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Abstract
Wild boar (Sus scrofa) is one of the most challenging mammalian species to manage in the wild because
of its high reproductive rate, population density, and lack of predators in much of its range. A recent
outbreak of African swine fever (ASF) and the transmission into domestic pigs in commercial farms
empower the necessity of establishing management strategies of the wild boar population in the northern
region of South Korea. A population genetic study, including the dispersal distance estimation of wild
boars, is required to prepare �ne-scale population management strategies in the region. In this study, both
population structure analysis and dispersal distance estimation based on kinship were conducted using
13 microsatellite markers. The results revealed a high level of genetic diversity compared to a previous
study. The population was not structured obviously, but there was a slight level of genetic differentiation
between groups mainly formed by isolation by distance rather than mountain ridges. The dispersal
distance estimation of Korean wild boars based on kinship analysis showed a philopatric pattern in
females. However, extensive dispersal ability in both sexes was observed with a considerable proportion.
The population genetic status and dispersal traits of wild boars may provide valuable data for planning
detailed ASF and wild boar population management strategies in South Korea.

Introduction
Wild boar (Sus scrofa Linnaeus, 1758) is one of the most extensively distributed, large-sized mammalian
species worldwide. Being highly viable and having a high reproductive rate, wild boar spreads its range
across most European and Asian regions and the northern part of Africa as native species. Besides, there
are introduced populations thriving in the Americas and Australia (Massei and Genov 2004). African
swine fever (ASF) is a highly fatal disease for species within the genus Sus, including wild boars and
domestic pigs. After the initial outbreak in Georgia in 2007 (Jo and Gortázar 2020), the ASF virus (ASFV)
spread quickly all over Eurasia. The virus spread in western European countries in 2014, followed by
eastward spread to China in 2018. The �rst detection of ASFV was near the Demilitarized Zone (DMZ) in
the northern part of South Korea in 2019, spreading toward South Korea’s southern region. As wild boars
can share ASFV with domestic pigs, the spread of disease in wild boars may cause massive economic
damage in the swine industry (Cadenas-Fernández et al. 2019).

Therefore, basic information on the species and population biology of wild boars is required to develop a
control strategy against ASF in South Korea. A previous study demonstrated that the South Korean wild
boar population showed discrete clustering from China, Russia, Indonesia, and Japan, asserting Taebaek
Mountain ridges as a gene �ow barrier within the South Korean populations (Choi et al. 2014). However,
the relatively small number of South Korean samples used in the study is a limiting factor in interpreting
the results.

Studies that have described the ecological traits of wild boars in South Korea using ecological methods
have been published (Park and Lee 2003; Choi et al. 2006; Lee 2013; Kim et al. 2019). Although several
studies about the dispersal ability of wild boars have been conducted in other countries, no such
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information is available in South Korea. A study on the home range size of wild boars in South Korea
reported four individuals inhabiting 5.13 km2 on average (Choi et al. 2006). However, this research was
conducted with a small sample size using the radio-tracking technique within a limited study area and
time frame. Although a recent study about habitat preference demonstrated that wild boars prefer ridge
mountain environments with substantial food resources (Kim et al. 2019), further studies must establish
detailed control strategies for diseases mediated by wild boars in South Korea. Because the spread of
infectious diseases in wild animals is closely linked to the dispersal ability of the animals and the gene
�ow pattern within the frame of the population structure, information on the dispersal distance and
pattern and the genetic structure of wild boars has the potential to contribute to the effective disease
control strategy.

