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ABSTRACT

Aim We compared the power of different nuclear markers to investigate

genetic structure of southern Balkan wild boar. We distinguished between his-

toric events, such as isolation in different refugia during glacial periods, from

recent demographic processes, such as naturally occurring expansions.

Location Southern Balkans/Greece.

Methods We sampled 555 wild boars from 20 different locations in southern

Balkans/Greece. All individuals were analysed with 10 microsatellites and a sub-

group of 91 with 49,508 single nucleotide polymorphisms (SNPs). Patterns of

genetic structure and demographic processes were assessed with Bayesian clus-

tering, linkage disequilibrium and past effective population size estimation

analysis.

Results Both microsatellite and SNP data analyses detected genetic structure

caused by historic events and support the existence of three groups in the stud-

ied area. A hybrid zone between two of the groups was also detected. We also

showed that genome-wide SNP data analysis can identify recent events in bot-

tlenecked populations.

Main conclusions We inferred the three groups diverged ~50,000–10,000
yr bp when populations contracted to different refugia. Our findings strength-

ened the evidence that the southern Balkan area was a glacial refugium includ-

ing further local smaller refugia. Genome-wide genotyping inferred a recent

population expansion that can mimic a ‘refugium within refugium’ scenario. It

seems that microsatellite data tend to overestimate genetic structure when

genetic drift happens in bottlenecked populations over a short distance. There-

fore, genome-wide SNPs are more powerful at inferring phylogeography in nat-

ural populations, resolving inconsistencies from mitochondrial and

microsatellite data sets.
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INTRODUCTION

Phylogeographic research suggests that genetic variation pat-

terns within and among closely related species carry the sig-

nature of the species’ demographic past (Knowles, 2009).

This is particularly true for European temperate animal spe-

cies whose distribution was affected by Pleistocene climatic

changes. Most of these species survived the Last Glacial Max-

imum (LGM) in Mediterranean refugia, spreading north-

wards when climate conditions improved. Glacial refugia

have been found in the Iberian Peninsula, Italy, the Balkans

and the Caucasus region (Hewitt, 2000). Isolation in refugia

resulted in the evolution of unique gene pools that can be

detected in phylogeographical patterns and genetic
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differentiation of many species (Avise, 2000). Main post-gla-

cial migration scenarios involve recolonization of central and

northern European regions from Mediterranean refugia. This

hypothesis is supported by the fossil record (Sommer &

Zachos, 2009), although some exceptions have been observed

(Stewart & Lister, 2001).

In order to explain the distinct phylogeographic lineages

found in some of the Mediterranean areas, the hypothesis of

‘refugia within refugia’ was also proposed. This hypothesis

considers the geographical terrain and the climatic influences

during the LGM responsible for the evolution of distinct

phylogeographic subgroups (Gomez & Lunt, 2007) and has

been observed mostly using mitochondrial DNA.

The Balkan region is physiographically complex, with

mountain ranges reaching the alpine zone separated by can-

yons and valleys. The Pindus mountains, one of the largest

and highest mountain ranges in the southern Balkans, was

glaciated during Pleistocene cold stages (Hughes et al., 2007)

isolating populations, and distinct phylogeographic groups of

small mammals, reptiles and amphibians evolved (Sotiropou-

los et al., 2007; Ursenbacher et al., 2008). Most of these

studies, however, are based on mitochondrial DNA analysis,

with rare examples of nuclear marker results for large mam-

mals (e.g. Nikolov et al., 2009). SNPs are the most abundant

type of variation in genomes, can easily and cheaply be geno-

typed in large numbers simultaneously. Assays are readily

comparable between laboratories and cover a more represen-

tative sample of the entire genome (Morin et al., 2004).

SNPs have proven valuable for population studies in human

(e.g. Pemberton et al., 2012) and domestic animals (e.g. Kijas

et al., 2012) but their use in wild species remains limited

(e.g. Gedbloed et al., 2013a,b; Kraus et al., 2013; Iacolina

et al., 2016).

