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Abstract

The European wild boar is an important game species, subjected to local extinctions and
translocations in the past, and currently enormously and worryingly expanding in some
areas where management is urgently required. Understanding the relative roles of ancient
and recent events in shaping the genetic structure of this species is therefore not only an
interesting scientific issue, but it represents also the basis for addressing future
management strategies. In addition, several pig breeds descend from the European wild
boar, but the geographical location of the domestication area(s) and the possible introgression
of pig genomes into wild populations are still open questions. Here, we analysed the genetic
variation in different wild boar populations in Europe. Ten polymorphic microsatellites
were typed in 252 wild boars and the mtDNA control region was sequenced in a subset of
145 individuals. Some samples from different pig breeds were also analysed. Our results,
which were obtained considering also 612 published mtDNA sequences, suggest that (i)
most populations are similarly differentiated, but the major discontinuity is found along
the Alps; (ii) except for the Italian populations, European wild boars show the signature of
a postglacial demographic expansion; (iii) Italian populations seem to preserve a high
proportion of preglaciation diversity; (iv) the demographic decline which occurred in some
areas in the last few centuries did not produce a noticeable reduction of genetic variation;
(v) signs of human-mediated gene flow among populations are weak, although in some
regions the effects of translocations are detectable and a low degree of pig introgression
can be identified; (vi) the hypothesis of an independent domestication centre in Italy is not
supported by our data, which in turn confirm that Central European wild boar might have
represented an important source for domestic breeds. We can therefore conclude that recent
human activities had a limited effect on the wild boar genetic structure. It follows that areas
with high variation and differentiation represent natural reservoirs of genetic diversity to
be protected avoiding translocations. In this context controlling some populations by hunting
is not expected to affect significantly genetic variation in this species.

Keywords: genetic diversity, microsatellites, mtDNA, phylogeography, population expansion, 
Sus scrofa

Received 17 September 2007; revision received 27 November 2007; accepted 11 January 2008

Introduction

Present-day levels and patterns of genetic variation are
strongly affected by the characteristics of a species (e.g.
dispersal rates), the landscape (e.g. geographical barriers),
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but also by different specific events that occurred in the
past (Avise 2004). For example, the genetic impact of the
last glaciation was relevant to several species (Hewitt
2000), but many other processes with a potential effect on
the genetic variation certainly occurred since then. This is
especially true for game and domestic species because of
extensive human manipulation. In this study, we focused
on several European populations of wild boar (Sus scrofa),
whose genetic variation patterns have been possibly
affected by both domestication and hunting/management
activities. We used a large set of molecular data in order to
distinguish and estimate the effects of different processes
that occurred at different timescales. In addition, this data
set enabled us to test a specific hypothesis regarding the
domestication of the species in Europe.

The Eurasian wild boar is one of the most widely distrib-
uted terrestrial mammals. Its geographical range, excluding
recent introductions, extends from Western Europe and
Northern Africa to Japan. Possibly originated in Southeastern
Asia, where the highest numbers of wild pig taxa are
observed (Lucchini et al. 2005), S. scrofa can be now subdivided
into at least two major genetic clades roughly corresponding
in the domestic form to European and Asian pigs (Giuffra
et al. 2000; Okumura et al. 2001; Alves et al. 2003; Larson
et al. 2005). The separation of these two clades can be dated
back to between 0.5 and 0.9 million years ago, suggesting
at least two independent domestication events (Giuffra et al.
2000; Kijas & Anderson 2001; Alves et al. 2003). Subspecies
are usually classified into four major groups, with the
European wild boar corresponding to the so-called ‘Western
races’ group (Oliver et al. 1993).

The quaternary climatic oscillations, and in particular
the last glaciation and the subsequent warm period, produced
remarkable consequences on the levels and patterns of
genetic variation in several species (Taberlet et al. 1998;
Hewitt 2000; Petit et al. 2003; Hofreiter et al. 2004). As regards
the European wild boar, however, at least four additional
processes related to human activities have occurred ever
since: the domestication in the Neolithic; a severe bottleneck
in different areas in the last few centuries; a demographic
expansion in the last 50 years; several more or less uncon-
trolled introductions of individuals, which also occurred in
the last decades, to restock areas where wild boar was
extinct or present at low density.

Postglaciation dispersal

The model initially proposed for the population dynamics
of several species during the last glaciation (i.e. one or more
southern refugia and postglacial re-expansion towards
northern areas) is probably too simplistic for some taxa
(see for example Magri et al. 2006). However, the current
distribution of the wild boar and its dispersal and
reproductive potential suggest that the genetic variation in

this species should be initially investigated with this model
in mind. In fact, as the wild boar is being only sporadically
observed in northern areas like central and northern taiga
(Briedermann 1990; Danilkin 2001), its presence in Central
and Northern Europe during the last Ice Age, when the
permafrost almost isolated Iberia, Italy, and the Balkans
(Hewitt 2000), seems unlikely. In addition, unlike for example
other ungulate species, the wild boar shows the typical
attributes of r-strategists: high ecological adaptability,
opportunistic feeding, and very high reproductive potential
(Boitani et al. 1995; Fernandez-Llario & Mateos-Quesada
1998; Geisser & Reyer 2005). We can therefore suppose that
after the last glaciation, the wild boar easily recolonized
Central and Northern European forests, thus reaching an
almost continuous and stable distribution modified only
by seasonal variations (Jedrzejewska et al. 1997; Bieber &
Ruf 2005).

Domestication and hybridization with pigs

Direct consequences on the wild populations during the
domestication process are expected to be limited, but recent
effects related to the co-existence of domestic and wild
forms should be considered. In some areas, pigs are reared
in semi-wild conditions (e.g. in Bulgaria and Sardinia,
Apollonio et al. 1988; Genov et al. 1991) and crossbreeding
with the wild form is possible. Furthermore, in other regions
(e.g. Central Italy), pigs were occasionally crossed with
wild boars in captivity, and hybrids were released for
hunting purposes (Randi et al. 1989; I. Boschi, unpublished
report). Therefore, divergent pig genomes, which were
subjected to strong selective and likely drift effects during
and after the domestication, could have introgressed into
the wild boar genetic variation.

Overhunting and demographic decline

In the last few centuries, loss of habitat and overhunting
drove the wild boar to extinction in some European regions
such as the British Isles, Scandinavia, and several Italian
and Western Russian areas (Apollonio et al. 1988; Oliver et al.
1993). A demographic decline was documented in many
other countries, and yet the genetic effects of this event,
when analysed in a few geographically restricted areas,
were surprisingly not evident (Vernesi et al. 2003).

Recent expansion

After the Second World War, the density and geographical
distribution of the wild boar have increased almost
everywhere in Europe (Sáez-Royuela & Tellería 1986;
Feichtner 1998; Danilkin 2001) as a consequence of several
factors whose relative weight is uncertain. These factors
are: global warming, changes in agricultural practices,
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setting up of artificial feeding sites, reduced numbers of
predators, increase of mast seeding of beech, and restocking
(Bieber & Ruf 2005; Geisser & Reyer 2005). Growth rates of
wild boar populations have been so high in some areas that
damages to agricultural cultivations and natural ecosystems
are frequently reported (Singer et al. 1984; Welander 2000;
Schley & Roper 2003; Geisser & Reyer 2004).

Translocations

The genetic variation in some wild boar populations has
possibly been affected also by artificial long-distance
migrations associated to uncontrolled and rarely documented
restocking plans over the last 50 years. Restocking could
have modified the genetic variation both by contributing to
the recent demographic expansion and by mixing genetic
pools belonging to different subspecies or differentiated
populations. For example, wild boars from Central Europe
were repeatedly introduced into Italy (Apollonio et al.
1988). The genetic impact of such events in some areas is
controversial, with authors suggesting either massive
(Randi 2005) or limited (Vernesi et al. 2003) introgression.
It is noteworthy that two opposite wild boar management
policies, none of which considering the conservation of
genetic biodiversity as a priority, are often suggested by
local authorities: eradication, which is meant to remove
the problems from cultivated areas, and restocking, in
order to preserve traditional forms of ‘social’ hunting
practices.