Microsatellite marker is a convenient tool for population and ecological genetic studies. These
polymorphic markers, which can estimate the recent history of genetic differentiation at the population
level, are widely used in numerous studies to demonstrate the population structure of wild animals in
South Korea (Lee et al. 2011; Jo et al. 2017; Hong et al. 2018; Lee et al. 2019). Moreover, a set of
microsatellite markers was developed for swine biodiversity applications (Committee 2004). The
usefulness of these microsatellite markers has been veri�ed by numerous population genetic studies of
wild boars (Costa et al. 2012; Choi et al. 2014; Delgado-Acevedo et al. 2021). Dispersal distance
estimation with kinship analysis using polymorphic markers has been reported previously for several
species (Cayuela et al. 2018). With a su�cient number of samples, this genetic method enables
estimating dispersal distance.

This study investigated the genetic diversity and population structure of the wild boar population in the
northern part of South Korea (Gyeonggi and Gangwon provinces) and estimated the dispersal distance
based on kinship analysis of 474 wild boar carcass tissue samples using 13 microsatellite markers.

Materials And Methods
Sample collection

Muscle tissue samples from 474 wild boar carcasses, hunted in Gyeonggi and Gangwon provinces by
licensed local hunters from November 2019 until May 2020, were collected by NIBR (National Institute of
Biological Resources) for DNA extraction. All the hunting activities were done with a permit from local
governments and no speci�c approval was required for the wild boar carcass sampling in this study. For
both genetic structure and distance distribution analyses, samples were divided into 6 geographical
groups with similar area sizes (Fig. 1). For the Isolation by Distance (IBD) analysis, 474 samples were
reassigned into 24 geographical groups, each group with a minimum of 15 samples in a city size area
(Table S1, Fig. S1).

PCR ampli�cation and genotyping
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DNA was extracted using a QuickGene DNA tissue kit (Fuji�lm, Tokyo, Japan). Total 13 microsatellite
markers developed for swine biodiversity research (Committee 2004) were used. The �uorescent-dye-
labeled markers were ampli�ed using a multiplex PCR kit (QIAGEN). PCR was conducted with touchdown
method under the following conditions: initial denaturation for 15 min at 95°C, followed by 7 touchdown
cycles starting from 94°C for 30 s, 67°C for 90 s, and 72°C for 60 s, with annealing temperature
decreasing by 2°C per cycle to 53°C. The additional 25 cycles were performed at 94°C for 30 s, 53°C for
90 s, 72°C for 60 s, and a �nal extension step at 60°C for 30 min. PCR products were loaded onto a DNA
Sequencer (ABI Prism 3730 XL DNA Analyzer, Applied Biosystems) for genotyping. Allele size was
determined using GeneMapper v.3.7 (Chatterji and Pachter 2006).

For sexing, newly developed primers for wild boars that amplify intron 7 �anking regions of ZFX and ZFY
genes (Han et al. 2007) were used. The PCR condition for sexing was the same as in the referenced
paper. The PCR products were loaded onto EtBr agarose gel to distinguish double bands for males from a
single band for females by agarose gel electrophoresis.

Data analysis

Genetic structure analysis

Genotype data from 474 wild boars were integrated with GenAlex v.6.503 (Peakall and Smouse 2006) for
obtaining the population genetics parameters such as allele frequencies, expected heterozygosity, and
observed heterozygosity under Hardy–Weinberg assumptions. Hardy–Weinberg Equilibrium (HWE) test
and null allele test were conducted via GENEPOP v.4.7 (Raymond 1995). The sequential Bonferroni
correction was applied to take account of statistical errors for multiple tests (Rice 1989). Genetic
structure was estimated with STRUCTURE v.2.3.4 (Pritchard et al. 2000), and an optimal K value was
estimated with STRUCTURE HARVESTER using the Evanno method (Evanno et al. 2005; Earl 2012). We
used the initial burn-in period of 100,000, followed by 200,000 MCMC (Markov Chain Monte Carlo)
iterations with 10 iterations per K. We calculated pairwise FST values between each of the 6 preliminary
estimated groups with FSTAT v.2.9.4 (Goudet 1995) based on 5,000 permutations. Based on the pairwise
FST values, Nm values were calculated with the equation of Nm=1/4{(1 - FST)/FST}, as an indirect index of
a gene �ow. Additionally, Slatkin’s linearized pairwise FST values were calculated with 10,000
permutations between 24 groups assigned for IBD analysis using Arlequin v.3.5.2.2 (Exco�er et al. 2005).
We conducted a Mantel test with 999 permutations using GenAlex v.6.503 to estimate IBD to establish
the relationship between genetic and geographic distance matrices.

