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Abstract

Celtic-Iberian pig breeds were majority in Spain and Portugal until the first half
of the 20th century. In the 1990s, they were nearly extinct as a result of the in-
troduction of foreign improved pig breeds. Despite its historical importance, the
genetic background of the Celtic-Iberian pig strain is poorly documented. In this
study, we have identified genomic regions that might contain signatures of selec-
tion peculiar of the Celtic-Iberian genetic lineage. A total of 153 DNA samples
of Celtic-Iberian pigs (Spanish Gochu Asturcelta and Portuguese Bisara breeds),
Iberian pigs (Spanish Iberian and Portuguese Alentejano breeds), Cinta Senese
pig, Korean local pig and Cosmopolitan pig (Hampshire, Landrace and Large
White individuals) were analysed. A pairwise-comparison approach was applied:
the Gochu Asturcelta and the Bisara samples as test populations and the five other
pig populations as reference populations. Three different statistics (XP-EHH,
Fgr and ADAF) were computed on each comparison. Strict criteria were used to
identify selection sweeps in order to reduce the noise brought on by the Gochu
Asturcelta and Bisara breeds' severe population bottlenecks. Within test popula-
tion, SNPs used to construct potential candidate genomic areas under selection
were only considered if they were identified in four of ten two-by-two pairwise
comparisons and in at least two of three statistics. Genomic regions under se-
lection constructed within test population were subsequently overlapped to con-
struct candidate regions under selection putatively unique to the Celtic-Iberian
pig strain. These genomic regions were finally used for enrichment analyses. A
total of 39 candidate regions, mainly located on SSC5 and SSC9 and covering
3130.5kb, were identified and could be considered representative of the ancient
genomic background of the Celtic-Iberian strain. Enrichment analysis allowed to
identify a total of seven candidate genes (NOL12, LGALS1, PDXP, SH3BP1, GGAI,
WIF1, and LYPD6). Other studies reported that the WIFI gene is associated with
ear size, one of the characteristic traits of the Celtic-Iberian pig strain. The func-
tion of the other candidate genes could be related to reproduction, adaptation and
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1 | INTRODUCTION

Genomic variation results from a combination of evolu-
tionary forces such as migration, drift, bottlenecks, envi-
ronmental shifts, or changes in genetic interactions due
to selection (Hohenlohe et al., 2010; Oleksyk et al., 2010;
Sabeti et al., 2006). The distribution of selected loci is sen-
sitive to the strength of selection as well as the landscape
of environmental variation on which selection occurred
(Hohenlohe et al., 2010; Lotterhos & Whitlock, 2014;
Oleksyk et al., 2010). Natural selection can shape the
between-populations differentiation within a species
(Oleksyk et al., 2010). Populations subject to different
environmental conditions will initially differ at a few
key genomic sites, and the surrounding DNA will tend
to accumulate differences due to linkage disequilibrium
(Beaumont & Balding, 2004). Unlike classical population
genetics, which focuses on allelic variation at a single site,
methods aiming at the identification of sites under selec-
tion should consider the influence of their flanking areas
(Hohenlohe et al., 2010).

Different tests are available to identify selection
sweeps (Guo et al., 2009; Hohenlohe et al., 2010; Oleksyk
et al., 2010; Randhawa et al., 2014). Selection causes
deviations from the expected allelic frequency under
neutrality resulting in signatures on the DNA sequence
(Sabeti et al., 2006) that can be identified without need-
ing to record phenotypic information on populations
(Randhawa et al., 2015). However, even if nearly com-
plete genomic sequence information is available, the
identification of signatures of selection has limitations:
it depends on the population structure and the assump-
tions underlying the models fitted to test the effects of
either natural or artificial selection (Bovo et al., 2020;
Hohenlohe et al., 2010; Randhawa et al., 2014; Schiavo
et al., 2021). The sensitivity of the different methods to
discriminate true sweeps caused by directional selec-
tion is a critical factor in the choice of selection tests
(Randhawa et al., 2014). It frequently depends on the
phenotypic and genetic divergence between the popula-
tion under study and the population used as a reference
(Randhawa et al., 2015). Combining the information
provided by multiple selection tests and grouping more
or less differentiated breeds are efficient strategies for

immunity traits, indirectly fitting with the rusticity of a non-improved pig strain
traditionally exploited under semi-extensive conditions.

candidate genes, Celtic-Iberian pig strain, population bottleneck, rusticity, signatures of

identifying signatures of selection and identifying can-
didate genomic regions putatively important for the reg-
ulation of complex traits (Randhawa et al., 2015).

Although both archaeological evidence and genetic
evidence suggest that the first domestic pigs arrived in
Europe from the Near East about 8500years ago (Larson
et al., 2005), these ancestral genomes disappeared over
3000years later as a result of interbreeding with local
wild boars (Frantz et al., 2019). Within the continental
European domestic pigs, two main mitochondrial DNA
lineages, the so-called haplogroups A and C, were iden-
tified: the lineage A being representative of the Central
and Northern Europe pig and the C lineage being mainly
present in the Iberian domestic pig (Portuguese Alente-
jano and Spanish Iberian breeds) and in the Iberian and
Maghrebian Wild Boar (Larson et al., 2005; Ramirez
et al., 2009).

