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Abstract

The search for genetic markers that simplify the selection of animals for crosses, increasing
the likelihood of offspring obtaining with the desired manifestation of economically valuable traits is a
central problem in modern animal husbandry. Here, we discuss the most successful applications of
various types of DNA markers of genomic element polymorphisms for solving specific breeding prob-
lems. Microsatellites are used to exclude errors of origin, single nucleotide polymorphisms (SNPs) to
create maps of genomic regions in which polymorphism is associated with the variability of phenotypic
characteristics (D.J. Rigden, X.M. Fernandez, 2023) and to identify the localization of key genes of
adaptation to natural selection factors at the natural habitat edges and in areas of animal husbandry
risky (E.K. Cheruiyot et al., 2022; L. Buggiotti et al.., 2021, 2022). The loci of increased variability in
the copyicity of genome regions (CNV) are used to assess their involvement in responses to natural
and artificial selection factors of such polygenic systems as sensory, immune, and transporter (Y. Huang
et al., 2021; P. Davoudi et al., 2022). The predominant involvement of regulatory networks including
dispersed and tandem repeats, in particular microsatellite repeats, in epigenetic and phenotypic varia-
bility is discussed (R.P. Kumar et al., 2010). The structural and functional complexity of microsat-
ellite loci, individual features of variability of specific loci and their participation in evolutionary,
recombination, transcription processes are considered. Their involvement in the organization of
secondary DNA structures, participation in the formation and variability of the architectonics of the
interphase nucleus and regulation of gene expression profiles is noted (R.P. Kumar et al., 2010;
X. Tang et al., 2022). The study of regulatory networks is of particular importance, since there is
evidence that the size of the genome in animals of different taxa, as well as the distribution and
composition of mobile genetic elements (sources of components of regulatory networks) differ sig-
nificantly, in contrast to the similarity in the number of genes encoding proteins (V.I. Glazko et al.,
2022). Accumulating evidence suggests that polylocus genotyping of individual microsatellites and
dispersed repeats can contribute to solving practical problems, such as information on the specific
features of the population-genetic structure, consolidation and differences between closely related
groups of animals.
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polymorphism, SNP, copy number variations, CNV, genome-wide association studies, GWAS

The success of breeding work is determined by the quality of selection and
selection of animals for crossing, which directly depends on the ability to predict
the manifestation of desirable economically valuable traits in specific environmen-
tal conditions. The idea of selection using markers was first put forward by the
Soviet geneticist A.S. Serebrovsky who introduced the concept of a signal gene.
According to these ideas, the so-called signalia are alternative genes convenient
for Mendelistic observations with a more or less known chromosomal localization,
which, without directly affecting the transgressive trait being studied and influenc-
ing in a fairly specific way, facilitate the genetic analysis of this trait, allowing one
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to monitor the inheritance of that trait the region of the chromosome in which
these signalia are located [1]. Further, as markers, antibodies to protein antigens
of biological objects were considered in animals, then polymorphism of protein
products of the same genes, detected by the electrical charge of molecules (bio-
chemical markers) in both plants and animals [2].

The next stage was the development of DNA markers of various types.
According to the general definition, DNA markers are markers of polymorphism
of genomic regions the variability of which can potentially be associated with its
manifestations at the phenotypic level. However, with in-depth study of some
DNA markers of various genomic elements, their involvement in complex net-
works of relationships between them, in ensuring the stability, variability and evo-
lution of biological systems, becomes obvious.

In this review, we presented examples of the effectiveness of different gen-
erations of DNA markers as tools in applied research and analyzed data on mi-
crosatellite (short tandem repeat, STR) DNA markers. The variety of biological
functions of STRs is considered, including, in particular, participation in the
formation of secondary DNA structures, the architectonics of the interphase
nucleus, elements of gene expression regulatory networks, which, in our opinion,
changes the understanding of their biological role and the possibilities of practi-
cal application.

Practical application of DNA markers. Types of DNA markers
and their significance for genetic and genomic research. Since the 1980s, poly-
morphism of genomic regions began to be used for genetic marking. In the 1980s,
the most common DNA markers were those based on restriction fragment length
polymorphism (RFLP); in the 1990s, markers detected using polymerase chain
reaction (marker-assisted selection) selection, MAS), after 2000, DNA chips for
detecting single nucleotide polymorphisms (SNPs) during whole-genome sequenc-
ing became widespread.

