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Abstract
Analysis of genomic data is becoming more and more common for the 
effective management of livestock breeding programmes, even in the case of 
local populations. In this work, the genome- wide data of Nero Siciliano pig 
breed were compared to that of wild boar, Italian local and cosmopolitan 
breeds to investigate its genetic structure, and runs of homozygosity (ROH) 
and heterozygosity patterns. The Nero Siciliano has been reported to have 
the highest rate of genetic diversity among the Italian breeds, and a genetic 
variability comparable to that of the cosmopolitan breeds. Analyses of 
genomic structure and relationships underlined its proximity to wild boar, and 
an internal substructure probably linked to different family lines. The breed 
showed a low value of inbreeding estimated from ROH, and the highest diversity 
index among the Italian breeds, even if lower than that of the cosmopolitans. 
Four ROH islands in three chromosomes (SSC8, SSC11, and SSC14) and one 
heterozygosity- rich region (SSC1) were identified in Nero Siciliano, highlighting 
genomic regions related to productive QTL. Across breeds, SSC8 and SSC14 
were the chromosomes with most ROH islands, with Mora Romagnola and 
wild boar showing the highest level of autozygosity. Chromosomes SSC2, SSC6, 
SSC8 and SSC13 showed the majority of runs of heterozygosity regions, mainly 
found in the cosmopolitan pig breeds, which reported several genes associated 
with health- related QTL. The outlined results can help to better identify the 
genomic profile of this local breed in order to plan matings, maintain adequate 
internal diversity and exploit the production system.
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INTRODUCTION

The widespread use of cosmopolitan and highly pro-
ductive breeds has resulted in severe biodiversity loss, 
threatening the integrity of many local populations. 
However, native breeds often reared in marginal areas 
are gaining interest nowadays (Candek- Potokar & Nieto 
Linan, 2019). Local breeds not only represent a cultural 
and genetic heritage but are also a fundamental genetic 
resource thanks to their strong disease resistance and 
their adaptation to harsh environments and therefore 
are essential for the sustainable exploitation of natu-
ral resources. These breeds require careful genomic 
characterisation to highlight their genetic diversity and 
provide efficient means for conservation strategies and 
breeding programmes (Bovo, Ribani, Munoz, Alves, 
Araujo, Bozzi, Candek- Potokar, et al.,  2020; Franci & 
Pugliese,  2007). In Italy, conservation programmes for 
local pig breeds started in the 1980s to avoid the com-
plete extinction of these genetic resources. Currently, 
the National Association of Pig Breeders (ANAS) has 
officially recognised and manages eight Italian autoch-
thonous pig breeds. Among these, the Nero Siciliano pig 
breed represents the Sicilian heritage since the Greek 
and Carthaginian dominations (7th– 6th century BC). In 
the 19th century the population size of Nero Siciliano 
decreased dramatically due to widespread breeding 
of highly prolific and productive English pig breeds 
(Large Black and Berkshire) and also due to extensive 
deforestation which reduced its breeding area. (Franci & 
Pugliese, 2007; Zumbo et al., 2020). In 2001, Nero Siciliano 
was officially recognised as a breed, and then, national 
and regional projects dealt with its safeguarding and ex-
ploitation. Nowadays, about 6500 animals are recorded 
in the Herd Book, of which ~800 are sows and boars, 
while the rest are animals reared for producing fresh or 
processed meat. According to the breed standard, Nero 
Siciliano must have a black coat with long bristles in the 
dorsal– lumbar region, long black or partially white head 
with a straight front- nasal profile (ANAS,  2022). The 
breed has always been reared in the northeast of Sicily in 
semi- extensive or extensive systems, exploiting marginal 
woody lands through eco- compatible practices. In such 
a context, the breed has acquired a specific adaptation 
to difficult breeding conditions, including high disease 
resistance, good prolificacy and good adaptation to 
poor- quality feeding (Franci & Pugliese, 2007; Guastella 
et al., 2010; Zumbo et al., 2020).

In livestock research, BeadChip arrays are the most 
widely used genome- wide tool for many topics includ-
ing genomic characterisation and structure, selection 
signature studies and the detection of QTL (Ramos 
et al.,  2009). Similarly to other species, genome- wide 
analyses in pig have been carried out at local, European 
and global levels, to estimate the rate of genetic diversity, 
population structure and patterns of differentiation (e.g. 
D'Alessandro et al., 2019; Herrero- Medrano et al., 2014; 

Iacolina et al., 2016; Muñoz et al., 2019; Schiavo, Bovo, 
Tinarelli, et al., 2020; Yang et al., 2017).

In the current study, we compared the SNP data of 
Nero Siciliano with those of the other Italian local and 
cosmopolitan pig breeds, with the aim to understand the 
genetic variability, population structure, runs of homozy-
gosity (ROH) and heterozygosity (ROHet) patterns. The 
genetic characterisation and understanding of genome 
structure are fundamental steps for the development of 
conservation programmes and for the enhancement of 
the production system of this local resource.

M ATERI A LS A N D M ETHODS

DNA sampling

In total, 80 Nero Siciliano pigs, from 16 different farms, 
were selected for genotyping. No pedigree data were 
available except for a few animals. Pigs were chosen 
based on their phenotypic profile and the information 
supplied by farmers to collect animals as much unrelated 
as possible and try to avoid admixed or cross- species an-
imals. Individual peripheral blood (10 mL) was collected 
in Vacutainer tubes containing EDTA at pH 8.0 as an 
anticoagulant. Authorised personnel, avoiding any suf-
fering to animals, performed the sampling procedures 
following Directive 2010/63 /EU. DNA was extracted 
from blood using the commercial Illustra blood genomic 
Prep Mini Spin kit (GE Healthcare).

Genotyping, quality control and data handling

All animals were genotyped with the Illumina 
PorcineSNP60 v2 BeadChip (Illumina). The PiHat 
test was performed on Nero Siciliano pigs (NSIC = 80) 
using PLINK ver. 1.9 (Chang et al., 2015). Based on the 
within- breed average relatedness, no individual was 
removed. The SNP data of NSIC were then merged 
with the genotypic data retrieved from previous stud-
ies (Iacolina et al., 2016; Yang et al., 2017) also obtained 
using the PorcineSNP60 BeadChip. The final data-
set consisted of 281 individuals belonging to five local 
breeds, four cosmopolitan breeds, and a sample of wild 
boar. In detail, the dataset was assembled as follows 
(Table 1): Calabrese (ITCA = 15), Casertana (ITCT = 15), 
Cinta Senese (ITCS = 13), Mora Romagnola (ITMR = 9), 
Italian Wild Boar (WBIT = 15), Duroc (PDUR = 30), 
Landrace (PLDR = 30), Large White (PLWT = 30), 
Pietrain (PPIT = 30) and another sample of Nero Siciliano 
(ITNS = 15) which was included for comparison with the 
experimental sample (NSIC). The software Plink ver. 1.9 
(Chang et al.,  2015) was used to perform filtering and 
quality control. Chromosomal coordinates for each SNP 
were obtained using the latest version of the assembled 
pig genome (Sscrofa 11.1). Quality control on genotype 
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data was performed using the following criteria: a minor 
allele frequency ≥0.02, a genotype call rate for an SNP 
≥0.95 and an individual call rate ≥0.90, which resulted in 
39 752 SNPs and 281 pigs.

