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Abstract
Background: Natural and artificial directional selection in cosmopolitan and autochthonous pig breeds and wild
boars have shaped their genomes and resulted in a reservoir of animal genetic diversity. Signatures of selection are
the result of these selection events that have contributed to the adaptation of breeds to different environments and
production systems. In this study, we analysed the genome variability of 19 European autochthonous pig breeds
(Alentejana, Bísara, Majorcan Black, Basque, Gascon, Apulo-Calabrese, Casertana, Cinta Senese, Mora Romagnola, Nero
Siciliano, Sarda, Krškopolje pig, Black Slavonian, Turopolje, Moravka, Swallow-Bellied Mangalitsa, Schwäbisch-Hällisches
Schwein, Lithuanian indigenous wattle and Lithuanian White old type) from nine countries, three European com‑
mercial breeds (Italian Large White, Italian Landrace and Italian Duroc), and European wild boars, by mining wholegenome sequencing data obtained by using a DNA-pool sequencing approach. Signatures of selection were identi‑
fied by using a single-breed approach with two statistics [within-breed pooled heterozygosity ( HP) and fixation index
(FST)] and group-based FST approaches, which compare groups of breeds defined according to external traits and use/
specialization/type.
Results: We detected more than 22 million single nucleotide polymorphisms (SNPs) across the 23 compared popula‑
tions and identified 359 chromosome regions showing signatures of selection. These regions harbour genes that
are already known or new genes that are under selection and relevant for the domestication process in this species,
and that affect several morphological and physiological traits (e.g. coat colours and patterns, body size, number of
vertebrae and teats, ear size and conformation, reproductive traits, growth and fat deposition traits). Wild boar related
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signatures of selection were detected across all the genome of several autochthonous breeds, which suggests that
crossbreeding (accidental or deliberate) occurred with wild boars.
Conclusions: Our findings provide a catalogue of genetic variants of many European pig populations and identify
genome regions that can explain, at least in part, the phenotypic diversity of these genetic resources.

Background
Natural and artificial directional selection have shaped
livestock genomes and led to many breeds and populations, which are considered the main reservoir of
genetic diversity in farmed animals [1–3]. Under positive selection pressure, the frequency of favourable
alleles increases rapidly in a population and generates a
high level of population differentiation, with impacts on
haplotype structures and extended linkage disequilibrium between the mutated sites and neighbouring loci
[4]. Signatures of selection that remain in the livestock
genomes are the result of combined human-driven and
natural selection events, which have contributed to the
adaptation of genetic resources to different environments and production systems.
Livestock genomes can be analysed by applying different genomic and statistical measures and approaches
[e.g. Wright’s fixation index (FST) within or between
populations and pooled heterozygosity (HP), among
other statistics] to reveal regions under selection.
These regions can provide insights into the biological
mechanisms that explain domestication and lead to
morphological differentiation, specialized production
performances and, in some cases, disease resistance
and resilience (e.g. [5–10]).
Since the first domestication events, pig has been
subject to artificial directional selection that has profoundly differentiated domestic genetic pools from
the original European and Asian wild boar populations [11–14]. Although today the pig industry uses a
few cosmopolitan highly selected breeds and lines in
intensive production systems, a large number of local
breeds still exist in many regions around the world.
These autochthonous genetic resources are less performing than commercial populations and, mainly in
Europe, they are associated with local and traditional
niche markets [15]. Other common characteristics of
these breeds are good adaptation to their local agroclimatic and environmental conditions, high rusticity, slower growth rate, high adipogenic potential and,
for some of them, superior meat quality traits. They
are usually raised under extensive or semi-extensive
production systems and in marginal areas [15]. They
are also characterized by a variety of coat colour phenotypes and specific morphological traits, which can
have interesting scientific values [11, 16, 17]. In order

to design sustainable conservation programs for these
genetic resources, most of which are still unexplored,
the first step is to characterize genetically their populations [18].
To date, a few whole-genome investigations have been
performed, which are mainly based on single nucleotide polymorphism (SNP) arrays and include only a few
European local pig breeds [19–21]. Most of these studies are based on small numbers of animals and provide
preliminary information on their population structure.
In the case of the Iberian and Casertana breeds, quantitative trait loci (QTL) and genome scans have identified
genomic regions and mutations associated with morphological, production, meat and carcass traits [9, 10, 16, 17,
22–24]. Other studies have compared SNP datasets from
Italian autochthonous and commercial breeds to identify population-informative markers and analyse their
inbreeding levels [25, 26]. Muñoz et al. [27] and Ribani
et al. [28] analysed candidate markers in major genes in
20 European local pig breeds and wild boar populations,
which provided information on the segregation of relevant polymorphisms for breeding or traceability purposes [29]. A follow-up study on these breeds included
the analysis of linkage disequilibrium, F
 ST and effective
population size using a medium-density SNP array [30].
Other studies that involved a few Asian and European
pig breeds investigated signatures of selection in the porcine genome using SNP chip or partial/reduced or wholegenome re-sequencing datasets and highlighted loci of
economic importance [7, 31–42].
Thus, it is important to take further the analyses of the
genome of autochthonous and cosmopolitan pig genetic
resources, including unexplored and poorly investigated
breeds, which were developed under different humandriven evolutionary conditions (i.e. selection programs)
and production systems.
In this study, we analysed the genome of 19 European
autochthonous pig breeds from nine countries, three
commercial Italian breeds and wild boars to identify signatures of selection by mining whole-genome sequencing data obtained by using a DNA-pool sequencing
approach. SNPs were called and allele frequencies were
estimated. Signatures of selection were identified by
computing both within-breed HP and FST statistics and
comparing different groups according to domestication/
selection levels (i.e. autochthonous vs. commercial vs.
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wild boars) and morphological (coat colours and patterns and body size) criteria. These breeds, some of them
still unexplored, were from various production systems
and breeding programmes in Europe. The results should
help elucidate the adaptation of pig genetic resources of
the European continent to natural and artificial selection
pressures.

Methods
Animals

Blood samples were collected from 30 to 35 animals
from each of the 22 pig breeds included in the study
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and distributed across nine European countries (from
West to East and then North; Fig. 1): two from Portugal (Alentejana and Bísara); one from Spain (Majorcan Black); two from France (Basque and Gascon); six
autochthonous (Apulo-Calabrese, Casertana, Cinta Senese, Mora Romagnola, Nero Siciliano and Sarda), and
three commercial breeds (Italian Large White, Italian
Landrace and Italian Duroc) from Italy; one from Slovenia (Krškopolje pig, thereafter referred to as Krškopolje);
two from Croatia (Black Slavonian and Turopolje); two
from Serbia (Moravka and Swallow-Bellied Mangalitsa);
one from Germany (Schwäbisch-Hällisches Schwein);

Fig. 1 Phenotype and geographical origin of the 22 analysed pig breeds and wild boar populations
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two from Lithuania (Lithuanian indigenous wattle and
Lithuanian White old type). Selection of the individuals for sampling was performed such that highly related
animals were avoided (no full- or half-sibs), when possible by balancing between sexes and prioritizing adult
individuals or, at least, animals with the morphology of
an adult. All sampled animals were registered in their
respective Herd Books and had standard breed characteristics. In addition, 35 tissue samples from Italian wild
boars, which had previously been tested for the absence
of introgressed domestic alleles [28], were used in this
study. In Additional file 1: Table S1, more details on the
analysed animals and investigated breeds, including geographical distribution and phenotypic description, are
provided [15, 28].
DNA samples and sequencing

Genomic DNA was extracted from 8 to 15 mL of
peripheral blood for each pig [collected in Vacutainer
tubes containing 10% 0.5 M EDTA (ethylenediaminetetraacetic acid, disodium dihydrate salt) at pH 8.0] or
from muscle tissues (for wild boars, provided by forest
policemen; [43]). DNA extraction was performed using
either a standardized phenol–chloroform protocol [44]
or the NucleoSpin®Tissue commercial kit (Macherey–
Nagel, Düren, Germany). Twenty-three DNA pools were
obtained by pooling 30 (or 35) individual DNA samples
at equimolar concentrations for each pool (see Additional file 1: Table S1).
The wild boars included in the “wild boar” pool were
first genotyped for MC1R and NR6A1 mutations [28] and
only the animals that were homozygous for the wild type
alleles were used. For each of the 22 DNA pools representing domestic pig breeds, a sequencing library was
generated using the Truseq Nano DNA HT Sample preparation Kit (Illumina, USA) following the manufacturer’s
recommendations. Then, DNA was sheared randomly
to obtain 350-bp fragments, which were end-polished,
A-tailed, and ligated with the full-length adapter for
Illumina sequencing and subjected to PCR amplification. PCR products were purified (AMPure XP system)
and libraries were analysed for size distribution by Agilent2100 Bioanalyzer and quantified using real-time PCR.
The qualified libraries were fed into an Illumina HiSeq X
Ten sequencer for paired-end sequencing, which resulted
in 150-bp long reads. The wild boar DNA pool was
sequenced from 250-bp fragment libraries, with 100-bp
long paired-end reads, on the BGISeq 500 platform, following the provider’s procedures.
Quality controls and sequence alignment

The obtained reads underwent several cleaning and filtering steps: removal of (i) adapters, (ii) reads containing
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more than 10% unknown bases (N), and (iii) reads containing low-quality bases (Q ≤ 5). FASTQ files were the
inspected with the FASTQC v.0.11.7 software (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/)
that highlighted very high-quality reads. No other filtering procedures were carried out.
Reads were mapped to the latest version of the Sus
scrofa reference genome (Sscrofa11.1) with the BWA tool
0.7.17 [45] using the MEM function and the parameters
for paired-end data. Picard v.2.1.1 (https://broadinstitute.
github.io/picard/) was used to remove duplicated reads.
Whole-genome sequencing data statistics are in Additional file 1: Table S2.
Detection of variants from sequencing data

