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Highlights

Nero Siciliano is an autochthonous pig genetic resource reared in Sicily (Italy).

Animals of this breed are completely black, few pigs have white patterns.

Genome-wide association and Fst analyses were carried out in this breed for coat colour
patterns.

A significant marker (rs81329493), confirmed in the Fst analysis, was identified on porcine
chromosome 2.

This marker is located on a quantitative trait locus for coat colour in pigs and close to a few

candidate genes.
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Abstract

Nero Siciliano (or Sicilian Black) is an Italian autochthonous pig breed reared in the Sicily island,
mainly under extensive management systems. Nero Siciliano pigs are black (with black skin and
black hair), but animals with white face or partially white face ("suino facciolo™) can be registered
to the breed herd book. Sometimes, other white patterns on extreme portions of legs could appear
in this population. This study took advantage from the rare occurrence of pigs with white patterns
in the Nero Siciliano population to carry out a genome-wide association study and comparative
genome-wide Fixation index (Fst) analysis to identify genomic regions that could affect coat
colour variability (solid black vs white patterns over black) in this autochthonous pig breed.
Analyses have been conducted on 66 Nero Siciliano pigs: 30 completely black and 36 black with
white patterns. All samples have been genotyped for the KIT gene duplication and MC1R
mutations, two genes well known to affect coat colours in pigs. Only pigs that did not carry any
duplication of the KIT gene and were homozygous for the EP? black dominant MC1R gene allele
(n. = 26 completely black and n. 22 with white patterns) were genotyped with the Illumina
PorcineSNP60 BeadChip. The genome-wide analyses identified on chromosome 2 a significant
marker (rs81329493) associated with the coat colour white patterns in this breed. The homologous
chromosome region in felids contains the gene responsible for the blotched tabby and striped coat
colour patterns. Further studies, including a larger number of pigs, are needed to confirm this result
and identify the causative mutation(s) affecting this coat colour diversity, which might be used to
design a conservation programme in this breed aiming to maintain phenotypic homogeneity (i.e.
solid black) that is typically associated with Nero Siciliano pigs. This study demonstrated how
genetic diversity segregating in an autochthonous genetic resource can be explored to understand

the genetic mechanisms affecting phenotypic traits in a livestock species.
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1. Introduction

Most of the genetic diversity in livestock resides among many different breeds that have
been shaped by the combined action of human driven and natural directional selection, including
breeding programmes and adaptation to a variety of production systems and environments, that
underwent several and complex genetic events (e.g. genetic drift, bottleneck, isolation,
introgression, migration, crossbreeding). These genetic resources can be described by associated
inheritable phenotypes, that usually describe the uniqueness of local animal breeds (Leroy et al.,
2016). Some populations are not completely fixed for these traits as a result of mild or only recent
selection pressure towards some features or due to recent introgression or crossbreeding that
together increased within breed diversity. Exploring this variability could highlight genetic
mechanisms and genes affecting production and morphological traits, as we recently demonstrated
in the autochthonous Casertana pig breed using genome-wide association and selection signature
analyses (Bertolini et al., 2018; Schiavo et al. 2018, 2019).

Nero Siciliano (or Sicilian Black) is another autochthonous pig breed reared in the Sicily
island, mainly under extensive management systems. This breed, also known with other local
names (“Nero dei Nebrodi”, “Nero delle Madonie” and “Nero dell’Etna”), is one of the six
officially recognized Italian local pig breeds, under the national conservation programme managed
by the Italian Pig Breeders Association (ANAS). The Herd Book of this breed currently accounts
about 1000 registered sows and boars (ANAS, 2020).

Even if a pig population has been present in the Sicily island since the pre-Roman period,
the genetic pool of the Nero Siciliano breed has been mainly shaped during the last centuries. Pig
populations with Neapolitan blood were described in Sicily by Chicoli (1870). Then, Casertana

pigs have been used for the constitution of some nuclei of districts in the province of Enna and
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Messina (Faelli, 1928; Pino, 1947; Chiofalo, 1990). According to Montanaro (1939), Iberian lines
were then introduced into this population and Porter (1993) indicated that the Sicilian pig
population was subsequently improved by crossbreeding with Large Black and Large White
animals. Subsequent introgression events, derived by other improved breeds (probably Pietrain
and others) and wild boars, contributed to determine the large genetic variability of this breed,
already recognized at the genome level by several previous studies (Russo et al., 2004; Mufioz et
al., 2018, 2019; Schiavo et al., 2020).