Genetic diversity indices

Plink ver. 1.9 (Chang et al., 2015) was used to estimate 
within- population genetic diversity coefficients, namely 
observed (HO) and expected heterozygosity (HE), in-
breeding coefficient relative to each population (FIS), 
and the minor allele frequencies (MAF). Contemporary 
effective population size (cNe) was estimated using 
neestimator ver. 2.1 (Do et al., 2014), using the random 
mating option within the linkage disequilibrium method 
proposed by Waples and Do (2010). Historical effective 
population size (hNe) was also calculated using the gone 
software (https://github.com/esrud/ GONE) by default 
setting options (Santiago et al., 2020).

Genetic relationship and population structure

To explore the genetic relationships and the population 
structure, the genotype data were filtered to remove 
SNPs in high linkage disequilibrium (r2 > 0.2) by using 
the - - indep- pairwise 50 10 0.2 function in Plink ver. 1.9 
(Chang et al.,  2015), thus generating a pruned dataset 
of 15 239 SNPs. Plink ver. 1.9 was also used to perform 
multidimensional scaling (MDS) analysis, based on the 
pairwise identity- by- state distances between individu-
als. The genetic structure was estimated by the software 
admixture ver. 1.3.0 (Alexander et al., 2009), using the 
model- based clustering algorithm to range from K = 2 
to K = 25 and a tenfold cross- validation procedure. The 
estimated ancestral matrices were then plotted using 
the r package BITE ver. 1.2.0008 (Milanesi et al., 2017) 
under the open- source programming environment for 
statistical analysis r (R Development Core Team, 2020). 

A Neighbor- Net was constructed on the basis of pair-
wise Reynolds' genetic distances inferred by arlequin 
ver. 3.5.2.2 (Excoffier & Lischer, 2010) and plotted using 
sPlitstree4 ver. 4.14.8 (Huson & Bryant, 2006). FST pair-
wise distances were calculated by arlequin ver. 3.5.2.2 
(Excoffier & Lischer,  2010). Finally, to reconstruct 
genomic relationships among all populations and to in-
vestigate the presence of patterns of population splitting 
and migration events, a maximum likelihood tree has 
been generated using the software treemix (Pickrell & 
Pritchard, 2012). For this analysis, a sample of Sus verru-
cosus (n = 8) was used as an outgroup (Yang et al., 2017). 
Five independent iterations were performed allowing 
migration events to range between 1 and 10, while the 
covariance matrix was estimated using 500 contiguous 
SNPs per block. The most supported number of migra-
tion edges was assessed using the Evanno method as im-
plemented in the r package OptM (Fitak, 2021).

ROH and ROHet detection

ROHs and ROHetwere detected through the r package 
detectRUNS ver. 0.9.6 (Biscarini et al., 2018), using both 
SNP windows (or Sliding Windows) and consecutive 
SNPs (or Consecutive Runs) methods.

In accordance with the literature (Ruan et al., 2022; 
Schiavo et al., 2021), the following parameters have been 
set in the sliding windows (SW) method for ROH and 
ROHet detection: (i) the minimum number of SNPs in 
a run was 15; (ii) no missing or opposite genotypes were 
allowed in the window; (iii) sliding window of 50 SNPs 
for ROH and of 15 SNPs for ROHet; (iv) the minimum 
density of one SNP every 100 kb; (v) the threshold to call 
an SNP within a run was set to 0.05; (vi) the maximum 
gap between consecutive SNPs was set to 1 Mb; (vii) the 
minimum run length was set to 1 Mb.

As regard the consecutive runs (CR) method the fol-
lowing setting was used for ROH and ROHet detection: 
(i) the minimum number of consecutive SNPs included 

Breed Code Size Type References

Calabrese ITCA 15 Autochthonous Yang et al. (2017)

Casertana ITCT 15 Autochthonous Yang et al. (2017)

Cinta Senese ITCS 13 Autochthonous Yang et al. (2017)

Duroc PDUR 30 Cosmopolitan Yang et al. (2017)

Italian Wild Boar WBIT 15 Wild Iacolina et al. (2016)

Landrace PLDR 30 Cosmopolitan Yang et al. (2017)

Large White PLWT 30 Cosmopolitan Yang et al. (2017)

Mora Romagnola ITMR 9 Autochthonous Yang et al. (2017)

Nero Siciliano NSIC 80 Autochthonous This study

Nero Siciliano ITNS 15 Autochthonous Yang et al. (2017)

Pietrain PPIT 30 Cosmopolitan Yang et al. (2017)

Sus verrucosus SVV 8 Ancestral Yang et al. (2017)

TA B L E  1  Population's full name 
(breed), acronymous (code), number of 
individuals (size), type of classification 
(type) and related reference (ref) of the pig 
populations taken into analyses.
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in a run was 15; (ii) the number of missing or opposite 
genotypes were set to zero; (iii) the maximum gap be-
tween consecutive SNPs was set to 1 Mb; (iv) the mini-
mum run length was set to 1 Mb.

The mean number of ROH/ROHet per breed, the av-
erage length of ROH/ROHet per chromosome within 
each breed, as well as the sum of ROH/ROHet per breed, 
were calculated. In addition, the total length of the ge-
nome covered by ROH and ROHet was divided by the 
total autosomal genome length covered by the SNP array 
(~2.25 Gb) to evaluate the individual genomic inbreeding 
coefficient (FROH) and coefficient of diversity (DROHet), 
respectively. Pearson correlation was calculated for 
the aforementioned parameters obtained with the two 
methods.

Highly homozygous (ROH islands) and heterozygous 
(ROHet islands) genomic regions were identified as fol-
lows: the SNP- within- ROH/ROHet incidences per popu-
lation were transformed into standard normal z- scores. 
Based on z- scores, p- values were calculated and the top 
0.5% of SNPs were selected. The markers with p- value 
≥0.995 identified with both methods (Sliding Windows 
and Consecutive Runs) were considered to identify ROH 
and ROHet islands. Finally, we defined ROH and ROHet 
islands those regions identified by overlapping markers 
obtained with the two methods of detection.

The genomic coordinates of ROH and ROHet islands 
were examined using the Ensemble browser for the pig 
genome, according to the assembly Sscrofa 11.1 (https://
www.ensem bl.org/index.html), in order to retrieve an-
notated gene lists. The Pig Quantitative Trait Locus 
Database (Pig QTLdb) (https://www.anima lgeno me.org/
cgi-bin/QTLdb/ SS/index) was used to search for possi-
ble associations between markers and reported QTL in 
pig species, as well as to clarify the gene's identity and 
functions.

