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Simple Summary: Copy number variations (CNVs) are a substantial fraction of the total genetic
variability and have a major effect on phenotypic performance by altering gene expression patterns.
However, the identification of CNVs remains challenging. Recent studies suggest that CNVs hardly
fit with Mendelian segregation patterns and can be classified as segregating (shared by parents
and offspring) and non-segregating. Both CNV classes have been hypothesized to be important
in explaining between-populations (segregating CNVs) and between-individuals (non-segregating
CNVs) differences in performance. Here, we report that the two CNV classes spanned different sets
of genes, thus supporting that theory.

Abstract: Copy number variations regions (CNVRs) can be classified either as segregating, when
found in both parents, and offspring, or non-segregating. A total of 65 segregating and 31 non-
segregating CNVRs identified in at least 10 individuals within a dense pedigree of the Gochu
Asturcelta pig breed was subjected to enrichment and functional annotation analyses to ascertain
their functional independence and importance. Enrichment analyses allowed us to annotate 1018 and
351 candidate genes within the bounds of the segregating and non-segregating CNVRs, respectively.
The information retrieved suggested that the candidate genes spanned by segregating and non-
segregating CNVRs were functionally independent. Functional annotation analyses allowed us to
identify nine different significantly enriched functional annotation clusters (ACs) in segregating
CNVR candidate genes mainly involved in immunity and regulation of the cell cycle. Up to five
significantly enriched ACs, mainly involved in reproduction and meat quality, were identified in
non-segregating CNVRs. The current analysis fits with previous reports suggesting that segregating
CNVRs would explain performance at the population level, whereas non-segregating CNVRs could
explain between-individuals differences in performance.

Keywords: CNV segregation; candidate gene; functional analyses; between-individuals differences

1. Introduction

Copy number variations (CNV) are recognized as markers of inter-individual differ-
ences at both the genomic and phenotypic levels [1,2]. They often cover functional DNA
sequences with structural variations such as insertion, deletion, or duplication events [3,4].
Moreover, CNVs are a substantial fraction of the total genetic variability, and their impor-
tance in altered gene expression is increasingly being recognized [3,5–7]. Evolutionary
forces such as purifying selective pressures may be involved in any variation in the inheri-
tance of CNVs that will affect the broad spectrum of genomic sequences and could affect
gene expression patterns [1,3]. Furthermore, genes spanned in genomic regions where
CNVs are identified (CNVRs) may be more specific in their expression patterns at lower
and more variable levels than genes mapped elsewhere [8,9]. Individuals may differ in
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the number of copies of a particular variant in genotype because of an additive effect [10].
Therefore, these sets of genes may play a role in the adaptability and fitness of an organism
in response to external pressures [4,11].

Reliable detection of CNVs can be challenged by noisy data [12,13]. Across species,
most CNVs are identified either in a single individual or a few unrelated individuals in
a population [9,13]. Although CNV contributes significantly to genetic variation [8], the
ascertainment of which CNVs are important to explain genetic and phenotypic differences
at either the individual or population level is still an issue. Family-based studies allow
the classification of CNVRs identified as segregating (those present in the parents and
the offspring) and non-segregating (the so-called de novo CNVRs; [14]) CNVRs [3,15].
However, classical pedigree-based analyses of Mendelian inheritance have difficulties
in addressing their functionality. Samarakoon et al. [14], in Plasmodium falciparum, and
Keel et al. [16], in pigs, previously reported significant deviations in Mendelian inheritance
patterns in CNVRs. Arias et al. [13] have recently proposed the assessment of the accordance
of CNV variation with Mendelian inheritance using pedigree analyses to differentiate these
CNVR sets. They suggested that segregating CNVRs are likely to represent “true” genomic
variations of importance in a given population whereas non-segregating CNVRs may be
important to explain between-individual differences.

This research aimed at filling a scientific gap in genomic research by contributing to
the ascertainment of the relationships between different classes of CNVRs and the main
physiological processes involved in phenotypic performance. Coding genes spanned in dif-
ferent classes of CNVRs differing in segregation patterns (segregating and non-segregating)
were identified in a complex pedigree of the Gochu Asturcelta pig breed. Enrichment
analyses were carried out on both sets of genomic regions and the candidate genes spanned
were compared. The importance of the different sets of genes to explain either individual
or population differences in performance will be discussed to provide new insights into the
role of the different classes of CNVR in the performance of livestock populations.

2. Materials and Methods

The Gochu Asturcelta pig breed belongs to the Celtic pig strain bred in the Iberian
Peninsula [17]. The Celtic-Iberian pigs, which are hypothesized to result from an an-
cient process of migration of Northern-Central European pigs, with population replace-
ment, into the Iberian Peninsula, were in the majority in Spain and Portugal until the
1950s [17,18]. However, Celtic-Iberian pig breeds, mainly characterized by long, non-
compact bodies, good skeletal development, and typically huge ears dropping to the sides
of a well-developed head [19], became nearly extinct at the end of the 20th century due
to their absorption into and substitution with improved foreign breeds [17]. In 2002, a
group of enthusiastic farmers founded the breeders’ association ACGA and initiated a
conservation program for the Gochu Asturcelta using six founders showing accordance
with the ancient type of the breed, with four of them giving viable offspring only [20,21].
At present, the breed is officially included in the Spanish Catalogue of Livestock Breeds
(Regulation APA/53/2007). Gochu Asturcelta individuals are rustic-prolific pigs with slow
growth but are well adapted to specific local environments and to using locally available
feedstuffs. The characterization of carcass yields and meat quality while keeping traditional
extensive or semi-extensive rearing systems is initiated only [22,23]. After the foundation of
the breeding program, a strict mating policy was implemented aiming at keeping founder
contributions balanced across generations by prolonging the reproductive career of the
founders and their direct descendants for as long as possible [17]. This allowed for the
construction of a dense pedigree useful for testing different genetic hypotheses across
parent–offspring trios and within full-sib litters [13,17,24,25].
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2.1. Samples and Genotyping

The Gochu Asturcelta pig pedigree included individuals born from 1999 to 2009
(including three founders) and sampled in 14 different farms included in the breeding pro-
gram of the breeders’ association ACGA. This research used the CNVRs identified in Arias
et al. [13], attached in Supplementary Table S1. Briefly, the identification of segregating and
non-segregating CNVRs was as follows: (a) 492 individuals forming 478 parent-offspring-
trios were genotyped using the Axiom_PigHDv1 Array (Axiom_PigHDv1; 545,364 SNPs
retained after quality control performed following Arias et al. [25]; and (b) potential CNVRs
were identified using two different platforms, PennCNV [26] and QuantiSNP [27]. Finally,
candidate CNVRs were constructed using potential CNVRs identified within each platform
using the intersectBed function of the BedTools version 2.28.0 software [28].

Arias et al. [13] classified CNVRs as segregating CNVRs (69) and non-segregating
CNVRs (275). In this survey, CNVRs identified in more than ten individuals were further
processed through enrichment analysis to investigate their general importance.