All the five processes above have potentially left a signa-
ture in the present-day wild boar genetic variation. We
used mitochondrial and nuclear markers to test whether
they did or not, and which was the possible role of each of
them. Considering the wild boar as a model, the results we
obtained are also valuable for a better reconstruction of the
historical events that affected other species. Therefore, our
results have important and more general implications for
the development of management and conservation plans
of game species.

Finally, we also addressed a topic which is not directly
related to the wild boar genetic structure, and yet it is rel-
evant to the understanding of the origin and the number
of independent domestication events in this species.
Archaeological evidences suggest that, like many other
domestic animals, European pigs were domesticated in the
Near East and selected breeds were subsequently introduced
into Europe by Neolithic farmers (Epstein & Bichard
1984). However, two in loco domestication processes, one
in Central Europe and the other in Italy, were recently
hypothesized on the basis of the analysis of mitochondrial
DNA sequences (Larson et al. 2005). This hypothesis,
which is relevant also for the management of local breeds
and the conservation of pig diversity, was tested using the
same large data set.

Materials and methods

Sampling and DNA isolation

Hair, skin, skeletal muscle, or ear tissue from 252 wild
boars were collected in 15 different sampling areas across
Europe (Fig. 1) and stored in 95% ethanol at –20 °C. Sample
abbreviations used later in the text are specified in Fig. 1.
Additionally, 67 Italian domestic pigs from five historical
breeds were sampled for comparison: Cinta Senese (coded
Pig 1), Sarda (Pig 2), Calabrese (Pig 3), Casertana (Pig 4)
and Nera Siciliana (Pig 5). Five commercial pigs (Large
White, Pig 6) were also sampled. All the wild boar sampling
areas in Italy, possibly with the exclusion of the Castel
Porziano Presidential Reserve, and certainly at different
degrees, had been subjected to occasional restocking with
unknown genetic effects. The samples from four localities
(IFlo, IMrp, ICpr and HDif) had already been used in a
previous study (Vernesi et al. 2003). Total genomic DNA
was extracted by using commercial kits (QIAGEN) or the
standard phenol–chloroform method (Sambrook et al. 1989),
followed by concentration in Microcon-30 columns (Amicon),
and kept at –20 °C.

Mitochondrial DNA sequencing

Almost the entire control region (CR) was amplified by
polymerase chain reaction (PCR) using two primers
developed by Alves et al. (2003) (Ss.L-Dloop 5′-CGCCATCA-
GCACCCAAAGCT3′ and Ss.Hext-Dloop 5′-ATTTTGGGA-
GGTTATTGTGTTGTA3′) anchoring at positions 16569 and
1128 of the complete pig mitochondrial DNA (mtDNA)
genome (GenBank Accession no. AF034253;  Lin et al. 1999).
Reactions were performed in an Applied Biosystems 2420
thermal cycler, with amplification conditions set at 35
cycles of 92 °C for 1 min, 62 °C for 1 min and 72 °C for 1 min,
followed by a final extension step at 72 °C for 10 min. PCR
products were purified by Exo/SAP digestion and a 411-bp
fragment, including the hypervariable extended termination
associated sequences (ETAS) domain (Sbisà et al. 1997),
was directly sequenced using the forward primer SS.L-
Dloop and the BigDye Terminator kit version 3.1 (Applied
Biosystems). This region was also selected to maximize the
size of possible alignments including already published
GenBank sequences. Fragments were finally purified
in columns loaded with Sephadex G-50 and run in an
ABI PRISM 3100 Avant automatic sequencer (Applied
Biosystems). Ambiguous positions were verified by re-
sequencing the target region with the internal reverse primer
Ss.Hint-Dloop (5′-TGGGCGATTTTAGGTGAGATGGT3′),
mapping at position 465 of the pig mtDNA. Sequences
were obtained for a subsample of 145 wild boars (between
8 and 12 per sampling location) and 47 domestic pigs from
the Italian historical breeds (Pig 1 to Pig 5). Commercial
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pigs (Pig 6) were not analysed at this marker because of
the large amount of data already available in GenBank.

Microsatellite genotyping

A panel of 10 polymorphic microsatellites was selected
for the analysis: S026, S215, S355, SW72, SW461,
SW857, SW1492, SW2021, SW2496, and SW2532 (details at
www.thearkdb.org). Five of them (S026, S215, S355, SW72,
and SW857) are in the set recommended by the Food and
Agriculture Organization (FAO) to analyse pig diversity
(Barker et al. 1998), and the rest had been successfully used
to study genetic relationships among some European wild
boar populations (Vernesi et al. 2003). This set was used to

genotype all the sampled wild boars and 40 pigs which
were raised in wild boar sampling areas (Tuscany and
Sardinia). Each PCR was performed in a 10-μL reaction
volume, containing 3 μL of DNA solution, 0.5 U of Taq DNA
polymerase (Euroclone), 1× PCR buffer (Euroclone), 2.5 mm
MgCl2, 100 μm of each dNTP and 2 pmol of each primer.
The forward primer of each pair was labelled with an ABI
fluorescent dye (6-FAM, HEX or TET). The amplification
profile was set up with an initial step of denaturation at
95 °C for 3 min, followed by 35 cycles of 92 °C for 45 s, Ta
(54–60 °C) for 45 s, and 72 °C for 30 s. A further extension
step of 72 °C for 10 min concluded the reaction.

PCR-amplified microsatellite alleles were sized using
capillary electrophoresis ABI PRISM automatic sequencers

Fig. 1 Geographical locations of wild
boar samples. In (a), pie charts represent
proportions of each of the three main
mtDNA clades (E1, E2 and A) in each
sampling area. In (b), pie charts indicate
proportions of membership of each sampled
population to the four clusters inferred by
structure analysis 2 (see text for details).
The following abbreviations are used: IAre
(Arezzo, Italy), IFor (Forì, Italy), ISie (Siena,
Italy), ISal (Salerno, Italy), IFlo (Florence,
Italy), IMrp (Maremma Regional Park,
Italy), ISrp (San Rossore Regional Park,
Italy), ICpr (Castel Porziano Presidential
Reserve, Italy), ISar (Sardinia, Italy), IGor
(Gorizia, Italy), SCot (El Coto, Spain),
FHam (Haute Marne, France), ADif (Austria,
different areas), PDif (Poland, different
areas), HDif (Hungary, different areas).
Subspecies indications on the map are after
Groves (1981) and Apollonio et al. (1988).

www.thearkdb.org
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and internal ROX-500 size standard (Applied Biosystems).
The genemapper software (Applied Biosystems) was used
to analyse electrophoretic data.

Genotypes were obtained for all the 252 sampled wild
boars, for a subsample of two historical Italian breeds
(Pig 1 and Pig 2), and for the Italian commercial pigs (Pig 6).

Mitochondrial DNA data analysis

A total of 192 novel mtDNA CR sequences (411 bp) were
obtained (GenBank Accession nos: EU362409–EU362600)
and aligned with 612 sequences available in GenBank
(Ursing & Arnason 1998; Lin et al. 1999; Giuffra et al. 2000;
Kijas & Andersson 2001; Okumura et al. 2001; Kim et al.
2002; Randi et al. 2002; Alves et al. 2003; Yang et al. 2003;
Gongora et al. 2004; Larson et al. 2005; Fang & Andersson
2006; Fang et al. 2006) using the function clustal w
(Thompson et al. 1994) implemented in mega 3.0 (Nei &
Kumar 2000) and adjusted by eye. Overall, the aligned
sequences corresponded to 1065 individual pigs from all
over the world (including 231 European wild boars).
Haplotypes were collapsed from the entire data set using
collapse version 1.2 (D. Posada, available at http://
darwin.uvigo.es), setting deletions as fifth state.

