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Abstract: This study aimed to assess the level of biodiversity in selected local cattle populations as
important food resources in Slovakia. The biodiversity level was derived from the genome-wide
data collected for dairy (Jersey), dual-purpose (Slovak Pinzgau, Slovak Spotted), and beef breeds
(Charolais, Limousine). The commonly used indices, genomic inbreeding (FROH, FGRM, FHOM, FUNI)
and effective population size (NeLD), were used to quantify the impact of relatives mating on the
genome of analysed populations. Even if the low NeLD estimates signalise significant loss of genetic
variability within populations, the genomic inbreeding under 1% (except Jersey) showed that the
intensity of diversity loss is not so rapid and can be managed by the re-arrangement of long-term
breeding strategies. The analysis of genetic differentiation degree across populations assumed that
the specialisation of breeds during their grading-up led to the specific nucleotide changes, especially
in genes responsible for preferred phenotypic traits. The breed-specific differences observed mainly
in the genome of Charolais (carcass traits) and Jersey (milk production traits) populations resulted
from the polymorphisms in CAPN1 (µ-calpain) and CSN1S2 (casein alpha s2) genes, respectively.
Obtained results confirmed that the specific haplotypes are strongly associated with the genetic
nature of breed depending on production type.

Keywords: cattle; food safety; genomic diversity; local populations

1. Introduction

Animal biodiversity has a significant impact on the functioning of the surrounding
food systems and livelihoods. It ensures numerous ecological functions and directly
contributes to well-being, nutrition and food safety by providing a variety of species
from domesticated and wild resources. In connection to livestock, it makes agricultural
production systems more resistant to shocks and stresses, including those caused by
environmental changes [1–3].

In general, the term animal biodiversity expresses the differences between species,
breeds, sire lines or maternal families. This term can also be used to denote differences
between animals at the phenotype level, e.g., performance and reproduction traits, health
status, or generally animals fitness that are visible and easily measurable. However, the
biodiversity arose as a result of various genetic changes shaping the genome of livestock
species during their domestication and grading-up of particular breeds, which are not
visually measurable. The level of livestock genetic diversity has to be therefore quantified
in other ways, e.g., by analysis of inbreeding intensity, effective population size or intra-
and inter-population genetic differentiation [4–6].
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A significant decline of livestock genetic diversity on a global scale has been demon-
strated in recent decades. This genetic erosion was caused mainly by the specialisation of
production, which favours the world’s most widespread and highly productive breeds [7].
It should be emphasised that the intensive selection of the "best sires" for the insemination
of large numbers of cows has led to a reduction in genetic diversity within breeds. Thus,
the genetic diversity monitoring has taken on an essential role in the breeding programs,
mainly in case of small endangered local populations that are an important part of small
homelands [8].

Each form of selection causes specific changes reflected in both the selected loci
and the neutral loci linked with them. Positive selection leads to the fixation of alleles
with certain advantages over other alleles because they control a specific phenotypic
expression important, for example, for the individual’s survival. In addition to increasing
the frequency of such alleles, the frequency of neutral alleles located near them in the
genome also increases (loci are linked to each other). This phenomenon is referred to as
the hitchhiking effect or footprints of selection. The occurrence of such selection-affected
regions may lead to a reduction in heterozygosity in a given genomic region belonging
to the selected locus or an increase in the average linkage disequilibrium leading to the
formation of long haplotypes. The level of diversity in the genomic area of selection
footprints tends to decrease at the intra-population level and, conversely, increase at the
interpopulation level. Recently, there has been an increase in the intensity of selection and
breeding programs, especially in dairy cattle. The increased use of only a certain type of
animal with the desired phenotype has contributed to an increasing rate of inbreeding
and reducing the effective size of the population. The low effective size of the population
increases the impact of inbreeding and genetic drift and, conversely, reduces the level of
genetic variability which may at the same time reduce population viability in the long term.

Rapid advances in genome sequencing and high-throughput DNA techniques have
led to new and more accurate estimates of genetic diversity parameters, including the
inbreeding intensity, the effective population size, and genetic relatedness. These new
methods can be used to increase the efficiency of genetic management of livestock popula-
tions [9]. Most established methods for detecting and estimating genetic relationships at
intra- and inter-population level are based on the whole-genome average of the estimated
number of identity by descent (IBD) segments between individuals. Estimating the proba-
bility of IBD is especially useful in situations where even if the individuals are inbred, the
degree of relatedness does not correspond to any of the standard cases of full siblings or
semi-siblings [10,11].