Historically, two different pig strains were bred in
the Iberian Peninsula (Aparicio, 1944; Sotillo & Ser-
rano, 1985): the Celtic and the Iberian pig breeds. The
Iberian and Lusitano pig breeds are hypothesized to result
from a particular domestication event occurred in the Ibe-
rian Peninsula, whereas Celtic-Iberian pigs would result
from an ancient process of migration of Northern-Central
European pigs, with population replacement, into the Ibe-
rian Peninsula (Aparicio, 1944; Sotillo & Serrano, 1985).
Such hypotheses are consistent with genetic data (Menén-
dez, Goyache, et al., 2016).

In any case, recent population history may have erased
the differences in genetic background between the two
Iberian pig strains (Menéndez, Goyache, et al., 2016):
(a) Celtic-Iberian pig breeds became nearly extinct at
the end of the 20th century because of replacement by
foreign improved breeds (Conde et al., 2010; Sotillo &
Serrano, 1985); (b) although with little influence in the
present Iberian pig population due to the strict control of
crossbreeding (Rodriguez-Valdovinos et al., 2019), during
the second half of the 20th century improved Cosmopol-
itan pigs introgressed into specific lines of the Iberian pig
(Spotted Black Jabugo) due to unsupervised crosses (Alves
et al., 2003); and (c) inappropriate management practices
may have facilitated the introgression of Cosmopolitan
breeds into Wild Boar populations in areas of Southern
Spain (van Asch et al., 2012) and the Pyrenees.
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While documenting the genetic background of local
populations stands as a key concern within pig genom-
ics (Dadousis et al., 2022; Mufioz et al., 2019; Schiavo
et al., 2021), the understanding of the genomic profile of
the Celtic-Iberian pig strain is still limited. The Iberian
pig has received major scientific attention due to their im-
portance as a source of quality food products (see, as ex-
amples, Herrero-Medrano et al., 2013; Lopez-Bote, 1998;
Silié, 2000). However, this is not the case for Celtic-Iberian
pig breeds. Recovery programmes for the Celtic-Iberian
pig breeds were implemented only recently: the pro-
gramme for the Portuguese Bisara breed started in 1996 by
implementing two governmental-run conservation nuclei
in Guimardes and Montalegre (Santos Silva et al., 2019).
In 2002, a conservation programme for the Gochu As-
turcelta was initiated using six founders (Menéndez
et al., 2015; Menéndez, Alvarez, et al., 2016). Addressing
this gap is important because Celtic-Iberian pigs were
majority in Spain and Portugal until the 1950s (Apari-
cio, 1944; Santos Silva et al., 2019). Recovery programmes
for the Celtic-Iberian pig breeds were implemented only
recently: the programme for the Portuguese Bisara breed
started in 1996 by implementing two governmental-run
conservation nuclei in Guimaraes and Montalegre (San-
tos Silva et al., 2019). In 2002, a conservation programme
for the Gochu Asturcelta was initiated using six founders
(Menéndez et al., 2015; Menéndez, Alvarez, et al., 2016).
There is an increasing interest in characterizing the type
and production traits of the Celtic-Iberian pig (Arga-
menteria, de la Roza-Delgado, Cueto, Hidalgo, Tamargo,
& Menéndez, 2012; Argamenteria, de la Roza-Delgado,
Cueto, Hidalgo, Tamargo, Rodriguez, et al., 2012; de la
Roza-Delgado et al., 2022; Santos Silva et al., 2019). In-
dividuals belonging to the Celtic-Iberian pig strain are
animals showing different coat colour patterns (white,
roan, or spotted) with long, non-compact, bodies, good
skeletal development, relatively lower development of the
rear musculature, and typically huge ears dropping to the
sides of a well-developed head (Figure 1; Table S1; Arga-
menteria, de la Roza-Delgado, Cueto, Hidalgo, Tamargo,
& Menéndez, 2012; Santos Silva et al., 2019). Character-
ized as environmentally well adapted, these individuals
exhibit notable prolificacy (farrowing rate>9) and a pre-
disposition towards subcutaneous fat accumulation (Ar-
gamenteria, de la Roza-Delgado, Cueto, Hidalgo, Tamargo,
Rodriguez, et al., 2012; Santos Silva et al., 2019), highly ef-
ficient on the utilization of locally sourced feed resources,
but presenting low growth rates (Santos Silva et al., 2019).
Consequently, the enhancement of carcass yields keeping
the established traditional extensive or semi-extensive
husbandry systems presents a formidable challenge (de la
Roza-Delgado et al., 2022; Santos Silva et al., 2019).

FIGURE 1 Pictures showing a typical Gochu Asturcelta sow
(a) and typical Bisara sows (b). [Colour figure can be viewed at
wileyonlinelibrary.com]

The aim of this research was to enhance the under-
standing of the genetic background of the Celtic-Iberian
pig strain through the utilization of more than one ap-
proach to identify signatures of selection. This involved
identifying genomic regions that are potentially distinct
within their genome. To achieve this, a series of multi-
pairwise comparisons were conducted using samples
from Iberian, Cosmopolitan, Wild Boar, and potentially
unrelated Italian and Korean pig populations.

