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Abstract
About three decades of breeding and selection in the Valle del Belice sheep are

expected to have left several genomic footprints related to milk production traits.
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Belice sheep breed: 184 animals that underwent directional selection for milk
production and 267 unselected animals, genotyped for 40,660 single-nucleotide
polymorphisms (SNPs). Three different statistical approaches, both within (iHS
and ROH) and between (Rsb) groups, were used to identify genomic regions po-
tentially under selection. Population structure analyses separated all individuals
according to their belonging to the two groups. A total of four genomic regions
on two chromosomes were jointly identified by at least two statistical approaches.
Several candidate genes for milk production were identified, corroborating the
polygenic nature of this trait and which may provide clues to potential new selec-
tion targets. We also found candidate genes for growth and reproductive traits.
Overall, the identified genes may explain the effect of selection to improve the
performances related to milk production traits in the breed. Further studies using
high-density array data, would be particularly relevant to refine and validate
these results.
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1 | INTRODUCTION development of Valle del Belice breed standard. In 1997,
the breed was given official recognition. Since the begin-
ning of the 21st century, the Valle del Belice breed has been
subjected to selection, and great efforts have been made by
local farmers to keep its breeding sustainable, mainly by

increasing milk production through better management

Valle del Belice is a sheep breed reared in Sicily for milk
production. The breeding history of this breed is rela-
tively recent (Portolano, 1987). In the 1990s, the data col-
lected on production and morphological traits allowed the
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and selection. Nowadays, it is one of the most economi-
cally important dairy sheep breeds in Southern Italy, with
about 200,000 animals. Three decades of breeding and
selection in Valle del Belice sheep are expected to have
left several genomic footprints related to milk production
traits.

From the end of the 1990s until today, the genetic ma-
terial of this sheep has been collected and stored by the
University of Palermo. This provided the opportunity to
map genomic regions affected by selection pressure in
Valle del Belice sheep through the analysis of genomic
differences between selected (more recently sampled) and
unselected animals.

Advances in genomic methodologies have enabled the
development and combination of methods to explore the
effects of selection in the genome of livestock species (e.g.
Avila et al., 2018; Brito et al., 2017; Fariello et al., 2014).
Most of them rely on linkage disequilibrium, site fre-
quency spectrum, reduced local variability and population
differentiation (Qanbari & Simianer, 2014). Each of these
methods benefits from different sources of information
on genome variation and is sensitive to different catego-
ries of selection signatures. For instance, the iHS test has
advantages in exploring selective sweeps with variants
at moderate frequencies (Sabeti et al., 2007), whereas
Rsb is better suited for detecting recent selective sweeps
that resulted in near or complete fixation of an allele in a
population (Tang et al., 2007). The selection also leads to
reduced genetic diversity in some regions of the genome,
which results in stretches of consecutive homozygous
genotypes, known as runs of homozygosity (ROH) islands
(Mastrangelo et al., 2017).

In sheep, several studies have been carried out using
the above-mentioned methods to identify the genomic re-
gions under selection (e.g. Ahbara et al., 2019; Eydivandi
et al., 2021; Kijas et al., 2012), even within genetically
close populations (e.g. Cesarani et al., 2019; Mastrangelo
et al., 2019). However, changes in the genomic architec-
ture over time due to within-breed selection processes are
rarely studied (Hulsegge et al., 2022), especially in sheep.

In this study, we used the Illumina OvineSNP50
BeadChip genotype data and the comparison between two
groups of Valle del Belice ewes formed, respectively, by
individuals that underwent directional selection (recent
sampling) and unselected animals (old sampling), with
the aim to identify genomic regions potentially linked to
the selection process.