Polylocus genotyping using DNA markers (genomic scanning) in agricul-
tural species is widely used i) to determine the parameters of variability within and
between breeds; ii) to identify population genetic characteristics in geographically
separated groups and/or when mixing animals of different origins in groups; iii) to
study evolutionary relationships and search for centers of origin and migration
routes; iv) to map the main genes with polymorphism is associated with variability
in phenotypic characteristics (including the identification of known alleles for ge-
netically determined diseases and the identification of their carriers, and v) to
detect alleles associated with increased resistance to infectious and non-infectious
diseases). For multilocus genotyping, microsatellite markers are widely used - tan-
dem repeats, the elementary (repeating) unit of which can be from 2 to 6 bp in
length. (simple, or short tandem repeat, STR) [3].

In agreement with the Food and Agricultural Organization (FAO) and the
International Society of Animal Genetics (ISAG), genotyping panels for farm an-
imals were initially developed for blood groups, then for biochemical markers, and
currently, by microsatellite polymorphism. These panels are specific for each spe-
cies, include a couple of dozen loci and are designed in such a way that they allow
PCR to be carried out simultaneously for several markers and solve a number of
current problems (identification of origin, identification of breed population ge-
netic characteristics of animals). For more than two decades, genetic certification
of animals, necessary to exclude errors of origin, was carried out using such panels
of highly polymorphic markers. The degree of their heterozygosity, despite fre-
quent inbreeding in farm animals, is often 75% or more. Typically, dinucleotide
and trinucleotide repeats are used for certification. Along with them, due to the
expansion of whole-genome sequencing of representatives of different species, new



generations of DNA markers appear, usually based on SNPs.

To date, more than 30,000 Holstein bulls have been genotyped using Bo-
vineSNP50 BeadChip DNA microarrays (Illumina, USA), which allows simulta-
neous analysis of 54,001 SNPs (approximately one SNP per 50,000 bp). Using
such microarrays, maps of SNP distribution across genomes have been constructed
for different species [4] and genome-wide association maps of SNP localization
sites with variability in phenotypic characteristics (genome-wide association study,
GWAS) have been created [5, 6].

DNA microarrays (chips) make it possible to detect not only SNP-linked
markers, but also copy number variations (CNVs), including deletions, duplica-
tions, translocations and inversions [7]. CNV is attracting increasing attention
because it is often associated with variability in phenotypic traits in agricultural
animal species [8-13] and with unfavorable phenotypic manifestations in humans
[7]. Detailed chromosomal maps of the distribution of CNV markers were created.
Specifically, in humans, CNV loci cover 12% of the genome (Database of Ge-
nomic Variants, http://projects.tcag.ca/variation/), meaning CNVs involve more
nucleotides per genome than SNPs [14]. Spontaneous CNVs are predicted to oc-
cur at an average frequency of 1074 bp [15]. The high level of variability gives
reason to believe that the use of CNV markers of polymorphism in genomic DNA
regions will increase the accuracy of mapping the main genes of such economically
important animal characteristics as resistance to biotic and abiotic environmental
factors and productive qualities [16-18].

Thus, it is worth noting the successful development of methods for se-
quencing biomolecules, especially using fourth-generation technologies (na-
nopore-based sequencing) [19], as well as complete reading of genomes in most
agricultural animal species, including mammals [20]. However, the directions for
practical application of the huge volume of results of these gene and genomic
studies are still not sufficiently developed. It is necessary to correlate the data
accumulated over decades on the genotypes of representatives of different breeds
by microsatellites (STR) and the results of genotyping using SNP panels, which is
currently (as previously STR analysis) carried out to control origin, breed identi-
fication, and identify relationships between genotypes and variability of phenotypic
traits [21-24]. It turned out that, among other complexities, the STR panel rec-
ommended by ISAG for genotyping farm animals includes microsatellites that
differ significantly from each other in polymorphism and efficiency in differenti-
ating animals within and between breeds [21]. A study of the colocalization of
STRs and SNPs in the cattle genome showed that only 57.1% of STRs are in
linkage disequilibrium (LD), while the remaining 42.9% are located outside such
blocks [25]. In other words, in the cattle genome, a significant number of STRs
are not linked to SNPs (probably due to the specific mechanisms of mutations
and genomic distribution of STRs, as well as their increased polymorphism). It
follows from the fact that each microsatellite has its own characteristics of poly-
morphism and mutability, and combining different microsatellites into a common
panel can lead to erroneous conclusions.

