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Abstract: Milk is an important component of human nutrition, and its composition and milk yield
fundamentally affect the economy of dairy farms. Genetic variability is a fundamental premise for
livestock breeding and is commonly used in the identification of individual animals and in selection
to improve performance. The aims of this study were to propose a rapid detection method for genes
affecting the nutritional value and technological properties of bovine milk (FADS1, FADS2, FASN,
SCD, DGAT1, CSN2 and CSN3) and to analyze Slovak Holstein cattle to widen knowledge on their
genetic structure for these candidate genes. Genotyping was performed by the polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) and artificially created restriction
site-polymerase chain reaction (ACRS-PCR) methods. Heterozygosity is an important factor for
estimating genetic variation in domestic animals and represents the genetic potential and ability to
adapt to the natural environment. In this study, Holstein cattle showed high heterozygosity values
for markers FADS1-07 and CSN2-H67P. In contrast, they showed high homozygosity values for
markers FADS1-01, FADS2-23, FASN-16024, SCD-T878C, DGAT1-K232A and CSN3-D148A. These
results suggest that genetic diversity has been reduced, which may be due to breeding effects.

Keywords: genetic structure; heterozygosity; milk; Holstein cattle

1. Introduction

Milk is an eminent component of human nutrition and its composition and milk
yield significantly affect the economics of dairy farms [1,2]. Over the past 100 years, the
range of traits for genetic selection in populations of dairy cattle has expanded to meet
the demands of industry and society [3]. Essentially, breeding programs are designed
to identify better genotypes for various traits of economic interest based on information
about the performance of animals and their relatives, as well as on molecular information,
so that their genes can be spread in the population [4]. Current advances, together with
the widespread use of molecular genetics, make it possible to identify genes responsible
for economically useful traits and use them as selection markers in livestock breeding
(marker-assisted selection—MAS) [5,6]. Kyselová et al. [7] suppose that the further study
of composite milk protein genotypes in cattle may be important in the future for milk
production with defined characteristics.

Many candidate genes have now been identified that are involved in mammary
gland development and lactation processes in dairy cows and affect milk production and
composition, such as fatty acid desaturase 1 (FADS1), fatty acid desaturase 2 (FADS2),
fatty acid synthase (FASN), stearoyl-CoA desaturase (SCD), diacylglycerol acyltransferase
1 (DGAT1), beta-casein (CSN2) and kappa-casein (CSN3) [2,8–12].

Fatty acid desaturase 1 and FADS2 encode the enzymes ∆-5 and ∆-6 desaturase, re-
spectively, which are thought to be rate-limiting enzymes in long-chain polyunsaturated
fatty acid (LC-PUFAs) synthesis. Both FADS1 and FADS2 add double bonds at the ∆-5 and
∆-6 position of LC-PUFAs [11,12]. Fatty acid synthase encodes a multifunctional enzyme
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complex that catalyses the de novo biosynthesis of long-chain fatty acids (FAs) and has been
proposed as a promising candidate gene for beef and milk fat composition [10,13–15]. The
SCD gene is expressed in various tissues [16], where it encodes stearoyl-CoA desaturase
that can introduce a double bond at the ∆9,10 position in a wide range of FAs, and is the
rate-limiting enzyme in the catalysis of monounsaturated FAa (MUFAs) from saturated
FAs (SFAs) [9,17,18]. The DGAT1 is considered a candidate and functional gene for milk
production and fat composition and encodes the enzyme acyl-coenzyme A:diacylglycerol
acyltransferase involved in livestock lipid metabolism [8,19,20]. The CSN2 and CSN3 loci
affect the nutrition and technological properties of milk and selected milk quality param-
eters [21–23] such as milk composition, milk yield, or milk technological traits affecting
cheese production [2,24–26].

