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respectively. This difference makes it possible to assign the “hybrid” status to wild

possible to determine the timing of the hybridization(s), nor to guarantee the absence
of domestic admixture in an animal with 2n = 36 chromosomes. In order to analyze
hybridization in greater detail and to avoid the inherent limitations of the cytogenetic
approach, 362 wild boars (WB) recently collected in different French geographical
areas and in different environments (farms, free ranging in protected or unprotected
areas, animals with 2n = 36, 37 or 38 chromosomes) were genotyped on a 70K SNP
chip. Principal component analyses allowed the identification of 13 “outliers” (3.6%),
for which the proportion of the genome of “domestic” origin was greater than 40%
(Admixture analyses). These animals were probably recent hybrids, having Asian do-
mestic pig ancestry for most of them. For the remaining 349 animals studied, the pro-
portion of the genome of “wild” origin varied between 83% and 100% (median: 94%).
This proportion varied significantly depending on how the wild boar populations were
managed. Local ancestry analyses revealed adaptive introgression from domestic pig,
suggesting a critical role of genetic admixture in improving the fitness and population
growth of WB. Overall, our results show that the methods used to monitor the do-
mestic genetic contributions to wild boar populations should evolve in order to limit

the level of admixture between the two gene pools.
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Domestic pigs (Sus domesticus, Erxleben, 1777) originated from the
domestication of wild animals (wild boar: Sus scrofa, Linnaeus, 1758),
which was initiated independently in Anatolia and in the Mekong
Valley about 9000years ago, from two different (European and
Asian) wild boar populations that diverged one million years ago.
In Europe, the domestication process has been going on for millen-
nia and has involved regular gene flows between domestic flocks
and populations of European wild boars (WB) different from the
Anatolian population involved in the initial domestication process.
The residual part of the genome of Near Eastern origin in modern
European domestic pigs (DP) was estimated to vary between 0 and
4% (Frantz et al., 2015, 2019). The progressive development of pig
farming and the selection of domestic populations have induced
major genetic and phenotypic differences between DP and WB.
These differences are also considerable between European and
Asian DPs due to very different selection criteria between these two
regions of the world and to differences between the wild popula-
tions from which the domestication took place.

The normal diploid number of chromosomes in the karyotype of
DP is 2n = 38 (Gustavsson, 1988). In European WB populations, in-
dividuals with 2n = 36, 37 or 38 chromosomes have been described
in France (Darre et al., 1992) and in the Iberian Peninsula (Nombela
et al., 1990), as well as in some Northern and Eastern European
countries (Aravena & Skewes, 2007). The only difference between
the three karyotypes is the existence of a Robertsonian transloca-
tion between chromosomes 15 and 17: rob(15;17). In DPs (2n = 38),
these two pairs of chromosomes are independent and acrocentric.
In WBs (2n = 36), the chromosomes of these two pairs are fused to
form a single pair of submetacentric rob(15;17) chromosomes. Large-
scale cytogenetic monitoring carried out between 1981 and 1991
in France revealed a significant variation in the number of chromo-
somes per individual depending on the nature of the WB populations
considered (wild or farmed) and depending on whether populations
were managed in nature reserves or in hunting federations (Darre
etal., 1992). The percentage of hybrid individuals (with 2n = 37 or 38
chromosomes) in WB farms ranged from O (in one-third of the farms)
to 85%, and was about 20% in wild populations managed by hunting
federations (Darre et al., 1992). On the contrary, of the 204 analyses
carried out in wild populations from five nature reserves managed
by government agencies, only two boars with 2n = 37 chromosomes
(less than 1%) were detected (Darre et al., 1992). As a result of this
and other studies reviewed in Aravena and Skewes (2007), the nor-
mal diploid number of chromosomes in Western European WBs has
been set at 2n = 36. In cytogenetic terms, a WB with 2n = 36 chro-
mosomes is, therefore, homozygous for the Robertsonian translo-
cation rob(15;17) and cannot be a first-generation hybrid. Indeed,
mating a DP (2n = 38) with a WB (2n = 36) produces hybrid individu-
als with 37 chromosomes, which inherit one chromosome from each
of pairs 15 and 17 from their DP parent, and one fused chromosome
rob(15;17) from their WB parent (these individuals can be described
as heterozygous for the translocation). These 2n = 37-chromosome

animals can be mated: (1) to other 37-chromosome animals (expected
to produce 25% offspring with 36 chromosomes, 50% with 37 chro-
mosomes and 25% with 38 chromosomes); (2) to 36-chromosome
animals (expected to produce 50% offspring with 36 chromosomes
and 50% with 37 chromosomes); or (3) to 38-chromosome animals
(expected to produce 50% offspring with 37 chromosomes and 50%
with 38 chromosomes).

During the 18th and 19th centuries, the abundance and distri-
bution of WB populations were considerably reduced in Europe.
However, the interest shown by hunters for this species subse-
quently led to restoration attempts, including reintroductions
of captive-bred individuals into wild populations (Veli¢ckovi¢
et al., 2016; Yamamoto, 2017). Since the 1970s, WB populations
have undergone very large and uncontrolled demographic growth
(Albrycht et al., 2016; Massei et al., 2015) and this species is con-
sidered invasive in many regions (Barrios-Garcia & Ballari, 2012). In
France, data from the National Hunting and Wildlife Agency showed
that the number of WBs killed by hunters has increased by 45% in
10years and by 134% in 20years (323,000 in 1997, 552,000 in 2007
and 756,000 in 2017). Several environmental changes have contrib-
uted to this very significant expansion, such as the evolution and
intensification of crops, the reduction in the number of predators,
and the global increase in average temperatures (Root et al., 2003).
Other human activities such as WB breeding for hunting activities
and (voluntary or involuntary) hybridization with DPs may also ex-
plain this expansion (Khederzadeh et al., 2019). Uncontrolled hybrid-
izations may come from outdoor pig farms, whose number, although
small (2.7% of sows and 1.6% of pigs are raised outdoors in France),
has moderately but steadily increased since 2010 in some French
areas. Another source of hybridization is the increased number of
pigs raised as pets, especially Vietnamese pot-bellied pigs (Gillespie
et al., 2015; @stevik et al., 2012; Tynes, 2001). These pets have re-
cently experienced a decline in popularity, explaining the increase
in the number of abandonments (Delibes-Mateo & Delibes, 2013).