2 | MATERIALS AND METHODS

SERIDA is adhered to the Ethical Committee in Re-
search of the University of Oviedo (Spain), which en-
sures that all research with biological agents follows
Good Laboratory Practices and European and Span-
ish regulations on biosecurity under the Regulation of
13 February 2014 (BOPA no. 47 on 26 February 2014).
Blood and hair root samples used in this project were
collected by veterinary practitioners following standard
procedures and relevant national guidelines to ensure
appropriate animal care, with the permission and in
the presence of the owners. For this reason, permission
from the Ethical Committee in Research of the Univer-
sity of Oviedo was not required.
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2.1 | Samples, genotyping, and
population structuring analysis

A total of 153 DNA samples were analysed. Samples be-
longed to the following pig breeds: Gochu Asturcelta (20),
Portuguese Bisara (19), Spanish Iberian (11), Portuguese
Alentejano (7), Hampshire (5), Landrace (13), Large White
(20), Wild Boar (11), Italian Cinta Senese (27), and Korean
local (20). Wild Boar samples were obtained in different
provinces of North-western Spain. A part of these samples
was previously analysed for microsatellites and mitochon-
drial DNA markers (Menéndez, Goyache, et al., 2016).
Since various studies reported little differentiation be-
tween Spanish Iberian and Portuguese Alentejano breeds
(Dadousis et al., 2022; Muioz et al., 2018, 2019), Iberian
and Alentejano samples were grouped into the Iberian
pig population (18 individuals). Following Menéndez,
Goyache, et al. (2016), Hampshire, Landrace, and Large
White samples were grouped into the Cosmopolitan (38
individuals) pig population.

The whole dataset was genotyped with the Axiom-
PorcineHDvV1 of Affymetrix (658,692 SNPs). The software
Axiom Analysis Suite v4.0.3 (Thermo Fisher Scientific,
Waltham, MA) was used to create standard .ped and
.map files. SNPs were mapped using the Sscrofa genome
build 11.1 (Groenen et al., 2012). Only autosomal chro-
mosomes with known positions were considered. SNP
data were edited as follows: first, loci at which Mende-
lian errors were identified in a Gochu Asturcelta pedi-
gree (Arias et al., 2022) were removed from all samples
in the data set; and second, following the recommen-
dations of Arias et al. (2022) for populations in which
pedigrees are not available (here Bisara, Iberian, Cos-
mopolitan, Wild Boar, Cinta Senese, and Korean local),
we fitted Fig>0.9 as a threshold to avoid the presence
of null and partially null alleles due to technical issues.
Compared with classical editing strategies using Minor
Allele Frequency and deviation from Hardy-Weinberg
proportions, this strategy has been proven to be useful
to remove genotyping errors while keeping putatively
informative loci and datasets size (Arias et al., 2022). Fi-
nally, a total of 458,384 SNPs with a minimum call rate
of 0.97 were retained. Missing genotypes were imputed
using BEAGLE v5.4 (Browning et al., 2018, 2021) using
default parameters.

A cluster analysis was carried out using the program
Admixture v1.23 (Alexander et al., 2009; Alexander &
Lange, 2011), which calculates maximume-likelihood es-
timates of individual ancestries based on data provided
by multiple loci. Analyses were conducted for 1<K<14
being K the number of clusters given the data. The opti-
mal number of clusters was determined by performing
the cross-validation procedure included in the program

Admixture. By default, the procedure partitions all the ob-
served genotypes into five roughly equally sized folds for
each K. Within K, each fold was used as a test set, while
the other four were used for training. For each fold, pre-
diction error is estimated by averaging the squares of the
deviance residuals for the binomial model. Admixture
barplots were constructed using the library ggplot2 of R
(http://CRAN.R-project.org/).

The program PLINK v1.9 (Chang et al., 2015) was
used to compute principal component analysis (PCA).
Eigenvectors computed for each individual were used to
construct dispersion plots using the library ggplot2 of R
(http://CRAN.R-project.org/).

2.2 | Identification of selection sweeps
For the ascertainment of genomic regions under positive
selection, SNP data were arranged into a set of population
comparisons as follows: (a) the Gochu Asturcelta and the
Bisara samples were sequentially used as test populations;
and (b) the Cosmopolitan, Iberian, Spanish Wild Boar,
Cinta Senese, and Korean local pig samples were sequen-
tially used as reference populations for either test popula-
tions. Furthermore, within test population, ten different
pairwise comparisons were constructed taking two-by-
two the results obtained in each of the five populations'
comparisons. Only polymorphic SNPs were used in each
pairwise comparison (test populations vs. reference popu-
lation) varying from 392,278 to 450,086 SNPs.

Three different statistics were computed on each pair-
wise comparison: XP-EHH (Sabeti et al., 2007), Fgp (Weir
& Cockerham, 1984), and ADAF based on the change
in frequency in the putatively derived allele (Grossman
et al., 2010).

The XP-EHH test (Sabeti et al., 2007), across-population
extended haplotype homozygosity, is a modification of the
Extended Haplotype Homozygosity (EHH) statistics (Sa-
beti et al., 2002) with increased power to detect ongoing or
nearly fixed signatures of selection (positive scores for the
population under study). This test allows the use of small
sample sizes and genetically similar test and reference
populations (Alvarez et al., 2020; Sabeti et al., 2007). XP-
EHH estimates were carried out using the program selscan
v.1.0.40 (Szpiech & Hernandez, 2014), fitting the parame-
ters recommended by the authors: maximum EHH exten-
sion in bp (“-~max-extend” option) 1,000,000, maximum
gap allowed between two SNPs in bp (“~max-gap” option)
200,000, EHH decay cut-off (“~cutoff” option) 0.05. The
output results for each SNP were frequency-normalized
over all chromosomes using the program norm, provided
with selscan. This normalization was carried out using
default parameters as well: number of frequency bins
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(“~bins” option) 100. SNPs with normalized values higher
than 2 were considered under putative selection in the test
population and used for further analyses.