Dispersal distance analysis

The kinship relationship between individuals was estimated with ML-RELATE software (Kalinowski et al.
2006). This program calculates the maximum likelihood estimates of relatedness among 4 putative
relationships: parent–offspring (PO), full-siblings (FS), half-siblings (HS), and unrelated (U). The
relationship that is found to be most likely true is selected based on a pair’s occupation in “k-space,”
where k represents the possible relationship between two individuals. We selected PO pairs based on the
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con�dence set option (0.05 level of signi�cance). Based on GPS data, we calculated the linear distance
between PO-paired individuals, and the proportion by distance was indicated with de�ected line graphs
according to sex.

Results
Genetic diversity

Using the genotype data of 474 wild boar samples obtained by 13 microsatellite markers, population
genetics statistics were calculated as shown in Table 1. The number of alleles ranged from 5 at the locus
Sw72 to 12 at the locus S0068 with an average 7.7 alleles/locus. Out of 100 alleles in total, 14 were
private ones observed only in a single out of 6 groups. A low proportion of private alleles was observed
for all groups, with the highest frequency of 5% in SGG (Southern Gyeonggi).

Table 1 Descriptive statistics for 13 microsatellite loci of the wild boar population in northern region of
South Korea

Locus N NA NE HO HE FIS HWE    P-value

S0026 474 8 5.630 0.778 0.822 0.020 0.0289

S0068 474 12 4.129 0.732 0.758 0.021 0.2027

S0155 474 7 3.277 0.705 0.695 0.028 0.6603

IGF1 474 6 2.285 0.544 0.562 0.015 0.0779

Sw240 474 7 4.932 0.751 0.797 0.059 0.0085*

Sw857 474 6 3.096 0.599 0.677 0.063 0.0042*

Sw24 474 11 5.250 0.749 0.810 0.044 0.0000*

Sw632 474 9 3.077 0.656 0.675 0.011 0.0521

Swr1941 474 6 2.698 0.597 0.629 0.017 0.0328

S0143 474 7 4.322 0.698 0.769 0.066 0.0000*

S0226 474 10 3.420 0.684 0.708 0.023 0.0604

Sw72 474 5 3.246 0.643 0.692 0.044 0.0119

S0090 474 6 4.118 0.736 0.757 0.007 0.0077*

Total 474 7.7 3.806 0.682 0.719 0.032  

N: Number of samples, NA: number of alleles, NE: number of effective alleles, HO: observed heterozygosity,
HE: expected heterozygosity, FIS: inbreeding coe�cient, HWE P-value: the probability of Hardy-Weinberg
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equilibrium, *Signi�cant after Bonferroni correction (P<0.01)

Table 1 presents the wild boar population’s genetic diversity at the locus level. Loci S0026 and Sw24
showed higher HE compared to other loci. The HWE test found that 5 out of 13 loci showed a signi�cant
difference between observed and expected heterozygosity, with no signs of null alleles. This implies the
possibility of existing either substructure or inbreeding within the whole wild boar population. The
inbreeding coe�cient across all loci (FIS) was estimated to be low (a maximum value of 0.066 was
recorded for the locus S0143). Speci�ed genetic statistics of 6 groups are described in Table S2.