2 | MATERIALS AND METHODS

Animal Care and Use Committee approval was not needed
as data were obtained from pre-existing databases.
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2.1 | Animals and genotyping
We have assembled a dataset with 451 individuals of the
Valle del Belice sheep breed: 267 old samples (VDB-old,
collected before the 2000s) and 184 new samples (VDB-
new, collected between 2018 and 2020). The Department
SAAF, University of Palermo, has preserved the genetic
material of VDB-old. As regards recent samples, genomic
DNA was extracted from blood using the commercial
Ilustra blood genomic Prep Mini Spin kit (GE Healthcare).
Allanimalswere genotyped for 54,241 single-nucleotide
polymorphisms (SNPs) using the Illumina OvineSNP50K
array. Chromosomal coordinates for each SNP were ob-
tained from the Oar_v4.0 ovine (Ovis aries) genome se-
quence assembly. Only SNPs located on autosomes were
considered. After filtering for minor allele frequency (maf
0.05), missing genotype call rate (geno 0.01) and missing-
ness per individual (mind 0.1), a final dataset consisting of
40,660 SNPs was obtained. All animals had high-quality
genotyping and were included in the analysis.

2.2 | Population structure

To investigate the genetic relationships among individu-
als and between groups, multidimensional scaling (MDS)
analysis based on the matrix of identity-by-state pair-
wise distances was performed using PLINK 1.7 (Purcell
et al., 2007). Population structure has been inspected
using the maximum likelihood clustering approach imple-
mented in the ADMIXTURE software v1.3.0 (Alexander
et al., 2009), with K values ranging from 2 to 4.

2.3 | Identifying selection signatures

In this study, we used two statistical approaches designed
to quantify the excess of haplotype homozygosity within
(iHS) or among groups (Rsb) and the analysis of consecu-
tive regions of homozygosity (ROH islands).

2.3.1 | iHS and Rsb approaches

The two EHH-based metrics were computed within 1.5-
Mb sliding windows with 50-kb overlapping step using
the rehh package v. 3.2.2 in R (Gautier & Vitalis, 2012).
Haplotypes were reconstructed from the SNP data using
fastPHASE v. 1.4 (Scheet & Stephens, 2006).

For each SNP, iHS and Rsb tests are constructed to have
an approximately standard Gaussian distribution (Tang
et al., 2007; Voight et al., 2006). The scores, calculated for
each SNP, were transformed into p-values using the rehh
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package (Gautier & Vitalis, 2012). Candidate regions were
then defined by the windows containing at least three
neighbouring SNPs with a—loglO(p-value)>=2.5. We
have chosen to focus on clusters of neighbouring SNPs
because it has been demonstrated that it is more power-
ful to look for windows of consecutive SNPs that contain
numerous extreme scores rather than treating each SNP
separately (Voight et al., 2006).

2.3.2 | Runs of homozygosity islands

Runs of homozygosity were investigated using PLINK
1.7 (Purcell et al., 2007). The minimum length that con-
stituted the ROH was set to 1 Mb. The following criteria
were also used: (i) one missing and one possible het-
erozygous genotype were allowed in the ROH; (ii) the
minimum number of SNPs that constituted the ROH was
set to 30; (iii) the minimum SNP density per ROH was set
to one SNP every 100kb; (iv) the maximum gap allowed
between consecutive homozygous SNPs was 1000kb.
The percentage of SNP within an ROH was calculated by
counting the number of times each SNP was in an ROH
and by dividing that number by the number of animals
in each group, thus obtaining homozygosity estimates
per locus. To identify ROH islands, the top 0.2% SNPs
were selected. Finally, the inbreeding coefficient (F)
based on ROH (Fgqy) for each animal was also estimated
as follows:

Frou = Lron / Laut

where Lyqy; is the total length of all ROHs in the ge-
nome of an individual and L, is the specified length of
the autosomal genome covered by SNPs on the chip array
(2452.06 Mb).

2.4 | Gene annotation

Annotated genes within the identified genomic regions
were obtained from Genome Data Viewer provided by the
National Center for Biotechnology Information (NCBI)
using the ovine assembly OAR_v4.0. Gene Ontology (GO)
and the enrichment analysis of annotated genes identified
by at least two approaches (Table 1) were conducted using
the open-source Database for Annotation, Visualization,
and Integrated Discovery ver. 2021 package (https://david
-d.nciferf.gov), imposing a p-value <0.05. The associ-
ated QTLs were investigated using the animal QTL data-
base (QTLdb; https://www.animalgenome.org/cgi-bin/
QTLdb/index). Finally, we conducted a comprehensive
literature search to investigate the biological function and
the phenotypes that are known to be affected by each an-
notated gene.