Number of different haplotypes, haplotype (h) and
nucleotide (π) diversity, and the mean number of pairwise
nucleotide differences between haplotypes (k) were com-
puted using the software arlequin version 3.01 (Excoffier
et al. 2005). Allelic richness [AR(r)] for each sampled
population was calculated from haplotype frequencies
using the rarefaction method proposed by El Mousadik
& Petit (1996) with the software rarefac (R. Petit,
www.pierroton.inra.fr/genetics/labo/Software/Rarefac/
index.html). The rarefaction size r was set to the smallest
sample size among the groups included in the analysis.

A median-joining (MJ) network of haplotypes (Bandelt
et al. 1999) was created with the software network 4.1.0.9
(Fluxus Technology), using equal weights for all the
mutations and setting the parameter ε to zero, in order to
restrict the choice of feasible links in the final network. This
approach is especially useful in reconstructing genealogies
among closely related taxa, for example, for interpopulation
analysis (Bandelt et al. 1999). Distributions of pairwise
nucleotide differences between haplotypes (mismatch
distributions), which are informative on the recent demo-
graphic history of a population (Slatkin & Hudson 1991;
Rogers & Harpending 1992), were analysed in wild boar
and pig populations according to the sudden expansion
model as implemented by arlequin. The age of the expan-
sion was estimated using a generalized nonlinear least-square
method, which is based on the minimization of the sum of
squared deviations between the observed and the expected
mismatch distributions (Schneider & Excoffier 1999). Con-
fidence intervals are obtained using a parametric bootstrap

approach based on 1000 simulated samples (Schneider
& Excoffier 1999). Finally, Tajima’s D (Tajima 1989) and
Fu’s FS (Fu 1997) were used to test the null hypothesis
of demographic stability, under the common assumption
(Avise 1995) that the mtDNA control region can be used as
a marker of demographic processes, even though natural
selection (mainly at linked regions) cannot be excluded
(Ballard & Kreitman 1995). The significance of these statistics
was evaluated with 1000 simulated samples as implemented
in arlequin.

Microsatellite data analysis

In order to evaluate the levels of genetic variability in the
sampled populations, observed and expected (unbiased
gene diversity, Nei 1987) heterozygosities were computed
with genetix version 4.05 (Belkhir et al. 2001). In addition,
allelic richness and private allelic richness were calculated
per population using hp-rare (Kalinowski 2005), setting
rarefaction according to the smallest sample size in each
computation. The possible effect of demographic bottle-
necks on the microsatellite variation was tested using the
method implemented in the software bottleneck version 1.2
(www.montpellier.inra.fr/URLB/bottleneck/bottleneck.html)
(Cornuet & Luikart 1996). The test was performed under
three alternative models of microsatellite evolution:
the infinite allele model (IAM), the stepwise-mutation
model (SMM) and the two-phased model (TPM, set with
10% IAM and 90% SMM). Following the authors’ sug-
gestions, the Wilcoxon test was used to test the overall
differences between the expected heterozygosity and the
heterozygosity predicted from the number of alleles.

Deviations from Hardy–Weinberg equilibrium (HWE)
were tested for each population and each locus using the
Markov chain method proposed by Guo & Thompson (1992),
implemented in the software genepop version 3.4 (Raymond
& Rousset 1995). Parameters of the Markov chain expressed
as dememorizations/batches/iterations were 10 000/100/
5000. The significance level was modified for multiple test-
ing across populations and across loci using the sequential
Bonferroni correction (Holm 1979). Deviation from linkage
equilibrium (LE) was tested for each pair of loci in each
population (810 tests in total) using the log-likelihood ratio
approach as implemented in the software fstat (Goudet
2001) and a sequential Bonferroni correction (Holm 1979).
The minimum significance level for the sequential Bonferroni
correction should be set to 0.05/810, when the tests are
independent, and to higher values when they are not. To
avoid excessive rejections of the linkage disequilibrium
hypotheses due to nonindependent LE tests, we set the
threshold at 0.05/180, that is, we considered the number
of loci times the number of populations, as the effective
number of independent tests. This choice did not affect our
conclusions, since LE was the rule for our microsatellite

http://darwin.uvigo.es
www.montpellier.inra.fr/URLB/bottleneck/bottleneck.html
www.pierroton.inra.fr/genetics/labo/Software/Rarefac/index.html
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markers. We used micro-checker version 2.2.3 (Van
Oosterhout et al. 2004) to detect signs of the possible
occurrence of null alleles, that is, homozygote excess evenly
distributed among homozygote size classes at one locus.

In order to evaluate levels of genetic heterogeneity among
sampling areas, Weir and Cockerham’s estimator of FST
(Weir & Cockerham 1984) was computed using the program
genetix. Significant deviations from zero were tested over
1000 permutations. Molecular distances between alleles
and corresponding indices such as RST (Slatkin 1995) were
not used for the analysis of microsatellites to avoid unpre-
dictable results due to probable multiple-step mutations.
FST values were also used to test the relationship between
genetic and geographical distances, using the Mantel test
(Mantel 1967) as implemented in arlequin version 3.01
(Excoffier et al. 2005).

Pairwise genetic distances between sampling areas were
calculated by the program populations version 1.2.28
(Langella 2002). A neighbour-joining (NJ) tree of populations,
based on the DA distance (Nei et al. 1983), was used to
represent the relationships among groups. A consensus tree
was obtained by bootstrapping (1000 replicates) distance
values over loci.

A Bayesian cluster analysis was carried out using the
method implemented in structure version 2.1 (Pritchard
et al. 2000). We first explored which value of K (number of
clusters) maximized the likelihood of the data [P(D|K)].
Simulations were performed by replicating 10 runs for each
value of K comprised between 1 and 20, with the following
settings: admixture model (initial α = 1.0), no population
information, correlated allele frequencies, burn-in length:
20 000, Markov chain Monte Carlo (MCMC) length: 1 000 000.
Selected burn-in and MCMC lengths allowed the con-
vergence of the chain. All other parameters were set at their
default values. The results were then used to evaluate the
most likely partition of our data set, adopting the method pro-
posed by Evanno et al. (2005), which relies on the second
order rate of change of the likelihood function with respect
to K. Once defined the most reliable value of K, the genetic
contribution of each inferred cluster to the predefined
populations as well as to each individual was investigated.

The Bayesian analysis was also used to study the behaviour
of each predefined population when the data set was split
into a variable number of clusters, starting from K = 2 up to
the most reliable value of K. For each K, the run providing
the highest value of ln [P(D)] was used. In this descriptive
analysis, original groups were assigned to different clades
when their composition can be unquestionably assigned to
one of the inferred groups. Clearly, this analysis as well as
all the tree-based representations implies that early splits
(i.e. splits obtained at small K values) can be used to identify
the most relevant partitions.

Following the approach introduced by Sacks et al. (2004),
we also considered the partition which better subdivided

the wild boar populations by virtue of their geographical
locations. The value of the ‘geographical index’ (i.e. the
average geographical distance between individual loca-
tions within clusters divided by the average pairwise
distance irrespective of clusters, Sacks et al. 2004), which can
be computed for each K, is expected to be close to 1 when
genetic clusters do not correspond to geographical groups,
and lower when each of the K inferred groups includes
adjacent populations. When the geographical index stops
to decrease for increasing values of K, the geographically
meaningful number of groups is reached (Sacks et al. 2004).