However, several authors have reported that unilateral selection for high performance has
led to reduced animal resistance to disease, impaired reproductive performance and shortened
the productive life of dairy cattle [27–29]. Selection can negatively affect genetic diversity
within and between breeds [30], and breeding programs should carefully monitor genetic
variability [31]. The genetic diversity of livestock is necessary to meet current production
needs in different environments, to enable continuous genetic improvement and to facilitate
rapid adaptation to changing breeding goals. The productivity in pastoral species is closely
related to the use of different genetic types, but intensively farmed species have developed
more genetic uniformity. The Holstein breed dominates the production of dairy cattle [32].
Allelic diversity is an alternative criterion to measure genetic diversity, and some authors
consider this parameter the most relevant in conservation programs, as a high number of
alleles implies a source of single-locus variation for important traits [33,34]. Ruan et al. [35]
have suggested that heterozygosity may effectively reflect different patterns of population
structure. Heterozygosity has been widely used because it is proportional to the amount
of genetic variance at a locus and lends itself readily to the theoretical consideration of the
effect of a limited population size on genetic variation [36]. Estimated inbreeding based on
heterozygosity ratio is a key parameter for understanding the amount of mating between
related individuals that has occurred in a population [37]. The inbreeding coefficient (FIS) is a
measure of inbreeding and is defined as the probability that two alleles in an individual are
identical by descent [38]. The aims of this study were to propose a rapid detection method
for genes affecting the nutritional value and technological properties of bovine milk (FADS1,
FADS2, FASN, SCD, DGAT1, CSN2 and CSN3) and to analyze Slovak Holstein cattle in order
to increase the knowledge of their genetic structure for these candidate genes.

2. Materials and Methods
2.1. Animals

A total of 210 Holstein cows were used for the present study. The population of the
black and white variant of Holstein cows was collected from two farms in western Slovakia.
Genomic DNA was extracted from hair root samples using commercial NucleoSpin Tissue
column kit (Macherey-Nagel, Düren, Germany). The isolation procedure was in accordance
with the manufacturer’s protocol for DNA extraction from hair roots.

2.2. SNP Genotyping

The genotypes in the eight markers affecting the nutritional value and technological
properties of bovine milk were determined in the study: FADS1-01, FADS1-07, FADS2-23,
FASN-16024, SCD-T878C, DGAT1-K232A, CSN2-H67P and CSN3-D148A (Table 1).

Genotyping was performed by the polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) and artificially created restriction site-polymerase chain
reaction (ACRS-PCR) methods. Amplification of specific regions of selected genes was
performed using MyTaq HS DNA polymerase (Bioline, London, UK) and the identification
of the presence of alleles of selected SNP polymorphisms was performed using specific
restriction enzymes FastDigest (Thermo Scientific BioScience, Waltham, MA, USA). The
reaction mixture in the total volume of 20 µL contained 2 µL template DNA, 1 U MyTaq HS
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DNA polymerase (Bioline), 1X MyTaq Reaction buffer, 2 mM (1.5 mM for DGAT1-K232A)
MgCl2 (Bioline), 0.2 mM dNTP Mix (Bioline) and 0.4 pM of each primer. The PCR cy-
cling condition with gradient thermocycler C1000 TouchTM (Biorad, Hercules, CA, USA)
included 95 ◦C for 3 min followed by 35 cycles of 95 ◦C for 5 s, 60 ◦C (66 ◦C for DGAT1-
K232A) for 20 s and 72 ◦C for 30 s. The reaction was completed by the final elongation
step of 72 ◦C for 10 min. The fragments of restriction digestion were separated by agarose
electrophoresis and capillary electrophoresis (markers FADS1-01, FADS1-07, FADS2-23,
FASN-16024, SCD-T878C, CSN2-H67P). Agarose electrophoresis was performed on 3%
agarose gel (Serva, Odessa, TX, USA) with GelRedTM intercalacting dye (Biotium, Fremont,
CA, USA) in 1 × SB buffer [44] at 180 V for 30 min. The visualization and recording of
results—restriction fragments describing the presence of specific alleles—was done with the
UV light and Olympus C-7070 documentary system. Individuals with a mutant genotype
for each marker were confirmed a second time via a genotyping procedure. Capillary
electrophoresis was performed on a GenomeLab GeXP genetic analyzer (Beckman Coulter,
Brea, CA, USA). The identification of restriction cleavage fragments was only possible with
SNP markers in which PCR amplification involved the use of fluorescently labeled primers.
Three fluorescent labels were used for the GenomeLab GeXP genetic analyzer (Beckman
Coulter): WellRed D2, WellRed D3 and WellRed D4. A mixed sample of fluorescently
labeled cleavage fragments of 6 monitored SNP markers was used for multiplex fragmenta-
tion analysis. The results of the fragment analysis were evaluated using GenomeLab GeXP
software version 10.2 (Beckman Coulter). A summary of molecular genetic methods used
to detect selected SNP markers FADS1-01, FADS1-07, FADS2-23, FASN-16024, SCD-T878C,
DGAT1-K232A, CSN2-H67P and CSN3-D148A, including amplification conditions, restric-
tion digestion and separation of specific cleavage fragments describing the presence of
alleles of the monitored SNP markers is presented in detail in Table 2.

Table 1. Analyzed markers and SNP polymorphism of DGAT1, SCD, FADS1, FADS2, FASN, CSN2
and CSN3 genes.