The widespread replacement of whole genome sequencing (WGS) with a
relatively limited number of SNPs on DNA chips in order to identify SNPs asso-
ciated with variability in phenotypic characteristics also often carries sources of
significant errors [26]. As in the case of STR, the possibility of using a limited
number of SNPs to predict the variability of phenotypic traits will depend on the
localization of SNPs in various genomic elements and their structural and func-
tional features [26].

The development of a new direction, the pangenomics (in particular, pan-
genomics of cattle), due to the accumulation of WGS data for many genomes,



makes it possible to add to the reference genome of cattle presented in GenBank
(Bos taurus, https://www.ncbi.nlm.nih.gov /data-hub/taxonomy/9913/), appx. 4%
of nucleotide sequences [27]. This may influence the shift in the positions of the
analyzed SNP allelic variants. Thus, in cattle, in addition to the reference genome,
83,250 SNPs were identified, for which polymorphism is observed both within
breeds and between breeds [27].

Search for DNA markers of economically valuable traits. In the last decade,
the development of GWAS has allowed advances in understanding the genetic
basis of complex traits and diseases in both humans and livestock [28]. An inter-
esting fact is that most SNPs associated with phenotypic variability of properties
are localized in non-coding sequences of the genome [28]. In many cases, such
sequences are closely related to numerous regulatory elements (RE) influencing
gene expression profiles [29]. However, their evolutionary preservation, variability,
and involvement in the manifestation of complex polygenic traits still remain in-
sufficiently studied.

STR or SNP polymorphism can be used to map genomic regions of the
localization of genomic elements, the variability of which makes a significant con-
tribution to the manifestation of quantitative economically valuable traits in ani-
mals of agricultural species, and to detect key genes and/or RE of such traits. As
a rule, these genomic elements are detected in animals living in extreme environ-
mental conditions. A striking example of successful searches are studies of the
resistance of milk productivity of Australian Holstein cows to high temperatures
[30, 31], and of Kholmogory and Yakut cattle to low temperatures [32, 33].

The composition and functional organization of genomic elements in-
volved in the genetically determined control of milk production in cattle may be
an example of the complex genetic basis of quantitative economically valuable
traits. To date, a chromosomal map of genes involved in the formation of the
udder and milk production in cattle (the so-called lactome map) has been created,
which includes 197 milk protein genes and more than 6000 genes involved in the
development and functioning of the mammary gland [34]. It turned out that these
genes are scattered across all 30 chromosomes of cattle. Comparison of the ge-
nomes of the platypus, opossum, placental mammals (cattle, dog, human, mouse,
and rat) [34] for the genes of milk proteins and mammary gland formation revealed
losses and duplications, phylogenetic relationships, conservatism of the sequences
of these genes and their evolution. Evidence has been obtained that in cattle, the
genes for milk and mammary gland proteins evolve more slowly than in other
studied placental species. It was found that in cattle, in comparison with other
listed species, the genes of milk proteins that determine its nutritional and immune
properties were the most divergent; the genes associated with the processes of milk
secretion turned out to be the most conservative.

Analysis of the transcriptome at different stages of lactation showed that
16,892 genes are expressed during the intermediate period of the lactation cycle,
19,094 at the peak of lactation, and 18,070 during the decline of lactation. The
expression level of genes encoding caseins, whey proteins and enzymes of the
metabolic pathway for lactose synthesis was increased at the beginning of lactation,
and most genes of the metabolic pathways of lipid metabolism were increased in
the intermediate period and at the peak of lactation [35].

It is obvious that milk production is influenced by the genetic character-
istics of the individual, epigenetic processes, nutrition, pathogens, climatic condi-
tions and other external factors. This is especially clearly revealed by the example
of differences in selection indices calculated for the same Holstein bulls based on
the milk productivity of their daughters born in different ecological and geograph-
ical regions, in Luxenburg and Tunisia [36].