The fixation index Fgr (Weir & Cockerham, 1984) is
a classical statistic of genetic differentiation that can be
used to identify loci in positive selection (Lotterhos &
Whitlock, 2014). Fgr accounts for the variance in allele
frequency between the test and the reference populations.
At the loci level, extremely positive Fgr values mean diver-
gent selection, strong positive selection, or random drift
(Randhawa et al., 2014).

The ADAF test requires the definition of an ancestral
allele and a derived allele (Grossman et al., 2010). Follow-
ing Hsu et al. (2023), the major alleles (more frequent vari-
ants at a locus) were assigned as ancestral alleles. ADAF
was computed as ADAF =DAF test - DAF reference, where
DAF is the frequency of the derived allele in either the
test, putatively selected, population or the reference, alter-
native non-selected, population (ancestral population in
terms of Grossman et al., 2010). The normal distribution
of the derived allele frequency (DAF) was estimated, and
the corresponding ADAF values were transformed to Z
scores (0,1).

Only loci having either Fgr or ADAF scores within
the top 1% were considered under putative selection and
used for further analyses (Kijas et al., 2012; Randhawa
et al., 2015).

2.3 | Construction of genomic areas
under selection

Chromosomal regions under potential selection were
first constructed within test population (either Gochu As-
turcelta or Bisara breeds) starting from the SNPs identified
in three steps: first, SNPs identified as putatively under
selection were only considered if: (a) they were identi-
fied in at least two out of three statistics (either XP-EHH,
Fgr, or ADAF) and in four or more (out of ten) pairwise
population comparisons within statistics (note that the
five assessments carried out within test population gave
10 two-by-two pairwise population comparisons); sec-
ond, using the intersect function of the software BedTools
(Quinlan & Hall, 2010), the genomic areas 16kb (roughly
three-fold mean distance among SNPs) upstream and
downstream the retained SNPs were overlapped with the
genomic areas surrounding those SNPs under putative se-
lection identified in at least four (out of ten) pairwise com-
parisons identified using one statistics only to ensure that
the selection signal in the surroundings of the retained
loci was correctly assessed; and third, the lower and upper
bounds of the obtained overlaps were considered potential
candidate regions under selection.

Finally, the potential candidate regions identified in
either the Gochu Asturcelta or the Bisara breeds were
overlapped using the intersect function of the software
BedTools (Quinlan & Hall, 2010). The upper and lower
bounds of the overlaps were considered candidate regions
under selection in the Celtic-Iberian pig strain and used
for enrichment analyses.

2.4 | Enrichment and
annotation analyses

Protein-coding genes found within the candidate regions
under selection were retrieved from the Ensembl Genes
91 database, based on the SusScrofa 11.1 porcine reference
genome using the BioMart tool (Kinsella et al., 2011) and
further considered candidate genes. Candidate genes were
further processed through a gene network analysis using
GeneMANIA (Franz et al., 2018; Mostafavi et al., 2008),
and physical interaction networks with other genes were
constructed (see http://pages.genemania.org/help/ for
details). Data are collected from primary studies and Bi-
oGRID for genes having a full description in either the
Ensembl Genes 91 or GenBank databases only.

3 | RESULTS

Figure 2 illustrates the dispersion of the individual ge-
nomes analysed according to the two first factors com-
puted via PCA. These two factors accounted for a total
of 40% of the genetic variance. The local Korean samples
were separated from the other pig populations studied on
the X-axis by PCA. Additionally, the Mediterranean pig
samples (Iberian, Cinta Senese, and Iberian Wild Boar)
were separated from the Celtic-Iberian and Cosmopolitan
pig individuals on the Y-axis. On the positive values of the
Y-axis, the samples of Bisara and Gochu Asturcelta could
be distinguished. On the X-axis, PCA separated the Medi-
terranean pig samples (Iberian, Cinta Senese, and Iberian
Wild Boar) from the Celtic-Iberian and Cosmopolitan pig
individuals. PCA also allowed to separate, on the posi-
tive values of the Y-axis, the Gochu Asturcelta individu-
als from the Bisara and the Cosmopolitan samples and
the Cinta Senese samples from the Iberian and Wild Boar
samples on the negative values of the Y-axis.