In general, inbreeding can be defined as the mating of individuals that are related
through an ancestor, or in other words, the probability that an individual has acquired
two identical alleles from an ancestor [12]. Thus, the inbreeding coefficient essentially
expresses the probability that an allele pair is identical by descent. In the past, geneticists
have analysed this probability primarily using pedigree data, but the currently available
genomic information should lead to much more accurate estimates [13,14]. From a genomic
point of view, an increased level of inbreeding means an increase in the frequency of
homozygous genotypes essentially. One of the ways how to estimate the proportion of
inbred animals in a population using genomic data is the calculation of Wright’s fixation
index (FIS) that reflects the proportion of heterozygosity stored in the population [15]. This
method does not allow to distinguish between the identity by state (IBS) and IBD alleles;
thus, all these segments are included in the inbreeding estimate. An alternative method is
the identification of runs of homozygosity in the genome (ROH), which takes into account
the difference between the IBD and IBS segments [16,17]. Shorter ROH segments represent
historical inbreeding (the founder population occurred many generations ago), while
longer ROHs reflect only current inbreeding (founders only a few generations ago) [14,18].
In livestock, the selection of preferred individuals can cause large phenotypic variations
and alter ROH segments distribution in different genomic regions. Selection increases the
homozygosity of target loci, while at the same time increasing the frequency of potentially
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undesired ROH segments. The involvement of ROH segments distribution analysis in the
assessment of biodiversity provides valuable knowledge about the genetic potential and
overall gene pool of a population. Mapping specific molecular changes in the genome that
control a desired phenotypic traits of a particular population is essential for understanding
the impact of intense selection on the genome architecture and preserving the diversity
and fitness of endangered populations.

The effective population size (Ne) express the number of individuals in an ideal popu-
lation in which random mating would lead to the same distribution of allele frequencies
or the amount of inbreeding as in the real population [19]. The effective population size
helps to explain the amount of genetic diversity variance conserved in a population from
a retrospective point of view, to predict the loss of genetic diversity and the survival of
small endangered populations. The linkage disequilibrium (LD) between loci is most often
used to estimate the historical effective population size because it provides an overview
of the evolutionary history of the population [20]. The process referred to as linkage dise-
quilibrium between two loci means that the two loci are transmitted to the offspring as a
pair more likely than the other loci, e.g., in complete linkage they can be as informative as
one locus. When two loci are very close to each other on a chromosome, they can be trans-
mitted to offspring as a pair. Even loci that are not physically bound can be functionally
linked due to selection and transmitted as a pair [21]. The linkage disequilibrium and the
persistence of its phase between populations are important for genomic selection as well
as mapping of quantitative trait loci (QTLs). Flury et al. [22] used the information about
the LD variance in the genome for estimation of the effective population size of local cattle
breeds. They confirmed that the single nucleotide polymorphisms (SNPs) are a powerful
tool for monitoring of the small populations. The effective population size should not be
less than 50 animals in the short term to avoid the risk of extinction due to loss of genetic
diversity. However, the long-term effective population size should be higher than 500
animals. Surprisingly, some of the breeders responsible for managing the populations of
many commercial cattle breeds do not consider such a low number to be alarming, perhaps
because low Ne is beneficial for short-term genetic selection and improved production [23].
Rapid Ne decrease despite a sufficiently large population of ancestors can be explained by
several bottlenecks associated with domestication, selection, and ultimately grading-up of
breeds formation [22].

Intraspecific genetic diversity can be characterised based on the genetic differences
between populations or between individuals within one population. The existence of
intrapopulation polymorphism plays a significant role in ecological, micro, and macroevo-
lutionary processes. From an ecological point of view, polymorphic populations can use a
variety of resources; thus, use their production environment more efficiently. Besides, the
polymorphic species or populations are less vulnerable to environmental changes (such as
climate change), because it can survive due to the sufficient adaptability of their genome to
new environmental conditions. The polymorphism also changes the evolutionary potential
of the population and species, i.e., the ability of the population and species to respond to
short-term environmental selection pressures [24,25]. From an evolutionary point of view,
breed formation has taken place relatively recently. Therefore genetic variability between
populations is usually quantified by genetic distances calculated only from genetic drift,
ignoring the effect of the mutation. The uniqueness of the breed expressed by genetic
distances may be the result of the predominance of rare alleles due to inbreeding, the
founder effect or strict genetic isolation [26,27]. One of the other ways to quantify the
amount of genetic variability between population is principal component analysis (PCA).
The PCA analysis is an important statistical technique used to determine key variables in a
vast amount of data to explain the differences in observations. PCA analysis can be used
to simplify calculations and visualise an extensive data set, obtained, e.g., by applying
whole-genome SNP microarrays. This method has become an important part of analyses
of population structure and distribution of individuals into clusters depending on their
genetic background [28].
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The aim of the study was to assess the biodiversity level in selected local cattle
populations considered as important animal genetic resources in Slovakia in the context of
the sustainable management of food resources in the Baltic region.

2. Materials and Methods
2.1. Data Source and Cleaning Procedure

The biodiversity level of five local cattle populations bred in Slovakia was tested
using genomic data. In a total of 356 DNA samples were collected and subsequently
genotyped by different SNP microarrays depending on the production type of each breed
(Table 1). Animals for SNP genotyping were selected in cooperation with particular
breeders’ organisations to reliable describe the gene pool of analysed breeds and cover
most frequently used paternal lines and maternal families in Slovakia. Data cleaning was
performed using software PLINK 1.9 [29] to select only common autosomal SNP markers
with known chromosomal position across different SNP microarrays. Then, only animals
and common autosomal SNP markers with a call rate higher than 95% across all breeds
were retained in the database.