Over the past decade, there has been a significant increase in the number
of studies assessing the impact of epigenetic variability associated with regulatory
networks, which are represented, in particular, by microRNAs (miRNAs, small
non-coding RNAs with transcriptional and post-transcriptional effects). The direct
involvement of microRNAs in the control of gene expression profiles and in the
regulation of the development and functioning of the mammary gland is increas-
ingly being revealed [37, 38]. MicroRNAs have been found to play an important
role in many processes associated with breast development and disease, as well as
milk secretion. Hundreds of miRNAs have been identified in the mammary gland,
but the number of miRNAs whose functions are fully known is very small. The
problem is that one miRNA can be involved in the control of hundreds of genes,
so functional validation of each target gene for this miRNA is difficult. The situ-
ation is further complicated by the fact that the response to the same environmen-
tal factors can be provided by different microRNAs, not only in closely related
species [39], but also in breeds [40].

The diversity of microRNA spectra is very wide, as is their connection
with the regulation of gene expression of different metabolic pathways and their
intersection points. Of the 19,994 protein-coding orthologous gene pairs between
Bos taurus and the extinct species B. primigenius, 1,620 genes differ in microRNA
binding site polymorphism in the 3"-UTR [41]. These 1,620 genes are primarily
involved in the control of pigmentation, reproduction, neural function, general
metabolism, immune responses, and variation in animal performance traits, in-
cluding milk quality and feed efficiency.

Applicability of DNA markers for practical selection. One of the first con-
clusions that can be drawn based on data from genetic and genomic studies of
farm animals is apparently the following. There is no need to look for a universal
method to solve all breeding problems. If STR panels have shown success in elim-
inating origin errors, there is no point in replacing them with more complex and
expensive SNP-based test systems. Moreover, a search is already underway for
universal STR panels, orthologous in different species, with the desired level of
polymorphism [42], which will make it possible to differentiate species and intra-
specific variability of biological objects [43].

Obviously, SNP maps are indispensable when searching for genomic re-
gions in which genes for resistance to critical biotic and abiotic external factors
are localized. Based on their refinements and expansion of mapping volumes, en-
vironmental genomics will be formed as a continuation of environmental genetics
- a scientific direction laid down by A.S. Serebrovsky [1].

SNP analysis is important for searching for candidate genes for economi-
cally valuable traits when their expression differs significantly in the animals being
studied, since in this case it is possible to search for a small number of genes that
cause such differences. It is difficult to overestimate the success of using SNPs to
reconstruct the genetic dynamics of populations based on the analysis of runs of
homozygosity (ROH) [44] or when searching for mutations in genes critical for
animal reproduction (loss-of-function or fertility haplotypes) [43].

A significant amount of data on the distribution of SNPs has allowed ge-
nome-wide association analyzes (GWAS) of SNPs with various traits in plant and
animal species to be performed [46]. The results are presented on the resources of
the National Genomics Data Center, China National Center for Bioinformation
[47] and in the database collection of the journal Nucleic Acids Research [47]. For
such a complex trait as milk production, it is difficult to expect obvious and reliable
success [49]. L. Flori et al. [49) reported associations between SNP haplotypes (in
linkage disequilibrium) with variability in milk production parameters in the three
main dairy breeds of France — Holsteins, Normans, and Montbeliards. In areas of



