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Abstract: Researchers focused on assessing differences in gene diversity within and be-
tween populations, whether cosmopolitan or local. However, the identification of patterns
of variation in non-random heterozygous genomic stretches, known as Heterozygosity-
Rich regions (HRRs), has not yet been determined in European local pig breeds. A total
of 23 pig breeds (20 local and 3 cosmopolitan) were assessed and compared in terms of
heterozygosity-rich regions. The breeds with the highest number of HRRs were Large
White, Lithuanian Old type, and Landrace, followed by Lithuanian Native, Mora Ro-
magnola, and Duroc. The breeds with the lowest number were Alentejana, Iberian, and
Majorcan Black. No shared HRR islands were found in all breeds, but gene enrichment
analysis performed in the most common HRRs revealed several biologically important
genes that cluster together and play significant roles, primarily related to the immune
system. Permutation analysis indicated that some local breeds serve as true reservoirs of
genetic diversity, displaying distinct and unique characteristics in terms of heterozygosity.
This study suggests the importance of investigating heterozygosity to develop a compre-
hensive picture of pig breeds, regardless of the production system, country of origin, or
population size.

Keywords: autochthonous breed; fitness; heterozygosity-rich regions; runs of heterozygosity;
Sus scrofa

1. Introduction
The genetic landscape of the domestic pig is globally dominated by the prevalence

of highly improved cosmopolitan pig breeds or lines, regardless of continent or country.
However, many local domestic pig breeds still exist and are expected to act as genetic
reservoirs for the species [1,2]. Along with the existence of large morphological differences,
there are wide differences in genetic diversity both among and within cosmopolitan and
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local domestic pig populations [3,4]. These genetic differences stem from a complex do-
mestication process involving different geographical populations of the wild ancestor [5].
Furthermore, human-mediated dispersion; adaptation to different environments; artifi-
cial selection for different needs; isolation; or migration between populations, including
recurring introgression events from local wild boar populations [6–8], have undoubtedly
contributed to shaping the domestic pig diversity [6]. Although researchers have paid
attention to assessing differences in gene diversity within and between pig populations,
whether cosmopolitan or local, there are still gaps in understanding certain genomic fea-
tures. Identifying patterns of variation in non-random heterozygous genomic stretches,
known as Heterozygosity-Rich regions (HRRs), has yet to be comprehensively examined
on a European level. Understanding these HRR patterns of variation is important because
heterozygosity can provide insights into population structure and demographic history [9].
The heterozygous advantage is also expected to play important adaptative roles [10] and
provide information on population diversity and evolutionary history [11]. The selective
advantage of heterozygous genotypes showing overdominance leads to balancing selection.
However, the proportion of loci where polymorphism is conserved by a heterozygote
advantage is typically low [11]. An HRR is a short genomic area where polymorphic
loci cluster non-randomly [12]. There is a growing interest in characterizing HRRs in
livestock species for conservation purposes [12–16]. Compared to runs of homozygosity
(ROH), HRRs are observed to be smaller and less frequent across species [14,17–19]. While
some sites of heterozygous advantage have important adaptive functions, their role in
general evolutionary change may be more of an unusual phenomenon than a significant
contributor to adaptation, explaining their lower proportion [9]. HRRs could reflect the
effect of divergent selection and provide insights into livestock populations’ structure and
breeding history [2]. Moreover, the distribution of HRRs within species appears to be
population-specific [12,15,16], even if candidate genes located in the significant HRRs are
commonly classified as mainly related to the immune system, adaptation, and reproduction,
independently from the species under study [20,21]. For instance, significant heterozygous
regions detected in Maremmana cattle contain GABRB1, TARSL2, TM2D3, PCSK6, and
SNRPA1 genes, which are associated with fitness and reproductive traits [14]. In another
four Italian beef breeds, candidate genes related to male fertility, immune response, and
survival were detected by Fabbri et al. (2024) [16]. In pigs, heterozygosity investigation
remains nowadays understudied, especially in local populations.