Table 1. Source of genome-wide data and sample size of analysed populations.

Breed Abbreviation Production Type Sample Size Genotyping Microarray

Jersey JER Dairy 29 GeneSeek GGP Bovine 150 k
Charolais CHAR Beef 71 International Dairy and Beef Chip
Limousin LIM Beef 17 International Dairy and Beef Chip

Slovak Pinzgau SP Dual-purpose 152 BovineSNP50v1 BeadChip

Slovak Spotted SS Dual-purpose 87 BovineSNP50v1 BeadChip
International Dairy and Beef Chip

2.2. State of Intra-Population Genetic Diversity

The observed (Ho) and expected heterozygosity (He) and minor allele frequency (MAF)
as basic diversity indices were initially used to describe the level of biodiversity within
analysed populations. Each of these indices was calculated using PLNIK 1.9 [29] separately
for SNP markers within populations and then averaged to compare the level of biodiversity
between them.

The genomic-based inbreeding coefficient was used to express the impact of relatives
mating on the genome of analysed populations. Four estimators of inbreeding coefficient
were calculated. The first estimator (FROH) was derived from the proportion of ROH
segments in the genome of analysed populations. The ROH segments were defined as the
regions with a specific minimum number of continuous homozygous SNPs and specific
length (>4 Mbp, >8 Mbp, >16 Mbp) reflecting different generations of ancestors in the past.
The minimum number of SNP markers in ROH segments was calculated according to
Lencz et al. [30] to reduce the number of false-positive ROH as follows:

l =
logeα/ns × ni

loge

(
1 − het

) , (1)

where ns is the total number of SNP markers in the dataset, ni is the number of individuals,
het is the average SNP heterozygosity, and α is the percentage of false-positive ROH seg-
ments. The α was set to 0.05 [31,32]. The distribution of ROH segments in the autosomal
genome was scanned by PLINK 1.9 [29] separately for each breed and ROH length class.
The different proportion of missing calls within homozygous regions were allowed de-
pending on the ROH length class (>4 Mbp 1 call, >8 Mbp 2 calls, >16 Mbp 4 calls). The one
heterozygous call was allowed only for ROH segments > 16 Mbp. The FROH coefficient was
then calculated according to the approach proposed by McQuillan et al. [16] by dividing
the total ROH length for each individual in the particular class by the total length of the
autosomal genome covered by SNP markers.
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The other three inbreeding estimators (FGRM, FHOM, FUNI) were calculated by GCTA
1.93.2beta [33]. The FGRM reflecting the variance of additive genetic values (diagonal of
the SNP-derived genetic relationship matrix) was calculated according to VanRaden [34]
as follows:

FGRM =
[xi − 2p̂i]

2

hi
− 1, (2)

where xi is the number of reference allele copies (1, 2, or 0) for ith SNP marker, pi is
the observed fraction of the first allele at SNP marker i and hi = 2pi(1 − pi). The FHOM
expressing the excess of homozygosity was derived following Wright [35] as:

FHOM =
O(#hom) − E(#hom)

1 − E(#hom)
, (3)

where O(#hom) is the observed number of homozygous genotypes, and E(#hom) is the
expected number of homozygous genotypes in an individual. The FUNI was derived based
on the correlation between uniting gametes [33] as follows:

FUNI =
x2

i − (1 + 2pi)xi + 2p2
i

hi
, (4)

where xi and hi are the same as for FGRM. The FGRM, FHOM, and FUNI were calculated for
each individual in the dataset and then averaged separately within a particular population.

The effective size of a population with the known extent of linkage disequilibrium
(NeLD) for specific length interval was defined by Makina et al. [36] as the size of hypo-
thetical ideal population which would show in case of genetic equilibrium the same level
of linkage disequilibrium as analysed population. The calculation of NeLD was based on
the functional relationship [E(r2

LD ) ≈ f(c, NeLD)] among effective population size, linkage
disequilibrium (r2

LD) and recombination rate (c) expressed by physical genetic distance
between syntenic SNP markers (1 cM ~ 1 Mbp). The LD-based effective size of analysed
populations was calculated by SNeP [37] as follows:

NeLD =
1
kc

 1
r2

LD − 1
ng

− α

, (5)

where α is mutation rate correction (α = 2.2), k is inheritance model (in biallelic markers
k = 4), ng is the sample size of gametes (twice the number of sampled individuals), and c is
the physical genetic distance between two syntenic SNP markers in Morgans. Assuming a
linear increase in the effective population size with time represented by past generations,
the historical effective size of the analysed population was expressed as a function of time
and physical genetic distance between two syntenic SNP markers [38]. Subsequently, the
current effective population size was calculated by linear regression of NeLD estimates for
10–50 past generations [6].