Admixture analysis informed that the lowest cross-
validation error was at K=9 (Figure 3). However, differ-
ences between cross-validation errors for K= 8 and K=9
were negligible (lower than 0.001). Each of the clusters
inferred corresponds with one of the populations anal-
ysed (K=8) except for the Cosmopolitan pig, in which the
Hampshire and Landrace samples clustered separately of
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FIGURE 2 Dispersion plot summarizing the between-individuals genomic relationships constructed according to the two first factors
computed via principal component analysis. On the X-axis, the first factors explained 26% of the total variability. On the Y-axis, the second
factor explained 14% of the total variability. The Celtic-Iberian individuals are in triangles (Gochu Asturcelta individuals in blue and
Bisara individuals in light blue), Cosmopolitan pig individuals are in red circles, Cinta Senese individuals are in yellow squares, Iberian pig
individuals are in brown squares, Wild Boar individuals are in green circles, and Korean local pig (on the left of Y-axis) are in purple. The
dispersion areas corresponding to the Celtic-Iberian and Cosmopolitan pigs (positive values on Y-axis) and Mediterranean pigs (negative
values on Y-axis) were zoomed in to allow a better assessment of their differences. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Plots summarizing admixture analyses. Plot a illustrates the cross-validation errors for each K tested. Plot b illustrates the
individual ancestries estimated using Admixture v1.23 for K=8 and K=9. Numbers below the Admixture barplots mean the following:

1, Gochu Asturcelta; 2, Bisara breed; 3, Cosmopolitan; 4, Iberian pig; 5, Cinta Senese; 6, Wild Boar; and 7, Korean local. [Colour figure can be
viewed at wileyonlinelibrary.com]
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the Large White individuals. However, the best fit with
data was obtained for K=9 due to the identification of a
hidden structure within the Korean local pig samples.

3.1 | SNPsunder selection

The number of SNPs found under selection in at least four
pairwise comparisons and one statistic in the Gochu As-
turcelta and the Bisara pig breeds was 64,977 and 53,510,
respectively. The full list of SNPs identified is available on
request. Regarding the statistics assayed (not shown), XP-
EHH yielded the higher number of SNPs under positive
selection both in the Gochu Asturcelta (33,083) and in the
Bisara (31,335) breeds, whereas ADAF yielded the lower
number of SNPs under positive selection in both breeds
(20,719 and 18,606, respectively). Performance of Fy was
intermediate although nearer to ADAF in both breeds.

In the Gochu Asturcelta breed, the comparison giv-
ing the higher number of SNPs under positive selection
was that with Wild Boar (25,184 SNPs) and the lower that
with the Italian Cinta Senese breed (11,783 SNPs). Within
statistics assayed, up to 14,639, 5311, and 1179 SNPs were
identified under selection in more than six, eight, and 10
pairwise comparisons, respectively (Table S2). Using two
different reference populations (pairwise comparisons),
the number of loci identified under positive selection
varied from 1013, for the pair Iberian-Korean local pig
breeds, to 6246, for the pair Cosmopolitan-Iberian pig. Up
to 12,164 (18.7% of the loci retained) SNPs were identified
in at least two of the tests performed and, therefore, were
considered under putative selection.

In the Bisara breed, the higher number of SNPs under
positive selection was obtained when compared with the
Iberian population (15,418 SNPs) and the lower when
compared with the Italian Cinta Senese breed (11,671
SNPs). Within statistics assayed, up to 32,146, 7468, and
2502 loci were identified under selection in more than
six, eight, and 10 pairwise comparisons, respectively
(Table S3). When two different reference populations
were considered (pairwise comparisons), the number of
loci identified under positive selection varied from 1980,
for the pair Cosmopolitan-Cinta Senese pig, to 8887, for
the pair Cinta Senese-Wild Boar. Up to 14,286 (26.7% of
the loci retained) SNPs were identified in at least two of
the tests performed and, therefore, were considered under
putative selection.

3.2 | Construction of candidate regions

In the Gochu Asturcelta breed, the 16kb genomic areas
flanking the 12,164 SNPs retained allowed to construct

a total of 1411 genomic regions under putative selection
(covering a total of 45,268 kb across 17 out of the 18 por-
cine autosomes). The overlap of these 1411 regions with
the areas surrounding those SNPs under putative selec-
tion identified in two or more pairwise comparisons using
one statistic only allowed to construct of 5587 potential
candidate regions under selection, covering 276,049 kb of
the porcine genome, on 17 of the 18 porcine autosomes
(Table 1; Table S2). Figure 4 illustrates the distribution,
per porcine autosome, of the candidate regions under pu-
tative selection identified in the Gochu Asturcelta (in red).
Most potential candidate regions identified in the Gochu
Asturcelta genome (48% of the total) were located on SSC3
and SSC6. However, these regions gathered 26% of the
total length only (Table 1). No potential candidate regions
were identified on SSC18.

In the Bisara breed, a total of 1163 genomic regions
under putative selection, covering a total of 37,311kb
across the 18 porcine autosomes (mainly on SSC5 and
SSC10), were constructed. The overlap of these 1163
regions with the areas surrounding those SNPs under
putative selection identified in two or more pairwise
comparisons using one statistic only allowed to construct
2969 potential candidate regions under selection, cover-
ing 145,050.7kb of the porcine genome, on the 18 por-
cine autosomes (Table 1; Table S3). Figure 4 illustrates
the distribution, per porcine autosome, of the candidate
regions under putative selection identified in the Bisara
breed (in blue). Most potential candidate regions iden-
tified in the Bisara pig breed genome (36% of the total),
gathering 36% of the total length, were located on SSC4
and SSC9.

Finally, 62 and 94 potential candidate regions identi-
fied in the Gochu Asturcelta (35 on SSC5, 5 on SSC7, 20
on SSC9, and 2 on SSC15) and the Bisara (60 on SSC5,
2 on SSC7, 30 on SSC9, and 2 on SSC15) pig breeds,
respectively, overlapped (Figure 4). This allowed to
identify a total of 39 genomic candidate regions under
selection typical of the Celtic-Iberian pig strain (Table 1;
Table S4). These typical candidate regions under selec-
tion covered a total of 3130.5kb on four porcine auto-
somes only (SSC5, SSC7, SSC9, and SSC15), with SSC5
and SSC9 gathering 28 and 8 of these genomic areas,
respectively.