3 | RESULTS

3.1 | Population structure and
inbreeding

Multidimensional scaling analysis revealed a separation
between the two investigated groups along the first di-
mension (PC1 with 12.34% of the variance; Figure 1). In
addition, the VDB-new group formed two clusters with
unequal sizes. Conversely, VDB-old individuals did not
form a cluster but were scattered. This distribution pat-
tern was confirmed by the results of the Admixture anal-
ysis observed at K=2 in which VDB-old individuals are
already distinguishable from their selected counterparts
The increase of K at 3 and 4 highlighted the two subgroups
in VDB-new sampling (Figure S1), also revealed by MDS.
The ROH-based inbreeding coefficient was lower in the

TABLE 1 Genomic regions identified by two statistical approaches in the Valle del Belice sheep.

Test OAR Star bp End bp
iHS, ROH 4 99,200,128 103,490,698
iHS, ROH 4 104,579,997 104,883,987
Rsb, iHS 104,950,000 106,450,000
iHS, ROH 11 20,360,396 21,976,316

Abbreviation: OAR, Ovis aries chromosome number.

Genes

NUP205, SLC13A4, FAM180A, MTPN, LUZP6, CHRM2, PTN,
DGKI, CREB3L2, AKR1D1, TRIM24, SVOPL, ATP6V0A4,
TMEM?213, KIIA1549, ZC3HAVIL, ZC3HAV1, TTC2e,
UBN2, KLRG2, CLEC2L, HIPK2, TBXASI, PARP12,
KDM7A, SLC37A3

AGK, KIAA1147, WEE2, SSBP1, PRSS37

MGAM, MGAM?2, EPHB6, TRPV6, C4H70rf34, KEL, GSTK1,
CASP2, CLCN1, FAM131B, ZYX, EPHA1

TAOKI1, ABHD15, TP53113, GIT1, ANKRD13B, CORO6, SSH2,
EFCABS, NSRP1, SLC6A4, BLMH, TMIGD1, CPD, GOSRI,
TUSCS5, BHLHA9, ABR, TIMM22, NXN, RNMTLI1, GLOD4,
GEMIN4, FAM57A, VPS53, FAM101B, RPH3AL
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FIGURE 1 Genetic relationship defined with
multidimensional scaling analysis between unselected (blue) and
selected (red) group in Valle del Belice sheep breed. [Colour figure
can be viewed at wileyonlinelibrary.com|

VDB-new group (Frop=0.062+0.055) than in the VDB-
old group (Frop=0.097 £0.064).

3.2 | Identifying selection signatures
between groups using Rsb

We applied the Rsb test to detect potential selective sweeps
fixed (or nearly fixed) in the VDB-new but which remain
segregating in the VDB-old (or vice versa; Figure 2). In
total, 115 outlier SNPs were revealed (Table S1). The ap-
proach defined a total of three candidate regions, span-
ning 45 known protein coding genes.

3.3 | Identifying selection signatures
within the VDB-new group

3.3.1 | iHS approach

The VDB-new group showed a total of 1577 outlier SNPs,
represented by the Manhattan plot in Figure 3. These
outlier markers defined a total of 23 candidate genomic
regions encompassing 511 known genes (Table S2). The
highest number of regions identified by iHs were lo-
cated on the first four chromosomes. The results also
showed five strong iHS signals, defined as regions with
a high number of consecutive outliers (>=10): one on
OARO03 (174,300,000-181,300,000bp), three on OARO04

(84,550,000-88,550,000 bp; 90,650,000-96,100,000bp and
99,200,000-110,650,000bp) and one on OAR11 (19,050,
000-23,750,000 bp; Table S2).

Runs of homozygosity approach

A total of four genomic regions that frequently appeared
within ROH were identified. Table S3 provides the chro-
mosome, the start and end positions of ROH islands found
in the VDB-new group. These regions ranged from 4.30 Mb
(on OARO04) to 0.03Mb in length (on OAR04). We identi-
fied a total of 57 known genes within the ROH islands.