2.2. Enrichment and Functional Annotation Analyses

A total of 65 segregating CNVRs and 31 non-segregating CNVRs was subjected
to enrichment analyses using the BioMart tool [29] (Supplementary Tables S1 and S2).
Protein-coding genes found within these CNVRs were retrieved from the Ensembl Genes
91 database, based on the Sscrofa v11.1 porcine reference genome. All the genes in the
genomic areas spanned by segregating and non-segregating CNVRs were processed using
the functional annotation tool implemented in DAVID Bioinformatics resources 6.8 [30] to
determine enriched functional terms. An enrichment score of 1.3, which is equivalent to
the Fisher exact test p-value of 0.05 [30], was used as a threshold to define the significantly
enriched functional terms in comparison with the whole porcine reference genome back-
ground. Selection of significant composite annotation terms (clusters) using the enrichment
score as a criterion for selection rather than single annotation terms as independent statisti-
cally significant entities supports the identification of biological functions. In other words,
moving the analysis of the biological function from the level of single genes to that of
biological processes [30,31] allowed us to investigate relationships between GO annotation
terms. Relationships among genomic features in different chromosome positions were
represented using the software package shinyCircos V2.0 [32].

3. Results

The 65 segregating and 31 non-segregating CNVRs subjected to enrichment analyses
are described in Supplementary Tables S2 and S3, respectively, and summarized in Table 1.
Segregating CNVRs covered about 30 Mb of the genome and were present in all porcine
autosomes except for SSC17 and SSC18. Non-segregating CNVRs covered about 14 Mb
of the porcine genome and were absent from SSC4, SSC9, and SSC18. Most segregating
CNVRs (81% of them) were identified in fewer than 50 individuals (out of 492). Only
3 segregating CNVRs (4.6%) were identified in at least 119 individuals. Non-segregating
CNVRs were identified in a smaller number of individuals: 93% of them were identified in
fewer than 25 individuals and only 2 CNVRs were identified in more than 35 individuals.

3.1. Annotation and Enrichment Analyses in Segregating CNVRs

Enrichment analyses allowed us to annotate 1018 candidate genes within the bounds
of the 65 segregating CNVRs selected. A full description of these candidate genes, including
their identification, description, and location, retrieved from the Ensembl Genes 91 database,
is given in Supplementary Table S4 and summarized in Table 1.
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Table 1. Summary of the number of segregating and non-segregating CNVRs identified in Gochu
Asturcelta pig and subject to enrichment analyses. The functional pathway for each functional cluster is
given in parentheses. The candidate genes assigned to statistically significant (enrichment factor > 1.3)
functional clusters identified in segregating (ACs) and non-segregating (ACn) CNVRs are also given.
The functional pathway for each functional cluster is given in parentheses.

SSC
Segregating CNVR Non-Segregating CNVR

N Length (bp) Candidate Genes N Length (bp) Candidate Genes

1 4 2,233,596 ACs9 (IPR002219): VAV2 5 3,341,758

2 9 7,478,777

ACs1 (IPR001314): TMPRSS9, ELANE, CFD,
PRTN3, AZU1, PRSS57, GZMM

ACs2 (GO:0035455): IFITM3, LOC100519082
ACs7 (IPR009729): GAL3ST3
ACs8 (IPR000770): DEAF1

ACs9 (IPR002219): CDC42BPG,
RASGRP2, ARHGAP45

6 3,315,384 ACn4 (IPR001199):
FADS3, FADS2

3 3 2,819,269

ACs1 (IPR001314): PRSS33, PRSS41,
PRSS22, PRSS27, LOC396700, MCT7

ACs3 (IPR017782) and ACs5 (IPR001279):
MEIOB, HAGH, HAGHL
ACs4 (IPR002338): HBQ1,

LOC110259958, HBM, HBZ
ACs6 (IPR001293): TRAF7, RNF151,

TMEM276, ZFTRAF1

4 1,882,177 ACn5 (IPR001478): RADIL

4 4 1,439,759

5 2 951,743 1 5808

6 7 4,075,711
ACs5 (IPR001279): INTS11

ACs8 (IPR000770): SAMD11
ACs9 (IPR002219): PRKCZ

1 923,089

7 4 588,387 2 110,830

8 5 1,858,315 ACs1 (IPR001314): HGFAC
ACs9 (IPR002219): DGKQ 1 229,311

ACn2 (GO:0015020):
LOC100623504, LOC100515741,

UGT2B31, LOC100516628,
LOC100515394

9 5 760,612

10 2 328,935 1 4055

11 4 1,620,698 1 309,506

12 3 2,185,474 ACs9 (IPR002219): PLEKHM1 1 1,242,720

ACn1 (IPR013819): ALOX12
ACn5 (IPR001478): DLG4, DVL2

ACn4 (IPR001199): CHD3
ACn1 (IPR013819) and ACn3

(GO:0051122): ALOX15B,
ALOX12B, ALOXE3

13 5 1,601,679 ACs8 (IPR000770): AIRE, RASSF1 1 540,602

14 4 3,69,933 ACs7 (IPR009729): D2HGDH, GAL3ST2 3 911,512

15 3 1,143,291 1 122,959

16 1 721,470 1 622,344

17 2 480,937

Total 65 30,177,649 31 14,042,992

Functional annotation conducted on genes located on segregating CNVRs allowed
us to identify 55 different functional annotation clusters (ACs) (Table S5), 9 of them being
significantly enriched (enrichment score higher than 1.3). These 9 ACs included a total
of 45 different genes (Figure 1): ACs1 (enrichment score = 2.20) consisted of 15 trypsin
digestion family genes. ACs2 (enrichment score = 1.96) included 4 different genes spanning
a chromosomal area of 32.17 kb (from position 127,152 to position 159,320) on SSC2 and in-
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volved in immune interferon activity. ACs3 (enrichment score = 1.93) included three genes
located on SSC3 and involved in metabolic adaptation, the detoxification of chemothera-
peutic drugs, and the catalysis of glutathione. ACs4 (enrichment score = 1.70) included four
genes, involved in hemoglobin and oxygen transport activity, spanning a chromosomal area
of 13.85 kb (from position 41,478,270 to position 41,492,120) on SSC3. ACs5 (enrichment
score = 1.69) involved four genes involved in the catalysis of D-lactic acid, metabolism, and
ATP pathways, three of them also identified in ACs3. ACs6 (enrichment score = 1.67) was
formed by four genes involved in zinc-binding activity. ACs7 (enrichment score =1.53) in-
cluded three genes involved in the lipid biosynthetic process and mitochondrial metabolism.
ACs8 (enrichment score = 1.46) included three genes of the DNA-binding SAND domain
involved in fatty acid metabolism. Finally, ACs9 (enrichment score = 1.42) was formed by
eight genes involved in kinase-dependent and kinase-independent catalytic functions.

3.2. Annotation and Enrichment Analyses in Non-Segregating CNVRs

Enrichment analyses allowed us to annotate 351 candidate genes in the bounds of the
31 non-segregating CNVRs selected. A full description of these candidate genes, including
their identification, description, and location, retrieved from the Ensembl Genes 91 database,
is given in Supplementary Table S6 and summarized in Table 1.