Increased contacts between WBs and DPs lead to significant
sanitary and safety risks for the commercial pig farms and the pop-
ulations of the regions concerned (Hars & Rossi, 2010). The recent
spread of African swine fever in northern Europe, for example, is
currently posing very serious threats to the European pig industry
(Blome et al., 2020). Increased contacts between the domestic and
wild compartments also threaten the preservation of the gene pool
of wild species (Wayne & Shaffer, 2016). In order to limit these risks
and to discourage some of the practices that can cause them, a mon-
itoring program for French WB populations was set up in France in
the 1980s. This program, based on the cytogenetic difference be-
tween WBs and DPs, imposes quite strong constraints for breeders.
“Category A” WB farms, which produce animals that can be released
into the wild, can only raise animals of the Sus scrofa species with
2n = 36 chromosomes (Charlez, 2010). This program made it manda-
tory to carry out a cytogenetic analysis of any animal entering these
farms and, at the same time, made it possible to assess the chro-
mosomal status of wild populations and its evolution from animals
captured in the wild (Darre et al., 1992).



MARY ET AL.

While the implementation of this program has probably limited
the frequency of voluntary hybridizations, chromosome counting by
cytogenetic techniques used so far to carry out the controls has con-
siderable limitations. The first one is that it does not guarantee that
an individual with 36 chromosomes is not the product of hybridiza-
tion(s): for example, an animal with 36 chromosomes can be the re-
sult of a mating between two individuals with 37 chromosomes. The
other limitation is that it does not allow, in the case of an individual
with 37 chromosomes, for example, to date the event (or events) of
hybridization that is (or are) at the origin of this animal, nor to quan-
tify the proportion of its genome of DP origin. Another limitation of
cytogenetic analyses is the necessity of carrying out cell cultures
and, therefore, of having samples taken from living (or recently dead)
animals in conditions that avoid the contamination of cell cultures,
conditions that are very difficult to satisfy when biological samples
are taken from wild animals. A possible approach to overcome these
limitations is the genotyping of animals for molecular markers dis-
tributed throughout the genome (Goedbloed, Megens, et al., 2013).

The present study was carried out with two main objectives.
The first one was to analyze the results of the cytogenetic control
program conducted in France between 2008 and 2020 in light of
genome-wide genotyping data and to study the possibility and rel-
evance of implementing a new method for assessing hybridization
using genome-wide SNP genotyping. The second objective was to
update our knowledge about the level of introgression in different
French WB populations, using both cytogenetic and molecular data.

Three hundred and sixty-two WBs were genotyped using a 70K
SNP pig chip. These 362 animals with different chromosomal status
(2n = 36, 37 or 38) were sampled from different types of manage-
ment units and from different French regions. Our results confirm
the limitations of the cytogenetic analyses carried out so far and
show that the WB population monitoring program would be greatly
improved by genotyping. We also show that 13 individuals (out of
362 WB studied, i.e., 3.6%) were likely recent hybrids, while 210
(out of 349, i.e., 60%) showed traces of introgression. This result is
an indication of the threat to biodiversity posed by admixture and
suggests that new preservation measures should be considered to

improve its management.

TABLE 1 Different categories of WB

sampled Categories

WB_Preserved?
WB_Deux-Sévresb
WB_Ardeéche®
Other WBs

Total

. \\ | £y

2 | MATERIAL AND METHODS
2.1 | Selection of the analyzed samples
2.1.1 | WB samples used in the study

A total of 362 WBs were genotyped in this study (Table 1).

Of these, 280 underwent cytogenetic analysis between 2017
and 2019 (blood samples were stored specifically for the present
study). These 280 animals were selected to be representative of
the diversity of the management units that sent samples to the
laboratory during this period (WB farms, hunting parks and na-
ture reserves). Among them, we identified seven management
units that had requested a relatively large number of analyses
over the last 12years (between 35 and 112) and exhibited very
high rates of 2n = 36 animals (>97%; Table S1). Animals from these
units with very few or no “cytogenetical hybrids” were consid-
ered as being preserved from hybridization (they were the ones
for which the risk of hybridization seemed the lowest a priori).
Fifty-six samples (out of 280) belonged to this category (referred
to as WB_Preserved; Table 1). Twenty-eight additional samples
(out of 280) came from individuals caught in a nature reserve in
Western France managed by a government agency (the adminis-
trative French subdivision, Deux-Sévres, hereafter referred to as
WB_Deux-Sévres; Table 1) with high rates (>40%) of individuals
with 37 or 38 chromosomes since the 2000s (much lower rates
before that date). The remaining individuals (196 out of 280) were
chosen in order to represent the different French geographical
areas.

Eighty-two additional WB samples (79 skin biopsies plus three
blood samples taken by hunters between 2013 and 2017) came
from an area that is not subject to particular protection measures
(the administrative French subdivision, Ardéche, hereafter referred
to as WB_Ardéche; Table 1). These animals were initially sampled
for another study (Petit et al., 2020). Analysis of the chromosomal
status (2n = 36, 37 or 38 chromosomes) could only be performed

for three animals out of 82 (those for which blood samples were

available).
Genotyped Karyotyped 2n =36 2n =37 2n =38
56 56 56 0 0
28 28 13 14 1
82 3 3 0 0
196 196 131 56 9
362 283 203 70 10

Note: The second column indicates the number of individuals genotyped. Among them, the third
column indicates the number of individuals karyotyped. The 2n = 36, 2n = 37, and 2n = 38 columns
indicate the number of individuals with the corresponding karyotype.

2WBs from management units (farms or parks) where admixture was considered unlikely based on
12years of cytogenetic analyses.

bFree—ranging WBs from protected areas (nature reserves).

“Free-ranging WBs from an unprotected area.
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The overall geographical distribution of the WBs sampled and
analyzed in this study and their chromosomal status are presented

in Figure S1.

2.2 | DP samples used in the study

As already observed in Spain (Delibes-Mateo & Delibes, 2013), the
hybridization of French WBs with “pot-bellied pigs” (or “Vietnamese
pot-bellied pigs,” DP of Asian origin used as pets) has been suspected
on various occasions (animals released into the wild by their owners;
Petit, personal communication). Two such animals were, therefore,
added to our collection (individuals of probable Asian ancestry but
whose precise genetic origins were undetermined). Biological sam-
ples (skin biopsy and blood) were taken from these animals during
a routine surgical castration performed at the National Veterinary
School of Toulouse at the request of the owners.