Congruence among
selection signals

A total of four genomic regions were jointly identified
by at least two statistical approaches (Table 1). Two ad-
jacent regions on OAR04 were jointly identified by two
within population approaches (iHS and ROH). The first
region containing 26 genes, was ~4.3Mb in size (at posi-
tion: 99,200,128 bp-103,490,690 bp) while the second was
a ~300kb region (at position: 104,579,997-104,883,987 bp)
harbouring only five genes. Another region on OAR04
(104,950,000-106,450,000bp) containing 12 genes was
identified by Rsb and iHS. It is worthy of note that the
regions on OARO04 also showed the strongest signals
in iHS analysis with a total of 44 SNPs above the sig-
nificance threshold. Finally, iHS and ROH registered
another common selection signal on OAR11 (20,360,396-
21,297,316 bp) containing 26 genes.

3.5 | Gene identification and functional
enrichment analysis

To better understand the biological implications of the se-
lection signals, enrichment investigations were performed
for annotated genes that were identified by at least two ap-
proaches. No significantly enriched annotation functions
(Benjamini-corrected p-value <0.05) were observed. The
search on the sheep QTLdb revealed 22 QTLs belonging to
different traits (Table S4). In particular, we identified QTL
associated with milk production and growth traits.

4 | DISCUSSION

Valle del Belice is the most reared dairy sheep in Sicily.
This breed has undergone selection during the last
30years. Such selective pressure is expected to cause
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changes in the genetic structure and diversity of this popu-
lation. Accordingly, both aspects were recognizable in our
population structure results, with VDB-new occupying
a distinct space from VDB-old in MDS, having different
genomic pattern in ADMIXTURE, and a different ROH-
based inbreeding coefficient. Regarding this latter aspect,
we found a lower Fyqy value for VDB-new compared to
the unselected population, which is an interesting result
considering that selection often results in an inevitable
increase in inbreeding. This can be explained by the wide-
spread mating between close relatives, a typical feature of
the old Sicilian farming system (Mastrangelo et al., 2014).
Therefore, the lowest Froy value in VDB-new indicates
that the breed has benefited from proper mating manage-
ment. Likewise, the small group of VDB-new individuals
revealed by MDS and ADMIXTURE is likely the result of
higher levels of relatedness in this group compared to the

TTTTTTTTTT
19 22 25

whole VDB-new sample. The genetic divergences among
groups of the same population but undergoing different
selection pressures have been already reported in cattle
(Cardoso et al., 2018; Hulsegge et al., 2022). Presumably,
differences in the genetic structure between groups could
be driven by the combined action of selection and genetic
drift (Bertolini et al., 2020).

The main aim of the present study was to investigate
selection signatures linked to the production traits in Valle
del Belice sheep. This was performed by comparing the
genomes of a group of animals subjected to a directional
selection process with an unselected population, using
three statistical approaches that have been successfully
applied in other studies on various livestock species (e.g.
Brito et al., 2017; Mastrangelo et al., 2023; Moscarelli
et al., 2021; Nolte et al., 2019). Genome scans compar-
ing breeds under artificial selection with their unselected
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founder population have been previously applied in cat-
tle (e.g. Cardoso et al., 2018; Hulsegge et al., 2022; Seo
et al., 2022) and could provide valuable insight into the
genes associated with the traits that have been under ar-
tificial selection. The main drawback of such strategy is
the likelihood that genetic drift can lead to divergence
between selected and control populations for reasons re-
lated to randomness rather than specific genes playing a
role in the variability of selected traits. We believe that the
population size in the present study was sufficiently large
to prevent genetic drift from overriding the effect of se-
lection for the identified loci in the VDB-new population.
However, since Valle del Belice sheep can be considered a
recent population resulting from crossbreeding practices,
some assumptions might be violated due to population
expansion, subdivision and bottleneck; these factors, al-
though the candidate genes were identified using different
statistical methods, could lead to the identification of false
positive signals.