Results

Mitochondrial DNA variation

A total of 192 mitochondrial CR sequences (411 nucleotides)
were analysed: 98 from Italian wild boars, 47 from wild
boars sampled in five other European countries, from Spain
to Poland, and 47 from five Italian pig breeds. In total, 26
haplotypes (14 of which had never been detected before)
and 31 segregating sites (28 substitutions and 3 indels)
were identified (see Table S1, Supplementary materials).
Different estimates of mitochondrial variability in each
population are shown in Table 1. Sample sizes are quite small,
and a large variation is expected, and actually observed,
across populations at a single locus. However, once we
pool the samples into three major groups — wild boars
from Italy, wild boars from Europe excluding Italy, and
pigs — a clear pattern emerges: genetic diversity in Italy is
similar to, or larger than variation observed when several
European countries are jointly considered, while pigs show
only slightly lower levels of diversity (see Table 1). Sixteen
out of 20 haplotypes observed in wild boars are detected
in Italy and only seven in the rest of Europe. Of the 28
segregating sites observed in the wild populations, just one
is monomorphic in Italy, and 22 in Europe when Italy is
not considered. The expectations of these two measures of
variation are affected by the sample size, which is clearly
larger in the Italian group. But the pattern does not change
much when allelic richness, haplotype and nucleotide
diversity (i.e. statistics whose expectations are not affected
by sample size) are considered (see Table 1).

The high diversity observed in Italian wild boars is due
to private mutations and haplotypes, which are mainly
related to the exclusive presence in Italy of the three major
Sus scrofa mtDNA lineages: E1, E2, and A (see Fig. 1a and 2).
The codes for these clades were introduced by Giuffra et al.
(2000) and correspond to clades D1, D4 and D2, respectively,
in Larson et al. (2005). Clades E1 and A are widely distributed,
respectively, in Europe and eastern Asia, while E2 is a
second European mtDNA lineage, separated from E1 by
five fixed transitions. E2 haplotypes are not observed
outside Italy.
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The sequences in our data set were then aligned with 612
S. scrofa sequences available in GenBank and corresponding
to European wild boars and pig breeds. In the overall data
set, composed of 804 sequences, a total of 114 different
haplotypes (coded as H1–H114) were identified. A complete
list of sequences and corresponding haplotypes used in the
present study is reported in Table S2, Supplementary
material. Of the 70 haplotypes observed in European S. scrofa
(n = 646 individuals), those with the highest frequency
and the widest geographical distribution are H22 (137
individuals), H23 (64) and H29 (42), all of which belong to
clade E1 and are shared by wild and domestic individuals
(see the network in Fig. 2, singletons are not represented).
Of the haplotypes classified in the clade E2, H11 (18) and
H12 (13) are the most frequent and are both found in four
sampling localities in continental Italy. The two most fre-
quent haplotypes of clades E1 and E2 had been already
found in a few Italian museum specimens (dating late
18th–early 19th century) analysed by Larson et al. (2005).

The Asian clade (clade A) is present in European pig breeds
and also in a few wild individuals. In Italy, this clade is
observed only in three wild boars from Southern Italy
(ISal), all sharing the same haplotype H15. This sequence is
not uncommon in European pig breeds (see Fig. 2), and was
probably transferred to the wild through hybridization
events deliberately induced between domestic breeds and
Italian wild boar stocks reared in captivity. The haplotype
H15 was excluded from further analyses on account of
its belonging to a divergent and exotic clade. The genetic
variation observed in ISal and overall in Italy when H15
is excluded is also reported in Table 1: the previously
described general pattern does not change. None of the
pig samples, including those from the five Italian breeds
analysed in this study, shows E2 haplotypes (see Table S1).

The mismatch analysis was initially performed on the two
groups of samples which were most clearly differentiated
at mtDNA sequences according to the presence/absence of
clade E2: Italy and Europe excluding Italy. The distributions

Table 1 Genetic variability observed in mtDNA control region sequences (411 bp) in European wild boar populations and in five Italian
pig breeds. Values in round brackets correspond to analyses performed excluding the Asian H15 haplotypes (see text). Rarefaction sizes
used to compute the allelic richness for each wild boar population and for major groupings are reported in square brackets next to the
estimated value

Population
No. of 
sequences

No. of different 
haplotypes

Allelic 
richness

No. of 
polymorphic sites

Haplotype 
diversity (h)

Nucleotide 
diversity (π)

IAre 8 4 3.00 [8] 12 0.821 0.013
IFor 10 3 1.98 [8] 5  0.711 0.007
ISie 8 1 0.00 [8] 0  0.000 0.000
ISal 10 6 (5) 4.36 [8] 

(4.00[7])
20 (14)  0.889 

(0.905)
0.021 
(0.013)

IFlo 10 4 2.78 [8] 11 0.778 0.008
IMrp 11 2 0.99 [8] 9 0.436 0.010
ISrp 10 2 0.80 [8] 9 0.200 0.004
ICpr 10 3 1.80 [8] 2 0.600 0.002
ISar 12 7 4.31 [8] 15 0.864 0.007
IGor 9 1 0.00 [8] 0 0.000 0.000
SCot 9 1 0.00 [8] 0 0.000 0.000
FHam 10 2 0.80 [8] 1 0.200 0.000
ADif 10 4 2.60 [8] 5 0.711 0.006
PDif 8 2 1.00 [8] 2 0.571 0.003
HDif 10 2 0.98 [8] 2 0.356 0.002
WB Italy 98 16 (15) 10.94 [47] 

(10.21 [7])
27 (21) 0.874 

(0.866)
0.013 
(0.012)

WB Europe (non-Italy) 47 7 6.00 [47] 6 0.829 0.005
WB overall 145 20 (19) 13.08 [47] 

(12.47 [47])
28 (22) 0.902 

(0.898)
0.011 
(0.010)

Pig 1 10 2 0.78 [5] 2 0.356 0.002
Pig 2 5 3 2.00 [5] 4 0.800 0.005
Pig 3 6 2 0.83 [5] 2 0.333 0.002
Pig 4 11 2 0.88 [5] 1 0.436 0.001
Pig 5 15 5 1.90 [5] 5 0.705 0.005
DP overall 47 10 9.00 [47] 8 0.827 0.005

WB, wild boar; DP, domestic pig.
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obtained either including or leaving out the GenBank
sequences (which were possibly affected by non-random
sampling) are almost identical. Therefore, only the results
obtained with the larger data set are presented. The mismatch
distribution in European wild boars (n = 109) is smooth
and unimodal (Fig. 3a), as expected in the case of a past
demographic expansion. The Fu’s neutrality test supports
the expansion hypothesis (FS = –8.25, P < 0.01), whereas
the Tajima’s D is negative but not significant (D = –0.84,
P = 0.22). The estimated expansion age is 1.36 mutational
units (95% CI = 0.58–1.91). On the contrary, the shape of
the distribution is clearly ragged and multimodal when
the Italian samples are analysed, and the neutrality tests
are not significant (Fig. 3b; n = 116; D = 0.95, P = 0.86;
FS = –0.004, P = 0.56).

The possibility that the clades E1 and E2 observed in
Italy simply correspond to two different populations
which recently mixed was considered by performing
separate mismatch analyses on these clades. According to
the results (Fig. 3c, d), the pattern of E1 variation in Italy
is not the same as in Europe, since the mismatch distribu-
tions have different shapes and the neutrality tests provide
different results (n = 78; D = –0.73, P = 0.23; FS = –2.30,
P = 0.17). The mismatch distribution of the Italian clade
E2 is unimodal (Fig. 3d), but Tajima’s D and Fu’s FS are
far from significance (n = 38; D = –0.11, P = 0.48; FS = –0.88,
P = 0.26).