This research aims to identify HRRs in a sample of local European and several cos-
mopolitan pig breeds. The goal is to describe their distribution patterns across the pig
genome and conduct enrichment and functional annotation analyses to identify sets of
candidate genes that could provide new insights into the importance of HRR in the species.
Through the investigation of HRRs, the genetic characterization of pig breeds included
in the study (20 local and 3 cosmopolitan breeds) was completed; indeed, the Runs of
Homozygosity analysis was performed by Schiavo et al. [22] and Zorc et al. [23]. Addi-
tionally, three selection signatures analyses were performed: on the same SNP- chip data
by Munoz et al. [22] and on whole-genome sequencing data by Bovo et al. [23] and by
Poklukar et al. [24].

2. Materials and Methods
2.1. Animal Sampling

This study included 1144 individual pigs belonging to 23 different breeds collected
within the European project TREASURE (https://treasure.kis.si/). The number of animals
per breed and per country is reported in Table 1.

https://treasure.kis.si/
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Table 1. Number of animals per country included in the study.

Breed Country N.

Alentejana Portugal 48
Apulo Calabrese Italy 53

Basque France 39
Black Slavonian Croatia 49

Bísara Portugal 49
Casertana Italy 55

Cinta Senese Italy 54
Italian Duroc Italy 53

Gascon France 48
Iberian Spain 48

Krškopolje Slovenia 52
Italian Landrace Italy 52

Italian Large White Italy 52
Lithuanian Native Lithuania 48

Lithuanian White Old Type Lithuania 48
Majorcan Black Spain 48

Mora Romagnola Italy 48
Moravka Serbia 50

Nero Siciliano Italy 50
Sarda Italy 49

Schwabisch-Hällisches
Schwein Germany 51

Swallow-Bellied
Mangalitsa Serbia 50

Turopolje Croatia 50

Details on sampling methods, population structure, and differentiation (e.g., Admix-
ture analysis, Multidimensional scaling Analysis) are reported in previous studies [25,26].
All individuals were genotyped with the GGP-70K HD porcine genotyping array containing
68,516 SNPs. Only autosomal SNPs with minor allele frequency (MAF) ≥ 0.01 and individ-
uals with less than 10% missing genotypes were retained for population structure analyses.

2.2. Detection of Heterozygosity-Rich Regions and Gene Annotation

Analysis of HRRs was conducted using the R package detectRUNS v. 0.9.5 [27]. The
consecutive method was used, meaning that a scan of the genome, SNP by SNP, was
directly carried out. A sensitivity analysis was performed on specific parameters known
to affect results in HRR detection, such as the number of opposite and/or missing geno-
types allowed [19]. As a result, three arbitrary different scenarios, defined summarizing
information on chip density and HRRs parameters commonly found in the bibliography,
were applied to the dataset, ordered from the most conservative to the most liberal. Setting
parameters a priori could over- or underestimate the number of runs, without knowing
the “entity” of this over/underestimation. To find an intermediate restriction in runs
detection should be preferable when results fluctuate among scenarios. In Scenario 1 (SC1),
no missing or homozygous genotypes were allowed. Scenario 2 (SC2) had intermediate
restrictions, where missing and homozygous SNPs were set to 1. Scenario 3 (SC3) was the
most relaxed, allowing for 1 missing SNP and 2 homozygous SNPs. A minimum number
of 15 SNPs was required for all three scenarios. The minimum length of an HRR was set
to 10 kb, and the maximum gap between consecutive homozygous SNPs was 1 Mb for
all scenarios.

The HRR length classes were calculated considering five intervals for each scenario: 0
to 0.5 Mb, >0.5 Mb and ≤1 Mb, >1 Mb and ≤2 Mb, >2 Mb and ≤4 Mb, and >4 Mb.
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Highly heterozygous genomic regions (HRR islands) were identified by selecting SNPs
with an in-HRR frequency > 25%, calculated separately for each breed.

Gene annotation analysis was conducted using the Biomart R package [28]. Each breed
gene located within HRR islands was identified, and the most common genes (namely, the
genes included in the most recurrent HRR islands) were then searched in the literature. It
was determined that HRR islands were considered the most common if they were identified
in 10 breeds or more. For the Gene set enrichment analysis, the lists of protein-coding genes
were uploaded to STRING 12 [29].