The detection of SNPs was carried out with the CRISP
v.122713 software [46]. CRISP parameters were tuned to
maximize the discovery of variants (-ctpval − 0.6 -minc 1
-EM 0). A three-step filtering procedure was adopted to
retain high-quality variants:
• Step (1): (i) retention of bi-allelic variants only, (ii)
with a minimum read depth (RDmin) in each pool
equal to 10, (iii) a minimum number of alternative reads, across the DNA pools, equal to 3, (iv)
a maximum read depth (Rdmax), in each pool,
equal to 68 (computed as proposed by Li [47];
RDmax = RDmean + 4√RDmean, where 
RDmean = 42),
and (v) removal of variants that mapped to low-quality regions or suffered from strand-bias.
• Step (2): implementation of the quality filter procedures described in [48]. In spite of the low rate of false
positives with CRISP [46], these procedures allow to
filter out other possible false variants. In this step,
we used the dbSNP v.150 database ([49]; accessed on
February 27 2018; number of variants = 64,535,988).
Briefly, variants were initially annotated as reported
in dbSNP (“in.dbSNP” class) or not (“novel” class).
Then, these two classes were subdivided in “rare” and
“common” variants. Rare variants were defined as
variants that present a minor allele frequency (MAF)
lower than 0.0143. This value represents the “ideal”
lower limit of detection (i.e. 1/70), since, in general,
pools were composed of 35 diploid individuals (see
Additional file 1: Table S1). This is an approximated
estimation that did not take the average sequencing
depth into account. Then, for the “rare” class of variants, we used the Kolmogorov–Smirnov (KS) test to
compare the distributions of the quality score of the
variants in the “in.dbSNP” and “novel” sub-classes.
The KS test measures the similarity of the two distributions in a quantitative way via the D-statistics (a
metric ranging from 0 to 1). Lower values of D indi-
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cate more similar distributions. Different cut-off values ranging from 0 to 50 with steps of 1, were tested.
The CRISP quality score (QCRISP) that minimizes the
D value was selected as the best score (QCRISP = 21;
(see Additional file 2: Figure S1).
• Step (3): to evaluate globally the quality of our dataset, we used the transition-to-transversion ratio (Ts/
Tv) as quality indicator [50].
Variants on the mitochondrial genome (that can also
be confused with differences in nuclear DNA sequences
of mitochondrial origin or NUMTS; [51]) and variants on
the sex chromosomes were discarded. Variant detection
in the wild boar DNA pool was carried out with Samtools
v.1.7 [52] by retaining the variants that were detected in
the 22 pig DNA pools and considering an RDmin of 3.
Variants were annotated using the Variant Effect Predictor (VEP) v.95.0 [53], by predicting their impact on the
protein function with SIFT v.5.2.2 [54]. Statistics about
detected and annotated variants are Additional file 1:
Tables S3 and S4, respectively. Pipelines were developed
either in Python v.2.7.12 or in R v.3.4.4 ([55]; the Kolmogorov–Smirnov test was carried out with the function “ks.
test”).
SNP allele frequencies (AF) were estimated by counting
the number of reads that include the SNP position. To
evaluate the reliability of the estimation of AF obtained
by DNA-pool sequencing, we used SNP chip data from
Muñoz et al. [30], since the pigs of the autochthonous
breeds included in the DNA pools were also genotyped
with the G
 eneSeek® GGP Porcine HD Genomic Profiler v1 (Illumina Inc, USA) panel (including 68,516
SNPs). Pearson’s correlation coefficient (r) was computed
between sequencing and chip genotyping derived frequencies, excluding transversions GC ↔ CG i.e. 167) and
AT ↔ TA (i.e. 147) and also SNPs that presented more
than 10% of missing genotypes within each breed [56].
Genetic diversity analyses

The genetic distance between pairs of populations was
estimated by computing F
ST values for each SNP
 as

23
described by Karlsson et al. [57]. In total, 253 =
2
comparisons were carried out. Then, for each comparison, FST values were averaged over the number of SNPs
analysed. We obtained an FST matrix of size 23 × 23 that
was graphically represented via a heatmap and used to
build a Neighbour-Joining (NJ) tree. Genetic distances
between local pig breeds were compared with geographical distances via the Mantel test.
Pipelines were developed either in Python or in R
(“corrplot”, “nj” and “mantel” functions of the “corrplot”,
“ape” [58] and “vegan” libraries, respectively).
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Detection of signatures of selection

Pooled heterozygosity and fixation index statistics were
used to identify potential signatures of selection in the
analysed populations. Signatures of selection were computed in 100-kb sliding genome windows, with a step size
of 100 kb. In total, 23,666 genome windows were computed. Similarly to the procedure described by Rubin
et al. [6], each 100-kb window was selected after testing windows of variable sizes (from 50 to 300 kb) for
the number of windows with less than 10 SNPs: window counts decreased asymptotically after this threshold (see Additional file 1: Table S5 and Additional file 2:
Figure S2). Windows included in the analyses contained
on average 1148 ± 551 SNPs. Windows with less than 20
SNPs and for which either the FST or the HP index was
mathematically impossible to compute were discarded
(i.e. 399).
The HP index was computed for each window by using
the formula described by Rubin et al. [6, 7] and log2
transformed as proposed by Sun et al. [59]. The final H
 P
value, related to each breed, was estimated as the overall
mean of H
 P values.
For each window, the F
 ST index was estimated according to the formula introduced by Karlsson et al. [57]. FST
was calculated for each breed or for groups of breeds in
different comparisons.
For a given breed, the FST value of each genome window was computed as the average across the N − 1
comparisons (N = 22; wild boar data were analysed separately) and then the final F
 ST value, related to the breed,
was estimated as the overall mean of F
 ST values [60].
Analysis of the wild boar population followed the same
approach by considering N = 23.
FST was calculated for the following groups of breeds
and comparisons: (i) comparisons based on coat colour phenotypes, by grouping together red, white, black,
belted and spotted breeds, (ii) comparisons based on
the body size of the breeds (small, medium and large),
(iii) comparison between autochthonous and commercial breeds, and (iv) comparison between wild boars
and domestic breeds. The classification of the breeds
was based on the morphological descriptions reported
in [15]. Detailed information on the different groups of
breeds/populations and comparisons is summarized in
Additional file 1: Table S6.
As defined by Rubin et al. [6], putative signatures of
selection were identified from genome windows at the
extreme lower end of the distributions (see Additional
file 1: Tables S7, S8). We considered, as outliers, the
genome windows presenting either a H
 P or an F
 ST value
above the 99.95th percentile of the related distribution.
This led to the identification of 12 genome windows for
each pool.
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Data were graphically represented via Manhattan plots.
Pipelines were developed either in Python or in R (“manhattan” function of the “qqman” library [61]). Genomic
windows were computed with Bedtools v.2.17.0 [62].
Annotation of genome windows

Each 100-kb window that displayed signatures of selection was annotated with the Bedtool v.2.17.0 program
by retrieving annotated protein coding genes from the
Sscrofa11.1 NCBI’s GFF file. Moreover, we extended the
annotation by including the genes that were located in
the ± 200-kb flanking regions of each window. Allele frequencies of SNPs within each extended genome window
were plotted in R using the libraries “gplots” (function:
heatmap.2) and “Sushi” [63].
The functional relevance of the genes annotated in
regions of signatures of selection was evaluated based on
a detailed analysis of the scientific literature and Gene
Cards information [64]. Moreover, gene enrichment
analysis over sets of human traits was carried out with
Enrichr [65] via Fisher’s exact test. Analyses run over the
GWAS catalogue 2019 [66], a curated collection of relationships between human phenotypes and genes, which
annotate 19,378 genes in 1737 phenotypic gene sets. We
ran breed-specific over-representation analyses by using
as input into Enrichr the set of genes that were mapped
within the genome windows concurrently identified via
the HP and FST analyses. We considered as statistically
enriched terms those presenting: (i) at least four genes
of the input set related to two or more genome windows
and (ii) an adjusted p-value lower than 0.05.
Putative deleterious SNPs were identified based on
their impact on the protein function, considering as
harmful stop gain (SG) mutations, stop lost (SL) mutations and non-synonymous SNPs (nsSNPs) predicted
as deleterious by SIFT. Moreover, allele frequency values were evaluated with respect to the wild boar population and the overlap with regions under selection was
evaluated.
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A bioinformatic pipeline based on the CRISP tool
[46] and the Kolmogorov–Smirnov statistical test [48]
was implemented to detect high-quality variants. We
detected 36,085,090 variants of which 5,018,696 were
removed in the first step and 151,105 were removed in
the second step. In total, 26,732,468 high-quality SNPs
(autosomes and scaffolds) were used in further analyses.
Summary statistics for these variants are in Additional
file 1: Table S3. A Ts/Tv ratio of 2.40 was found for the
sequence dataset.
VEP annotation of the detected SNPs is summarized
in Additional file 1: Table S4. In total, 44,784,029 SNPannotation pairs (several annotations per SNPs were possible) were retrieved, covering 22,165 genes out of the
22,452 annotated genes on the Sscrofa11.1 genome version. As expected, the largest number of SNPs was found
in introns (~ 62%) and in intergenic regions (~ 35%). SNPs
that impacted the gene at the protein level (i.e. start/stop
gained/lost and missense SNPs) accounted for only 0.34%
of all point mutations.
Allele frequencies estimated from DNA pool sequencing and SNP chip genotyping presented an average Pearson’s correlation coefficient r = 0.95, ranging from 0.91 to
0.98 (see Additional file 1: Table S9).
Genetic diversity and relationships among the populations
analyzed

The genetic diversity between pairs of pig populations was investigated with the FST index (Fig. 2 and see
Additional file 1: Table S10). The NJ tree built by using
FST distances (see Additional file 2: Figure S3) depicted
clusters that, generally, agreed with the geographical

Results
Overview of sequencing data and detected variants

Sequencing of the 22 domestic pig DNA pools produced ~ 18.4 billion of reads, with an average number of
sequenced read pairs per pool equal to ~ 418.9 million.
Non-duplicated reads covered on average 98.45% of the S.
scrofa genome with a mean mapped read depth (RDmean)
of ~ 42×. The wild boar DNA pool genome accounted for
~ 164.2 million of reads, 96.6% of which were non-duplicated and covered 98.2% of the genome with an RDmean
of ~ 12×. Summary statistics of the sequencing data are
in Additional file 1: Table S2.