Genotyping data for DP performed in previous projects (Mercat
et al., 2020; Munoz et al., 2019) using the PorcineSNP60 (v1 and v2;
lllumina Inc.) or GGP70K chips were also used in the present study. A
total of ten pig breeds were included (Table S2). These included five
commercial breeds, four of European origin (Duroc, Landrace, Large
White and Piétrain) and one of Asian origin (Meishan), as well as five
local French breeds (Basque, Bayeux, Gascon, Limousin, Porc Blanc
de I'Ouest). A principal component analysis (PCA) was performed in-
dependently for each DP breed using the snpgdsPCA function of the
SNPRelate v1.18.1 R package (Zheng et al., 2012) in order to identify
the few individuals that strongly differed from their breed of origin.
To guarantee the robustness of subsequent analyses, these individu-
als, potentially corresponding to identification errors or resulting from
hybridization events (between different pig breeds or with WB), were
removed. The number of animals genotyped in the commercial breeds
was very large (several thousand). To balance the sample sizes between
the different breeds studied and to limit the computation times, we se-
lected 100 individuals for each of the commercial breeds (Table S2). To
maximize the genetic diversity within the samples studied (rather than
making a simple random selection of 100 individuals per commercial
breed), we applied IBS (Identity by State) thresholds (different thresh-
olds for each of the four commercial breeds studied) beyond which we
excluded one individual from each pairwise comparison (within each
pair, the individual with the best call rate was selected). These analyses
were performed with the R SNPRelate package.

None of the animals used in our study were bred, killed, or cap-
tured specifically for the needs of our project, which therefore did
not require explicit authorization (in accordance with European
Directive 2010/63/EU).

2.3 | Cytogenetic monitoring of French wild boar
populations

Mitotic chromosomes were prepared from nonsynchronized cul-

tures of peripheral blood lymphocytes collected on heparinized

tubes. Whole blood (1 ml) was cultured for 72h in a medium con-
sisting of 9 ml RPMI (Gibco), 20% fetal bovine serum, and 500IU
Heparin (Sanofi), and stimulated with 0.2 ml pokeweed mitogen
(Gibco). Hypotonic treatment (10 ml 1/6 calf serum) was followed
by prefixation and fixation in ethanol: acetic acid (3:1). Chromosome
preparations were spread on cold wet slides and air-dried. Slides
were stained with 3% Giemsa solution. For each individual, the num-

ber of chromosomes of at least ten cells was counted.

2.4 | DNA extraction and genotyping

The DNA of 362 WBs and two domestic “Vietnamese” pigs was ex-
tracted from the blood samples using the Blood DNA Isolation kit
(Norgen) and a classical protocol (lysis with proteinase K and ethanol
precipitation) for skin biopsies. Tubes containing 4 pl of gDNA diluted
to 50ng/pl were prepared for genotyping, performed on the CRCT's
Genomics and Transcriptomics platform (www.poletechno-crct.
inserm.fr) using a GeneSeek Genomic Profiler chip (GGP70 K HD
Porcine, lllumina Inc.) comprising 68,516 SNPs. All the boars had a call
rate >0.90 with an average of 0.93. The complete genotypes data-
set produced in this paper is described in a data paper (lannuccelli
etal, 2022).

2.5 | Genetic structure of populations and
analysis of pig x wild boar hybridization

The 40,241 SNPs common to the three genotyping chips, located on
the autosomes and for which the rates of missing genotypes were
less than 10%, were retained for further analyses. Since hybridiza-
tion (as well as other evolutionary forces such as selection or genetic
drift) was likely to induce a deviation from the Hardy-Weinberg
equilibrium (HWE), and insofar as we suspected the presence of in-
trogressed individuals in our WB sample, this HWE criterion was not
used for variant filtering.

A PCA was first performed using the snpgdsPCA function of the
SNPRelate R package by considering all of the genotyped animals
(DPs as well as WBs) in order to define the main groups (clusters) of
animals. WBs that do not belong to their cluster (animals hereafter
referred as WB_Outliers, potentially resulting from recent hybridiza-
tion event(s)) were identified using a Bayesian method implemented
in the Mclust function of the mclust R package v5.4.7 (Scrucca
et al., 2016) using the values of components 1 and 2 of the PCA.

In a second step, the Bayesian clustering method implemented
in Admixture software v1.3.0 (Alexander et al., 2009) was used to
quantify the proportions of the different possible ancestral origins
in the genome of each individual. An unsupervised analysis (without
prior knowledge about the different ancestral populations) was per-
formed using the software's default settings for K values ranging from
2 to 25. The optimal K value was estimated using a cross-validation
procedure for each K value. The value retained (K = 11) corresponds
to the value for which the cross-validation curve reached a plateau.
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The R Pophelper package v2.3.1 (Francis, 2017) and the Python
Pong package v1.4.9 (Behr et al., 2016) were used to visualize the
results of these analyses. Standard errors (SE) of ancestral origin es-
timates (the proportion of each individual's genome originating from
each of the 11 clusters previously defined) were calculated using a
random sampling procedure (bootstrap, 200 replications). These SEs
were used to determine the confidence intervals at the 95% thresh-
old of the estimated values (+1.96*SE). The proportions of different
ancestral origins were compared between populations (or groups) of
WBs using the Kruskal-Wallis test. To categorize animals as “unad-
mixed WBs,” we determined whether the 95% confidence intervals
for the Admixture Q scores overlapped 0.99 of WB ancestry (only
individuals with a “significant” fraction of their genome of domestic

origin, i.e., greater than 1%, were considered as introgressed WBs).

2.6 | Local ancestry inference

Local ancestry analyses along all autosomes were carried out with
two main objectives. The first one was to detect and characterize
introgression from DP into WB populations. The second objective
was to assess the relevance of a possible in silico prediction of the
chromosomal status of WBs (number of chromosomes: 2n = 36, 37
or 38) using genotyping data.

Local ancestries along chromosomes were inferred using
two different approaches: ELAIl v1.0 (Efficient Local Ancestry
Inference), which condenses and groups haplotypes into differ-
ent groups and assigns each local haplotype probabilistically into
groups (Guan, 2014), and LAMP v2.4 (Local Ancestry in adMixed
Populations, Sankararaman et al., 2008), a less efficient but compu-
tationally faster approach.