Gene ontology (GO) and the enrichment analysis of 
annotated genes were conducted using the open- source 

Database for Annotation, Visualization, and Integrated 
Discovery ver. 2021 package (https://david-d.ncifc rf.gov) 
(Huang da et al.,  2009). For the GO terms and Kyoto 
Encyclopedia of Genes and Genomes pathway anal-
ysis, the level of significance was set as p < 0.05. GO 
terms outcomes corresponded to the highest specificity. 
Corrections for multiple testing were made by applying 
the Bonferroni test.

RESU LTS

Genetic diversity indices

The summary statistics of genetic diversity are reported 
in Table 2. PLDR, PLWT and PPIT showed the highest 
values of HE and HO, followed by NSIC, while ITMR re-
ported the lowest values. High FIS values were observed 
in ITCS, WBIT, and particularly in ITMR. Lower FIS 
values were found for the three cosmopolitan breeds and 
NSIC, whereas intermediate values were reported for 
ITNS, ITCA, ITCT, and PDUR. Among the autochtho-
nous breeds, ITMR showed the lowest MAF value and 
NSIC the highest; similar MAF values were reported 
among the cosmopolitan breeds. The contemporary 
(cNe) effective population size is reported in Table  2. 
NSIC had a cNe = 34.3. The cosmopolitan breeds showed 
the highest values, ranging from 30.4 of PPIT to 50.7 of 
PLDR, whereas Italian local breeds and WBIT had the 
lowest values ranging from 2.5 of ITCT to 20.1 of ITCS. 
The variation of historical effective population size (hNe) 
over 100 generations is shown in Figure S1 as a logarith-
mic trend. Values at the 1st generation resembled those 
of cNe, then increased significantly starting from the 4th 
generation, and tended to stabilise at ~19th generation. 
A notable rise in the curve was observed at the 31st gen-
eration for WBIT, and at the 71st generation for all the 
cosmopolitan breeds and NSIC.

TA B L E  2  Genetic diversity indices for the analysed pig populations.

Breed HO ± SD HE ± SD FIS ± SD MAF ± SD cNe

NSIC 0.309 ± 0.146 0.325 ± 0.147 0.167 ± 0.103 0.241 ± 0.143 34.3

ITNS 0.288 ± 0.207 0.283 ± 0.177 0.222 ± 0.082 0.211 ± 0.158 6.0

ITCA 0.296 ± 0.245 0.255 ± 0.198 0.203 ± 0.127 0.194 ± 0.169 2.8

ITCS 0.212 ± 0.201 0.212 ± 0.188 0.430 ± 0.123 0.156 ± 0.160 20.1

ITCT 0.281 ± 0.206 0.288 ± 0.183 0.241 ± 0.225 0.217 ± 0.161 2.5

ITMR 0.161 ± 0.240 0.133 ± 0.187 0.565 ± 0.060 0.099 ± 0.150 8.8

WBIT 0.197 ± 0.197 0.212 ± 0.197 0.470 ± 0.068 0.158 ± 0.164 14.8

PDUR 0.269 ± 0.179 0.291 ± 0.180 0.273 ± 0.049 0.220 ± 0.161 45.6

PLDR 0.323 ± 0.157 0.347 ± 0.150 0.130 ± 0.069 0.265 ± 0.146 50.7

PLWT 0.315 ± 0.150 0.352 ± 0.146 0.150 ± 0.064 0.269 ± 0.143 47.4

PPIT 0.329 ± 0.171 0.335 ± 0.157 0.113 ± 0.052 0.254 ± 0.149 30.4

Note: Observed (HO) and expected heterozygosity (HE), population inbreeding coefficient (FIS), average minor allele frequency (MAF), contemporary effective 
population size (cNe), and standard deviation (SD). For the full definition of breeds, see Table 1.
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Population structure

According to the first two components of inferred vari-
ance (C1 = 12.84% and C2 = 12.29%), the MDS analysis 
(Figure  1) highlighted a clear separation between cos-
mopolitan and autochthonous breeds. In particular, 
PLDR, PLWT, and PPIT clustered as a cohesive group, 
while PDUR separated from the rest of the sample. 
Component C2 showed a gradient of variation from left 
to right, which, almost without discontinuity, identified 
first WBIT and NSIC, then the other admixed black 
pigs, then the PDUR and finally the cluster of other 
cosmopolitan breeds (PLDR, PLWT, and PPIT). The 
C1 component did not discriminate the WBIT from the 
local breeds. ITMR was detached from the rest of the 
local breeds, which were not separated from each other. 
In fact, NSIC, ITCA, and ITCS partially overlapped, 
whereas a total overlapping was observed between NSIC 
and ITNS, as expected. Within the NSIC sample, a group 
of 12 animals was close to WBIT.

In the admixture analysis, the distribution of the 
cross- validation errors of the inferred clusters (K = 25) 
suggested K = 13 as the most likely number of ances-
tries (Figure S2). The circle plot (Figure 2), which refers 
to the genomic structure of the 11 populations, showed 
the most representative ancestral clusters from K = 2 to 
K = 13. At K = 2, the genomic pattern of populations re-
produced the evidence of the first component of MDS 
by separating the PDUR breed from the other popu-
lations. At K = 3, three ancestral clusters were distin-
guished, represented respectively by PDUR, the rest of 
the cosmopolitan breeds, and the local breeds together 
with WBIT. At K = 4, ITMR clustered separately from 
the other Italian local breeds. Further clusters were 
formed by PLDR and PPIT (K = 5), followed by PLWT 
and WBIT (K = 7). NSIC and ITNS shared a common 
ancestry with the other local breeds until K = 7, whereas 
at K = 9 they formed their own cluster. Moreover, from 
K = 9 to K = 13, NSIC showed a heterogeneous genetic 
pattern with evidence of a sub- structure. In general, 
PDUR, PPIT, and PLDR reported the highest genomic 

divergence among the cosmopolitan breeds, whereas 
ITCA, ITCS, and, particularly, ITMR highlighted the 
lowest rate of admixture within the local breeds. WBIT 
evidenced high internal homogeneity and showed its 
genomic influence on autochthonous breeds (from 
K = 3 to K = 5) despite its divergent origin.

The Neighbor- Net based on pairwise Reynolds' ge-
netic distances (Figure  3) showed a complementary 
picture of the genetic relationships among the breeds. 
Consistent with the MDS plot, the figure revealed 
two main clusters composed of NSIC, ITNS, WBIT, 
ITCA, and ITCS on one side, and PLDR, PLWT, PPIT, 
PDUR, ITMR, and ITCT on the other side. Within 
the first group, WBIT was closer to ITNS and NSIC 
than to the other breeds. Within the second group, 
ITMR departed from the same phylogenetic node with 
PDUR and highlighted the longest branch of the net-
work; ITCT was in an intermediate position between 
the cluster formed by PLDR, PLWT, and PPIT and 
the ITMR- PDUR group. The FST pairwise distances 
(Table S1) highlighted the highest values for the com-
parisons ITMR vs WBIT (0.453), vs ITCS (0.451) and vs 
ITCA (0.422), while the lowest value was 0.048 between 
NSIC and ITNS. NSIC showed the lowest average dis-
tance (0.132) and relatively low values towards ITCT 
(0.116), PLDR (0.128) and PLWT (0.130).

