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Abstract

Background A heterozygous-enriched region (HER) is a genomic region with high variability generated by factors
such as balancing selection, introgression, and admixture processes. In this study, we evaluated the genomic back-
ground of HERs and the impact of different parameters (i.e., minimum number of SNPs in a HER, maximum distance
between two consecutive SNPs, minimum length of a HER, maximum number of homozygous allowed in a HER)
and scenarios [i.e,, different SNP panel densities and whole-genome sequence (WGS)] on the detection of HERs. We
also compared HERs characterized in Holstein cattle with those identified in Angus, Jersey, and Norwegian Red cattle
using WGS data.

Results The parameters used for the identification of HERs significantly impact their detection. The maximum dis-
tance between two consecutive SNPs did not impact HERs detection as the same average of HERs (269.31 +787.00)
was observed across scenarios. However, the minimum number of markers, maximum homozygous markers allowed
inside a HER, and the minimum length size impacted HERs detection. For the minimum length size, the 10 Kb sce-
nario showed the highest average number of HERs (1,364.69 + 1,483.64). The number of HERs decreased as the mini-
mum number of markers increased (621.31+1,271.83 to 6.08+21.94), and an opposite pattern was observed

for the maximum homozygous markers allowed inside a HER (54.47 £ 195.51 to 494.89+1,169.35). Forty-five HER
islands located in 23 chromosomes with high Tajima's D values and differential among the observed and esti-

mated heterozygosity were detected in all evaluated scenarios, indicating their ability to potentially detect regions
under balancing selection. In total, 3,440 markers and 28 genes previously related to fertility (e.g., TP63, ZSCAN23,
NEK5, ARHGAP44), immunity (e.g., TP63, IGC, ARHGAP44), residual feed intake (e.g., MAYO9A), stress sensitivity (e.g., SER-
PINA6), and milk fat percentage (e.g., NOL4) were identified. When comparing HER islands among breeds, there were
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ing conserved HER across taurine breeds.

their biological roles in future studies.

substantial overlaps between Holstein with Angus (95.3%), Jersey (94.3%), and Norwegian Red cattle (97.1%), indicat-

Conclusions The detection of HERs varied according to the parameters used, but some HERs were consistently iden-
tified across all scenarios. Heterozygous genotypes observed across generations and breeds appear to be conserved
in HERs. The results presented could serve as a guide for defining HERs detection parameters and further investigating

Keywords Balancing selection, Genetic diversity, Heterozygous advantage, Livestock genetics

Background

Assessing and developing strategies for maintain-
ing genomic diversity in dairy cattle populations have
become important activities in breeding programs due
to the faster accumulation of inbreeding per year and
reduction in effective population sizes as a result of
intensive breeding practices (e.g., artificial insemina-
tion) and genomic selection schemes [1-3]. Numerous
studies have characterized homozygous regions (e.g.,
runs of homozygosity — ROH) in several livestock spe-
cies, including cattle [4—6], swine [7, 8], sheep [9], goats
[10], horses [11], and poultry [12]. For instance, ancient
and recent genomic inbreeding can be estimated based
on ROH [13]. On the other hand, a stretch of heterozy-
gous genotypes, also known as heterozygous-enriched
region (HER) or runs of heterozygosity (ROHet), are far
less characterized than ROH in livestock species [14] and
could indicate genomic regions with high genetic vari-
ability and balancing selection.

The first study reporting HERs in livestock was pub-
lished by Williams et al. [15] in Chillingham cattle. This
breed had not been subjected to artificial selection and
remained a closed herd for at least 350 years [15]. Despite
this particularity, some genomic regions were still found
to have high concentrations of heterozygous genotypes,
especially regions containing loci influencing fitness and
survival traits. Following this first HER characterization,
studies on sheep [9], cattle [16], horses [11], and pigs [17]
have been published. As such, substantial evidence indi-
cates that genomic regions linked to some essential traits
maintain high heterozygosity across generations. Main-
taining haplotypic diversity at specific loci might confer
a fitness advantage and be subject to balancing selection
[15].

Balancing selection describes any selection processes
that result in the maintenance of multiple variants of
specific loci at intermediate frequencies within a popu-
lation [18]. Balancing selection implies that heterozy-
gosity is widespread and persists in the population
through heterozygote advantage [19]. Balancing selec-
tion is not the only process linked to HERs occurrence
in a population. Other processes such as introgres-
sion (the transfer of genetic variants from one species

to another, e.g., hybridization), admixture (mixture of
genetic lines or breeds — usually in the same species),
and hypervariable regions (portions of the genome
with much higher levels of variation than other simi-
lar areas due to mutations, recombination rate, and
chromosomal rearrangements) [12, 15] contribute to
the appearance and maintenance of HERs. A high con-
centration of heterozygous alleles in specific genomic
regions across a large proportion of a population is
defined as HER islands and could inform balancing
selection pressure suffered by a population at a specific
time.

The accurate assessment of polymorphisms in high-
variable genomic regions presents additional challenges
and can lead to underestimation of the results [19].
One of the main challenges when quantifying HERs in
a population is the definition of the parameters to be
used in the analyses. For instance, HER detection can
be impacted by the density of the SNP panels, distri-
bution of markers throughout the genome, genotyping
quality, and consistency of information (error rates and
minor allele frequencies) [20]. Aside from these param-
eters, the correct identification of HERs also depends
on factors such as the minimum length size of a HER
and the number of homozygous allowed within a HER
[21]. Despite the influence of all these factors in the
identification of HERs and HER islands, to the best of
our knowledge, no studies have evaluated the impact
of different parameters used in HER detection. There-
fore, the main objectives of this study were to: 1) evalu-
ate the impact of different parameters (i.e., minimum
number of SNPs in a HER, maximum distance between
two consecutive SNPs, minimum length of a HER,
maximum number of homozygous allowed in a HER)
and data source scenarios (i.e., SNP panel densities and
whole-genome sequence data — WGS) on the detection
of HERs; 2) characterize HERs in Holstein (HOL) cat-
tle based on WGS data, followed by functional genomic
analyses of the identified HER islands; and, 3) evaluate
the overlap of the HERs found in HOL with those from
other taurine (Bos taurus taurus) breeds, including
Angus (ANG), Jersey (JER), and Norwegian Red cattle
(RDC).
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Methods

Data and quality control

Nine hundred and fifty-nine (959) HOL animals from the
1,000 Bull Genomes Project [22] were used in this study.
WGS data for these individuals contained 47,379,463
markers distributed across the 29 autosomes. The quality
control (QC) was performed following the criteria pro-
posed by Ferencakovi¢ et al. [23] and Biscarini et al. [14]
in HER and ROH studies. In brief, the QC removed SNPs
with low call rate (<0.95), duplicated positions, located
on non-autosomal chromosomes, or with unknown
positions.