Finally, the mismatch distribution was computed for two
groups of pig samples, the first including all the European
breeds (still excluding the Asian clade) and the second
including the Italian breeds only. As regards the former

group (European breeds, Fig. 3e), the shape is very similar,
although centred at slightly different pairwise difference
values, to the distribution observed in the European wild
boar (Fig. 3a). Again, neutrality tests point at a demographic
expansion (n = 305; D = –1.54, P < 0.05; FS = –26.2, P < 0.001),
and the estimated expansion age is 0.85 mutational units
(95% CI: 0.38–1.12). As regards the latter group (Italian
breeds, Fig. 3f), the shape of the distribution is very different
from that observed in the Italian wild boar. It partially
resembles the European pig breeds distribution (although
unusually flat in the central classes), whereas neutrality
tests point at a different pattern of genetic variation and
do not support the expansion hypothesis (n = 47; D = 0.06,
P = 0.57; FS = –2.40, P = 0.13).

Genetic variation at microsatellite loci

Between 7 (S026 and S215) and 22 (SW2496) alleles per locus
are found across the 292 genotyped individuals. Mean
levels of heterozygosity (Table 2) are moderate, averaging
0.57 (SD = 0.05) in the 15 wild boar populations and 0.62
(SD = 0.11) in three pig breeds. Average levels of both
heterozygosity and allelic richness are relatively homo-
geneous across wild boar populations, ranging between
0.47 and 0.62 and between 2.6 and 3.5, respectively. Genetic
variation is similar or slightly higher in the joined Italian
samples than in the pooled European group (Table 2). An
influence on this pattern of individuals from ISal introgressed
with Asian pig genomes can be probably excluded. In fact,
most populations show higher levels of genetic variation
than ISal (Table 2). As regards single populations, Sardinian

Fig. 2 Median-joining network (Bandelt
et al. 1999) based on the joint mtDNA data
set (original and published sequences).
Only haplotypes with a frequency ≥ 2 in the
data set were included. Circles indicate
sequences observed in wild boar (white) or
domestic pig (black) individuals. Size of
circles is proportional to the haplotype
frequency. Gray diamonds are median
vectors, that is haplotypes not observed in
the data. Solid branches connecting circles
represent single nucleotide changes; lines
fragmented by i by dashes indicate i inferred
changes.
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Fig. 3 Mismatch distributions based on
pairwise site differences between sequences.
(a) European wild boars (excluding Italy);
(b) Italian wild boars, all haplotypes; (c)
Italian wild boars, clade E1 only; (d) Italian
wild boars, clade E2 only; (e) European
domestic pigs, clade E1 only; (f) Italian
domestic pigs. The expected curve (solid
line) was obtained from simulated values
computed from the data under the model of
demographic expansion. Haplotypes of the
Asian clade (A) were excluded from the
analysis.

Table 2 Genetic variability detected at microsatellite loci in European wild boar and pig populations. Expected heterozygosity was
calculated as gene diversity (Nei 1987). Allelic richness and private allelic richness were calculated with rarefaction set at 14 genes for each
population and at 76 genes for groups analyses. Pig 6 was excluded from this analysis for its low sample size

Population N
Average expected 
heterozygosity

Average observed 
heterozygosity

Average allelic 
richness

Average private 
allelic richness

IAre 10 0.53 0.51 3.84 0.01
IFor 10 0.61 0.59 4.18 0.09
ISie 10 0.62 0.61 3.95 0.10
ISal 10 0.55 0.47 3.56 0.02
IFlo 20 0.62 0.57 4.19 0.13
IMrp 11 0.49 0.45 3.63 0.04
ISrp 15 0.51 0.47 3.04 0.00
ICpr 19 0.54 0.52 3.67 0.01
ISar 41 0.61 0.50 4.27 0.54
IGor 19 0.47 0.47 3.10 0.08
SCot 15 0.60 0.59 3.82 0.26
FHam 20 0.58 0.57 3.88 0.17
ADif 13 0.62 0.55 4.27 0.05
PDif 19 0.61 0.59 3.84 0.07
HDif 20 0.61 0.59 4.45 0.14
WB Italy 165 0.65 0.51 7.96 1.43
WB Europe (non-Italy) 87 0.66 0.58 7.54 1.02
WB overall 252 0.66 0.53 8.44 3.18
Pig 1 22 0.51 0.47 3.31 0.20
Pig 2 13 0.61 0.57 4.26 0.44
Pig 6 5 0.73 0.61 — —
DP overall 40 0.62 0.52 6.85 1.21

WB, wild boar; DP, domestic pig.
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wild boars (ISar) and Sardinian pigs (Pig2) show higher
levels of allelic diversity and the highest proportions of
private alleles. The lowest values of diversity are found in
Northeastern Italy (IGor) and in the enclosed population in
San Rossore Regional Park (ISrp).

Averaging across loci, observed heterozygosity is slightly
smaller than expected under HWE in all populations. In
the locus-by-locus analysis, the number of significant tests
after Bonferroni correction is six (out of 180): one in a pig
sample (where substructuring, inbreeding, or selection
are likely), one in Florence (where translocations are
documented, historically and genetically, Vernesi et al. 2003),
and two each in the probably heterogeneous samples from
Poland and Sardinia. Deviations from linkage equilibrium
are significant only in 26 pairwise tests (out of 810), concen-
trated in the pig and the Polish samples. The possible
presence of null alleles, tested separately for each locus and
each population with micro-checker, is limited (13 signi-
ficant results), randomly distributed across loci, and mainly
concentrated again in the Sardinian and the pig samples.

The bottleneck test fails to identify the genetic signature
of a demographic decline, no matter the model of micro-
satellite evolution selected for this analysis. The relative
excess of heterozygosity expected in bottlenecked popula-
tions (Cornuet & Luikart 1996) is not observed either in the
single-locus analysis or in the Wilcoxon test combining the
results for the different loci. In contrast, a general deficiency
of heterozygosity is found in some populations, but this
result is not always consistent across the different mutation
models.

Genetic differentiation among populations

The genetic divergence between populations was analysed
using the multilocus microsatellite data set. The overall FST
values are relatively high and significant (0.14 and 0.15,
excluding and including domestic pigs, respectively; P < 0.001
in both cases). Genetic differentiation due to differences
between wild and domestic groups is significant but very
limited (FCT = 0.030, P = 0.01). In the wild boar, pairwise
FST values range between 0.00 and 0.31 across Europe
(including Italy) and are comparable to those observed
between wild boar and domestic pig samples (range
0.10–0.25). Most pairwise values are similar to each other
and similar to the global FST, which is in agreement with
a moderately structured tree of populations with short
(and moderately supported) internal branches (Fig. 4). No
significant correlation was detected between genetic and
geographical distances (Mantel test: r = 0.153; P = 0.19).

When the population structure is analysed with the
Bayesian method implemented in the program structure,
some levels of partitioning in geographically meaningful
groups clearly emerge. In the following, we will consider
two different partitions which are identified by means of

the likelihood (structure analysis 1) and the ‘geographical
index’ (structure analysis 2) approaches. The more rigorous
likelihood approach identifies 15 clusters (Fig. 5). Accordingly,
a detailed analysis of the relationship between inferred
clusters and original populations is provided. The ‘geo-
graphical index’ approach identifies four clusters and could
thus be regarded as a synthetic representation of the major
geographical groups.

Structure analysis 1: likelihood-based partition 
(Table 3 and Fig. 6)

The large number of clusters and the contribution of each
population to each inferred cluster confirm the relatively
large genetic divergence between most of the samples. All
the populations from Central-Southern Italy, with the
exception of IMrp, have major components in the same

Fig. 4 Neighbour-joining tree based on the Nei’s et al. (1983)
distance (DA) between populations computed on microsatellite
data. Bootstrap support at internodes is shown if > 50%.