Nero Siciliano pigs are usually completely black (with black skin and black hair) with a
black dorsal stripe. Few animals can have a white face or a face with white portions (referred as
"suino facciolo™). Sometimes, other white patterns could appear in the population (e.g. a white
belt, white extremities of the legs or other white patterns) but these animals cannot be registered
to the Herd Book of the breed.

The black coat colour in this breed may be determined by the dominant alleles at the
melanocortin 1 receptor (MC1R) gene: EP* or MC1R*2 and EP? or MC1R*3 (the most frequent
allele in this breed) of Asian and European origin, respectively (Kijas et al., 1998; Fang et al.,
2009; Murioz et al., 2018; Ribani et al., 2019). However, other MC1R alleles segregate in this
breed (E* or MC1R*1, the wild type allele; e or MC1R*4, the recessive red allele; and E” or
MC1R*6, the patched black allele. Kijas et al., 2001; Fang et al., 2009) supporting the genetic
influence of several pig breeds/populations in shaping the genetic background of the Nero Siciliano
breed (Fontanesi et al., 2010; Mufioz et al., 2018; Ribani et al., 2019).

White coat colours and white patterns in pigs are mainly influenced by the Dominant white
locus which has a complex series of alleles determined by different regions of the KIT gene

affected by copy number variations and other polymorphisms (Johansson Moller et al., 1996;
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Marklund et al., 1998; Pielberg et al., 2002; Johansson et al., 2005; Fontanesi et al., 2010, 2016;
Rubin et al., 2012). Epistatic interactions have been observed between the Extension and the
Dominat white loci (Hirooka et al., 2002; Fontanesi et al., 2010).

White spotted patterns in Chinese breeds and in traditional European breeds have been
associated with variability in the endothelin receptor type B (EDNRB) and KIT ligand (KITLG)
gene regions (e.g. Wilkinson et al., 2013; Wang et al. 2015, 2018; L et al., 2016) and several
QTLs for coat colour patterns have been reported in few other chromosome regions (Hirooka et
al., 2002).

In this study, we took advantage from the rare occurrence of pigs with white patterns in the
Nero Siciliano population to carry out a genome-wide association study and a comparative
genome-wide Fixation index (Fst) analysis with the final objective to identify genomic regions
that could affect coat colour variability (solid black vs white patterns over black) in this

autochthonous pig breed.

2. Material and methods
2.1. Animals and coat colour phenotypes
This study did not have any ethical implications as animals were not treated in any way.
Operations on the animals were carried out under routine veterinary inspections. All animals were
raised according to National and European legislation and no ethical permit was therefore needed.
A total of 66 Nero Siciliano pigs (about 6 to 24 months old) from four different farms were
included in this study. Photographic and visual records of each animal were obtained to classify
the animals as completely black (n. 30) or black with white patterns (n. 36). This latter group

accounted for 20 pigs having both white patterns in the face and in the extreme portions of one or
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more legs and for 16 pigs with white portions only in the face. A few examples of Nero Siciliano

pigs with different coat colours are reported in Figure 1.

2.2. Genotyping of KIT and MC1R mutations

Hair roots or blood samples collected from the studied pigs were used for DNA extraction
that was carried out with the Wizard® Genomic DNA Purification kit (Promega Corporation,
Madison, WI, USA) following the manufacturer’s instructions. DNA of all pigs was amplified
with the diagnostic test for the duplication of the KIT gene using the primers described by Giuffra
et al. (2002). The test detects a dominant genotype and cannot reveal the number of duplicated
copies. The test was carried out in a duplex PCR with ESR1 primers in order to evaluate if the lack
of amplification for the KIT primers was due to failure of the PCR or by the presence of a single
copy gene, as previously described (Fontanesi et al., 2010). PCR amplification, primers and
genotyping conditions were as reported by Fontanesi et al. (2010).

Four mutations of the MC1R gene, that identify the five main alleles at this locus (E* or
MC1R*1, EP! or MC1R*2, EP? or MC1R*3, e or MC1R*4 and EP or MC1R*6; Kijas et al., 1998,
2001; Fang et al., 2009) have been genotyped in all pigs with the protocols described in Fontanesi

et al. (2010, 2014).