Marker Mutation Location SNP References

FADS1-01 A/G intron rs136261927 [11]
FADS1-07 A/G exon rs42187261 [11]
FADS2-23 C/G 3′ UTR rs109772589 [11]

FASN-16024 A/G exon rs480320793 [39]
SCD-T878C C/T exon rs41255693 [40]

DGAT1-K232A AA/GC exon rs109326954 [41]
CSN2-H67P A/C exon rs43703011 [42]

CSN3-D148A A/C exon rs43703016 [43]
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Table 2. An overview of the molecular genetic methods used for selected markers.

Marker Method Primer Sequences 5′-3′ Primer Labeling Ta MgCl2 RE Allele Identification # References

FADS1-01 ACRS-PCR * For: 5′-GGCAGCGGGAGAAATGGAAGG-3′

Rev: 5′-ACCCCTTAGGAGGCCACTGACCACACAG-3′ WellRed D4 60 ◦C 2 mM PflMI
Allele G: 143 bp

Allele A: 116 bp, 27 bp
Present study

FADS1-07 ACRS-PCR * For: 5′-TGCACCCAGATCAAATCAGTACAAGCA-3′

Rev: 5′-CACTTTCTACGTCCGTATCTTCCTCACATA-3′ WellRed D4 60 ◦C 2 mM NdeI
Allele A: 261 bp

Allele G: 231 bp, 30 bp
Present study

FADS2-23 ACRS-PCR For: 5′-ACCCGTAGATAGCTCCAGGAGAGGCC-3′

* Rev: 5′-GTGCTCCCATCGCAAAGCAG-3′ WellRed D2 60 ◦C 2 mM MspI
Allele A: 372 bp

Allele G: 347 bp, 25 bp
Present study

FASN
16024 PCR-RFLP * For: 5′-CTACCAAGCCAGGCAGGTC-3′

Rev: 5′-GCCATTGTACTTGGGCTTGT-3′ WellRed D3 60 ◦C 2 mM HhaI
Allele A: 353 bp

Allele G: 262 bp, 91 bp
[39]

SCD
T878C ACRS-PCR * For: 5′-GCCCTGTGAGAGTGGAAAATCAGGT-3′

Rev: 5′-TCTTGCTGTGGACTGCTGACTTACG-3′ WellRed D4 60 ◦C 2 mM Hin6I
Allele T: 350 bp

Allele C: 323 bp, 27 bp
[45]

DGAT1
K232A ACRS-PCR For: 5′-TGCCGCTTGCTCGTAGCTTTGGCC-3′

Rev: 5′-ACCTGGAGCTGGGTGAGGAACAGC-3′ ——- 66 ◦C 1.5 mM BglI
Allele A: 254 bp, 96 bp,

28 bp
Allele K: 282 bp, 96 bp

[41]

CSN2
H67P ACRS-PCR * F: 5′-CCTTCTTTCCAGGATGAACTCCAGG-3′

R: 5′-GAGTAAGAGGAGGGATGTTTTGTGGGAGGCTCT-3′ WellRed D2 60 ◦C 2 mM DdeI
Allele A1: 138 bp

Allele A2: 103 bp, 35 bp
[42]

CSN3
D148A PCR-RFLP F: 5′-GCTGAGCAGGTATCCTAGTTAT-3′

R: 5′-CTTCTTTGATGTCTCCTTAGAG-3′ ——— 60 ◦C 2 mM HindIII Allele A: 443 bp
Allele B: 348 bp, 95 bp [43]

Note: *—primer labeled with fluorescence chemistry WellRed D2, D3 or D4, RE—restriction endonuclease, Ta—annealing temperature. #—allele-specific fragments produced after
restriction cleavage by a specific enzyme. Highlighted fragments (italic format and underlined) labeled with the appropriate fluorescent primer were used in the fragmentation analysis
performed by the GenomeLab GeXP genetic analyzer (Beckman Coulter).



Diversity 2022, 14, 989 5 of 16

2.3. Genetic Structure

Based on the molecular genetic analyses, the genotypic structure of the population
studied was established for polymorphism in FADS1, FADS2, FASN, SCD, DGAT1, CSN2
and CSN3 genes and allelic frequencies were calculated. A statistical significance of the
differences between observed and expected genotype frequencies was verified using the
Chi-square statistic. Efficiency of allele occurrence was assessed using the following pa-
rameters: expected heterozygosity (Heexp), observed heterozygosity (Heobs), polymorphism
information content (PIC), expected homozygosity (E), effective number of alleles (ENA),
level of possible variability realization (V%) and FIS—population inbreeding level.

