 

but limited information on population genetic diversity and structure 

is available (Koh et al., 2002; Min et al., 2004; An et al., 2010). In 

this study, use of fast evolving, co-dominant microsatellite markers 

provided appropriate resolution to assess population genetic 

structure and differentiation. The information reported here can 

help establish proper management and conservation policy for this 

endangered species.  
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In this study, different genetic compositions were observed in 

different wild goral populations in South Korea (KNE_A wild and 

KNE_B). Weeks et al. (2011) suggested genetically matched 

(genotypes) translocation and evolutionary genetic potential (or 

genetic adaptation) should be primarily considered to ensure that 

threatened populations can adapt to future environmental changes. 

However, designation of separate conservation units is not 

necessarily suggested for the management of the KNE_A wild and 

KNE_B populations of long-tailed goral, because only one type of 

genetic marker (microsatellites) was examined in this study and the 

level of population differentiation indicated some degree of gene 

flow exists.  

Although KNE_B showed slightly lower genetic diversity than 

the KNE_A wild population, both exhibit a moderate level of genetic 

diversity, indicating that artificial translocation of individuals 

between KNE_A wild and KNE_B populations is not urgently 

required. Translocation or reintroduction of wild animals always 

involves risk of injury to the translocated individuals and 

undesirable effects on the ecosystem, such as disease transmission 

and disturbance of the existing social structure. Thus, all wildlife 

conservation translocations should follow guidelines suggested by 

IUCN and must be carefully carried out only when there is an 

urgent, science-based reason, including a high level of expected 

benefit to the population and ecosystem affected 

(http://www.iucnsscrsg.org/). 

As part of the conservation efforts of Korean gorals, a 

http://www.iucnsscrsg.org/
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reintroduction project is currently being undertaken by the Species 

Restoration Technology Institute in South Korea. A total of 24 goral 

individuals from a zoo population and KNE_A wild population have 

been reintroduced or translocated into the Wolak Mountain area 

(Ministry of Environment of Korea, 2013). As confirmed in this 

study, because the zoo population originated from the KNE_A wild 

region, all reintroduced individuals are essentially from the KNE_A 

wild population. Animals have been released six times since 1994, 

and 43 individuals have been observed on Wolak Mountain, including 

individuals born in the wild (Ministry of Environment of Korea, 

2013). Historically, Wolak Mountain was known to be goral habitat, 

but the populations become locally extirpated presumably in the mid 

20th century (Woo, 1990). When geographical connectivity is 

considered, the historical Wolak population likely had more direct 

gene flow with the KNE_B population rather than the KNE_A wild 

population. This is because Wolak Mountain is closely connected 

through the Baekdu-daegan mountain range to KNE_B regions, with 

distances ranging only from 55 to 100 km, whereas Wolak Mountain 

and the KNE_A regions are not directly connected by mountain 

ridges (Figure 12). Thus, if the reintroduction project is necessary, 

translocation of gorals from the KNE_B population rather than from 

KNE_A wild population to Wolak Mountain would be preferable. The 

reintroduced population eventually will interact with the KNE_B 

population. Then, reintroduction using KNE_B population will not 

disturb the locally adapted genetic integrity of the KNE_B 

population (Weeks et al., 2011).  
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Translocations from the KNE_A wild population to Wolak 

Mountain have already been carried out. Nevertheless, at this stage, 

additional translocations between the KNE_A wild population and 

KNE_B population are not recommended, because natural dispersal 

and interactions are expected between the population from Wolak 

Mountain and the KNE_B population in the near future. In that case, 

it will represent an increased opportunity for genetic introgression 

from the reintroduced population on Wolak Mountain (genetic traits 

of KNE_A wild) into the indigenous population (KNE_B) and vice 

versa, and contribute to an increase in the genetic diversity of both 

Wolak Mountain and KNE_B populations. 

The current study emphasizes the importance of detailed 

studies on population structure and genetic diversity before any 

restoration policy is envisioned for an endangered species or 

population. In the future, it will be necessary to closely monitor the 

genetic diversity of goral populations in South Korea including 

KNE_A wild, KNE_A captive, KNE_B, and reintroduced Wolak 

Mountain populations. In addition, the other populations which were 

not sampled in this study, including populations in and near the 

Demilitarized Zone (DMZ) between North and South Korea will 

need to be studied. In particular, the goral populations inside the 

DMZ may have a compromised level of genetic diversity because 

they presumably have been isolated for more than five decades 

since the Korean War. However, they still can serve as the 

candidate flagship species of the proposed ‘DMZ Peace Park’ (at 

Eco Conference on the 60th Anniversary of the DMZ, Goyang city 
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2013).  

Indications of a Wahlund effect in the upper Northeast area 

(KNE_A wild) in this study imply that fine-scaled conservation 

management within this region should be considered, because 

cryptic sub-populations likely exist. Scrutinized genetic study at 

the landscape genetics level would give detailed information on 

animal movements and interactions among sub-populations of 

Korean gorals. This would identify small, isolated populations that 

need more attention, and provide a sound scientific base to establish 

effective conservation policy for this highly endangered species 

(Schwartz et al., 2007). However, the difficulty of sampling is one 

of the major limitations in conducting genetic studies of endangered 

species, and makes routine genetic monitoring of the species 

difficult. Genetic materials can be obtained from non-invasive 

samples such as hair-roots and feces, but precautions are required 

to ensure adequate DNA quality and purity for population genetic 

studies based on such samples. Empirical genetic monitoring using 

non-invasive samples of long-tailed goral is underway for the 

lower Northeast region (Ministry of Environment of Korea, 2011). 

Illegal poaching is an important factor that can lead to 

population decline, and is a possible reason for the recent 

bottlenecks detected in both wild populations (Table 14). Using 

microsatellite markers as in the present study can help identify an 

individual's source population, and thus identify transfer routes for 

illegally captured animals.  
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In conclusion, this study reports the status of genetic diversity 

and existence of population genetic structure in long-tailed gorals 

inhabiting South Korea. The moderate level of genetic diversity and 

genetic structuring of long-tailed goral at regional scales within 

South Korea provides a scientific basis to design effective 

management and conservation strategies for wild, reintroduced and 

captive goral populations in South Korea. Any translocations or 

reintroductions of wild animal or plant species including endangered 

species, if necessary, should be planned considering natural 

evolutionary processes (Weeks et al., 2011). Fine-scale and 

landscape-level genetic research planning is recommended, as well 

as much wider ranging phylogeographic and genetic diversity 

studies on goral populations to include the DMZ, North Korea, 

Russian Far East and Northeastern Chinese populations. 
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General Discussion 

     

In this study, the genetic diversity of wild boar, Sus scrofa, in 

Asia and long-tailed goral, Naemorhedus caudatus, in South Korea 

were examined using various molecular genetic markers.  

The phylogeography of wild boar, Sus scrofa, from Asia 

including previously unsampled regions, Trans-baikal, Caucasus 

and Urals, was demonstrated based on the mitochondrial control 

region and two Y-chromosome genes. The phylogeography of 

Asia-wide wild boars implied potential migratory patterns from 

Southeast Asia to South Asia, followed, but independently, by 

migration to East and West Asia. Trans-Baikal regions may have 

functioned as bridge areas, with evidence of genetic admixtures 

reflecting both eastward and westward dispersal. Moreover, the 

broadly mixed genetic clade suggests that multiple migrations 

occurred since the initial dispersal from Southeast Asia. In addition, 

the most common haplotype in the paternal lineage found 

throughout Asia-wide regions suggests that male wild boars 

dispersed more widely than females, making phylogeographic 

inference from males more complex. 

The extant population structure of wild boar in Asia was firstly 

described using microsatellite loci. Microsatellite loci analyses 

revealed that wild boar populations of Asia are genetically diverse 

and structured, and that genetic distance is relatively correlated 

with geographic distance between sampled locations. Conspicuous 
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genetic structure and divergence were observed among wild boar 

populations at local and regional scales in Asia. High levels and 

diverse patterns of genetic variation among regional populations of 

wild boars have likely contributed to the high genetic diversity of 

local domestic pig populations retained through multiple independent 

domestications (Larson et al., 2005). In addition, extant genetic 

richness of wild boars in Asia can become an important resource for 

the future breeding toward improvement of domestic pigs.  

The study of genetic diversity of Korean long-tailed goral, N. 

caudatus, determines the level of genetic variability and the amount 

of genetic structure in South Korea, and explores the level of 

genetic connectivity and genetic relatedness across geographical 

regions. The moderate level of genetic diversity and extant 

population subdivision at regional scales within South Korea provide 

a scientific basis to design effective management and conservation 

strategies for wild, reintroduced and captive goral populations in 

South Korea.  

In this study, genetic analyses of two ungulate species that 

have different conservation status were examined and implication 

on management and conservation of these species was discussed. 