Genetic structure of European wild boar populations was

also influenced by the last glaciations and a number of refu-

gial populations have been recognized (Scandura et al.,

2008). Mitochondrial DNA has shown that the Balkan refu-

gium was important for wild boar expansion to Eastern and

Central Europe, and that Southern Balkans still have geo-

graphically confined mitochondrial haplotypes (Alexandri

et al., 2012). Different wild boar haplotype groups date back

to the LGM and a rapid northward expansion from the

northernmost edge of the refugium (‘leading edge expansion’

scenario, Hewitt, 1999), was proposed. However, some

aspects of post-glacial expansion, such as the existence of

hybrid zones cannot be fully captured by mitochondrial

DNA analysis alone. Microsatellites have been used exten-

sively to infer the genetic structure of wild boar populations

and to detect individuals with admixed ancestry (Vernesi

et al., 2003; Scandura et al., 2008, 2011; Nikolov et al.,

2009).

In this study we investigate the genetic structure of Euro-

pean wild boar at one of its southernmost areas of expan-

sion. We used extensive sampling, microsatellite DNA and

genome-wide SNP data to estimate the impact of the last

glaciation and test the ‘refugia within refugium’ hypothesis

on a large, widespread and iconic mammalian species. More-

over, we show that genome-wide analysis of variation is a

better indicator of long-term demography and range expan-

sion than classic microsatellite analysis, providing important

details on the biogeography of local populations.

MATERIALS AND METHODS

Population sampling, microsatellite and SNP

genotyping

Muscle and liver samples from 555 wild boars were collected

from 18 different regions within continental Greece, one in

Bulgaria and one in the eastern Aegean island of Samos

(Table 1, Fig. 1, see Appendix S1 in supporting informa-

tion). All samples came from native populations with the

exception of Peloponnesus where wild boar was recently

reintroduced. DNA was extracted from muscle tissue accord-

ing to a CTAB (cetyl trimethyl ammonium bromide) proto-

col (Hillis et al., 1996).

All individuals were genotyped with a panel of ten

microsatellite loci: SW055, SW461, SW841, SW1492,

SW2021, SW2496, SW2532, SW951, S0225 and S0227. Three

microsatellites (SW951, S0225 and S0227) are recommended

by the Food and Agriculture Organization (FAO) for pig

diversity analysis (Barker et al., 1998). The rest have been

successfully used for wild boar population genetics studies

(Vernesi et al., 2003). PCR amplification protocols are

Table 1 Sampling sites in southern Balkans-Greece for 555 wild

boar individuals, which were used for microsatellite and SNP
analysis.

Region

Number of

samples

(microsatellites)

Number of

samples

(SNPs)

1. Aitoloakarnania (AI) 64 4

2. Evritania (EV) 40 3

3. Fokida (FK) 58 4

4. Fthiotida (FT) 60 6

5. Voiotia (VI) 47 4

6. Larisa (LR) 19 4

7. Magnisia (MG) 6 2

8. Trikala (TR) 5 3

9. Ioannina (IO) 26 4

10. Grevena (GR) 4 -

11. Pella (PL) 7 3

12. Thessaloniki (TH) 6 4

13. Halkidiki (HL) 8 2

14. Drama (DR) 55 5

15. Kavala (KB) 25 5

16. Rodopi (RO) 38 7

17. Evros (EB) 54 7

18. Samos (SM) 18 13

19. Peloponnesus (PN) 10 6

20. Bulgaria (BLG) 5 5

Total 555 91
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according to Scandura et al. (2008). Microsatellite alleles

were sized on a 6.5% polyacrylamide gel on a LICOR 4200

automated sequencer (LICOR, Nebraska, USA) using the

SagaGT software (LICOR).

Within the Porcine HAPMAP project wild and domestic

Suids were genotyped with the Porcine SNP60 Beadchip

(Amaral et al., 2009; Ramos et al., 2009). For our study, 91

individuals from different areas (Table 1) were analysed for

49,508 autosomal SNPs. Individuals were genotyped accord-

ing to manufacturer’s instructions. All reported samples dis-

played call rates above 0.9. To test for domestic pig

introgression, we used 113 pigs from four commercial breeds

occurring in Greece (Duroc N = 31, Landrace N = 27, Large

White N = 34 and Pietrain N = 21).

