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The analysis of livestock heterozygosity is less common compared to the study of homozygous patterns.
Heterozygous-Rich Regions (HRRs) may harbor significant loci for functional traits such as immune
response, survival rate, and fertility. For this reason, this study was conducted to investigate and charac-
terize the heterozygosity patterns of four beef cattle breeds, which included two cosmopolitan breeds
(Limousine and Charolaise) and two local breeds (Sarda and Sardo Bruna). Our analysis identified regions
with a high degree of heterozygosity using a consecutive runs approach, the Tajima D test, nucleotide
diversity estimation, and Hardy Weinberg equilibrium test. These regions exhibited recurrent heterozy-
gosity peaks and were consistently found on specific chromosomes across all breeds, specifically auto-
somes 15, 16, 20, and 23. The cosmopolitan and Sardo Bruna breeds also displayed peaks on
autosomes 2 and 21, respectively. Thirty-five top runs shared by more than 25% of the populations were
identified. These genomic fragments encompassed 18 genes, two of which are directly linked to male fer-
tility, while four are associated with lactation. Two other genes play roles in survival and immune
response. Our study also detected a region related to growth and carcass traits in Limousine breed.
Our analysis of heterozygosity-rich regions revealed particular segments of the cattle genome linked to
various functional traits. It appears that balancing selection is occurring in specific regions within the four
examined breeds, and unexpectedly, they are common across cosmopolitan and local breeds. The genes
identified hold potential for applications in breeding programs and conservation studies to investigate
the phenotypes associated with these heterozygous genotypes. In addition, Tajima D test, Nucleotide
diversity, and Hardy Weinberg equilibrium test confirmed the presence of heterozygous fragments found
with Heterozygous-Rich Regions analysis.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Directional and disruptive selection could affect population
structure and homozygosity, but heterozygosity and balancing
selection also define population history. Nucleotide diversity,
Tajima D test and heterozygosity-rich regions are proposed to
identify segments showing the impact of balancing selection,
either by gene introgression or admixture. Regions resulting in
high heterozygosity contained genes associated with fertility,
growth, and adaptation, and the balancing selection footprint has
been evidenced. Breeding programs and conservation schemes that
use genomic information should alleviate the pressure generated
by directional selection specifically on these regions, allowing the
conservation of diversity and heterozygosity in the population.
Introduction

Natural selection plays a crucial role in promoting the survival
of animals that exhibit improved adaptation to changing environ-
mental conditions. Moreover, artificial selection has been widely
applied in livestock species to attain more beneficial and econom-
ically valuable traits (Biscarini et al., 2015). Natural and artificial
selection both apply selective pressure to specific genomic regions
that control various traits associated with productivity and adapt-
ability in diverse environments. These traits encompass fitness,
body conformation, behavior, as well as resistance to diseases
and parasites.

The availability of high-throughput sequencing and genotyping
data for single nucleotide polymorphisms (SNPs) has made it pos-
sible to characterize genome segments based on their homozygos-
ity and/or heterozygosity. One of the most widely used measures
to describe and investigate homozygosity patterns is the runs of
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homozygosity (ROH). ROH are contiguous segments of homozy-
gous genotypes that are present in an individual due to parents
transmitting identical haplotypes to their offspring (Ceballos
et al., 2018). More recently, heterozygosity-rich regions (HRRs)
have been proposed to complement homozygosity measures and
investigate the significance of heterozygosity patterns. HRRs have
been used to identify genomic regions that are under gene intro-
gression or admixture (Tsartsianidou et al., 2021). HRRs can also
provide insights into population structure and demographic his-
tory (Bizarria Dos Santos et al., 2021), and may harbor important
loci for key functional traits such as immune response, survival
rate, fertility, and other fitness traits (Mc Parland et al., 2009). Evi-
dence suggests that increased heterozygosity occurs in regions
under balancing selection or with a high recombination rate, as
low linkage disequilibrium leads to high region diversity
(Fijarczyk and Babik, 2015; Ferrer et al., 2016; Mulim et al.,
2022). It has been extensively studied as directional and disruptive
selection could affect population structure and homozygosity
(Saravanan et al., 2020), but less attention has been given to how
heterozygosity and balancing selection could define population
history and vice versa.

Balancing selection is a common term that includes three types
of mechanism (heterozygote advantage, negative frequency-
dependent, or fluctuating selection) that maintain higher than
expected levels of heterozygosity and allelic diversity within pop-
ulations (Fijarczyk and Babik, 2015).

In assessing patterns of heterozygosity and the potential influ-
ence of balancing selection on a population, several parameters
can be considered, including nucleotide diversity, the Tajima D
test, and expected and observed heterozygosity derived from the
Hardy-Weinberg equilibrium test.

Nucleotide diversity, often denoted as p, quantifies the average
number of nucleotide differences per site when comparing two
randomly selected DNA (Nei and Li, 1979). This metric contains
information about a DNA region’s functional significance, esti-
mated lower in intergenic regions (Tatarinova et al., 2016), as well
as about the population’s demographic history (Neumann et al.,
2023).

The Tajima D test statistic distinguishes between DNA
sequences evolving randomly and those undergoing non-random
processes, which may involve directional or balancing selection,
demographic changes such as expansion or contraction, genetic
hitchhiking, or introgression (Tajima, 1989).