In order to predict the chromosomal status of WBs (2n = 36, 37
or 38) using genotyping data with reasonable computing time, we
used LAMP around the fusion break point to estimate, for each pos-
sible ancestry, the allelic proportions (0, 0.5 or 1) for each individual
and each SNP. We, therefore, considered that a WB should have a
2n = 36 karyotype if the two alleles of the first SNPs on both sides of
the centromere of the rob(15;17) have a WB ancestry, 2n = 37 if one
of the two alleles has a DP ancestry, and 2n = 38 if the two alleles of
the first SNPs on either side of the centromere have a DP ancestry
(see explanations given in Figure S2).

To analyze the ancestry along chromosomes 15 and 17, the latter
were fused to create a rob(15;17) reference sequence in silico. For
that purpose, chromosome maps were fused by their centromeres
and the SNPs' positions were reordered accordingly (from the telo-
meric part of SSC17 to the telomeric part of SSC15, assuming a total
length of 63,494,081 nucleotides for chromosome 17; the first nu-
cleotide on the g-arm of the rob(15;17) was, therefore, nucleotide
63,494,081 +1).

To differentiate between wild and domestic origins at each ge-
nomic position, three training samples were used with each program
(ELAI and LAMP): one for WBs and two for DPs. The first DP pop-
ulation was made up of animals belonging to breeds of European

T, \\ | £y

origin, without the Duroc breed (n = 614; the Duroc breed was elim-
inated since the PCA showed that it does not belong to the same
cluster as the other European breeds—see below), while the second
DP population was composed of the Meishan breed, of Asian origin
(n = 35). As we used ELAI and LAMP with different objectives (de-
tection of WB ancestry along all autosomes, and in silico prediction
of the chromosomal status, respectively), the WB training samples
used were different between the two programs. For ELAI, the WB
training sample was composed of animals defined as “unadmixed”
(n = 139) following admixture analysis. To improve the in silico pre-
diction of chromosomal status performed by LAMP, we used all WBs
with a 2n = 36 karyotype (WB_Outliers excluded) as a WB training
sample (h = 201).

Autosomal SNP was filtered with MAF >0.05 and missing rate
<0.05. ELAI was run with 30 steps in the expectation-maximization
(EM) run. The values for “upper-layer clusters” and “lower-layer clus-
ters” were set to 3 and 15, respectively, as recommended by the
author (Guan, 2014). LAMP parameters were adjusted to delete
SNP in linkage disequilibrium (the r? cutoff was set to 0.1: all but
one of the SNPs in LD are retained for the ancestry estimation). We
used a recombination rate of 1x 1078 and a fraction of overlap be-
tween adjacent windows of 80% (offset parameter = 0.2). Mixture
proportions of 0.30 (WBs), 0.66 (European DPs), and 0.04 (Asian
DPs) were assumed, which corresponded to the ancestry propor-
tions estimated using Admixture software for K = 11. The number
of admixture generations was set to 25 for both applications. This
number of generations allows us to detect the modern history of
hybridization between the two subspecies rather than the gene flow
that has been taking place throughout the domestication process. In
addition, Guan (2014) demonstrated that ELAIl is robust to the num-
ber of admixture generations, which mainly affects the smoothness

of the local ancestry inference.

3 | RESULTS

3.1 | Cytogenetic monitoring of French wild boar
populations

The number of cytogenetic analyses of WBs carried out annually in
France between 2008 and 2020 varied between 160 and 576, with
an average of 376. The decrease in the number of analyses has been
fairly clear since 2018 (Figure S3). The overall rate of “cytogeneti-
cal hybrids” (animals with 37 or 38 chromosomes, which may be the
products of recent or ancient hybridization event(s)), calculated from
the results obtained for the 4894 individuals analyzed in our labo-
ratory during this period, was 15.3% (13.0% of 2n = 37 and 2.3%
of 2n = 38 animals). This rate varied quite strongly from 1year to
the next (Figure S3), due to sampling fluctuations. The management
units that requested analyses were not the same from 1year to the
next, and hybrid rates varied greatly from one unit to the other
(from 0% to 40% for management units having performed at least
25 analyses between 2008 and 2020). Given these large sampling
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variations, the apparent decrease in the hybrid rate observed since

2017 should be considered with caution.

3.2 | Principal component analyses (PCA)

The first and second axes of the PCA performed using all genotyping
data (WBs and DPs of local as well as commercial breeds) explained
10.5% and 5.5% of the total variance, respectively (Figure 1). The
explained variance gain became very small from principal compo-
nent 11 onwards (Figure S4), which corresponds to the number of
populations analyzed (considering Meishan and “Vietnamese” type
pigs as one single cluster of “Asian” origin). The first principal compo-
nent allowed the separation of three groups of animals. The first one
(noted Ain Figure 1) consisted of individuals of Asian pig breeds; the
second group was composed of animals of European pig breeds (B
and B’), while the last group was composed of WBs only (C). The sec-
ond principal component also made it possible to separate the WBs
from the Asian and European DP breeds, as well as to distinguish
the Duroc DP breed, which formed a group that was distinct from
the other European pig breeds (confirmation of previous results: see,
e.g., Lee et al., 2020).

The first two principal components were also used to specif-
ically explore the WB population in order to identify individuals
outside the group. Thirteen individuals (out of 362, i.e., 3.6%) from
six different management units were identified that did not belong
to the WB cluster. None of these was detected in the free-ranging
populations. Those individuals, hereafter referred to as “WB_out-
liers,” were not considered as WBs and were, therefore, analyzed

separately.
BI
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FIGURE 1 Population structure defined with PCA of 714

pigs from nine European breeds, 37 pigs from two Asian breeds,
and 362 French WB. The first (PC1) and second (PC2) principal
components are shown. The WBs outside the WB cluster
(WB_Outliers) are represented with their respective identification
numbers (GISA-xxx). Letters A, B/B’ and C represent the Asian pig
breeds, European pig breeds, and wild boar groups, respectively