Microsatellite data analysis

Observed and expected heterozygosities and allele diversities

were computed with Arlequin 3.5 (Excoffier & Lischer,

2010). Allelic richness and private allelic richness were calcu-

lated per population using Adze 1.0 (Szpiech et al., 2008).

Deviations from Hardy–Weinberg equilibrium (HWE) were

tested across each population and locus with Guo & Thomp-

son (1992) test in Genepop 4.2 (Rousset, 2008) using the

Markov chain algorithm with 10,000 dememorization steps,

100 batches and 1000 iterations. Mean number of alleles and

inbreeding coefficient (FIS) values were estimated with

Genetix 4.05 (Belkhir et al., 2001). Genetic differentiation

between different populations was estimated by calculating

pairwise FST values in Arlequin.

We estimated existence of possible subpopulations with

Structure 2.3.3 (Pritchard et al., 2000; Hubisz et al., 2009)

using a number of subpopulations (K) between 1 and 10.

We discarded any previous population information and used

the admixture model, correlated allele frequencies and ten

independent runs of 100,000 iterations after a burn-in of

50,000 iterations for each K. The optimal K value was chosen

according to Evanno et al. (2005). Isolation by distance for

central Greek populations was tested using linear distances

for Mantel’s test (Mantel, 1967), from the comparison of all

pairwise FST/(1 � FST) values computed in Arlequin.

SNP data analyses

To estimate the extent of domestic pig introgression and

identify possible hybrids between wild and domestic individ-

uals, we performed an allele spectrum frequency assessment

(AFSA, Goedbloed et al., 2013a).

Heterozygosity, allele diversity and FST values between dif-

ferent populations were calculated using all 49,508 loci with

Arlequin. Population structure was assessed using Struc-

ture. Ten independent runs of 20,000 iterations following a

burn-in of 15,000 were done for each K between 1 and 5.

We discarded prior population information and assumed
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Figure 1 Map of southern Balkans showing

sampling sites of 555 wild boars (Sus scrofa).
Coloured dots correspond to different groups

identified with microsatellite and SNP
analyses. Orange dots: North group, green:

central, red: Samos. Blue, green and yellow
dots in areas AI, EV, FK, FT, and VI

correspond to subgroups identified in central
Greece with microsatellite Structure

analysis [Colour figure can be viewed at
wileyonlinelibrary.com].
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independent loci and admixture between different clusters.

The DK method (Evanno et al., 2005) was used to calculate

the optimal K. Principal component analysis (PCA) was

done with Eigenstrat (Price et al., 2006) to examine simi-

larities between wild populations. Isolation-by-distance sce-

nario for the central Greek cluster was tested using the same

approach as with microsatellite data.

We used the SNP genotype data to identify consecutive

homozygous regions (runs of homozygosity, ROHs), which

can be a sign of recent demographic events. We used Plink

1.07 (Purcell et al., 2007) with adjusted parameters: –ho-
mozyg-density 1000, –homozyg-window-het 1, –homozyg-kb

10, –homozyg-window-snp 20. To avoid overestimation of

homozygous regions due to rare allele removal, we did not

filter data for low allele frequencies. Differences of ROHs

between various populations were tested with the v2 test of

proportions and goodness-of-fit in R 3.2.4 (R Core Team,

2016). To check for recent inbreeding the correlation

between ROHs size and longitude was tested with Pearson’s

product moment correlation in R.

To estimate linkage disequilibrium (LD) patterns between

different populations, we excluded SNPs deviating from

HWE (P < 0.001) and with MAF lower than 0.05. LD (r2)

was estimated for all marker pairs less than 3 Mb apart for

each chromosome with Haploview 4.2 (Barrett et al., 2005).

Effective population sizes for each group were estimated

using the equation (McEvoy et al., 2011): r2 ¼ 1=ð4Necþ2Þ

where r2 is the LD, c is the distance between markers in

Morgans and Ne the effective population size. Past Ne at

generation T was calculated according to Hayes et al. (2003)

T ¼ 1=2c. To account for different recombination rate across

porcine chromosomes (Bosse et al., 2012), an average recom-

bination map (Tortereau et al., 2012) was used. Ne estimates

were obtained by averaging multiple genomic regions

(Stumpf & McVean, 2003): chromosomes were divided into

1 Mb bins containing recombination rate information and

average r2 for all SNP pairs.