Using different approaches (e.g., Tajima D test, HRR investiga-
tion) to estimate heterozygosity is important to evaluate the
degree of agreement of results in order to make them as repro-
ducible as possible. HRR approach is becoming popular in popula-
tion genetics studies. HRRs are easy to obtain -the methodology is
almost the same as ROH (Biscarini et al., 2019) and can be seen as
the complementary measure of ROH. Additionally, HRR, compared
to other approaches, offers some additional advantages since the
length of the runs identified allows to better characterize the
demographic history of populations: long HRRs occur from recent
matings, as recombination has not had the possibility of breaking
up the segment. At the same time, short HRR could indicate balanc-
ing selection or fixed haplotypes in the population as a result of
selection. Finally, compared to more rigorous tests such as Tajima
D, HRRs offer a more lenient approach in identifying regions of
interest since, in selected populations, conditions close to mutation
drift are not achievable, andmeasures of demography and selective
history need to be investigated considering the population stand-
ing variation. An explicative study was a relatively recent work
(Williams et al., 2016) where the heterozygosity in the Chillingham
cattle, a local breed of northern England, not subject to selection,
that remained a closed herd for at least 350 years, was analyzed.
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Results confirmed the lack of the population genetic variability,
even if fertility remained high in the breed. Intriguingly, the
authors identified regions that were maintained at a high level of
heterozygosity. These regions could contain loci that contribute
to the survival rate, fertility, and other fitness traits and can be seg-
ments of the genome where diversity could be very beneficial.
Other authors (Fijarczyk and Babik, 2015) studied HRR in Pinz-
gauer cattle and identified genes important in biological processes,
in particular genes that play a role in the Krebs cycle, as well as the
innate immune and inflammatory response. Recently, a study
examining heterozygosity-rich regions in the Purunã breed was
conducted (Mulim et al., 2022). This breed, originating from South-
ern Brazil, is a composite population formed through the cross-
breeding of Angus, Charolais, Canchim, and Caracu. The Purunã
breed enjoys the benefits of heterosis resulting from these cross-
breeds, characterized by superior growth performance. Their
investigation revealed HRR, encompassing genes previously linked
to carcass weight, meat, carcass quality, and marbling deposition.
HRR could give new insights into understanding the relationship
between genetic diversity and fitness, assessing the population’s
evolutionary potential and simultaneously predicting the reduc-
tion of breeds’ genetic variability (Ferenčaković et al., 2017). In this
study, four Italian beef breeds were considered: Limousine (LIM),
Charolaise (CHA), Sarda (SAR), and Sardo Bruna (SAB), which have
not been previously characterized in terms of patterns of heterozy-
gosity. Two of them are cosmopolitan breeds under selection pro-
gram, i.e., Limousine and Charolaise, reared in the Italian country
and originating from France, from which animals and semen are
still bought. Currently, Italian Limousine counts �80 000 animals
kept in more than 2 000 farms, while Charolaise in Italy consists
of � 21 000 individuals distributed in approximately 1 000 farms.
Limousine and Charolaise are in continuous population size expan-
sion and are becoming two of the most important beef breeds
reared in Italy.

Sarda and Sardo Bruna are local breeds enrolled in the register
of Italian breeds at limited diffusion and are not subjected to a
breeding program; they are reared exclusively on the Italian island
of Sardinia and are originating from several past crosses between
local and specialized breeds, such as Bruna Alpina, Maremmana,
Piemontese, Simmental. Sarda and Sardo Bruna amount to
� 21 000 and � 25 000 animals, respectively. Given the similar
numerosity but the different selective history, we chose to com-
pare Sarda and Sardo Bruna along with Limousine and Charolaise
to identify patterns of heterozygosity based on a combination of
HRR, Tajima D test, and nucleotide diversity, with the aim to elicit
particular selection patterns present in the local breeds that might
differentiate them from the cosmopolitan ones.
Material and methods

Samples, genotyping, and data editing

A total of 13 577 individuals were included in the analysis
belonging to four breeds, which will be named LIM, CHA, SAR,
and SAB hereafter. All individuals were genotyped with the Gene-
Seek GGP-LDv4 33 k (Illumina Inc., San Diego, California, USA) SNP
chip. Sampled animals were 8 348 LIM, 2 331 CHA, 941 SAR, and
1 957 SAB. Genotype quality control and data filtering were per-
formed with PLINK v1.9 (Chang et al., 2015): only SNPs located
on the 29 autosomes were included (n = 28 289), and all individu-
als and SNPs with more than 10% of missing values were removed
from the dataset. For the subsequent analyses, 27 091 SNPs and
12 611 individuals were retained (7 775 LIM, 2 041 CHA, 1 867
SAB, 928 SAR).
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Multidimensional scaling analysis, admixture analysis, and editing