2.3. Genotyping with the lllumina PorcineSNP60 BeadChip panel

All pigs that did not carry any duplication of the KIT gene (expected to have a wild type
genotype at the Dominant white locus) and that were homozygous for the EP? allele at the MC1R
gene (26 pigs with completely black coat colour and 22 pigs with white patterns) were genotyped

with the Hllumina PorcineSNP60 BeadChip v.2 (lllumina, Inc., San Diego, CA, USA). The



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

preselection of the pigs having a putative wild type genotype at the Dominant white locus and a
dominant black genotype at the Extension locus was done to avoid interactions or effects of
different alleles at these two loci that are well known to affect coat colour phenotypes (Fontanesi
and Russo, 2013). Genotyping of the 61,565 single nucleotide polymorphisms (SNPs) of the
commercial panel was carried out following the manufacturer’s protocol. Genotyping data were
filtered using PLINK 1.9 software (Chang et al., 2015) using criteria already applied in similar
studies (Bertolini et al., 2018; Schiavo et al., 2018, 2019): genotyping call rate >0.9, minor allele
frequency (MAF) >0.01 and Hardy-Weinberg equilibrium P>0.001. After filtering, the number of
retained autosomal SNPs was 49266. The positions of the SNPs were assigned to the Sscrofall.l

reference genome version by applying the mapping method described in Fontanesi et al. (2012).

2.4. Genome-wide analyses

PLINK 1.9 software (Chang et al., 2015) was used to obtain multi-dimensional scaling
(MDS) plots and evaluate distance relationships among the animals of the investigated cohorts,
included in the different comparative genome-wide analyses for the considered coat colour
patterns. Possible clusters evidenced in MDS plots might only due to within breed stratification
problems, as already reported in similar studies (Bertolini et al., 2018; Schiavo et al., 2018, 2019).

Genome-wide association studies were carried out using a single marker analysis by
applying the univariate mixed model of GEMMA v. 0.98.1 (Zhou and Stephens, 2012). The
centered relatedness matrix calculated from SNP genotypes was used to correct for population
stratification in a case and control (completely black vs black with white patterns) analysis with a
model that included the farm and the sex as fixed effects. The significant threshold was defined

using a Bonferroni corrected p-value of 0.05. Suggestive significant threshold was defined at the
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Prominal value<5.0x107% level, as already applied in several other genome wide association studies in
livestock (e.g. Fontanesi et al., 2012; Sanchez et al., 2014; Bovo et al., 2019), including similar
case and control studies in pigs (Bertolini et al., 2018; Schiavo et al., 2018, 2019). Genomic
inflation factor (1) and quantile—quantile (QQ) plot in the genome wide association study were
obtained using GenABEL (function estlamda and method median; Aulchenko et al., 2007).

To further evaluate the results of the genome-wide association studies, Fst analyses were
performed using the same SNP genotyping data and by comparing the two groups of pigs
(completely black vs black with white patterns) in a single marker analysis using PLINK 1.9
software (Chang et al., 2015). Fst relevant differences were considered for the SNPs having values
over the 99.9th percentile distribution.

Annotation of the genomic regions that had SNPs that trespassed the defined thresholds in
both genome-wide association and genome-wide Fst analyses was obtained from the information
available on the Sscrofall.l reference genome, retrieved at the Ensembl database

(http://www.ensembl.org/Sus_scrofa/Info/Index), release 98 (September 2019).

3. Results and discussion

A total of 26 out of 30 completely black pigs were homozygous EP?/EP? at the MC1R gene.
Three pigs had genotype EP?/EP and one had genotype EP?/e. These results confirmed that Nero
Siciliano pigs are not fixed for one allele at this gene, as already reported in previous studies (Russo
et al., 2004; Fontanesi et al., 2010; Mufioz et al., 2018; Ribani et al., 2019). None of the completely
black pigs were positive at the test that detects the duplication of the KIT gene, thus a total of 26