RESULTS

Domestic pig introgression

Allele Spectrum Frequency Assessment analysis, performed to

detect possible domestic pig introgression (based only on

SNP genotyping information), identified eight out of 91

analysed individuals as possible hybrids because they dis-

played raised levels of low MAF SNPs (Appendix S2). These

individuals were omitted from all further analyses.

Population structure analysis

Initial Structure analysis using the entire microsatellite

data set (n = 547) identified two groups (Fig. 2a,

Appendix S3a). The first group included individuals

Figure 2 STRUCTURE results showing the most likely number of wild boar populations in southern Balkans-Greece based on
microsatellite analysis. Colours correspond to each of the identified groups. (a) for all wild boar samples: orange = northern group,

green = rest of samples (b) red = Samos, green – blue – yellow = subgroups identified within central Greece (c) only for central Greek
samples [Colour figure can be viewed at wileyonlinelibrary.com].
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originating from northern Greece (assigned with probability

values Q > 0.8). The second group included all other indi-

viduals, the majority of which (251 out of 293) were assigned

with Q > 0.7. Most of the individuals with lower Q values

originated from the areas between northern and central

Greece (orange and green double dots, Fig. 1). Animals from

Peloponnesus clustered with the northern group confirming

that this population originated from translocated northern

Greek wild boars.

Second step of Structure analysis was done excluding

the northern samples. The optimal number of clusters was

K = 4 (Fig. 2b). The most prominent cluster is located in

Samos Island (individuals assigned with Q~1). The other

three clusters included individuals from central Greece.

When the analysis was repeated with only the central Greece

individuals the same three, geographically confined clusters

were recognized (Fig. 2c). The largest cluster expanded

throughout western parts of central Greece (areas AI, EV

and FK, Fig. 1). The second cluster was central expanding

eastwards (area FT), while the third was found exclusively at

Voiotia (area VI), the easternmost expansion point of the

central group.

Initial level of clustering using SNP data recognized two,

well defined groups (Fig. 3a, Appendix S3d): Samos and

continental Greece. When only the continental individuals

were examined, we confirmed separation of the northern and

central individuals (K = 2, Fig. 3b). All samples that origi-

nated from the areas geographically between central and

northern Greece were scattered between these two groups

(e.g. samples from IO, LR, MG and TR). PCA analysis

agreed with these results (Fig. 4). SNP analysis, however, did

not confirm the subpopulation structure discovered with

microsatellites within central Greece.

When we tested the geographical patterning at central

Greece, using FST estimates and Mantel tests, both

microsatellite and SNP data showed a positive correlation

between geographical and genetic distance (r2 = 0.114,

P = 0.001 and r2 = 0.314, P = 0.001 respectively).

Genetic variability within groups

Of the two continental groups discovered with Structure

microsatellite analysis, the central had the lowest mean num-

ber of alleles and allelic diversity values (Table 2). Moreover,

allelic diversity, allelic richness and observed heterozygosity

tended to decline towards the eastern boundaries of this

group’s expansion (Table 3). FIS values were positive for the

central group, indicating more homozygotes than expected

(Table 2). The northern group had lower FIS and higher

heterozygosity values than the central and they did not show

any specific pattern among sampling sites.

From the 49,508 SNPs mapped to autosomes in pig gen-

ome version 10.2 (http://www.ensembl.org/Sus_scrofa/Info/

Index), 35,528 were polymorphic. The northern group had

the highest number of polymorphic loci (33,996), followed

by the central (27,242) and Samos (19,765 SNPs).

Figure 3 STRUCTURE results showing the most likely number of wild boar populations in southern Balkans-Greece based on SNP

analysis. (a) all samples: red = Samos Island, black = continental Greece (b) for continental Greek samples: green = central,
orange = northern group [Colour figure can be viewed at wileyonlinelibrary.com].
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Heterozygosity values were again higher for the northern

group (Table 2). Within the central Greece, however, there

were little differences from west to east (Table 3).

Genetic diversity measured as effective population size

(Ne) was considerably higher in the northern (Ne = 262,

SD = 84.8) than the central (Ne = 76, SD = 41.27) Greece.