increased density of such haplotypes in three breeds, a total of 40 genes were
identified, mainly differing in the studied breeds. Perhaps the observed contradic-
tions are due to epistatic interactions between gene ensembles involved in the
manifestation of such economically valuable traits as the amount of total milk
yield, the percentage and amount of milk fat and protein. In a GWAS analysis
using 76,109 SNPs in 294,079 Holstein cows of the first lactation, the effect of
pairwise epistasis on indicators of milk productivity and reproduction (total milk
yield, yield of milk fat, protein, percentage of milk fat and protein, pregnancy rate
of daughters) was assessed [50]. Of the top 50,000 identified pairwise epistasis
effects for each trait, five involve large chromosomal regions with intrachromoso-
mal epistasis [50]. In fact, this can explain the well-known undesirable correlations
between total milk yield and milk protein content, milk fat content and reproduc-
tion in cows. A clear demonstration of the difficulty of identifying gene elements
whose polymorphism is associated with variability in an economically valuable
trait is the quantitative trait locus on chromosome 18 (BTA1S), associated with
ease of calving and stillbirth in Holstein-Friesian cattle and its crosses (51). This
fact has been known for more than 20 years, but its genetic basis has not yet been
identified. To identify it, based on genotyping of 2697 Holstein Friesians, a de-
tailed analysis of the corresponding BTA18 region was performed and an assess-
ment of linkage disequilibrium in this region was performed. As a result, the con-
nection of the polymorphism with the described pathology was confirmed, 4 SNPs
with almost perfect linkage disequilibrium were identified, but not a single candi-
date gene associated with the specified pathology was identified. An abundance of
segmental duplications was found within and around the region [51].

The method of genotyping using CNV markers appears to be very effective
in identifying physiological systems involved in the direction of selection, primarily
at the interspecific level. Indirect support for this assumption is the fact that in
farm animals, CNVs are most often detected in the case of genes involved in
various functions of the immune system [52-55].

MicroRNAs as elements of regulatory networks have attracted attention
due to their involvement in the control and modulation of the functional activity
of genes [37-40]. However, it must be taken into account that the degree of vari-
ability in the expression level of different genes is not the same. Our analysis of
gene expression profiles in the liver of pigs [56] revealed two groups of genes, with
and without individual differences between the animals studied. In pigs, using the
KEGG Metabolic pathway database (https://www.genome.jp/kegg/path-way.html),
we assessed the involvement in different metabolic pathways for 17 genes with
similar expression values in individuals (these genes conditionally designated as a
group with constitutive expression) and 18 genes that make up the variable part of
gene expression profiles with pronounced individual differences between animals.
In our experiment, the products of 17 constitutively expressed genes were involved
in 25 metabolic pathways, or an average of 1.5 pathways per gene, and each of
the 18 genes with variable expression levels accounted for 3 metabolic pathways
[56]. That is, the greater the number of metabolic pathways in which the gene
product is involved, the more complex the potential regulatory elements that unite
and control them, the higher the individual variability of gene expression. Thus,
although the role of microRNAs in regulatory networks is indisputable (as is the
role of the regulatory networks themselves in the formation of traits and changes
in their manifestations under the influence of influencing factors), the promise of
microRNAs as molecular markers is ambiguous. As noted above, one microRNA
can affect the transcripts of several dozen genes, and different microRNAs can
affect the activity of one gene [37-40]. Thousands of transcription regulatory fac-
tors also change it by interacting with non-coding nucleotide sequences of the



gene [40, 41]. In addition, the interaction of gene products of the same metabolic
pathway and/or different metabolic pathways can also activate processes leading
to changes in gene activity profiles [40, 41].

Microsatellites, structural and functional diversity. Struc-
tural and functional features of STR markers. Microsatellites belong to the first
generation of DNA markers, which have been widely used in the genetics and
genomics of humans, farm animals and plants for more than 30 years [42]. The
experimental data accumulated over this period made it possible to obtain a fairly
complete pattern of the complex structural and functional organization of DNA
markers of this type. To date, species-specific features of the number and genomic
distribution of microsatellites have already been studied. Maps of the distribution
of microsatellites in the genomes of different species have been created [57].

Using the example of the distribution of STRs in the genome of the do-
mestic rabbit (Oryctolagus cuniculus), one can note a pronounced difference in the
frequency of occurrence of STRs due to the length of the elementary repeat:
579097 mono-, 927755 di-, 122482 tri-, 767458 tetra-, 614173 penta- and 1739144
hexanucleotide repeats [57]. The large number of hexanucleotide repeats is ex-
plained by the fact that in mammals the conserved telomeric repeat TTAGGG is
duplicated several thousand times [58]. It is interesting that in total in the genome
of both the rabbit and a number of other mammalian species, including humans,
there are significantly fewer trinucleotide repeats than di-, tetra- and pentanucle-
otide repeats, that is, this difference is not related to the length of the elementary
repeat unit [57]. Probably because the structure of trinucleotide repeats corresponds
to the triplet principle of the genetic code, they are under selection pressure.