3.3 | Enrichment and network analyses

Gene-annotation enrichment analysis allowed to identify
a total of seven potential candidate porcine genes in the
constructed candidate regions under selection (Table 2).
Five of them (NOLI2, nucleolar protein 12; LGALSI,
galectin 1; PDXP, pyridoxal phosphatase; SH3BP1, SH3
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TABLE 1 Description, per porcine autosome (SSC), of the potential candidate regions identified in both the Gochu Asturcelta and the
Bisara pig breeds and of the candidate regions identified in the Celtic-Iberian pig strain.

Potential candidate regions

Gochu Asturcelta Bisara Candidate regions
SSC N Length N Length N Length
1 836 41181.0 [3.20; 64.1] 64 3000.6 [32.2; 63.4]
2 4 168.8 [3.4; 48.6] 4 209.4 [38.3; 62.4]
3 1287 64,238.8 [32.1; 64.1] 85 4011.0 [33.2; 63.9]
4 165 8174.9 [33.1; 63.8] 375 18,478.6 [32.2; 64.2]
5 192 9494.2 [32.7; 64.0] 279 13,544.2 [32.1; 64.1] 1475 2265.1 [48.1; 116.1]
6 1395 69,086.1 [32,2; 64.2] 71 3260.3 [32.7; 64.0]
7 405 19,920.5 [32.8; 64.0] 68 3152.3[33.9; 64.1] 4 187.81 [86,2;101,6]
8 161 7763.3 [32.6; 64.0] 283 14,131.3 [33.4; 64.1]
9 119 5865.6 [34.4; 63.9] 717 34,973.6 [32.3; 64.0] 1160 636.7 [70.1; 91.0]
10 9 435.3 [35.8; 60.2] 232 11,558.3 [32.3; 64.1]
11 324 16,023.7 [32.8; 64.0] 28 1439.0 [35.8; 64.0]
12 57 2662.3 [33,2; 63.9] 14 725.3 [42.0; 63.3]
13 3 139,2 [34.6; 62.3] 73 3510.7 [33.2; 63.9]
14 401 19,597.0 [32.9; 64.1] 47 2215.4[33.0; 63.9]
15 189 9253.4 [32.7; 64.2] 69 3149.3 [32.1; 63.9] 4 40.8 [40.8; 40,8]
16 5 269.6 [44.0; 60.2] 74 3480.2 [33.4; 62.9]
17 35 1775.0 [35.7; 62.5] 463 23,101.9 [32.2; 64.1]
18 23 1109.3 [32.1; 61.4]
Totals 5587 276,049.0 [32.1; 64.2] 2969 145,050.7 [32.1; 64.2] 2643 3130.5 [40.8; 116,1]

Note: For each autosome, the number of chromosomal regions (N) and the total length (in kb) of the genome covered by these areas [minimum and maximum

lengths in brackets] is given.

domain binding protein 1; GGA1, golgi associated, gamma
adaptin ear containing, ARF binding protein 1) were lo-
cated in the same locus on SSC5 spanning 76.1kb. The
other candidate genes fully identified were the WIF1
(WNT inhibitory factor 1) gene on SSC5 and the LYPD6
(LY6/PLAUR domain containing 6) gene on SSC15. Only
gene ENSSSCG00000036198 on SSC9 had no description
in the consulted databases.

Despite the close genomics location of most genes
identified, enrichment analysis carried out using the
DAVID Bioinformatics resources 6.8 (Huang et al., 2009),
fitting classification stringency to “high” and enrichment
thresholds to 1.3 (equivalent to p <0.05), informed that
they did not form functional clusters. This was confirmed
via gene network analysis. Figure 5 illustrates that no
links were reported among the seven candidate genes
identified. However, several co-expression patterns were
identified. The candidate genes formed networks with 19
other functionally complementary genes, four of them
belonging to the Wnt genes family (WNT11, WNT5A,
WNT7A, and WNTI, networking with the WIFI gene)
(Table 2; Figure 5).

4 | DISCUSSION

The analyses carried out showed that the pig populations
under study were organized according to geography and
common ancestry (Figures 2 and 3). Our findings suggest
that Celtic-Iberian pig breeds have a genetic association
with Cosmopolitan pigs rather than the Iberian pig strain.

According to Muiioz et al. (2018), there is a distinct differ-
ence between the Bisara breed and south-western European
pig breeds including Iberian and Alentejano pigs. More-
over, consistently with recent reports (Dadousis et al., 2022;
Murioz et al., 2018, 2019) and the classical theory on the ori-
gin of the strain, the Iberian domestic pig is genetically close
to Iberian Wild Board (Figure 2) as well as with to the other
Mediterranean pig breed analysed (Cinta Senese).