2.3. Between-Breeds Heterozygosity Islands

Principal Components Analysis (PCA) was performed on the entire SNP dataset
and then specifically on the SNPs included in the HRR islands to assess between-breed
variability captured by heterozygosity segments. This step was useful to understand the
power of heterozygous segments in terms of clustering capacity. The PCA was conducted
with PLINK v1.9 [30].

A permutation analysis was performed to determine empirical thresholds (p < 0.05)
for the similarity in terms of heterozygosity. Each gene within the HRR islands identified
through the previously described method was converted into a binomial variable: 1 was
assigned if the gene was part of any identified HRR islands and 0 if the HRR was not
present in that individual. This transformation was repeated for each breed separately.
Subsequently, the values were combined when breed 1 and breed 2 were coded as 1, and a
permutation analysis was utilized (N = 100,000) to establish the significance of the pairwise
heterozygosity pattern.

The Iberian and Alentejana breeds were excluded from this analysis for their low
number of HRRs.

3. Results
3.1. Detection of Heterozygosity-Rich Regions and Gene Annotation

After data quality control, 52,647 SNPs and 1144 individuals were retained to identify HRRs.
The total number of HRRs for each scenario was 19,834; 64,470; and 132,282, respec-

tively, for SC1, SC2, and SC3. Figure 1 illustrates the number of HRRs shared among
scenarios (i.e., 1488 common to all three approaches).
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The distribution of HRRs per autosome is reported in Supplementary Figure S1. As
we move from SC1 to SC3, the variability in the average number of HRRs per individual
among breeds decreases.
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Similar results regarding the length classes have been found: the most relaxed ap-
proach reduced the variability between breeds (Supplementary Figure S2). In summary, the
shortest-length classes were predominant, accounting for approximately 80% of all runs
identified (40% of classes from 0 to 0.5 Mb and 40% of classes from 0.5 to 1 Mb). On average,
the 1 to 2 Mb class accounted for 15% of the total, and the 2 to 4 Mb class was around 5% of
the total. The longest class (>4 Mb) was barely represented, with a maximum of 1%.

Applying the 25% occurrence threshold, 242, 721, and 1477 HRR islands were identified
in SC1, SC2, and SC3, respectively. The distribution of HRR islands is reported in Figure 2
for each breed and scenario. Across all three scenarios, the trend among breeds appeared
to be consistent, with no fluctuations observed. The breeds with the highest number of
HRRs were Italian Large White, Lithuanian Old type, and Italian Landrace, followed by
Lithuanian Native, Mora Romagnola, and Italian Duroc. Conversely, the breeds with the
lowest number of HRRs were Alentejana, Iberian, and Majorcan Black.
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Figure 2. The number of HRR islands per breed and scenario.

The results of SC2 were selected for further analyses due to the intermediate and more
realistic HRR values it provided, taking into account the density of the SNP chip used and
the variability previously described that SC2 captured among breeds compared to SC3.

Figure 3 illustrates the number of HRR islands per chromosome in each breed in
Scenario 2. HRRs are primarily located in SSC1, SSC2, SSC6, and SSC14. Specifically, Italian
Landrace had 17 HRR islands in SSC14, followed by Lithuanian Old Type with 15 HRRs
in SSC1, and Large White with 10 in SSC14, along with Swallow-Bellied Mangalitsa and
Lithuanian Native, both having 10 HRR islands in SSC6.

To avoid underestimating heterozygous regions, it was decided to compare heterozy-
gosity based on genes within the segments rather than solely on the complete overlap of bp
positions. An HRR could start at the same bp as an HRR in another breed but end a few
bp before it. This lack of overlap could lead to underestimating the heterozygosity shared
between the two breeds in the example provided.