There are pronounced differences between the frequency of occurrence of
microsatellites with the same length of the elementary unit, but with different core
motifs, for example AG and AC. In the rabbit, the AG motif occurs approximately
5 times more often than the AC motif and more often than all other microsatel-
lites, while in humans, on the contrary, there are more microsatellites with the
AC core motif than with the AG motif [57, 59].

STRs also occur in prokaryotes, but at low frequency [56). Trinucleotide
STRs are common in nematodes and insects, and dinucleotide STRs are common
in fish, a relative deficiency of which is observed in birds [60]. Closely related
species can differ significantly in the number of microsatellite loci [60]. We have
already noted that, in general, in many mammalian species, di- and tetranucleo-
tide STR motifs are more frequent than trinucleotide ones, but the frequency of
the latter varies significantly depending on the microsatellite core motifs, and these
differences may be species-specific [61].

Different STRs are generally found most frequently in intergenic spaces,
followed by introns, promoter regions, and least frequently in exons [56]. The
microsatellite database of different species [56] shows that trinucleotide STRs are
found more often in exons than di- and tetranucleotide STRs. Moreover, the
frequency of occurrence of trinucleotide STRs in exons can be quite high.

Despite the relatively reduced frequency of occurrence of STRs in exons,
their contribution to the polymorphism of encoded proteins can be significant.
Thus, recently, by comparing the results of whole-genome sequencing in labora-
tory mice (71 lines), STR alleles present in the coding regions of 562 genes were
identified and evidence was provided that these alleles can change the folding of
the encoded protein and thus have a significant impact on its function [62].

Expansion of microsatellites during pathologies and adaptations. It is known
that many human pathologies (most often neurocognitive and neurodegenerative)
are associated with polymorphism in the copy number (length) of trinucleotide
microsatellites [63-66]. In many studies of the genetic basis of diseases in humans,



amplification of triplets (CCG)n, (CGG)n, (GCC)n, (GCG)n and (CAG)n was
found in the coding regions of the genome, which determine the synthesis of
polyproline, polyarginine, polyalanine and polyglutamine [67]. The development
of a number of diseases is also associated with changes in the lengths of dinu-
cleotide microsatellites with the GA core motif at their specific genomic locali-
zation [67].

Variability in the lengths of trinucleotide STRs is also found in some ex-
amples of adaptations. Thus, a connection between an increase in the copy num-
ber of microsatellites and an increase in adaptive potential was found in the giant
panda during adaptation to food rich in carbohydrates, and in polar and brown
bears - to the temperature of the habitat [68]. Variation in STR associated with
these adaptations has mainly been identified in regulatory genes (e.g., transcription
regulatory factor genes, insulin-like growth factor receptor signaling pathway).
These genes are mainly involved in two metabolic pathways involved in key phys-
iological processes (cardiovascular function and regulation of energy metabolism).

The presence of STRs in coding sequences can affect protein folding and
change its flexibility, which allows it to bind to various substrates, be it nucleotides,
lipids or proteins. Such proteins, containing amino acid repeats encoded by STRs,
are expected to participate in the regulation of gene expression, are often multifunc-
tional and have pleiotropic effects, increasing the resistance of cells and multicellular
organisms to variability in environmental factors, which seems to justify the com-
plexity associated with the potential high mutability of microsatellites [69, 70].

Non-coding STRs are also capable of significantly influencing phenotypic
variation. In humans, it has been reported [71] that 10-15% of heritable variation
in gene expression is associated with the presence of STRs. STRs were identified
alleles of which differed significantly between ethnic groups. Fifteen STRs were
found in which the repeat length correlates with the level of gene expression, two
of these genes (Glutathione Peroxidase 7 and Glutathione S-Transferase Mu 3) are
involved in glutathione metabolism [72].