3.3 | Admixture analyses

Unsupervised admixture analysis was performed using an increasing
number of populations (K parameter varying from 2 to 25; Figure S5).
For K = 2, WBs could be distinguished from Asian pigs. For K = 3,
European and Asian DP breeds, as well as WBs, could be distin-
guished. From K =4 to K = 11, the different European breeds appear
as different gene pools, one after the other. From K = 12 onwards,
substructures appear within certain populations (gene pools), for ex-
ample, between different groups of WBs (K =12 and 13), or between
different groups (lines) within the Duroc breed (K = 14). The lowest
cross-validation value was obtained for K = 25 (Figure Sé). In that
situation, substructures per farm (related animals) and/or geographi-
cal regions appeared for the majority of the gene pools studied.
The cross-validation value reached a plateau at K = 11. This value
was consistent with the number of clusters resulting from the PCA.
Moreover, a very strong correlation was observed for WBs between
the first component of PCA and WB ancestry estimates for K = 11
(without WB_outliers: r = 0.935, p<0.001). We, therefore, consid-
ered that the first level of structuring of the populations analyzed
was 11. This value allowed us to define a cluster (a dominant color)
for each genotype except “Vietnamese” pigs. The very low number
of animals of this type genotyped in our study (n = 2) did not allow us
to attribute a specific cluster to them. However, the ancestral origin
of the genomes of these two “Vietnamese” animals was quite close

to that of the Meishan animals, confirming their Asian origin.

3.3.1 | Admixture analyses for WB (animals
assigned to the WB_cluster)

For the 349 individuals belonging to the WB_cluster (outliers ex-
cluded), the proportion of the genome of WB origin (Figure 2) varied
between 0.83 and 1 (mean and median equal to 0.94). Within the
WB_cluster, 210 individuals (60%) were considered as “admixed”
(Figure 2), and 139 (40%) as “unadmixed” (i.e., animals for which the
95% confidence intervals for the Admixture Q scores overlapped
0.99). However, the distinction between these two categories is
arbitrary, and some individuals with 37 or even 38 chromosomes
were considered as unadmixed (Figure 2), which may seem coun-
terintuitive at first glance. As shown in Figure S7a, the proportion
of the genome of WB origin was significantly higher for individuals
with 2n = 36 chromosomes (median: 0.96) than for individuals with
2n = 37 or 38 chromosomes (medians 0.93 and 0.90, respectively).

For the 56 individuals belonging to the seven management units
where admixture was considered unlikely based on cytogenetic re-
sults (WB_Preserved), the proportion of the genome of “wild” origin
was 0.98 (median value; Figure S7b). This proportion was also very
high (median value: 0.99) in WB_Deux_Sévres (individuals sampled
in a nature reserve), although the number of animals with 2n = 37
and 38 chromosomes was quite high in that population (Figure S1).
It was significantly lower (median value: 0.92) for WB_Ardéche (ani-
mals collected in an unprotected area; Figure S7b).
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FIGURE 2 Estimates of WB ancestry and 95% confidence intervals (Cl) for all 362 individuals. Individuals are arranged by Q score
following admixture analysis for k = 11. The colors represent the chromosome number of each individual. The first vertical line (on the left
side) separates the outliers from animals belonging to the WB cluster (based on PCA). Among the WB_cluster, animals were considered as
“unadmixed” if the 95% Cl overlapped 0.99 (proportion of WB ancestry)
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FIGURE 3 Admixture analysis (K = 11) of wild boar outliers (+ “Vietnamese” DP on the left of the figure). The different colors represent
the dominant ancestral proportions of the different breeds (gene pools) considered in this study

3.3.2 | Admixture analyses for the outliers (animals different however from one individual to another). This suggests
assigned to WB_outliers) hybridizations with several breeds of European origin or with a
European breed other than the ones analyzed in this study.
Analyses performed with K = 11 showed DP origins greater than One hybrid (outlier 544) had 53% (+3%) of its genome of Gascon
40% for all of the 13 WB_outliers (Figure 3), suggesting that these origin (local breed with a large proportion of outdoor breeding
animals were recent hybrids. The majority of these outliers (9/13) farms).
had a significant part of their genome (>37%) of “Asian” origin (green Finally, and quite surprisingly, outlier 516 had only 2% (+2%) of
in Figure 3). its genome of WB origin. This individual presented a 2n = 36 chro-
The genomic compositions of the three other outliers (552, 553, mosome karyotype, which was confirmed in silico (see the “in silico
and 554) presented comparable characteristics: almost no Asian prediction of chromosomal status” section below), suggesting that it

origin, the presence of a mosaic of European origins (which was was the product of numerous backcrosses with DP breeds.
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Local ancestry inferences

3.4.1 | Distribution of the WB ancestry along the
autosomes (ELAI)

To look for signals of recent introgression in WB populations, we ran
a three-way admixture inference with ELAI for all animals belong-
ing to the WB_Cluster. Genome-wide WB ancestry estimates per
individual obtained with ELAI, on the one hand, and unsupervised
Admixture, on the other hand, were highly correlated (r = 0.916,
p<0.001), which suggests that the choice of ELAI parameters was
appropriate.

To detect genomic regions with unusually high or low levels of
WB ancestry, the proportion of WB ancestry was averaged over
the 349 WBs at each genomic position. Overall (on a genome-wide
basis), the proportion of WB ancestry was 95.5+2%. The distribu-
tion of the WB ancestry along the autosomes (Figure 4) revealed
unusually low levels (and a corresponding increase in DP ancestry)
on chromosomes 13, 16, and 18. The strongest introgression signal,
which reached a maximum of 19% of DP ancestry, was observed on
chromosome 13. To investigate the region concerned in more de-
tail (see the Discussion section), we defined a genomic interval of
5.6 Mb on this chromosome (from 83.46 to 89.08 Mb) for which the
average proportion of WB origin was six standard deviations lower
than the mean.

To analyze the origin of chromosomes 15 and 17 in WBs exhib-
iting 2n = 37 (WB_37) or 38 chromosomes (WB_38), we specifically
looked at the proportion of WB ancestry along the reconstituted
rob(15;17) chromosome according to the number of chromosomes
established using cytogenetic analyses (Figure S8). The ancestral

origin of the 201 WBs with 2n = 36 chromosomes is overwhelmingly
“wild” all along the reconstituted rob(15;17). For the 63 WBs with
2n = 37 chromosomes and the six WBs with 2n = 38 chromosomes,
we observed the lowest level of WB ancestry (and a correspond-
ing increase in DP ancestry) on the pericentromeric region of this
chromosome.