Genetic Structure

Pairwise FST and Nm values among six groups were calculated to estimate the genetic differentiation and
gene �ow between groups (Table 2). Both parameters indicated the maximum gene �ow between NWGW
and SWGW (0.0043 and 57.6204, respectively) and minimum gene �ow between NGG and SEGW (0.0405
and 5.9213, respectively). In general, the results showed little or no signi�cant genetic differentiation
within the population. However, a considerable level of pairwise FST was observed between SEGW and
groups originating in the northwest region (NGG, SGG, and NWGW) than the other group pairs. The
genetic differentiation between western and eastern Gangwon provinces (NWGW and SWGW vs. NEGW
and SEGW), mainly divided by the Taebaek Mountains, was not observed (mean pairwise FST of 0.0152
and mean Nm of 22.8602).

Table 2 Pairwise FST (below diagonal) and Nm (above diagonal) between each of 6 wild boar groups

Location (Abbr.) NGG SGG NWGW SWGW NEGW SEGW

NGG
(Northern Gyeonggi)

  15.6230 33.9497 15.2683 9.8347 5.9213

SGG
(Southern Gyeonggi)

0.0158*   21.0629 25.9280 17.3185 9.4249

NWGW
(Northwestern Gangwon)

0.0073* 0.0117*   57.6204 21.3763 9.3102

SWGW
(Southwestern Gangwon)

0.0161* 0.0096* 0.0043*   46.9198 13.8345

NEGW
(Northeastern Gangwon)

0.0248* 0.0142* 0.0116* 0.0053*   17.8791

SEGW
(Southeastern Gangwon)

0.0405* 0.0258* 0.0262* 0.0178* 0.0138*  

*: Signi�cant after pairwise FST estimation (P<0.05) obtained with 10,000 permutations. Nm: 1/4{(1 -
FST )/FST}, is seen as an indirect index of gene �ow
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Pie charts shown in Fig. 1 represent the distribution of genetic clusters throughout the studied sample
groups using the STRUCTURE analysis. The structure pattern and the optimal number of genetic clusters
were determined within six groups using a Bayesian clustering method. According to the Evanno method,
the highest ΔK was observed when K was set to 2 (Fig. S2). Recruiting from the two genetic clusters
gradually changed from NGG to SEGW group (Fig. 2). Although there was no obvious clustering within
the groups, the difference in the two genetic clusters’ contribution in their genotypes is obvious.

In IBD analysis, 24 groups modi�ed according to city-sized scale were used for the Mantel test between
geographic and Slatkin’s linearized pairwise FST. Signi�cant correlation between genetic and geographic

distances was observed (P-value = 0.001, R2 = 0.2098, Fig. 3). This pattern corresponded with the
STRUCTURE analysis result, in which the genetic clustering pattern showed gradual diagonal line
according to the geographic distances between groups.

Distance distribution through kinship analysis

In total, 139 pairs of PO were selected using kinship analysis across six groups. When gender data were
applied, 41 pairs of female-female (FF), 34 pairs of male-male (MM), and 64 pairs of female-male (FM)
were found. Under the presumption of the PO relationship, an FF pair was presumed to be mother-
daughter, an MM pair was assumed to be father-son, and an FM pair was considered either father-
daughter or mother-son. As FM pair data contain two possible mixed relationships of father-daughter and
mother-son, this study mainly focused on FF and MM data to infer sex-speci�c dispersal distance. The
proportion of the linear distance between PO individuals according to sex is shown in Fig. 4a and b.
About 70% of all kinds of PO pairs were observed within a 30 km linear distance (Fig. 4c and d). In the FF
pair, about 60% were observed in less than 20 km distance and about 70% were observed in 30 km
distance (Fig. 4b). In contrast, approximately 40% of the MM pair distance was less than 20 km and 60%
was within 30 km, which showed a philopatric aspect of female wild boars. A considerable proportion of
long dispersal was also observed. Both 20% of FF and MM were dispersed more than 30 km, further
dispersing more than 50 km (5%).