A multidimensional scaling analysis (MDS) was performed to
investigate the population structure between the four breeds based
on genetic distances, particularly to establish how phylogenetically
distant local breeds were compared to the cosmopolitan ones. The
first two dimensions were obtained with PLINK v1.9 (Chang et al.,
2015) using the --mds-plot flag, which estimated distances based
on the genome-wide pairwise Identical by State matrix. The pro-
portion of mixed ancestry was assessed using the ADMIXTURE
1.22 software (Alexander et al., 2009), in order to identify potential
recent crosses, which were then removed from the dataset to avoid
overestimating heterozygosity due to admixture. The number of
ancestries (K) to be retained in admixture (K = 2–4) was evaluated
via a fivefold cross-validation (CV). The model with minimum CV
error was selected to discard all individuals, which presented a
probability of membership to one breed less than 80%. Several
thresholds of admixture proportions of individuals (Q) were tested
(i.e., Q >= 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9), and 0.8 resulted as the most
acceptable threshold in terms of animals retained (�11 500) and
accuracy of breed membership (Fig. S1).
Detection of heterozygosity-rich regions and gene annotation

Analysis of runs of Heterozygosity-Rich Regions (HRRs) (also
known as ‘‘runs of heterozygosity,” ROHet) was conducted with
the R package detectRUNS v. 0.9.5 (Biscarini et al., 2019). The con-
secutive method was used, which means that a scan of the genome
SNP by SNP was directly carried out. A sensitivity analysis was per-
formed on specific parameters that have been found to affect
results in HRR detection: namely, the minimum number of SNPs
in a run and the number of opposite and/or missing genotypes
allowed (Biscarini et al., 2020; Chen et al., 2022). Consequently,
three different scenarios were applied to the reduced dataset
obtained after admixture and individual editing (n = 11 442). The
three scenarios were ordered from the most liberal to the most
conservative. Scenario 1 (SC1) provided the minimum number of
SNP in an ROHet set to 10, and missing and homozygous genotypes
were allowed, more precisely, one missing SNP and two homozy-
Fig. 1. Multidimensional-scaling plot of the four cattle breeds (CHA

3

gous SNPs. Scenario 2 (SC2) had intermediate restrictions: missing
and homozygous SNPs remained as SC1, but the minimum number
of SNPs in the run was increased (15 SNPs). Scenario 3 (SC3) was
the most conservative and did not allow missing and homozygous
SNPs, but the minimum number of SNPs was left as in the previous
scenario (SNPs = 15). The minimum length of an ROHet was set to
10 Kbp, and the maximum gap between consecutive homozygous
SNPs was 1 Mbp for all scenarios.

The HRR class of lengths were calculated considering five inter-
vals: from 0 to 0.5 Mbp, > 0.5 Mbp and � 1 Mbp, > 1 Mbp and � 2
Mbp, > 2 Mbp and � 4 Mbp and, > 4 Mbp.

Highly heterozygous genomic regions (HRR islands) were iden-
tified by selecting SNPs with an in-HRR frequency > 0.25 (Biscarini
et al., 2020). The top HRRs were investigated using Genome Data
Viewer of NCBI (https://www.ncbi.nlm.nih.gov/genome/gdv/),
and Bos taurus genome assembly Bos taurus UMD 3.1.1 was used
as reference (https://www.ncbi.nlm.nih.gov/data-hub/assembly/
GCF_000003055.6/). For the Gene set enrichment analysis, the lists
of protein-coding genes were uploaded to STRING 11.5 (Szklarczyk
et al., 2017).
Observed and expected heterozygosity, nucleotide diversity, and
Tajima’s D statistic test

Genetic diversity of a population can be measured with several
approaches. Here, three parameters were tested: nucleotide diver-
sity, Tajima’s D test values, and observed and expected heterozy-
gosity, estimates that can be integrated and compared with HRR
approach information. VCFtools (Danecek et al., 2011) was used
to estimate each marker nucleotide diversity and to perform the
Tajima’s D test. The genomic windows analyzed were set to
10 kb for both methods. Tajima’s D values can offer insights into
the population’s evolutionary trajectory: a value of 0 suggests that
the population is evolving in line with mutation-drift equilibrium;
values less than 0 indicate recent selective sweeps or population
expansion following a bottleneck event; in contrast, values greater
than 0 point to populations experiencing balancing selection or
abrupt population contractions.
= Charolaise, LIM = Limousine, SAB = Sardo Bruna, SAR = Sarda).
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Observed and expected heterozygosity level was obtained for
each SNP using the Hardy-Weinberg test statistics implemented
in the PLINK v.1.09 software (Chang et al., 2015).
Results

Multidimensional scaling analysis, admixture analysis, and editing

Fig. 1 depicts the MDS plot for the four breeds examined. A clear
distinction between local and commercial populations emerged.
CHA and LIM breeds displayed lower variability within breed,
forming distinct clusters separated from SAR and SAB. However,
some individuals within these clusters plotted at intermediate dis-
tances, potentially indicating crossbreeding. Conversely, Sardinian
breeds exhibited noticeable introgression or genetic similarity
among themselves, making it challenging to distinguish between
the two breeds. Many animals appeared to be crossbreds, particu-
larly SAR vs SAB and these hybrids vs LIM. CHA remained distinctly
separate from the other three breeds.
Fig. 2. (A) Admixture plot with the number of ancestries K = 4. (B) Multidimensional sc
breed with more than 80% of probabilities were retained and plotted (CHA = Charolaise

4

To address this issue, we conducted an admixture analysis to
assess the likelihood of individual membership to a specific breed
and to exclude crossbred individuals that might introduce bias into
the analysis. As illustrated in Fig. 2A, the admixture analysis clearly
revealed shared ancestry proportions between SAB and SAR breeds,
and some individuals within the LIM and CHA breeds displayed
evidence of admixture. Therefore, a threshold of Q, i.e., the degree
of assignment of each individual to one of the four breeds, was set
to � 80% to identify potential crossbreeds (Fig. S1). Subsequently,
the MDS analysis was repeated and presented in Fig. 2B, with only
samples that displayed high assignment (� 80% probability) to one
of the four breeds retained for the reduced dataset.