Fig. 2 Heatmap plot of F ST distances between breeds/populations
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distribution of some of these breeds and their relationships derived from possible introgression and admixture
events: (i) the two French breeds (Gascon and Basque)
are clustered together; (ii) the two Central-Southern Italian breeds (Casertana and Apulo-Calabrese) are on the
same branch; (iii) the two Lithuanian breeds (Lithuanian
indigenous wattle and Lithuanian White old type) are
clustered together with the Italian Large White and Italian Landrace breeds; Mora Romagnola and Italian Duroc
are on the same branch; Krškopolje and SchwäbischHällisches Schwein (two related belted-patterned breeds)
are in the same cluster; several other breeds (Alentejana,
Majorcan Black, Swallow-Bellied Mangalitsa, Cinta Senese and Black Slavonian) are clustered together with the
wild boars, as previously described by Muñoz et al. [30].
Spatial analysis via the Mantel test (see Additional
file 2: Figure S4) did not reveal any significant correlation between genetic and geographic distances (r = 0.09,
p-value = 0.3).
Identification of signatures of selection in 22 domestic pig
breeds and in wild boars

Two approaches were applied to capture signatures of
selection in the investigated pig breeds and wild boar
population: (i) pooled heterozygosity, which identifies
signatures of selection by analysing the genetic properties segregating within each breed, and (ii) fixation index,
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which provides information that is summarized for each
single breed/population compared against all other
breeds and wild boars.
Pooled heterozygosity

The HP value of single breeds ranged from 0.094 (Turopolje) to 0.21 (Italian Large White). The average HP
value was 0.169 (s.d. = 0.031). Details are in Additional
file 1: Table S11. For each population, 12 genome windows (99.95th percentile) were detected as outliers (see
Additional file 1: Table S12 and Additional file 2: Figure S5). Figure 3a summarizes the signatures of selection that were identified in all the breeds and in wild
boars using this approach. Signatures of selection were
detected on 16 chromosomes and five unassembled
scaffolds. In total, 68 of 276 (25%) genome windows
were shared between two or more (up to seven) populations. Nine genome regions were shared by at least
four breeds and were located on Sus scrofa (SCC) chromosome SSC1, 4 and 8. The SSC1 region (from 170.3
to 170.4 Mb) did not harbour any annotated gene. The
SSC4 window (from 42.9 to 43.0 Mb), which contained
the TMEM67 and PDP1 genes, was already reported to
be involved in the domestication process of European
pig breeds [20]. The large region on SSC4 (from 75.5
to 75.9 Mb) was detected in seven pig breeds and harbours the PLAG1 gene, which was shown to be under

Fig. 3 Over-imposed Manhattan plots of the analyses of signatures of selection. a HP analysis and b averaged pairwise FST analysis
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positive selection during pig domestication [7]. The
SSC8 region (from 12.9 to 13.0 Mb), which was identified in four breeds, contains the LCORL gene, which has
been already reported to be included in an important
signature of selection by Rubin et al. [7] and by Schiavo
et al. [25]. Two other genome windows on SSC8 (from
42.6 to 42.7 Mb and from 45.5 to 45.6 Mb), close to the
KIT gene, harboured two genes, which are reported to
be under selection (i.e. MAP9 and PDGFC; [67]).
Other interesting H
 P signals, which potentially affect
traits that could define breed-specific features or production characteristics, included the MC1R and EDAR
genes (affecting hair-related traits [68–71]), ITFG1
(associated with average daily gain in cattle [72]),
NR4A2 (involved in female reproduction [73]), MC4R
(affecting fat deposition, growth performances and feed
intake [74]), and NR6A1 (affecting the number of vertebrae [75]).
A relevant signal was detected in Lithuanian White
old type, Italian Large White, Italian Landrace and Italian Duroc pigs on SSC15 (from 87.1 to 87.2 Mb), in the
region that harbours the CASP10 gene, confirming a
major signature of selection detected by Rubin et al. [7].
HP analyses also highlighted genome windows, which
contain several other genes (e.g. FOXA1, INSIG2 and
VEPH1, and EXOC5) that were previously detected in
analyses of signatures of selection that compared European domestic pigs against wild boars and Asian pigs
[20, 76] (Table 1).

FST analysis of single breeds

The FST value of single breeds ranged from 0.088 (Sarda)
to 0.202 (Turopolje). Details are in Additional file 1:
Table S11. The average F
 ST value was 0.135 (s.d. = 0.030).
In total, 276 genome windows were considered as outliers [99.95th percentile; (see Additional file 1: Table S13
and Additional file 2: Figure S6). Figure 3b summarizes
the genome regions that were identified in all the breeds
and in wild boars using this approach. About 7% of these
windows (18 windows) were located on five autosomes
(SSC5, 6, 8, 9, and 15) and were shared by two or more
(up to four) pig breeds (Table 2). Five windows were
shared by three or more populations, highlighting three
genomic regions: (i) SSC5: 29.3–29.6 Mb, which is characterized by the presence of candidate genes (LEMD3,
WIF1, HMGA2 and MSRB3) for ear size and ear position in pigs [77–80], and (ii) SSC5: 30.0–30.1 Mb and (iii)
SSC8: 46.6–46.7 Mb, for which no annotated genes were
found.
We also detected other interesting FST signals that are
linked to pigmentation processes in genome regions
that include MC1R (in Black Slavonian; confirming the
result of the H
 P analysis), KIT (in Krškopolje, Bísara
and Italian Large White), OCA2 (in Mora Romagnola
and Italian Duroc) and RB1 (in Cinta Senese), which
encodes a transcription factor cooperating with MITF
in melanocytes [81, 82]. Several other genome windows that harbour obesity-related genes were identified
in Krškopolje (including FANCL), Gascon (including
DPP10), Swallow-Bellied Mangalitsa (including PLIN1),

Table 1 Genome windows identified by the HP analysis on different porcine chromosomes (SSC) and shared by four
or more pig breeds
Genome windows (SSC:
start–end bp)

Number
of windows

Pig populations

1:170,300,001:170,400,001

1

Apulo-Calabrese, Casertana, Krškopolje,
Majorcan Black

829

–

4:42,900,001:43,000,001

1

Black Slavonian, Nero Siciliano, Krškopolje,
Gascon

683

TMEM67a, PDP1b, FAM92Ac, RBM12Bc

4:75,500,001:75,900,001

4

Cinta Senese, Apulo Calabrese, Krškopolje,
Lithuanian White old type, Sarda, Italian
Large White, Italian Landrace

2356

CHCHD7c, SDR16C5d, MOSc, PENKc,
TMEM68d, LOC100626876c, TGS1d, LYNc,
LOC106510084c, PLAG1a, XKR4d

8:12,900,001:13,000001

1

Bísara, Schwäbisch-Hällisches Schwein,
Italian Large White, Italian Landrace,
Majorcan Black

1067

NCAPGb, CAF16d, FAM184Bd, LCORLa

8:42,600,001:42,700,001

1

Bísara, Lithuanian White old type, Italian
Large White, Italian Landrace

683

8:45,500,001:45,600,001

1

Bísara, Lithuanian White old type, Italian
Large White, Italian Landrace

1482

a

Genes affecting or associated to several traits and within the reported windows

b

Genes affecting or associated to several traits

c

Other genes within the reported windows

d

Other listed genes are ± 200 kb upstream or downstream the reported windows

Number of SNPs

Annotated genes (± 200 kb)

LOC102162630d, LOC100526059d, MAP9a,
TLL1d, LOC100620475c
PDGFCa
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Table 2 Genomic windows identified in the single breed FST analysis on different porcine chromosomes (SSC) and shared
by two or more pig breeds and wild boars
Genome windows (SSC: start–end bp)

Pig populations

Annotated genes (± 200 kb)

5:29,300,001–29,400,001

Bísara, Moravka, Sarda

GNSd, RASSF3d, TBC1D30d, WIF1a, LOC106510322b,
LEMD3a

5:29,400,001–29,500,001

Alentejana, Bísara, Moravka, Sarda

TBC1D30d, LOC10651032d, WIF1c, LEMD3a, MSRB3a

5:29,500,001–29,600,001

Bísara, Moravka, Sarda

LOC106510322d, WIF1c, LEMD3c, MSRB3a

5:29,700,001–29,800,001

Alentejana, Bísara

WIF1a, LEMD3a, MSRB3c

5:30,000,001–30,100,001

Swallow-Bellied Mangalitsa, Moravka, Sarda

HMGA2a, MSRB3a

5:30,100,001–30,200,001

Moravka, Sarda

HMGA2c

5:30,200,001–30,300,001

Moravka, Sarda

LLPHd, TMBIM4d, HMGA2c

5:30,500,001–30,600,001

Swallow-Bellied Mangalits, Moravka

HMGA2a, LLPHd, HELBd, GRIP1d, IRAK3b, TMBIM4b

6:53,300,001–53,400,001

Lithuanian White old type, Italian Large White

SELENOWd, BSPH1d, EHD2d, BICRAb, CRXd, MEIS3d,
NOP53d, C5AR2d, SULT2A1d, C5AR1d, ZNF541b,
NAPAd, SLC8A2d, DHX34d, ELSPBP1d, KPTNd

8:43,800,001–43,900,001

Turopolje, Black Slavonian

MSMO1d, LOC110262006d, CPEd, LOC110261946d,
TMEM192d, LOC110261945d, KLHL2b,
LOC102163658d, LOC102163398d

8:46,600,001–46,700,001

Swallow-Bellied Mangalitsa, Turopolje, SchwäbischHällisches Schwein

–

8:66,300,001–66,400,001

Lithuanian White old type, Lithuanian Indigenous
Wattle

LOC100515222d, YTHDC1d, LOC100515741d,
LOC100516628b, LOC100624891d, LOC110262115d,
LOC110262116d, LOC100623504d, LOC100515394d,
UGT2B31b

8:66,900,001––67,000,001

Bísara, Sarda

LOC110262013d, CABS1d, LOC110262014d, ODAMd,
LOC100624541d, PRR27d, CSN1S2b, LOC110262119d,
CSN2b, CSN1S1b, SULT1E1d, CSN3d, STATHb

9:99,500,001–99,600,001

Nero Siciliano, Majorcan Black

LOC106504983b, SEMA3Cd, LOC110255497b, CD36d,
LOC100511343d

Nero Siciliano, Majorcan Black

GNAT3b, CD36d, GNAI1d

9:99,900,001–100,000,001
e

15:57,800,001–57,900,001

Mora Romagnola, Italian Duroc

–

15:97,300,001–97,400,001

Schwäbisch-Hällisches Schwein, Wild Boar

–

15:105,300,001–105,400,001

Casertana, Majorcan Black

TMEM237d, CDK15d, ALS2b, C2CD6d, MPP4b

a

Genes affecting or associated to several traits

b

Genes affecting or associated to several traits and within the reported windows

c

Other listed genes that are within the reported windows

d
e

Other listed genes are ± 200 kb upstream or downstream the reported windows

Region close to the OCA2 gene

Schwäbisch-Hällisches Schwein (including NUDT6,
SPATA5, and FGF2) and Mora Romagnola (harbouring
GTF2E1 and RABL3).
The window including the CASP10 gene on SSC15
(already identified in the H
 P analyses) was found for
the Majorcan Black and Casertana breeds. This gene is
located within a major signature of selection that was
previously described by Rubin et al. [7] who compared
domesticated breeds vs. wild boars. In addition to the
CASP10 gene-containing window, other peaks differentiated wild boars from the domesticated breeds.
For example, signals were detected in the SSC1 region
that encompasses NR6A1, which was already reported
in previous studies [7, 28]. Mutations in NR6A1

affect the number of vertebrae, which is considered a
domestication-derived trait and differentiates wild pig
from domestic genetic pools [28, 43, 75]. The FOXA1
and TCC6 genes, located on SSC7: 62.4–62.5 Mb,
were detected from the wild boar data, as previously
described by Rubin et al. [7].
For each pig population, we evaluated the overlap
between outlier regions in the FST analyses and those
outliers in the HP analyses. Three signals of signatures
of selection detected with the two approaches were in
genomic regions of less than 500 kb and encompassed
two chromosomes: one was detected in Bísara on SSC8
(from 42.7 to 42.9 Mb) near the KIT gene and another
one was detected in Gascon on SSC15 (from 21.8 to
22.3 Mb) and included the DPP10 gene.
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Gene enrichment analyses of breed‑derived regions
of signatures of selection