There were 2321 unique genes found within the 721 HRR islands, with no regions
being recurrent across breeds. Therefore, each breed was analyzed separately, and the
percentage of breed-specific genes within HRRs, overlapping with the total of 2321 genes,
was calculated and reported in Table 2. The Italian Large White breed had the highest
number of genes (916, almost 40% of the total) present in all regions of heterozygosity. The
Lithuanian White Old type had the second highest number of genes present in all regions
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of heterozygosity (31%). The Nero Siciliano and Black Slavonian breeds had the lowest
percentage of overlapped heterozygosity compared to the other breeds.
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Table 2. Number of genes per breed within HRR islands and percentage of overlap with the total
number of genes identified (2321 genes).

Breed N. Genes Within
HRRs

Sum of Genes in
HRRs % of Genes in HRRs

Italian Large White 916 2321 39.47
Lithuanian White Old

Type 737 2321 31.75

Schwäbisch
Hällisches Schwein 564 2321 24.30

Italian Duroc 456 2321 19.65
Lithuanian Native 409 2321 17.62
Apulo Calabrese 407 2321 17.54

Krškopolje 340 2321 14.65
Italian Landrace 325 2321 14.00

Moravka 280 2321 12.06
Bìsara 212 2321 9.13

Casertana 203 2321 8.75
Mora Romagnola 200 2321 8.62
Swallow-Bellied

Mangalitsa 175 2321 7.54

Sarda 166 2321 7.15
Basque 141 2321 6.07

Cinta Senese 139 2321 5.99
Majorcan Black 133 2321 5.73

Turopolje 124 2321 5.34
Gascon 119 2321 5.13

Black Slavonian 109 2321 4.70
Nero Siciliano 70 2321 3.02

Genes found within the HRR islands shared by at least 10 breeds were uploaded to
the STRING software (the complete list is reported in Supplementary Table S1), and the
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resulting clusters were then investigated in the literature. Figure 4 shows some clusters
formed by the genes located in heterozygous regions.
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Up to 12 genes strongly linked to the TRIM28 gene were identified. Of these, 11 were
Zinc Finger genes. This first cluster also included the CDC27 (Cell Division Cycle 27) gene.
Two other clusters gathered four genes, namely, ISG15, RPS5, MRPL20, and AURKAIP1, in
one cluster and UBE2M, UBE2J2, B3GALT6, and AGRN in another cluster. Finally, NOC2L,
PES1, and PUSL1 constituted another cluster besides a pair of genes (ZNF444 and ZNF487)
constituting the smallest cluster.

3.2. Between-Breeds Heterozygosity Islands

A total of 721 HRR islands gathering 6288 unique SNPs were used as variables to
perform a PCA. Figure 5A illustrates the PCA performed on the entire dataset. Previous
papers have largely discussed the genetic distances among breeds [25,26]. It is remarkable
that with the whole dataset, some breeds (e.g., Mora Romagnola, Italian Duroc, Basque,
Lithuanian Old type, Italian Large White, Gascon) exhibited very low within-breed vari-
ability, with individuals plotting in well-defined clusters. When only SNPs of HRR islands
were included in the PCA, it was clear how the clustering changed (Figure 5B). The breeds
that maintained a similar cluster as previously defined were Mora Romagnola and Italian
Duroc. The within-breed variability was extended in almost all other pig breeds.

Figure 6 visualizes the permutation analysis results on pairwise breeds heterozygosity.
In light sea green, the p < 0.05; in grey, p ≥ 0.05 (not significant). Turopolje, Basque, Italian
Duroc, Cinta Senese, and Mora Romagnola were the breeds with the highest levels of
breed-specific heterozygosity. They showed almost all pairwise comparisons as being
dissimilar in terms of heterozygosity. Conversely, Bísara, Black Slavonian, Casertana, Sarda,
Nero Siciliano, Swallow-Bellied Mangalitsa, and Schwäbisch Hällisches Schwein showed a
high overall degree of similarity in their heterozygosity pattern (p < 0.05).
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4. Discussion
This study is the most comprehensive research on heterozygosity in European pig

breeds. Heterozygosity in pigs should be thoroughly studied, particularly due to the interest
in cross-breeding and heterosis. It is expected that common heterozygosity patterns will be
found, regardless of whether they are investigated in 20 local or 3 cosmopolitan populations,
because of the connection between heterozygosity and fitness, as well as heterozygosity
and balancing selection. In this study, heterozygosity was analyzed extensively in 23 pig
breeds and examined from various perspectives.