Both PCA and Admixture studies confirmed the dis-
tinct separation between the Bisara and Gochu Asturcelta
pig breeds. This difference may result of the recent pop-
ulation bottlenecks and reproductive isolation to which
these breeds were exposed. Breeding practices can also
lead to population substructuring in very small animal
populations, as previously determined by employing
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microsatellites in the Gochu Asturcelta breed (Menéndez, Despite being considered both Celtic-Iberian strains,
Goyache, et al., 2016) and assessed in the current analysis the differentiation between the Gochu Asturcelta and the
for the Korean local pig breed (Figure 3). Bisara breed might be justified by the different foreign
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FIGURE 5 Graphical representation of the gene network analysis carried out using the software GeneMANIA. Candidate genes

identified in this study are in open boxes. Links in light pink indicate the physical interaction networks (protein-protein interaction data

assessed from publicly available protein interaction databases). [Colour figure can be viewed at wileyonlinelibrary.com]|

breeds, which introgressed the Bisara breed. Indeed, sev-
eral studies have been finding moderate frequencies on al-
leles which their origin is well assigned to foreign breeds,
such as the mutation responsible for the malignant hy-
perthermia the ryanodine receptor 1 gene (RYRI; Arg-
615Cys), originated from the Belgian Pietrain (Beja-Pereira
et al., 2001), the moderate frequency alleles in the PPARD
gene (Mufioz et al., 2018) originated in Chinese breeds, and
a close genetic proximity between the Cosmopolitan Land-
race breed and the Bisara breed (Dadousis et al., 2022).

4.1 | Differences among selection
signature approaches

Although the Gochu Asturcelta and Bisara breeds are
thought to have common ancestors (Aparicio, 1944), the
patterns of nucleotide variation caused by recent drift due
to a population bottleneck may mimic those caused by

selection pressures at specific loci (Hohenlohe et al., 2010;
Oleksyk et al., 2010), and therefore, we have used a very
conservative approach to identify genomic regions puta-
tively specific to the Celtic-Iberian pig strain. Particularly,
because of populations with significant levels of inbreed-
ing, the identification of breed-specific characteristics may
be difficult (Schiavo et al., 2021). Although both the Gochu
Asturcelta and the Bisara breeds experienced strong popu-
lation bottlenecks (Menéndez, Alvarez, et al., 2016), this
issue has particular importance to the Gochu Asturcelta
pig, a highly inbred population deriving from four found-
ers only (Menéndez, Alvarez, et al., 2016). As a whole, the
number of SNPs being under putative selection was 22%
higher in the Gochu Asturcelta than in the Bisara breed
(65,217 vs. 53,510) with XP-EHH and ADAF identifying
6% and 11% more SNPs, respectively, and Fgy yielding 28%
more SNPs. This confirms previous reports, suggesting
that Fgr may be more sensitive to false signatures of selec-
tion caused by drift due to the increase in the variance of
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the Fgr distribution across loci (Colonna et al., 2014; Lot-
terhos & Whitlock, 2014; Megdiche et al., 2019; Randhawa
et al., 2014).

Furthermore, replacement of Celtic-Iberian pig breeds
by foreign improved pigs (Conde et al., 2010; Menéndez,
Alvarez, et al., 2016; Sotillo & Serrano, 1985) has undoubt-
edly erased part of the ancient genomic background of the
strain making it difficult to ascertain. In this scenario, ap-
plying the conservative approach used here is mandatory.
In this respect, scanning data using different statistics
could capture different aspects of the information content
in data (Moscarelli et al., 2021; Randhawa et al., 2014).
The three statistics used for analyses are expected to give
complementary information: ADAF is expected to be pre-
cise in distinguishing the genomic sites with higher dif-
ferentiation between populations (Colonna et al., 2014),
whereas Fgr and XP-EHH signals peaked more narrowly
around the causal variant, making them useful for spa-
tial localization (Grossman et al., 2010). Therefore, we
used strict criteria to select SNPs under putative selection
(identified by two or more statistics and in at least four out
of ten pairwise comparisons within breed) and later con-
struct potential candidate areas under selection around
these SNPs.

The same approaches as those used here, that is the
combination of multi-pairwise comparisons between
more or less differentiated populations with the com-
bined use of different statistics expected to provide com-
plementary information, have been performed to obtain
reliable signals useful to identify the particular genomic
background of Merino sheep (Megdiche et al., 2019), the
genomic background of original Brown cattle (Moscarelli
et al.,, 2021), and that of geographically distinct groups
of Asian dogs (Hsu et al., 2023). Consistently with these
previous reports, the genomic areas putatively typical of
the Celtic-Iberian pig strain were limited in number and
located on a few porcine chromosomes.

However, the multi-pairwise comparisons performed,
using three different statistics giving complementary in-
formation, provide additional confidence to the results
reported independently on both the recent breeding his-
tory of the two Celtic-Iberian pig breeds analysed and the
fact that some pig populations used as reference were con-
structed by pooling different breeds (Iberian and Cosmo-
politan) or have small sample size (Wild Boar).

4.2 | Biological importance of the
candidate genes identified

Although their results should be interpreted with cau-
tion, selection signature analyses, while not reliant on
phenotypic records, offer a mean to establish a connection

between the genome and phenotype in cases where natural
or human-induced selection result in the near-complete
fixation of a specific allele (Megdiche et al., 2019). Fur-
thermore, the evolutionary properties of the complex traits
can be captured by exploring gene networks in which the
candidate genes located in genomic regions under selec-
tion are involved (Randhawa et al., 2014).