2.3. State of Inter-Population Genetic Diversity

The state of genetic diversity among populations was derived based on the analysis of
inter-population relationships by calculation of Wright’s FST fixation index [15] and Nei’s
genetic distances [39]. The genetic differentiation of populations due to different production
type was then tested by the factor (FA) and principal component analyses (PCA).

The Wright’s FST fixation index is mainly used to assess genetic variability between
populations determining the level of heterozygosity. Generally, this index is considered
as a measure of the fragmentation of the total population (metapopulation) derived from
the reduction in heterozygosity in fragments or subpopulations due to gene drift. The FST
fixation index was calculated by R package StAMPP [40] as follows:

FST =
HT − HS

HT
, (6)
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where HT is the expected heterozygosity in metapopulation and HS is the average expected
heterozygosity in subpopulations.

Nei’s genetic distance [39] is defined as the difference in genetic composition between
two populations. This theory assumes that if two populations with a small genetic distance
between them are similar, they most likely come from a common ancestor. The standard
genetic distance (Da) was calculated by R package StAMPP [40] according to the formula:

Da = −ln I,

where I is the normalised gene identity between population X and Y.
The analysis of genetic differentiation was based on the assumption that the frequency

of specific alleles (haplotypes) differs among evaluated populations due to artificial selec-
tion focused on different phenotypic traits. Thus, the specialisation of breeds during the
breeding processes led to the specific changes in their genomes, mainly in DNA sequences
of genes responsible for economically important traits. The genetic differentiation was
analysed separately for three categories of performance traits (carcass traits, fatty acid
composition in muscle and milk production traits). In the first step, the most important
protein-coding genes significantly associated with each category of performance traits were
found based on the literature survey (Table 2). The chromosomal positions of selected
genes were then identified using R package ensembldb [41]. In the second step, only
SNP markers located directly in genomic sequences of selected genes were retained in
the database. This database was then divided into four separate datasets according to
each category and responsible genes. Finally, the genetic differentiation of populations
was tested by principal component and factor analyses for each category separately by R
software [42]. In factor analysis, each of the selected genes was considered as a factor that
potentially affected the genetic structure (frequency of particular alleles in haplotypes) of
analysed populations.

Table 2. Description of protein-coding genes selected for factorial analysis of population differentiation.

Trait Gene
Name Chr Start

Position (bp)
End

Position (bp)
No of SNPs
in Region

Carcass

MSTN 2 6278630 6285486 2
LEP 4 92436922 92453653 2

MYF6 5 10275115 10277301 2
MYF5 5 10284434 10287669 2
OLR1 5 99803497 99815138 2

LCORL 6 37380296 37557106 6
CAST 7 96033978 96167151 1

CAPN3 10 37711578 37766813 1
TG 14 8217490 8453614 5

PLAG1 14 23330541 23375751 1
MYOD1 15 34794122 34796767 2
MYOG 16 797547 800444 2
CAPN2 16 27079890 27138327 2
SREBP1 19 34633133 34649213 2
CAPN1 29 43400333 43427397 2

Fatty acid
composition

FABP3 2 122285620 122294666 2
SLC27A6 7 25037025 25117897 2

FABP1 11 47917375 47923252 2
FABP4 14 44676542 44681059 2

SREBP1 19 34633133 34649213 2
FASN 19 50775674 50796012 2
SCD 26 21263727 21279185 2
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Table 2. Cont.

Trait Gene
Name Chr Start

Position (bp)
End

Position (bp)
No of SNPs
in Region

Milk production

LALBA 5 31183432 31213145 2
ABCG2 6 36475377 36603209 1
CSN1S1 6 85411118 85429268 1

CSN2 6 85449164 85457744 1
CSN1S2 6 85529905 85548556 1

CSN3 6 85645854 85658926 1
PAEP 11 103255824 103264276 2
PGR 15 7854787 7966985 1

STAT5B 19 42319170 42357910 1
STAT5A 19 42395221 42416545 2

GH1 19 48117957 48119752 2
GHR 20 31868624 32178311 2

3. Results
3.1. State of Intra-Population Genetic Diversity

Due to low genotyping call rate, six animals were filtered out from the database. The
final dataset consisted of 350 animals and 34384 SNP markers covering 2503272.76 kbp of
the autosomal genome. The average spacing between adjacent syntenic SNP markers was
72.86 ± 80.15 kbp. The average call rate was at level 98.97%.

The minor allele frequency was relatively low and ranged from 0.23 (Jersey) to 0.27
(Charolais and Slovak Pinzgau). The average observed and expected heterozygosity
showed the lowest proportion of heterozygous genotypes in the genome of the Jersey
population. In contrast, the highest proportion was found in the Slovak Pinzgau popu-
lation (Table 3). Generally, the results confirmed the increase of genomic homozygosity
in each of analysed populations as a consequence of intense selection pressure on their
genome. Due to such selection pressure, only specific alleles controlling desired phenotypic
traits are selected to achieve the breeding standards and increase the genetic gain of a
particular breed. The increase of homozygosity can lead to the loss of genetic diversity
accompanied by a reduced adaptive potential of the population. Preservation of adaptation
potential is essential, especially from the point of view of breed competitiveness as well as
climatic changes.