When three different possible subgroups, congruent with the

microsatellite analysis, were taken into account in the central

population, Ne values decreased towards the east (AI-EV-

FK = 66, FT = 46, VI = 25).

Runs of homozygosity, LD patterns and historical

population sizes

To investigate how much recent demographic parameters

affected the genomic distribution of ROHs we analysed 77

pure wild boar individuals from different areas (non-native

Peloponnesus samples were excluded). Samples were grouped

based on geographical origin and Structure assignment

into three groups: Samos, central and northern Greece. The

proportion of the genome in ROH of different lengths varied

significantly (P = 0.0005) across different parts of Greece.

The central group had the highest number (47.75) and long-

est stretches of ROHs (29.22% of ROHs >15 Mb), whereas

individuals from northern Greece and Samos had the lowest

number and lowest cumulative size of homozygous regions

(Fig. 5). Within central Greece there was a west to east

increase in number and length of ROHs (Fig. 6). In particu-

lar, individuals from the area of Voiotia (VI) had the highest

number (50–62) and the longest stretches of homozygosity

(795–1224 Mb). However, the correlation between ROHs

size and longitude for central group was weak and non-sig-

nificant (r2 = 0.236, P = 0.290).

To estimate the results of past demographic processes and

evaluate if the identified groups had different ancestral popu-

lations, a LD decay analysis was performed. Individuals were

assigned to three groups, northern, central Greece and

Samos. LD patterns differed between groups (Fig. 7). Mean

r2 values were largest for Samos (0.20), followed by the cen-

tral group (0.18), while the northern had the smallest mean

r2 value (0.058). SNP pairs with an average distance around

1 Mb had an average r2 of 0.198 for Samos, 0.176 for central

and 0.05 for the northern group. All three groups experi-

enced the most pronounced population decline around

10,000 generations ago (Fig. 8) based on estimated past

effective population sizes.

DISCUSSION

Recent advances in next generation sequencing have enabled

genome-wide SNP data for wild populations (Goedbloed

et al., 2013a; Kraus et al., 2013), but to date few studies (e.g.

Figure 4 Different wild boar population

groups in the Balkans-Greece defined with
PCA analysis of genome-wide SNP data.

Different individual symbols correspond to
different areas of sampling [Colour figure

can be viewed at wileyonlinelibrary.com].

Table 2 Heterozygosities, mean number of alleles, allelic range and FIS values for identified wild boar populations in southern Balkans-

Greece. N = sample size, Ho = observed heterozygosity, He = expected heterozygosity, M = mean number of alleles, R = allelic range,
D = allelic diversity.

Microsatellite analysis SNP analysis

Population N Ho He M R D FIS N He Ho

Central 238 0.531 0.602 6.7 9.8 0.577 0.100 22 0.325 0.267

North 187 0.579 0.631 9.9 12.2 0.550 0.034 27 0.341 0.312

Continental 524* 0.557 0.670 11.5 13.4 0.602 66* 0.325 0.265

Samos 17 0.638 0.618 4.7 7.5 0.639 �0.049 11 0.362 0.366

*Includes only wild boars from natural populations and from the hybrid zone between north and central groups.
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Tokarska et al., 2009; Defaveri et al., 2013; Weinman et al.,

2015) have used empirical data to compare SNP with

microsatellite results. In this study, we used both markers to

assess population structure, past and present expansions of

wild boar in southern Balkans and to highlight areas of con-

gruence or disagreement between these markers.

Genetic variability of Greek wild boar: refugial

populations and hybrid zones

Both microsatellites and SNPs detected three population

groups, each related with a separate geographical area (cen-

tral, northern Greece and Samos) and reflecting three distinct

evolutionary units. These groups were previously recognized

with mtDNA (Alexandri et al., 2012), and are now con-

firmed with multiple markers analysis and more samples.

Two of the three discovered groups pertain different parts

of continental Greece: the ‘central’ group populates central

to north-west Greece and the areas close to the Pindus

mountain range, while the ‘northern’ expands from the

north-eastern part of Pindus to north Greece and Bulgaria.