4.1. Detection of Heterozygosity-Rich Regions and Gene Annotation

The parameters used in HRR analysis, such as in ROH analysis, can influence results,
as demonstrated in previous studies [16], especially regarding the number of detected
regions. Testing different scenarios and changing parameters could be a good strategy
to observe the consistency and accuracy of results or at least to control potential bias. It
has been observed that modifying the number of allowed homozygous and missing SNPs
influenced the total number of runs detected but did not alter the trend among breeds.

It is important to note that some breeds did not show HRRs in the three scenarios
(Alentejana and Iberian) or had a very limited number (Majorcan Black, Nero Siciliano,
Mangalitsa, and Sarda). Increasing the sample size may help address this issue. It is
worth mentioning the high degree of admixture in some breeds, such as Nero Siciliano and
Sarda [25], which could explain why numerous consecutive heterozygous segments were
not perfectly overlapping and are found in more than 25% of the populations.

On the other hand, the breeds with the highest number of HRR islands were the cos-
mopolitan breeds (Italian Large White, Italian Landrace, and Italian Duroc), the Lithuanian
breeds, and the Schwäbisch Hällisches Schwein.

The autosomes that showed a higher number of heterozygosity islands were some
of the longest in pigs, as expected, namely, SSC1, SSC2, SSC6, and SSC14. This aligns
with the findings reported by Schiavo et al. (2021) [22], as these autosomes were generally
unaffected by homozygosity islands in the majority of the breeds. The exceptions were
SSC2 and SSC14 for Alentejana; SSC6 and SSC14 for Iberian and Krškopolje; and SSC14 for
Swallow-Bellied Mangalitsa, where homozygosity peaks were revealed.

Previous studies have found that HRRs in pigs are mainly related to reproductive
traits [19,31] and immune response [20,21,31]. Bordonaro et al. [20] observed that HRRs
between different pig breeds or populations (wild boar, Italian local breeds, and cosmopoli-
tan breeds) have been previously identified as segments of fixed homozygosity, suggesting
underlying diversity between breeds. The gene enrichment analysis performed in this
study sheds light on several interesting genes that cluster together and play important
roles, especially in the immune system, as identified in other pig populations [21]. The
idea that genes related to the immune system could be the best candidates in terms of
heterozygosity hotspots is here reinforced. Only genes in HRR islands found in more than
half of the pig breeds included in this study (10 breeds) were tested for network interaction.
Up to five clusters were identified (Figure 5). The cluster with the TRIM28 (Tripartite Motif
Containing 28) gene positioned in the center seemed particularly interesting. TRIM28 has
been identified as an essential regulatory factor in controlling innate antiviral immune
responses [32]. This gene is linked to Zinc-finger proteins (ZNFs) that are involved in
several cellular processes acting through different molecular mechanisms and playing key
roles in the development and differentiation of several tissues; indeed, they have been
defined as the guardians of genome stability [33].

Other genes linked to the immune system belonged to the other clusters identified,
namely, the ISG15 (interferon-stimulated genes 15), MRPL20 (Mitochondrial Ribosomal
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Protein L20), and AURKAIP1 (Aurora Kinase A Interacting Protein 1) genes. ISG15 gene
expression was found to be induced by Interferons (IFNs), and it is a central player in the
host antiviral response (e.g., ISG15 is found to be upregulated during classical swine fever
infection [34]). In the same cluster, a study on cattle found MRPL20 and AURKAIP1 within
the genomic window where the SNP was significantly associated with Mycobacterium
avium ssp. Paratuberculosis infection status [35].

The last cluster containing four genes was formed by B3GALT6, AGRN, and two
Ubiquitin Conjugating Enzyme E2, M and J2 (UBE2M and UBE2J2, respectively). It is
important to underline that the exploitation of the ubiquitin system by viruses represents a
central theme, and several studies highlight the use of ubiquitin inhibitors as an antiviral
approach [36].