The Treemix dendrogram (Figure 4), basically con-
firmed the previous analyses showing that all Italian 
local breeds clustered together, except the ITCA. 
However, the ITCA was part of a group placed in a 
basal position with respect to the Italian breeds, which 
also included PDUR and PLDR breeds. The Italian 
Wild Boar fell within the Italian local breeds, while 
the other cosmopolitan breeds were in a basal posi-
tion. The Evanno method indicated eight as the most 
supported number of migration events. Two migration 
edges were shown from the base of the outgroup (Sus 
verrucosus) to PLDR and PDUR, another migration 
event was highlighted from the base of the branch in-
cluding all breeds to ITCT. WBIT showed two migra-
tion edges towards ITCA and the node including ITCS 

F I G U R E  1  Genetic relationship based 
on the multidimensional scaling analysis. 
For a full definition of the breeds, see 
Table 1.
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and ITMR. The strongest migration weight was esti-
mated from ITMR to PDUR while the weakest signal 
was detected from PDUR to ITCT. NSIC branched to-
gether with ITNS, ITCT, and WBIT and reported no 
migration events, whereas a weak migration edge was 
shown from the base of ITCA to ITNS.

ROH and ROHet detection

Table  3 summarises the mean number of ROH and 
ROHet per breed (NROH, NROHet), the mean ROH and 
ROHet length expressed in Mb (LROH, LROHet), the mean 
genome length covered by ROH and ROHet in Mb (SROH, 

SROHet), the inbreeding coefficient estimated from ROH 
(FROH), and the diversity coefficient estimated from 
ROHet (DROHet), obtained with SW and CR methods of 
detection.

All the individuals reported ROH identified by SW 
and CR methods: only one pig (ITCA) lacked homo-
zygous segments when investigated by SW (data not 
shown). Within each method, the parameter values 
varied between breeds. The Pearson correlation coeffi-
cient of each parameter inferred with the two different 
methods was close to one for SROH and FROH (r = 0.98), 
whereas lower for NROH and LROH (r = 0.72 and r = 0.75, 
respectively). ITCS, ITMR, and PDUR always showed 
high values of NROH, whereas WBIT reported the 

F I G U R E  2  Circle plot showing ancestral clusters (K) inferred by admixture analysis of the 10 pig breeds. For a full definition of the 
breeds, see Table 1.
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   | 7BIODIVERSITY, ROH AND ROHet OF PIG BREEDS

highest mean number of ROH for CR and intermedi-
ate value for SW. NSIC (SW = 20.39, CR = 127.55) and 
the rest of the local breeds reported relatively low 
NROH, while PLDR, PLWT and PPIT showed moder-
ate values. As regards LROH, it reported slightly dif-
ferent rankings between the two methods. ITCT and 

ITMR always showed the highest mean length values, 
NSIC and ITNS reported high length for SW (9.6 Mb; 
10.0 Mb) and the lowest for CR (3.2 Mb), ITCS and 
ITCA had relatively higher values for SW than CR. 
Cosmopolitan breeds reported the lowest LROH values 
(SW = 6.7– 7.3 Mb; CR = 3– 4.2 Mb). SROH showed the 

F I G U R E  3  Neighbor- Net based on Reynolds' pairwise genetic distances among the 10 pig breeds. For a full definition of the breeds, see 
Table 1.

F I G U R E  4  Maximum likelihood tree inferred using the software TreeMix with coloured arrows indicating the strength and direction of 
the migration events.

 13652052, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/age.13344 by U

niversità D
i C

atania C
entro B

iblioteche E
, W

iley O
nline L

ibrary on [07/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 |   BORDONARO et al.

TA B L E  3  Descriptive statistics for runs of homozygosity (ROH) and runs of heterozygosity (ROHet) analysis through sliding windows 
(SW) and consecutive runs (CR) methods on the analysed populations.