To obtain a first functional overview of breed-specific
windows of signatures of selection, over-representation
analyses were run over the human GWAS catalogue.
Twelve gene-phenotype associations, related to nine pig
breeds, were retained as statistically valid (Table 3).
Coat colour emerged as one of the most important distinctive traits that characterize the Black Slavonian and
Gascon breeds. Another interesting phenotype highlighted in this analysis is related to size/height (Table 3),
which was over-represented in Krškopolje, Italian Landrace, Italian Large White and Sarda. The 12 genes
(Table 3) that contribute to this phenotype spanned
genome windows encompassing SSC1, 4, 8 and 13.
Genome windows on SSC2, 3 and 9 harboured genes
associated to blood protein levels (Table 3). This phenotype was over-represented in the Cinta Senese and
Moravka breeds. Another phenotype identified in the
enrichment analysis was related to “heel bone mineral
density” that emerged from the gene set defined for the
Krškopolje breed.
Comparative analyses of signatures of selection
between groups of breeds

In order to complement and dissect the results obtained
in the breed-specific analyses, FST was also used to compare different groups of breeds. Since morphological
traits are known to represent important features that
differentiate breeds, we considered groups of breeds
according to coat colour and size of adult animals. These
phenotypic descriptors were regarded as representative and fixed or almost fixed in the breeds analysed
[15]. Thus, a few breeds that were not characterized by
uniformity of the considered external features were

excluded. Detailed information on the classification of
the breeds investigated is in Additional file 1: Table S1. In
addition, comparative analyses were run for groups that
included all domestic breeds or only commercial breeds
against wild boars, which were also included in pairwise comparisons with a few breeds to confirm/evaluate
further the identified signatures of selection. Detailed
information on the groups of breeds/populations and
comparisons performed is summarized in Additional
file 1: Table S8.
FST analysis of breed groups based on different coat
colours

Breeds were classified according to the main coat colour patterns and features and then compared to identify
major genomic regions that affect these external traits.
All the results from the comparative analyses are in Additional file 1: Table S14 and Figure S7.
The breeds classified as belted (Cinta Senese,
Krškopolje, Schwäbisch-Hällisches Schwein), even if
their belt patterns could not be considered homogeneous, were compared with (i) all other breeds, (ii) all solid
coloured breeds, (iii) all solid white coloured breeds
(Lithuanian White old type, Italian Large White and Italian Landrace), (iv) all spotted breeds (Basque, Bísara and
Lithuanian Indigenous Wattle), and (v) all solid black coloured breeds (Apulo-Calabrese, Swallow-Bellied Mangalitsa, Black Slavonian, Nero Siciliano, Majorcan Black,
Gascon and Moravka). In all these comparisons, major
FST peaks were observed in the SSC8 regions that contain
KIT, which is involved in the determination of this coat
colour pattern [7, 83, 84], or close to it, and include the
large and complex copy number variation region previously shown to affect this phenotype [7]. In the comparisons of the belted breeds with all the other breeds or with

Table 3 Breed-specific over-represented human-derived phenotypes as defined in the human GWAS catalogue
Breed

Human phenotype

Adjusted p-value

Overlapping genes

Black Slavonian

Red vs brown/black hair colour

MC1R, TCF25, CHMP1A, FANCA, SPIRE2, CDK10, DPEP1, DEF8, CBFA2T3

Black Slavonian

Low tan response

3.37 × 10−20

Black Slavonian

Brown vs black hair colour

MC1R, TCF25, CDK10, DEF8

Black Slavonian

Blond vs brown/black hair colour

2.81 × 10−06

Cinta Senese

Blood protein levels

EDAR, GZMM, PRSS57, PRTN3, AZU1, ELANE

Gascon

Red vs brown/black hair colour

2.63 × 10−02

Krškopolje

Height

LYN, MOS, MC4R, SDR16C5, PLAG1, PENK, CHCHD7, RPS20

Krškopolje

Heel bone mineral density

8.46 × 10−05

Italian Landrace

Height

LYN, MOS, PLAG1, CHCHD7, NCAPG, RPS20, LCORL

Italian Large White

Height

6.91 × 10−05

Moravka

Blood protein levels

PRTN3, NRTN, AZU1, CD36, ELANE

Sarda

Height

1.89 × 10−02

1.06 × 10−11

DBNDD1, MC1R, CHMP1A, FANCA, SPIRE2, DEF8

1.49 × 10−04

DBNDD1, MC1R, TCF25, CDK10, SPATA2L

1.83 × 10−09

TCF25, FANCA, SPIRE2, CBFA2T3

4.35 × 10−02

MC4R, PLAG1, ACYP2, SPTBN1

3.50 × 10−04

LYN, MOS, SDR16C5, GNPTAB, PLAG1, PENK, CHCHD7, RPS20

2.43 × 10−03

LYN, MOS, PLAG1, CHCHD7, RPS20, SERPINI1
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the spotted breeds, major FST signals were also identified
a few Mb away from the KIT gene, in a window from 48.5
to 48.6 Mb, without any annotated gene. This latter comparison showed that the most important F
 ST signal on
SSC8 was located downstream from the previous regions
(from 66.7 to 66.8 Mb). This window encompasses several annotated genes with unknown functions or that
could not be considered as directly involved in coat colour phenotypes, according to current knowledge. This
region was also identified in the comparison between
spotted and black breeds, which suggests that this window might contain genomic features that affect spotted
phenotypes. The results of the comparisons between the
two reddish breeds (Italian Duroc and Mora Romagnola)
against all breeds of other coat colours and colour patterns confirmed that SSC15 contains a major signature of
selection, as evidenced by several emerging peaks from
53.8 to 58.3 Mb and including the OCA2 gene (Fig. 4).
FST analysis of breed groups based on adult body size

Signatures of selection that affect body size were evaluated by grouping the pig breeds into three distinct
classes: (small size, medium size and large size (see Additional file 1: Tables S1, S8)] and are reported in Additional file 1: Table S14 and Additional file 2: Figure S7.
Signatures of selection between the two extreme groups
of breeds (small vs. large-sized pigs) were detected on
SSC8, 10, 13 and 15. The most interesting FST signals

Fig. 4 Allele frequency values of SNPs in the OCA2 region
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were on SSC8 (Fig. 5a) and SSC15 (Fig. 5b), in genomic
regions that are close to or harbour the NCAPG-LCORL
and CASP10 genes, respectively. These loci are known
to be involved in the determination of body conformation, birth weight and height in humans and several other
domesticated and wild animal species [85–89], including wild boars and domestic pigs [7, 25]. The region on
SSC10 (Fig. 5c) maps near the MPP7 gene, which has
been linked to number of teats in pigs [90]. On SSC13,
three genome windows were identified and the most relevant one (Fig. 5d) was close to the EPHA3 gene, which is
associated with ham weight loss at first salting in Italian
Large White pigs [91].
The signal on SSC15 was also detected when middleand large-sized pig breeds were compared (see Additional file 2: Figure S8a) in addition to other genome
windows on SSC1, 2 and 8. Among the windows on
SSC1, two (see Additional file 1: Figure S8b, c) harbour
genes that are related to body size. The first window harbours the ARID1B gene, which is associated with both
syndromic and non-syndromic short stature [92]. The
second window contains the MAP3K5 gene (and the
nearby PEX7 gene), which has been suggested as a functional candidate gene for body size in sheep [93]. Another
signal was observed on SSC2 (see Additional file 1: Figure S8d), which contains the PIK3C2A gene. Mutations
in the human PIK3C2A gene cause syndromic short
stature and skeletal abnormalities [94]. The small vs.
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Fig. 5 Allele frequency values of SNPs in putative selective sweep regions detected in the F ST analysis of small vs large-sized pig breeds. Major
signals were detected on a SSC8 that carries the NCAPG-LCORL gene, b SSC15, that carries the CASP10 gene, c SSC10, close to the MPP7 gene and d
SSC13, close to the EPHA3 gene

medium size comparison revealed a window on scaffold
NW_018084901.1, which contains the SHOX gene (ENSSSCG00000031933) that encodes the short stature homeobox protein.
Comparative FST analyses between commercial and local
pig breeds

Commercial pig breeds (Italian Large White, Italian Duroc and Italian Landrace) that have been under
intensive selection programmes since the beginning of
the 1990’ [95–97] were compared with local pig breeds.
Signals were detected on seven chromosomes: SSC1, 5,
9, 10, 11, 13 and 15 (see Additional file 1: Table S14 and
Additional file 2: Figure S7). The two windows on SSC1
were close to the MC4R gene (~ 160.77 Mb), which is
known to affect growth performances and carcass traits
in pigs [73, 74].

The window on SSC5 (29.3–29.4 Mb) contains two
genes (WIF1 and LEMD3) that are associated with
ear size [78, 80]. The region on SSC10 (39.9–40.0 Mb)
maps near MPP7, which is associated with the number of teats in pigs [90]. The window on SSC13
(167.4–167.5 Mb) is close to EPHA3 (166.6–166.9 Mb),
which is associated with ham weight loss at first salting in Italian Large White pigs [91]. The SSC15 region
(105.2–105.3 Mb), which contains several functional
genes (TMEM237, C2CD6 and MPP4), is close to the
previously mentioned region on this chromosome that
includes CASP10. This gene was reported to be in a
signature of selection that was identified by comparing
wild boars and domestic pigs [7].
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Comparative FST analysis between domestic (local) breeds
and wild boars

Wild boar whole-genome resequencing data were compared first with data from all domestic breeds. Signatures
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of selection were identified on SSC1, 7, 8, 13 and 15 (see
Additional file 1: Table S14 and Additional file 2: Figure
S7). The SSC1 regions were close to two major genes,
already mentioned above (MC4R and NR6A1; Fig. 6a).