Functional annotation conducted on genes located on segregating CNVRs allowed us
to identify 15 different functional annotation clusters (ACns) (Table S7), 5 of them being
significantly enriched (enrichment score higher than 1.3). The 5 functional annotation
clusters (ACns) included 29 genes (Figure 2): ACn1 (enrichment score = 3.35) consisted
of four ALOX-lipoxygenase family genes located on SSC12 involved in metabolism and
nutrient sensing; ACn2 (enrichment score = 2.70) included five different genes spanning
a chromosomal area of 239.1 kb (from position 66,191,841 to position 66,430,905) on SSC8
and involved in the metabolism and digestion of bile acids and steroid hormones and
liver enzymes; ACn3 (enrichment score = 2.11) included three ALOX-lipoxygenase genes,
forming part of ACn1 as well, spanning a chromosomal area of 59.94 kb (from position
53,271,583 to position 53,331,523) on SSC12; ACn4 (enrichment score = 1.75) included three
genes involved in the synthesis of unsaturated fatty acids and the chromatin remodeling
complex. Finally, ACn5 (enrichment score = 1.57) included four genes involved in ATP-
related pathways.

3.3. Functional Independence of the Two Sets of Candidate Genes

To ascertain the functional relationship between the candidate genes identified in the
bounds of either segregating or non-segregating CNVRs, they were jointly subjected to
DAVID analyses. Although the complex inheritance patterns of CNVRs make it difficult to
ascertain a non-independence among such physiological processes, results (Supplementary
Table S8) informed us that the new significant functional clusters identified did not include
genes belonging to both sets, therefore suggesting their functional independence.
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Figure 1. Circular map summarizing information on significantly enriched functional clusters as-
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Figure 1. Circular map summarizing information on significantly enriched functional clusters
ascertained using candidate genes spanned in segregating CNVRs identified in Gochu Asturcelta
pig. The genomic localization of the candidate genes forming the functional clusters is indicated with
the gene name or the Gene Stable ID retrieved from the Ensembl Genes 91 database (see Table S4).
At the center of the map, links among candidate genes belonging to the same functional cluster are
illustrated using the same color: ACs1, in blue; ACs2, as a thin grey line at the start of SSC2; ACs3
and ACs5, sharing genes on SSC3, in light blue; ACs4 in green on SSC3; ACs6 in orange; ACs7 in
yellow; ACs8 in light green; and ACs9 in khaki.
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Figure 2. Circular map summarizing information on significantly enriched functional clusters
ascertained using candidate genes spanned in non-segregating CNVRs identified in Gochu Asturcelta
pig. The genomic localization of the candidate genes forming the functional clusters is indicated with
the gene name or the Gene Stable ID retrieved from the Ensembl Genes 91 database (see Table S6).
At the center of the map, links among candidate genes belonging to the same functional cluster are
illustrated using the same color: ACn2 in blue on SSC8; ACn4 in pink linking SSC2, and SSC12; ACn5
in light blue, linking genes located on SSC2, SSC3, and SSC12; ACn1 and ACn3, sharing genes located
on SSC12 and overlapping with other functional clusters, are not displayed.

4. Discussion

Copy number variations may act as potentially distal regulators of gene expression
by altering regulatory and other functional elements at the transcript or protein level [2,7].
Many works focus on the relationship between CNVRs and production traits [5,33–36].
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CNVR-based studies in pigs showed that candidate genes spanned by copy number alter-
ations have a wide spectrum of molecular functions. Gene ontology analysis of CNVRs
suggests that these are mainly enriched in olfactory and sensory perception activities as
well as signaling pathways and immunity [5,11]. However, they could also mainly relate to
meat quality traits (carcass length, backfat thickness, abdominal fat weight, intermuscular
fat content). Thus “olfactory” and “signaling” (under the immunity pathway) appear to be
minor representations when compared to the CNV genes in pathways that relate to the meat
composition [11]. This could be an enrichment of CNVs toward “environmental sensor”
genes (i.e., genes that help to perceive and interact successfully with our ever-changing
environment; [3]). The gradual adaptation to an environment and other molecular mecha-
nisms could be influenced by fast-evolving regions in the genome; thus, sensory perception
family genes could be involved in the adaptation of breeds to environmental changes [11].

The genomic scenario of Gochu Asturcelta partially departs from this expectation.
While genes involved in signaling-related pathways and immunity formed significantly
enriched clusters in segregating CNVRs, candidate genes identified within the bounds of
non-segregating CNVRs are mainly involved in reproduction and meat quality traits.

The olfactory receptor gene family is one of the largest gene families in the porcine
genome [5,16,37], playing an important role in porcine evolution [11]. In fact, olfactory
(OR10A7, OR6C2, OR8B12, OR1G1, OR5C1, OR13G1, OR1D5, OR2B11, OR2G3, OR2G2,
OR2C3, OR5C1) and taste (TAS1R3) receptors are included in the candidate genes spanned
into the segregating as well as non-segregating CNVRs identified (Supplementary Tables
S4 and S6), but they did not form significantly enriched functional clusters.

Furthermore, the current analysis suggests that the candidate genes spanning segre-
gating and non-segregating CNVRs are functionally independent.

4.1. Segregating CNVRs

The significantly enriched functional clusters of the segregating CNVRs identified in
the Gochu Asturcelta pig are involved in the immunity and regulation of the cell cycle.

The immunity-related functional clusters are ACs1, ACs2, and ACs9. Serine protease
genes (ACs1) are known to be involved in biological processes linked to health and disease
in mammals with functions in blood coagulation, fibrinolysis, and immunity [38]. Those
genes encode host receptors of viral spike proteins, and their study has been proposed as
a way to control viral infections in pigs [39,40]. ACs2 is enriched for GO terms relevant
to interferon-mediated signaling pathways. Interferons are involved in immune response
pathways including virus recognition, cytokine-mediated signaling pathways, host defense,
and innate immunity [41,42]. Finally, genes forming ACs9 are involved in the physiological
path of diacylglycerol kinases and the immune function via the T-cell effector promoting
the lysis of the target cells and secretion of IFNγ [43]. In this respect, genes belonging to
this cluster have been reported to be involved in the immune response (VAV2 gene; [44]) or
antibody response (PLEKHM1 gene; [45]) in pigs, and or the regulation of the endothelial
barrier function (ARHGAP45 gene; [46]).

Two functional clusters (ACs3 and ACs5) share genes involved in the regulation of
different cell functions. In fact, all genes identified in ACs3 are in ACs5. These clusters
include genes involved in different gametic processes: the MEIOB gene codes a meiotic
chromatin-associated protein with an essential function in the meiosis and chromosomal
crossover [47], and the INTS11 gene encodes an endonuclease critical to the transcription
and processing of small nuclear RNAs [48]. Furthermore, there exists evidence suggesting
that HAGH is involved in oxidative stress and that the HAGHL gene is up-regulated in the
sow genital tract after cervical deposition of the whole boar ejaculate [49,50].