Breed

ROH ROHet

Index

SW CR

Index

SW CR

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

NSIC NROH 20.39 ± 13.77 127.55 ± 14.30 NROHet 2.25 ± 1.48 2.79 ± 1.74

LROH 9.6 ± 2.7 3.2 ± 0.6 LROHet 0.92 ± 0.61 1.12 ± 0.69

SROH 200.5 ± 204.0 394.3 ± 194.7 SROHet 2.97 ± 1.92 4.23 ± 2.74

FROH 0.09 ± 0.09 0.17 ± 0.09 DROHet 0.0013 ± 0.0009 0.0019 ± 0.0012

ITNS NROH 21.47 ± 13.42 140.93 ± 12.75 NROHet 1.07 ± 1.16 1.40 ± 1.40

LROH 10.0 ± 2.4 3.2 ± 0.6 LROHet 0.49 ± 0.63 0.76 ± 0.88

SROH 216.8 ± 254.3 431.6 ± 227.4 SROHet 1.31 ± 1.49 2.04 ± 2.14

FROH 0.10 ± 0.11 0.19 ± 0.10 DROHet 0.0006 ± 0.0007 0.0009 ± 0.0010

ITCA NROH 38.73 ± 26.53 144.93 ± 48.62 NROHet 2.07 ± 1.39 2.13 ± 1.46

LROH 7.7 ± 1.3 3.6 ± 0.6 LROHet 0.48 ± 0.63 0.51 ± 0.68

SROH 300.4 ± 226.5 509.8 ± 235.2 SROHet 2.60 ± 1.89 2.78 ± 2.09

FROH 0.13 ± 0.10 0.23 ± 0.10 DROHet 0.0012 ± 0.0008 0.0012 ± 0.0009

ITCS NROH 66.77 ± 16.51 194.62 ± 54.70 NROHet 0.85 ± 0.99 1.08 ± 1.12

LROH 8.6 ± 2.7 4.3 ± 0.9 LROHet 0.45 ± 0.58 0.83 ± 0.88

SROH 600.4 ± 303.7 855.9 ± 258.1 SROHet 1.00 ± 1.20 1.53 ± 1.62

FROH 0.27 ± 0.13 0.38 ± 0.11 DROHet 0.0004 ± 0.0005 0.0007 ± 0.0007

ITCT NROH 31.33 ± 24.93 95.27 ± 33.59 NROHet 2.73 ± 2.12 2.93 ± 2.34

LROH 14.8 ± 3.9 6.7 ± 2.0 LROHet 0.58 ± 0.69 0.71 ± 0.79

SROH 523.5 ± 446.7 665.0 ± 441.3 SROHet 3.74 ± 2.82 4.19 ± 3.27

FROH 0.23 ± 0.20 0.29 ± 0.20 DROHet 0.0017 ± 0.0013 0.0019 ±0.0015

ITMR NROH 88.78 ± 33.62 189.78 ± 113.54 NROHet 1.44 ± 0.73 1.56 ± 0.53

LROH 10.9 ± 3.1 6.4 ± 1.7 LROHet 0.32 ± 0.63 0.40 ± 0.69

SROH 1037.2 ± 337.7 1274.2 ± 185.9 SROHet 2.09 ± 1.18 2.26 ± 0.92

FROH 0.46 ± 0.15 0.56 ± 0.08 DROHet 0.0009 ± 0.0005 0.0010 ± 0.0004

WBIT NROH 53.27 ± 17.87 225.53 ± 25.14 NROHet 0.13 ± 0.52 0.13 ± 0.52

LROH 6.7 ± 1.5 3.0 ± 0.4 LROHet 0.08 ± 0.00 0.08 ± 0.00

SROH 374.0 ± 162.3 701.1 ± 173.1 SROHet 0.18 ± 0.00 0.18 ± 0.00

FROH 0.17 ± 0.07 0.30 ± 0.1 DROHet 0.0001 ± 0.0000 0.0001 ± 0.0000

PDUR NROH 77.87 ± 8.23 206.63 ± 12.00 NROHet 2.97 ± 1.73 3.80 ± 1.77

LROH 6.9 ± 1.6 3.9 ± 0.8 LROHet 0.79 ± 0.66 1.12 ± 0.84

SROH 568.4 ± 97.8 849.3 ± 99.7 SROHet 3.87 ± 2.41 6.16 ± 2.97

FROH 0.25 ± 0.04 0.38 ± 0.04 DROHet 0.0017 ± 0.0011 0.0027 ± 0.0013

PLDR NROH 54.10 ± 12.50 158.63 ± 15.26 NROHet 3.83 ± 2.15 4.77 ± 2.39

LROH 6.7 ± 1.5 3.7 ± 0.6 LROHet 0.90 ± 0.67 1.20 ± 0.75

SROH 380.0 ± 130.5 605.6 ± 136.7 SROHet 5.23 ± 3.06 7.48 ± 4.03

FROH 0.17 ± 0.06 0.27 ± 0.06 DROHet 0.0023 ± 0.0014 0.0033 ± 0.0018

PLWT NROH 58.47 ± 10.23 164.53 ± 14.21 NROHet 3.97 ± 1.73 5.77 ± 2.64

LROH 7.1 ± 1.7 3.8 ± 0.8 LROHet 0.93 ± 0.61 1.20 ± 0.75

SROH 436.0 ± 123.4 661.3 ± 124.8 SROHet 5.29 ± 2.35 10.07 ± 5.02

FROH 0.19 ± 0.05 0.29 ± 0.06 DROHet 0.0023 ± 0.0010 0.0045 ± 0.0022
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   | 9BIODIVERSITY, ROH AND ROHet OF PIG BREEDS

highest values for ITMR (SW = 1037.2, CR = 1274.2), 
and the lowest for NSIC (SW = 200.5, CR = 394.3). 
FROH highlighted low values of inbreeding for NSIC 
and ITNS (SW = 0.09– 0.10; CR = 0.17– 0.19), the highest 
values for ITMR (SW = 0.46; CR = 0.56), and relatively 
moderate inbreeding for PLDR, PLWT, and PPIT.

Not all the individuals reported segments of hetero-
zygosity: the within- breed percentages of ROHet were 
very similar between SW and CR, varying from 7% in 
WBIT to 93– 96% in NSIC, to 93– 100% in cosmopolitan 
breeds (data not shown). The mean values of the param-
eters obtained with the two detection methods provided 
overlapping breed rankings. The Pearson correlation co-
efficients were higher than 0.96 for the four calculated 
parameters. PPIT showed the highest NROHet (SW = 5.27; 
CR = 6.53), followed by the other cosmopolitan breeds, 
then ITCT and NSIC (SW = 2.25; CR = 2.79), whereas 
WBIT had the lowest number of heterozygosity segments 
(0.13 for SW and CR). The mean length of heterozygosity 
segments (LROHet) reported the highest values for cosmo-
politan breeds and NSIC (SW = 0.92; CR = 1.12). WBIT 
showed the lowest values (0.08 for SW and CR), whereas 
the other Italian local breeds had intermediate values. 
SROHet showed PPIT as the breed with the highest values 
(SW = 7.23; CR = 10.69), followed by all the other cosmo-
politan breeds. ITCT and NSIC (SW = 2.97; CR = 4.23) 
had the highest values among the Italian breeds. WBIT 
was the sample with the lowest SROHet values detected 
with both methods.

The diversity index estimated from ROHet (DROHet) 
reported the highest values in cosmopolitan breeds with 
PPIT leading the ranking (SW = 0.0032; CR = 0.0047), fol-
lowed by ITCT and NSIC, whereas WBIT showed the 
lowest internal diversity (0.0001 for SW and CR).

ROH and ROHet islands

Further analyses were performed on ROH and ROHet 
patterns to investigate autozygous and heterozygous 
segments that recurred within breeds. Significant mark-
ers (p- value ≥0.995) that overlapped between the two 
detection methods identified ROH and ROHet islands. 

Moreover, only those islands with a percentage of recur-
rence within breed ≥15% were taken into consideration.

Table  S2 reports the genomic coordinates of each 
ROH island per breed, the number of included markers, 
and the annotated genes and QTL traits. The highest 
number of ROH islands was identified in ITMR: 13 is-
lands of homozygosity containing 713 SNPs. Four ROH 
islands were detected in NSIC, counting 80 SNPs distrib-
uted in three chromosomes (SSC8, SSC11, and SCC14). 
The ROH island in SSC8 was shared with WBIT, the one 
in SSC14 was in common with both ITNS and WBIT. 
The ROH island in SSC14 was partially shared with 
ITNS, ITCA and ITCT.

The search on the PigQTLdb of SNP- within- ROH is-
lands revealed 255 different markers associated with 321 
different QTL (Table S2). The highest number of markers 
associated with QTL was detected in ITMR (146), while 
NSIC reported 25 SNPs linked to 10 different traits.

Table S3 reports the genomic coordinates of ROHet 
islands per breed, the number of included SNPs, and 
the annotated genes and QTL traits. NSIC showed only 
one rich heterozygosity island in SSC1, comprising 22 
SNPs. Cosmopolitan breeds and ITCT had the highest 
number of ROHet islands, whereas ITNS and WBIT did 
not have any. The search on the PigQTLdb database of 
SNP- within- ROHet islands revealed 203 different mark-
ers associated with 252 different QTL (Table S3). NSIC 
showed 15 SNPs associated with five different traits and 
did not share any markers with the other breeds. The 
highest number of markers associated with QTL was de-
tected in PPIT (63).

Tables S4 and S5 report the biological processes (BPs), 
the cellular components (CCs), the molecular functions 
and the Kyoto Encyclopedia of Genes and Genomes 
pathways of the genes within ROH and ROHet islands, 
respectively. Within ROH islands, the enrichment anal-
ysis showed outcomes for most breeds, except for ITCT, 
PDUR, PLDR, and PLWT.