Wild boar is abundant worldwide, whereas the long-tailed goral is 

endangered and inhabits restricted area of East Asia. However, both 

species require an effective population management such as 

controlling population densities and translocations. For effective 

management and conservation strategies, not only ecological 

characteristics such as population abundance and densities, but also 
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population genetics and landscape-level genetic studies should be 

applied. Moreover, continuous monitoring and further genetic 

studies with more samples at larger and finer geographic scales will 

provide insights on sustainable management and conservation 

regimes by delineating unresolved questions with more precise 

scenarios on migration and admixture of local and global populations.  
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우제목 두 종의 유전자 다양성 연구: 

아시아의 멧돼지와 한국의 산양 
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국문 초록 
 

멧돼지(Sus scrofa)는 집돼지의 현존하는 조상종으로서, 축산 및 

농업경제와 밀접한 연관을 가지는 중요한 야생 포유류이다. 멧돼지의 

계통지리학적인 기원은 동남아시아 지역으로 알려져 있으며, 

오스트레일리아와 아메리카 대륙에 도입된 개체군을 포함하여 모든 

대륙에 널리 분포하고 있다. 멧돼지가 인류의 농경, 정착 및 동물 

가축화의 역사와 밀접한 관계에 있는 종임에도 불구하고 아시아 

멧돼지의 유전학적 연구는 미비한 실정이다. 본 연구는 다양한 유전자 

마커를 이용하여 아시아 멧돼지의 계통지리학적 양상과 유전자 다양성 

및 집단구조를 파악하는데 목적을 두었다. 본 연구에서는 한반도의 
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멧돼지 개체군을 포함한 일본, 중국 및 러시아 극동지역의 동아시아 

개체군과 베트남, 인도네시아 등의 동남아시아 개체군을 비롯하여, 기존 

연구에 포함되지 않았던 지역인 러시아 우랄지역, 코카서스 지역, 

바이칼 지역의 개체군도 연구 대상에 포함시켜 아시아 전반에 걸친 

14개 지역의 멧돼지 개체군을 대상으로 미토콘드리아 DNA 조절부위와 

Y 염색체의 두 유전자(AMELY 및 USP9Y) 분석을 통한 계통지리 

연구를 수행하였다. 또한 이미 알려져 있는 아시아 멧돼지 112개체의 

염기서열(642 bp)을 추가로 분석함으로써 멧돼지 계통지리 관계를 보다 

정확하고 넓은 범위에서 파악할 수 있었다. 미토콘드리아 DNA 

분석결과에서는 러시아 우랄 지역과 코카서스 지역을 포함한 아시아 

서부지역의 멧돼지 개체군이 별도로 구분되는 하나의 독립된 clade를 

형성하고 있음을 보여주었다. 반면에 중앙아시아 및 동아시아의 

개체군은 뚜렷한 지리적 구조 없이 혼합된 형태의 분지 양상을 보였다. 

그러나 Y염색체 분석결과에서는 아시아 서부지역 개체군과 동아시아 

개체군 사이에 유전적 구분이 나타나지 않았다. 종합적인 계통지리학적 

결과로 볼 때, 멧돼지는 동남아시아를 근원지로 하여 남아시아와 

동아시아로 퍼져 나가는 분산이 이루어졌음을 추측할 수 있다. 

서아시아로의 이동 및 분산은 동아시아를 통해서 이루어졌을 것으로 

추정된다. 바이칼 지역에는 다양한 haplotype이 존재하는데, 이를 

근거로 멧돼지가 동아시아에서 서아시아로 분산함에 있어 이 지역이 

가교 역할을 한 것으로 추측할 수 있다. 또한 여러 haplotype이 혼합된 

하나의 큰 clade 양상은, 동남아시아 지역에서 유래한 멧돼지의 

이동/분산이 여러 번에 걸쳐 이루어진 결과로 해석할 수 있다. 

부계유전인 Y염색체의 계통분석에서 뚜렷한 지리적 구분 없이 나타나는 

하나의 haplotype은 수컷의 분산이 암컷보다 더 넓게 이루어졌음을 

시사한다.  
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아시아 멧돼지의 유전자 다양성과 집단구조 연구를 위해 10 개국에 

걸친 12 지역의 멧돼지 363 개체의 유전자 시료를 수집하였고, 이들 

시료를 대상으로 microsatellite 16개 좌위를 분석하였다. 그 결과, 

아시아의 멧돼지는 유전적인 분화와 함께 뚜렷한 개체군 구조를 

나타내었다. 섬과 같이 고립된 지역이나 도입된 지역을 제외하면 

지리적인 거리와 유전적 거리 사이의 상관관계가 유의하게 나타났으며, 

이는 지역 수준에서 유전적 교류가 낮음을 암시한다. 베이지안 방법에 

의한 분석에 따르면, 아시아에는 지리적으로 구분된 12개의 멧돼지 

집단이 존재하는 것으로 나타났다. 동남아시아 지역의 멧돼지에 나타난 

높은 유전자 다양성은 멧돼지의 조상이 이 지역으로부터 기원했음을 

보여주는 또 하나의 근거가 된다. 한편 한국의 제주도 멧돼지는 한국 

내륙의 멧돼지와 뚜렷이 구분 되므로 제주도 멧돼지의 유전적 기원이 

한국 내륙의 멧돼지와는 다르다는 것을 보여준다. 이와 같은 멧돼지의 

높은 유전자 다양성과 집단 구조는 집돼지의 가축화 과정에서 멧돼지의 

지역적 유전자형이 지역 집돼지의 유전자 다양성에 잠재적으로 

기여하였을 가능성을 암시한다. 

산양(Naemorhedus caudatus)은 국제적인 멸종위기종이며, 중국 

북동부, 러시아 연해주, 한반도 동부지역을 중심으로 분포한다. 한국 

내에서 산양 개체군은 작고 불안정한 상태에 있으며, 그에 따른 

효율적인 보전정책이 시급한 상황이다. 그 동안 산양의 진화 및 계통에 

대한 연구는 일부 수행되었으나 효율적인 보전 방안을 위해 필요한 

집단유전학적 수준의 유전자 다양성 및 집단구조는 연구된 바가 없다. 

본 연구는 한국 산양의 유전자 다양성과 집단구조를 파악하기 위해 서로 

다른 지역으로부터 57개체의 야생 산양 시료를 수집하고, microsatellite 

12개 좌위를 이용하여 유전자 분석을 수행하였다. 또한 사육 상태의 

산양 11개체의 시료도 추가로 분석하였다. 야생에 서식하는 집단은 
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보통 수준의 유전자 다양성을 유지하고 있었으나 사육되고 있는 

그룹에서는 유전자 다양성이 낮았다. 한국에 서식하고 있는 산양의 

유전적 구조는 대관령을 분기점으로 하여 북동부지역 집단과 

중동부지역의 두 집단으로 구별되었으며, 이와 같은 두 집단의 유전적 

분화는 두 집단 사이의 이동과 분산을 제한하는 생태적 장애가 존재함을 

시사한다. 이것은 아마도 두 지역 사이에 위치한 대관령 지역의 높은 

적설량과 평탄한 지형 등 자연적인 기후 및 지형적 특성이 산양의 

서식지 및 이동 통로로서 적합하지 않음에 기인한 것으로 보인다. 한편, 

동물원에서 사육되고 있는 개체들은 북동부 집단과 비슷한 유전적 

특징을 보여주었으며, 이것은 이 개체들이 설악산 지역에서 구조된 

개체들에서 유래하였다는 기록을 뒷받침한다. 산양의 유전적인 집단 

구조가 자연적인 요인에 의한 것일 가능성이 크고 두 집단이 보통 

수준의 유전적 다양성을 유지하고 있는 것을 고려할 때, 현재 상황에서 

유전자 다양성 제고를 위해 두 집단 사이에 인위적으로 개체들을 

이동시킬 필요성은 크지 않은 것으로 판단된다. 이 연구는 한국산양을 

포함한 멸종위기종의 효율적인 보전정책 및 복원 계획을 수립함에 있어 

이와 같은 집단유전학적 연구가 매우 중요하다는 것을 보여준다. 

본 연구는 우제목에 속하는 종인 멧돼지와 산양의 유전학적 분석을 

통해 이들의 계통지리 및 집단 구조, 유전자 다양성을 규명하였다. 이 

연구는 멧돼지와 산양의 보전 지위가 서로 다른 상황에 놓여 있지만, 

효율적인 야생동물의 보전 및 관리 정책 수립을 위해 유전학적 연구가 

중요한 지침과 도움을 줄 수 있다는 사실을 보여주는 사례라 할 수 있다. 

 

주요어: 멧돼지, 한국 산양, 멸종위기종, 유전자 다양성, 집단유전학, 

계통지리학, Microsatellite 마커, 미토콘드리아 DNA, Y 염색체  

학 번: 2009-30451  



 

 130 

Appendices 

Appendix S1. List of mtDNA control region sequences used for phylogenetic and phylogeographical analyses. 