Experimental heterozygosity (Heobs) [46]

Heexp = 1−∑
(

p2 + q2
)

(1)

Polymorphism information content (PIC) [47]

PIC = 1−∑
(

p2 + q2
)
−
(

n−1

∑
i=1

n

∑
j=i+1

2p2
i 22

j

)
(2)

Coefficient of homozygosity (Ca) [48]

Ca = ∑ p2
i (3)

Effective number of alleles (ENA) [48]

ENA =
1

p2 + q2 (4)

Level of possible variability realization (V%) [48]

V =
1− Ca
1− 1

N
× 100 (5)

Population inbreeding level (FIS) [37]

FIS = 1− Heobs
Heexp

(6)

3. Results and Discussion
3.1. SNP Identification and Genotyping

The FADS1-01, FADS1-07, FADS2-23, FASN-16024, SCD-T878C, DGAT1-K232A, CSN2-
H67P and CSN3-D148A polymorphisms of Holstein cows detected in PCR-RFLP and ACSR-
PCR were determined using 3% agarose gel (Invitrogen, Waltham, MA, USA) containing
GelRedTM dye (Biotium) in 1 × SB buffer [44] at 180 V for 30 min and fragments are shown
in Figure 1. The ACRS-PCR method was used in the absence of a recognition restriction
site or in the case of a reduction in cost (significant differences in the prices of restriction
endonucleases).
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Figure 1. Illustration of FADS1-01, FADS1-07, FADS2-23, FASN-16024, DGAT1-K232A, SCD-T878C, 
CSN2-H67P, CSN3-D148A genotypes on agarose gels. (a) Marker SCD-T878C: genotype TT (350 bp), 
genotype CT (350 bp, 323 bp, 27 bp), genotype CC (323 bp, 27 bp). Marker FADS2-23: genotype GG 
(347 bp, 25 bp), genotype AG (378 bp, 347 bp, 25 bp), genotype AA (378 bp). Marker DGAT1-K232A: 
genotype KK (282 bp, 96 bp), genotype AK (282 bp, 254 bp, 96 bp, 28 bp), genotype AA (254 bp, 96 
bp, 28 bp). L—100 bp ladder (Thermo Scientific BioScience); (b) Marker FADS1-01: genotype AA 
(116 bp, 27 bp), genotype AG (143 bp, 116 bp, 27 bp), genotype GG (143 bp). Marker FADS1-07: 
genotype GG (231 bp, 30 bp), genotype AG (261 bp, 231 bp, 30 bp), genotype AA (261 bp). Marker 

Figure 1. Illustration of FADS1-01, FADS1-07, FADS2-23, FASN-16024, DGAT1-K232A, SCD-T878C,
CSN2-H67P, CSN3-D148A genotypes on agarose gels. (a) Marker SCD-T878C: genotype TT (350 bp),
genotype CT (350 bp, 323 bp, 27 bp), genotype CC (323 bp, 27 bp). Marker FADS2-23: genotype GG
(347 bp, 25 bp), genotype AG (378 bp, 347 bp, 25 bp), genotype AA (378 bp). Marker DGAT1-K232A:
genotype KK (282 bp, 96 bp), genotype AK (282 bp, 254 bp, 96 bp, 28 bp), genotype AA (254 bp, 96 bp,
28 bp). L—100 bp ladder (Thermo Scientific BioScience); (b) Marker FADS1-01: genotype AA (116 bp,
27 bp), genotype AG (143 bp, 116 bp, 27 bp), genotype GG (143 bp). Marker FADS1-07: genotype GG
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(231 bp, 30 bp), genotype AG (261 bp, 231 bp, 30 bp), genotype AA (261 bp). Marker FASN-16024:
genotype GG (261 bp, 91 bp), genotype AG (353 bp, 261 bp, 91 bp), genotype AA (353 bp). L—100 bp
ladder (Thermo Scientific BioScience); (c) Marker CSN2-H67P: genotype A1A1 (138 bp), genotype
A1A2 (138 bp, 103 bp, 35 bp), genotype A2A2 (103 bp, 35 bp). Marker CSN3-D148A: genotype AA
(443 bp), genotype AB (443 bp, 348 bp, 95 bp), genotype BB (348 bp, 95 bp). L—100 bp ladder (Thermo
Scientific BioScience). The lowest fragment with an approximate length of less than 25 bp occurring in
CSN2-H67P, CSN3 and DGAT1-K232A genotyping is associated with the presence of primer dimers.