Fig. 5 Posterior probability of the data {ln [P(D|K)]} and values of
ΔK (Evanno et al. 2005) as a function of K (number of clusters), as
resulting from the simulations in structure (structure analysis 1).
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three inferred clusters (8, 10 and 15, see Table 3). IMrp has
one major component in cluster 13, poorly shared by all the
other samples. Sardinian and northeastern Italian samples
have almost ‘private’ components, namely clusters 2 and 6,
and cluster 9, respectively. Of the European populations,
the Spanish and the French samples correspond to private
clusters 5 and 3, respectively, while Hungarian, Polish and
Austrian wild boars share three cluster components (1, 4,
and 11). No one of the wild boar populations shows a

relevant proportion of any of the three clusters associated
to domestic pigs, although the analysis conducted on an
individual basis reveals some levels of admixture. Provided
that the three pig samples have a cumulative proportion of
clusters 7, 12, and 14, comprised between 78% and 91%,
and that the homologous proportion in wild boar populations
averages 6%, we arbitrarily classified single wild boars
having a cumulative proportion of these clusters > 18%
(three times the ‘background’ proportion observed in

Fig. 6 Diagram showing how populations
split into the clusters inferred by the program
structure as the value of K increases.
Populations are referred to as: A, IAre; B,
IFor; C, ISie; D, ISal; E, IFlo; F, IMrp; G, ISrp;
H, ICpr; I, ISar; J, IGor; K, SCot; L, FHam; M,
ADif; N, PDif; O, HDif; P, Pig 1; Q, Pig 2; R,
Pig 3. Splitting of one population or a group
of populations into multiple exclusive clusters
is indicated by an asterisk. Reticulations
indicate that the attribution of some original
groups is not consistent across all K values;
dashed lines indicate likely solutions, based
on clustering at lower K values.

Table 3 Partition of the 18 sampled populations into the 15 clusters inferred by the program structure (structure analysis 1). This was the
most supported value of K, obtained by simulated data assuming the admixture model and ignoring population information (10 replicated
runs, each with 1 000 000 iterations of data collection after a burn-in of 20 000 iterations). Proportions higher than 0.1 are in bold. Letter codes
used in Fig. 6 are reported

Code Pop N

Inferred clusters

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

A IAre 10 0.057 0.020 0.016 0.018 0.058 0.015 0.050 0.019 0.006 0.370 0.019 0.020 0.016 0.029 0.286
B IFor 10 0.040 0.009 0.039 0.019 0.028 0.011 0.015 0.075 0.005 0.328 0.008 0.019 0.096 0.044 0.265
C ISie 10 0.020 0.007 0.010 0.036 0.050 0.025 0.010 0.082 0.013 0.331 0.013 0.007 0.030 0.014 0.353
D ISal 10 0.024 0.013 0.029 0.009 0.012 0.017 0.010 0.257 0.019 0.245 0.011 0.010 0.060 0.007 0.276
E IFlo 20 0.036 0.012 0.017 0.051 0.010 0.016 0.014 0.048 0.013 0.333 0.038 0.056 0.041 0.021 0.295
F IMrp 11 0.016 0.009 0.015 0.007 0.014 0.036 0.014 0.064 0.038 0.057 0.007 0.011 0.652 0.009 0.052
G ISrp 15 0.009 0.006 0.009 0.004 0.007 0.009 0.008 0.862 0.006 0.025 0.005 0.007 0.010 0.007 0.027
H ICpr 19 0.048 0.015 0.012 0.013 0.015 0.080 0.033 0.083 0.030 0.251 0.009 0.020 0.043 0.041 0.308
I ISar 41 0.020 0.529 0.013 0.010 0.015 0.232 0.016 0.021 0.031 0.011 0.034 0.027 0.013 0.018 0.011
J IGor 19 0.011 0.007 0.005 0.006 0.019 0.009 0.010 0.005 0.893 0.005 0.006 0.005 0.006 0.006 0.006
K SCot 15 0.015 0.014 0.013 0.015 0.802 0.008 0.007 0.054 0.008 0.012 0.012 0.010 0.012 0.005 0.013
L FHam 20 0.020 0.010 0.702 0.030 0.029 0.015 0.016 0.010 0.009 0.009 0.011 0.055 0.036 0.037 0.010
M ADif 13 0.181 0.020 0.055 0.178 0.040 0.012 0.032 0.016 0.034 0.019 0.196 0.035 0.133 0.029 0.022
N PDif 19 0.115 0.012 0.020 0.363 0.061 0.012 0.008 0.022 0.031 0.010 0.294 0.007 0.015 0.019 0.011
O HDif 20 0.549 0.016 0.044 0.010 0.026 0.017 0.030 0.037 0.093 0.031 0.033 0.019 0.029 0.034 0.031
P Pig 1 22 0.013 0.011 0.011 0.011 0.007 0.006 0.015 0.011 0.012 0.014 0.014 0.063 0.009 0.790 0.014
Q Pig 2 13 0.013 0.009 0.007 0.006 0.005 0.009 0.597 0.007 0.009 0.009 0.006 0.289 0.007 0.017 0.009
R Pig 3 5 0.013 0.009 0.021 0.036 0.038 0.012 0.129 0.010 0.007 0.019 0.023 0.643 0.009 0.013 0.018
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wild boars across Europe) as hybrids. Indeed, the higher
similarity between these individuals and the pigs could be
possibly explained by introgression and not by common
ancestry. Using this threshold, 7% and 9% of the wild boars
in Italy and in Europe excluding Italy, respectively, seem to
have genomes affected by pig introgression. In Sardinia,
only two specimens (5%) fell into this category, but their
pig contribution is very high (> 80%). According to the
same approach, about 7% of wild boar individuals collected
in Italy seems to be affected by introgression of Eastern
European wild boar genomes.

The results of the Bayesian analysis obtained with different
numbers of inferred groups are summarized hierarchically
in Fig. 5. By progressively increasing the number K of com-
ponents, from K = 1 up to K = 15 (the X-axis in the diagram),
we analysed the partition of each original group into the
K-inferred clusters, thus identifying decreasingly important
subgroups of samples. Each branch in the figure represents
a group inferred at the corresponding K value, while nodes
represent the progressive splits of inferred groups when
K increases. Original groups were assigned to the branches
of the diagram (i.e. to the inferred groups) when their
composition was mostly associated to a single inferred
group. The most basal split, for K = 2, does not separate the
domestic and the wild forms as expected: one group
actually includes wild boars from Central-Southern Italy
and France as well as domestic pigs, whereas the wild boar
populations from Sardinia and Northeastern Italy group
with the rest of the European populations. For K = 3,
Central-Southern Italian wild boar populations are separated
from pigs, unlike the French one which still groups with
the domestic breeds. The Sardinian population is the first
original population to emerge separately with a nonshared
inferred group, at K = 4. The following four steps are some-
what confused because of the French and the Hungarian
populations’ ups and downs in the diagram branches. This
erratic pattern produces the reticulations between K = 5
and K = 8, which can be, however, easily resolved by con-
sidering the earlier assignments of these two populations
(see dashed lines in the diagram). Like in previous analyses,
the next splits support the divergence of the Northeastern
Italian sample (IGor = 5), the clustering of all Central-
Southern Italian populations (subdivided into three
components only for K > 10), and the grouping of most of
the other European populations (which starts to split for
K > 7). Interestingly, the French population is the last group
which separates from the domestic pig (only for K > 7).