Published 112 sequences were obtained from GenBank. 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

BUR01 BUR WB01 
 

AY884623 S. scrofa Burma Tenasserim, Bok Pyin Larson et al. 2005 

BUR02 BUR WB01 
 

AY884712 S. scrofa Burma Tenasserim, Champang Larson et al. 2005 

BUR03 BUR WB02 
 

AY884629 S. scrofa Burma Tenasserim, Kisseraing Island Larson et al. 2005 

BUR04 BUR WB03 
 

AY884647 S. scrofa Burma Tenasserim, Tanjong Budak Larson et al. 2005 

BUR05 BUR WB04 
 

AY884695 S. scrofa Burma Tenasserim, Boyse's Point Larson et al. 2005 

CN01 CNSW WB05 
 

AY884610 S. scrofa China Sichuan, Wen Chuan Larson et al. 2005 

CN02 CNC WB06 
 

AY884627 S. scrofa China Shanxi Fen Chow Larson et al. 2005 

CN03 CNC WB06 
 

AY884639 S. scrofa China Shensi, Yen-An-Fu Larson et al. 2005 

CN04 CMC WB06 
 

AY884684 S. scrofa China Shanxi Tai-Yuan-Fu Larson et al. 2005 

CN05 CNSW WB07 
 

AY884640 S. scrofa China Mt Omei, Sichuan Larson et al. 2005 

CN06 CNSE WB08 
 

AY884641 S. scrofa China Hunan Kiangsu Larson et al. 2005 

CN07 CNSE WB09 
 

FJ601521 S. scrofa China Zhejiang, Jinhua county Larson et al. 2010 

CN08 CNC WB09 
 

AY884642 S. scrofa China Gansu Nanking Larson et al. 2005 

D_CYN-13202 CNSW WB10 Hap_19 
 

S. scrofa China Yunnan This study 

D_CYN-13205 CNSW WB10 Hap_19 
 

S. scrofa China Yunnan This study 
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Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

CN09 CNSE WB10 
 

FJ601522 S. scrofa China Zhejiang, Jinhua county Larson et al. 2010 

CN10 CNNE WB10 
 

FJ601528 S. scrofa China Heilongjiang, Fujin county Larson et al. 2010 

CN11 CNNE WB10 
 

FJ601529 S. scrofa China Heilongjiang, Fujin county Larson et al. 2010 

CN12 CNSE WB10 
 

AY884683 S. scrofa China Hunan Yochow Larson et al. 2005 

CN13 CNSW WB11 
 

AY884685 S. scrofa China Sichuan, Suifu Larson et al. 2005 

CN14 CNH WB12 
 

FJ601523 S. scrofa China Hainan, Sanya city Larson et al. 2010 

CN15 CNH WB13 
 

FJ601524 S. scrofa China Hainan, Sanya city Larson et al. 2010 

CN16 CNSE WB14 
 

FJ601525 S. scrofa China Jiangxi, Jinan county Larson et al. 2010 

CN17 CNNE WB15 
 

FJ601526 S. scrofa China Heilongjiang, Fujin county Larson et al. 2010 

CN18 CNNE WB15 
 

FJ601527 S. scrofa China Heilongjiang, Fujin county Larson et al. 2010 

IN01 IN WB16 
 

AY884612 S. scrofa India Kashmir, Valley of Kashmir Larson et al. 2005 

IN02 IN WB16 
 

AY884674 S. scrofa India Monghyr, Bengal lower Larson et al. 2005 

IN03 IN WB16 
 

AY884689 S. scrofa India Kashmir, Woolar Lake Larson et al. 2005 

IN04 IN WB17 
 

AY884709 S. scrofa India Surguja, Ambikapur Larson et al. 2005 

IND01 IND WB18 
 

AY884609 S. scrofa Indonesia 
Natuna Islands, Bunguran, near 

Lingung Island 
Larson et al. 2005 

IND02 IND WB19 
 

AY884611 S. scrofa Indonesia Sumatra, Pulo Payong Larson et al. 2005 

IND03 IND WB20 
 

AY884614 S. scrofa Indonesia Sumatra, Pulo Tuengku Larson et al. 2005 

IND04 IND WB21 
 

AY884625 S. scrofa Indonesia Simalur island, Sumatra Larson et al. 2005 

IND05 IND WB22 
 

AY884644 S. scrofa Indonesia Nias Samasama Larson et al. 2005 
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Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

IND06 IND WB23 
 

AY884645 S. scrofa Indonesia Lingga archipelago, Lingga island Larson et al. 2005 

IND07 IND WB24 
 

AY884648 S. scrofa Indonesia Rhio archipelago, Pulo Jombol Larson et al. 2005 

IND08 IND WB24 
 

AY884659 S. scrofa Indonesia 
Rhio archipelago, Pulo Penjait 

river 
Larson et al. 2005 

MAL01 MAL WB24 
 

AY884632 S. scrofa Malaysia Johore Larson et al. 2005 

MAL02 MAL WB24 
 

AY884676 S. scrofa Malaysia Johore, Mount Austin Larson et al. 2005 

IND11 IND WB25 
 

AY884658 S. scrofa Indonesia Nias, Tarussan Bay Larson et al. 2005 

IND12 IND WB26 
 

AY884662 S. scrofa Indonesia Sumatra, Rau Bay Larson et al. 2005 

IND13 IND WB27 
 

AY884663 S. scrofa Indonesia Sumatra, Siak river Larson et al. 2005 

IND14 IND WB28 
 

AY884687 S. scrofa Indonesia Natuna Islands, Pulo Laut Larson et al. 2005 

IND15 IND WB29 
 

AY884688 S. scrofa Indonesia 
Halmahera island, Wasile district, 

Kampung, Loleba 
Larson et al. 2005 

IRA01 IRA WB30 
 

AY884622 S. scrofa Iran Hamadan Larson et al. 2005 

IRA02 IRA WB31 
 

AY884638 S. scrofa Iran 
Mazanderon, 25km East of 

Gorgon 
Larson et al. 2005 

IRA03 IRA WB32 
 

AY884725 S. scrofa Iran 
 

Larson et al. 2005 

JPN01 JPN WB33 
 

AB015084 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPN02 JPN WB33 
 

AB041473 S. scrofa Japan Miyazaki Watanobe et al. 2001 

JPN03 JPN WB34 
 

AB015085 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPN04 JPN WB35 
 

AB015086 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 



 

 133 
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Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

JPN05 JPN WB36 
 

AB041467 S. scrofa Japan Tokushima Watanobe et al. 2001 

JPN06 JPN WB37 
 

AB041468 S. scrofa Japan Gunma Watanobe et al. 2001 

JPN07 JPN WB38 
 

AB041469 S. scrofa Japan Miyazaki Watanobe et al. 2001 

D_JPN-13006 JPN WB39 Hap_07 
 

S. scrofa Japan Tsushima Island in Kyushu This study 

D_JPN-13008 JPN WB39 Hap_07 
 

S. scrofa Japan Tsushima Island in Kyushu This study 

D_JPN-13007 JPN WB39 Hap_07 
 

S. scrofa Japan Tsushima Island in Kyushu This study 

D_JPN-13015 JPN WB39 Hap_07 
 

S. scrofa Japan Ohoita Prefecture in Kyushu This study 

D_JPN-13016 JPN WB39 Hap_07 
 

S. scrofa Japan Ohoita Prefecture in Kyushu This study 

D_JPN-13009 JPN WB39 Hap_07 
 

S. scrofa Japan Tsushima Island in Kyushu This study 

D_JPN-13020 JPN WB39 Hap_08 
 

S. scrofa Japan Miyazaki Prefecture in Kyushu This study 

JPN08 JPN WB39 
 

AB041470 S. scrofa Japan Miyazaki Watanobe et al. 2001 

JPN09 JPN WB39 
 

D42172 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPN10 JPN WB39 
 

D42175 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPN11 JPN WB39 
 

D42177 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

D_MON-13400 MON WB39 Hap_04 
 

S. scrofa Mongolia N49 07 19.33 E104 45 13.75 This study 

D_MON_13378 MON WB39 Hap_04 
 

S. scrofa Mongolia N49 05 02.66 E103 58 02.27 This study 

D_MON-13397 MON WB39 Hap_07 
 

S. scrofa Mongolia N49 28 27.01 E94 22 41.74 This study 

D_MON-13399 MON WB39 Hap_10 
 

S. scrofa Mongolia N48 50 35.25 E110 20 14.70 This study 
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Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

RUP01 RUP WB39 
 

AY884711 S. scrofa Russia South-East Siberia Larson et al. 2005 

D_JPN-13018 JPN WB40 Hap_06 
 

S. scrofa Japan Nagasaki Prefecture in Kyushu This study 

D_JPN_13013 JPN WB40 Hap_06 
 

S. scrofa Japan Shizuoka Prefecture in Honshu This study 

D_JPN-13019 JPN WB40 Hap_06 
 

S. scrofa Japan Nagasaki Prefecture in Kyushu This study 

D_JPN-13017 JPN WB40 Hap_06 
 

S. scrofa Japan Nagasaki Prefecture in Kyushu This study 

JPN12 JPN WB40 
 

AB041471 S. scrofa Japan Miyazaki Watanobe et al. 2001 

JPN13 JPN WB41 
 

AB041472 S. scrofa Japan Miyazaki Watanobe et al. 2001 

JPN14 JPN WB42 
 

D42171 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

D_JPN-13012 JPN WB43 Hap_12 
 

S. scrofa Japan Fukui Prefecture in Honshu This study 

JPN15 JPN WB43 
 

D42173 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPN16 JPN WB43 
 

D42176 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

D_MON-13396 MON WB43 Hap_13 
 

S. scrofa Mongolia N50 20 12.16 E91 35 49.38 This study 

JPN17 JPN WB44 
 

D42174 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPN18 JPN WB45 
 

D42178 S. s. leucomystax Japan 
 

Okumura et al. 1996; 