Identification of Heterozygous-enriched Regions

The detectRUNSs package [24] was used to identify HERs,
applying the “consecutive approach” in the analyses,
which directly scans the genome SNP by SNP, as pro-
posed by Marras et al. [25]. The impact of different sets of
parameters in the identification of HERs was evaluated.
These parameters included:

+  Minimum number of SNPs in a HER: 5, 10, 15, 20,
25, and 30;

+ Maximum distance between two consecutive SNPs
(GAP, in Kb): 500 Kb, 1,000 Kb, and 2,000 Kb;

«  Minimum length of a HER (Kb): 10 Kb, 25 Kb, 50 Kb,
100 Kb, 500 Kb, and 1,000 Kb; and,

« Maximum number of homozygous allowed in a HER:
0,1,2,3,4,and 5.

The combination of all sets of parameters resulted
in 648 analyses. Therefore, the following criteria were
employed to optimize time and computing efficiency.
A subset of 300 HOL animals was randomly chosen
from the 959 available. Furthermore, the impact of the
parameters on HERs identification was evaluated on
three selected chromosomes with 5,351,067 markers
(BTAL: 2,987,435 markers, BTA14: 1,544,553 markers,
and BTA25: 819,079 markers). These chromosomes were
selected to represent long, medium, and short chromo-
somes in the cattle genome, respectively, providing an
overall view of how the parameters chosen for the analy-
ses impact HER detection across the entire genome. As
the number of HERs detected is based on a combina-
tion of parameters, the average and standard deviation
of the number of HERs detected, corresponding to each
parameter, were calculated to assess the impact of each
parameter on HERs detection. For instance, the effect of
the minimum number of SNPs equal to 5 on HERs detec-
tion was measured by the average and standard deviation
of the total number of HERs detected across all scenarios
with a minimum number of SNPs equal to 5. Further, we
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evaluated the effect of all the parameters on HERs when
using data from SNP chip panels instead of WGS. Three
SNP panels were derived from WGS data by selectively
retaining variants present in commercial SNP panels:
50 K (BovineSNP50), 100 K (GGP Bovine 100 K), and HD
(700 K — BovineHD genotype BeadChip).

Lastly, additional scenarios were created as preliminary
results about the impact of parameters did not show a
relevant differentiation based on the minimum number
of SNPs and homozygous allowed (see Results section).
Therefore, we considered the minimum number of mark-
ers to determine a HER equal to 5 and 10, combining the
homozygous allowed inside of a HER, ranging from 0 to
5 (0-2 when the minimum number of markers was equal
to 5, and 0-5 for minimum number of markers equal 10),
and fixing the minimum length size of a HER in 10 Kb,
resulting in nine additional scenarios. This approach was
used to identify the best combination of parameters to
detect HERS, using all the autosomal chromosomes.

Heterozygosity estimation, nucleotide diversity,

and Tajima’s D statistic test

Genetic variation in a population can be measured in
several ways, the most common of which are heterozy-
gosity (observed and expected) and the proportion of
polymorphic nucleotide sites (i) [26]. Using such infor-
mation, it is possible to estimate if the markers have been
selected for heterozygous or homozygous alleles by esti-
mating Tajima’s D value. Tajima’s D test is a good indi-
cator of balancing selection, because it directly measures
allele frequency and, since population size change and
population structure should affect all loci, differences in
Tajima’s D value between loci are likely to reflect differ-
ences in selection pressure [27]. It is possible to access
the Tajima’s D value by the equation:

Where, m is proportion of polymorphic nucleo-
tide sites, S is the number of segregation sites, V' is the
sampling variance of the difference between m and S,
and a; = Z;:ll % is the coefficient related to depend-
ent to the number of sequences (n). Here we compared
the results of such metrics with the proportion of times
that a marker appears on a HER, aiming to validate the
parameters chosen.

Each marker’s observed and expected heterozygosity
levels were obtained using the Hardy—Weinberg test
statistics implemented in the PLINK v.1.09 software
[28]. VCFtools [29] was used to estimate each marker’s
nucleotide diversity and to perform the Tajima’s D test
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[30]. The difference between observed and expected
heterozygosity, nucleotide diversity, and Tajima’s D sta-
tistic were collectively used to correlate with the results
from the proportion of times the SNP appeared on a
HER in the population, using the Spearman rank corre-
lation to assess the ranking inside of the diversity met-
rics and the proportion of times the SNP appeared on a
HER in the population in the different scenarios.

Identification of HER islands, linkage disequilibrium,

and genomic annotation

We declared as HER island regions those that were
present in at least 10% of the individuals and present
in each one of the additional scenarios created on the
step #2 (Fig. 1). As specific criteria for defining HER
islands were lacking in the literature, we opted for a
10% threshold to serve as a representative value, offer-
ing a visual depiction of the overall concentration of
HERs across the genome. The linkage disequilibrium
(LD) for all markers within these HER islands was esti-
mated using the LDheatmap package [31]. The genomic
annotation of these regions was performed using the
GALLO R package [32] with the annotated data for Bos
taurus from the Ensembl database (www.ensembl.org/
Bos_taurus/Info/Index), version ARS-UCD1.2 ([33].
Subsequently, the WebGestaltR package [34] was used
to mine Gene Ontology (GO) and identify potential
biological processes, molecular functions, cellular com-
ponents, and metabolic pathways in which the posi-
tional candidate genes might be involved.

Comparison of HER islands from Holstein with other
taurine breeds

The HER islands identified in HOL were compared
to those from other three taurine (Bos taurus taurus)
breeds [ANG (317 animals), JER (179 animals), and RDC
(179 animals)] from the 1000 Bull Genomes Project [22].
The parameters used for the identification of HERs in all
breeds were:

+  Minimum number of SNPs in a HER equals to 10;

+ Maximum distance between two consecutive SNPs
(GAP, in Kb) equals to 500 Kb;

+ Minimum length of a HER (Kb) equals to 10 Kb; and,

+ The maximum number of homozygous genotypes
allowed in a HER equals to two.

This combination of parameters was chosen for their
ability to effectively capture HERs, as demonstrated in
the previous analyses. Figure 1 presents a summary of all
the analyses performed.