Discussion
The genetic diversity, population structure, and dispersal distances at the individual level of the wild boar
population in the northern part of South Korea were estimated through genetic analysis. Because ASF is
spreading mainly in the study area, the information is expected to give meaningful insight in formulating
the disease management strategy. The 13 microsatellite loci analysis results showed that the wild boar
population in the study area was not obviously structured, and relatively high dispersal distances were
observed.

The genetic statistics of 13 microsatellite markers across the whole population pointed out a slightly
higher level of diversity compared to the previous report (current study: NA = 7.7, HO = 0.682, HE = 0.719;
Choi et al.’s 2014 study with the same set of 13 microsatellite markers: NA = 5.5, HO = 0.639, HE = 0.666).
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The difference might be explained partially by different sample sizes, different sampling times, or
different sampling sites covered. Especially, much more samples were covered in the current study (474
in this study vs. 70 in the 2014 study). Five of 13 loci (Sw240, Sw857, Sw24, S0143, and S0090) showed
a deviation of HWE due to heterozygosity de�ciency. This generally implicates the possibility of
inbreeding, population structure subdivisions within the population (Wahlund effect), or sampling error
(Waples 2015).

When the inbreeding coe�cient was examined, all markers showed low FISvalues. The extant wild boar
population in most Gyeonggi and Gangwon provinces has recently experienced rapid population density
growth (Choe et al. 2020). The population might also have experienced high hunting pressure expediting
the dispersal and migration of individuals (Scillitani et al. 2010). Considering these factors, we surmised
that the in�uence of inbreeding was low. Instead, we focused on the possibility of the recent admixture of
population substructure being the main reason for Hardy-Weinberg deviation.

There was a slight level of population subdivision by structure analysis. Although a clear differentiation
between groups was not observed, a considerable level of genetic distance was seen between the most
distant groups (pairwise FST values between NGG and SEGW = 0.0405). Also, the bar plot of K = 2 from
the structure analysis showed a gradual diagonal line between these two groups whose cluster was quite
different. These data support our IBD analysis results that the physical distance has the most signi�cant
correlation with genetic distance. A previous study suggested that mountain ridges could act as a genetic
�ow barrier to wild boar populations (Choi et al. 2014), but this assumption appears to be rebutted by our
results because the groups divided by the Taebaek Mountains (NWGW and SWGW vs. NEGW and SEGW)
showed no differentiation (mean pairwise FST = 0.0152).

These results correspond with a previous study conducted in Bulgaria (Nikolov et al. 2009), where the
Balkan mountain range was not a physical barrier for the genetic �ow of the wild boar population in
Bulgaria. Still, the main factors contributing to the population structure were both IBD and Thracian
Valley. Also, in Croatia, Dinaric Mountains had a weak effect than IBD on the wild boar population
differentiation (Šprem et al. 2016). Likewise, the result supports the physical distance rather than
mountain ridges contributed to genetic distance. However, it cannot be excluded that the observed low
population differentiation level might be caused by a high level of dispersal and migration of individuals
promoted by the recent population growth and hunting pressure mentioned earlier.

Dispersal of subadult animals from their native places is an essential contributing factor to transmitting
infectious diseases among wild animal populations. Therefore, estimating the dispersal pattern and
distance of wild animals can provide an important insight required to control the infectious diseases in
wild animals. However, it requires considerable resources to acquire information on the dispersal of large-
sized wild mammalian species through ecological methods, and there has been little such information for
wild boars in South Korea, where ASF is spreading from the DMZ area to the south. Thus, we attempted
to infer the dispersal distances of the wild boar population in the northern part of South Korea by
estimating the linear distance between PO pairs with the highest relationship based on kinship analysis.
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About 70% of all PO pairs showed less than 30 km linear distances. The result implies that wild boars in
the northern part of South Korea generally disperse less than 30 km. The results are in accordance with
the previous ecological study in Sweden reporting that wild boars disperse 16.6 km for adult males and
4.5 km for adult females (Truvé and Lemel 2003).