Genes NOC2L (Nucleolar Associated Transcriptional Repressor) and PUSL1 (pseu-
douridine synthase-like 1) have also been identified in a genomic region as significantly
associated with bacterial infection in cattle [35]. These genes should be further studied
since local pig breeds are known to be more persistent and resilient to harsh environments.

It was interesting that all these aforementioned genes were found in significant HRRs
in Apulo Calabrese, Bísara, Black Slavonian, Casertana, Large White, Lithuanian breeds,
Majorcan Black, Moravka, Schwäbisch Hällisches Schwein, and Swallow-Bellied Mangalitsa.
Some of those genes related to the immune system were found in heterozygous segments in
Nero Siciliano, Sarda, and Krškopolje, making these genomic regions extremely interesting,
as they are common to several European pig populations analyzed. Moreover, compared
to cattle and sheep populations, few studies on HRRs islands have been performed on pigs,
so similarities or comparisons are difficult to address within and between breeds, both in
terms of numbers and in terms of genes identified.

4.2. Between-Breeds Heterozygosity Islands

Two approaches were used to define the heterozygosity patterns in these 23 pig
breeds: Principal Components Analysis and correlation. In PCA, the variables were
the total number of SNPs in all HRR islands across the 23 breeds investigated. In the
correlation approach, genes were classified as 1 (presence of an HRR in that location) or
0 (no HRR revealed in that location) for each breed separately. The results from both
approaches are complementary and serve different purposes. PCA aimed to determine if
HRR islands could distinguish breeds based on genetic variability and, potentially, fitness
indirectly associated with the level of heterozygosity. The correlation aimed to measure
the similarity of heterozygosity patterns among breeds (considering only segments where
genes are located).

PCA results based on heterozygous segments indicated that, for most pig breeds,
heterozygosity regions did not perfectly define the genetic differences among breeds. While
it did not drastically change the genetic diversity picture, it did not show that heterozygous
islands reduced differences between breeds and increased variability within breeds. It
would be beneficial to test the same approach using homozygosity.

Interestingly, none of the 23 European pig breeds had the same HRR islands, which
could be expected due to the putative link between heterozygosity and fitness-related
traits [37].

Regarding the permutation results, patterns of heterozygosity shared among breeds
were revealed (Figure 6), but several pairwise comparisons of breeds also identified breed-
specific heterozygosity.

Schiavo et al. [22] reported the pairwise similarities between breeds based on ROH
islands, and the results are consistent and complementary to what is reported in this study.
Generally, breeds that showed low similarity in homozygosity patterns also maintained
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the dissimilarity in heterozygosity, representing a true heritage of genetic diversity. These
local breeds include Turopolje, Basque, and Mora Romagnola, followed by Cinta Senese,
Nero Siciliano, Sarda, Moravka, Bísara, and Black Slavonian. Despite being breeds found
by Dadousis et al. [25] to be highly admixed, they are shown to have strong similar het-
erozygosity and homozygosity [22], as well as Swallow-Bellied Mangalitsa and Schwäbisch
Hällisches Schwein.

5. Conclusions
This study is the first to investigate heterozygosity patterns in such a high number

of European local pig breeds. The trends and distribution of heterozygosity differed
among breeds, and no regions recurred in all 23 breeds, but some common patterns of
heterozygosity have been revealed. The discriminant power of heterozygosity has been
evaluated here, suggesting that a certain degree of breed-specific heterozygosity exists.
Still, it is insufficient to characterize breeds if considered as the only evolutionary force
applied. Interestingly, permutation analysis indicated that some local breeds serve as true
reservoirs of genetic diversity, displaying distinct and unique characteristics in terms of
heterozygosity. In addition, genes in heterozygous islands should be further studied due to
their relationship with the immune response and, consequently, with the resilience trait, a
unique feature of local breeds. Finally, heterozygosity has been confirmed to be an essential
aspect to investigate to complete and clearly characterize populations.
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G.S., S.B. (Samuele Bovo), L.F., M.Č.-P., M.M., C.O., K.P., M.Š. and R.B.; supervision, F.T., S.B. (Stefano
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