Page 4 of 18

Results

Impact of the parameters used on HER identification

The effect of the parameters investigated on the num-
ber of HERs identified based on WGS data is reported
in Fig. 2. The maximum distance between consecu-
tive SNPs did not impact the average number of HERs
detected. In contrast, increasing the minimum num-
ber of SNP in a HER decreased the number of HERs
from 621.31(+1,276.77), when considering 5 SNPs, to
6.08(+ 6.08), when considering 30 SNPs. The same pat-
tern was observed for the minimum length of the HERs,
where a decrease in the number of detected HERs was
observed when increasing the minimum length size of a
HER, with a higher detection when the parameter was
equal to 10 Kb. At a minimum HER length of 10 Kb,
the corresponding increase in the number of HERs was
603% and 2,283% compared to HER minimum sizes of
25 Kb and 50 Kb, respectively. The minimum length
size higher than 100 Kb did not detect HERs, as shown
in Fig. 2.

When considering the maximum number of homozy-
gous markers allowed inside a HER, the pattern was the
opposite compared to the minimum number of mark-
ers and length size of a HER. As expected, more HERs
were observed when more homozygous markers were
allowed in a HER. The range for this parameter was on
average 54.47 (+196.27) numbers of HER, when allow-
ing 0 homozygous markers, to 494.89 (+1,169.35),
when allowing 5 homozygous markers, an average
increase of 808% on the number of detected HERs.
A similar pattern was observed in the HD SNP panel
results for all the parameters. However, the minimum
length of a HER in the 50 K and 100 K SNP panels
exhibited a greater variation across the selected sizes,
ranging from 16,542.94 (+34,229.63) HERs detected
for a length of 10 Kb to 102.97 (£194.07) for a length
of 1,000 Kb in the 50 K panel, and from 35,365.22
(£ 60,859.43) for a length of 10 Kb to 93.36 (+111.62)
for a length of 1,000 Kb in the 100 K panel. The effect
of the parameters on the commercial panels is reported
in Additional file 1 Figure S1 to Additional file 3 Fig-
ure S3, and the number of HERs overlapping between
SNP panels and WGS for each parameter combination
is reported in Additional file 4 Table S1 to Additional
file 6 Table S3.

The average number of HERs detected based on each
of the lower density SNP panels evaluated is illustrated
in Fig. 3. The number of HERs identified based on SNP
panels was higher than the one observed based on WGS
data and increased from the 50 K (11,421.13 +28,407.06)
to the HD panel (64,072.73 +159,181.15), with a differ-
ence of 4,141%, 8,550%, 23,692%, for 50, 100 K, and HD
respectively, in comparison to the WGS data results.
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Step #1 Results #1
Analysis of parameter impact
WGS and commercial panels * Impact of each parameter on WGS

Min SNP: 5, 10, 15, 20, 25, 30 (Figure 2)
Max Gap: 500K, 1000K, 2000K )
Min Length: 10K, 25K, 50K, 100K, 500K, ‘ « Effects of Parameters on commercial
1000K panels (Additional Files 1 to 3)
Maxnhom:0,1,2,3,4,5
300 animals
BTA 1,14, and 25

Step #2 Results #2

¢ 6 scenarios were evaluated, created by

the combination of min SNP and max hom
(5.0,5.1,5_2,10_0,10_1, 10_2, 10_3, 10_4, and 10_5)

¢ Classification and distribution of HERs

across the genome for each scenario

¢ The Proportion of times the SNP appears

on a HER inside of the population for each

scenario

* HER Island for each scenario

Analysis of parameter impact

was L
Min SNP: 5 and 10

Min Length: 10K
Maxnhom:0,1,2,3,4,5
959 animals

29 chromosomes

Step #3 Results #3

Diversity metrics parameters

Heterozygosity observed and expected for * Differential between heterozygosity
each marker observed and expected
g coddc et » Diversity metrics (m and Tajima) for each
Tajima’s D test
EEEELINEIS SNP
29 chromosomes

Step #4 Results #4

Spearman correlation
+ Each scenario from the results of Round #2 *  Relationships among the proportion of
« Results of Diversity metrics of Round #3 ‘ times the SNP appears in a HER, in each
+ Heterozygosity scenario, and the diversity metrics

* Nucleotide diversity
+ Tajima’s D test

Step #5 Results #5

HER Islands I
Present in at least 10% of the population for * lIdentification of Island
all scenarios in round #3 * Genes located in the islands, and
Linkage Disequilibrium ontological terms
Genomic annotation

Step #6 Results #6

Comparison among breeds

Holstein, Angus, Jersey, and Norwegian Red

Cattle ¢ Percentage of Island in common between
Min SNP: 10 ‘ Holstein and the breed
R Ea i S0l « Islands specific for each breed

Min Length: 10K
Max n hom: 2
29 chromosomes

Fig. 1 Roadmap of the analyses carried out in this study. Min SNP: minimum number of SNPs in a HER; Max Gap: maximum distance between two
consecutive SNPs (Kb); Min Length: minimum length of a HER (Kb); Max n hom: Maximum number of homozygous allowed in a HER
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Classification and distribution of HERs across the genome
There is no unique metric for the minimum number of
markers or the number of homozygous markers allowed
inside HERs that show a high differentiation in the HER
call. As such, a minimum number of markers equal
to 5 and a maximum number of homozygous ranging
from O to 2, and a minimum number of markers equals
10, and the maximum homozygous ranging from 0 to 5
were chosen to assess the distribution of HER across the
genome, as well the classification based on the length size
of a HER. For all these new scenarios, created in step #2
(Fig. 1), the minimum length was hold at 10 Kb, as this
value showed a substantial difference in the number of
HERs identified, in comparison to the others length sizes
evaluated.

Table 1 shows the classification of HERs based on the
length size for the scenarios with minimum number of
markers equal to 5 and 10. The number of HERs detected
increased with the number of homozygous markers
allowed in both scenarios. In the scenario considering the
minimum number of markers equal to 5, the number of
HERs ranged from 36,024 to 99,811, with the number of
homozygous markers equal to 0 to 2, respectively. In sce-
nario 10, the range was 17,942 to 115,568 HER detected
with the maximum number of homozygous markers
ranging from O to 5, respectively. Most HER detected in
all scenarios were classified as 10-20 Kb, representing
63.3% to 75.1% of the total number of HERs in scenario 5
and 53.4% to 72.0% in scenario 10.