Fig. 6 Allele frequency values of SNPs in putative selective sweep regions detected in the F ST analysis of domestic breeds (local) and wild boars.
Major signals were detected on a SSC1 that carries the NR6A1 gene, b SSC7 that carries the TCC6, FOXA1 and SSTR1 genes, c SSC7 that carries the
SUPT16H gene, d SSC8, the same region emerging also in the comparisons between spotted breeds, e SSC13 that carries the CEP63 gene and f SSC6
that encompasses the AGBL4 gene
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Two signatures of selection were located on SSC7
(Fig. 6b, c): one close to TCC6 and FOXA1, which were
also identified in the single population analysis, and to
SSTR1, which is involved in the metabolite levels of the
5-HIAA/MHPG ratio [98]. The second SSC7 region contains the SUPT16H gene, which encodes a component
of the chromatin transcription (FACT) complex and has
been suggested to be involved in transcriptional suppression during virus infections and thus in the promotion of
virus latency [99], The SSC8 window (Fig. 6d) is the same
region that was detected in the comparison between the
spotted breeds. The window on SSC13 (Fig. 6e) harbours
the CEP63 gene, which is associated with human height
[100]. Finally, the three SSC15 windows identified in this
comparison contain no annotated genes.
Considering that autochthonous breeds may have
experienced cross-breeding with wild boars (which
occurs mainly in extensive production systems [28]), we
also compared wild boar sequence data with data from
the commercial breeds that are assumed not to have
been recently affected by wild boar introgression. Our
results were similar to those described for the comparison against all domesticated breeds (i.e. we identified the
same SSC1, 7 and 15 regions). In addition, in this analysis, a few other regions emerged: a large region on SSC6
(Fig. 6f ) that encompasses the AGBL4 gene, which is
involved in obesity and fat deposition traits [101], and a
few other regions on SSC15, including a region close to
the previously reported CASP10 gene.
Putative deleterious variants in selection sweep regions

The impact of non-synonymous SNPs (nsSNPs) on protein function was evaluated with SIFT, which predicts
whether an amino-acid substitution is functionally neutral or deleterious [102]. In total, 18,532 of 149,180 nsSNPs (~ 12.4%) were classified as deleterious to protein
function (SIFT score < 0.05). Since a SNP can affect multiple genes and their isoforms, 21,252 deleterious scores
were obtained, among which 6599 were equal to zero and
11,396 had a value lower than 0.01. However, interpretation of these SIFT predicted effects should be done with
caution, since most of them might be functionally neutral
[54].
Alongside nsSNPs, stop gain (N = 968) and stop lost
(N = 148) variants were considered potentially deleterious, according to their disrupting effect on the protein
function. Allele frequencies (AF) of these putative deleterious variants (N = 19,648; 18,532 nsSNPs + 968 SG + 148
SL) were evaluated relative to the wild boar population,
i.e. we considered that the putative ancestral form was
the allele, which within the wild boar population had a
frequency higher than 0.5 and we quantified their number. We identified 19,395 putative deleterious/disrupting
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variants (18,290 nsSNPs, 959 SG and 146 SL) out of the
19,648 previously detected variants also present in the
wild boar population. Of these 19,395 variants, 1782
(1640 nsSNPs, ~ 9%; 109 SG, ~ 11%; 33 SL, ~ 23%) had the
alternative allele as ancestral form (i.e. not in the reference genome).
We also analysed the fraction of variants that showed a
marked difference in allele frequency between pig breeds
and wild boars (AF > 0.8 in one group, AF < 0.2 in the
other, and vice versa). Of the 19,395 inspected variants,
we retrieved 86 variants (see Additional file 1: Table S15):
81 nsSNPs, 4 SG and 1 SL, and about 92% of these variants had the alternative allele as the ancestral form. Then,
we examined the overlap between these variants and the
regions under selection and identified four variants in the
following genes: one SNP in L3HYPDH (regions identified in the H
 P analysis of Lithuanian indigenous wattle; with the alternative allele as the ancestral form), one
SNP in OLFML2A (region of NR6A1; with the alternative
allele as the ancestral form) and two SNPs in RPGRIP1
(FST analysis of wild boar; both SNPs presented the reference allele as the ancestral form).

Discussion
At the population level, livestock genetic resources have
been shaped by a complex interplay between human
directly driven or derived genetic events (including artificial selection, introgression, admixture, genetic drift, and
bottleneck) and adaptation to a variety of environmental
and production conditions [3]. The resulting signatures of
selection can be detected at the genome level by analysing and comparing the sequence variation among breeds
or populations. In this study, we analysed the distribution of genetic variants in the genome of a European wild
boar population and 22 European pig breeds, most of
them being autochthonous and unexplored populations.
By using whole-genome resequencing of DNA pools, we
identified signatures of selection that covered 502 unique
genome windows (that were merged into 359 genome
regions) and 49.9 Mb (~ 2%) of the Sus scrofa genome.
Our results were obtained by using a single breed
approach with two statistics (within-breed pooled heterozygosity and fixation index) and a group-based FST
approach, which compared groups of potentially partial
homogeneous genomes, as assumed by general phenotypic descriptors or level of domestication/breeding of
the grouped breeds. Signals overlapped partially between
approaches, methods, breeds and contrasted groups of
breeds, providing an interesting picture of genomic patterns distributed in European pig breeds.
Summarizing and combining these results, putatively ancestral related signatures of selection (i.e. wild
boar conditions) were detected across all the genome of
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several autochthonous breeds (Fig. 6). A possible explanation could be a continuous gene flow that might have
contributed, at least in part, to the adaptation of these
pig genetic resources to a variety of environments and
extensive or semi-extensive production systems. The flow
might be, in most cases, accidental, derived by the rearing
systems that cannot prevent admixture with wild boars.
In other cases (i.e. Mora Romagnola, Swallow Bellied
Mangalitsa, Basque and Turopolje breeds), this picture
reflects the deliberate use of wild boars to constitute or
reconstruct these breeds or the fact that these primitive
breeds only recently started to differentiate from a wild
genetic background. These situations could also explain,
in part, their greater rusticity and their usual lower production efficiency compared to commercial breeds.
In spite of this general and potentially recent introgression of wild boar genetic sequences into the domestic pig
genome, the comparison with wild boars identified several genome regions that are associated to the domestication state. Rubin et al. [7] had already reported a few
of these regions. For example, the region including the
NR6A1 gene on SSC1 showed genetic patterns that differed to some extent between wild boars and domestic
breeds, similarly to what was observed for the CASP10
gene region on SSC15. In this comparison, we also
detected a signature of selection in the region around
the MC4R gene, which, indirectly, confirms the important effect of this gene on productive and economically relevant traits [73] that were selected for during
domestication and selection processes. The signals in
this region were detected by comparing wild boars with
both autochthonous breeds and cosmopolitan breeds,
which suggests, at this gene, a gradient of allele frequencies that went from wild state to domesticated and then
to selected state. At the putative causative mutation of
this gene (c.892G>A; rs81219178), the frequency of allele
A, which is associated with high growth performances
[73, 103], was higher in the commercial breeds than its
average frequency in all autochthonous breeds, as was
already shown by Muñoz et al. [27]. Wild boars carried
only allele G. This signature of selection was also confirmed by the increasing trend of the frequency of allele
A during the decades of intensive selection programmes
in commercial breeds [95]. Signatures of selections were
also identified in the same gene regions by applying single-breed analyses, which confirmed again the existence
of quite differentiated patterns of ancestral/primitive
states across breeds. Similar conclusions were also drawn
for several other gene regions (including genes not previously reported or genes already reported by others, e.g.
LCORL, NR6A1, MAP9 and PLAG1 [7, 75], that emerged
only in a few breeds or that emerged by applying one or
another statistical approach.
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Recently, we analysed SNP chip data that were produced for all the autochthonous breeds included in this
study and used a single-SNP single-breed FST approach to
detect signatures of selection in the pig genome [30]. The
comparison of SNP chip data with the whole-genome
resequencing data obtained in this study clearly showed
that the two approaches can capture different types of
information (complementary and only in part overlapping). This could be due to statistical and methodological differences between the two studies (we included also
three commercial pig breeds) and to the different level of
informativity of SNP chip vs sequencing data. Nineteen
overlapping (or in proximity; < 500 kb) genome windows
in 11 pig breeds were identified (see Additional file 1:
Table S16). The fact that these regions were detected by
two different methodological approaches and techniques
strengthens the involvement of genes that potentially
affect traits with breed-specific features or production
characteristics. For example, one interesting signature
of selection that both approaches captured was in the
Alentejana breed on SSC5, it encompasses the HMGA2/
MSRB3/LEMD3/WIF1 [77–80] gene region that is associated with ear conformation. Signatures of selection that
were detected by both SNP chip and resequencing data
were also observed in Krškopolje (SSC5) and Lithuanian
White old type pig breeds (SSC13) and encompass genes
that affect fatty acids content (PLOD2; [104]) and human
height (PLOD2 and FOXO3; [70, 105]).
By comparing whole-genome resequencing data from
different homogeneous groups of breeds, it was possible,
in most cases, to confirm results that had already been
obtained with the single-breed approach. When morphological traits (i.e. coat colours and body size) were used to
group breeds, emerging FST windows provided information on well-known genes that affect these morphological
characteristics (i.e. KIT, NCAPG-LCORL and CASP10 [7,
83, 84]) in addition to the emergence of new evidence.
For example, on SSC8, in addition to the KIT region, we
detected other genomic regions that are strongly associated with pigmentation patterns, and on SSC15, there is
strong evidence that the OCA2 gene region is associated
with the reddish coat colour of Duroc [106] and Mora
Romagnola breeds. Moreover, the overlap of some of
these genome regions with those detected in the singlebreed FST analysis (in relation to the breeds characterizing the investigated groups) strengthens the possible
involvement of genome regions that potentially affect
phenotypic traits.
Whole-genome resequencing data also provided information on putatively deleterious/disrupting mutations in
the genome of the investigated breeds and the wild boar
population. A limited fraction of these mutations (0.4%)
was detected as highly frequent (AF > 0.8) in the wild
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boar population, and only four mutations were included
in signatures of selection, which suggests that most of the
variants with putative functional effects may play a regulatory role, as reported in other studies (i.e. [7]).