3.4.2 | Insilico prediction of the chromosomal
status (LAMP)

In light of the results obtained with ELAI regarding the centromeric
region of rob(15;17), we performed complementary analyses using
LAMP. The chromosomal status of each WB with a known number of
chromosomes (established using cytogenetic techniques; n = 283;
Table 1) was inferred in silico according to the ancestry origins of
the closest SNPs on both sides of the centromere of the rob(15;17)
and then compared with the actual numbers of chromosomes. The
overall concordance rate (CR) for all 283 WBs was quite high (94.7%).
As shown in Table 2, predictions were very accurate for individuals
with 2n = 36 and 2n = 38 chromosomes (CRs equal to 99.5% and
100%, respectively) but less effective for individuals with 2n = 37
chromosomes (CR = 80.0%).

4 | DISCUSSION

The genetic composition of wild and farmed populations of WBs, in
France and more widely in Europe, has been of interest to scientists,
wildlife managers, and public authorities for many years because of

rob(15;17) 16 | [18
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FIGURE 4 Average wild boar ancestry estimated over the 349 WB (without outliers) using ELAI, for each position of each autosome. The
bold red line represents the mean ancestry, and dotted red lines represent a deviation of three SD and six SD from the mean

In vitro (real)

TABLE 2 Comparison of the actual
numbers of chromosomes (in vitro,

2n =36 (N =203) 2n =37 (N=70)

In silico (prediction)

2n =36 99.5% (202/203) 20.0% (14/70)
2n =37 0.5% (1/203) 80% (56/70)
2n =38 0% (0/203) 0% (0/70)

2n = 38 (N = 10) established using cytogenetic techniques)
with the ones predicted in silico (LAMP
software)

0% (0/10)

0% (0/10)

100% (10/10)
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the significant ecological, economic, and health consequences that
hybridization with DPs is likely to induce. Distinguishing between
unadmixed WBs and hybridized individuals can be achieved using
different approaches. Basing the distinction on morphological cri-
teria only can be difficult and seems rather irrelevant (Aravena &
Skewes, 2007). The use of genetic analysis is potentially more in-
formative. Large-scale retrospective studies carried out to date in
France (Darre et al., 1992; Ducos et al., 2008) relied on cytogenetic
analyses only, which have considerable limitations. The first one is
that cytogenetic analysis does not guarantee that an individual with
36 chromosomes is not the product of past hybridizations. The other
limitation is that it does not make it possible to quantify the propor-
tion of the genome of domestic origin in the admixed individuals.
Genotyping of molecular markers theoretically overcomes these
limitations and, under certain conditions (sufficient genotyping den-
sity and relevant reference populations), allows a fine analysis of the
ancestral origins of the individuals studied. The first study of this
type carried out in France was based on the genotyping of a panel
of 20 SNP markers only, which did not allow a thorough analysis of
the genomic composition of the animals studied (Beugin et al., 2017).
Our study, like those carried out by Goedbloed, Megens, et al. (2013)
and Goedbloed, van Hooft, et al. (2013) and lacolina et al. (2018)
to analyze the introgression in different European WB populations,
is based on high-density molecular genotyping data (several tens of
thousands of SNPs), and, as such, represents a major step forward.
However, even with such approaches, the detection of introgres-
sion remains difficult due to the complex domestication and animal
husbandry processes that have taken place in Europe, with signifi-
cant gene flows between European WBs and European DPs, and
between European and Asian DPs (Ai et al., 2013; Chen et al., 2020;
Giuffra et al., 2000). In our work, we considered a relatively large
number of WBs (362) sampled from different French regions, from
different types of management units (WB farms, nature reserves,
hunting parks, etc.), and whose chromosome number was known
(for 283 out of the 362 individuals studied). In addition, we used
genotypes datasets from several DP breeds (both local and commer-
cial) of European as well as of Asian origin to obtain a fairly good
representation of the genomic diversity of the suidae populations in
continental France. This experimental set-up placed us, a priori, in
favorable conditions to study and characterize the different levels
of introgression that may have occurred in the recent history of WB
populations.

4.1 | Detection of hybrids using genome-wide
SNP data

Analysis of the WB cluster allowed us to detect 13 outliers (3.6%)
without having to arbitrarily set a threshold to qualify certain indi-
viduals as outliers. As suggested by the admixture analysis (WB an-
cestry <58%; Figure 3), these WB_outliers probably had a recent DP
ancestry. The 3.6% value is quite close to the one estimated in the
past for other populations in Western and Northern Europe: 3.9%
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on average in Dutch and German populations studied by Goedbloed,
van Hooft, et al. (2013); 4% and 6.3% in French and German WB
samples studied by lacolina et al. (2018); in these two studies, how-
ever, a threshold was arbitrarily defined to designate hybrid animals).
No outlier was detected among the 110 individuals originating from
the two wild populations (free-ranging animals from the WB_Deux-
Sévres and WB_Ardeéche populations). This result suggests that the
proportion of recent hybrids would be higher in WB farms. A possible
explanation would be that the use of hybridization with DPs is likely
to have positive effects in this type of management unit (reduction of
inbreeding, use of heterosis as well as the additive effects of genes,
which could be important for some traits such as prolificacy or body
composition; Frankham, 1995; Iversen et al., 2019). Hybridization
could, therefore, be partly voluntary in some WB farms, whereas it
would more likely be accidental in the natural environment (escaped
pets or DPs). We also found that the main source of recent hybridiza-
tion was with Asian genotypes (Asian DP ancestry >37% for nine of
the 13 outliers). The genomic composition of these nine animals (for
the “non WB” part of their genomes) is relatively similar to that of the
two so-called “Vietnamese” animals (part of the genome composed
of diverse DP origins and a majority of Meishan; Figure 3). The ease
of raising these kinds of animals and their relative resemblance to
WABs could explain the use of such genotypes in voluntary hybridi-
zations. However, the analysis of a larger number of animals of this
type would be necessary to confirm this hypothesis.