Figure 4 shows the HER classification by chromosome
and the percentage of genome coverage by HERs. BTA10
showed the highest concentration of HERs of large size
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(>50 Kb). In addition, BTA10 showed more HERSs in sce-
narios with minimum number of markers equal to 5, with
maximum number of homozygous 0 and 1, and the mini-
mum number of markers equal to 10, with maximum
number of homozygous 0 to 4. Regarding genome cover-
age, the percentage of HERs did not exceed 0.01%, with
BTA10 showing the highest rate.

Correlations

The Spearman correlation among scenarios ranged
from moderate to high, considering the proportion of
times that the SNP appears inside a HER. The rank cor-
relation was considered moderate between all scenarios
and between the diversity metric estimated (expected
and observed heterozygosity, nucleotide diversity, and
Tajima’s D test). The overall Spearman correlations are
presented in Fig. 5. Additional file 7 Figure S4 provides
the Spearman correlations among scenarios and diversity
nucleotide metrics per chromosome.

Heterozygous-enriched region islands, linkage
disequilibrium, and functional analyses

The overlapped of the HER islands across all nine sce-
narios created in step #2 (Fig. 1) are presented in Fig. 6.
Forty-five islands with markers with high Tajima’s D val-
ues and high differential of observed and expected het-
erozygosity were found across all scenarios evaluated.
These HER islands were located on 23 chromosomes and
contained 3,440 markers. The percentage that each island
appears in each of the scenarios and the average linkage
disequilibrium between the markers located within HERs
are presented in Table 2.

Table 1 Number of heterozygous-enriched regions (HERs) detected and classified based on the length size for the scenarios with

minimum number of markers equals to 5 and 10

Length of HER 50 5.1 5.2 10_0 10_1 10_2 10_3 10_4 10_5

10-20 Kb 23,888 49,777 74,945 9,578 22,895 39,236 55,166 69,741 83,251
20-30Kb 2,426 6,396 11,624 1,131 3,007 6,059 10,015 14,941 20,015
30-40 Kb 1,443 2,301 3415 730 1,255 1,780 2,222 2,765 3,535
40-50 Kb 901 1,349 1,653 613 992 1,348 1,731 2,034 2,201
>50Kb 7,366 8,130 8,174 5,890 6,821 7471 7,381 6,998 6,566
Total 36,024 67,953 99,811 17,942 34,970 55,894 76,515 96,479 115,568

5_0: scenario with minimum number of markers equal 5 and 0 homozygous allowed inside of a HER;

5_1: scenario with minimum number of markers equal 5 and 1 homozygous allowed inside of a HER;

5_2: scenario with minimum number of markers equal 5 and 2 homozygous allowed inside of a HER;

10_0: scenario with minimum number of markers equal 10 and 0 homozygous allowed inside of a HER;

10_1: scenario with minimum number of markers equal 10 and 1T homozygous allowed inside of a HER;

10_2: scenario with minimum number of markers equal 10 and 2 homozygous allowed inside of a HER;

10_3: scenario with minimum number of markers equal 10 and 3 homozygous allowed inside of a HER;

10_4: scenario with minimum number of markers equal 10 and 4 homozygous allowed inside of a HER;

10_5: scenario with minimum number of markers equal 10 and 5 homozygous allowed inside of a HER;
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Fig. 4 Classification of heterozygous-enriched regions (HER), by chromosome, according to length and the average percentage of chromosome
coverage by HERs in each of the scenarios with minimum number of the marker in a HER equals to 5 and 10 and number of homozygous markers

allowed inside of a HER equals to 0 to 5

The largest HER island was identified on BTA10, in the
region between 24,100,254 bp to 24,459,318 bp, with a
length of 359.06 Kb. The smallest HER island was identi-
fied on BTA26, in the regions between 50,115,341 bp to
50,125,621 bp. The average length size of the HER islands
was 40.06 Kb (+68.37 Kb). The level of linkage disequi-
librium was generally small in all HER islands evaluated,
ranging from 0.001 to 0.191. One particular HER island
(BTA23:21,755,400 —-21,781,579 bp) shows part of the
markers with strong linkage disequilibrium, as shown
in Fig. 7. This region is responsible for coding the gene
ENSBTAGO00000054235; a gene previously linked with
paratuberculosis infection in cattle [35]. Additional file 8
Figure S5 presents the heatmap for all the HER islands
found.

Table 3 presents the gene annotation for the regions
in HER islands. The significant (p <0.05) biological pro-
cesses, molecular functions, cellular components, and
metabolic pathways for the genes found in the HER
islands are presented in Table 4.

For the QTL enrichment analyses, 31 regions related
to 11 traits were identified. Of those, 40% are related to

milk, 30% to production,13.33% to the exterior, 10% to
health, and 6.67% to reproduction. The QTL enrichment
results are presented in Table 5.

Comparison among breeds

The number of HER islands found for each breed, the
number of islands in common with HOL, the specific
regions for the breed and HOL, and the gene set for the
specific region in HOL are presented in Table 6.

The breed with the highest number of overlapped HER
islands was NRC, with 97.14% of the same islands found
in HOL cattle. JER had the smallest percentage of HER
islands in common with the HOL breed (94.28%), fol-
lowed by ANG (95.72%). The genes related to each one of
the particular breed HER islands are presented in Addi-
tional file 9 Table S4.

Discussion

Impact of the parameters used in the identification of HERs
We first evaluated the impact of different parameters
on the identification of HERs and HER islands. As pre-
sented in Fig. 2, three parameters (i.e., the minimum
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Fig. 5 Spearman correlation among scenarios with a minimum number of the marker inside of HER equals to 5 and 10 and a number
of homozygous markers allowed inside of a HER from 0 to 5, and differences based on heterozygosity observed and expected, diversity

of nucleotide (1) and Tajima’s D statistic

number of markers, minimum length of a HER, and
the maximum number of homozygous markers) signifi-
cantly influenced the detection of HERs, and the mini-
mum length of 10 Kb enabled the detection of most
HERs based on WGS. This corroborates the assump-
tion that HERs are small regions scattered through the
genome that randomly occur due to different popula-
tion processes (e.g., selection, mutation, migration)
[12]. This finding directly impacts the choice of the
SNP panels to be used for these analyses as the accurate
detection of shorter HERs across the genome requires
denser SNP panels [36].

The high number of markers in the WGS dataset ena-
bled the identification of small informative HERs across
the genome. Therefore, the use of WGS is a good alter-
native, because the majority of HERs are small DNA
stretches throughout the genome (Table 1 and Fig. 4).
Another point to be highlighted, as shown by Ceballos
et al. [36] is that the total number of heterozygous mark-
ers present in WGS is higher than that of SNP panels.
Therefore, the chances of capturing HERs are higher
when using WGS data than commercial panels.