The investigation of ROH- islands genes high-
lighted common BPs among NSIC, ITNS, and 
WBIT. They concern mechanisms for cytokine pro-
duction involved in immune response (GO:0061081, 
GO:0061082), mechanisms involved in the regulation of 

Breed

ROH ROHet

Index

SW CR

Index

SW CR

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

PPIT NROH 54.23 ± 9.54 142.87 ± 13.32 NROHet 5.27 ± 2.12 6.53 ± 2.54

LROH 7.3 ± 2.0 4.2 ± 1.2 LROHet 0.93 ± 0.61 1.16 ± 0.75

SROH 416.3 ± 87.6 614.3 ± 86.7 SROHet 7.23 ± 2.94 10.69 ± 4.31

FROH 0.18 ± 0.04 0.27 ± 0.04 DROHet 0.0032 ± 0.0013 0.0047 ± 0.0019

Note: Parameters show mean values over individuals and chromosomes of the number of detected ROH (NROH) and ROHet (NROHet), of the length of ROH (LROH) 
and ROHet (LROHet) in Mb, of the sum of ROH (SROH) and ROHet (SROHet) in Mb, and of the coefficients of inbreeding (FROH) and diversity (DROHet), and the 
respective standard deviation (SD). For the full definition of breeds, see Table 1.

TA B L E  3  (Continued)
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10 |   BORDONARO et al.

cell communication and cycle modulation (GO:0007346, 
GO:0009966, GO:0010564, GO:0050678, GO:1903047), 
and mechanisms related to the DNA metabolic process 
(GO:0051052). NSIC and ITNS also shared CC GO- 
terms (GO:0031981, GO:0044428, GO:0070013) related 
to the nucleus and nuclear lumen, whereas NSIC and 
WBIT shared the intracellular non- membrane- bounded 
organelle (GO:0043232). The only molecular function 
in NSIC and WBIT was the pyrophosphatase activity 
(GO:0016462), that is the catalysis of the hydrolysis of a 
pyrophosphate bond between two phosphate groups in 
order to generate energy.

Gene enrichment analysis on ROHet- islands genes 
outlined common GO- terms among cosmopolitan 
breeds. PDUR, PLWT, and PLDR shared two BPs (GO: 
0000491, GO: 0070199), while PPIT shared one BP (GO: 
0000491) and one CC (GO: 0044451) with PLDR. The 
BPs GO:0000491 (snoRNA activity) and GO:0070199 
(mechanism that brings proteins to a specific position 
on a chromosome), involve the genes RUVBL2 and 
PIH1D1, which, as part of the R2TP complex, regu-
late and suppress the RNA synthesis of paramyxovirus 
(Katoh et al., 2019).

DISCUSSION

High- throughput SNP arrays have greatly facilitated 
the study of genetic structure in livestock species, but 
while much effort has been devoted to commercial 
breeds, local populations are generally understudied 
(Beynon et al., 2015). In this study, the Nero Siciliano pig 
was investigated in comparison with other Italian and 
cosmopolitan breeds in order to understand its genetic 
structure and conservation status.

Genetic diversity indices

The genetic diversity indices, which are key parameters 
in the genetic management of local populations, showed 
a fair degree of variability in the Nero Siciliano and 
placed it in an intermediate position between the other 
local Italian pig breeds and the cosmopolitans. The 
expected heterozygosity was generally comparable to 
or higher than the observed heterozygosity, except for 
Calabrese and Mora Romagnola, for which an isolate- 
breaking effect can be supposed. In Nero Siciliano 
the values of HO and HE were close to those reported 
by D'Alessandro et al.  (2019) and lower than those re-
ported by Muñoz et al. (2019) in a sample of 50 individu-
als (HO = 0.342; HE = 0.360). The values of the inbreeding 
coefficient reflected the ranking of heterozygosity and 
were probably linked to the size of the registered breeds' 
individuals, particularly in Mora Romagnola, which in-
cludes about 377 breeding animals (ANAS). The Nero 
Siciliano showed relatively low inbreeding values (FIS), 

higher than those reported for the same breed in previ-
ous studies (D'Alessandro et al., 2009; Muñoz et al., 2019) 
and comparable to those of the cosmopolitan breeds. 
Keeping several breeding animals, which ensures an ad-
equate level of variability from generation to generation, 
is the basis of conservation plans (Meuwissen, 2009). As 
expected, cNe values are particularly low in the local 
breeds, except for Nero Siciliano whose cNe approaches 
those found in cosmopolitan breeds. The trend of hNe 
showed an expected increase that was particularly re-
markable for wild boar, Nero Siciliano, and Large White.

Population structure

Nero Siciliano is reared in semi- extensive or extensive 
systems, exploits marginal woodlands, and has probably 
undergone introgressions by the wild boar present in the 
same breeding area (Iacolina et al., 2016). This breed has 
been officially recognised only in the recent past and for 
a long time it has not been subjected to any rational selec-
tion plan. The results regarding its genetic relationships 
and structure, investigated here with different statistics, 
converged towards a common direction. MDS analysis, 
model- based clustering, measurement of population dif-
ferentiation, Neighbor- Net and Treemix highlighted the 
admixture between Nero Siciliano, the other four Italian 
black breeds and the wild boar. Tinarelli et al.  (2021) 
reported the wild- type E+ MC1R allele in 108 Nero 
Siciliano and five other local Italian breeds, thus indicat-
ing gene flow between the domestic pig and wild boar. 
Mascheroni (1927) reported the progressive decreases in 
the census of Nero Siciliano due to crossbreeding with 
Large White and Large Black breeds, and occasionally 
with Casertana boars. Although in the last 20 years the 
Italian local pig breeds have benefited from conservation 
programmes that limited and then precluded crossbreed-
ing, the influence of gene flow on their genomic structure 
is still detectable. The Mora Romagnola showed a close 
relationship with the Duroc breed, as already reported by 
previous studies (Bovo, Ribani, Munoz, Alves, Araujo, 
Bozzi, Candek- Potokar, et al.,  2020; Bovo, Ribani, 
Munoz, Alves, Araujo, Bozzi, Charneca, et al.,  2020; 
Tinarelli et al., 2021) and confirmed by historical reports. 
Nero Siciliano showed low levels of admixture with 
Pietrain and even lower with Large White, not evenly dis-
tributed across the whole sample. Indeed, it highlighted 
an internal substructure probably linked to different fam-
ily lines and past admixture events (Muñoz et al., 2018; 
Russo et al., 2004). This finding is also confirmed by the 
genomic structure observed in ITNS. Furthermore, Nero 
Siciliano showed its relative proximity to the other local 
black breeds through the genomic relationship that all 
have with wild boar, except for the Mora Romagnola. The 
evidence of genomic heterogeneity in the Nero Siciliano 
together with its improved management in the last twenty 
years explains the relatively low inbreeding detected.
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   | 11BIODIVERSITY, ROH AND ROHet OF PIG BREEDS

The maximum likelihood tree, which explored the traces 
of admixture and gene flow of populations, underlined the 
general dichotomy between cosmopolitan and local breeds. 
The Nero Siciliano, as to be expected, was found close to 
the ITNS and to some of the Italian breeds that branched 
along with the wild boar. Although the Calabrese breed 
highlighted a migration event toward ITNS, it parted away 
from the rest of the local breeds and branched close to cos-
mopolitan breeds. This genetic relationship might be the 
result of the reported crossbreeding with Yorkshire, which 
is a breed derived from Large White (Bigi & Zanon, 2008). 
The observed migration events confirmed the past cross-
breeding between local and cosmopolitan breeds, such as 
the influence of Duroc on Mora Romagnola and Large 
White on Casertana (Bigi & Zanon,  2008). Finally, the 
marked migration events highlighted from the wild boar 
to several domestic pigs might reflect gene exchanges not 
just limited to past events (Giuffra et al., 2000; Goedbloed 
et al., 2013; Tinarelli et al., 2021).