completely black pigs were considered for further studies.
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About 39% of the pigs with white patterns (14 out of 36) were positive at this KIT duplication
DNA test, therefore they were carriers of alleles constituted by multiple copies of the KIT gene
(Giuffra et al., 2002; Fontanesi et al., 2010). The high frequency in this breed of pigs carrying a
duplicate KIT allele confirms the results we already reported in a previous investigation (Fontanesi
et al., 2010). The observed high frequency, however, can be considered a biased estimation as, in
this study, we purposely sampled pigs with white patterns. It would be useful to further evaluate
this matter in the Nero Siciliano pigs and obtain an unbiased estimated frequency of the animal
carrying duplicate KIT alleles in this breed, probably introgressed into this population by
crossbreeding with other white and more productive breeds. As duplicated KIT alleles were only
observed in pigs with white patterns, it could be possible that copy number variation at this locus
might contribute to produce these coat colour phenotypes. Not all pigs with white patterns,
however, were positive at the duplication test, indicating that variability in other genomic regions
or other KIT gene variants may be involved in determining the presence of white patterns in pigs,
as already suggested by other studies (Hirooka et al., 2002). In addition, all remaining 22 pigs
(negative at the duplication KIT gene DNA test) were homozygous EP?/EP? at the MC1R gene.
Therefore, we could also exclude any other effects on the white pattern phenotypes derived by the
Extension locus.

A total of 48 pigs were then genotyped with the Illumina PorcineSNP60 BeadChip panel.
Potential stratification in the analysed pig population, probably derived by the limited number of
farms from which animals were sampled, could be evidenced from the MDS plot obtained using
this SNP dataset (Figure 2).

Results of the genome-wide association study comparing the two groups of pigs with

different coat colour phenotypes (26 completely black vs 22 black with white patterns) are reported
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in Table S1. Figure 3A includes the Manhattan plot obtained in this analysis. Despite the potential
stratification of the analysed population, the centered relatedness matrix calculated from SNP
genotypes was able to correct this sampling bias, as demonstrated by the genomic inflation factor
value (equal to 1.047) and the obtained QQ plot (Figure S1).

The two groups of pigs were also compared using a single marker Fst analysis. Figure 3B
shows the Manhattan plot obtained using the Fst values for the analysed SNPs. Table 1 reports all
SNPs that trespassed the 99.9th percentile distribution with their corresponding p-value in the
genome-wide association study. Only the top SNP in both analyses was included in this list. The
most significant marker in the genome-wide association study had also the highest Fst value. This
SNP (ALGA0102645 or rs81329493) is an intergenic variant located on porcine chromosome 2
(SSC2) at position 120728602. This SSC2 position overlaps with the QTL region for black coat
colour reported by Hirooka et al. (2002) in a F2 reference family constructed by crossing Meishan
pigs with Dutch commercial animals.

The closest annotated gene on Sscrofall.l is semaphoring 6A (SEMAG6A), which is located
from nucleotide position 120560095 to 120687106. SEM6A is a member of the semaphoring
family of secreted and transmembrane proteins that, coupled with plexin receptors, regulate critical
cellular developmental processes involving actin cytoskeleton, cell proliferation and
differentiation, which also affect pigmentation (Prislei et al., 2008; Weiner et al., 2014). SEMAGA
plays a role in growth and survival of human melanoma cells (Loria et al., 2015). Disruption or
inhibition of other semaphorins also cause skin pigmentation defects (Yu et al., 2004; Scott et al.,
2008; Maier et al., 2011).

Interestingly, the SSC2 region spanning the most significant SNPs is overlapping with a

corresponding chromosome region in cats and other felids harboring a large haplotype containing

12
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the gene responsible for the blotched tabby coat colour pattern (Kaelin et al., 2012). Mutations in
the transmembrane aminopeptidase Q (Tagpep) gene, that is homologous to the laeverin (LVRN)
gene, also known as aminopeptidase Q (APQ; annotated from nucleotide positions 120117652 to
120193715 in the pig chromosome), have been shown to determine the change from a spotted
phenotype to blotches and stripe patterns (Kaelin et al., 2012). Even if this across species

comparative analysis could be speculative, it could be an interesting hint for further investigations.

4. Conclusion

This study was designed to take advantage from a phenotypic diversity on a breed-specific
trait (i.e. coat colour) segregating in a local pig population. The design excluded the potential effect
on coat colour patterns of main alleles at two major coat colour loci (KIT and MC1R), as our aim
was to identify other loci affecting this phenotype. However, considering the low number of pigs
showing white marks that we were able to sample (animals with this phenotype are rare in this
population), this study could not include a large number of animals and relied only on the
possibility to identify QTL with large effects, not explained by the Dominant white and Extension
loci. Other studies are therefore needed to validate the obtained results.