The reduced dataset comprised 11 442 individuals (LIM = 7 733;
CHA = 1 988, SAB = 1 487 and SAR = 234).

Detection of heterozygosity-rich regions and gene annotation

To detect HRR, we assessed three scenarios in which three
parameters were adjusted: the minimum number of SNPs in an
HRR (changed from 10 in SC1 to 15 in SC2 and SC3), the number
aling plot using the reduced dataset. Only animals correctly assigned to one cattle
, LIM = Limousine, SAB = Sardo Bruna, SAR = Sarda).



M.C. Fabbri, F. Tiezzi, A. Crovetti et al. Animal 18 (2024) 101142
of missing and homozygous genotypes was set from 1 (SC1 and
SC2) to 0 in SC3 and from 2 (SC1 and SC2) to 0 in SC3, respectively.
The Venn diagram (Fig. 3) highlights SC2 as the most interesting
scenario since all HRRs in SC2 were identified in the other two sce-
narios. Furthermore, when the minimum number of SNPs in an
HRR was set to 10 (SC1), it resulted in a significant increase in
the total number of HRRs, exceeding that of SC2, nearly tenfold.
Finally, SC3 identified 220 unique HRRs and 694 runs shared with
SC1 and SC2. The total number of HRR for each scenario, separated
by breed, is provided in Table S1.

Results obtained from SC2 have been chosen for further analy-
ses. The total number of HRR per breed is presented in Table 1.

The average number of HRRs per individual was higher for LIM
(�14 HRRs). Results in SAB and CHA were similar, while SAR had
Fig. 3. Venn Diagram of the total number of Heterozygous-Rich Regions detected in
each scenario (SC) for the cattle breeds.

Table 1
Total amount of Heterozygous-Rich Regions (HRRs) identified per cattle beef breed
and the average number of HRRs per individual (between parentheses).

Breed1 No. HRR No. of animals

CHA 27 066 (13.61) 1 988
LIM 110 970 (14.35) 7 733
SAB 20 049 (13.48) 1 487
SAR 2 780 (11.88) 234
Total 160 865 11 442

1 CHA = Charolaise, LIM = Limousine, SAB = Sardo Bruna, SAR = Sarda.

Table 2
Number of Heterozygous-Rich Regions (HRRs) for class of length for each cattle beef
breed, where CHA = Charolaise, LIM = Limousine, SAB = Sardo Bruna, SAR = Sarda.

Classes CHA LIM SAB SAR

0–0.5 14 110 63 686 10 946 1 531
0.5–1 3 625 13 825 2 476 327
1–2 7 471 26 234 5 228 714
2–4 1 858 7 206 1 397 208
> 4 2 19 2 0

5

the lowest number of HRR per individual (�12 runs). The length
intervals chosen to analyze the HRR resulted in the distribution
Fig. 4. Manhattan plots for each cattle breed, where A = Charolaise, B = Limousine,
C = Sardo Bruna, D = Sarda.



Table 3
List of Heterozygous-Rich Regions present in more than 25% of each cattle population and genes identified within regions, where CHA = Charolaise, LIM = Limousine, SAB = Sardo
Bruna, SAR = Sarda, SNP = single nucleotide polymorphism and BTA = Bos taurus autosome.

Breed Start SNP End SNP BTA from To Genes

SAB BovineHD0100037693 BovineHD0100037709 1 132 339 365 132 398 347
LIM BovineHD0100037693 BovineHD0100037712 1 132 339 365 132 409 877
LIM BovineHD0200037002 BovineHD0200037019 2 127 476 802 127 540 073 CATSPER4,CNKSR1,

ZNF593,FAM110DCHA BovineHD0200037002 BovineHD0200037019 2 127 476 802 127 540 073
SAB BovineHD0200037002 BovineHD0200037021 2 127 476 802 127 549 465
CHA BovineHD0200037056 BovineHD0200037075 2 127 644 712 127 680 352 EXTL1
SAB BovineHD0200037056 BovineHD0200037075 2 127 644 712 127 680 352
LIM BovineHD0200037056 BovineHD0200037076 2 127 644 712 127 683 153 EXTL1, SLC30A2
LIM 6_38668893 BovineHD0600010764 6 38 668 893 38 950 070 FAM184B, NCAPG,