ROH and ROHet patterns

Consecutive stretches of homozygous and heterozygous 
SNP genotypes are both a consequence of the selection 
pressure that shapes the structure of livestock genome. 
Previous studies reported the distribution of ROHet or 
ROH and the function of genes within them to investigate 
the population characteristics in livestock species (e.g., 
Biscarini et al.,  2020; Bizarria Dos Santos et al.,  2021; 
Chen et al., 2022). The occurrence of ROHet avoids the 
deleterious effects of continuous homozygous genotypes 
and favours the so- called heterozygote advantage in 
immune- related genes as well as in productive and re-
productive traits (Chen et al., 2022; Hedrick, 2015; Ruan 
et al., 2022; Sanglard et al., 2021). On the contrary, the 
study of ROH distribution has been a helpful tool to de-
tect regions under selection (e.g. Schiavo, Bovo, Bertolini, 
et al., 2020; Szmatola et al., 2020; Xie et al., 2019).

Sliding window and consecutive runs are the meth-
ods of choice to detect stretches of consecutive ROH 
and ROHet in livestock species (e.g. Bizarria Dos Santos 
et al.,  2021; Dixit et al.,  2020; Mulim et al.,  2022; Selli 
et al.,  2021). Here, we investigated both approaches 
(Bizarria Dos Santos et al., 2021) and then outlined the 
results of the overlapping regions in order to identify and 
characterise the ROHet and ROH patterns, as well as to 
reveal the related fixed islands harbouring the candidate 
genes linked to specific traits.

The detection of autozygosity using the consecutive 
runs method outlined a mean NROH per breed that was 
two to six times higher than that reported by the sliding 
window approach, and this was reflected in the SROH val-
ues. Consequently, the values of FROH were higher when 
detected by CR than SW. On the contrary, the LROH was 
2– 3 times higher in SW, particularly in local breeds, 
whereas the values of cosmopolitan breeds were closer 
between the two methods.

Compared to the other local and cosmopolitan 
breeds, Nero Siciliano showed a low level of autozygos-
ity, a result also confirmed by the indices highlighted 
in ITNS and by the genomic structure of the analysed 
samples. Among the local black- haired breeds, the Mora 
Romagnola, which has the lowest number of registered 
breeding animals, showed the highest average inbreeding 
values. Cosmopolitan breeds exhibited relatively mod-
erate autozygosity, demonstrating adequate inbreeding 
control despite the high selection pressure.

As regards the identification of continuous hetero-
zygosity segments, the two methods used have shown 
almost completely overlapping results. The parameters 
calculated with the two methods were very close, with the 
exception of SROH, for which CR in some cases showed 
double values compared to SW. Pietrain, Large White, 
Landrace, and Duroc showed a high degree of hetero-
zygosity, suggesting that selective breeding nonetheless 
preserved potentially advantageous regions of allelic di-
versity. Nero Siciliano and Casertana also showed rela-
tively high values of continuous allelic diversity, which 
give value to the efforts of conservation programmes.

ROH and ROHet islands

Out of 18 investigated chromosomes, 12 reported ROH 
islands in all the breeds except for Duroc. SSC8 and 
SSC14 showed the largest number of islands per breed. 
Nero Siciliano had ROH islands on SSC8 and SSC14 
that are in common with ITNS and wild boar, which is, 
in a way, expected. On the same SSC8 region, Muñoz 
et al.  (2019) reported an outlier FST- windows region 
(92.95– 96.07 Mbp), shared by a wild boar sample and 
five other breeds including Calabrese and Cinta Senese, 
which is linked to the SCLT1 gene and the Ciliogenesis 
function. The homozygosity island on SSC14 (71.08– 
72.16 Mbp), found in Nero Siciliano, ITNS and wild 
boar, seems to involve haematological characters related 
to the functionality of the STOCX1 and DDX21 genes. 
Out of 18 markers that cover this hotspot region, 13 were 
reported in an association study for 30 haematological 
and blood clinical- biochemical traits in Large White pigs 
and were identified within a large basophil QTL region 
(66.4– 73.4 Mbp) (Bovo et al.,  2019). The SSC11 island 
spanning between 33.8 and 36.5 Mbp was a specific re-
gion of Nero Siciliano that partially overlapped the ROH 
island reported by Schiavo, Bovo, Bertolini, et al. (2020) 
in another sample of this breed and Italian Landrace. 
ITNS showed a homozygous hotspot on SSC4, one of 
the most studied chromosomes in the pig genome (Ma 
et al., 2010), which harbour several QTL linked to pork 
quality and carcass traits (Slawinska et al., 2009). SSC4 
island in ITNS (97.3– 99.0 Mbp) was already reported 
in Large White and Nero Siciliano (Schiavo, Bovo, 
Bertolini, et al., 2020) and counted 18 genes with differ-
ent functions. Nonneman et al.  (2013) reported highly 
significant markers in the same region and indicated 
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12 |   BORDONARO et al.

RORC as a candidate gene for intramuscular fat content 
in a Landrace– Duroc– Yorkshire composite population. 
Moreover, the genes TUFT1, PI4KB, ZNF687, PSMD4, 
PIP5K1A, ARNT, VPS45, MCL1, and ENSA were re-
ported to be involved in the mesoderm tissue differentia-
tion in a co- association network analysis underpinning 
transcription factor (PPARγ, ELF1, and PRDM16) on 
a crossed population (Iberian × Landrace). PIP5K1A 
was co- associated with the PRDM16 gene, which is a 
key transcriptional factor determining adiposity (Puig- 
Oliveras et al., 2014).

Calabrese, Casertana, and ITNS partially shared a 
homozygous hotspot in SSC14 that was already reported 
to encompass markers associated with the teat number 
(Rohrer & Nonneman, 2017) and the intramuscular fat 
content QTL (Won et al., 2018) in a crossbred population 
and Berkshire pigs, respectively.