The faster identification of genotypes of markers FADS1-01, FADS1-07, FADS2-23,
FASN-16024, SCD-T878C, CSN2-H67P was optimized fragmentation analysis, which is
based on the separation of fluorescently labeled fragments in capillary electrophoresis
(Figure 2). In our case, we used the GenomeLab GeXP genetic analyzer (Beckman Coul-
ter) and the WellRed D2, WellRed D3 and WellRed D4 fluorescent labels, which were
anchored at the 5 ‘end of one of the primers. The reliability of the results obtained using
fragmentation analysis in the GenomeLab GeXP genetic analyzer (Beckman Coulter) was
evaluated by horizontal electrophoresis on agarose. The principle of experimental design
and the subsequent identification of restriction fragments using capillary electrophoresis
corresponded to the principle of T-RFLP (Terminal-Restriction Fragment Length Poly-
morphism) analysis routinely used to identify the presence of individual microorganisms
in microbial communities [49,50]. The simultaneous identification of specific restriction
fragments in capillary electrophoresis made it possible to shorten the genotyping time
for six selected markers, the restriction fragments of which were labeled with WellRed
fluorescence chemistry. The design of the experiment consisted in comparing the expected
restriction fragments obtained by the initial analysis in the NEBcutter v 2.0 program [51]
and the subsequent selection of fluorescent labels D2, D3 and D4. The identification of
individual alleles was performed with GenomeLab System ver. 10.2.3.

3.2. Genetic Structure

The result of the SNP genotyping is shown in Table 3. Population structure is useful
information for breeders in designing effective strategies to improve the conservation
of livestock genetic resources. In the FADS1-01 marker, the genotype GG and allele G,
which are associated with the highest increase in the content of omega-6 fatty acid dihomo-
gamma linolenic in milk [11], had a higher frequency than the genotypes AG, AA and the
A allele, which reduced the content of dihomo-gamma linolenic acid by 0.009 g.100 g−1 of
total fat [11]. Harris [52] reports that dihomo-gamma linolenic acid (DGLA) produces an
extra-strong eicosanoid 15-OH-DGLA in the skin, which has exceptional anti-inflammatory
properties. Our findings correspond to those of Ibeagha-Awemu et al. [11], which found
the highest proportion of the GG genotype and G allele in the population of Canadian
Holstein cows. Similarly, Beak et al. [53] observed a higher proportion of the G allele in the
Hanwoo beef population, but the most represented genotype was AG.

For the FADS-07 marker, there was observed the largest proportion of the AG genotype
and the A allele. As with us, Ibeagha-Awemu et al. [11] report the highest proportion of
heterozygous genotype AG and allele A in the population of Canadian Holstein cows and
the lowest proportion of genotype GG. Beak et al. [53] also observed a higher proportion
of the A allele in the Hanwoo beef population, but the most represented genotype was
AA. Ibeagha-Awemu et al. [11] also claim that the AA genotype of the FADS1-07 marker
is associated with the highest increase in eicosapentaenoic acid, with allele A inducing
an increase in this acid in milk of 0.0042 g.100 g−1 of total fat. Grofová [54] states that
eicosapentaenoic acid influences processes related to the action of prothrombotic and pro-
inflammatory mediators. Ibeagha-Awemu et al. [11] also found that genotype AA was
associated with the highest increase in tricosanoic acid content in milk, while allele A
increases the content of this acid in milk by 0.0021 g.100 g−1 of total fat.

In the case of the FADS2-23 marker, the homozygous form of GG had the highest
proportion in the bovine population we monitored, which means that the G allele was
more numerous than the A allele. Beak et al. [53] observed only the AG genotype in the
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Hanwoo beef population. Our results are inconsistent with the findings of Ibeagha-Awemu
et al. [11], who observed a predominance of homozygous AA genotypes in the Canadian
Holstein cattle population, with a lower frequency of heterozygous AG genotypes, and the
least homozygous AA genotype. The authors further point out that the marker FADS2-23 is
demonstrably associated with the content of omega-6 fatty acids dihomo-gamma linolenic
and arachidonic, while the GG genotype, which had a predominance in our population,
shows higher values of these acids, while allele A demonstrably reduces the content of
dihomo-gamma linolenic acid by 0.008 g.100 g−1 of total fat in milk and arachidonic acid
by 0.0071 g.100 g−1 of total fat in milk.
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Figure 2. Representative results of fragmentation analysis of cleavage fragments of markers SCD-
T878C, FADS1-01, FADS1-07, FADS2-23, FASN-16024 and CSN2-H67P in the GenomeLab GeXP genetic
analyzer. Electrophoretograms (a–c) show the identification of genotypes of individual markers using
fluorescent peaks characterizing the presence of alleles of the analyzed markers. The black peaks
correspond to the Beckman WellRED dye D2; the green peaks correspond to the Beckman WellRED
dye D3; the blue peaks correspond to the Beckman WellRED dye D4; the red peaks correspond to the
Beckman WellRED dye D1 present on the Beckman size standard ladder 600 bp.
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Table 3. Genotype and allele frequencies of Holstein cattle for markers FADS1-01, FADS1-07, FADS2-
23, FASN-16024, SCD-T878C, DGAT1-K232A, CSN2-H67P and CSN3-D148A.