Table 3. Genetic diversity indices observed for analysed populations.

Breed Ho ± SD He ± SD MAF ± SD

Jersey 0.31 ± 0.20 0.30 ± 0.18 0.23 ± 0.16
Charolais 0.35 ± 0.17 0.34 ± 0.15 0.27 ± 0.15
Limousin 0.34 ± 0.20 0.32 ± 0.16 0.26 ± 0.15

Slovak Pinzgau 0.36 ± 0.15 0.35 ± 0.14 0.27 ± 0.14
Slovak Spotted 0.34 ± 0.16 0.34 ± 0.15 0.26 ± 0.14

Ho–observed heterozygosity; He–expected heterozygosity; MAF–minor allele frequency; SD–standard deviation.

The effect of relatives mating on the genome of analysed populations was expressed
by the determination of the genomic-based inbreeding coefficient. Four estimators of
inbreeding coefficient were calculated (FROH, FGRM, FHOM, and FUNI).

Due to the fact that the ROH segments of specific length reflect different generations
of ancestors from which genetic information was inherited, the FROH was calculated
separately for three ROH length classes; ROH > 4 Mbp (date back ~12 generations of
ancestors), ROH > 8 Mbp (~6 generations of ancestors), and ROH > 16 Mbp (~3 generations
of ancestors) [13,14]. As can be seen in Table 4, the FROH values decreased with the
increasing length of ROH segments. The highest value of historical and recent genomic
inbreeding was found in the Jersey population (Table 4) that confirmed the decrease of its
overall heterozygosity expressed by the Ho and He indices. The obtained FROH values also
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indicated that the genomes of other populations in the analysis were not strongly affected
by the relatives mating. The results showed that the recent genomic inbreeding (derived
from ROH > 16 Mbp) could be expected at the level of 0.58% in the Charolais population
and 0.43% in the Limousin population. In Slovak Spotted and Slovak Pinzgau cattle, the
recent inbreeding at level 0.44% and 0.79% was found.

Table 4. Comparison of four genomic inbreeding coefficient estimators calculated for analysed
populations.

Inbreeding
Estimator

Population

JER ± SD CHAR ± SD LIM ± SD SP ± SD SS ± SD

FROH > 4 Mbp 9.58 ± 2.97 2.20 ± 1.13 1.79 ± 0.87 2.12 ± 1.97 1.67 ± 1.44
FROH > 8 Mbp 5.95 ± 2.43 1.17 ± 0.95 0.74 ± 0.66 1.45 ± 1.72 0.86 ± 1.19
FROH > 16 Mbp 2.87 ± 2.05 0.58 ± 0.85 0.43 ± 0.65 0.79 ± 1.40 0.41 ± 1.08

FGRM −0.21 ± 0.07 −0.05 ± 0.07 −0.14 ± 0.09 −0.01 ± 0.09 −0.02 ± 0.07
FHOM −0.04 ± 0.04 −0.02 ± 0.05 −0.05 ± 0.04 −0.01 ± 0.08 −0.01 ± 0.06
FUNI −0.04 ± 0.03 −0.02 ± 0.03 −0.06 ± 0.03 −0.01 ± 0.03 −0.01 ± 0.02

FGRM–inbreeding coefficient based on genomic relationship matrix, FHOM–inbreeding coefficient derived from
excess of homozygosity, FUNI–inbreeding coefficient based on the correlation between uniting gametes, FROH–
inbreeding coefficient (%) derived from the genome-wide ROH distribution with different length (>4 Mbp,
>8 Mbp and >16 Mbp).

Obtained negative values of FGRM, FHOM, and FUNI were almost close to zero in all pop-
ulations and showed significant difference compared to FROH estimates (p < 0.05) (Table 4).
The GRM-based inbreeding coefficient ranged from −0.21 (Jersey) to −0.01 (Slovak Pinz-
gau), which indicated that the proportion of diversity loss due to relatives mating and low
population size was higher in Jersey population compared to others. The FHOM and FUNI
estimates showed only low differences in genomic inbreeding level within populations
and ranged from −0.01 (Slovak Spotted and Slovak Pinzgau) to −0.06 (Limousin).

Obtained results confirmed that the distribution of runs of homozygosity (ROH)
with different length in the cattle genome is a better indicator of genomic inbreeding
compared to other estimators. Considering the sustainable use of animal genetic resources,
the proportion of ROH segments in an individual’s genome is a reliable indicator for
determining its suitability for mating plans, especially in small endangered populations
where it is necessary to minimise the loss of genetic diversity and maintain or increase the
effective size of the population [43].