The complexity of the mechanisms of influence on transcription and trans-
lation with increasing STR lengths is discussed. An increase in the copy number
of trinucleotide STRs in coding sequences can lead to pathologies due to the
appearance of polyglutamine or polyalanine regions incorrectly localized in pro-
teins, which leads, in particular, to disruption of protein-protein interactions,
many of which are involved in the regulation of transcription, DNA repair and/or
interfere formation of molecular condensates [73]. The formation of a condensa-
tion of a certain transcript with transcription regulatory factors affects the expres-
sion of a number of genes, and the accumulation of amino acid repeats can lead
to disruption of such condensation and changes in transcription regulation. For
example, the polyglutamine protein TBP (TATA-box Binding Protein) binds to
the TATA box of gene promoters to initiate transcription, but when the length of
the polyglutamine repeats are enlarged, its ability to condense with transcriptional
activators is altered, leading to the transcriptional dysregulation observed in many
polyglutamine diseases [73]. In other cases, such as with Ataxin-2, the RNA Bind-
ing Protein (RBP), involved in the assembly of condensates and stress granules
and in RNA processing, carries a polyglutamine sequence. An increase in its copy
number leads to neurodegenerative diseases (Spinocerebellar ataxia type 2, SCA2)
[74, 75]. Let us recall that RNA-binding proteins also play a significant role in
nuclear-cytoplasmic transport, the disruption of which also leads to neurodegen-
erative diseases [76].

For the studied cases, as noted above [57], expansion of trinucleotide repeats
is typical for exons, while for introns, promoters, 3'- and 5'-UTRs, variability in the
lengths of not only trinucleotides, but also tetra-, penta-, hexa- and decanucleotide



repeats occurs [77]. When an STR is amplified, the methylation of the corre-
sponding DNA region may change; the STR elongation itself can change the dis-
tance between regulatory motifs in promoters, which will significantly affect ex-
pression [78]. Transcription of long STRs leads to the formation of RNA aggre-
gates that serve as a trap for proteins and to multimolecular interactions with other
transcripts, which, in turn, can affect splicing, gene expression profiles, and RNA
interference [79-81].

STRs can be transcribed in the sense and antisense directions. This leads to
the appearance of toxic peptides due to translation from non-ATG initiated triplets
(repeat-associated non-ATG translation, RAN) transcribed from the STR [82].

Some studies note that many pathologies associated with STR amplifi-
cation are detected in genes encoding transcription regulatory factors, which is
accompanied by impaired formation of multimolecular condensates and interferes
with their interaction with RNA polymerase II [77].

Features of the occurrence of mutations in STR. It has been found [83] that
the localization of STRs and recombination hotspots in meiosis, which are usually
located in gene promoters, often coincide. STRs can influence recombination
processes at such points. This has been shown for STRs with core motifs GA, CA,
GT, CT due to their high affinity for recombination enzymes (84). STR mutation
rates vary widely, from 10-2 to 10-8 per locus per generation, but vary widely from
locus to locus [85-87]. The dependence of the frequency of STR mutations on the
action of environmental factors was described in model objects (Caenorhabditis
elegans) when comparing mutability in laboratory and natural conditions [88].

In some cases, mechanisms have been discovered which compensate the
adverse effects of STR mutations. Thus, there is a close relationship between the
mutability of STRs and the polymorphism of the chromatin proteins that package
them, which mitigate the adverse effects of changes in the length and organization
of STRs on the processes involved in the suppression of transposon expression,
accurate transmission of chromosomes, and ensuring their integrity [89].

Of particular structural and functional significance, including for mutabil-
ity, is the ability of STR to form secondary DNA structures. The formation of G4
quadruplexes in tracks enriched with G/C, triplexes in purine-pyrimidine tracks,
R-loops (DNA-RNA duplexes with displacement of the second DNA strand,
which is not complementary to RNA), and other loop and hairpin structures affect
gene expression profiles and enzyme function repairs, DNA polymerase function,
STR instability [90-92].

STRs can result in non-canonical DNA structures that differ from the
classical dextrorotatory B-helix, as determined by the primary nucleotide se-
quence. For example, levorotatory Z-DNA contains alternating GC-rich purine-
pyrimidine sequences, and supercoiling is critical for the formation and stabiliza-
tion of the Z-form of DNA. Z-DNA is thought to regulate the level of supercoiling
and thus plays important roles in transcription, gene expression, recombination,
translocation, and deletion [93]. Thus, Z-DNA formation induces instability in
the region of trinucleotide repeats (CAG, CGG, and GAC), which are associated
with various neurodegenerative diseases [93].