Marker Genotype Frequencies Allelic Frequencies χ2 P

AA AG GG A G

FADS1-01 0.0381 0.3714 0.5905 0.2238 0.7762 1.033 0.6055

FADS1-07 0.3191 0.5333 0.1476 0.5857 0.4143 2.056 0.3577

FADS2-23 0.0810 0.4192 0.50 0.2905 0.7095 0.058 0.9713

FASN-16024 0.0238 0.3000 0.6762 0.1738 0.8262 0.416 0.8120

CC CT TT C T

SCD-T878C 0.5286 0.3952 0.0762 0.7262 0.2738 0.008 0.9958

AA AK KK A K

DGAT1-K232A 0.6762 0.2810 0.0428 0.8167 0.1833 0.801 0.6700

A1A1 A1A2 A2A2 A1 A2

CSN2-H67P 0.1381 0.4619 0.40 0.3690 0.6310 0.013 0.9933

AA AB BB A B

CSN3-D148A 0.6952 0.2762 0.0286 0.8333 0.1667 0.007 0.9967

Note: χ2—chi-square test, P—p-value (statistical significance).

In the tested bovine population, all three genotypes were detected for the FASN-16024
marker, with the GG genotype being present with the highest frequency. The frequency
of the G allele, which according to Roy et al. [55] increases the percentage of milk fat,
was high and accounted for 83.62%. The observations of Barton et al. [56] in the Simental
and Roy et al. study [55] into two Holstein populations, are the same as ours. Schennink
et al. [10] also detected the predominance of the G allele in the Holstein–Friesian breed,
which was represented in the population by up to 89%. Our results contradict the findings
of Kawaguchi et al. [57], who observed the highest proportion of the AA genotype in the
Japanese Black Cattle population, with a significant predominance of the A allele with an
incidence of up to 90%. Čítek et al. [26] observed only two genotypes AG and GG in the
Czech Simmental population, with the predominance of the GG genotype. Abe et al. [39]
report that the A allele, which was infrequent in our population, increases the content of
stearic acid (C18:0) and oleic acid (C18:1) and affects the ratio of monounsaturated fatty
acids to saturated fatty acids. At the same time, allele A reduces the content of myristic
acid (C14:0), myristic oil (C14:1), palmitic acid (C16:0) and palmitoleic acid (C16:1).

In the case of the SCD-T878C marker, the CC genotype was the most numerous. The
C allele occurred at a high frequency in the study population. The frequencies found
are in agreement with the frequencies found in the population of Canadian Holstein
cattle [58], Japanese black cattle [59], Chinese Holstein cattle [60] and Polish Holstein
cattle [61]. The opposite conclusions were reached by Conte et al. [62], who observed
the predominance of the TT genotype in the Italian brown cattle population, with the
CT genotype occurring with a lower frequency, and the CC genotype being the least
represented. Čítek et al. [26] in the Czech Simmental population and Safina et al. [63]
in the population of Holstein cattle observed the highest proportion of the CT genotype,
with a lower frequency of the CC genotype and the lowest proportion of the TT genotype.
Several studies describe a significant association between TT genotypes and fatty acid
composition in milk [40,58,64,65]. Čítek et al. [2] reported that the TT genotype was
significantly associated with the lowest milk, protein and fat production and the highest
protein content. The C allele has a positive effect on the conversion of exclusively de novo
synthesized medium-chain saturated fatty acids to their unsaturated form in the mammary
glands of ruminants. The beneficial effect of the C allele on medium-chain unsaturated
fatty acids and on the desaturation index is of particular interest because medium-chain
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saturated fatty acids are most involved in raising cholesterol levels in milk consumers [66].
Mao et al. [60] stated that cows with the CC genotype, which was the most represented in
our population, had a higher daily production of milk and fat in milk.