Cinta Sense and Mora Romagnola showed ROH is-
lands already found in previous studies (Schiavo, Bovo, 
Bertolini, et al., 2020; Wang et al., 2022), including genes 
related to productive traits (Puig- Oliveras et al.,  2014) 
and reproductive traits (Chen et al., 2019; He et al., 2017; 
Nonneman et al.,  2016; Schneider et al.,  2015). Large 
White and Pietrain also evidenced ROH islands previ-
ously reported with a high percentage in the same breeds 
(Gorssen et al., 2019; Schiavo, Bovo, Bertolini, et al., 2020).

ROHet islands were observed in SSC2, SSC6, SSC8, and 
SSC13. Some of the identified heterozygosity islands have 
been previously identified by other surveys as segments of 
fixed homozygosity. This finding underlines the general 
diversity among breeds, linked to the different breeding 
programmes, to the different productive orientations 
rather than to the internal homogeneity. No ROHet islands 
were identified in wild boar and ITNS. Nero Siciliano re-
ported a single island on SSC1 composed of 22 markers, 
which is linked to production- related QTL and harboured 
six genes. Among the annotated genes, the NR2E1 was re-
ported as a candidate gene for the feed conversion ratio in 
Maxgro boars (Pietrain- based terminal line) (Horodyska 
et al., 2017) and the modulation of carcass and meat qual-
ity in cattle (Ramayo- Caldas et al., 2014).

It is worth highlighting that most observed 
heterozygosity- rich regions were found in the cosmo-
politan pig breeds, then assuming a rational control 
of their degree of inbreeding. Several heterozygosity 
islands harboured genes previously reported in associ-
ation with immune response, rather than with health- 
related QTL. Duroc and Large White shared the ROHet 
island on SSC2 (91.8– 93.63 Mb), which was reported as 
ROH island by Schiavo, Bovo, Bertolini, et al. (2020) in 
Calabrese breed and partially overlapped the ROHet is-
land detected in a Duroc sample (Ruan et al., 2022). This 
island harbours the EDIL3, an immune- related gene that 
was reported 3 times upregulated in umbilical- hernia- 
affected Landrace pigs (Souza et al., 2020). Chromosome 
13 showed a rich heterozygosity hotspot (95.3– 96.4 Mb) 
shared by Duroc, Landrace, Large White, and Calabrese 

breeds. This region mapped the gene PLCH1, known to 
be associated with the Ca2+ level related to QTL for hae-
matological parameters (Bovo et al., 2016).

The Calabrese breed also showed the genes 
ADAMTS3 and ALB mapped on SSC8 (68.6– 69.6 Mb) 
that were related with QTL for haematological param-
eters in an intercross population (Large White boars × 
Minzhu sows) (Luo et al., 2012). The CD96, mapped in 
the ROHet island on SSC13 (147.7– 148.9 Mb) in Duroc, 
was reported as an important gene involved in the pla-
cental development associated with QTL for mummi-
fied foetuses at birth trait in Large White × Landrace 
intercross (Onteru et al., 2012). In the Large White, the 
ROHet island on SSC13 (134.0– 135.8 Mb) is associated 
with disease susceptibility and reproductive QTL. In 
particular, 11 markers out of 16 resulted in an associa-
tion with the F4 enterotoxigenic Escherichia coli diar-
rhoeal disease susceptibility (Goetstouwers et al., 2014). 
Among the genes harbouring this region, the IQ motif 
containing G (IQCG) was identified as a candidate 
gene for sperm motility in Large White and Landrace 
pig breeds (Marques et al.,  2018). The ROHet island 
located on SSC14 (46.5– 47.9 Mb) in Pietrain and Cinta 
Senese breeds was reported as a ROH island in Duroc 
(Schiavo, Bovo, Bertolini, et al.,  2020) and partially 
overlapped the ROHet island detected in a Duroc pop-
ulation by Ruan et al.  (2022). In particular, this region 
evidenced 11 markers previously reported in association 
with umbilical hernia QTL (Grindflek et al.,  2018). In 
Pietrain, the ROHet island on SSC15 (103.6– 104.8 Mb) 
highlighted ALGA0086568 (rs81454185), which is located 
in the intron 6 of gene NIF3L1 and resulted as the most 
significant marker responsible for the skin thickness 
in an intercross population (White Duroc × Erhualian 
F2) and Chinese Sutai pig (Ai et al., 2014). This region 
also annotated the SPATS2L, which was reported as a 
candidate gene for increasing litter size in pigs (Yang 
& Liu, 2015). Interestingly, the Pietrain breed that is ir-
regularly black and white spotted also showed a ROHet 
island on SSC13 (51.3– 52.7 Mb) harbouring the markers 
ALGA0070134 (rs81445596), ALGA0070129 (rs81445590) 
and SIRI0000807 (rs346246161) which were found to be 
significantly related to white spot patterns in Chinese 
pigs (Wang et al., 2015).

Finally, Cinta Senese, Casertana, Mora Romagnola, 
and cosmopolitan breeds outlined ROHet islands on 
SSC2, SSC6, SSC14, and SSC15 that mapped genes and 
QTL linked to productive traits (Howard et al.,  2015; 
Kim et al., 2021; Li et al., 2011; Qi et al., 2022; Zappaterra 
et al.,  2021; Zhang et al.,  2015). In particular, the 
heterozygosity- rich segment, observed on SSC6 (54.2– 
55.9 Mb) in Duroc, Landrace, Large White, and Pietrain, 
correlates with QTL for average daily gain, daily feed 
intake, fat androstenone level, mean corpuscular hae-
moglobin concentration and meat colour, and partially 
overlapped a ROHet island detected by Ruan et al. (2022) 
in a Duroc sample.
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CONCLUSIONS

This study reported an in- depth investigation of the 
genomic structure in an economically important breed 
such as the Nero Siciliano pig. The genetic diversity 
indices showed a moderate level of variability. The re-
sults from the several statistical approaches indicated 
a defined genetic background for Nero Siciliano and 
highlighted its genetic relationships with Italian local 
breeds and the wild boar. This is probably to be at-
tributed to the semi- extensive breeding system that 
exposed Nero Siciliano pigs to natural cross- mating 
with wild boars. The genetic heterogeneity shown by 
this local breed was reflected in its relatively low in-
breeding which is comparable to that of cosmopolitan 
breeds. The internal sub- structuring of the analysed 
sample has probably determined the moderate fixa-
tion of regions of homozygosity and the almost null 
fixation of regions of heterozygosity. Furthermore, the 
islands of homozygosity found in Nero Siciliano em-
phasised its relations with the wild boar and the other 
Italian breeds and highlighted the fixation of genes re-
lated to productive traits which are probably a trace 
of the past link with commercial breeds. The investi-
gation of heterozygosity- rich regions highlighted sev-
eral immune- related hotspots in the cosmopolitan pig 
breeds, demonstrating the adequate planning of mat-
ings which did not compromise their fitness response. 
This study confirms the historical and scientific re-
ports that had previously described the Nero Siciliano. 
Furthermore, it underlines the need for adequate mat-
ing plans to make its genomic structure homogeneous 
and therefore enhance the breed and its productions.
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