The NeLD estimates confirmed a continuous decrease in effective size with the in-
creasing number of generations in each analysed population (Figure 1). The lowest recent
effective population size was found for Limousin (14.52 animals), while the highest NeLD
showed Slovak Spotted cattle (77.99 animals). Even if the effective population size of
Slovak Pinzgau was higher compared to Jersey, Charolais, or Limousin, it showed the most
intensive decrease of animals’ number per generation (7.10 animals). The fact that the
current effective size of analysed populations was low means that populations could be
partially considered as significantly endangered by the loss of genetic diversity. According
to Franklin [44], populations with Ne lower than 50 animals may be at immediate risk of
extinction. Other authors also refer to this value as the threshold for the long-term survival
of the population. For example, Meuwissen [45] stated that a minimum effective size of
100 individuals is needed to ensure the long-term viability of an animal population. This is
because small populations are subject to a loss of genetic variability due to inbreeding or
genetic drift much faster than populations with higher numbers of individuals. The signifi-
cant loss of genetic diversity in a small population can lead to reducing its competitiveness
and adaptability in a changing production environment.
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Figure 1. Linkage disequilibrium (LD)-based effective population size.

3.2. State of Inter-Population Genetic Diversity

Both, the average Wright’s FST index (0.11 ± 0.08) and average genetic distances
(0.07 ± 0.05) pointed to the high overall genetic similarity among analysed populations. As
expected due to the common breeding history, the highest similarity showed Slovak Spotted
and Slovak Pinzgau cattle (Table 5). The Slovak Spotted and Slovak Pinzgau cattle were
created by crossing the autochthonous breeds (mainly Carpathian red and Carpathian grey)
with Simmental and Austrian Pinzgau breeds, respectively. A relatively high proportion of
genetic similarity to the gene pool of Slovak Spotted and Slovak Pinzgau cattle showed
Charolais population. This is probably a consequence of crossbreeding with beef cattle
during the grading-up of Slovak Spotted and Slovak Pinzgau cattle to strengthen their
dual-purpose nature and improve the quality of beef production. The Jersey population
as only one representative group of dairy cattle in this study showed clearly the highest
genetic distance from others.

Table 5. Interpopulation genetic relationship based on genetic distance (above the diagonal) and
Wright’s FST index (under the diagonal).

SS SP CHAR LIM JER

SS 0.02 0.03 0.04 0.13
SP 0.04 0.03 0.05 0.12

CHAR 0.04 0.05 0.05 0.13
LIM 0.06 0.06 0.07 0.15
JER 0.19 0.18 0.20 0.22

Figure 2 shows the genetic differentiation of analysed populations due to SNP poly-
morphisms (specific frequency of haplotypes) in genes responsible for carcass traits. Carcass
traits, including marbling, tenderness, and meat colour are critical parameters that are
usually used to assess the freshness, eating quality, and safety of beef products. As can
be seen in Figure 2, the diversity based on the genetic polymorphism of the monitored
genes showed individual differences among breeds, mainly in the case of Charolais pop-
ulation. The Charolais cattle was separated from other populations due to the genetic
polymorphisms of CAPN1 gene (µ-calpain) that is responsible for the post-mortem tenderi-
sation process [46]. Calpains (CAPN1, CAPN2, CAPN3) together with their endogenous
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inhibitor calpastatin (CAST) were significantly associated in previous studies with meat
tenderness [47,48] and marbling score [49]. The genetic polymorphisms in PLAG1, SREBP1,
LCORL, MYF5, and MYOD1 genes resulted in partial genetic differentiation of Slovak
Spotted cattle from other populations in the analysis. The PLAG1 and LCORL genes were
associated with carcass weight in several breeds, including Simmental, Charolais and
Limousin cattle [50–52]. The SREBP1 gene has an essential role in the lipogenesis and
fatty acid composition in fat cells and was consequently considered to influence the beef
nutritional quality [53]. The genetic variants of MYF5 genes were associated with growth
traits, genetic indices, morphological scores, backfat thickness and meat tenderness [54–56].
The polymorphisms of MYOD1 and MYF6 genes were found to be important for growth
and muscle development, carcass traits and beef quality [57]. In the case of Limousin
population, partial genetic differentiation was detected because of polymorphisms in the
MSTN and CAST genes. The MSTN (myostatin) gene is responsible for the double-muscle
phenotype in several breeds, including Limousine [58]. In the middle of genetic clusters
were located Jersey and Slovak Pinzgau populations which genetic variability was affected
by polymorphisms in LEP, OLR1, CAPN3, CAPN2, TG, MYF6, and MYOG genes. The
leptin (LEP) as metabolism-related hormone influencing animal growth and fattening was
found in cattle to be related to various carcass traits [59]. The OLR1 gene is involved in lipid
synthesis and fat accumulation in adipose tissue. This gene was significantly associated
with rump fat thickness and weaning weight [60]. The thyroglobulin (TG) gene was studied
as an important gene for fat deposition in cattle [61].

Figure 2. Impact of single nucleotide polymorphisms (SNPs) in genes responsible for carcass traits
on the genetic structure of analysed populations.