Otherwise, it is noteworthy that: (1) two outliers with 2n = 36
chromosomes would not have been detected as “hybrids” (or hybrid
offspring) using cytogenetic analyses, and (2) the percentage of out-
liers (3.6%) was significantly lower than the percentage of “hybrids”
estimated using cytogenetic analyses (28% of WBs with 2n = 37 or
38 chromosomes in our sample of genotyped individuals). This dif-
ference could be explained by the fact that the majority of WB_38
and WB_37 were the result of ancient hybridization events followed
by many generations of backcross with WB, which is consistent
with the observation that some of the WB_38 or WB_37 individuals
were even less admixed than some WBs with 2n = 36 chromosomes
(Figure 2). Another explanation would be that WB_37 and WB_38
individuals with very low DP admixture levels are in fact the prod-
ucts of hybridizations with WBs from Central and Eastern European
regions (which often present a 2n = 38 karyotype; however, our re-
sults do not support this hypothesis: see Section 4.4).

The 13 outliers should not be considered as WBs and should
not be used in WB farms, even those with 2n = 36 chromosomes.
Overall, our results show that detecting WBxDP hybridization
using cytogenetic techniques only is neither accurate nor reliable
enough and that an evolution of the detection techniques should
be considered.

4.2 | Adaptive introgression in WBs

Our analyses revealed multiple regions of domestic ancestry in WBs,
with the strongest introgression signal observed on chromosome
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13. This genomic region of 5.6 Mb (from 83.5 to 89.1 Mb) overlaps
with a previously reported QTL for body weight at birth (86.0 to
94.2 Mb; Yue et al., 2003). This region is also adjacent to other QTLs
for the number of piglets born alive (NBA: 89.4 to 89.7 Mb, Onteru
etal.,2012 and 72.0 to 82.6 Mb, Ma et al., 2018), uterine horn length
(80.0 to 80.2 Mb; Rosendo et al., 2012), and age at puberty (92.5 to
92.8 Mb; Bidanel et al., 2008). The introgression of favorable alleles
of domestic pig origin(s) into WBs could have induced an improve-
ment in their fitness, which may explain the demographic growth
of populations observed in recent decades (Albrycht et al., 2016;
Massei et al., 2015). If introgressed alleles are not counter-selected,
they will become increasingly common in WB populations, raising
important questions about their future management.

The most frequently introgressed region of 5.6 Mb comprises
18 genes. One of these genes (PLSCR4, involved in the uterine
function) could be the target of positive selection. In rat uterus,
PLSCR4 provides a dynamic mechanism by which aminophospho-
lipid translocation can be regulated, thereby modulating the activity
of various membrane proteins that are involved in inflammation and
coagulation events in the uterus (Phillippe et al., 2006). Three other
genes adjacent to the 5.6 Mb region, that is, RBP1 (80.4 Mb), RBP2
(80.3 Mb) (functionally related to uterus development), and CLSTN2
(80.8 to 81.5 Mb) are mainly expressed in pig ovary (Li et al., 2017)
and could also be associated with the reproductive traits mentioned
above (including NBA).

4.3 | Variation of the level of admixture between
different wild boar populations

Among the 349 WBs studied (WB_Cluster), 210 (60%) showed
traces of introgression. Conversely, 139 (40%) could be considered
as unadmixed WBs (i.e., animals for which the 95% confidence in-
tervals for the Admixture Q scores overlapped 0.99). Even if the
percentage of admixed WBs was relatively large in our sample, the
proportion of genomes of DP ancestry was quite low (around 6%
on average). One explanation would be that DP x WB hybridizations
regularly occurred throughout the history of the different popula-
tions, but with moderate intensity, and were followed by many gen-
erations of backcrosses, contributing to the reduction, generation
after generation, of the proportion of the genome of DP origin in the
offspring. Another possibility would be the counter-selection of do-
mestic traits in wild populations. However, we did not observe any
genomic region free of DP introgression, which does not support the
latter hypothesis. Otherwise, the percentage of admixed individuals
(60%) must be considered with caution since our sample was not de-
signed to be strictly representative of French WB populations, but,
instead, to generate favorable conditions to detect and characterize
DP x WB hybridization. This explains why the proportion of individu-
als with 2n = 37 or 38 chromosomes was significantly higher in our
sample of genotyped animals (28%, n = 283) than in the sample of
animals having undergone cytogenetic evaluation between 2008
and 2020 (15.3%; n = 4894).

Fifty-six WB were sampled in seven management units consid-
ered to be preserved from hybridization based on 12years of cyto-
genetic controls (Table 1). The low proportion of the genome of DP
origin (2% on average vs. 6% globally; Figure S7) and the absence of
outliers in this sample is probably the result of good management
practices carried out in these units in order to preserve the genetic
integrity of the wild species.

The case of the WB_Deux-Sévres population (nature reserve in
western France) is interesting. The first cytogenetic survey carried
out in 1989-1990 in this population had not detected any hybrids
(WBs with 2n = 37 or 38 chromosomes; Darre et al., 1992). During
the recent period (2008-2020), the proportion of “cytogenetical hy-
brids” (or hybrid offspring) was quite high (40%), whereas the pro-
portion of the genome of DP origin in these animals was very low
(1% on average). This population originates from a state-owned for-
est protected from silvicultural activities and classified as a national
hunting and wildlife reserve since 1973. The “Lothar” and “Martin”
storms that hit France in December 1999 (called “the storms of the
century”) (Salomon, 2000; Ulbrich et al., 2001), which were par-
ticularly severe in that area, may explain the rapid increase in the
number of hybrids (2n = 37) at the beginning of the 2000s. Indeed,
the destruction of fences induced by these devastating storms may
have facilitated interactions with domestic and/or pet pigs. These
accidental hybridizations would have been followed over the next
20years by many generations of backcrossing, contributing to a
rapid and strong dilution of the proportion of the genome of DP or-
igin in this population.