In the present study, we found a few number of selec-
tive sweeps with the Rsb test compared to iHS (3 vs. 23,
respectively) which is in line with selective pressure on
beneficial alleles that is still ongoing in the VDB-new in
which most of the variants under selection are still present
with intermediate frequency. It is worth noting that the
iHS statistic achieves its maximal power when selected
alleles segregate at intermediate frequencies in the pop-
ulation (Zhao et al., 2015), while Rsb can detect selected
alleles that have risen to near-fixation or a point of fixa-
tion in a specific population but remain polymorphic in
the other population (Tang et al., 2007).

No genomic regions were jointly identified by the three
statistic methods, since each approach tends to detect dif-
ferent signals (Liu et al., 2013), and most of the shared
regions have been identified between complementary
approaches (Table 1). In fact, three genomic regions de-
tected by iHS were also located in ROH, lending further
support that these regions are likely true candidates. Many
studies on livestock species have shown a positive correla-
tion between the frequency of ROH and iHS (Gautason
et al., 2021; Liu et al., 2021; Mastrangelo et al., 2020; Nolte
et al., 2019).

Due to the large number of genes included in the out-
lier windows, we chose to focus on two types of candidate
regions to discuss the biological implication of our find-
ings with regard to genes whose functions have been char-
acterized: (i) the five candidate regions with more than 10
SNPs exceeding the significance threshold identified by
iHS. This is because selective sweeps detected by iHS tend
to produce clusters of extreme scores across the sweep
region, while under a neutral model, extreme scores are
scattered more uniformly (Voight et al., 2006) and (ii) the
candidate regions jointly detected by the two methods

(Table 1). The rationale is that selection signals supported
across different methodologies can be interpreted as reli-
able signals (Saravanan et al., 2020).

We reviewed the literature to obtain a list of genes
known to be associated with milk production traits in-
cluded in the aforementioned candidate regions.