Figure 3 shows the impact of SNP polymorphisms in genes connected to fatty acid
composition in a muscle on inter-population genetic differentiation. The composition of
fatty acids in bovine adipose tissue is a very important trait that affects the taste, tenderness,
and overall eating quality of beef. Based on the observed results, it can be stated only
individual variability that cannot be generalised to the population (breed) level. Overall,
SNP polymorphisms of seven genes associated with fatty acid composition were studied
(Table 2). The FABP gene family, in this study represented by FABP1, FABP3 and FAPB4
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genes, affect various cellular processes, including lipid metabolism. The FABP3 protein was
identified in several tissues with a high demand for fatty acids such as cardiac and skeletal
muscle and lactating mammary gland. The FABP4 protein, expressed in adipose tissue,
was associated with lipid metabolism (lipolysis and lipogenesis), marbling, and back fat
deposition [62]. The polymorphisms in SLC27A6, FABP3, and FABP4 genes can affect the
sensitivity of fatty acid uptake from the blood and its transport into the epithelial cells [63].
The polymorphisms in FASN gene encoding fatty acid synthetase affected the concentration
of monounsaturated and saturated fatty acids in beef [64]. Various studies confirmed the
effect of bovine stearoyl-CoA desaturase (SCD) and sterol regulatory element-binding
protein (SREBP1) genes on the fatty acid composition [65,66].

Figure 3. Impact of SNP polymorphisms in genes responsible for fatty acid composition on the
genetic structure of analysed populations.

The PCA analysis of genetic differentiation based on SNP polymorphisms in genes
related to milk production traits (Figure 4) indicated that the Jersey population is separated
from others, mainly due to the polymorphisms in CSN1S2 gene. In general, the casein
family consists of several molecular forms, including insoluble (CSN1S1, CSN1S2, CSN2,
CSN3) and soluble fractions (LGB, LALBA). The casein alpha s1 (CSN1S1) and casein alpha
s2 (CSN1S2) play an important role in the capacity of milk to transport calcium phosphate.
The casein beta (CSN2) is responsible for the structure of casein micelles, and casein kappa
(CSN3) has an impact on the rheological quality of bovine milk [67,68]. The α-lactalbumin
(LALBA) forms a regulatory subunit of lactose-synthase that is responsible for lactose
production and changes the substrate specificity of galactosyltransferase in the mammary
gland [69].
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Figure 4. Impact of SNP polymorphisms in genes responsible for milk production traits on the
genetic structure of analysed populations.

4. Discussion

As expected according to previous studies (e.g., [70,71]), the high genotyping call
rate observed across animals and SNP markers in the database reflected the fact that the
applied SNP microarrays were primarily developed for commercial genotyping of highly
informative markers uniformly distributed in the genome of the most commonly used dairy,
dual-purpose and beef breeds worldwide. Several studies reported that these microarrays
could be possibly used to assess the biodiversity of a phylogenetically closely related model
and non-model species [72–74], but with significantly lower genotyping call rate compared
to taurine cattle breeds.

The basic genetic diversity indices (Ho, He, and MAF) pointed to the increase of overall
genomic homozygosity in each analysed population consistent with Matukumalli et al. [75],
which developed and characterised the high-density bovine SNP microarray. Similarly,
various other genomic studies reported the decrease of overall heterozygosity in European
cattle breeds [6,70,76,77]. Heterozygosity can range from 0 (no heterozygosity) to 1 (pop-
ulations with a large number of alleles with approximately the same frequency). High
heterozygosity values for a particular breed may indicate long-term natural selection due
to adaptation, cross-breeding with different breeds, or historical cross-breeding of different
populations. On the other hand, a low level of heterozygosity may be due to isolation
of population with consequent loss of unexplained genetic potential or intense artificial
selection to improve economically important phenotypic traits.

An important goal of breeding programs in small local cattle populations is to max-
imize genetic variability and minimize the increase of inbreeding per generations, as
reducing genetic variability could lead to deterioration of production and fitness traits.
The high proportion of inbreed animals in a population usually leads to an increase of
genomic homozygosity on the population level and the intensity of the manifestation
of undesirable alleles mostly associated with inherited diseases. The genomic-based in-
breeding coefficient confirmed the high proportion of homozygosity, especially in the
Jersey population. A similar high level of recent inbreeding in Jersey was reported by
Makanjuola et al. [78]. In other breeds in analysis, the FROH estimates under 1% were found.
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These results indicate good breeding practices on farms and a sufficient degree of genetic
diversity for long-term sustainable use of analysed populations as important food resources
in Slovakia. The level of recent inbreeding in Charolais and Limousin populations was in
sound with Mastrangelo et al. [79]. The obtained estimates of recent inbreeding in Slovak
Spotted and Slovak Pinzgau populations correspond to the pedigree estimates found by
Kadlečík et al. [80] and Kadlečík et al. [81], respectively. The other three estimates (FGRM,
FHOM, and FUNI) of inbreeding indicated a non-significant effect of relatives mating on
the genome of analysed populations. Similar average FGRM, FHOM, and FUNI inbreeding
estimates were reported by Zhang et al. [82] and Mastrangelo et al. [79] for several local
cattle populations. Various studies showed that the FROH could be considered as the most
precise estimators of genomic inbreeding compared to others tested in this study mainly
due to the fact that it measures homozygosity directly from the molecular data and is
less sensitive to selection effects and errors caused by sample variations [13,82,83]. The
analysis of ROH segments spread across the genome of small local populations also has
practical application in conservation programs. In endangered populations or populations
with low effective size, individuals with high ROH proportion in the genome may be
excluded from breeding strategy or used less frequently in mating schemes. Mating and
cross-breeding of outbred individuals or populations can increase overall genetic diversity
and reduce the proportion of long ROH regions in the genome that indicate inbreeding
in the current generation. Preservation of genetic diversity within and between breeds
is crucial for conservation genetics and the maintenance of production potential of the
population. Intense selection, low effective population size, and increase of inbreeding per
generation can adversely affect the level of genetic diversity conserved in population, thus
breeding programs have to continuously monitor the state of genetic variability in order to
prevent irreversible erosion of genetic diversity and maximize the ability of a population
to adapt to changes of the production environment.