Watanobe et al. 1999 

JPNR01 JPNR WB46 
 

AB015087 S. s. riukiuanus Japan Ryukyu 
Okumura et al. 1996; 

Watanobe et al. 1999 

JPNR02 JPNR WB46 
 

D42184 S. s. riukiuanus Japan Ryukyu Okumura et al. 1996 

JPNR03 JPNR WB47 
 

AB015088 S. s. riukiuanus Japan Ryukyu 
Okumura et al. 1996; 

Watanobe et al. 1999 



 

 135 

Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

JPNR04 JPNR WB48 
 

AB015089 S. s. riukiuanus Japan Ryukyu 
Okumura et al. 1996; 

Watanobe et al. 1999 

JPNR05 JPNR WB49 
 

AB015090 S. s. riukiuanus Japan Ryukyu 
Okumura et al. 1996; 

Watanobe et al. 1999 

D_KJJ-13455 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13992 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13452 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13988 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13447 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13453 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-12109 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-12110 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-12117 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13444 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-11333 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13445 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-12111 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-12116 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13449 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13456 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 
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Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

D_KJJ-13448 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-8557 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-12118 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13446 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13450 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13451 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-8554 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-13454 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-8555 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-8556 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-11332 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

D_KJJ-11334 KRJ WB50 Hap_29 
 

S. scrofa S. Korea Jeju-do This study 

KRJ01 KRJ WB50 
 

JN251947 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ02 KRJ WB50 
 

JN251948 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ03 KRJ WB50 
 

JN251949 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ04 KRJ WB50 
 

JN251950 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ05 KRJ WB50 
 

JN251951 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ06 KRJ WB50 
 

JN251952 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ07 KRJ WB50 
 

JN251953 S. scrofa S. Korea Jeju-do Han et al. 2011 
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Location 

Code 
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(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

KRJ08 KRJ WB50 
 

JN251954 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ09 KRJ WB50 
 

JN251955 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ10 KRJ WB50 
 

JN251956 S. scrofa S. Korea Jeju-do Han et al. 2011 

KRJ11 KRJ WB50 
 

JN251957 S. scrofa S. Korea Jeju-do Han et al. 2011 

LAO LAO WB51 
 

DQ444703 S. scrofa Laos 
 

Robins et al. 2006 

NEP01 NEP WB52 
 

AY884620 S. scrofa Nepal Dharan Bazar Larson et al. 2005 

PAK PAK WB53 
 

AY884618 S. scrofa Pakistan Lahore, Sailkot Larson et al. 2005 

RUP02 RUP WB54 
 

AY884691 S. scrofa Russia Vladivostock Larson et al. 2005 

RUP03 RUP WB54 
 

AY884692 S. scrofa Russia Vladivostock Larson et al. 2005 

D_KGG_10499 SKR WB55 Hap_38 
 

S. scrofa S. Korea Gyeonggi-do This study 

SKR01 SKR WB55 
 

AY534282 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR02 SKR WB55 
 

AY879775 S. scrofa S. Korea 
 

Cho et al. 2009 

D_KGG-12134 SKR WB56 Hap_40 
 

S. scrofa S. Korea Gyeonggi-do This study 

D_KJL-444 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-11516 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-442 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL_443 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-445 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-9033 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 
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(1,014-bp) 

Accession 
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D_KGW-5255 SKR WB56 Hap_40 
 

S. scrofa S. Korea Gangwon-do This study 

D_KJL-440 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL_9032 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL_446 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-441 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-7100 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

D_KJL-9428 SKR WB56 Hap_40 
 

S. scrofa S. Korea Jeollanam-do This study 

SKR03 SKR WB56 
 

AY534284 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR04 SKR WB56 
 

AY534288 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR05 SKR WB56 
 

AY879771 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR06 SKR WB57 
 

AY534286 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR07 SKR WB58 
 

AY534287 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR08 SKR WB58 
 

AY879772 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR09 SKR WB59 
 

AY879773 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR10 SKR WB60 
 

AY879774 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR11 SKR WB61 
 

AY879776 S. scrofa S. Korea 
 

Cho et al. 2009 

D_NKW-11590 NKR WB62 Hap_41 
 

S. scrofa N. Korea Pyeonganbuk-do This study 

D_NKW-13402 NKR WB62 Hap_41 
 

S. scrofa N. Korea Hwanghaebuk-do This study 

D_KGG-12138 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gyeonggi-do This study 
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No. 
Species Country Location Reference 

D_KGS_10594 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

D_KGW-12618 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGW-12621 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGW_3909 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGW-7721 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gangwon-do This study 

D_KJJ-8558 KRJ WB62 Hap_41 
 

S. scrofa S. Korea Jeju-do This study 

D_KGW_2583 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGW_2692 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGS_10325 SKR WB62 Hap_41 
 

S. scrofa S. Korea Busan This study 

D_KGS_10593 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

D_KGS-10689 SKR WB62 Hap_41 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

SKR12 SKR WB62 
 

AY879777 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR13 SKR WB62 
 

AY879778 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR14 SKR WB62 
 

AY879783 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR15 SKR WB62 
 

AY879779 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR16 SKR WB62 
 

AY879784 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR17 SKR WB63 
 

AY879780 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR18 SKR WB64 
 

AY879781 S. scrofa S. Korea 
 

Cho et al. 2009 

SKR19 SKR WB65 
 

AY879782 S. scrofa S. Korea 
 

Cho et al. 2009 
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SRI SRI WB66 
 

AY884636 S. scrofa Sri Lanka 
 

Larson et al. 2005 

TAI TAI WB67 
 

AY884630 S. scrofa Thailand Trang Trong Larson et al. 2005 

TAW TAW WB68 
 

AY884617 S. scrofa Taiwan Nan Tou, Jen-Ai, Hua-Chi Village Larson et al. 2005 

D_RUP-13744 RUP WB69 Hap_01 
 

S. scrofa Russia 
Primorsky Krai, Krasnoarmeysky 

district 
This study 

D_RUP-13735 RUP WB69 Hap_01 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-13739 RUP WB69 Hap_01 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-13740 RUP WB69 Hap_01 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-13741 RUP WB69 Hap_01 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-11031 RUP WB70 Hap_02 
 

S. scrofa Russia Primorsky Krai, Lazo district This study 

D_RUP-13737 RUP WB70 Hap_02 
 

S. scrofa Russia 
Primorsky Krai, Krasnoarmeysky 

district 
This study 

D_RUP-13743 RUP WB70 Hap_02 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-13745 RUP WB70 Hap_02 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-13738 RUP WB71 Hap_03 
 

S. scrofa Russia 
Primorsky Krai, Krasnoarmeysky 

district 
This study 

D_RUP-13736 RUP WB71 Hap_03 
 

S. scrofa Russia Primorsky Krai, Terneysky district This study 

D_RUP-13742 RUP WB71 Hap_03 
 

S. scrofa Russia 
Primorsky Krai, Krasnoarmeysky 

district 
This study 

D_MON-13395 MON WB72 Hap_05 
 

S. scrofa Mongolia N48 51 39.99 E106 52 23.57 This study 

D_MON-13398 MON WB73 Hap_09 
 

S. scrofa Mongolia N48 39 31.15 E100 35 57.13 This study 

D_RUW_13138 RUW WB74 Hap_11 
 

S. scrofa Russia Moscow region This study 
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D_RUW-13182 RUW WB74 Hap_11 
 