Conclusions
This study mined whole-genome resequencing data
that were produced for autochthonous and commercial
domestic pig breeds and wild boar populations to identify signatures of selection in the Sus scrofa genome that
might reflect, at least in part, the genetic diversity present
in this livestock species at the European level. With more
than 22 million genome variants, we used different statistics and methodologies that allowed us to detect signatures of selections in more than 500 genome regions.
These regions harboured genes that can explain part of
the phenotypic diversity of the investigated pig populations and their adaptation to different breeding and production systems. Wild boar related signatures of selection
are present in many autochthonous breeds in Europe,
which suggests that the management of these genetic
resources should evaluate the contribution of the ancestral state in defining breed rusticity. Overall, these results
will be useful to better decipher the biological mechanisms that underlie the genetic diversity of different pig
populations and to design appropriate conservation programmes for maintaining these genetic resources.
Supplementary information
Supplementary information accompanies this paper at https://doi.
org/10.1186/s12711-020-00553-7.
Additional file 1: Table S1. Details on the animals analysed and breeds
investigated, including geographical distribution and phenotypic
description. Table S2. Summary of whole-genome sequencing statistics.
Table S3. Statistics on SNPs detected in this study. Table S4. Statistics
on annotated SNPs. Annotation was performed with the Variant Effect
Predictor (VEP) tool. Table S5. Statistics on the window selection analysis.
Table S6. Groups of breeds/populations compared in the current study.
Table S7. Statistics of the genome-wide window-based heterozygosity
(HP) values and fixation index ( FST) values. Table S8. Statistics of the
genome-wide FST values between groups of pig breeds/populations
based on 100-kb windows. Table S9. Pearson’s correlation coefficient (r)
based on the frequency of the alternative allele. Table S10. Single SNP
FST distances between pairs of pig populations. Table S11. Within-breed
average pooled heterozygosity ( HP) and fixation index ( FST) values.
Table S12. HP analysis. The genome windows at the extreme lower end
of the distributions (99.95th percentile) are presented. Table S13. Singlebreed FST analysis. The genome windows at the extreme lower end of the
distributions (99.95th percentile) are presented. Table S14. Comparative
FST analysis of breed groups. The genome windows at the extreme lower
end of the distributions (99.95th percentile) are presented. Table S15.
Putative deleterious variants that showed a marked allele frequency dif‑
ference between pig breeds and wild boars (> v80% in one group, < 2 0%
in the other, and vice versa). Table S16. Regions of signatures of selection
identified by whole-genome resequencing data produced in this study
and SNP chip data produced by Muñoz et al. [30].
Additional file 2: Figure S1. Evaluation of the D-statistics for the Kol‑
mogorov–Smirnov test. Figure S2. Selection of the window size. (a) The

Page 16 of 19

number of windows with less than 10 SNPs over windows of variable size
(in the range from 50 to 300-kb) is presented. Red dots represent windows
larger than 100 kb, for which the number of windows with less than 10
SNPs started to asymptotically decrease. (b to d) Distribution of the num‑
ber of SNPs contained in the 50-, 100- and 150-kb windows, respectively.
Figure S3. FST based Neighbour-Joining tree. Next to the branches, the
bootstrap test values expressed as percentage over 10,000 replicates are
indicated in red. Figure S4. Mantel test between FST distance and the
geographical distances (based on longitudinal and latitudinal coordinates)
among autochthonous pig populations. Figure S5. Manhattan plots of
the genome-wide HP analyses. Each dot represents a 100-kb genome win‑
dow. Figure S6. Manhattan plots of the genome-wide FST analyses. Each
dot represents a 100-kb genome window. Figure S7. Manhattan plots
of the genome-wide FST analysis of breed groups Each dot represents a
100-kb genome window. Figure S8. Allele frequencies of SNPs in putative
regions of signatures of selection detected in the F ST analysis of middle vs
large-sized pig breeds. Major signals were detected on: (a) SSC15 that car‑
ries the CASP10 gene, (b) SSC1 that carries the ARID1B gene, (c) SSC1 that
carries the MAP3K5 gene (and the nearby PEX7) and (d) SSC2 that carries
the PIK3C2A gene.
Acknowledgements
The authors thank the TREASURE Consortium for the collaboration in this
study.
Authors’ contributions
LF, CO and MCP conceived and designed the study and obtained funding. AR
and VJU performed the wet lab work. SB and GS conducted bioinformatics
analyses. FDP and GE helped with data analysis. CO, CR, CZ, DK, EC, JMM, JPJ,
JQ, MCM, MG, MJM, RQ, RS, VM and VR provided samples. All authors contrib‑
uted to data interpretation. LF and SB wrote the paper. All authors read and
approved the final manuscript.
Funding
SB received a fellowship from the Europe-FAANG COST Action. This work
received funding from the University of Bologna RFO 2016–2019 programme
and from the European Union’s Horizon 2020 research and innovation pro‑
gramme under Grant agreement No. 634476 for the project with the acronym
TREASURE. The content of this article reflects only the authors’ view and the
European Union Agency is not responsible for any use that may be made of
the information it contains.
Availability of data and materials
Sequence data generated and analysed in the current study are available in
the EMBL-EBI European Nucleotide Archive (ENA) repository (http://www.
ebi.ac.uk/ena), under the study accession PRJEB36830. SNPs were submitted
to the EMBL-EBI European Variation Archive (EVA) under the study accession
PRJEB36974, analyses ERZ1302242. The datasets generated and/or analysed
during the current study are available in the Zenodo repository, https://doi.
org/10.5281/zenodo.3670560, and from the corresponding author on reason‑
able request.
Ethics approval and consent to participate
Not applicable.
Ethic statement
Blood samples from pigs were obtained by specialized professionals following
standard breeding procedures and health monitoring practices and guide‑
lines at farm or at slaughter. No treatments or other procedures with animals
were performed that would demand ethical protocols according to Directive
2010/63/EU (2010). Collected DNA or samples from previous projects were
also re-used in this study.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Bovo et al. Genet Sel Evol

(2020) 52:33

Author details
1
Department of Agricultural and Food Sciences, Division of Animal Sciences,
University of Bologna, Viale Fanin 46, 40127 Bologna, Italy. 2 Departamento
Mejora Genética Animal, INIA, Crta. de la Coruña km. 7,5, 28040 Madrid, Spain.
3
Centro de Investigação de Montanha (CIMO), Instituto Politécnico de Viana
do Castelo, Escola Superior Agrária, Refóios do Lima, 4990‑706 Ponte de Lima,
Portugal. 4 DAGRI ‑ Animal Science Section, Università di Firenze, Via delle
Cascine 5, 50144 Florence, Italy. 5 Kmetijski Inštitut Slovenije, Hacquetova
17, 1000 Ljubljana, Slovenia. 6 Instituto de Ciências Agrárias e Ambientais
Mediterrânicas (ICAAM), Universidade de Évora, Polo da Mitra, Apartado 94,
7006‑554 Évora, Portugal. 7 Earlham Institute, Norwich Research Park, Colney
Lane, Norwich NR47UZ, UK. 8 Department of Animal Science, Faculty of Agri‑
culture, University of Zagreb, Svetošimunska c. 25, 10000 Zagreb, Croatia.
9
Associazione Nazionale Allevatori Suini (ANAS), Via Nizza 53, 00198 Rome,
Italy. 10 Faculty of Agrobiotechnical Sciences, University of Osijek, Vladimira
Preloga 1, 31000 Osijek, Croatia. 11 IFIP Institut du porc, La Motte au Vicomte,
BP 35104, 35651 Le Rheu Cedex, France. 12 Programa de Genética y Mejora
Animal, IRTA, Torre Marimon, 08140 Caldes de Montbui, Barcelona, Spain.
13
Department of Pig Breeding and Genetics, Institute for Animal Husbandry,
Belgrade‑Zemun 11080, Serbia. 14 Animal Science Institute, Lithuanian Uni‑
versity of Health Sciences, Baisogala, Lithuania. 15 GenPhySE, INRAE, Université
de Toulouse, Chemin de Borde‑Rouge 24, Auzeville Tolosane, 31326 Castanet
Tolosan, France. 16 Faculty of Agriculture, University of Belgrade, Nemanjina 6,
Belgrade‑Zemun 11080, Serbia. 17 AGRIS SARDEGNA, Loc. Bonassai, 07100 Sas‑
sari, Italy. 18 Bäuerliche Erzeugergemeinschaft Schwäbisch Hall, Schwäbisch
Hall, Germany.
Received: 10 November 2019 Accepted: 17 June 2020

References
1. Andersson L. Genetic dissection of phenotypic diversity in farm ani‑
mals. Nat Rev Genet. 2001;2:130–8.
2. Andersson L, Georges M. Domestic-animal genomics: deciphering the
genetics of complex traits. Nat Rev Genet. 2004;5:202–12.
3. Leroy G, Boettcher P, Hoffmann I, Mottet A, Teillard F, Baumung R. An
exploratory analysis on how geographic, socioeconomic, and environ‑
mental drivers affect the diversity of livestock breeds worldwide. J Anim
Sci. 2016;94:5055–63.
4. Biswas S, Akey JM. Genomic insights into positive selection. Trends
Genet. 2006;22:437–46.
5. Hayes BJ, Chamberlain AJ, Maceachern S, Savin K, McPartlan H,
MacLeod I, et al. A genome map of divergent artificial selection
between Bos taurus dairy cattle and Bos taurus beef cattle. Anim Genet.
2009;40:176–84.
6. Rubin C-J, Zody MC, Eriksson J, Meadows JRS, Sherwood E, Webster MT,
et al. Whole-genome resequencing reveals loci under selection during
chicken domestication. Nature. 2010;464:587–91.
7. Rubin CJ, Megens HJ, Martinez Barrio A, Maqbool K, Sayyab S,
Schwochow D, et al. Strong signatures of selection in the domestic pig
genome. Proc Natl Acad Sci USA. 2012;109:19529–36.
8. Frantz LAF, Schraiber JG, Madsen O, Megens HJ, Cagan A, Bosse M, et al.
Evidence of long-term gene flow and selection during domestication
from analyses of Eurasian wild and domestic pig genomes. Nat Genet.
2015;47:1141–8.
9. Bertolini F, Schiavo G, Tinarelli S, Santoro L, Utzeri VJ, Dall’Olio S, et al.
Exploiting phenotype diversity in a local animal genetic resource:
identification of a single nucleotide polymorphism associated with the
tail shape phenotype in the autochthonous Casertana pig breed. Livest
Sci. 2018;216:148–52.
10. Bertolini F, Servin B, Talenti A, Rochat E, Kim ES, Oget C, et al. Signatures
of selection and environmental adaptation across the goat genome
post-domestication. Genet Sel Evol. 2018;19(50):57.
11. Porter V. Pigs: a handbook to the breeds of the world. Hastings: Helm
Information; 1993. p. 604.
12. Larson G, Albarella U, Dobney K, Rowley-Conwy P, Schibler J, Tresset A,
et al. Ancient DNA, pig domestication, and the spread of the Neolithic
into Europe. Proc Natl Acad Sci USA. 2007;104:15276–81.