In the population of Holstein cattle in the case of the marker DGAT1-K232A, the most
common genotype was AA and the least represented was genotype KK. The results show
that the frequency of allele A was very high. Consistent with our findings, the AA genotype
was recorded as the most frequent in other studies and the KK genotype was the least
frequent [60,62,67]. Barton et al. [56] and Čítek et al. [26] report that, in the Simental cattle
population, genotype AA and allele A had a higher frequency than the genotype KA and
the K allele; the homozygous genotype KK was not found at all. Conte et al. [62] also argue
that the DGAT1 gene could be a candidate gene for different fatty acid content in milk.
According to the authors, the AK genotype increases the percentage of unsaturated fatty
acids C14:1, C16:1, C18:1, C18:2 and at the same time decreases the content of saturated
fatty acids C10:0, C16:0, C18:0, C20:0 and C24:0 versus genotype AA. Contrary to these
claims are the observations of other authors who found that the K allele is associated with
a higher content of saturated palmitic fatty acid (C16:0) and a lower content of saturated
myristic fatty acid (C14:0), C18 unsaturated fatty acids and conjugate linoleum acid [68,69].

All three genotypes were found for the CSN2-H67P marker, the heterozygous A1A2
genotype occurring with the highest frequency. Allele A2 was more numerous than allele
A1. In contrast, Oleński et al. [70] in the Holstein cattle population, Ganguly et al. [71] in a
population of Holstein crossbreeds and Čítek et al. [26] in the Simental population of cattle
detected the predominance of the A2A2 genotype; the A1A2 genotype occurred with a lower
frequency and the A1A1 genotype was the smallest. As with us, the predominance of the A2
allele was detected by Manga et al. [72] in the population of Czech spotted and Czech Holstein
cattle, and by Beja-Pereira et al. [73] in the population of Pinzgau cattle and Caroli et al. [74] in
the Carora breed. In contrast, Hanusová et al. [75] found a higher frequency of the A1 allele in
the Holstein cattle population. The presence or absence of the A1 allele is associated with the
ratio of saturated and unsaturated fatty acids in milk, and it is known that the high dietary
intake of saturated fatty acids is a major risk factor for heart disease. Many studies suggest
that the combination of fat and milk protein containing the A1 beta-casein variant is a health
risk factor and is associated with diseases such as type I diabetes mellitus [76,77], ischemic
heart disease [78] and Sudden Infant Death Syndrome (SIDS) [79].

The CSN3-D148A marker was predominantly represented by the AA genotype. The
frequency of allele A was very high and represented 83.33% in the population. Sitkowska
et al. [80] and Botaro et al. [81] also found a significant predominance of the AA genotype in
the Holstein cattle population and Čítek et al. [26] in the Simental cattle population. Doosti
et al. [82] and Gouda et al. [83] found in the Holstein cow population only two genotypes
AA and AB with a predominance of genotype AB. The most common variants A and B are
associated with milk processing properties [84,85]. Azevedo et al. [86] report that allele B
is associated with thermal resistance, shorter coagulation time (10–30%), higher yields of
fresh and ripening cheeses (5–8%), better coagulation (20–100%) and micelles of different
sizes, which are necessary in the manufacture of cheese. The authors also claim that the
yield of curd from milk from cows with the BB genotype is 10% higher compared to milk
from cows with the genotype AA.

Based on the χ2-test, it was found that the differences between the expected and observed
frequencies of bovine genotypes were statistically non-significant for all analyzed markers.

The effectiveness of alleles in the test population for markers FADS1-01, FADS1-
07, FADS2-23, FASN-16024, SCD-T878C, DGAT1-K232A, CSN2-H67P and CSN3-D148A is
shown in Tables 4 and 5.
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Table 4. Effectiveness of alleles for markers FADS1-01, FADS1-07, FADS2-23, FASN-16024, SCD-T878C,
DGAT1-K232A, CSN2-H67P and CSN3-D148A in population of Holstein cattle.

Marker Alleles He(obs) He(exp) PIC E ENA V%

FADS1-01 A; G 0.3714 0.3474 0.2870 0.6526 1.5323 34.91
FADS1-07 A; G 0.533 0.4853 0.367 0.5147 1.9429 48.76
FADS2-23 A; G 0.4192 0.4122 0.3272 0.5878 1.7013 41.42

FASN-16024 A; G 0.3000 0.2872 0.2460 0.7127 1.4029 28.86
SCD-T878C C; T 0.3952 0.3977 0.3187 0.6023 1.6603 39.96

DGAT1-
K232A A; K 0.2810 0.2994 0.2546 0.7006 1.4273 30.08

CSN2-H67P A1; A2 0.4619 0.4659 0.3571 0.5344 1.8713 46.78
CSN3-D148A A; B 0.2762 0.2778 0.2392 0.7222 1.3847 27.91

Note: Heexp—expected heterozygosity, Heobs—observed heterozygosity, PIC—polymorphism information con-
tent, E—expected homozygosity, ENA—effective number of alleles, V%—level of possible variability realization.