SNP panels are usually designed based on SNPs pre-
sent with a frequency of more than 1% in the population
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Table 2 Percentage of heterozygous-enriched regions (HERs) islands observed in all scenarios and the average of linkage
disequilibrium () of markers inside HER islands in Holstein cattle

CHR START END NSNP r? 5.0 5.1 5.2 10_0 10_1 10_2 10_3 10_4 10_5
BTA1 8,947,612 8,984,143 54 0.010 10.14 3597 61.94 10.11 32.86 58.74 77.79 88.23 94.93
BTA1 77,541,594 77,574,520 114 0.143 24.20 48.00 67.19 17.75 4152 64.06 74.97 78.78 84.88
BTA1 86,455,167 86,476,612 40 0.062 10.00 10.00 14.77 10.00 10.00 12.34 2367 3236 3287
BTA1 88,572,745 88,595,480 149 0.021 10.00 10.00 10.00 10.00 10.00 10.00 12.92 19.51 25.28
BTA1 158,026,308 158,204,765 2064 0.173 46.31 75.37 87.27 18.18 4538 70.30 85.03 91.26 93.40
BTA2 11,729 23,106 13 0.001 10.00 10.95 26.02 10.00 10.95 26.02 4345 55.63 63.23
BTA2 121,358,897 121,376,671 23 0.010 33.05 56.62 70.09 17.84 4176 62.04 7344 76.09 7548
BTA3 119,398,854 119,418,253 22 0.004 3463 56.51 7132 2438 49.64 69.09 80.00 78.71 76.62
BTA4 114,921 131,012 29 0.001 11.17 40.27 70.22 1117 40.27 70.22 88.15 94.99 98.03
BTA4 7,748,093 7,786,109 61 0.001 39.61 68.96 83.21 27.85 5559 7349 83.41 88.04 92.01
BTA4 108,267,668 108,297,255 35 0.004 2834 57.05 64.85 2152 50.88 63.06 7290 82.38 90.95
BTAS 79,520,323 79,544,963 23 0.002 39.11 71.75 89.56 28.25 5791 80.25 91.35 96.19 98.20
BTA6 39,744 67,663 32 0.003 32.00 46.50 69.91 17.76 3163 60.84 84.15 95.38 95.93
BTA6 8,997,519 9,019,722 29 0.014 19.78 38.10 56.98 19.57 37.63 56.89 71.05 83.75 89.99
BTA7 9,986,201 9,996,885 10 0.133 53.60 84.25 9197 10.22 28.68 4838 69.13 81.96 90.93
BTA7 104,258,582 104,281,037 14 0.001 49.34 79.67 92.09 24.80 55.07 80.54 92.39 95.66 97.55
BTA8 4,462,538 4,479,090 20 0.001 3893 60.33 70.98 19.52 4473 63.41 78.73 90.41 96.83
BTA8 111,993,409 112,004,112 16 0.001 14.86 39.06 66.67 14.86 3775 64.39 85.79 96.15 88.00
BTA9 104,119,378 104,141,024 13 0.002 29.58 63.91 84.23 1032 3501 64.23 84.81 95.70 98.46
BTA10 18,852,596 18,940,485 99 0.101 23.20 63.54 75.32 14.38 49.14 75.32 89.89 96.52 98.24
BTA10 23,775,405 24,071,948 47 0.009 67.00 87.97 88.53 42.16 72.19 88.53 94.83 96.73 97.42
BTA10 24,100,254 24,459,318 44 0.001 68.02 88.26 88.46 43.29 72.75 88.46 94.40 96.17 96.98
BTA10 42,169,769 42,201,656 32 0.002 29.98 57.85 74.20 20.15 50.29 74.20 7939 74.09 76.30
BTA12 21,476,167 21,501,639 42 0.006 25.52 49.65 66.89 21.92 4533 63.26 7792 84.18 89.73
BTA13 11,310,352 11,334,273 40 0.028 22.71 44.06 58.87 2132 42.72 58.24 70.72 7730 81.55
BTA13 43,331,311 43,358,950 22 0.003 15.59 51.88 81.02 10.29 37.05 67.87 86.79 95.53 96.96
BTA14 13,489,163 13,506,285 13 0.001 47.68 7443 90.80 21.87 56.03 81.83 81.15 89.10 9545
BTA15 7,225 21,935 40 0.002 13.54 40.19 65.25 13.05 39.08 64.56 79.05 72.18 63.03
BTA15 12,265,252 12,276,097 1 0.002 33.28 68.21 88.58 21.58 57.92 82.08 93.63 66.95 77.78
BTA15 51,457,087 51,470,355 15 0.002 10.00 30.59 5446 10.00 28.37 5239 65.55 76.03 81.23
BTA17 68,057,715 68,070,742 1 0.001 32.07 52.70 71.96 16.49 39.07 63.25 81.00 92.69 88.78
BTA17 71,143,576 71,169,181 36 0.001 36.07 59.83 78.10 27.79 56.11 7738 90.09 95.91 97.75
BTA18 63,626,958 63,643,160 17 0.001 2249 3840 58.38 2249 3840 58.38 83.92 84.09 90.50
BTA19 31,258,759 31,290,592 27 0.002 10.00 12.64 21.25 10.00 10.66 20.16 3349 4813 61.26
BTA19 43,263,869 43,277,164 10 0.001 19.34 5357 79.55 10.00 2147 56.75 81.73 9162 94.29
BTA21 58,941,106 58,962,580 11 0.007 20.53 49.73 68.81 10.00 30.53 5544 76.78 87.90 91.34
BTA21 69,831,448 69,844,336 18 0.039 2953 63.65 84.69 18.87 5174 78.87 9147 91.19 93.04
BTA22 8,699,801 8,723,909 18 0.001 12.38 40.16 65.00 10.00 2538 53.58 76.12 85.55 89.24
BTA23 21,755,400 21,781,579 23 0.191 31.61 54.95 7563 25.04 40.82 63.21 86.17 94.46 95.79
BTA23 30,203,633 30,220,658 20 0.001 36.33 73.85 89.66 2146 57.35 81.93 91.83 94.93 96.25
BTA23 30,303,856 30,326,074 25 0.001 19.08 4933 7144 13.90 36.24 62.50 81.51 89.13 93.70
BTA24 22,868,170 22,890,804 36 0.035 26.95 47.28 63.89 18.59 38.13 5957 68.92 80.36 85.13
BTA26 15,215,724 15,230,752 13 0.001 3261 43.57 84.13 15.28 43.57 7163 88.80 95.25 97.08
BTA26 50,115,341 50,125,621 11 0.015 10.00 24.67 55.64 10.00 24.67 53.02 78.12 83.11 85.62
BTA28 16,525,956 16,567,307 16 0.001 44.52 66.83 79.83 28.34 55.69 76.22 89.45 93.82 95.44