The effective population size determines the intensity of the degradation of neutral
genetic variance in the population. It influences the behaviour of genes due to selection
effects and other systematic influences, as well as differences in genetic gain, selection
limits, short and long-term survival of endangered populations. The effective population
size is usually lower than the real size of the population mainly due to unequal gender ratio,
variation in family size, and population size fluctuations between generations. The real
population size has only informative value for most endangered species, but the effective
population size determines the loss of genetic diversity and inbreeding. It helps predict the
loss and distribution of neutral genetic variability, the likelihood of fixation of desirable or
loss of undesirable alleles, fitness, and the survival of small populations. The analysis of
the effective population size allows for the development of effective selection programs
and at the same time, their management, especially in the case of endangered populations.
The LD-based effective population size (NeLD) was estimated based on the functional
relationship among effective population size, linkage disequilibrium, and recombination
rate expressed by physical genetic distance between syntenic SNP markers. The level of
linkage disequilibrium that arises because of the formation of genetic linkage between loci
on chromosomes can differ between populations as well as livestock species. In general,
linkage disequilibrium is caused by various factors affecting the structure of the genome,
such as genetic drift, admixture, and natural or artificial selection. Determining the LD
extent in the genome allows for the mapping of genetic variants controlling performance
traits in livestock or estimating the trend of effective population size [84]. Currently, the
determination of the LD extent is routinely used to assess the demographic history of a large
number of species, including cattle, sheep and humans [85–87]. Even if the NeLD estimates
indicate the significant loss of genetic diversity in each of analysed populations, the genomic
inbreeding showed that the intensity of diversity loss is not so rapid as expected. The
effective population size can be still successfully managed by the development of long-term
breeding strategies depending on the specific breeding goals and farmers requirements.
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The Slovak Spotted and Slovak Pinzgau populations showed a higher level of a genetic
connection compared to others. These breeds are in Slovakia considered as national animal
genetic resources important mainly for small homelands. The Slovak Spotted breed is a
dual-purpose breed with a moderate to large body size, harmonic body shape and excellent
muscles. This breed is typical by robust, well-shaped udder enabling ease milking, the
correct, dry legs with strong neat, well-developed muscles, and adequate physical shape.
The Slovak Pinzgau cattle is a dual-purpose breed valuable mainly for its ability to produce
milk and dairy products with high quality under intense as well as ecological production
systems. Although the milk yield of Slovak Pinzgau cattle does not reach the level of
cosmopolitan dairy breeds, milk contains a high proportion of fat and protein. It is ideal
for making cheese. The meat of this breed is tender and juicy. Although both breeds
have certain advantages compared to cosmopolitan breeds, their effective population
size is still declining. One of the reason can be the intensive use of artificial selection to
increase the profitability of farms and genetic gain at the expense of their unique gene pool.
Due to this, their gene pool has to be continuously monitored to preserve mainly genetic
variants that are responsible for their typical phenotypic traits, e.g. adaptation potential to
harsh production environments. The ability of populations to adapt to the conditions of a
changing production environment is one of the key traits necessary for its sustainable use
in the future, especially in connection with the ever-increasing demand for healthy foods.

The effect of breed specialisation and different selection pressure on the particu-
lar genomic regions was most evident in Charolais and Jersey populations. Obtained
results confirmed the tested assumption that the different production type of analysed
breeds could cause an increase in the frequency of specific alleles (haplotypes) respon-
sible for desired phenotypic traits. The strong impact of selection on the genomic re-
gion related to carcass traits in beef cattle was also reported by Moravčíková et al. [88],
Jahuey-Martínez et al. [89] or Paim et al. [90]. In dairy cattle, the most significant selection
signatures were found mainly on chromosome 6 that is strongly connected to milk produc-
tion and composition [91,92]. The functional analyses of known and novel genetic variants
continuously improve the knowledge of genetic control of these complex traits that are
usually affected by several genes or quantitative trait loci. In addition, such analyses of
specific genetic variants can help to preserve the genetic nature of the local cattle population
in their origin phenotypes.
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