Three out of the five relevant candidate regions de-
tected by iHS are located on OAR4 (Table S2). The most
relevant region on this chromosome is located at posi-
tion 99,200,000-110,650,000 bp with 44 SNPs exceeding
the significance threshold (22% of the total number of
SNPs in this region). This large region included the three
signatures of selection identified on OAR04 combin-
ing the results between approaches (Table 1). The SNP
with the highest p-value in this region (rs414908437,
—logl10(p-value)=4.87, position: 103,490,698 bp) is lo-
cated within SLC37A3 gene. Importantly, this SNP is lo-
cated at the end of the first of the two ROHs detected on
OAR4 (Table S3). SLC37A3 belongs to the SLC37 gene
family, an almost unexplored group of transmembrane
sugar transporters (Bartoloni & Antonarakis, 2004).
The gene SLC37A1 is highly expressed in the mammary
gland (Kemper et al., 2015; Raven et al., 2016). Previous
studies found the SLC37A1 gene associated with several
milk production traits in cattle including milk yield, fat
and protein percentages (Kemper et al., 2015; Pausch
et al., 2017; Raven et al., 2016). Furthermore, Sanchez
et al. (2019) reported SLC37A1 associated with milk's
cheese-making properties and milk mineral content in
Montbéliarde cows. Another gene of interest is KDM7A,
which is only 152 kb downstream of the rs414908437 SNP
and is a key regulator of DGAT2 gene (Kim et al., 2021).
The latter is a member of the diacylglycerol acyltrans-
ferases (DGAT), a vital group of enzymes in catalysing
triacylglycerol biosynthesis. DGAT genes have been
identified as functional candidate genes affecting milk
production traits, especially for fat content in milk (Liu
et al., 2020). The outlier window on OAR11 spans a 4.7-
Mb region (from 19,050,000 to 23,750,000 bp) with more
than 22% of the SNPs having p-values exceeding the sig-
nificance threshold. The highest signal in this region
spans from 20,360,396 to 21,680,960 bp. Within this win-
dow, there is a shared region with a ROH encompassing
TAOKI, a gene modulating IgG and IgM concentration
in colostrum and serum (Lin et al., 2022). Furthermore,
among the cluster of outliers in this region (seven
SNPs), two highly significant SNPs (rs417806498 and
rs428702588) are located in SSH2, a gene that encodes
a protein tyrosine phosphatase which plays a key role in
the regulation of actin filaments, and that is linked to
intra-muscular fat in sheep (Daetwyler et al., 2012) and
height at withers in cattle (Vanvanhossou et al., 2020).
This is in line with the fact that Valle del Belice sheep
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was secondarily selected for growth traits which led to
the identification of candidate genes that are rather asso-
ciated with such trait. The peak area on chromosome 11,
at position 21,680,960bp with a -logl0 (p-value=3.7),
is located only ~8kb downstream of FAM57A gene.
There is no clear trade-off between this gene and milk
production traits although a previous study reported
that FAM57A is among the genes that are related to 305
milk yield in Guzerd cattle (Paiva et al., 2020). FAM57A
is rather thought to play a crucial role in spermatogen-
esis (Wang et al., 2016) and is among the differentially
expressed genes when comparing high- and low-quality
ejaculates in Australian sheep (Hodge et al., 2021).
Hence, it seems likely that the selection process in the
VDB breed has incidentally impacted some male repro-
ductive traits. In line with this hypothesis, on the an-
other candidate region on OAR4, the area bounded by
the two most significant SNPs (rs401685703, —log10(p-
value)=4.26, position: 87,097,602bp and rs398805194,
—logl10(p-value) =3.92, position: 87,153,327 bp) encom-
passes two genes coding for ring finger proteins, RNF133
and RNF148, two evolutionarily conserved testis-specific
E3 ubiquitin-protein ligases. At least one of these genes
(RNF133) plays a critical role in sperm function during
spermatogenesis in mice (Nozawa et al., 2022).
Although we have mainly focused attention on the
common candidate regions identified by at least two ap-
proaches, it is important to reiterate that each method has
specific features implying that non-overlapping regions
of selection signatures across different methods should
be treated as complementary information to better un-
derstand the different patterns of variation in a popula-
tion (Santos et al., 2021). In this regard, the Rsb approach
identified a region on OARO06 with well-known candidate
genes. This test is suitable for detecting signatures of re-
cent selection (Bahbahani et al., 2015; Epstein et al., 2016;
Oleksyk et al., 2010), such as those present in the Valle del
Belice breed. Within this region, we mapped important
genes (ABCG2, PKD2, SPP1, MEPE, IBSP, LAP3, MED28,
FAM184B, NCAPG, LCORL) previously reported within a
QTL related to milk production traits in cattle (e.g. Olsen
et al., 2008; Zhang et al., 1998) and that overlapped with
a candidate genomic window for milk traits identified in
a previous study in Valle del Belice sheep (Mohammadi
et al., 2022). However, limited overlap was observed in the
candidate genomic regions identified in the present study.
This could be explained by at least two potential factors.
Firstly, potential artefacts due to population stratification
or cryptic relatedness could lead to spurious associations
in trait-associated genetics, especially in the field of poly-
genic analysis (Novembre & Barton, 2018). For instance,
the polygenic selection signals observed for the height
GWAS meta-analysis in humans are now considered to

be partly driven by residual population structure (Berg
et al., 2019; Sohail et al., 2019). Second, the selection sig-
nals detected in the present study are likely to be asso-
ciated, in addition to milk production, with other traits.
This is exemplified by the selection signatures on chro-
mosomes 4 and 11 where the selection signal peaks fall
within (or are close to) genes associated with growth and
reproduction.

5 | CONCLUSIONS

About three decades of artificial selection have led to a
significant change in the population structure of Valle del
Belice sheep. Our findings demonstrate that changes in
genetic structure and diversity have occurred in the group
of animals subjected to directional selection, compared
with the group of old unselected animals. There were no
overlapped regions jointly identified by the three statistic
methods, since each approach tends to detect different
signals. We found a congruence among the EHH-based
methods (iHS and Rsb), but also betweeen iHS and ROH
approaches. A total of four genomic regions were jointly
identified by at least two statistical approaches, most of
which overlapped known candidate genes. We high-
lighted several interesting sweeps underlying candidate
genes associated with milk production, which may pro-
vide clues to potential new selection targets. Our results
also show that selection in the Valle del Belice breed led to
the targeting of genes associated with growth and repro-
ductive traits. Further studies using higher-density array
data, would be particularly relevant to refine and validate
these candidate regions.
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