The combined results obtained by the genome-wide association study and the genome-wide
Fst analysis indicated that a region on SSC2 affects, at least in part, the observed coat colour
patterns in the Nero Siciliano pig population. Then, adding a candidate gene analysis based on the
functions of the genes located in the identified genomic region, we further evaluated the potential
role of this chromosome position in the association with the presence of small white patterns on a
black background. Further studies, including a larger number of pigs, are needed to confirm this

result and identify the causative mutation(s) affecting this coat colour diversity, which might be
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used to design conservation programme in this breed aiming to maintain phenotypic homogeneity
(i.e. solid black) that is typically associated with Nero Siciliano pigs. Our study demonstrated how
genetic diversity segregating in an autochthonous genetic resource can be explored to understand

the genetic mechanisms affecting phenotypic traits in a livestock species.
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Table 1. List of all single nucleotide polymorphisms (SNPs) that trespassed the 99.9th percentile

distribution in the genome-wide Fsr analysis, with corresponding p-value in the genome-wide

association study (GWAS).
SSC! | SNP SNP3 Fsr value* | p-value Minor | Major | MAF®
position? in allele® | allele’
GWAS®
1 233174803 | INRAO006475 0.427 2.07E-04 | A C 0.312
2 120728602 | ALGA0102645 | 0.511 6.01E-08 | C A 0.333
9 43369155 | ASGA0042830 |0.418 3.86E-04 | A G 0.365
10 54113880 | ASGA0048383 | 0.414 1.18E-03 |G A 0.490
15 131582702 | ALGA0088040 | 0.416 1.43E-04 | C A 0.490

LPorcine chromosome.

2 position of the SNP on the chromosome.

3 SNP identifier.

4 Fst value for the SNP.

®p-value in the association analysis.

6 Minor allele for the SNP.

" Major allele for the SNP.

8 Minor Allele Frequency.
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Figure 1. Nero Siciliano pigs with completely black coat colour (A) and with white patterns (B).
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Figure 2. Multidimensional scaling (MDS) plot obtained for the pigs classified according to the

alternative coat colour phenotypes (black dots: pigs with completely black coat colour; red dots:

pigs having white patterns).
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Figure 3. Manhattan plots of the genome-wide association study (A) and of the genome-wide Fst
analysis (B) obtained by comparing the two groups of pigs with different coat colours. Thresholds
in the genome-wide association study are for p-value = 0.05 Bonferroni corrected (red line), p-
value = 5.0E-05 (blue line). The threshold in the Fst analysis identifies the SNPs having values

over the 99.9th percentile distribution.
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Figure S1. Quantile—quantile (QQ) plot for the genome-wide association study.
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Table S1. List of all significant and suggestively significant single nucleotide polymorphisms

(SNPs) in the genome-wide association study.

SSsct SNP? SNP position®  Minor Major MAF®  p-value’
Allele* Allele®
2 ALGA0102645 120728602 C A 0.333 6.01E-08
16 MARC0113179 71074387 C A 0.188 8.19E-06
10 H3GA0030074 41868864 G A 0.052 9.94E-06
6 ALGA0035355 56360299 A G 0.188 1.73E-05
6 INRA0021527 56427227 A G 0.188 1.73E-05
6 ALGA0036490 119127413 G A 0.309 2.08E-05
6 M1GA0009140 62190493 A G 0.490 2.85E-05
6 MARC0020138 62350290 A G 0.490 2.85E-05
1 MARC0029100 96759885 A G 0.354 2.88E-05
1 ALGA0000898 10330993 A G 0.208 2.89E-05
6 ALGA0112704 57922951 A G 0.125 3.45E-05
6 ASGA0094008 119146958 A G 0.312 3.96E-05
6 ASGA0083587 65466319 A G 0.219 4.14E-05
6 H3GA0054032 65189989 G A 0.219 4.14E-05
6 H3GA0055528 65284657 A G 0.219 4.14E-05
6 H3GA0056560 63336711 A G 0.219 4.14E-05
6 MARC0054213 65230892 C A 0.219 4.14E-05
6 MARC0094194 65267505 A G 0.219 4.14E-05
1 ALGAO0005754 119505578 G A 0.490 4.53E-05
10 ALGA0056456 3293112 A G 0.479 4.65E-05
16 H3GA0047094 71120522 G A 0.198 4.90E-05

LPorcine chromosome.

2 SNP identifier.

3 Position of the SNP on the porcine chromosome (Sscrofall.1 reference genome).

4 Minor allele for the SNP.

® Major allele for the SNP.

® Minor Allele Frequency.

" p-value in the association analysis.
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