Structure analysis 2: geographically based partitions 
(Fig. 1b)

This analysis allows for a map-based representation of a
reduced number of genetically homogeneous, geographically
related groups (see Fig. 1b). It can also be regarded as a

zoom of the diagram in Fig. 6 for K = 4. All populations
from Central-Southern Italy have major components in
cluster I, with a cumulative contribution by other clusters
in all cases < 30%. Similarly, the Sardinian samples are
assigned to the almost ‘private’ cluster II. Cluster III
corresponds to the major genetic component in the rest of
the European populations, with the exception of the French
sample where the cluster IV prevails. Cluster IV represents
the domestic pigs (90% of individual pigs have an assignment
probability to this cluster of ≥ 80%). This result is not to be
taken as an evidence of pig introgression in France, since
in the more accurate structure analysis 1 (see above),
none of the French individuals was identified as hybrid.
Instead, it supports the hypothesis of a higher-than-average
genetic relationship between domestic pigs and French
wild boars (see also Figs 4 and 6). When compared with the
distribution of the mtDNA clades (see Fig. 1a), the results
of this analysis confirm the remarkable divergence between
European and Central-Southern Italian wild boars. They
additionally suggest that, notwithstanding the frequency
of the typical Italian mtDNA clade (E2), large contribu-
tions of exotic gene pools can be excluded in all Italian
populations.

Discussion

By the analysis of one mitochondrial and 10 independent
nuclear markers in wild boars collected across Europe, we
evaluated the possible contribution of different natural and
human-related processes in shaping the present genetic
diversity of the species in the old continent. The role of past
wide-scale events, like range and size fluctuations occurring
during the last glacial and postglacial periods, are pointed
to as the main force leading to the observed levels of
differentiation in Europe. In addition, the comparison of
the genetic diversity of wild and domestic pigs is compatible
with the idea of a domestication centre in Central Europe,
but it does not provide support to the hypothesis of an
independent domestication in the Italian peninsula.

Postglacial dispersal

Our comparative analysis of wild boar control region
sequences shows the signature of a past demographic
expansion, which could well have followed the range
contraction occurring in Europe during the last glaciation.
Assuming a sudden expansion model, this event can be
dated back to approximately 1.36 mutational units in the
past. This figure is obviously imprecise, because of stochastic
variations in the coalescent and the sampling processes,
and its conversion into years appears even more difficult.
At least a fivefold range of variation can be found in the
per-site/per-year mutation rates which have been used in
several studies on the hypervariable mtDNA control region
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in mammals. For the analysis of ungulates in particular,
Randi et al. (1998) suggested a range between 4% and 8%
sequence divergence per site per million years, while
Birungi & Arctander (2000) suggested an interval between
10% and 20%. Accordingly, if we consider only the errors
associated to the calibration, the expansion age of the wild
boar should be dated back to between 16 000 bp and 80 000
bp. Several authors argued for a mutation rate closer to the
upper limit of these intervals (e.g. Bradley et al. 1996 and
Kim et al. 2002 opted for a 15% rate), and we therefore
believe that the molecular data we analysed support the
hypothesis of a demographic expansion of the wild boar
following the last glaciation. Interestingly, the age of the
expansion estimated from the similarly unimodal mismatch
distribution in the European domestic pig data set (Fig. 3e)
is about 40% younger, that is, 10 000 years ago using a
20% rate. Considering the errors associated to these estimates,
also for the reason that the method assumes a single
demographic event, these data appear consistent with a
pig Neolithic expansion associated to the domestication
process, or they might actually correspond to a sort of average
that keeps also the signs of the postglaciation expansion
of their wild ancestors.

Two additional results support the hypothesis that the
pattern of genetic diversity in the European wild boar was
shaped by the last postglacial colonization event from one
or more southern refugia. First, the divergence between
European samples outside Italy is similar in different com-
parisons, and no correlation is observed between genetic
and geographical distances. This finding is not consistent
with a stable equilibrium between drift and migration (i.e.
under isolation by distance), while it is expected in case of
a rapid colonization and a simultaneous demographic
expansion from a common source population. Second, the
mitochondrial variation in Italy is not compatible with a
demographic expansion, and both mtDNA and nuclear
markers show a similar or even higher level of variation
in Italy than in the rest of the European regions jointly
analysed. This result is remarkable at the mtDNA: two
major clades, E1 and E2, separated by at least 50 000 years,
are observed in Italy, whereas only E1 is found elsewhere.
The simplest explanation for this pattern seems to be the
process of contraction into southern refugia and the following
re-expansion towards northern areas. The recent finding
(Larson et al. 2007) that E2 haplotypes were present in the
present-day Croatia about 11 000 years ago is not unex-
pected under this view, considering that Northern Adriatic
was not submerged during the last glaciation (Van Andel
1989). According to this scenario, Italian diversity represents
a large fraction of the wild boar preglaciation diversity,
which was then preserved without any major impact by
subsequent demographic processes. Different hypotheses
about the location of source refugia appear equally likely:
it could be Italy itself, with the loss of rare E2 haplotypes

during the colonization, or some other southern areas in
Europe, or a combination of these two. Actually, the Italian
peninsula seems to have played for several species a minor
role in the recolonization processes than the Iberian and
Balkan peninsulas, probably on account of the Alps being
a greater physical barrier to the dispersal of individuals
(Hewitt 2000). A wider sampling in Iberia and in the Balkans
will be necessary to identify which refugium area contributed
most to the present gene pool of the European wild boar.
Similarly, more locations throughout Europe should be
screened for the presence of E2 haplotypes, as to exclude
that they occur outside Italy at low frequency.

Domestication and hybridization with domestic pigs

Wild boars and domestic pigs share the most common
mtDNA haplotypes and microsatellite alleles, and the
population tree (Fig. 4) only weakly resolves the two groups.
Also the Bayesian clustering analysis confirms that wild
and domestic forms are not more divergent than other
pairs of wild boar populations. It seems therefore that the
differentiation from the wild boar during the domestication,
remarkable at morphological traits and thus probably also
at their genetic determinants, was not accompanied by a
strong founder effect. As already suggested in relation to
other domestication events which implied a long co-existence
between the domestic and the wild forms (e.g. dog and
cattle), occasional and/or deliberate hybridizations could
have played a role in reducing their genetic divergence
(Vilà et al. 2005; Beja-Pereira et al. 2006). A fraction between
5% and 10% of the wild boar individuals we analysed shows
the effects of pig introgression, but the global contribution
of pig genomes in the wild populations is clearly lower (as
supported by the population analysis). Remarkably, we
even found wild boar individuals in Southern Italy with
Asian pig mtDNA, usually observed in some ameliorated
European breeds crossbred with Asian pigs (Giuffra et al.
2000). This evidence is consistent with the observation
by Fang et al. (2006), who assayed an approximately 10-
fold lower frequency of Asian haplotypes in wild boar
populations than in domestic breeds in Europe (3% vs.
30%). This result supports the view that some levels of
hybridization between wild boars and domestic pigs
occurred in the past and possibly still occur today.