The third group, Samos island, was congruent with the pre-

viously described Near Eastern haplogroup (Larson et al.,

2005, 2007; Alexandri et al., 2012). The Near Eastern origin

of the Samos population was also confirmed by comparison

with the Near Eastern group from Anatolia found by Man-

unza et al. (2013) (results not shown).

The implications of our results for the evolutionary history

of the wild boar, and for large mammals in general in Eur-

ope, are quite profound. The abundance of wild boar fossils

Table 3 Genetic diversity for central Greek wild boar

populations measured as observed heterozygosity for
microsatellites [Ho(m)] and SNPs [Ho(SNPs)], D = allelic

diversity, R = allelic richness and PR = private allelic richness for
microsatellite data (m). Sampling areas correspond to Table 1

and Fig. 1.

Sampling

area Longitude D (m) R (m) PR (m) Ho (m)

Ho

(SNPs)

AI 21.14567 0.582 0.143 3.216 0.542 0.369

EV 21.75568 0.570 0.153 3.110 0.599 0.535

FK 22.17796 0.586 0.149 3.200 0.535 0.411

FT 22.23770 0.581 0.110 3.131 0.518 0.365

LR 22.41074 0.565 0.194 2.211 0.525 0.539

VI 23.01018 0.491 0.124 2.827 0.482 0.431
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Figure 5 Number and cumulative ROH size for all wild boar

individuals based on genome-wide SNP data. Different colours
correspond to different groups as defined with Structure

analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6 Cumulative size of ROHs per individual plotted against
longitude values for wild boars originating from central Greece.

Population labels correspond to different sampling sites as well as
clusters detected with microsatellite DNA Structure analysis

(Fig. 2c) [Colour figure can be viewed at wileyonlinelibrary.com].

Figure 7 Decay of average r2 over distance between different wild

boar populations in southern Balkans-Greece, for base pairs
ranging from 0 Mb to 30 Mb [Colour figure can be viewed at

wileyonlinelibrary.com].
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in Europe before the Last Glacial Maximum (Vilac�a et al.,

2014) and the lack of genetic structure during the late Pleis-

tocene demonstrated for other animals (Hofreiter et al.,

2004) suggests that a single lineage of wild boar differenti-

ated to three distinct groups in the eastern Mediterranean,

within the time span of the LGM. Hence, the separation of

the three lineages involves isolation in different refugia. LD

analyses support this hypothesis, as the different decay pat-

terns reflect separate demographic histories (Amaral et al.,

2008). Demographic analysis shows a decrease of the south-

ern Balkan wild boar populations approximately 10,000 gen-

erations ago (Fig. 8). This corresponds to the LGM

(~50,000–10,000 years ago, Yokoyama et al., 2000) assuming

a generation time between 1 and 5 years (Groenen et al.,

2012; Herrero-Medrano et al., 2013). The evolutionary his-

tory of wild boar at the southern part of the Balkan Penin-

sula is therefore consistent with the inferred histories of

other temperate European mammals, where similar lineages

are a result of population contractions and expansions

during the LGM (Hewitt, 2000).

The degree of variation shared between the three inferred

geographical and evolutionary entities differs. Our results

support the existence of a completely separate group in

Samos, with no overlapping zone, despite its geographical

proximity to the southern Balkans. Anatolia was an impor-

tant refugium during the LGM (Rokas et al., 2003) and

hybrid zones between European and Near Eastern lineages

were found at the area of Thrace for some species (e.g.

Michaux et al., 2004). It seems, however, that already estab-

lished local wild boar populations prevented Near Eastern

populations from contributing substantially to the Balkan

regions.

On the other hand, our findings show a hybrid zone on

both sides of the Pindus range. This suggests allopatric dif-

ferentiation in each of the refugial populations, followed by a

secondary contact. Continental southern Balkans probably

only had isolated sparsely occurring wooded areas during the

LGM (Tzedakis et al., 2002) which may have acted as local

refugia for species such as wild boar that are restricted to

tree covered habitats. Populations that survived at these sites

during glaciations started expanding when the climate

became warmer, and animals originating from different refu-

gia subsequently met, forming hybrid zones.