Page 17 of 19

13. Larson G, Dobney K, Albarella U, Fang M, Matisoo-Smith E, Robins J,
et al. Worldwide phylogeography of wild boar reveals multiple centers
of pig domestication. Science. 2005;307:1618–21.
14. Larson G, Liu R, Zhao X, Yuan J, Fuller D, Barton L, et al. Patterns of East
Asian pig domestication, migration, and turnover revealed by modern
and ancient DNA. Proc Natl Acad Sci USA. 2010;107:7686–91.
15. Čandek-Potokar M, Nieto Liñan RM. European local pig breeds—diver‑
sity and performance. A study of project TREASURE. London: IntechO‑
pen; 2019.
16. Schiavo G, Bovo S, Tinarelli S, Bertolini F, Dall’Olio S, Gallo M, et al.
Genome-wide association analyses for several exterior traits in the
autochthonous Casertana pig breed. Livest Sci. 2019;230:103842.
17. Schiavo G, Bertolini F, Utzeri VJ, Ribani A, Geraci C, Santoro L, et al.
Taking advantage from phenotype variability in a local animal genetic
resource: identification of genomic regions associated with the hairless
phenotype in Casertana pigs. Anim Genet. 2018;49:321–5.
18. Boettcher PJ, Tixier-Boichard M, Toro MA, Simianer H, Eding H, Gandini
G, et al. Objectives, criteria and methods for using molecular genetic
data in priority setting for conservation of animal genetic resources.
Anim Genet. 2010;41:64–77.
19. Wilkinson S, Lu ZH, Megens HJ, Archibald AL, Haley C, Jackson IJ, et al.
Signatures of diversifying selection in European pig breeds. PLoS Genet.
2013;9:e1003453.
20. Yang B, Cui L, Perez-Enciso M, Traspov A, Crooijmans RPMA, Zinovieva N,
et al. Genome-wide SNP data unveils the globalization of domesticated
pigs. Genet Sel Evol. 2017;49:71.
21. Gurgul A, Jasielczuk I, Ropka-Molik K, Semik-Gurgul E, Pawlina-Tyszko
K, Szmatoła T, et al. A genome-wide detection of selection signatures
in conserved and commercial pig breeds maintained in Poland. BMC
Genet. 2018;19:95.
22. Ovilo C, Clop A, Noguera JL, Oliver MA, Barragán C, Rodriguez C, et al.
Quantitative trait locus mapping for meat quality traits in an Ibe‑
rian × Landrace F2 pig population. J Anim Sci. 2002;80:2801–8.
23. Silió L, Barragán C, Fernández AI, García-Casco J, Rodríguez MC. Assess‑
ing effective population size, coancestry and inbreeding effects on
litter size using the pedigree and SNP data in closed lines of the Iberian
pig breed. J Anim Breed Genet. 2016;133:145–54.
24. Tomás A, Ramírez O, Casellas J, Muñoz G, Sánchez A, Barragán C, et al.
Quantitative trait loci for fatness at growing and reproductive stages in
Iberian × Meishan F(2) sows. Anim Genet. 2011;42:548–51.
25. Schiavo G, Bertolini F, Galimberti G, Bovo S, Dall’Olio S, Nanni Costa L,
et al. A machine learning approach for the identification of populationinformative markers from high-throughput genotyping data: applica‑
tion to several pig breeds. Animal. 2020;14:223–32.
26. Schiavo G, Bovo S, Bertolini F, Tinarelli S, Dall’Olio S, Nanni Costa L, et al.
Comparative evaluation of genomic inbreeding parameters in seven
commercial and autochthonous pig breeds. Animal. 2020;14:910–20.
27. Muñoz M, Bozzi R, García F, Núñez Y, Geraci C, Crovetti A, et al. Diversity
across major and candidate genes in European local pig breeds. PLoS
One. 2018;13:e0207475.
28. Ribani A, Utzeri VJ, Geraci C, Tinarelli S, Djan M, Veličković N, et al.
Signatures of de-domestication in autochthonous pig breeds and of
domestication in wild boar populations from MC1R and NR6A1 allele
distribution. Anim Genet. 2019;50:166–71.
29. Fontanesi L, Scotti E, Gallo M, Nanni Costa L, Dall’Olio S. Authentica‑
tion of “mono-breed” pork products: identification of a coat colour
gene marker in Cinta Senese pigs useful to this purpose. Livest Sci.
2016;184:71–7.
30. Muñoz M, Bozzi R, García-Casco J, Núñez Y, Ribani A, Franci O, et al.
Genomic diversity, linkage disequilibrium and selection signatures in
European local pig breeds assessed with a high density SNP chip. Sci
Rep. 2019;9:13546.
31. Ai H, Huang L, Ren J. Genetic diversity, linkage disequilibrium and selec‑
tion signatures in chinese and Western pigs revealed by genome-wide
SNP markers. PLoS One. 2013;8:e56001.
32. Li M, Tian S, Jin L, Zhou G, Li Y, Zhang Y, et al. Genomic analyses identify
distinct patterns of selection in domesticated pigs and Tibetan wild
boars. Nat Genet. 2013;45:1431–8.
33. Yang S, Li X, Li K, Fan B, Tang Z. A genome-wide scan for signatures
of selection in Chinese indigenous and commercial pig breeds. BMC
Genet. 2014;15:7.

Bovo et al. Genet Sel Evol

(2020) 52:33

34. Ma Y, Wei J, Zhang Q, Chen L, Wang J, Liu J, et al. A genome scan for
selection signatures in pigs. PLoS One. 2015;10:e0116850.
35. Moon S, Kim TH, Lee KT, Kwak W, Lee T, Lee SW, et al. A genome-wide
scan for signatures of directional selection in domesticated pigs. BMC
Genomics. 2015;16:130.
36. Fu Y, Li C, Tang Q, Tian S, Jin L, Chen J, et al. Genomic analysis reveals
selection in Chinese native black pig. Sci Rep. 2016;6:36354.
37. Edea Z, Hong JK, Jung JH, Kim DW, Kim YM, Kim ES, et al. Detecting
selection signatures between Duroc and Duroc synthetic pig popula‑
tions using high-density SNP chip. Anim Genet. 2017;48:473–7.
38. Ma Y, Zhang S, Zhang K, Fang C, Xie S, Du X, et al. Genomic analysis to
identify signatures of artificial selection and loci associated with impor‑
tant economic traits in Duroc pigs. G3 (Bethesda). 2018;8:3617–25.
39. Zhang Z, Xiao Q, Zhang QQ, Sun H, Chen JC, Li ZC, et al. Genomic
analysis reveals genes affecting distinct phenotypes among different
Chinese and western pig breeds. Sci Rep. 2018;8:13352.
40. Wang K, Wu P, Yang Q, Chen D, Zhou J, Jiang A, et al. Detection of
selection signatures in Chinese Landrace and Yorkshire pigs based on
genotyping-by-sequencing data. Front Genet. 2018;9:119.
41. Wang Z, Chen Q, Yang Y, Yang H, He P, Zhang Z, et al. A genome-wide
scan for selection signatures in Yorkshire and Landrace pigs based on
sequencing data. Anim Genet. 2014;45:808–16.
42. Wang Z, Sun H, Chen Q, Zhang X, Wang Q, Pan Y. A genome scan
for selection signatures in Taihu pig breeds using next-generation
sequencing. Animal. 2019;13:683–93.
43. Fontanesi L, Ribani A, Scotti E, Utzeri VJ, Veličković N, Dall’Olio S. Dif‑
ferentiation of meat from European wild boars and domestic pigs using
polymorphisms in the MC1R and NR6A1 genes. Meat Sci. 2014;98:781–4.
44. Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: a laboratory
manual. Cold Spring Harbor: Cold Spring Harbor Lab Press; 1989.
45. Li H, Durbin R. Fast and accurate short read alignment with Burrows–
Wheeler transform. Bioinformatics. 2009;25:1754–60.
46. Bansal V. A statistical method for the detection of variants from nextgeneration resequencing of DNA pools. Bioinformatics. 2010;26:318–24.
47. Li H. Toward better understanding of artifacts in variant calling from
high-coverage samples. Bioinformatics. 2014;30:2843–51.
48. Anand S, Mangano E, Barizzone N, Bordoni R, Sorosina M, Clarelli F, et al.
Next generation sequencing of pooled samples: guideline for variants’
filtering. Sci Rep. 2016;6:33735.
49. Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al.
dbSNP: the NCBI database of genetic variation. Nucleic Acids Res.
2001;29:308–11.
50. 1000 Genomes Project Consortium, Abecasis GR, Altshuler D, Auton A,
Brooks LD, Durbin RM, et al. A map of human genome variation from
population-scale sequencing. Nature. 2010;467:1061–73.
51. Schiavo G, Hoffmann OI, Ribani A, Utzeri VJ, Ghionda MC, Bertolini F,
et al. A genomic landscape of mitochondrial DNA insertions in the
pig nuclear genome provides evolutionary signatures of interspecies
admixture. DNA Res. 2017;24:487–98.
52. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
sequence alignment/map format and SAMtools. Bioinformatics.
2009;25:2078–9.
53. McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The
Ensembl variant effect predictor. Genome Biol. 2016;17:122.
54. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding nonsynonymous variants on protein function using the SIFT algorithm. Nat
Protoc. 2009;4:1073–81.
55. R Core Team (2018). R: a language and environment for statistical com‑
puting. Vienna: R Foundation for Statistical Computing. http://www.Rproject.org/.
56. Bovo S, Bertolini F, Schiavo G, Mazzoni G, Dall’Olio S, Fontanesi L.
Reduced representation libraries from DNA pools analysed with next
generation semiconductor based-sequencing to identify SNPs in
extreme and divergent pigs for back fat thickness. Int J Genomics.
2015;2015:950737.
57. Karlsson EK, Baranowska I, Wade CM, Salmon Hillbertz NHC, Zody
MC, Anderson N, et al. Efficient mapping of mendelian traits in dogs
through genome-wide association. Nat Genet. 2007;39:1321–8.
58. Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and
evolution in R language. Bioinformatics. 2004;20:289–90.