CHR: chromosome;
START: base-pair position where the heterozygous-enriched region island starts;

END: base-pair position where the heterozygous-enriched region island ends;
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Table 2 (continued)
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NSPN: number of markers inside of the heterozygous-enriched region;

5_0: scenario with minimum number of markers equal 5 and 0 homozygous allowed inside of a HER;

5_1: scenario with minimum number of markers equal 5 and 1 homozygous allowed inside of a HER;

5_2: scenario with minimum number of markers equal 5 and 2 homozygous allowed inside of a HER;

10_0: scenario with minimum number of markers equal 10 and 0 homozygous allowed inside of a HER;

10_1: scenario with minimum number of markers equal 10 and 1T homozygous allowed inside of a HER;

10_2: scenario with minimum number of markers equal 10 and 2 homozygous allowed inside of a HER;

10_3: scenario with minimum number of markers equal 10 and 3 homozygous allowed inside of a HER;

10_4: scenario with minimum number of markers equal 10 and 4 homozygous allowed inside of a HER;

10_5: scenario with minimum number of markers equal 10 and 5 homozygous allowed inside of a HER;

LD23:21755400-21781579 (N_snps = 23)

Physical Length:26.2kb
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Fig. 7 Heatmap of linkage disequilibrium for the heterozygous-enriched region islands located on chromosome 23

used for its design [37]. These polymorphisms typically
have higher allele frequency and are located near QTL
associated with important traits [38]. The genome
scan with such SNP panels assumes that markers not
located between two consecutive heterozygous SNP
are heterozygous. Therefore, ascertainment bias in the

information provided could exist, mainly in the length
of a HER. Small-length HERs might not be detected, the
length size might be inflated, or yet false-positive HERs
might be identified.

As presented in Fig. 3, a substantially inflated num-
ber of HERs was obtained when using SNP panels
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CHR START END Length Gene ID Gene name Gene biotype
BTA1 77,541,594 77,574,520 32,926 ENSBTAG00000015460 TP63 Protein coding
BTA1 8,947,612 8,984,143 36,531 ENSBTAG00000052332 HA4C3 Protein coding
BTA1 158,026,308 158,204,765 178457 ENSBTAG00000053325 Protein coding
BTA1 158,026,308 158,204,765 178,457 ENSBTAG00000049601 OR2B28 Protein coding
BTA1 158,026,308 158,204,765 178,457 ENSBTAG00000037965 ZSCAN23 Protein coding
BTA1 158,026,308 158,204,765 178,457 ENSBTAG00000050787 5S_rRNA rRNA

BTA4 7,748,093 7,786,109 38,016 ENSBTAG00000050410 pseudogene
BTA6 39,744 67,663 27919 ENSBTAG00000048454 ue SNRNA

BTA8 111,993,409 112,004,112 10,703 ENSBTAG00000003540 MYTIL Protein coding
BTA10 18,852,596 18,940,485 87,889 ENSBTAG00000007433 MYO9A Protein coding
BTA10 18,852,596 18,940,485 87,889 ENSBTAG00000052861 bta-mir-2285dh miRNA

BTA12 21,476,167 21,501,639 25,472 ENSBTAG00000019134 NEKS Protein coding
BTA13 11,310,352 11,334,273 23,921 ENSBTAG00000051963 Protein coding
BTA17 71,143,576 71,169,181 25,605 ENSBTAG00000017305 IG_C_gene Protein coding
BTA19 43,263,869 43,277,164 13,295 ENSBTAG00000049347 Protein coding
BTA19 43,263,869 43,277,164 13,295 ENSBTAG00000049357 u2 SNRNA

BTA19 43,263,869 43,277,164 13,295 ENSBTAG00000045620 U2 SNRNA

BTA19 31,258,759 31,290,592 31,833 ENSBTAG00000021938 ARHGAP44 Protein coding
BTA21 58,941,106 58,962,580 21,474 ENSBTAG00000039808 SERPINA6 Protein coding
BTA23 21,755,400 21,781,579 26,179 ENSBTAG00000054235 Protein coding
BTA23 30,203,633 30,220,658 17,025 ENSBTAG00000051232 Protein coding
BTA23 30,303,856 30,326,074 22,218 ENSBTAG00000051232 Protein coding
BTA23 30,203,633 30,220,658 17,025 ENSBTAG00000051628 Protein coding
BTA23 30,303,856 30,326,074 22,218 ENSBTAG00000008943 ZSCANT2 Protein coding
BTA24 22,868,170 22,890,804 22,634 ENSBTAG00000010299 NOL4 Protein coding
BTA26 15,215,724 15,230,752 15,028 ENSBTAG00000055018 pseudogene
BTA28 16,525,956 16,567,307 41,351 ENSBTAG00000010109 CDK1 Protein coding
BTA28 16,525,956 16,567,307 41,351 ENSBTAG00000035206 Protein coding

compared to WGS. Interestingly, the higher density
(100 K and HD) SNP panels enabled a greater detection
rate of HERs. In addition, the larger HERs identified
in less dense SNP panels might be multiple HERs side
by side in denser panels. As the chances of detecting
false-positive or false-negative HERs in SNP panels are
higher, additional analyses, such as nucleotide diversity
and/or Tajima D statistics, can be complementary met-
rics to validate the detected HERs.

It seems there is a pattern between the number
of HERs found by chromosome and the diversity
metrics. Although the overall rank correlation was
moderated (Fig. 5), the correlation was higher for chro-
mosomes with a larger number of HERs (Additional
file 8 Figure S5 — case of BTA9 and BTA10). This sug-
gests that for chromosomes with a higher number of
HERs, and longer HERs, the combination of param-
eters in the additional scenarios captured the mark-
ers in higher diversity in the population, besides the
difference between the minimum number of markers

that constitute a HER and the number of homozygous
allowed inside of a HER.