Table 5. The average values of genetic parameters in the population of Holstein cattle.

Population ENA He(obs) He(exp) FIS

Holstein cows 1.6154 0.3797 0.3716 −0.0218
Note: ENA—effective number of alleles, Heobs—observed heterozygosity, Heexp—expected heterozygosity, FIS—
population inbreeding level.

Livestock breeding is about achieving the best possible production traits, which is the
result not only of selection, but also of many molecular genetic methods using candidate
genes and quantitative trait loci (QTL). Genetic variability (polymorphism) is a basic pre-
requisite for livestock breeding and is commonly used in the identification of individual
animals and in selection for improved productivity. The estimation of genetic variabil-
ity within populations is important because it is related to the evolutionary potential of
populations, which is usually higher in populations with greater genetic variation [87–89].
Determining the genetic parameters of populations, of which the level of heterozygosity
is one of the most important, allows us to estimate the influence of the breeding system
on the level of inbreeding [90,91]. Heterozygosity is an important factor for estimating the
genetic variation in domestic animals [92] and represents genetic potential and adaptability
to the natural environment [93]. In our study, Holstein cattle showed high heterozygosity
values for markers FADS1-07 (Heobs = 0.533) and CSN2-H67P (Heobs = 0.4619). For the
FADS1-07 marker, even the observed heterozygosity (Heobs = 0.533) was higher than ex-
pected (Heexp = 0.4853). In contrast, low heterozygosity values were observed for markers
FADS1-01, FADS2-23, FASN-16024, SCD-T878C, DGAT1-K232A and CSN3-D148A. Very low
heterozygosity values were observed for the markers CSN3-D148A (Heobs = 0.2762) and
DGAT1-K232A (Heobs = 0.2810), which may be related to breeding, as these markers are
most associated with dairy production. Since high productivity is currently being achieved
in commercial breeding herds because of targeted breeding, it would be good to focus on
monitoring fitness and health in these herds. Because it is known that the reduction in
genetic diversity is a result of breeding for best production, economic gains can significantly
affect both the fitness and longevity of animals. This may ultimately have an adverse effect
on production in the long term. According to Zang et al. [94], reduced genetic variation is
not conducive to long-term sustainable breeding, so a trade-off between genetic progress
and inbreeding is required. The loss of genetic variability is an important issue because it
can lead to a reduction in the evolutionary potential of populations, and therefore tracking
heterozygosity is useful for theoretically assessing the impact of limited population size
on genetic variation [36,89]. Wright´s fixation indices (FIS), or F-statistic, are the most
commonly used parameters to describe population structure [37]. Intensive genetic in-
terventions and systematic breeding are a source of the high risk of inbreeding and the
production of inbred offspring, which has a particularly negative impact on the genetic
diversity of small populations [95]. The practice of inbreeding shows that livestock breeds
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differ in the rate of increase in homozygosity (that is, the inbreeding rate). There is a certain
level of inbreeding for each breed, and exceeding it leads to inbreeding depression [91].
FIS is a measure of the deviation of genotypic frequencies from panmictic frequencies, in
terms of heterozygous deficiency or excess. It indicates the extent to which heterozygosity
is reduced below the expected value. FIS values range from −1 to 1. Negative FIS values
indicate an excess of heterozygotes (outbreeding) and positive values indicate a deficiency
of heterozygotes (inbreeding), compared to the expectations of the Hardy-Weinberg equilib-
rium (HWE) [38]. In our case, the average value of FIS present is −0.0218 and indicates a
surfeit of heterozygotes in Holstein cows, compared to the HWE expectations.

4. Conclusions

The study of the genetic structure of Slovak Holstein cattle by eight markers demon-
strated that the average number of heterozygous genotypes corresponded to the average
theoretically expected values, which was confirmed by a negative FIS value. In this study, it
was found that Slovak Holstein cattle have higher heterozygosity only for markers FADS1-
07 and CSN2-H67P, while average homozygosity indicates sufficient heterozygotes in the
population for these markers. Decreased heterozygosity was observed for other mark-
ers. In particular, it was found that the analyzed population has very low heterozygosity
values for the markers CSN3-D148A and DGAT1-K232A. These results suggest that the
genetic diversity of the FADS1-01, FADS2-23, FASN-16024, SCD-T878C, DGAT1-K232A and
CSN3-D148A markers is reduced, which may be due to breeding effects.
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