The genes included in ACs4, involved in hemoglobin and oxygen transport activity,
are well known to be of importance in livestock populations adapted to high altitudes such
as the Tibetan pig [51] or Bos grunniens (Yak; [52]). However, this is not the case for the
Gochu Asturcelta breed, a rustic pig traditionally managed in extensive conditions in the
hilly country of Asturias (Northern Spain). More likely, the importance of that functional
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cluster in the Gochu Asturcelta pig population may be related to the genetic relationship
between hemoglobin levels and both the sows’ prolificacy and piglets’ survival [53].

ACs6 included genes involved in zinc-binding activity: TMEM276 and ZFTRAF1 are
genes predicted to enable zinc-ion-binding activity; TRAF7 and RNF151 contain an adjacent
zinc finger domain involved in the differentiation of muscle tissue [54] and acrosome
formation [55], respectively.

The lipid biosynthesis-related clusters are ACs7 and ACs8. Galactose genes are in-
volved in the biosynthesis of meat fatty acids in cattle (GAL3ST3; [56]) and intestinal mucin
sulfation (GAL3ST2; [57]). Moreover, D2HGDH is known to stimulate protein synthesis
and inhibit protein degradation in muscles [58]. ACs8 included four gene-coding nuclear
proteins (SAND domain) with a function in DNA transcriptional control [59]. The genes
belonging to the SAND domain are involved in very different cellular processes such as the
regulation of the meat-to-fat ratio and carcass quality in pigs (DEAF1 gene; [35,60]), fatty
acids composition and meat color in sheep and early growth stages in chicken (SAMD11
gene; [61,62]) and the regulation of organ-specific antigen expression (AIRE gene; [63]).

4.2. Non-Segregating CNVRs

The five significantly enriched clusters identified in non-segregating CNVRs are mainly
involved in reproduction and meat quality.

The reproduction-related functional clusters are ACn1, ACn2, ACn3, and ACn5.
Lipoxygenase genes included in ACn1 and ACn3 are known to be involved in the for-
mation of the epidermal water barrier. In this respect, these genes have been reported
to be involved in the heat stress-induced apoptosis of Sertoli cells in porcine testes [64].
Glucorosyltransferase-genes (ACn2) are known to be involved in the metabolism of steroid
hormones: UGT2 upregulates estrogen signaling and metabolism in the endometrium
during the estrous cycle [65] and LOC100515741 is involved in the hepatic androstenone
metabolism contributing to boar taint [66]. Finally, genes forming ACn5 are involved in
ATP-related pathways. In this respect, genes belonging to this cluster have been reported
to be involved in the hyperactive motility of porcine sperms strongly related to litter
size in pigs (RADIL gene; [67]); these pathways regulate the carcass adipose tissue under
insulin-resistant conditions (DVL2 gene; [68]).

ACn4 included genes involved in pig meat quality. Fatty acid desaturase genes
(FADS2, FADS3) explain the variations in the monounsaturated and polyunsaturated
fatty acid content in the backfat of pigs [69]. Furthermore, the chromatin remodeling
complex interacts with external environmental factors in the gene expression of specific
phenotypes [11]. In this respect, the CHD3 gene is reported to be related to the wrinkled
skin of the Xiang pig, specifically aging [70].

5. Conclusions

The ascertainment of segregation patterns of CNVRs has been suggested to be infor-
mative in their use as markers for association analyses with segregating CNVRs probably
characterizing performance at a population level. The current analysis adds to this issue
and informs us that segregating and non-segregating CNVRs span completely different sets
of genes with independent functionality. Previous reports suggesting that segregating CN-
VRs would explain performance at the population level whereas non-segregating CNVRs
are likely to explain differences in performance between individuals are now confirmed.
The Gochu Asturcelta pig breed is a non-improved population traditionally managed under
semi-extensive conditions. This is supported by the involvement of candidate genes that in-
teract with environmental changes. The breed is considered a reservoir of genes involved in
rusticity giving a genomic basis for pig adaptation to a changing environment. The current
results will contribute to the conservation of a valuable genetic stock by opening work lines
aimed at understanding the Gochu Asturcelta’s ability to perform in harsh environments.



Animals 2023, 13, 2351 10 of 13

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani13142351/s1, Table S1: List of copy number variation regions
identified by Arias et al. [13] in Gochu Asturcelta pig using the software PennCNV v1.0.5 and
QuantiSNP v2.3. Table S2: List of segregating copy number variations regions (CNVRs) identified
in Gochu Asturcelta pig; Table S3: List of non-segregating copy number variations regions (CNVR)
identified in Gochu Asturcelta pig; Table S4: List of 1018 candidate genes located in the 65 segregating
CNV regions; Table S5: Functional terms enriched clusters identified in the segregating CNV regions
following DAVID analysis; Table S6: List of 351 candidate genes located in the 31 non-segregating
CNV regions; Table S7: Functional terms enriched clusters identified in the non-segregating CNV
regions following DAVID analysis; Table S8: Functional terms enriched clusters identified in the
whole CNV regions following DAVID analysis.

Author Contributions: K.D.A.: Conceptualization, Formal analysis, Methodology, Writing—review
and editing. J.P.G.: Investigation, Formal analysis, Writing—review and editing. I.F.: Formal analysis,
Writing—review and editing I.Á.: Conceptualization, Project administration, Data curation, Super-
vision, Validation. F.G.: Conceptualization, Supervision, Methodology, Formal analysis, Writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by AEI-FEDER, Grant No. PID2019-103951RB/AEI/
10.13039/501100011033. KDA was funded by AEI-ESF, Grant No. PRE2020-092905. The genotyping
service was carried out at CEGEN-PRB3-ISCIII; it is supported by Grant PT17/0019, of the PE I + D + i
2013–2016, funded by ISCIII and ERDF.

Institutional Review Board Statement: SERIDA is adhered to the Ethical Committee in Research of
the University of Oviedo (Spain) which ensures that all research with biological agents follows Good
Laboratory Practices and European and Spanish regulations on biosecurity (Regulation of February
13th, 2014; BOPA no. 47, 26 February 2014). Tissue and hair root samples used in this project were
collected by veterinary practitioners working for the Gochu Asturcelta pig Breeders’ Association
(ACGA), with the permission and in presence of the owners. For this reason, permission from the
Ethical Committee in Research of the University of Oviedo was not required. In all instances, ACGA
veterinarians followed standard procedures and relevant national guidelines to ensure appropriate
animal care.

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset used and analyzed during the current study is available
from the corresponding author upon reasonable request.