DCAF16, LCORL
LIM BovineHD0900002717 BovineHD0900031354 9 10 949 242 10 991 125
LIM BovineHD1500006301 BovineHD1500006338 15 24 175 920 24 238 959 TTC12
SAB BovineHD1500006317 BovineHD1500006335 15 24 212 885 24 233 148
SAR BovineHD1500006317 BovineHD1500006330 15 24 212 885 24 224 422
CHA BovineHD1500006317 BovineHD1500006338 15 24 212 885 24 238 959
SAB BovineHD1600007151 BovineHD1600007172 16 25 709 923 25 774 613
CHA BovineHD1600024421 Hapmap45728-BTA-38205 16 25 903 792 26 455 382 DUSP10
SAB BovineHD1600024421 BTA-88802-no-rs 16 25 903 792 26 613 598
SAR BovineHD1600007201 BTA-88802-no-rs 16 25 911 857 26 613 598
LIM BovineHD1600007207 BTA-88802-no-rs 16 25 933 132 26 613 598
SAB BovineHD1900015979 BovineHD1900015997 19 56 530 998 56 560 675 SAP30BP,SMIM6, RECQL5
LIM BovineHD1900015983 BovineHD1900015998 19 56 537 361 56 564 441
CHA BovineHD1900015984 BovineHD1900015998 19 56 539 142 56 564 441
SAR BovineHD1900015984 BovineHD1900015990 19 56 539 142 56 552 581 SAP30BP, RECQL5
SAB BovineHD2000006630 BovineHD2000006646 20 22 151 938 22 171 796
LIM BovineHD2000006630 BovineHD2000006681 20 22 151 938 22 234 812
CHA BovineHD2000006630 BovineHD2000006685 20 22 151 938 22 258 146
SAR BovineHD2000006630 BovineHD2000006691 20 22 151 938 22 288 482
SAB BovineHD2000006669 BovineHD2000006701 20 22 216 004 22 316 326 MIER3
LIM BovineHD2000006690 BovineHD2000006721 20 22 285 687 22 375 058
CHA BovineHD2100016595 BovineHD2100016614 21 57 719 367 57 750 099 MIR2284F, SLC24A4
LIM BovineHD2100016595 BovineHD2100016622 21 57 719 367 57 763 783
SAR BovineHD2300011345 BovineHD2300011382 23 39 269 822 39 377 385
LIM BovineHD4100016194 BovineHD2300011366 23 39 285 499 39 340 244
CHA BovineHD4100016194 BovineHD2300011366 23 39 285 499 39 340 244
SAB ARS-BFGL-NGS-65768 BovineHD2300011382 23 39 303 680 39 377 385

Fig. 5. Network of proteins expressed by genes identified in significant Heterozy-
gous-Rich Regions (HRRs) in the four cattle breeds. Proteins included in all
significant HRRs identified were reported.
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reported in Table 2. As anticipated, the greatest number of HRR
was observed in the shortest length class (HRR < 0.5 Mbp). The
number of HRR in this category ranged from approximately
63 000 in the LIM breed to around 1 500 in the SAR breed. How-
ever, the intermediate length categories (1–2 Mbp and 2–4 Mbp)
also showed elevated values, with the lowest count of less than
one hundred HRRs only in the SAR breed. Additionally, two HRRs
larger than 4 Mbp were identified in CHA and SAB, while LIM
had 19 long runs of heterozygosity. It is worth noting that the
Limousine breed displayed the highest number of HRR in all length
classes, emphasizing the importance of sample size in such analy-
ses to prevent potential bias and misinterpretations, considering
that results are often reported as the total amount of segments.

Manhattan plots of HRR regions are reported in Fig. 4. Thirteen
peaks were defined for cosmopolitan breeds and 12 peaks for local
ones. Peaks on Bos taurus autosome 15 (BTA15), BTA16, BTA20,
and BTA23 were identified in all breeds. Peaks on BTA2 and
BTA21 were identified on cosmopolitan and SAB breeds, while a
peak on BTA 1 was identified only in LIM and SAB.

To identify the more prevalent HRR in the studied populations,
we selected the HRR represented in more than 25% of all individu-
als for each breed. This threshold retained 35 HRRs that collectively
contained 18 unique genes (Table 3). As shown in the Manhattan
plots, four genomic regions were found to be common across all
four breeds, although they did not overlap precisely. These recur-
rent HRRs were observed in the following regions: (i) BTA15, which
included the TTC12 gene; (ii) BTA16, featuring the DUSP10 gene;
(iii) BTA19, shared regions across breeds containing the SAP30BP
and RECQL5 genes; (iv) the top HRR on BTA20 and BTA23 did not
6

contain annotated genes. Additionally, on BTA2, two HRRs were
detected in the cosmopolitan and Sardo Bruna breeds. The first
one included four genes (CATSPER4, CNKSR1, ZNF593, FAM110D),
and the second one harbored the EXTL1 gene. The cosmopolitan
breeds exhibited a unique HRR not found in the local breeds,
located on BTA21 and containing theMIR2284F and SLC24A4 genes.

The LIM breed exhibited a distinct breed-specific HRR on BTA6,
which included four annotated genes (FAM184B, NCAPG, DCAF16,



Fig. 6. Cattle beef breeds heterozygous estimates (Nucleotide Diversity, Tajima D test estimate, Hardy Weinberg (HWE) P value) for Single Nucleotide Polymorphisms
included in Heterozygosity-Rich Regions (HRRs) island compared to Single Nucleotide Polymorphisms and intervals not included (CHA = Charolaise, LIM = Limousine,
SAB = Sardo Bruna, SAR = Sarda).

Table 4
Tajima D test values for each cattle breed in significant Heterozygous-Rich Regions
(HRRs), where CHA = Charolaise, LIM = Limousine, SAB = Sardo Bruna, SAR = Sarda and
BTA = Bos taurus autosome.