S. scrofa Russia Tverskaya oblast This study 

D_CYN-13206 CNSW WB75 Hap_14 
 

S. scrofa China Yunnan This study 

D_MON_13376 MON WB76 Hap_15 
 

S. scrofa Mongolia N48 00 06.56 E109 45 24.90 This study 

D_MON-13401 MON WB76 Hap_15 
 

S. scrofa Mongolia N48 50 35.25 E110 20 14.70 This study 

D_RUC-11200 RUC WB76 Hap_15 
 

S. scrofa Russia Chitinskaya This study 

D_RUC-11202 RUC WB76 Hap_15 
 

S. scrofa Russia Chitinskaya This study 

D_RUC-11201 RUC WB76 Hap_15 
 

S. scrofa Russia Chitinskaya This study 

D_MON_13377 MON WB77 Hap_16 
 

S. scrofa Mongolia N48 41 17.21 E110 11 47.54 This study 

D_RUP-11029 RUP WB78 Hap_17 
 

S. scrofa Russia Primorsky Krai, Lazo district This study 

D_RUC-11203 RUC WB79 Hap_18 
 

S. scrofa Russia Chitinskaya This study 

D_JPN-13021 JPN WB80 Hap_20 
 

S. scrofa Japan Miyazaki Prefecture in Kyushu This study 

D_CYN-13201 CNSW WB81 Hap_21 
 

S. scrofa China Yunnan This study 

D_VIE-13022 VIE WB82 Hap_22 
 

S. scrofa Vietnam 
 

This study 

D_VIE_13994 VIE WB82 Hap_22 
 

S. scrofa Vietnam 
 

This study 

D_CXJ-13199 CNNW WB83 Hap_23 
 

S. scrofa China Xinjiang This study 

D_KCC-12649 SKR WB84 Hap_24 
 

S. scrofa S. Korea Chungcheongnam-do This study 

D_CYN-13204 CNSW WB85 Hap_25 
 

S. scrofa China Yunnan This study 

D_CXJ-13193 CNNW WB85 Hap_26 
 

S. scrofa China Xinjiang This study 

D_CXJ-13197 CNNW WB85 Hap_26 
 

S. scrofa China Xinjiang This study 
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D_CXJ-13198 CNNW WB85 Hap_26 
 

S. scrofa China Xinjiang This study 

D_CXJ-13194 CNNW WB85 Hap_26 
 

S. scrofa China Xinjiang This study 

D_CXJ-13195 CNNW WB85 Hap_26 
 

S. scrofa China Xinjiang This study 

D_CXJ-13196 CNNW WB85 Hap_26 
 

S. scrofa China Xinjiang This study 

D_CYN-13203 CNSW WB86 Hap_27 
 

S. scrofa China Yunnan This study 

D_CYN-13200 CNSW WB87 Hap_28 
 

S. scrofa China Yunnan This study 

D_RUP-11028 RUP WB88 Hap_30 
 

S. scrofa Russia Primorsky Krai, Lazo district This study 

D_RUP-11030 RUP WB88 Hap_30 
 

S. scrofa Russia Primorsky Krai, Lazo district This study 

D_RUP-11032 RUP WB88 Hap_30 
 

S. scrofa Russia Primorsky Krai, Terney district This study 

D_RUP-11034 RUP WB88 Hap_30 
 

S. scrofa Russia Primorsky Krai, Terney district This study 

D_RUP-11033 RUP WB88 Hap_30 
 

S. scrofa Russia Primorsky Krai, Terney district This study 

D_KGG-12135 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeonggi-do This study 

D_KGG-12136 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeonggi-do This study 

D_KGS-10690 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

D_KGS-10694 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

D_KGW-9947 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGG_10349 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeonggi-do This study 

D_KGW-9582 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGG-10696 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeonggi-do This study 
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Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

D_KGG_10697 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeonggi-do This study 

D_KGW_2610 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGW_4068 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gangwon-do This study 

D_KGS-10691 SKR WB89 Hap_31 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

D_VIE_13996 VIE WB90 Hap_32 
 

S. scrofa Vietnam 
 

This study 

D_VIE_14000 VIE WB90 Hap_32 
 

S. scrofa Vietnam 
 

This study 

D_VIE-13026 VIE WB90 Hap_32 
 

S. scrofa Vietnam 
 

This study 

D_VIE_13999 VIE WB90 Hap_33 
 

S. scrofa Vietnam 
 

This study 

D_VIE_14001 VIE WB90 Hap_33 
 

S. scrofa Vietnam 
 

This study 

D_VIE-13025 VIE WB90 Hap_33 
 

S. scrofa Vietnam 
 

This study 

D_IND_14012 IND WB91 Hap_34 
 

S. scrofa Indonesia Sumatra, Bengkulu This study 

D_IND_14019 IND WB91 Hap_35 
 

S. scrofa Indonesia Flores, Larantuka This study 

D_IND_14017 IND WB92 Hap_36 
 

S. scrofa Indonesia Sumbawa Besar This study 

D_IND_13030 IND WB93 Hap_37 
 

S. scrofa Indonesia Sumbawa Besar This study 

D_IND_14016 IND WB93 Hap_37 
 

S. scrofa Indonesia Sumbawa Besar This study 

D_VIE_13995 VIE WB94 Hap_39 
 

S. scrofa Vietnam 
 

This study 

D_VIE-13023 VIE WB94 Hap_39 
 

S. scrofa Vietnam 
 

This study 

D_VIE_13997 VIE WB94 Hap_39 
 

S. scrofa Vietnam 
 

This study 

D_VIE_13998 VIE WB94 Hap_39 
 

S. scrofa Vietnam 
 

This study 



 

 144 

Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

D_VIE-13024 VIE WB94 Hap_39 
 

S. scrofa Vietnam 
 

This study 

D_KGS-10692 SKR WB95 Hap_42 
 

S. scrofa S. Korea Gyeongsangbuk-do This study 

D_DAG-13747 DAG WB96 Hap_43 
 

S. scrofa 
Republic of 

Dagestan 
Village Makhargi This study 

D_DAG-13748 DAG WB96 Hap_43 
 

S. scrofa 
Republic of 

Dagestan 
Village Dylim This study 

D_DAG-13189 DAG WB96 Hap_43 
 

S. scrofa 
Republic of 

Dagestan 
Caucasian mountains This study 

D_EST-11261 EST WB97 Hap_44 
 

S. scrofa Estonia 
 

This study 

D_EST-11262 EST WB97 Hap_44 
 

S. scrofa Estonia 
 

This study 

D_RUU-11195 RUU WB98 Hap_45 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_RUU-11196 RUU WB98 Hap_45 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_DAG-13188 DAG WB99 Hap_46 
 

S. scrofa 
Republic of 

Dagestan 
Caucasian mountains This study 

D_EST_11264 EST WB100 Hap_48 
 

S. scrofa Estonia 
 

This study 

D_EST_11263 EST WB100 Hap_48 
 

S. scrofa Estonia 
 

This study 

D_EST-11260 EST WB100 Hap_48 
 

S. scrofa Estonia 
 

This study 

D_EST-11139 EST WB100 Hap_48 
 

S. scrofa Estonia 
 

This study 

D_DAG-13749 DAG WB100 Hap_47 
 

S. scrofa 
Republic of 

Dagestan 
Village Dylim This study 

D_DAG-13750 DAG WB100 Hap_47 
 

S. scrofa 
Republic of 

Dagestan 
Village Madzhalis This study 

D_RUW-13144 RUW WB100 Hap_47 
 

S. scrofa Russia Moscow region This study 
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Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

D_RUW-13185 RUW WB100 Hap_48 
 

S. scrofa Russia Pskovskaya oblast This study 

D_RUU-11194 RUU WB101 Hap_49 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_RUU-11197 RUU WB101 Hap_49 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_RUU-11189 RUU WB101 Hap_49 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_RUU-11199 RUU WB101 Hap_49 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_RUW-13183 RUW WB101 Hap_49 
 

S. scrofa Russia Vladimirskaya oblast This study 

D_RUU-11190 RUU WB101 Hap_49 
 

S. scrofa Russia Sverdlovskaya oblast This study 

D_RUW-13145 RUW WB101 Hap_49 
 

S. scrofa Russia Moscow region This study 

D_RUW_13139 RUW WB101 Hap_49 
 

S. scrofa Russia Moscow region This study 

D_RUW-13187 RUW WB101 Hap_49 
 

S. scrofa Russia Smolenskaya oblast This study 

D_INDsc_14025 INDsc WB102 Hap_50 
 

S. celebensis Indonesia Sulawesi, Taripa This study 

D_INDsc_14027 INDsc WB102 Hap_51 
 

S. celebensis Indonesia Sulawesi, Sumari This study 

D_INDsc_14026 INDsc WB103 Hap_52 
 

S. celebensis Indonesia Sulawesi, Batusuya This study 

D_INDsc_14029 INDsc WB103 Hap_52 
 

S. celebensis Indonesia Sulawesi, Tambarana This study 

D_INDsc_14028 INDsc WB104 Hap_53 
 

S. celebensis Indonesia Sulawesi, Kasimbar This study 

D_IND_13034 IND WB105 Hap_54 
 

S. scrofa Indonesia Java, Purwokerto This study 

D_INDsv_14002 INDsv WB105 Hap_54 
 

S. verrucosus Indonesia Java, Cilacap This study 

D_IND_13027 IND WB106 Hap_55 
 

S. scrofa Indonesia Java, Bandung This study 

D_IND_13028 IND WB106 Hap_55 
 

S. scrofa Indonesia Java, Bandung This study 
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Appendix S1 (cont’d.) 

Indv. ID 
Location 

Code 

Haplotypes 

(642-bp) 

Haplotypes 

(1,014-bp) 