Regarding the minimum number of markers that
make up a HER and the maximum number of homozy-
gous markers allowed inside a HER, these parameters
seem more related to how conservative the analyses
are. Both parameters work in the opposite direction
and have higher impact on detecting HERs. The choice
of these parameters needs to consider previous infor-
mation about the population, selection history, density
of SNP panels, and genotyping quality. In populations
under a long direct selection process, with small diver-
sity among the individuals, and a small effective popu-
lation size, the autozygosity levels in these populations
are expected to be high [21, 39]. In response, more flex-
ible parameters could be used to detect HERs in these
populations. For instance, allowing more homozygous
markers inside of HERs could be a way to consider
possible calling errors that may wrongly break the
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Table 4 Significant (p <0.05) Gene Ontology (GO) terms and pathways for the genes located within heterozygous-enriched regions

(HER) islands

GeneSet Description P-value Gene ID
Biological Processes
GO:0051301 Cell division 25x1070 ENSBTAGO0000015460; ENSBTAGO0000010109
GO:0030855 Epithelial cell differentiation 32x1070 ENSBTAGO0000015460; ENSBTAGO0000010109
G0:0030162 Regulation of proteolysis 52x107 ENSBTAG00000015460; ENSBTAGO0000039808
GO:0006325 Chromatin organization 56x107 ENSBTAGO0000015460; ENSBTAGO0000010109
GO:0006974 Cellular response to DNA damage stimulus 6.1x107% ENSBTAG00000015460; ENSBTAGO0000010109
G0O:0007164 Establishment of tissue polarity 70x10°% ENSBTAG00000015460
GO:0048483 Autonomic nervous system development 76x107% ENSBTAG00000015460
GO:1,904,888 Cranial skeletal system development 96x107°% ENSBTAG00000015460
GO:0030104 Water homeostasis 1.1x107% ENSBTAG00000015460
GO:0042303 Molting cycle 1.7x107% ENSBTAG00000015460
GO:0055123 Digestive system development 20x107%? ENSBTAG00000015460
GO:0007498 Mesoderm development 21107 ENSBTAG00000015460
GO:0018210 Peptidyl-threonine modification 2.1x107% ENSBTAG00000010109
GO:0007568 Aging 24%107%? ENSBTAG00000015460
G0:0072331 Signal transduction by p53 class mediator 24x107%2 ENSBTAG00000015460
GO:0098727 Maintenance of cell number 25%x107%? ENSBTAG00000015460
GO:0048736 Appendage development 28x107%? ENSBTAG00000015460
GO:0007219 Notch signaling pathway 33x107% ENSBTAG00000015460
GO:0048863 Stem cell differentiation 35%x107%? ENSBTAG00000015460
GO:0001763 Morphogenesis of a branching structure 35%x10°? ENSBTAG00000015460
GO:0043588 Skin development 38%x107%? ENSBTAG00000015460
GO:0030522 Intracellular receptor signaling pathway 40x107%2 ENSBTAG00000015460
G0:0070997 Neuron death 43x107% ENSBTAG00000015460
GO:0008544 Epidermis development 43x107% ENSBTAG00000015460
GO:0008202 Steroid metabolic process 47x107%2 ENSBTAG00000039808
Molecular Functions
GO:0003682 Chromatin binding 34x107% ENSBTAG00000015460; ENSBTAGO0000010109
GO:0002039 p53 binding 12x107% ENSBTAG00000015460
GO:0003684 Damaged DNA binding 15%107% ENSBTAG00000015460
GO:0031072 Heat shock protein binding 24x107% ENSBTAG00000010109
GO:0061134 Peptidase regulator activity 50%x 107 ENSBTAG00000039808
Cellular Components
GO:0030496 Midbody 47x107% ENSBTAG00000010109
Pathways
bta04115 p53 signaling pathway 18%107%2 ENSBTAG00000010109
bta04914 Progesterone-mediated oocyte maturation 21107 ENSBTAG00000010109
bta04540 Gap junction 22x107%2 ENSBTAG00000010109
bta04114 Oocyte meiosis 27%x107%? ENSBTAG00000010109
bta04110 Cell cycle 29x107%2 ENSBTAG00000010109
bta04218 Cellular senescence 40x107% ENSBTAG00000010109
bta05168 Herpes simplex infection 47x107% ENSBTAG00000010109

sequence of heterozygous regions affected by the gen-
otyping quality [36]. Therefore, the decision to allow
or not for more lenient parameters in the analyses
depends on the quality of the SNP panels or other DNA
genotyping or sequencing platform used.

Heterozygous-enriched region islands

Heterozygous-enriched regions can appear throughout
the genome, but when they are concentrated in a specific
region, this could indicate a pattern of selection events
in the population [40]. Forty-five islands were found in
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Table 5 Significant (p <0.05) QTL (quantitative trait loci) for the genes located within heterozygous-enriched regions (HER) islands

QTL CHR N_QTLs P-value Adjusted P-value QTL type
Metabolic body weight BTA1 8 36x107"2 40x107" Production
Milk kappa-casein percentage BTA1 8 13x107% 6.9x107% Milk

Milk unglycosylated kappa-casein percent-  BTA1 4 31107 38x107% Milk

age

Clinical mastitis BTA6 2 14x107% 37x107% Health
Udder cleft BTAG 1 70x107% 13x107% Exterior
Udder depth BTA6 1 15%107% 2.1x107% Exterior
Udder height BTAG 1 88x107% 14x107% Exterior
Udder structure BTAG 1 29x107% 1.1x107% Exterior
M. paratuberculosis susceptibility BTA10 1 66x107% 13%x10°%2 Health

Table 6 Comparison of heterozygous-enriched region (HER) islands among Holstein (HOL), Angus (ANG), Jersey (JER), and Norwegian

red cattle (RDC)
Breed nisland % incommon n Breed-specific HER islands Holstein-specific HER islands
specific
islands
JER 68 94.28 2 BTA4:7,754,341-7,779,125; BTA16: 4,805,929— BTA11:29,406-32,150; BTA16: 48,405,929-
4,981,727 49,810,727, BTA17:30,241,885-30,254,164; BTA24:
46,608,950-46,619,501
ANG 72 95.72 4 BTA10: 8,947,684-8,979,955; BTA19: 566,224,233~ BTA1:8,947,673-8,982,695; BTA19: 56,624,233~
566,316,890; BTA22: 86,844,336-87,184,460; BTA29:  56,631,689; BTA22: 8,699,807-8,723,909
48,220,837-48,234,421
RDC 72 97.14 2 BTA4:7,756,346-7,779,125; BTA18: 5,717,899~ BTA10:10,036,762-10,051,565; BTA14: 49,089,801~

5727914

55,444,216

all scenarios, and all of them had a positive Tajima’s D
value indicating selection for heterozygous genotypes
(balancing selection). The Tajima’s D test considers the
nucleotide diversity (1) and an expectation for m based
on the average pairwise markers plus the total number of
mutations [41]. As a result, if the values are positive, the
marker is under balancing selection [30]. Here, we used
such analysis as validation to confirm that the markers
inside of a HER had been selected over the generations
and endorse the potential island of HERs.