BTA CHA LIM SAB SAR

2 3.056 3.244 2.248 3.265
2 2.535 3.334 1.825 2.771
15 3.920 4.474 2.458 3.369
16 3.022 3.197 2.851 2.802
20 2.065 3.067 1.813 2.417
23 3.303 3.707 3.027 3.280
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and LCORL). A unique HRR on BTA20 containing the MIER3 gene
was identified in the SAB breed. Notably, this gene was located
downstream from a common HRR shared by all four breeds,
although it lacked any annotated genes.

The potential interactions among the 18 genes are illustrated in
Fig. 5. This analysis revealed potential connections: the TTC12 and
DUSP10 genes showed co-expression, further supporting the signif-
icance of the HRR found on BTA15 and BTA16. In the same cluster,
alongside TTC12 and DUSP10, the SLC24A4 gene was identified, and
interestingly, MIER3 (which was found in the SAB breed) was posi-
tioned downstream of a significant genomic region shared by all
breeds.

The last noteworthy cluster related to the HRR was discovered
in the LIM breed on BTA6, spanning from 38.6 to 38.9 million base
pairs (Mbp). This cluster encompassed four genes: FAM184B,
NCAPG, DCAF16, and LCORL.

Nucleotide diversity, Tajima’s D statistic test, and observed and
expected heterozygosity

The average nucleotide diversity varied slightly among the four
breeds, with the highest diversity observed in CHA, followed by
SAR, LIM, and SAB breeds. p values were of approximately
4.10 � 10�5, 4.08 � 10�5, 4.06 � 10�5, and 3.95 � 10�5 for the four
breeds, respectively. The autosomes exhibiting the highest diver-
sity values were BTA15, BTA19, BTA20, BTA21, and BTA23
(Fig. S2), which were also the chromosomes featuring the most
prominent heterozygosity islands.

Nucleotide diversity values within regions that include HRR
islands were compared with values from other genomic intervals
(Fig. 6), resulting in significantly higher and more distinctly dis-
tributed p values within HRR regions.
7

No detectable differences in p values within HRR regions were
found between breeds, indicating very similar results across the
breeds considered.

Average Tajima’s D values ranged from 1.314 in the SAB breed
to 1.819 in the LIM breed, with CHA and SAR displaying values
close to 1.60. Variations in values were observed among chromo-
somes (Table S2), with higher average values on BTA18, BTA19,
BTA23, and BTA28. When examining intervals containing signifi-
cant HRR, Tajima’s D estimates were notably higher than the pop-
ulation mean (Fig. 6, Table 4). Although SAB had lower estimates,
they remained consistently above 0.

We assessed observed and expected heterozygosity using P-
values from the exact test for Hardy-Weinberg equilibrium. The
average P-values per breed were as follows: CHA = 0.53,
LIM = 0.52, SAB = 0.43, and SAR = 0.37. As anticipated, the Sardinian
breeds exhibited slightly lower average values compared to the
cosmopolitan breeds. A more detailed examination within each
breed (Fig. 6) revealed that CHA had lower HWE P-values with
reduced variability for SNPs included in HRR. LIM maintained sim-
ilar SNP estimates both inside and outside HRR. In contrast, SAB
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displayed higher variability in SNP P-values within HRR compared
to other genomic regions. SAR appeared to have SNPs generally not
in equilibrium within HRR, a condition not evident when consider-
ing the average HWE P-values (Fig. 6).
Discussion

Previous studies have highlighted the reduced genetic variabil-
ity in cosmopolitan breeds compared to their local counterparts
(Makina et al., 2014; Senczuk et al., 2020). To design effective con-
servation programs and accurately assess the risk status of the
breeds we are studying, it is essential to examine the demographic
history of these populations. This study focused on the cosmopoli-
tan breeds Limousine and Charolaise and the local Sarda and Sardo
Bruna breeds. While previous studies have described genetic diver-
sity parameters for these breeds, including inbreeding estimates,
the length of runs of homozygosity, and population sizes (Fabbri
et al., 2021), no studies have investigated and characterized these
four breeds in terms of heterozygosity and selection patterns.

Multidimensional scaling analysis and admixture analysis

Admixture and introgression events were expected based on
breed histories and their geographical distribution, particularly
for the SAR and SAB breeds. Historically, the Sarda breed exhibited
considerable variability in morphological, reproductive, and pro-
ductive traits, stemming from 2-3 distinct subpopulations adapt-
ing to diverse environmental conditions in the rearing areas. This
historical context supports the hypothesis of crossbreeding with
Sardo Bruna and possibly other local breeds, such as Sardo Modi-
cana, as well as more productive breeds like Limousine, which is
extensively reared in Sardinia.

Similarly, SAB exhibits phenotypic similarities to Bruna Alpina,
resulting from crossbreeding initiated in the 19th century. Since
the black coat phenotype disqualifies animals from the national
register, animals classified as crossbreds in this study likely
resulted from less recent admixture events.

Genetic distances observed within and between CHA and LIM
breeds recapitulate these cosmopolitan beef breeds’ demographic
history and breeding programs, each characterized by distinct phe-
notypic traits.