Accession 

No. 
Species Country Location Reference 

D_IND_14013 IND WB106 Hap_55 
 

S. scrofa Indonesia Java, Bandung This study 

D_IND_14014 IND WB106 Hap_55 
 

S. scrofa Indonesia Java, Bandung This study 

D_IND_14015 IND WB106 Hap_55 
 

S. scrofa Indonesia Java, Bandung This study 

D_IND_13033 IND WB107 Hap_56 
 

S. scrofa Indonesia Java, Pacitan This study 

D_INDsv_14003 INDsv WB107 Hap_56 
 

S. verrucosus Indonesia Java, Cilacap This study 

D_IND_14005 IND WB108 Hap_57 
 

S. scrofa Indonesia Java, Banjarnegara This study 

D_IND_13032 IND WB109 Hap_58 
 

S. scrofa Indonesia Java, Purbalingga This study 

D_IND_14004 IND WB109 Hap_58 
 

S. scrofa Indonesia Java, Purbalingga This study 

D_IND_13031 IND WB109 Hap_58 
 

S. scrofa Indonesia Java, Banjarnegara This study 

D_INDsc_14021 INDsc WB110 Hap_59 
 

S. celebensis Indonesia Sulawesi, Atingola This study 

D_INDsc_14023 INDsc WB110 Hap_59 
 

S. celebensis Indonesia Sulawesi, Labanu This study 

D_INDsc_14020 INDsc WB111 Hap_60 
 

S. celebensis Indonesia Sulawesi, Monano This study 

D_INDsc_14024 INDsc WB112 Hap_61 
 

S. celebensis Indonesia Sulawesi, Kuandang This study 

IN05_Y IN WB113 
 

AY884713 S. scrofa India 
 

Larson et al. 2005 

IND09_R IND WB114 
 

AY884660 S. scrofa Indonesia Sumatra, Engano island Larson et al. 2005 

IND10_M IND WB115 
 

AY884686 S. scrofa Indonesia Sumatra, Pulo Ungar Larson et al. 2005 

NEP02_R NEP WB116 
 

AY884649 S. scrofa Nepal 
Royal Chitawan National Park, 

Charara Grassland 
Larson et al. 2005 

TUR_K TUR WB117 
 

AY884619 S. scrofa Turkey Izmir, North of Yeni Foca Larson et al. 2005 
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Appendix S2. Nucleotide substitutions in six haplotypes in Y-

chromosome. S.s, S. scrofa; S.v, S. verrucosus; S.c, S. celebensis; 

-, alignment gap; Two Y-chomosome genes, 543-bp AMELY and 

425-bp USP9Y, were combined. AMELY is on the left side of dash 

line and USP9Y is on the right side. 

Haplotype 

  Nucleotide positions 

 

1 1 1 2 2 2 4 4 6 7 7 7 9 

 

3 4 6 2 3 7 5 6 1 1 3 3 3 

  9 8 7 8 8 2 0 2 1 0 3 4 8 

Y_Hap 01 S.s T G A C A C G C T T A T - 

Y_Hap 02 S.s . . . . G . . . . . . . - 

Y_Hap 03 S.s . . . . G T . . . C . . - 

Y_Hap 04 S.s . . G . G T . . . C . . T 

Y_Hap 05 S.v C . . . G T C T C C . C - 

Y_Hap 06 S.s, S.c . A . T G T C T C C - C - 
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Appendix S3. Frequencies of Y-chromosome haplotypes in 13 

geographical locations for S. scrofa and Indonesian S. celebensis 

and S. verrucosus. 

Location Y_Hap 01 Y_Hap 02 Y_Hap 03 Y_Hap 04 Y_Hap 05 Y_Hap 06 N 

RUW 1.000  0.000  0.000  0.000  0.000  0.000  5 

RUU 0.400  0.400  0.200  0.000  0.000  0.000  5 

DAG 0.000  1.000  0.000  0.000  0.000  0.000  4  

CXJ 1.000  0.000  0.000  0.000  0.000  0.000  2  

RUC 0.000  0.000  1.000  0.000  0.000  0.000  2 

MON 0.083  0.000  0.917  0.000  0.000  0.000  12 

RUP 0.000  0.000  1.000  0.000  0.000  0.000  9  

KOR 0.000  0.000  1.000  0.000  0.000  0.000  25  

KJI 0.000  0.000  1.000  0.000  0.000  0.000  7  

JPN 0.000  1.000  0.000  0.000  0.000  0.000  4  

CYN 0.800  0.000  0.200  0.000  0.000  0.000  5 

VIE 0.000  0.000  1.000  0.000  0.000  0.000  4 

IND 0.000  0.000  0.727  0.182  0.000  0.091  11 

INDsc 0.000  0.000  0.000  0.000  0.000  1.000  4 

INDsv 0.000  0.000  0.500  0.000  0.500  0.000  2 

Mean 0.219  0.160  0.503  0.012  0.033  0.073  101  

N, number of sequenced individuals; See Table 1 for location abbreviation. 

 

 

 

 

 

 

 

 

 

 



 

 149 

Appendix S4.  
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Appendix S4. (cont’d.) Maximum Likelihood (ML) tree based on the 

mtDNA control region (1,014-bp) of Asia-wide wild boars (S. 

scrofa), including Indonesian S. celebensis and S. verrucosus. The 

bootstrap value is shown for over 50 % support. See Table 1 for 

location abbreviation. 

 

 

 

 

Appendix S5. Demographic analyses of S. scrofa in Asia-wide 

regions based on Y-chromosome. 

Region 
Y-chromosome 

Tajima's D Fu's Fs r 

West -0.387
 NS

 0.456
 NS

 0.167
 NS

 

Mid-North 0.227
 NS

 2.644
 NS

 0.667
 NS

 

South -1.264
 NS

 1.923
 NS

 0.326
 NS

 

East -0.505
 NS

 1.079
 NS

 0.751
 NS

 

Mean -0.482
 NS

 1.526
 NS

 0.478
 NS

 

NS
Not significant (P-value >0.05); r, Harpending's Raggedness; West= 

(EST), RUW, DAG, RUU; Mid-North= CXJ, MON, RUC; South= CYN, VIE, 

IND; East= RUP, KOR, KJI, JPN 
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Appendix S6. Genetic diversity estimates for wild boars from East Asia 

Location (Abbr.) N 
Allelic 

 diversity (Ad) 

Allelic  

richness (Ar) 
HE HO FIS 

South Korea 
     

 

Gyeonggi-do (KGGW) 17 4.8 4.3 0.614 0.563 0.086
NS

 

Gangwon-do (KGWW) 53 5.8 4.6 0.661 0.647 0.022
NS

 

Gyeongsang-do (KGSW) 26 6.1 5.1 0.705 0.673 0.046
NS

 

Jeolla-do (KJLW) 12 3.4 3.4 0.506 0.422 0.172
NS

 

Jeju Island (KJIW) 37 4.0 3.1 0.549 0.539 0.019
NS

 

Russia Primorsky (RUPW) 30 7.6 5.9 0.736 0.710 0.036
NS

 

Japan (JPNW) 16 6.2 5.2 0.650 0.473 0.279
*
 

China Yunnan (CYNW) 10 8.0 8.0 0.845 0.831 0.017
NS

 

Vietnam (VIEW) 13 9.1 8.3 0.859 0.836 0.028
NS

 

Indonesia (INDW) 24 9.6 7.3 0.796 0.658 0.177
*
 

N: Number of samples; Ad: Mean number of alleles; HO: Observed heterozygosity; HE: Expected heterozygosity; FIS: Inbreeding 

coefficients; 
*
Significant, 

NS
Not significant, after adjusted nominal level (5%): 0.00031; Ar: The number of genes obtained from 

Yunnun, China, the smallest sample size in this study, was employed. 
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Appendix S7. Genetic characteristics of 16 microsatellite DNA loci for wild boars in 12 sampling Asia-wide locations. 

See Table 6 for sample locations. 

Locus 
RUP 

(n=30) 

KOR 

(n=111) 

KJI 

(n=37) 

JPN 

(n=16) 

TBK 

(n=48) 

CXJ 

(n=10) 

CYN 

(n=10) 

VIE 

(n=13) 

IND 

(n=24) 

RUU 

(n=36) 

DAG 

(n=6) 

RUW 

(n=22) 
Mean 

S0026 
             

No. of allele 10 9 4 7 7 4 6 10 8 5 5 3 6.5 

HO 0.700 0.775 0.595 0.375 0.771 1.000 0.800 0.923 0.667 0.528 0.500 0.682 0.693 

HE 0.867 0.811 0.655 0.599 0.793 0.763 0.847 0.880 0.780 0.676 0.667 0.618 0.746 

HWE P-value 0.0079  0.0664  0.3721  0.0082  0.4457  0.5157  0.7089  0.1046  0.0287  0.0910  0.1623  0.1079  - 

S0155 
             

No. of allele 7 6 4 7 6 4 7 10 5 7 2 5 5.8 

HO 0.633 0.613 0.703 0.625 0.604 0.800 0.800 0.923 0.375 0.639 0.333 0.455 0.625 

HE 0.705 0.685 0.635 0.841 0.665 0.784 0.853 0.806 0.527 0.614 0.303 0.587 0.667 

HWE P-value 0.2627  0.0045  0.0548  0.2178  0.2232  0.3363  0.3028  0.5411  0.0000  0.6955  1.0000  0.0425  - 

S0005 
             

No. of allele 9 11 4 6 11 9 15 12 17 13 5 12 10.3 

HO 0.600 0.342 0.622 0.563 0.646 0.700 1.000 0.692 0.708 0.750 0.500 0.818 0.662 

HE 0.710 0.397 0.704 0.641 0.797 0.789 0.968 0.895 0.778 0.830 0.742 0.856 0.759 

HWE P-value 0.0289  0.0018  0.0014  0.0046  0.0308  0.1030  1.0000  0.0000  0.0000  0.0874  0.0541  0.0186  - 
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Appendix S7 (cont’d.) 