Page 18 of 19

59. Sun L, Liu S, Wang R, Jiang Y, Zhang Y, Zhang J, et al. Identification and
analysis of genome-wide SNPs provide insight into signatures of selec‑
tion and domestication in channel catfish (Ictalurus punctatus). PLoS
One. 2014;9:e109666.
60. Guo J, Tao H, Li P, Li L, Zhong T, Wang L, et al. Whole-genome sequenc‑
ing reveals selection signatures associated with important traits in six
goat breeds. Sci Rep. 2018;8:10405.
61. Turner S. qqman: an R package for visualizing GWAS results using Q–Q
and Manhattan plots. J Open Source Softw. 2018;3:731.
62. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010;26:841–2.
63. Phanstiel DH, Boyle AP, Araya CL, Snyder MP. Sushi.R: flexible, quantita‑
tive and integrative genomic visualizations for publication-quality
multi-panel figures. Bioinformatics. 2014;30:2808–10.
64. Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S,
et al. The GeneCards suite: from gene data mining to disease genome
sequence analyses. Curr Protoc Bioinformatics. 2016;54:1.30.1–30.33.
65. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool.
BMC Bioinformatics. 2013;14:128.
66. Buniello A, MacArthur JAL, Cerezo M, Harris LW, Hayhurst J, Malangone
C, et al. The NHGRI-EBI GWAS Catalog of published genome-wide asso‑
ciation studies, targeted arrays and summary statistics 2019. Nucleic
Acids Res. 2019;47:D1005–12.
67. Bosse M, Lopes MS, Madsen O, Megens HJ, Crooijmans RPMA, Frantz
LAF, et al. Artificial selection on introduced Asian haplotypes shaped
the genetic architecture in European commercial pigs. Proc Biol Sci.
2015;282:20152019.
68. Adhikari K, Fontanil T, Cal S, Mendoza-Revilla J, Fuentes-Guajardo M,
Chacón-Duque J-C, et al. A genome-wide association scan in admixed
Latin Americans identifies loci influencing facial and scalp hair features.
Nat Commun. 2016;7:10815.
69. Endo C, Johnson TA, Morino R, Nakazono K, Kamitsuji S, Akita M, et al.
Genome-wide association study in Japanese females identifies fifteen
novel skin-related trait associations. Sci Rep. 2018;8:8974.
70. Kichaev G, Bhatia G, Loh PR, Gazal S, Burch K, Freund MK, et al. Leverag‑
ing polygenic functional enrichment to improve GWAS power. Am J
Hum Genet. 2019;104:65–75.
71. Yap CX, Sidorenko J, Wu Y, Kemper KE, Yang J, Wray NR, et al. Dissection
of genetic variation and evidence for pleiotropy in male pattern bald‑
ness. Nat Commun. 2018;9:5407.
72. Higgins MG, Fitzsimons C, McClure MC, McKenna C, Conroy S, Kenny
DA, et al. GWAS and eQTL analysis identifies a SNP associated with
both residual feed intake and GFRA2 expression in beef cattle. Sci Rep.
2018;8:14301.
73. Kim KS, Larsen N, Short T, Plastow G, Rothschild MF. A missense variant
of the porcine melanocortin-4 receptor (MC4R) gene is associated with
fatness, growth, and feed intake traits. Mamm Genome. 2000;11:131–5.
74. Piórkowska K, Tyra M, Rogoz M, Ropka-Molik K, Oczkowicz M, Rózycki
M. Association of the melanocortin-4 receptor (MC4R) with feed intake,
growth, fatness and carcass composition in pigs raised in Poland. Meat
Sci. 2010;85:297–301.
75. Mikawa S, Morozumi T, Shimanuki SI, Hayashi T, Uenishi H, Domukai M,
et al. Fine mapping of a swine quantitative trait locus for number of
vertebrae and analysis of an orphan nuclear receptor, germ cell nuclear
factor (NR6A1). Genome Res. 2007;17:586–93.
76. Li X, Yang S, Tang Z, Li K, Rothschild MF, Liu B, et al. Genome-wide scans
to detect positive selection in Large White and Tongcheng pigs. Anim
Genet. 2014;45:329–39.
77. Li P, Xiao S, Wei N, Zhang Z, Huang R, Gu Y, et al. Fine mapping of a QTL
for ear size on porcine chromosome 5 and identification of high mobil‑
ity group AT-hook 2 (HMGA2) as a positional candidate gene. Genet Sel
Evol. 2012;44:6.
78. Zhang L, Liang J, Luo W, Liu X, Yan H, Zhao K, et al. Genome-wide scan
reveals LEMD3 and WIF1 on SSC5 as the candidates for porcine ear size.
PLoS One. 2014;9:e102085.
79. Chen C, Liu C, Xiong X, Fang S, Yang H, Zhang Z, et al. Copy number
variation in the MSRB3 gene enlarges porcine ear size through a
mechanism involving miR-584-5p. Genet Sel Evol. 2018;50:72.
80. Liang J, Zhang Y, Wang L, Liu X, Yan H, Wang L, et al. Molecular clon‑
ing of WIF1 and HMGA2 reveals ear-preferential expression while

Bovo et al. Genet Sel Evol

81.
82.
83.
84.

85.

86.

87.
88.
89.

90.
91.

92.
93.

(2020) 52:33

uncovering a missense mutation associated with porcine ear size in
WIF1. Anim Genet. 2019;50:157–61.
Seberg HE, Van Otterloo E, Cornell RA. Beyond MITF: multiple transcrip‑
tion factors directly regulate the cellular phenotype in melanocytes
and melanoma. Pigment Cell Melanoma Res. 2017;30:454–66.
Carreira S, Goodall J, Aksan I, La Rocca SA, Galibert MD, Denat L, et al.
Mitf cooperates with Rb1 and activates p21Cip1 expression to regulate
cell cycle progression. Nature. 2005;433:764–9.
Giuffra E, Evans G, Törnsten A, Wales R, Day A, Looft H, et al. The Belt
mutation in pigs is an allele at the Dominant white (I/KIT) locus. Mamm
Genome. 1999;10:1132–6.
Fontanesi L, D’Alessandro E, Scotti E, Liotta L, Crovetti A, Chiofalo V,
et al. Genetic heterogeneity and selection signature at the KIT gene
in pigs showing different coat colours and patterns. Anim Genet.
2010;41:478–92.
Sovio U, Bennett AJ, Millwood IY, Molitor J, O’Reilly PF, Timpson NJ, et al.
Genetic determinants of height growth assessed longitudinally from
infancy to adulthood in the northern Finland birth cohort 1966. PLoS
Genet. 2009;5:e1000409.
Lindholm-Perry AK, Sexten AK, Kuehn LA, Smith TPL, King DA, Shack‑
elford SD, et al. Association, effects and validation of polymorphisms
within the NCAPG-LCORL locus located on BTA6 with feed intake, gain,
meat and carcass traits in beef cattle. BMC Genet. 2011;12:103.
Signer-Hasler H, Flury C, Haase B, Burger D, Simianer H, Leeb T, et al. A
genome-wide association study reveals loci influencing height and
other conformation traits in horses. PLoS One. 2012;7:e37282.
Makvandi-Nejad S, Hoffman GE, Allen JJ, Chu E, Gu E, Chandler AM,
et al. Four loci explain 83% of size variation in the horse. PLoS ONE.
2012;7:e39929.
Al-Mamun HA, Kwan P, Clark SA, Ferdosi MH, Tellam R, Gondro C.
Genome-wide association study of body weight in Australian Merino
sheep reveals an orthologous region on OAR6 to human and bovine
genomic regions affecting height and weight. Genet Sel Evol.
2015;47:66.
Duijvesteijn N, Veltmaat JM, Knol EF, Harlizius B. High-resolution associa‑
tion mapping of number of teats in pigs reveals regions controlling
vertebral development. BMC Genomics. 2014;15:542.
Fontanesi L, Schiavo G, Gallo M, Baiocco C, Galimberti G, Bovo S, et al.
Genome-wide association study for ham weight loss at first salting in
Italian Large White pigs: towards the genetic dissection of a key trait for
dry-cured ham production. Anim Genet. 2017;48:103–7.
Yu Y, Yao R, Wang L, Fan Y, Huang X, Hirschhorn J, et al. De novo muta‑
tions in ARID1B associated with both syndromic and non-syndromic
short stature. BMC Genomics. 2015;16:701.
Kominakis A, Hager-Theodorides AL, Zoidis E, Saridaki A, Antonakos G,
Tsiamis G. Combined GWAS and ‘guilt by association’-based prioritiza‑
tion analysis identifies functional candidate genes for body size in
sheep. Genet Sel Evol. 2017;49:41.

Page 19 of 19

94. Tiosano D, Baris HN, Chen A, Hitzert MM, Schueler M, Gulluni F, et al.
Mutations in PIK3C2A cause syndromic short stature, skeletal abnor‑
malities, and cataracts associated with ciliary dysfunction. PLoS Genet.
2019;15:e1008088.
95. Fontanesi L, Schiavo G, Scotti E, Galimberti G, Calò DG, Samorè AB, et al.
A retrospective analysis of allele frequency changes of major genes
during 20 years of selection in the Italian Large White pig breed. J Anim
Breed Genet. 2015;132:239–46.
96. Schiavo G, Galimberti G, Calò DG, Samorè AB, Bertolini F, Russo V, et al.
Twenty years of artificial directional selection have shaped the genome
of the Italian Large White pig breed. Anim Genet. 2016;47:181–91.
97. Bertolini F, Schiavo G, Galimberti G, Bovo S, D’Andrea M, Gallo M, et al.
Genome-wide association studies for seven production traits highlight
genomic regions useful to dissect dry-cured ham quality and produc‑
tion traits in Duroc heavy pigs. Animal. 2018;12:1777–84.
98. Luykx JJ, Bakker SC, Lentjes E, Neeleman M, Strengman E, Mentink L,
et al. Genome-wide association study of monoamine metabolite levels
in human cerebrospinal fluid. Mol Psychiatry. 2014;19:228–34.
99. Huang H, Santoso N, Power D, Simpson S, Dieringer M, Miao H, et al.
FACT proteins, SUPT16H and SSRP1, are transcriptional suppres‑
sors of HIV-1 and HTLV-1 that facilitate viral latency. J Biol Chem.
2015;290:27297–310.
100. Weedon MN, Lango H, Lindgren CM, Wallace C, Evans DM, Mangino M,
et al. Genome-wide association analysis identifies 20 loci that influence
adult height. Nat Genet. 2008;40:575–83.
101. Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, et al. Genetic
studies of body mass index yield new insights for obesity biology.
Nature. 2015;518:197–206.
102. Ng PC, Henikoff S. SIFT: predicting amino acid changes that affect
protein function. Nucleic Acids Res. 2003;31:3812–4.
103. Fontanesi L, Buttazzoni L, Galimberti G, Calò DG, Scotti E, Russo V. Asso‑
ciation between melanocortin 4 receptor (MC4R) gene haplotypes and
carcass and production traits in Italian Large White pigs evaluated with
a selective genotyping approach. Livest Sci. 2013;157:48–56.
104. Comuzzie AG, Cole SA, Laston SL, Voruganti VS, Haack K, Gibbs RA, et al.
Novel genetic loci identified for the pathophysiology of childhood
obesity in the Hispanic population. PLoS One. 2012;7:e51954.
105. Hoffmann TJ, Choquet H, Yin J, Banda Y, Kvale MN, Glymour M, et al. A
large multiethnic genome-wide association study of adult body mass
index identifies novel loci. Genetics. 2018;210:499–515.
106. Fernández A, Silió L, Rodríguez C, Ovilo C. Characterization of OCA2
cDNA in different porcine breeds and analysis of its potential effect on
skin pigmentation in a red Iberian strain. Anim Genet. 2006;37:166–70.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