This assertion finds validation in the current analysis:
potential candidate regions identified in the Gochu As-
turcelta harbour genes involved in ear anatomy (WIFI and
WNT1 genes on SSC5), as an example of this genotype-
phenotype matching. The WIFI gene has previously been
associated with ear size in pigs (Zhang et al., 2014), while
the WNT1 gene has been associated with ear malforma-
tion occurrences in the species (Hao et al., 2018). Huge
ears dropping on the sides are the main phenotypic char-
acteristic of Celtic-Iberian pigs. Remarkably, this feature
served as one of the criteria employed by farmers during
the recovery programmes of the Gochu Asturcelta and
Bisara breeds (Menéndez et al., 2015; Menéndez, Alvarez,
et al., 2016; Santos Silva et al., 2019).

Furthermore, the WIF1 gene may also be involved
in other typical characteristics of the Celtic-Iberian pig
strain, such as skeletal development. This notion stems
from the observation that the WIFI gene potentially in-
fluences bone development differences among European
pig populations, acting as an inhibitor within the Wnt sig-
nalling pathway (Wilkinson et al., 2013). This pathway,
represented in its network by genes like WNT11, WNT5A,
WNT7A, and WNT1, potentially underscores the genetic
regulation of skeletal growth in this strain. Another in-
teresting finding worthy of noting is the LYPD6 gene, on
SSC15. It has been reported to be associated with total
number of piglets born (Wang et al., 2022), which fits well
with the good prolificacy of Celtic-Iberian pigs (from 9 to
14 piglets born; Argamenteria, de la Roza-Delgado, Cueto,
Hidalgo, Tamargo, Rodriguez, et al., 2012; Santos Silva
et al., 2019).

The other candidate genes located on candidate ge-
nomic regions under positive selection may contribute
to the rustic attributes of the Celtic-Iberian pig strain, a
non-improved pig strain traditionally exploited under
semi-extensive management, encompassing adaptation,
vigour, and immunity. In this respect, the GGAI gene, in-
volved in the regulation of acid metabolism and protein
trafficking in liver (Kumar et al., 2010), may have impor-
tance in the ability of Celtic-Iberian pig for making use of
different food resources due to its networking with genes
such as SORL1, involved in the regulation of gut micro-
biota in pigs (Crespo-Piazuelo et al., 2019), and AP1AR,
involved in the regulation of feeding behaviour in pig
(Ding et al., 2017). Similarly, the SH3BP1 gene, which
contributes to the integrity of the skin and mucosae due to
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its involvement in the involved epithelial junction forma-
tion (Elbediwy et al., 2012), is related to the gene NLRP4,
which participates in the immune inflammatory response
(Bouchier-Hayes et al., 2001). The other candidate genes
identified are involved in basic metabolic pathways proba-
bly affecting different traits.

The NOLI12 gene encodes a multifunctional protein in-
volved in many metabolic pathways of the cell, including
RNA- and mitochondrial metabolism (Scott et al., 2017),
and is related to the KIAA1191 gene, which encodes a
NAPDH-dependent oxidoreductase (Xu et al., 2022).
The PDXP gene participates in vitamin B6 metabolism
(Fonda, 1992) and networks with the MED23 gene, which
plays a critical role in the metabolic connection between
the insulin signalling and the adipogenic transcriptional
cascade (Wang et al., 2009). The LGALS1 gene encodes
galectin-1, which plays an important role during myoblast
proliferation and differentiation (Qiu et al., 2008), and
networking with genes such as CD2, involved in the im-
mune response in pig (Cheng et al., 2022) or the TRPV5
gene candidate gene for cold tolerance in Min pig (Zhang
et al., 2023).

Finally, it is important to note that although a previous
analysis focusing on adaptation in European pig breeds,
Bovo et al. (2020) identified signatures of selection in the
Bisara breed on SSC8 near the KIT gene in consistency
with the spotted phenotype of the breed. The aim of the
current analysis focuses on the Celtic-Iberian strain rather
than on a particular breed. Although this coat colour pat-
terning is predominant in the Bisara breed, the coat co-
lour pattern showed a large variation in the first stages of
the conservation programme of the Gochu Asturcelta pig,
which included a proportion of both white and black in-
dividuals (Argamenteria, de la Roza-Delgado, Cueto, Hi-
dalgo, Tamargo, Rodriguez, et al., 2012).

5 | CONCLUSION

The Celtic-Iberian pig strain stands as a rarity in the Eu-
ropean pig framework. Its historical importance justifies
the implementation of recovery programmes and their
genomic documentation. The current analysis suggests
that both the Gochu Asturcelta and the Bisara breeds share
genomic regions putatively representative of the ancient
background of the strain. This alignment is reinforced by
the involvement of the candidate genes linked to distinc-
tive phenotypic traits of the strain, such as ear size and
prolificacy, and the adaptation ability of a pig tradition-
ally managed under semi-extensive conditions. While the
recent breed history might introduce false-positive signa-
tures of selection and the relatively low number of breeds
and individuals tested may be an issue, the stringent

criteria employed in pinpointing candidate genomic areas
under selection, including a pairwise-comparison ap-
proach and diverse complementary statistical measures,
bolster the confidence in the findings. Furthermore, the
current research enriches our comprehension of rusticity
(environmental adaptation) in pigs by providing a new
set of genomic areas and candidate genes that can be tar-
geted for further research aiming at the ascertainment
of the genomic basis for pig adaptation within evolving
environments.
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