Acknowledgments: The authors are indebted to Gonçalo Carvalho (Thermo Fisher Scientific) for his
willingness and kind contribution to the execution of this project and to the members of the Gochu
Asturcelta Breeders Association (ACGA; https://www.gochuasturcelta.org/; last accession on 17
July 2023) for their support and kind collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Beckmann, J.S.; Estivill, X.; Antonarakis, S.E. Copy Number Variants and Genetic Traits: Closer to the Resolution of Phenotypic to

Genotypic Variability. Nat. Rev. Genet. 2007, 8, 639–646. [CrossRef] [PubMed]
2. Breunis, W.B.; van Mirre, E.; Geissler, J.; Laddach, N.; Wolbink, G.; van der Schoot, E.; de Haas, M.; de Boer, M.; Roos, D.; Kuijpers,

T.W. Copy Number Variation at the FCGR Locus Includes FCGR3A, FCGR2C and FCGR3B but Not FCGR2A and FCGR2B. Hum.
Mutat. 2009, 30, E640–E650. [CrossRef] [PubMed]

3. Ionita-Laza, I.; Rogers, A.J.; Lange, C.; Raby, B.A.; Lee, C. Genetic Association Analysis of Copy-Number Variation (CNV) in
Human Disease Pathogenesis. Genomics 2009, 93, 22–26. [CrossRef] [PubMed]

4. Feuk, L.; Carson, A.R.; Scherer, S.W. Structural Variation in the Human Genome. Nat. Rev. Genet. 2006, 7, 85–97. [CrossRef]
[PubMed]

5. Chen, C.; Qiao, R.; Wei, R.; Guo, Y.; Ai, H.; Ma, J.; Ren, J.; Huang, L. A Comprehensive Survey of Copy Number Variation in 18
Diverse Pig Populations and Identification of Candidate Copy Number Variable Genes Associated with Complex Traits. BMC
Genom. 2012, 13, 733. [CrossRef]

6. Fadista, J.; Nygaard, M.; Holm, L.-E.; Thomsen, B.; Bendixen, C. A Snapshot of CNVs in the Pig Genome. PLoS ONE 2008, 3,
e3916. [CrossRef]

https://www.mdpi.com/article/10.3390/ani13142351/s1
https://www.mdpi.com/article/10.3390/ani13142351/s1
https://www.gochuasturcelta.org/
https://doi.org/10.1038/nrg2149
https://www.ncbi.nlm.nih.gov/pubmed/17637735
https://doi.org/10.1002/humu.20997
https://www.ncbi.nlm.nih.gov/pubmed/19309690
https://doi.org/10.1016/j.ygeno.2008.08.012
https://www.ncbi.nlm.nih.gov/pubmed/18822366
https://doi.org/10.1038/nrg1767
https://www.ncbi.nlm.nih.gov/pubmed/16418744
https://doi.org/10.1186/1471-2164-13-733
https://doi.org/10.1371/journal.pone.0003916


Animals 2023, 13, 2351 11 of 13

7. Gamazon, E.R.; Stranger, B.E. The Impact of Human Copy Number Variation on Gene Expression. Brief. Funct. Genom. 2015, 14,
352–357. [CrossRef]

8. Henrichsen, C.N.; Chaignat, E.; Reymond, A. Copy Number Variants, Diseases and Gene Expression. Hum. Mol. Genet. 2009, 18,
R1–R8. [CrossRef]

9. Kijas, J.W.; Barendse, W.; Barris, W.; Harrison, B.; McCulloch, R.; McWilliam, S.; Whan, V. Analysis of Copy Number Variants in
the Cattle Genome. Gene 2011, 482, 73–77. [CrossRef]

10. Locke, D.P.; Sharp, A.J.; McCarroll, S.A.; McGrath, S.D.; Newman, T.L.; Cheng, Z.; Schwartz, S.; Albertson, D.G.; Pinkel, D.;
Altshuler, D.M.; et al. Linkage Disequilibrium and Heritability of Copy-Number Polymorphisms within Duplicated Regions of
the Human Genome. Am. J. Hum. Genet. 2006, 79, 275–290. [CrossRef]

11. Panda, S.; Kumar, A.; Gaur, G.K.; Ahmad, S.F.; Chauhan, A.; Mehrotra, A.; Dutt, T. Genome Wide Copy Number Variations Using
Porcine 60K SNP Beadchip in Landlly Pigs. Anim. Biotechnol. 2022, 1–9. [CrossRef] [PubMed]

12. Winchester, L.; Yau, C.; Ragoussis, J. Comparing CNV Detection Methods for SNP Arrays. Brief. Funct. Genom. 2009, 8, 353–366.
[CrossRef]

13. Arias, K.D.; Gutiérrez, J.P.; Fernández, I.; Menéndez-Arias, N.A.; Álvarez, I.; Goyache, F. Segregation Patterns and Inheritance
Rate of Copy Number Variations Regions Assessed in a Gochu Asturcelta Pig Pedigree. Gene 2023, 854, 147111. [CrossRef]
[PubMed]

14. Samarakoon, U.; Gonzales, J.M.; Patel, J.J.; Tan, A.; Checkley, L.; Ferdig, M.T. The Landscape of Inherited and de Novo Copy
Number Variants in a Plasmodium Falciparum Genetic Cross. BMC Genom. 2011, 12, 457. [CrossRef]

15. Wang, K.; Chen, Z.; Tadesse, M.G.; Glessner, J.; Grant, S.F.A.; Hakonarson, H.; Bucan, M.; Li, M. Modeling Genetic Inheritance of
Copy Number Variations. Nucleic Acids Res. 2008, 36, e138. [CrossRef]

16. Keel, B.N.; Nonneman, D.J.; Lindholm-Perry, A.K.; Oliver, W.T.; Rohrer, G.A. A Survey of Copy Number Variation in the Porcine
Genome Detected From Whole-Genome Sequence. Front. Genet. 2019, 10, 737. [CrossRef] [PubMed]

17. Menéndez, J.; Goyache, F.; Beja-Pereira, A.; Fernández, I.; Menéndez-Arias, N.; Godinho, R.; Álvarez, I. Genetic Characterisation
of the Endangered Gochu Asturcelta Pig Breed Using Microsatellite and Mitochondrial Markers: Insights for the Composition of
the Iberian Native Pig Stock. Livest. Sci. 2016, 187, 162–167. [CrossRef]

18. Aparicio, G. Zootecnia Especial: Etnología Compendiada: Descripción y Estudio de Razas Nacionales y Extranjeras, 3rd ed.; Imp. Moderna:
Córdoba, Spain, 1944.

19. Argamentería, A.; de la Roza-Delgado, B.; Cueto, M.; Hidalgo, C.; Tamargo, C.; Menéndez, J. Guía Del Gochu Asturcelta; SERIDA:
Amandi, Spain, 2012; ISBN 978-84-695-3048-1.

20. Menéndez, J.; Álvarez, I.; Fernández, I.; de la Roza, B.; Goyache, F. Multiple Paternity in Domestic Pigs under Equally Probable
Natural Matings—A Case Study in the Endangered Gochu Asturcelta Pig Breed. Arch. Anim. Breed. 2015, 58, 217–220. [CrossRef]

21. Menéndez, J.; Álvarez, I.; Fernández, I.; Goyache, F. Genealogical Analysis of the Gochu Asturcelta Pig Breed: Insights for
Conservation. Czech J. Anim. Sci. 2016, 61, 140–149. [CrossRef]

22. Argamentería, A.; de la Roza-Delgado, B.; Cueto, M.; Hidalgo, C.; Tamargo, C.; Rodríguez, A.; Fernández, A.; Merino, M.;
Menéndez, J. Manual Del Gochu Asturcelta; SERIDA: Amandi, Spain, 2012; ISBN 978-84-695-3049-8.