Domestication: the origin of European breeds

The similarity between European pig breeds and wild
boars, when considered in connection with the finding that
Middle Eastern mtDNA lineages are not observed in
European pig breeds (Larson et al. 2005), unequivocally
suggests that modern breeds in Europe descend from local
wild populations. Additionally, the population tree and
the Bayesian inference of population clustering based on
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nuclear markers indicate that the wild boar population to
be most closely related to the pig is located in northern
France. This result is compatible with the hypothesis of
Larson et al. (2005, 2007) based on modern and ancient
mtDNA sequences, whereby Central Europe was an
important domestication centre. A second domestication
centre for the European breeds was actually proposed by
Larson et al. (2005) to be located in Southern Europe, and
more specifically in mainland Italy. This hypothesis,
although intriguing, was supported only by two museum
Sardinian specimens with possible feral origin showing E2
mtDNA sequences. Similarly, Larson et al. (2007) found two
Bronze Age Sardinian individuals morphologically classified
as ‘domestic/feral’ showing E2 sequences, although all
ancient Italian samples firmly attributed to domestic
pigs had European E1 haplotypes. In our analysis at both
mtDNA and nuclear markers, we do not find any specific
relationship between Italian pigs and Italian wild boars,
and no E2 haplotype is found in the 47 pigs belonging to
the five local breeds we analysed. Although the pattern of
genetic variation in the Italian breeds suggests a different
demographic history from that of other European breeds
(no signs of demographic expansion are detected), our data
seem to exclude an independent domestication event in
Italy, or, at least, that pigs possibly domesticated in Italy
have left descendants in modern breeds.

Overhunting and demographic decline

The genetic impact of the demographic decline that affected
several wild boar populations in Europe during the last
two centuries seems to be extremely limited, if any.

In general, the level of genetic variations at the mtDNA
sequences in the whole data set is within the range observed
in other ungulate populations (Vernesi et al. 2002; Feulner
et al. 2004; Randi et al. 2004). The average microsatellite
heterozygosity (0.66) is only slightly lower than the average
value observed in 14 non-endangered species (0.70) and
much higher than the average value of 0.41 found across 14
threatened taxa (Frankham et al. 2004). The genetic variation,
as expected in nonpanmictic species, is lower within single
localities, with large differences between samples especially
at the mtDNA region. This is probably a consequence of the
increase of drift effects due to the smaller effective population
sizes at this marker, and possibly this is also related to
our small sample sizes. We note however that the levels
of variation are relatively high almost everywhere, also
within samples, with only two restricted groups in as many
regional parks (ISrp and IMrp) and one sample with an
acknowledged history of recent recolonization (IGor),
having very low variation both at mitochondrial and
microsatellite loci.

More specifically, the mismatch analysis and two neutrality
tests applied to mtDNA sequences are all indicative of

either stability or expansion, and a specific method
developed to identify a bottleneck using microsatellite
markers does not reveal the deviation expected in case of
demographic decline. In other words, both the levels and
the patterns of diversity observed at mtDNA sequences
and microsatellites are consistent with the idea that the
population size and distribution range contractions did not
affect the overall genetic variability.

Recent expansions and translocations

The possibility to detect the genetic effects of the rapid
growth occurred in the last 50 years in several regions is
questionable. Provided that a few generations of expansion
are not sufficient to accumulate enough mutations in the
gene genealogy, to capture statistically the reduced drift
effects which are typical of this process is very difficult.
However, it is interesting to note that a first attempt to
identify these effects using an approximate Bayesian
computation (ABC) approach (Beaumont et al. 2002), which
can be used to model complex demographic processes,
suggests that a large growth rate occurred in the last 10–20
generations and was larger in Central Italy than anywhere
else in Europe (results not shown). Therefore a tentative
conclusion would be that Italy still preserves the preglaciation
diversity, which was not severely affected by the decline
occurred from the Middle Ages until the end of World
War II, and was recently frozen by the modern expansion.

As for the translocation events, it was suggested that
poorly documented and usually uncontrolled restocking
plans drastically affected genetic variation in Central and
Southern Italy, and also speeded up the recent expansion
process (Randi 2005; Apollonio et al. in press). Since trans-
locations were carried out using also animals from Central
Europe, this might have artificially contributed to the higher
genetic variation observed in Italy. However, in agreement
with Vernesi et al. (2003), we can exclude a major impact of
such human-mediated migrations. If this phenomenon
were extensive, we would have observed (i) the clustering
of some Central and Southern Italian samples with some
Central European groups; (ii) the presence of inferred
clusters (in the Bayesian analysis) shared by some Central
and Southern Italian and Central European groups; (iii) a
large proportion of individuals from Central and Southern
Italy assigned to other European populations. None of these
predictions is met by our genetic analyses, and only a
limited fraction (7%) of individuals sampled in Italy have
significant proportions of their genomes that can be related
to wild boar populations abroad. In addition, the plausible
hypothesis that the native boars in Italy had E2 haplotypes,
while E1 haplotypes were introduced by recent translocations
of wild boars from Central Europe is contradicted by the
fact that the variation patterns of E1 sequences in Italy and
in the rest of Europe are different. We therefore conclude
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that restocking from Central Europe had a limited genetic
impact and an accordingly a marginal role in the recovery
of the Italian population.

Conclusions and management implications

In conclusion, the most important event in shaping the
observed pattern of diversity seems to have been the last
glaciation, which was followed by a sudden demographic
and spatial expansion from one or more southern refugia.
The genetic signature of more recent processes, which were
mostly related to human activities, can be detected but it
appears marginal. Clearly, a wider sampling of European
populations, including several locations in the Iberian
Peninsula and in the Balkans, is necessary to better clarify
postglacial dynamics. However, our data point to a single
area of discontinuity which corresponds to the Alps.
Wild boars sampled south of this chain show, indeed,
higher levels of overall genetic variation, a private mtDNA
haplogroup and endemic diversity at microsatellite loci.

The wild boar is a rather invasive species, with a relevant
impact on biodiversity, agriculture and livestock, and it is
also of large interest for hunters. Therefore, it is important
to consider the implications of our results for the manage-
ment of this species. We believe that (i) Italian populations
represent a reservoir of genetic diversity in Europe which
should be preserved; for example, following the arguments
in Petit et al. (1998), in the eventual case of extinction of the
wild boar in Italy, the reduction of nuclear allelic richness
would be about twice as much as in the case of the simul-
taneous extinction in five other European regions (11%
compared to 6%), and a high divergent mtDNA clade would
be lost; however, since almost all the Italian groups are
genetically very similar, and even documented demographic
reductions did not affect significantly the genetic variation,
hunting is still recommended to reduce the population size
in some areas; (ii) animals should not be translocated from
one European region to another, especially across the Alps;
even though the level of differentiation is probably not
enough to maintain the current subdivision into subspecies,
some level of local adaptation is expected and should not
be compromised by hybridization; accidental escapes
from wild boar farms should also be prevented for the same
reason; (iii) artificial crossbreeding with domestic pigs
should be avoided and genetic controls in wild boar farms
should be enforced. A different matter are those situations
where the genetic exchange between wild and domestic
pigs has a historical background, due to the long-lasting
practice to rear pigs in a natural state (e.g. in Sardinia).
In these cases, the present genetic identity of the wild
population is influenced by the prolonged gene flow
between the two forms, and thus, in absence of significant
introgressions from other areas, they can be referred to as
a joint evolutionary unit.
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the mtDNA control region (411 bp) of 145 European wild boar and
47 pig samples sequenced in this study. Haplotype frequencies
observed in wild boar sampling areas and pig breeds are shown.
The following abbreviations are used for wild boar sampling
areas: IAre (Arezzo, Italy), IFor (Forlì, Italy), ISie (Siena, Italy), ISal
(Salerno, Italy), IFlo (Florence, Italy), IMrp (Maremma Regional
Park, Italy), ISrp (San Rossore Regional Park, Italy), ICpr (Castel
Porziano Presidential Reserve, Italy), ISar (Sardinia, Italy), IGor
(Gorizia, Italy), SCot (El Coto, Spain), FHam (Haute Marne,
France), ADif (Austria, different areas), PDif (Poland, different
areas), HDif (Hungary, different areas). The following abbreviations

are used for domestic pig breeds: Pig 1 (Cinta Senese), Pig 2 (Sarda),
Pig 3 (Calabrese), Pig 4 (Casertana) and Pig 5 (Nera Siciliana).
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