The distances between F-F pairs most likely re�ect the dispersal distances of daughters from their
mothers; about 60% of the F-F pairs were observed in less than 20 km distance and approximately 70% of
the F-F pairs were observed within 30 km. The distances between M-M pairs most likely re�ect the
dispersal distances of sons from their fathers; about 40% of the M-M pair distance was less than 20 km,
and about 60% of the M-M pair distance was less than 30 km. The result implies that the proportion of
short distance dispersal (<20 km) was higher in females (60%) than in males (40%). This is in line with
the known gender-dependent dispersal pattern of polygynous mammals; females tend to establish their
new territories near their native place (Greenwood 1980).

However, about 20% of both F-F and M-M pair distances was more than 30 km and about 5% of both F-F
and M-M pair distances was more than 50 km. Therefore, it appears that the proportion of long dispersal
distance (>30 km) in males and females was quite similar (~20%), and approximately 5% of both males
and females dispersed longer than 50 km. The results suggest that a considerable proportion of the wild
boar population in the northern part of South Korea disperse long distances regardless of sex. However,
we should keep in mind that all wild boar samples used in this study were obtained through hunting
activities by local hunters. Consequently, intense hunting pressure over the sample area can increase the
animal dispersal rate (Scillitani et al. 2010). More detailed results of PO individuals may be drawn if
su�cient information is included in a potential parent-offspring analysis and a su�cient number of
markers (15–20 polymorphic microsatellite loci) are used (Kalinowski et al. 2006; Cayuela et al. 2018).

Nevertheless, when a su�cient number of samples are obtained, the dispersal of wild boar males may
reach more than 100 km (Truvé and Lemel 2003). In rare cases, though, even further dispersal of female
wild boars was observed. A sounder composed of a 2-year-old sow, a female yearling, and eight piglets
was found foraging 100 km from a predispersal home range for 5 months (Jerina et al. 2014). A sow
eventually moved at least 500 km cumulative distance until death from culling. Yet, in another research
performed in Spain, the average dispersal distance of female wild boars (57.7 km) exceeded males’
dispersion (Casas-Díaz et al. 2013). Therefore, the potential existence of very long-dispersing individuals
should be considered in formulating a wild boar disease control strategy.

Conclusions
To collect basic information toward understanding the wild boar population in the northern region of
South Korea, this study was conducted to estimate the dispersal distance with kinship analysis, and the
genetic diversity and population structure were also investigated with 13 microsatellite markers. The wild
boar population showed no apparent signs of genetic subdivision, although a low level of population
differentiation was detected. The major factor of genetic differentiation within the study sites was
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physical distance rather than mountain ridges. Most PO pairs showed a short dispersal distance, with a
higher tendency of short dispersal in females than in males. However, a considerable proportion of long
dispersal cases was observed regardless of sex, suggesting an extensive dispersal ability of wild boars in
the northern part of South Korea. Information needs to be considered in planning control strategies
against ASF.
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Figure 1

Study areas, including geographic features with sample size. Thick green lines represent Taebaek
Mountains, while blue lines represent the Han River with its tributaries. Each pie chart shows the
proportion of genetic clusters shown in Fig. 2. Check location abbreviations in Table 2 Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 2
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Bar plots of wild boar populations recruiting from 2 genetic clusters as obtained by STRUCTURE v.2.3.4
analysis. The optimal number of K was approximately K=2. Check location abbreviations in Table 2

Figure 3

Isolation by Distance (IBD) analysis between genetic and geographic distances based on Mantel test with
999 permutations. Slatkin’s linearized FST (D=FST/(1-FST )) were used



Page 16/16

Figure 4

Distribution of distance proportions per 10 km sections according to sex. The triangle refers to a female-
female pair, square refers to a male–male pair, while diamond refers to a female-male pair. b) Cumulative
proportion of distance according to sex. c) Sex-integrated distribution of distance. d) Sex-integrated
cumulative proportion of distance
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