23. de la Roza-Delgado, B.; Feito, I.; Fuente-Maqueda, F.; Modroño, S.; Argamentería, A.; Ciordia, M. Influence of Production System
and Feeds on Performance, Carcass Traits and Estimated Energy Balance of Autochthonous Gochu Asturcelta Pigs. Span. J. Agric.
Res. 2022, 20, e0604. [CrossRef]

24. Menéndez, J.; Álvarez, I.; Fernández, I.; Menéndez-Arias, N.A.; Goyache, F. Assessing Performance of Single-sample Molecular
Genetic Methods to Estimate Effective Population Size: Empirical Evidence from the Endangered Gochu Asturcelta Pig Breed. Ecol.
Evol. 2016, 6, 4971–4980. [CrossRef] [PubMed]

25. Arias, K.D.; Álvarez, I.; Gutiérrez, J.P.; Fernández, I.; Menéndez, J.; Menéndez-Arias, N.A.; Goyache, F. Understanding Mendelian
Errors in SNP Arrays Data Using a Gochu Asturcelta Pig Pedigree: Genomic Alterations, Family Size and Calling Errors. Sci. Rep.
2022, 12, 19686. [CrossRef]

26. Wang, K.; Li, M.; Hadley, D.; Liu, R.; Glessner, J.; Grant, S.F.A.; Hakonarson, H.; Bucan, M. PennCNV: An Integrated Hidden
Markov Model Designed for High-Resolution Copy Number Variation Detection in Whole-Genome SNP Genotyping Data.
Genome Res. 2007, 17, 1665–1674. [CrossRef] [PubMed]

27. Colella, S.; Yau, C.; Taylor, J.M.; Mirza, G.; Butler, H.; Clouston, P.; Bassett, A.S.; Seller, A.; Holmes, C.C.; Ragoussis, J. QuantiSNP:
An Objective Bayes Hidden-Markov Model to Detect and Accurately Map Copy Number Variation Using SNP Genotyping Data.
Nucleic Acids Res. 2007, 35, 2013–2025. [CrossRef] [PubMed]

28. Quinlan, A.R.; Hall, I.M. BEDTools: A Flexible Suite of Utilities for Comparing Genomic Features. Bioinformatics 2010, 26, 841–842.
[CrossRef] [PubMed]

29. Kinsella, R.J.; Kahari, A.; Haider, S.; Zamora, J.; Proctor, G.; Spudich, G.; Almeida-King, J.; Staines, D.; Derwent, P.; Kerhornou, A.;
et al. Ensembl BioMarts: A Hub for Data Retrieval across Taxonomic Space. Database 2011, 2011, bar030. [CrossRef]

30. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics
Resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

31. Tipney, H.; Hunter, L. An Introduction to Effective Use of Enrichment Analysis Software. Hum. Genom. 2010, 4, 202. [CrossRef]
32. Yu, Y.; Ouyang, Y.; Yao, W. ShinyCircos: An R/Shiny Application for Interactive Creation of Circos Plot. Bioinformatics 2018, 34,

1229–1231. [CrossRef]

https://doi.org/10.1093/bfgp/elv017
https://doi.org/10.1093/hmg/ddp011
https://doi.org/10.1016/j.gene.2011.04.011
https://doi.org/10.1086/505653
https://doi.org/10.1080/10495398.2022.2056047
https://www.ncbi.nlm.nih.gov/pubmed/35369845
https://doi.org/10.1093/bfgp/elp017
https://doi.org/10.1016/j.gene.2022.147111
https://www.ncbi.nlm.nih.gov/pubmed/36509293
https://doi.org/10.1186/1471-2164-12-457
https://doi.org/10.1093/nar/gkn641
https://doi.org/10.3389/fgene.2019.00737
https://www.ncbi.nlm.nih.gov/pubmed/31475038
https://doi.org/10.1016/j.livsci.2016.03.013
https://doi.org/10.5194/aab-58-217-2015
https://doi.org/10.17221/8787-CJAS
https://doi.org/10.5424/sjar/2022203-18194
https://doi.org/10.1002/ece3.2240
https://www.ncbi.nlm.nih.gov/pubmed/27547327
https://doi.org/10.1038/s41598-022-24340-0
https://doi.org/10.1101/gr.6861907
https://www.ncbi.nlm.nih.gov/pubmed/17921354
https://doi.org/10.1093/nar/gkm076
https://www.ncbi.nlm.nih.gov/pubmed/17341461
https://doi.org/10.1093/bioinformatics/btq033
https://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1093/database/bar030
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1186/1479-7364-4-3-202
https://doi.org/10.1093/bioinformatics/btx763


Animals 2023, 13, 2351 12 of 13

33. Wang, L.; Xu, L.; Liu, X.; Zhang, T.; Li, N.; Hay, E.-H.; Zhang, Y.; Yan, H.; Zhao, K.; Liu, G.E.; et al. Copy Number Variation-Based
Genome Wide Association Study Reveals Additional Variants Contributing to Meat Quality in Swine. Sci. Rep. 2015, 5, 12535.
[CrossRef]

34. Wang, Z.; Guo, Y.; Liu, S.; Meng, Q. Genome-Wide Assessment Characteristics of Genes Overlapping Copy Number Variation
Regions in Duroc Purebred Population. Front. Genet. 2021, 12, 753748. [CrossRef] [PubMed]

35. Bergamaschi, M.; Maltecca, C.; Fix, J.; Schwab, C.; Tiezzi, F. Genome-Wide Association Study for Carcass Quality Traits and
Growth in Purebred and Crossbred Pigs. J. Anim. Sci. 2020, 98, skz360. [CrossRef]

36. Qiu, Y.; Ding, R.; Zhuang, Z.; Wu, J.; Yang, M.; Zhou, S.; Ye, Y.; Geng, Q.; Xu, Z.; Huang, S.; et al. Genome-Wide Detection of CNV
Regions and Their Potential Association with Growth and Fatness Traits in Duroc Pigs. BMC Genom. 2021, 22, 332. [CrossRef]
[PubMed]

37. Ramayo-Caldas, Y.; Castelló, A.; Pena, R.N.; Alves, E.; Mercadé, A.; Souza, C.A.; Fernández, A.I.; Perez-Enciso, M.; Folch, J.M.
Copy Number Variation in the Porcine Genome Inferred from a 60 k SNP BeadChip. BMC Genom. 2010, 11, 593. [CrossRef]
[PubMed]

38. Antalis, T.M.; Bugge, T.H.; Wu, Q. Membrane-Anchored Serine Proteases in Health and Disease. In Progress in Molecular Biology
and Translational Science; Elsevier: Amsterdam, The Netherlands, 2011; Volume 99, pp. 1–50. ISBN 978-0-12-385504-6.