Regarding the linkage disequilibrium among markers
inside a HER, most markers have shown a low linkage
disequilibrium. Comparing our results to those from
Qanbari and Wittenburg [42], part of the HER islands
found in our study are located in regions defined as
recombination hotspot intervals, where the recombi-
nation rate exceeds 2.5 standard deviations from the
genome-wide average recombination rate. Such recom-
bination breaks and recombines different alleles. In
this process, new HERs are created mainly in HERs
near telomere regions. However, this does not seem to
be the only process that leads to the creation of HER
islands. Twenty-eight genes and 11 QTLs were founded
related to the HER islands in HOL (Tables 3 and 5) and

could be, in some way, associated with a heterozygous
advantage. Some of the genes found in these regions are
related to immune response, as expected once higher
heterozygosity levels can lead to greater infectious dis-
ease resistance [43]. On the other hand, many genes
were found to be related to traits such as fertility and
production. For instance, TP63 or tumor protein p63,
which has a function of binding certain regions of DNA
and controlling the activities of particular genes, was
previously associated with puberty in cattle [44]. The
ZSCAN?23 gene is involved in transcription’s regulation
of RNA polymerase III and has been associated with
male fertility [44]. The ARHGAP44 gene, which affects
cell polarity, vesicular trafficking, cell cycle, and tran-
scription, has also been reported to influence cow fer-
tility [45].

The TP63 and CDKI genes are related to a higher
number of processes and pathways, as shown in Table 4.
Such genes impact mechanisms that control the pro-
cess of multiplication of cells and/or transcription of
the genes and are involved in multiple gene ontologi-
cal terms. Other traits related to genes found in HER
islands include milk fatty acids and milk fat percentage
(e.g., MYTIL, [46]); residual feed intake (e.g., MAYO9A



Mulim et al. BMC Genomics (2024) 25:726

[47]); vitrification temperature of mature bovine oocytes
(e.g., NEK5 [48]); and, hormone homeostasis and levels
of progesterone (e.g., SERPINA6 [49]). Some of these
traits, although are under positive selection processes,
could still be present within a HER due to certain pro-
cesses such as increased diversity around a target selec-
tion or non-synonymous polymorphisms segregating at
intermediate frequencies [19]. These processes can lead
to concentration of heterozygous alleles around these
regions and increase in the number of polymorphic
markers around them.

Regarding the comparison among breeds, at least
94.28% of the HER islands in HOL are present in the
other three breeds evaluated. Interestingly, particulari-
ties such as the ancestry among the breed (as in HOL and
NRC) or distinctive selection processes (HOL and ANG)
seem not to show an impact on the presence of common
HERs across the breeds. Although the process that con-
tributes to the presence of the heterozygosity in the pop-
ulation is known, the persistence of such heterozygosity
in areas of the genome is still not completely uncovered
[11]. The most acceptable reason for this persistence the
heterozygote advantage [19] is likely linked to the fitness/
survival traits that are related to evolutionary process
associated with animal adaptation [11, 15].

Limitations and implications

In this study, we applied different parameter combina-
tions for the identification of HERs, which is the first
study to assess the impact of various combinations of
different parameters on HER detection. This study pro-
vides background information for the design of future
HER studies to better understand their role in biological
mechanisms and evolutive processes. Our results show
that HERs are small regions spread across the genome
and likely concentrated in genomic regions under balanc-
ing selecting pressure. Although it is difficult to deter-
mine what are the “true” HERs on the genome when
using real datasets (instead of simulated datasets), they
provide important insights about the different selec-
tion forces that the population may have been through.
The use of WGS data for HERs detection studies is the
most recommended. Our results show that SNP pan-
els resulted in an inflated number of HERs and applying
additional metrics that contribute to decrease such infla-
tion is recommended.

Here, the minimum length to capture more HERs
was 10 Kb and, although neither the minimum number
of markers nor the maximum number of homozygous
markers allowed inside of a HER showed a distinct dif-
ference, we observed better identification of HERs with
the minimum number of markers equals to 10 and a
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maximum number of homozygous ranging from 0 to 3.
These parameter values seem to be adequate for captur-
ing the relevant HERs, decreasing the capture of noises,
and, more importantly, capturing regions with a concen-
tration of HER islands. Interestingly, all the HER islands
found had a minimum number of markers equal to or
higher than 10, which reinforces the use of such level for
the minimum number of markers. Regarding, the level
assumed to declare if a region is located in a HER island
(>10%), we understand that it could be considered a low
level. A metric that confirms whether the region has been
or is not selected should also be applied. In our study, all
the islands found showed a Tajima’s D value higher than
zero, indicating that such regions on the genome had
been selected for higher heterozygosity. Future studies
utilizing simulated datasets are recommended to further
investigate the roles of HERs in phenotypic variability
and evolutionary processes within livestock populations.
To achieve more reliable simulation results, it is crucial
to understand how HERs are inherited across genera-
tions and the mechanisms that influence their presence
and concentration in the animal genome. Additionally, it
is important to consider the emergence and maintenance
of variation, which depends on selection schemes affect-
ing genetic variants, the genetic architecture of complex
traits (including the number of genes controlling traits,
their effects, and genetic linkage), and the coordination
of allele expression [18]. This comprehensive understand-
ing will provide the necessary foundation for conducting
simulations that accurately reflect the underlying biologi-
cal processes of HERs in the cattle genome.

Conclusions

The identification of HERs depends on the parameters
used to assess the heterozygosity of the regions. The min-
imum length of 10 Kb resulted in the highest number of
HERs detected, confirming that HERs are small regions
scattered throughout the genome. The minimum number
of markers that define a HER and the maximum num-
ber of homozygous allowed inside a HER did not show
substantial impact based on the data sources evaluated,
being more linked to the population structure and qual-
ity of genotyping. Forty-five HER islands were identified
in all scenarios of parameter combinations, with high
Tajima’s D values indicating that such regions are likely
under balancing selection. In general, those regions have
a small linkage disequilibrium and are related to traits
such as fertility, production, and immune response. As
for the breed comparisons, the majority of the identified
HERs were in common among the four taurine breeds
(>94%), regardless of the selection forces each breed
went through over the generations.
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