Detection of heterozygosity-rich regions and gene annotation

Determining the parameters for analyzing HRR is a challenging
aspect of this type of investigation. Selecting values to define an
HRR is often arbitrary, leading to non-overlapping and non-
reproducible outcomes. This can make it difficult to compare
results between different studies and among animals of the same
breed. To address these challenges, we conducted a sensitivity
analysis. Based on our findings, we made specific parameter
choices for our study. We adopted a more stringent criterion for
the minimum number of SNPs and a less stringent one for handling
missing and homozygous genotypes. Since these studies are often
sensitive to parameter selection, we have included information on
all three scenarios in the paper to offer guidance for future studies.
Ultimately, we used the results from Scenario 2 for gene enrich-
ment analysis, where we determined that fifteen SNPs should be
set as the minimum number of markers in an HRR, allowing for
one missing value and two homozygous SNPs. We also increased
the animal sample size and selected a higher threshold for identi-
fying HRR islands compared to previous studies (Biscarini et al.,
2020; Mulim et al., 2022) to decrease the chance of spurious
results.
8

In our study, we have identified two distinct gene clusters. The
first cluster includes regions shared by both local and cosmopoli-
tan breeds, containing genes such as TTC12, DUSP10, SLC24A4,
andMIER3. The second cluster is unique to the LIM breed, compris-
ing genes like FAM184B, NCAPG, DCAF16, and LCORL. Notably,
regions on BTA2, while not forming networks, exhibit significant
overlap across three or more breeds.

The TTC12 gene is particularly interesting due to its association
with male fertility. It plays a crucial role in assembling dynein arms
within motile cilia present in human respiratory cells and sperm
flagella. Mutations in the TTC12 gene can lead to alterations in both
outer and inner dynein arm complexes (Thomas et al., 2020),
which are essential for the motility of cilia and flagella in humans.
These defects manifest as primary ciliary dyskinesia, a condition
characterized by airway infections and male infertility (Thomas
et al., 2020).

A human study has identified the TTC12 gene as one of the 40
genes linked to male infertility, particularly due to asthenoterato-
zoospermia, a condition characterized by reduced sperm motility
and increased morphological abnormalities in sperm (Meng et al.,
2023).

In cattle, especially within the Holstein breed, TTC12 has been
proposed as a candidate gene associated with prefreeze semen
quality traits (Abril-Parreño et al., 2023). Additionally, in Murrah
buffalo, this gene has shown associations with the age at first calv-
ing (George et al., 2023), highlighting its significant role in both
male and female fertility. Indeed, the negative effect of inbreeding
depression in selected cattle (Holstein breed) was defined by a
recent study (Ghoreishifar et al., 2023), which revealed that the
increase of 1% in autozygosity led to a decrease in sperm motility
and sperm concentration (0.28 and 0.42%, respectively). These
results reinforced heterozygosity’s importance in these genomic
regions related to male fertility.

We identified the DUSP10 (dual-specificity phosphatase 10)
gene in the same cluster. DUSP100s role involves regulating inflam-
mation - it can either increase or decrease inflammation in
response to factors like infection, injury, disease, or certain treat-
ments (Jiménez-Martínez et al., 2019). It plays a key part in both
innate and adaptive immune responses by inhibiting inflammation
(Zhang et al., 2016). In cattle, DUSP10 has also been linked to fat
metabolism and adipogenesis in Holstein and Wagyu cattle
(Huang et al., 2017), as well as carcass traits in Charolaise cattle
(Keogh et al., 2021). This connection likely arises from DUSP100s
role in regulating the MAPK (Mitogen-activated protein kinase)
signaling pathway, which, in turn, impacts growth and prolifera-
tive processes.

The third gene, clustering with TTC12 and DUSP10, is the
SLC24A4 (solute carrier family 24 member 4) gene, part of the
potassium-dependent sodium or calcium exchanger protein fam-
ily. Research has linked SLC24A4 to body conformation (Yan
et al., 2021) and calving interval traits in dairy cattle (Nayeri
et al., 2016). Notably, signatures of selection housing the SLC24A4
gene were found in dairy cows (Maiorano et al., 2018). Our study
detected SLC24A4 in an HRR island shared exclusively by Limousine
and Charolaise, two prevalent beef cattle breeds in Italy. Impor-
tantly, given its connection to pigmentation traits (Sulem et al.,
2007), this gene could have implications for health and adaptation,
being associated in humans with hair, eye color, and sun sensitivity
(Gerstenblith,Shi,and Landi, 2010).

The last gene within this cluster is MIER3 (Mesoderm Induction
Early Response 1, Family Member 3). In a genome-wide association
study across multiple cattle breeds focused on milk production, the
MIER3 gene was found to be located in proximity to the most sig-
nificant SNP associated with survival (Illa et al., 2021). Collectively,
these genes constitute the first cluster identified in our study.
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The second gene cluster was exclusive to the Limousine breed
and encompassed significant HRRs housing the FAM184B (Family
With Sequence Similarity 184 Member B), NCAPG (Non-SMC Con-
densin I Complex Subunit G), DCAF16 (DDB1 And CUL4 Associated
Factor 16), and LCORL (Ligand Dependent Nuclear Receptor Core-
pressor Like) genes. This region on BTA6 has been the focus of sev-
eral studies on cattle carcass and growth traits (Lindholm-Perry
et al., 2011; Zhang et al., 2016; Xia et al., 2017). Notably, multi-
strategy genome-wide association studies have identified the
DCAF16-NCAPG region as a susceptibility locus for average daily
gain in Simmental beef cattle (Zhang et al., 2016). Additionally,
NCAPG has been recognized as a significant modulator of cattle’s
postnatal growth and lipid deposition (Weikard et al., 2010).
Downstream of NCAPG and DCAF16 is LCORL, which has been asso-
ciated with height and body size in various domestic animal spe-
cies, including cattle (Signer-Hasler et al., 2012; Takasuga, 2016;
Plassais et al., 2019; Saif et al., 2020). Notably, significant SNPs near
the FAM184B and LCORL genes have also been linked to cattle’s BW
and pH value traits (Xia et al., 2017). Nevertheless, it is important
to consider increasing the sample size for CHA and local breeds in
future studies to ensure that the identification of this cluster solely
in LIM (�8 000 samples) is not due to statistical power limitations
and/or the sample collection strategy.