39. Bovo, S.; Schiavo, G.; Ribani, A.; Utzeri, V.J.; Taurisano, V.; Ballan, M.; Muñoz, M.; Alves, E.; Araujo, J.P.; Bozzi, R.; et al. Describing
Variability in Pig Genes Involved in Coronavirus Infections for a One Health Perspective in Conservation of Animal Genetic
Resources. Sci. Rep. 2021, 11, 3359. [CrossRef] [PubMed]

40. Fabbri, M.C.; Crovetti, A.; Tinacci, L.; Bertelloni, F.; Armani, A.; Mazzei, M.; Fratini, F.; Bozzi, R.; Cecchi, F. Identification of
Candidate Genes Associated with Bacterial and Viral Infections in Wild Boars Hunted in Tuscany (Italy). Sci. Rep. 2022, 12, 8145.
[CrossRef]

41. Dawson, H.D.; Loveland, J.E.; Pascal, G.; Gilbert, J.G.R.; Uenishi, H.; Mann, K.M.; Sang, Y.; Zhang, J.; Carvalho-Silva, D.; Hunt, T.;
et al. Structural and Functional Annotation of the Porcine Immunome. BMC Genom. 2013, 14, 332. [CrossRef]

42. Jennings, J.; Sang, Y. Porcine Interferon Complex and Co-Evolution with Increasing Viral Pressure after Domestication. Viruses
2019, 11, 555. [CrossRef]

43. Sim, J.A.; Kim, J.; Yang, D. Beyond Lipid Signaling: Pleiotropic Effects of Diacylglycerol Kinases in Cellular Signaling. Int. J. Mol.
Sci. 2020, 21, 6861. [CrossRef]

44. Arora, D.; Park, J.-E.; Lim, D.; Cho, I.-C.; Kang, K.S.; Kim, T.-H.; Park, W. Multi-Omics Approaches for Comprehensive Analysis
and Understanding of the Immune Response in the Miniature Pig Breed. PLoS ONE 2022, 17, e0263035. [CrossRef]

45. Pierce, C.F.; Brown, V.R.; Olsen, S.C.; Boggiatto, P.; Pedersen, K.; Miller, R.S.; Speidel, S.E.; Smyser, T.J. Loci Associated With
Antibody Response in Feral Swine (Sus Scrofa) Infected With Brucella Suis. Front. Vet. Sci. 2020, 7, 554674. [CrossRef] [PubMed]

46. Amado-Azevedo, J.; Reinhard, N.R.; van Bezu, J.; van Nieuw Amerongen, G.P.; van Hinsbergh, V.W.M.; Hordijk, P.L. The
Minor Histocompatibility Antigen 1 (HMHA1)/ArhGAP45 Is a RacGAP and a Novel Regulator of Endothelial Integrity. Vascul.
Pharmacol. 2018, 101, 38–47. [CrossRef] [PubMed]

47. Luo, M.; Yang, F.; Leu, N.A.; Landaiche, J.; Handel, M.A.; Benavente, R.; La Salle, S.; Wang, P.J. MEIOB Exhibits Single-Stranded
DNA-Binding and Exonuclease Activities and Is Essential for Meiotic Recombination. Nat. Commun. 2013, 4, 2788. [CrossRef]
[PubMed]

48. Elrod, N.D.; Henriques, T.; Huang, K.-L.; Tatomer, D.C.; Wilusz, J.E.; Wagner, E.J.; Adelman, K. The Integrator Complex Attenuates
Promoter-Proximal Transcription at Protein-Coding Genes. Mol. Cell 2019, 76, 738–752.e7. [CrossRef] [PubMed]

49. Scirè, A.; Cianfruglia, L.; Minnelli, C.; Romaldi, B.; Laudadio, E.; Galeazzi, R.; Antognelli, C.; Armeni, T. Glyoxalase 2: Towards a
Broader View of the Second Player of the Glyoxalase System. Antioxidants 2022, 11, 2131. [CrossRef]

50. Alvarez-Rodriguez, M.; Atikuzzaman, M.; Venhoranta, H.; Wright, D.; Rodriguez-Martinez, H. Expression of Immune Regulatory
Genes in the Porcine Internal Genital Tract Is Differentially Triggered by Spermatozoa and Seminal Plasma. Int. J. Mol. Sci. 2019,
20, 513. [CrossRef]

51. Zhang, B.; Chamba, Y.; Shang, P.; Wang, Z.; Ma, J.; Wang, L.; Zhang, H. Comparative Transcriptomic and Proteomic Analyses
Provide Insights into the Key Genes Involved in High-Altitude Adaptation in the Tibetan Pig. Sci. Rep. 2017, 7, 3654. [CrossRef]

52. Freitas, P.H.F.; Wang, Y.; Yan, P.; Oliveira, H.R.; Schenkel, F.S.; Zhang, Y.; Xu, Q.; Brito, L.F. Genetic Diversity and Signatures of
Selection for Thermal Stress in Cattle and Other Two Bos Species Adapted to Divergent Climatic Conditions. Front. Genet. 2021,
12, 604823. [CrossRef]

53. Hollema, B.L.; Zwiers, S.; Hermesch, S. Genetic Parameters for Haemoglobin Levels in Sows and Piglets as Well as Sow
Reproductive Performance and Piglet Survival|Elsevier Enhanced Reader. Animal 2020, 14, 688–696. [CrossRef]

54. Zotti, T.; Vito, P.; Stilo, R. The Seventh Ring: Exploring TRAF7 Functions. J. Cell. Physiol. 2011, 227, 1280–1284. [CrossRef]
55. Nian, H.; Fan, C.; Liao, S.; Shi, Y.; Zhang, K.; Liu, Y.; Han, C. RNF151, a Testis-Specific RING Finger Protein, Interacts with

Dysbindin. Arch. Biochem. Biophys. 2007, 465, 157–163. [CrossRef] [PubMed]
56. de Oliveira, P.S.N.; Coutinho, L.L.; Cesar, A.S.M.; da Diniz, W.J.S.; de Souza, M.M.; Andrade, B.G.; Koltes, J.E.; Mourão, G.B.;

Zerlotini, A.; Reecy, J.M.; et al. Co-Expression Networks Reveal Potential Regulatory Roles of MiRNAs in Fatty Acid Composition
of Nelore Cattle. Front. Genet. 2019, 10, 651. [CrossRef] [PubMed]

https://doi.org/10.1038/srep12535
https://doi.org/10.3389/fgene.2021.753748
https://www.ncbi.nlm.nih.gov/pubmed/34721540
https://doi.org/10.1093/jas/skz360
https://doi.org/10.1186/s12864-021-07654-7
https://www.ncbi.nlm.nih.gov/pubmed/33964879
https://doi.org/10.1186/1471-2164-11-593
https://www.ncbi.nlm.nih.gov/pubmed/20969757
https://doi.org/10.1038/s41598-021-82956-0
https://www.ncbi.nlm.nih.gov/pubmed/33564056
https://doi.org/10.1038/s41598-022-12353-8
https://doi.org/10.1186/1471-2164-14-332
https://doi.org/10.3390/v11060555
https://doi.org/10.3390/ijms21186861
https://doi.org/10.1371/journal.pone.0263035
https://doi.org/10.3389/fvets.2020.554674
https://www.ncbi.nlm.nih.gov/pubmed/33324693
https://doi.org/10.1016/j.vph.2017.11.007
https://www.ncbi.nlm.nih.gov/pubmed/29174013
https://doi.org/10.1038/ncomms3788
https://www.ncbi.nlm.nih.gov/pubmed/24240703
https://doi.org/10.1016/j.molcel.2019.10.034
https://www.ncbi.nlm.nih.gov/pubmed/31809743
https://doi.org/10.3390/antiox11112131
https://doi.org/10.3390/ijms20030513
https://doi.org/10.1038/s41598-017-03976-3
https://doi.org/10.3389/fgene.2021.604823
https://doi.org/10.1017/S1751731119002532
https://doi.org/10.1002/jcp.24011
https://doi.org/10.1016/j.abb.2007.05.013
https://www.ncbi.nlm.nih.gov/pubmed/17577571
https://doi.org/10.3389/fgene.2019.00651
https://www.ncbi.nlm.nih.gov/pubmed/31354792