Analyses of animals from the wild population of Ardéche (un-
protected area in southeast France) revealed a proportion of the
genome of DP origin (7% on average) that was significantly higher
than in the other wild population of Deux-Sévres (Figure S7b).
None of the animals in this population was classified as “unad-
mixed” (indicating that traces of admixture were detected in all
of the 82 genotyped WBs). These results suggest that hybridiza-
tions with DPs were more frequent in this area than in others,
which could possibly explain, in part, the considerable demo-
graphic growth of this WB population. However, admixture may
not always be beneficial. It has been observed, for example, that
domestic introgression may lead to increased wildlife susceptibil-
ity to infectious diseases (introgression of susceptibility genes,
which may modify the immune response of admixed individuals;
Goedbloed et al., 2015). This may have been one reason (among
others, including direct contacts between DPs and WBs) for the
appearance of cases of edema disease in 2013 in this Ardeche
population (Decors et al., 2015). Edema disease is relatively com-
mon in DP (Luppi et al., 2016) but had never been diagnosed in
WB before that date. Comparison of these WB_Ardéche samples
(population that was not subject to any particular management
procedure) with those of WB_Deux-Sévres or WB_Preserved (in
which significant efforts have been made to preserve natural pop-
ulations for a long time) suggests that the lack of rigorous man-
agement procedures represents a threat to the genetic integrity
of WB populations.
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4.4 | Origin of 2n = 37 or 38 WB

The geographical distribution and genetic diversity of WB popu-
lations across Europe were mainly shaped during the last glacial
periods. According to different studies, current European WB
populations originate from refuges in three southern European
regions: the lberian Peninsula, Italy, and the Balkans (Velickovi¢
et al., 2016). Different karyotypes have been described in
European WBs, with variable frequencies depending on the origin
of the populations. The frequency of 2n = 38 animals appears to
be quite high in some Central and Eastern European populations
(Aravena & Skewes, 2007), whereas this frequency was very low
or null in Western European populations (especially in French
populations). We can, therefore, hypothesize that some individuals
with 37 or 38 chromosomes in French WB populations may be the
products of hybridization(s) with WBs originating from Central or
Eastern European regions (such animals could have been imported
into France, e.g., to supply some hunting parks). To elucidate this
point, we analyzed the ancestral origin of French WBs along chro-
mosomes 15 and 17. We paid particular attention to the ancestral
origin of the pericentromic regions of these chromosomes, which,
due to a low recombination rate (Mary et al., 2014), should retain
their ancestral haplotypes. Our analyses revealed very different
results depending on the number of chromosomes present in the
individuals studied (Figure S8). The ancestral origin of pericentro-
meric markers is exclusively “wild” for WB_36, and we observed
much lower proportions of wild ancestry on that particular region
for WB_37 and WB_38 animals. For WB_38, there is a discrepancy
between the expected and observed proportions of the genome of
“domestic” origin in the pericentromeric regions of chromosomes
15 and 17 (100% vs. 67.1%, respectively). As previously mentioned,
one explanation could be that some of the WB_38 (and possibly
some WB_37) individuals were the result of hybridization(s) with
Central or Eastern European boars with 2n = 38 chromosomes.
Unfortunately, our data do not allow to test this hypothesis.
Another explanation could be that the hybridization events at the
origin of some WB_37 or WB_38 animals are too old and that the
genotyping density we used was insufficient to detect “domestic”
haplotypes at these particular genomic regions. A final explanation
could be the nature of the “wild” reference population used with
ELAI (animals considered “unadmixed” after Admixture analyses,
including animals with 37 and 38 chromosomes).

To avoid this potential source of bias and the very long computa-
tion times required by ELAI software, we used the LAMP algorithm
with WB_36 individuals only as the reference population. The in sil-
ico prediction of the number of chromosomes using LAMP was very
accurate for WB_36 and WB_38 animals (Table 2). The error rate
was higher for WB_37, but these animals were much less frequent in
the populations analyzed than the WB_36. This explains why, over-
all, the CR was quite high (95%). Local ancestry analyses carried out
using LAMP confirmed that the pericentromeric regions of chromo-
somes 15 and 17 in most WBs with 2n = 37 or 38 chromosomes
were of domestic origin. We also observed that the WB ancestry is
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the highest for WB_36 and that it decreases when the number of
chromosomes increases (Figure S7a).

Overall, our analyses suggest that the normal (ancestral) dip-
loid number of chromosomes in French WBs is 2n = 36 and that
the higher number of chromosomes observed in some individuals
(WB_37 and WB_38) is most probably the result of past (mostly an-
cient) hybridization events with DP. In future, LAMP could be used
to routinely predict the number of chromosomes in individuals ana-
lyzed by genotyping as part of future programs aimed at monitoring

the genetic integrity of WB populations.

5 | CONCLUSION

In conclusion, the discrepancies observed in our study between the
results of cytogenetic evaluations and analyses based on genome-
wide molecular genotyping, the additional information provided by
SNP genotyping (determination of the composition of the animal
genome, opportunity to differentiate individuals originating from re-
cent or older hybridization events, etc.), and the possibility offered by
DNA-based techniques to work from skin biopsies or other biological
samples taken from dead animals, argue in favor of an evolution of
the methods used in WB population monitoring programs in France
and in other European countries. Indeed, we have demonstrated
that karyotyping does not detect some highly admixed individuals
with 2n = 36 chromosomes. This is very unlikely with genotyping.
The only (relatively minor) problem with genotyping-based monitor-
ing approaches would be the release of relatively few unadmixed but
37-chromosome individuals for breeding. For example, among the
139 individuals considered as unadmixed based on the admixture
analysis, five were considered in silico as having 36 chromosomes,
while those individuals were cytogenetically diagnosed with 2n = 37
chromosomes. In other words, our results suggest that while the use
of genotyping data would probably be effective in preserving the
genetic integrity of WB populations, it would probably not make it
possible to fully preserve the original chromosomal status of the Sus
scrofa species (2n = 36). However, with an average 15.3% propor-
tion of animals with 2n = 37 or 38 chromosomes (and considering
the substantial year-to-year variation of this proportion and the fact
that it can be as high as 40% in some management units), the cytoge-
netic integrity of French WB populations already seems relatively
compromised.

The technical approach used in our study was the same
as that used on a large scale for the genomic selection of com-
mercial swine populations. As compared to other molecular ap-
proaches (e.g., multiplex STR-typing and real-time PCR evaluated
by Lorenzini et al., 2020), which would probably be more afford-
able in the short term, genome-wide genotyping can substantially
improve the precision with which the spatio-temporal levels of
hybridization are quantified. This could also provide the opportu-
nity to carry out a selection against the DP haplotypes that could
potentially increase WB fitness. The cost of these technologies
remains significant but has steadily declined in recent years. Their
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deployment for the control of WB populations could, therefore,
be reasonably envisaged in the relatively short term. This would
improve the study and management of natural and farmed WB
populations, provide a better understanding of the nature and
dynamics of interactions between farmed and wild populations
of WB, as well as the evolutionary consequences of hybridiza-
tion, and possibly meet some of the needs for forensic expertise
(Lorenzini et al., 2020).
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