Locus 
RUP 

 (n=30) 

KOR 

 (n=111) 

KJI 

 (n=37) 

JPN 

 (n=16) 

TBK 

 (n=48) 

CXJ 

 (n=10) 

CYN 

 (n=10) 

VIE  

(n=13) 

IND 

 (n=24) 

RUU 

 (n=36) 

DAG 

 (n=6) 

RUW  

(n=22) 
Mean 

Sw24 
             

No. of allele 9 8 3 7 11 7 10 12 8 8 3 7 7.8 

HO 0.733 0.811 0.432 0.688 0.729 0.900 0.800 0.846 0.708 0.778 0.833 0.818 0.756 

HE 0.779 0.809 0.450 0.778 0.784 0.853 0.879 0.926 0.791 0.804 0.621 0.674 0.762 

HWE P-value 0.0886  0.1341  0.8411  0.3331  0.1244  0.3667  0.6784  0.0091  0.0166  0.0355  0.6349  0.7194  - 

Sw632 
             

No. of allele 11 7 3 6 7 5 6 7 9 9 3 7 6.7 

HO 0.667 0.541 0.459 0.188 0.563 0.900 1.000 0.692 0.458 0.722 0.833 0.591 0.634 

HE 0.734 0.584 0.530 0.581 0.571 0.774 0.779 0.769 0.670 0.804 0.621 0.605 0.668 

HWE P-value 0.1209  0.0102  0.0196  0.0000  0.3176  0.2808  0.0639  0.1373  0.0000  0.2156  0.3896  0.5973  - 

Swr1941 
             

No. of allele 3 4 3 6 6 4 8 7 7 5 3 6 5.2 

HO 0.300 0.450 0.784 0.500 0.438 0.400 0.900 0.923 0.750 0.583 0.333 0.864 0.602 

HE 0.402 0.536 0.643 0.706 0.492 0.500 0.884 0.800 0.787 0.683 0.318 0.757 0.626 

HWE P-value 0.1314  0.0085  0.0736  0.0380  0.1821  0.4440  0.9686  0.3608  0.1478  0.0918  1.0000  0.8608  - 
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Appendix S7 (cont’d.) 

Locus 
RUP 

 (n=30) 

KOR 

 (n=111) 

KJI 

 (n=37) 

JPN 

 (n=16) 

TBK 

 (n=48) 

CXJ 

 (n=10) 

CYN 

 (n=10) 

VIE  

(n=13) 

IND 

 (n=24) 

RUU 

 (n=36) 

DAG 

 (n=6) 

RUW  

(n=22) 
Mean 

Sw122 
             

No. of allele 6 6 6 5 8 5 9 9 11 9 6 6 7.2 

HO 0.667 0.622 0.595 0.313 0.708 0.800 1.000 1.000 0.875 0.806 0.833 0.909 0.761 

HE 0.658 0.675 0.710 0.587 0.800 0.695 0.916 0.852 0.902 0.817 0.818 0.809 0.770 

HWE P-value 0.1055  0.0086  0.0072  0.0021  0.0198  0.0429  0.8013  0.2843  0.0000  0.0225  0.4334  0.7049  - 

Sw857 
             

No. of allele 6 4 5 4 6 8 8 12 13 4 4 4 6.5 

HO 0.867 0.577 0.595 0.625 0.729 1.000 0.900 0.923 0.458 0.667 0.667 0.636 0.720 

HE 0.720 0.660 0.674 0.623 0.713 0.853 0.889 0.923 0.885 0.632 0.742 0.678 0.749 

HWE P-value 0.4837  0.0026  0.0695  0.2227  0.9900  0.3014  0.1096  0.0036  0.0000  0.0378  0.6363  0.4852  - 

sw240 
             

No. of allele 9 6 3 11 7 7 9 10 12 9 5 7 7.9 

HO 0.800 0.712 0.027 0.688 0.521 0.800 0.800 0.769 0.792 0.667 0.667 0.818 0.672 

HE 0.827 0.795 0.054 0.867 0.768 0.826 0.911 0.911 0.859 0.850 0.742 0.831 0.770 

HWE P-value 0.2486  0.0096  0.0108  0.0225  0.0004  0.4716  0.4920  0.0052  0.0131  0.0024  0.5322  0.1898  - 
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Appendix S7 (cont’d.) 

Locus 
RUP 

 (n=30) 

KOR 

 (n=111) 

KJI 

 (n=37) 

JPN 

 (n=16) 

TBK 

 (n=48) 

CXJ 

 (n=10) 

CYN 

 (n=10) 

VIE  

(n=13) 

IND 

 (n=24) 

RUU 

 (n=36) 

DAG 

 (n=6) 

RUW  

(n=22) 
Mean 

IGF1 
             

No. of allele 8 6 3 7 8 4 7 6 8 11 2 8 6.5 

HO 0.667 0.568 0.541 0.500 0.479 0.800 0.800 0.769 0.833 0.778 0.667 1.000 0.700 

HE 0.737 0.541 0.582 0.734 0.534 0.689 0.832 0.806 0.866 0.867 0.485 0.805 0.707 

HWE P-value 0.5318  0.4089  0.4750  0.0027  0.0297  0.6409  0.7528  0.1200  0.0000  0.0351  1.0000  0.0104  - 

Sw72 
             

No. of allele 6 5 3 4 7 5 6 7 6 5 3 4 5.1 

HO 0.733 0.685 0.676 0.500 0.625 0.600 0.700 0.538 0.583 0.667 0.667 0.636 0.634 

HE 0.716 0.743 0.519 0.659 0.738 0.600 0.832 0.862 0.812 0.752 0.667 0.671 0.714 

HWE P-value 0.5509  0.3106  0.0674  0.2447  0.3863  0.3730  0.8374  0.0017  0.0090  0.5564  0.7207  0.9561  - 

S0226 
             

No. of allele 11 9 6 5 10 6 8 12 9 7 4 6 7.8 

HO 0.833 0.622 0.730 0.313 0.667 0.900 0.600 0.923 0.750 0.556 0.667 0.773 0.694 

HE 0.902 0.700 0.683 0.613 0.761 0.800 0.784 0.914 0.810 0.617 0.652 0.670 0.742 

HWE P-value 0.0924  0.0064  0.0530  0.0083  0.0948  0.3001  0.4251  0.0040  0.0001  0.1161  0.5205  0.2587  - 
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Appendix S7 (cont’d.) 

Locus 
RUP 

 (n=30) 

KOR 

 (n=111) 

KJI 

 (n=37) 

JPN 

 (n=16) 

TBK 

 (n=48) 

CXJ 

 (n=10) 

CYN 

 (n=10) 

VIE  

(n=13) 

IND 

 (n=24) 

RUU 

 (n=36) 

DAG 

 (n=6) 

RUW  

(n=22) 
Mean 

S0090 
             

No. of allele 7 8 3 4 6 3 6 8 11 6 7 7 6.3 

HO 0.900 0.721 0.000 0.188 0.702 0.200 0.700 0.769 0.833 0.806 0.833 0.636 0.607 

HE 0.844 0.741 0.105 0.181 0.766 0.279 0.684 0.868 0.848 0.819 0.894 0.720 0.646 

HWE P-value 0.3998  0.1334  0.0001  1.0000  0.6860  0.1590  0.7476  0.0289  0.0000  0.4830  0.2360  0.0919  - 

Sw1828 
             

No. of allele 7 6 5 8 5 5 5 7 8 8 6 9 6.6 

HO 0.767 0.613 0.568 0.250 0.542 0.800 0.600 0.917 0.522 0.629 0.833 0.714 0.646 

HE 0.673 0.694 0.644 0.637 0.613 0.632 0.753 0.768 0.835 0.815 0.803 0.821 0.724 

HWE P-value 0.1746  0.0431  0.0115  0.0000  0.0084  0.6216  0.3365  0.2820  0.0000  0.0832  0.6175  0.2345  - 

S0143 
             

No. of allele 6 7 5 4 4 4 6 8 10 4 3 6 5.6 

HO 0.667 0.595 0.622 0.563 0.292 0.500 0.900 0.769 0.708 0.639 0.333 0.864 0.621 

HE 0.710 0.708 0.585 0.603 0.338 0.711 0.758 0.855 0.848 0.673 0.667 0.736 0.682 

HWE P-value 0.0814  0.0000  0.6554  0.5802  0.1398  0.1439  0.8246  0.0312  0.0010  0.1428  0.1372  0.7558  - 
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Appendix S7 (cont’d.) 

Locus 
RUP 

 (n=30) 

KOR 

 (n=111) 

KJI 

 (n=37) 

JPN 

 (n=16) 

TBK 

 (n=48) 

CXJ 

 (n=10) 

CYN 

 (n=10) 

VIE  

(n=13) 

IND 

 (n=24) 

RUU 

 (n=36) 

DAG 

 (n=6) 

RUW  

(n=22) 
Mean 

S0068 
             

No. of allele 7 11 4 8 9 3 12 9 12 13 7 10 8.8 

HO 0.833 0.667 0.676 0.688 0.447 0.500 1.000 1.000 0.500 0.722 1.000 0.727 0.730 

HE 0.794 0.767 0.612 0.746 0.438 0.611 0.947 0.908 0.735 0.837 0.894 0.860 0.762 

HWE P-value 0.0178  0.0387  0.0088  0.4615  0.3804  0.7663  1.0000  0.2060  0.0000  0.0387  0.6977  0.1304  -  

n: Sample size; HO: Observed heterozygosity; HE: Expected heterozygosity; HWE: Hardy-Weinberg equilibrium. 
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Appendix S8. Genetic relationships among wild boars in East Asia. 