Animals 2023, 13, 2351 13 of 13

57. Van Der Zwaag, B.; Franke, L.; Poot, M.; Hochstenbach, R.; Spierenburg, H.A.; Vorstman, J.A.S.; Van Daalen, E.; De Jonge, M.V.;
Verbeek, N.E.; Brilstra, E.H.; et al. Gene-Network Analysis Identifies Susceptibility Genes Related to Glycobiology in Autism.
PLoS ONE 2009, 4, e5324. [CrossRef] [PubMed]

58. Lin, A.-P.; Abbas, S.; Kim, S.-W.; Ortega, M.; Bouamar, H.; Escobedo, Y.; Varadarajan, P.; Qin, Y.; Sudderth, J.; Schulz, E.; et al.
D2HGDH Regulates Alpha-Ketoglutarate Levels and Dioxygenase Function by Modulating IDH2. Nat. Commun. 2015, 6, 7768.
[CrossRef]

59. Bottomley, M.J.; Collard, M.W.; Huggenvik, J.I.; Liu, Z.; Gibson, T.J.; Sattler, M. The SAND Domain Structure Defines a Novel
DNA-Binding Fold in Transcriptional Regulation. Nat. Struct. Biol. 2001, 8, 8. [CrossRef]

60. Falker-Gieske, C.; Blaj, I.; Preuß, S.; Bennewitz, J.; Thaller, G.; Tetens, J. GWAS for Meat and Carcass Traits Using Imputed
Sequence Level Genotypes in Pooled F2-Designs in Pigs. G3-Genes Genom. Genet. 2019, 9, 2823–2834. [CrossRef]

61. Bolormaa, S.; Hayes, B.J.; van der Werf, J.H.J.; Pethick, D.; Goddard, M.E.; Daetwyler, H.D. Detailed Phenotyping Identifies Genes
with Pleiotropic Effects on Body Composition. BMC Genom. 2016, 17, 224. [CrossRef]

62. Wu, P.; Zhang, X.; Zhang, G.; Chen, F.; He, M.; Zhang, T.; Wang, J.; Xie, K.; Dai, G. Transcriptome for the Breast Muscle of Jinghai
Yellow Chicken at Early Growth Stages. PeerJ 2020, 8, e8950. [CrossRef]

63. Fierabracci, A. Recent Insights into the Role and Molecular Mechanisms of the Autoimmune Regulator (AIRE) Gene in Autoim-
munity. Autoimmun. Rev. 2011, 10, 137–143. [CrossRef]

64. Xue, H.; Huo, Y.; Hu, Y.; Zhang, J.; Deng, C.; Zhang, J.; Wang, X. The Role of ALOX15B in Heat Stress-Induced Apoptosis of
Porcine Sertoli Cells. Theriogenology 2022, 185, 6–15. [CrossRef]

65. Zeng, S.; Bick, J.; Ulbrich, S.E.; Bauersachs, S. Cell Type-Specific Analysis of Transcriptome Changes in the Porcine Endometrium
on Day 12 of Pregnancy. BMC Genom. 2018, 19, 459. [CrossRef] [PubMed]

66. Sahadevan, S.; Tholen, E.; Große-Brinkhaus, C.; Schellander, K.; Tesfaye, D.; Hofmann-Apitius, M.; Cinar, M.U.; Gunawan, A.;
Hölker, M.; Neuhoff, C. Identification of Gene Co-Expression Clusters in Liver Tissues from Multiple Porcine Populations with
High and Low Backfat Androstenone Phenotype. BMC Genet. 2015, 16, 21. [CrossRef] [PubMed]

67. van Son, M.; Tremoen, N.H.; Gaustad, A.H.; Våge, D.I.; Zeremichael, T.T.; Myromslien, F.D.; Grindflek, E. Transcriptome Profiling
of Porcine Testis Tissue Reveals Genes Related to Sperm Hyperactive Motility. BMC Vet. Res. 2020, 16, 161. [CrossRef] [PubMed]

68. Kim, S.-M.; Markkandan, K.; Lee, J.-Y.; Kim, G.-W.; Yoo, J.Y. Transcriptome Profiling Associated with Carcass Quality of Loin
Muscles in Crossbred Pigs. Animals 2020, 10, 1279. [CrossRef]

69. Crespo-Piazuelo, D.; Criado-Mesas, L.; Revilla, M.; Castelló, A.; Noguera, J.L.; Fernández, A.I.; Ballester, M.; Folch, J.M.
Identification of Strong Candidate Genes for Backfat and Intramuscular Fatty Acid Composition in Three Crosses Based on the
Iberian Pig. Sci. Rep. 2020, 10, 13962. [CrossRef] [PubMed]

70. Xiaoli, L.; Fengbin, H.; Shihui, H.; Xi, N.; Sheng, L.; Zhou, W.; Xueqin, R.; Jiafu, W. Detection of Genomic Structure Variants
Associated with Wrinkled Skin in Xiang Pig by next Generation Sequencing. Aging 2021, 13, 24710–24739. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0005324
https://www.ncbi.nlm.nih.gov/pubmed/19492091
https://doi.org/10.1038/ncomms8768
https://doi.org/10.1038/89675
https://doi.org/10.1534/g3.119.400452
https://doi.org/10.1186/s12864-016-2538-0
https://doi.org/10.7717/peerj.8950
https://doi.org/10.1016/j.autrev.2010.08.019
https://doi.org/10.1016/j.theriogenology.2022.03.018
https://doi.org/10.1186/s12864-018-4855-y
https://www.ncbi.nlm.nih.gov/pubmed/29898663
https://doi.org/10.1186/s12863-014-0158-8
https://www.ncbi.nlm.nih.gov/pubmed/25884519
https://doi.org/10.1186/s12917-020-02373-9
https://www.ncbi.nlm.nih.gov/pubmed/32456687
https://doi.org/10.3390/ani10081279
https://doi.org/10.1038/s41598-020-70894-2
https://www.ncbi.nlm.nih.gov/pubmed/32811870
https://doi.org/10.18632/aging.203711

	Introduction 
	Materials and Methods 
	Samples and Genotyping 
	Enrichment and Functional Annotation Analyses 

	Results 
	Annotation and Enrichment Analyses in Segregating CNVRs 
	Annotation and Enrichment Analyses in Non-Segregating CNVRs 
	Functional Independence of the Two Sets of Candidate Genes 

	Discussion 
	Segregating CNVRs 
	Non-Segregating CNVRs 

	Conclusions 
	References