Detecting subpopulation structure at a local level –

discrepancy between microsatellite and SNP results

in an inbred population

Microsatellite DNA Structure analysis revealed three local

clusters (Fig. 2c) within the central Greek group. Each clus-

ter is well separated and geographically delimited. These

results are, however, not supported by SNP analysis,

although the same 60K SNP assay was able to distinguish

geographically close populations in Western Europe (Goed-

bloed et al., 2013b).

For small-scale (micro-geographical) population structure,

microsatellite-based Structure analysis can produce more

clusters, especially when the populations examined are char-

acterized by an isolation-by-distance pattern (supported both

by microsatellite and SNP analyses). Isolation by distance

causes deviations from random mating which can overesti-

mate the number of clusters detected with microsatellite

DNA (Frantz et al., 2009).

Closer examination of the central group shows that it

experienced a more pronounced bottleneck during the LGM

(Fig. 8) which is reflected in the present day overall LD pat-

terns (Fig. 7). Moreover, central Greek populations have the

lowest values of heterozygosity, low Ne and the highest

number of long homozygous regions. ROH’s geographical

pattern within central Greece is even more informative

showing a west to east increase in cumulative ROHs size

(Fig. 6). However, the correlation between ROHs size and

longitude locally is weak due to the east–west increase of

homozygous regions in a population where long ROHs were

already present.

Based on LD and ROH analysis it is likely that a recent

wild boar expansion, from the Pindus mountains eastwards

created smaller inbred populations in the eastern part of cen-

tral Greece. In human populations, long ROHs are related to

inbreeding and migration events, which decrease population

size and increase the probability of Identity By Descent

(IBD) (Pemberton et al., 2012). IBD distribution among

unrelated individuals can infer demographic events that

occurred in the last tens of generations (Palamara et al.,

2012). The existence of large numbers of long ROHs is

consistent with recent inbreeding (Bosse et al., 2012).

Inbreeding is usually related to translocations of few indi-

viduals (Frankham et al., 2002), often used to re-stock

declining or extinct populations which was a common

practice for European wild boar (Vernesi et al., 2003). The

eastwards expansion of the central Greek group, however,

appears to be a result of natural migration. Until 1980s, the

Figure 8 Past Ne estimation for three Greek wild boar groups
based on LD analysis. Each chromosome was divided into

1 Mb bins containing recombination rate information and
average r2 for all SNP pairs included in each bin. Grey box

indicates Last Glacial Maximum [Colour figure can be viewed
at wileyonlinelibrary.com].
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southernmost expansion area for wild boar in mainland

Greece did not exceed 39th parallel north around the south-

east part of Pindus range. In the following years traditional

agriculture practices changed, fragmented wild boar habitats

unified and local wild boar numbers increased. This popula-

tion expansion resulted in migration towards south-eastern

habitats reaching the 38th parallel (E. Chatzinikos personal

observation). This is confirmed by our results: isolation-by-

distance patterns, lower microsatellite DNA variation and no

new alleles detected in the eastern clusters, show that the

migration event involved solely the central Greek population.

Finding empirical evidence of inbreeding events, bottle-

necks and subsequent expansions in the wild is often hard,

as natural dispersal minimizes mating between relatives

(Pusey & Wolf, 1996). Our study shows that these migration

events have more chances to be detected with genome-wide

markers, which increase the power of statistical analyses.

Domestic pig introgression

The suspected genetic admixture with domestic pigs in the

sampled wild boars was similar with other European wild

boar populations (5–10%, Scandura et al., 2008; Goedbloed

et al., 2013a); 8.79% of the studied individuals were found

to be possible hybrids. AFSA can inform about the extent

and the source of domestic pig introgression by using SNP

data. This technique essentially leverages the ascertainment

bias introduced in the SNP chip design that resulted in part

of the SNPs to be specific to pigs. As there are thousands of

such SNPs on the assay, the analysis allows detection even of

5th or 6th generation backcrosses (Goedbloed et al., 2013a).

Microsatellites are not as effective at detecting hybrids:

microsatellite alleles are usually shared between wild and

domestic individuals and the FST values observed between

them were too low (Scandura et al., 2008, 2011). In addition,

the chance of finding pig-specific alleles, even if they could

be identified, in 3rd or 4th generation backcrosses would be

small when using a handful of markers.
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