The HRR on BTA19 contained the SAP30BP (SAP30 Binding Pro-
tein), SMIM6 (Small Integral Membrane Protein 6), and RECQL5
(RecQ Like Helicase 5) genes, and these genes were common to
all breeds. SAP30BP plays a role in modulating symbiont transcrip-
tion in humans and positively regulates histone deacetylation.
SMIM6 is predicted to negatively regulate calcium ion binding
activity, while RECQL5 is an important helicase for maintaining
human genome stability. While no direct associations have been
established between these genes and production or fitness traits
in livestock, the region is intriguing, as it appears in both cos-
mopolitan and local breeds, hinting at a potential role in survival
traits.

The two regions on BTA2 were identified in LIM, CHA, and SAB
but not in SAR. It is possible that the sample size in SAR, after data
pruning, hindered their detection in that breed. Nonetheless, these
regions contained two groups of genes: (CATSPER4, CNKSR1,
ZNF593, and FAM110D) and (EXTL1 and SLC30A2) genes.

Some of these genes have been linked to fertility or lactation
traits. CATSPER4, which belongs to the CatSper family, plays a cru-
cial role in sperm motility and sodium ion transport, making it
related to male infertility (Sivakumar et al., 2018), similar to the
previously discussed TTC12 gene. ZNF593 (Zinc Finger Protein
593) and FAM110D (Family With Sequence Similarity 110 Member
D) were identified in a genomic region associated with lactation
persistency in Holstein cattle (Do et al., 2017). Notably, SLC30A2
(Solute Carrier Family 30 Member 2) is linked to human lactation,
with eight missense mutations causing pathologically low breast
milk zinc concentrations (approximately 50–95% reduction) and
severe zinc deficiency in infants (Itsumura et al., 2016; Lee et al.,
2018).

The gene annotation performed in the current study for the
identified HRR highlights how these heterozygosity regions could
potentially harbor significant loci related to key functional traits
such as fertility, survival rate, and growth. An association study
could be performed to complete and extend these findings.

Nucleotide diversity, Tajima’s D test observed and expected
heterozygosity

The comparison of diversity estimates between breeds and
chromosomes confirms the significance of regions identified
through the HRR approach, as we indeed found high agreement
between HRR analysis and Tajima D test values, nucleotide diver-
9

sity estimates, and HWE test P-values. Notably, the areas with
the highest nucleotide diversity closely align with the most fre-
quently occurring heterozygous regions, as indicated by elevated
Tajima D test values in these peaks. All breeds showed almost sim-
ilar and coherent estimates in HRR and out of HRR for the param-
eters as mentioned above. HWE P-value had different trends in SAB
and SAR within heterozygous regions: SAB had a high variability
within group, while SAR seemed to be characterized by loci, not
in equilibrium. The latter could be for the reduced sample size of
SAR or could harbor a specificity of this breed. Further analyses
are needed on the Sarda breed. These findings suggest that these
regions might be subject to balancing selection, a process wherein
multiple alleles are maintained within a population, potentially
leading to their long-term preservation throughout evolution.

Furthermore, from our analysis, it emerged that several genes
found in these regions are associated with fertility, growth, and
lactation. Maintaining heterozygosity within these regions could
be linked to a selective advantage, albeit further studies would
be needed to confirm these suggestive results.
Conclusion

This study is the first to investigate heterozygosity patterns in
Italian Limousine, Charolaise, and Sarda and Sardo Bruna local beef
breeds. While the genetic distance confirms the divergence
between selectively bred and autochthonous unselected popula-
tions, the trends and distribution of heterozygosity paint a differ-
ent picture. More recently, heterozygosity-rich regions (HRRs)
have been proposed to complement homozygosity measures and
investigate the significance of heterozygosity patterns. Despite dis-
tinct population structures and demographic histories, almost
identical heterozygous genomic regions across all four breeds were
found. These regions with high heterozygosity contained genes
associated with fertility, survival, growth, and adaptation traits. It
could be interesting to associate HRR found in this study with phe-
notypic records, such as fertility and survival. The results of this
study allow us better to understand the structure and pattern of
Heterozygosity-rich regions, to highlight genomic regions under
balancing selection, as well as to define potential candidate genes
of fertility and fitness traits in Italian beef cattle breeds, which
could result in fundamental both in breeding programs and in con-
servation schemes. It could be interesting to extend this study to
other cattle breeds to verify if these heterozygous regions are char-
acteristic of Italian beef breeds, or specific beef breeds, or in more
general, in cattle population.
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