A. NJ tree based on Nei’s DA distance with bootstrap values from 

1,000 replications. B. Principal Coordinates Analysis (PCA) based 

on pairwise FST’s. See Appendix S6 for location abbreviations. 
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Appendix S9. Plot of mean posterior probability (LnP(D)) values 

per clusters (K), based on 10 iterations per K, generated by the 

STRUCTURE program, and delta K analysis of LnP(D), according to 

Evanno et al. (2005).  
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Appendix S10. Regression of genetic distance on geographic 

distance between pairs of Asia-wide wild boar populations. 

Analysis using wild boars from Japan and Jeju Island, Korea 

excluded (P=0.006). Mantel’s test for correlations was carried out 

with 999 permutations. 
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Appendix S11. List of sample information used for microsatellite 

analyses 

Indv. ID Location Code Locality Sample Type Year collected 

9 KNE_A captive Everland Zoo Liver 1999 

63 KNE_A captive Everland Zoo Muscle 2001 

91 KNE_A captive Everland Zoo Muscle 2002 

93 KNE_A captive Everland Zoo Muscle 2002 

94 KNE_A captive Everland Zoo Muscle 2001 

136 KNE_A captive Everland Zoo Muscle not determined 

137 KNE_A captive Everland Zoo Muscle not determined 

253 KNE_A captive Everland Zoo Muscle 2003 

254 KNE_A captive Everland Zoo Muscle 2003 

351 KNE_A captive Everland Zoo Muscle 2003 

475 KNE_A captive Everland Zoo Muscle 2003 

3491 KNE_A wild Gangwon-do (province) Muscle 2006 

2048 KNE_A wild Goseong-gun (county) Blood 2005 

73 KNE_A wild Goseong-gun (county) Muscle 2001 

108 KNE_A wild Goseong-gun (county) Muscle 2003 

109 KNE_A wild Goseong-gun (county) Muscle 2003 

133 KNE_A wild Goseong-gun (county) Muscle 2003 

67 KNE_A wild Goseong-gun (county) Muscle 2001 

4207 KNE_A wild Seorak Mountain Muscle 2007 

4283 KNE_A wild Seorak Mountain Muscle 2007 

138 KNE_A wild Seorak Mountain Muscle 2003 

1952 KNE_A wild Seorak Mountain Muscle 2005 

13924 KNE_A wild Seorak Mountain Skull from 2008 to 2011 

100 KNE_A wild Yangyang-gun (county) Muscle 2002 

65 KNE_A wild Inje-gun (county) Muscle not determined 

107 KNE_A wild Inje-gun (county) Muscle 2003 

1852 KNE_A wild Inje-gun (county) Muscle 2005 

1853 KNE_A wild Inje-gun (county) Muscle 2005 
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Appendix S11 (cont’d.) 

Indv. ID Location Code Locality Sample Type Year collected 

1870 KNE_A wild Inje-gun (county) Muscle 2005 

3194 KNE_A wild Inje-gun (county) Muscle 2006 

87 KNE_A wild Yanggu-gun (county) Muscle 2001 

92 KNE_A wild Yanggu-gun (county) Muscle 2001 

4281 KNE_A wild Yanggu-gun (county) Muscle not determined 

4282 KNE_A wild Yanggu-gun (county) Muscle not determined 

4277 KNE_A wild Hwacheon-gun (county) Muscle not determined 

4278 KNE_A wild Hwacheon-gun (county) Muscle not determined 

4279 KNE_A wild Hwacheon-gun (county) Muscle not determined 

4280 KNE_A wild Hwacheon-gun (county) Muscle not determined 

13878 KNE_A wild Hwacheon-gun (county) Muscle from 2008 to 2011 

13993 KNE_A wild Hwacheon-gun (county) Muscle 2011 

3916 KNE_A wild Chiak Mountain Muscle 2006 

40 KNE_B Samcheok (city) Muscle 2000 

41 KNE_B Samcheok (city) Muscle 2000 

86 KNE_B Uljin-gun (county) Muscle 2000 

11654 KNE_B Uljin-gun (county) Muscle not determined 

11653 KNE_B Uljin-gun (county) Muscle not determined 

11081 KNE_B Uljin-gun (county) Muscle 2010 

11082 KNE_B Uljin-gun (county) Muscle 2010 

11318 KNE_B Uljin-gun (county) Muscle 2010 

8730 KNE_B Uljin-gun (county) Muscle 2009 

11301 KNE_B Uljin-gun (county) Muscle 2010 

11304 KNE_B Uljin-gun (county) Muscle 2010 

11307 KNE_B Uljin-gun (county) Muscle 2010 

5855 KNE_B Uljin-gun (county) Muscle 2008 

11080 KNE_B Uljin-gun (county) Muscle 2010 

12611 KNE_B Uljin-gun (county) Muscle 2010 

12612 KNE_B Uljin-gun (county) Muscle 2010 
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Appendix S11 (cont’d.) 

Indv. ID Location Code Locality Sample Type Year collected 

12645 KNE_B Uljin-gun (county) Muscle 2010 

12646 KNE_B Uljin-gun (county) Muscle 2010 

12647 KNE_B Uljin-gun (county) Muscle 2010 

12648 KNE_B Uljin-gun (county) Muscle 2010 

11008 KNE_B Uljin-gun (county) Muscle 2010 

11303 KNE_B Uljin-gun (county) Muscle 2010 

11308 KNE_B Uljin-gun (county) Muscle 2010 

5144 ND Not determined Muscle not determined 

5145 ND Not determined Muscle not determined 

11319 ND Not determined Muscle 2010 

11580 ND Not determined Muscle 2010 

All samples were collected from wild individuals, except for the samples 

KNE_A captive where sample specimens were collected from Everland zoo 

captive individuals. 
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Appendix S12. Genetic characteristics of 12 microsatellite loci for 

long-tailed goral from South Korea. 

Locus 
KNE_A 

wild 
KNE_B   Locus 

KNE_A 

wild 
KNE_B 

SY84 
   

SY12B 
  

No. of allele 7 4 
 

No. of allele 4 2 

HO 0.700 0.957 
 

HO 0.533 0.217 

HE 0.788 0.718 
 

HE 0.538 0.198 

HWE P-value 0.031 0.116 
 

HWE P-value 0.758 1.000 

SY71 
   

SY112 
  

No. of allele 4 5 
 

No. of allele 5 4 

HO 0.483 0.727 
 

HO 0.467 0.739 

HE 0.643 0.681 
 

HE 0.694 0.675 

HWE P-value 0.203 0.088 
 

HWE P-value 0.023 0.947 

SY84B 
   

SY129 
  

No. of allele 5 5 
 

No. of allele 3 4 

HO 0.733 0.739 
 

HO 0.433 0.609 

HE 0.740 0.693 
 

HE 0.555 0.641 

HWE P-value 0.105 0.795 
 

HWE P-value 0.405 0.938 

SY76 
   

SY141 
  

No. of allele 8 5 
 

No. of allele 7 4 

HO 0.767 0.652 
 

HO 0.690 0.609 

HE 0.820 0.673 
 

HE 0.826 0.689 

HWE P-value 0.406 0.783 
 

HWE P-value 0.034 0.632 

SY58 
   

SY3A 
  

No. of allele 5 5 
 

No. of allele 5 4 

HO 0.667 0.696 
 

HO 0.633 0.565 

HE 0.674 0.708 
 

HE 0.740 0.747 

HWE P-value 0.624 0.505 
 

HWE P-value 0.209 0.132 

SY12A 
   

SY242 
  

No. of allele 5 5 
 

No. of allele 3 3 

HO 0.533 0.652 
 

HO 0.600 0.522 

HE 0.675 0.656 
 

HE 0.674 0.478 

HWE P-value 0.376 0.682   HWE P-value 0.596 1.000 
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Appendix S13. Plot of mean posterior probability (LnP(D)) values per clusters (K), based on 10 iterations per K, 

generated by the STRUCTURE program (Pritchard et al., 2000), and delta K analysis of LnP(D), according to Evanno 

et al. (2005). 
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Appendix S14. Pairwise assignment among long-tailed gorals from 

South Korea. The groups were considered sampling localities such 

as habitable regions (KNE_A wild, KNE_B), zoo captive individuals 

(KNE_A captive) and locality undetermined individuals (ND). 

KNE_A captive = Everland Zoo, Yongin city; KNE_A wild = upper 

northeast region; KNE_B= mid-northeast region. The sampling 

localities are shown in Figure 12. 
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Appendix S14 (cont’d.) 
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Appendix S14 (cont’d.) 
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Appendix S15. Bar plot (K=3) of population structure estimates of 

N. caudatus samples collected in South Korea. X-axis indicates the 

region of sample collection. See Figure 12 for sampling locations. 
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