The emergence of non-canonical multistranded structures in the regions
of purine-pyrimidine tracks consisting of microsatellites, for example AG/TC,
GAG/CTC, includes DNA-DNA interactions with the release of one DNA
strand, DNA-RNA interactions with the same effect, and interactions of double-
stranded RNA with RNA [94-96]. The interaction of the third strand with duplex
DNA or RNA in a double-stranded sequence-specific manner, leading to the for-
mation of an intermolecular triplex, has a significant impact on transcription, post-
transcriptional modifications, and mutagenesis [95].



It should be emphasized that all secondary structures are dynamic in na-
ture, appear under certain conditions, and disappear when they change [93].

Special attention is attracted by STR sequences predisposed to the for-
mation of cruciform structures in the regions of localization of inverted repeats,
since many proteins involved in the control of cell division, for example, topoiso-
merases, p53, Rifl (Replication Timing Regulatory Factor 1), can induce the for-
mation of such structures [97]. Cross-shaped DNA forms play an important role
in the regulation of replication and gene expression, are involved in the formation
of nucleosome structure and recombination [98], and serve as targets for many
architectural and regulatory proteins, e.g., histones H1 and HS, topoisomerase
I1B, proteins HMG, HU, p53, proto-oncogenic protein DEK [97, 98]. A number
of DNA-binding proteins (eg, members of the HMGB-box family, Rad54, the
BRCALI protein, and the polymerase PARP-1) preferentially bind to cruciform
structures [97]. It is assumed that, according to their function, proteins that inter-
act with cruciform structures are mainly divided into four main groups: topoiso-
merases; DNA repair proteins and transcription regulatory factors; proteins in-
volved in replication; chromatin-associated proteins [98]. The prevalence of cru-
ciform structures formed by inverted STR repeats and their role in epigenetic
regulation and maintenance of cellular homeostasis allow us to consider inverted
repeats as essential components of regulatory systems [98].

In mammals, sex differences in the frequency of STR mutations have been
described. Since oocytes, unlike spermatozoa, in particular in mammals, are in a
state of rest for a long time, mutations that arise in STR during homologous re-
combinations, unequal crossing over, and double-strand breaks can accumulate
and have more pronounced manifestations [99]. In general, STR mutations inher-
ited through the maternal germline have a slightly higher frequency than those
inherited from the father [100]. However, with age, the number of STR mutations
in oocytes remains virtually unchanged, while in sperm it increases 2-fold (studies
were conducted in a group of men from 20 to 58 years old) [101].

Complete sequencing of the genomes of 544 people from 29 families in
three generations (database of the Center for the Study of Human Polymorphism
(Center d’Etude du Polymorphisme Humain, CEPH, https://uofuhealth.ut-
ah.edu/center-genomic-medicine/research/ceph-resources) showed a high diver-
sity of new types of STR mutations occurring in different families and at different
STR loci [102]. A relationship was found between repeat length and mutation
frequency (with the exception of mononucleotide STRs). The lowest frequency of
mutations was detected in exons (only two in trinucleotide STRs), the largest part
of them (53.38%) occurs in intergenic regions, slightly less than half (44.87%) are
located in introns, apprx. 1.6% in 5’ - and 3’'-UTR. The average calculated muta-
tion rate (5.24x1075) is consistent with that for other types of mutations, including
averages for SNPs, but in this family-based analysis using data from CEPH there
was no correlation between the occurrence of new alleles at STRs and SNPs. It
turned out that approximately 30% of STR mutations occur in Alu elements (short
interspersed element, SINE), comprising 11% of the genome, while LINE-1 (long
interspersed element-1, LINE-1, or L1) insertions, covering 17% of the human
genome, only 10% of STR mutations are found [102]. That is, a family analysis
of three generations revealed that a fifth of all new STR mutations occur in re-
trotransposon sequences.

Involvement of microsatellites in genomic variability and
organization of the interphase nucleus. Relationship between microsat-
ellites and mobile genetic elements. Close relationships between STRs and mobile
genetic elements—transposons (TEs) have been identified quite a long time ago
[103]. Many microsatellites arose from genomic TE insertions. It is assumed that



this may be the result of a number of events: tandem insertions of TEs into certain
regions of the host genome (duplicated target sites, target site duplication, TSD),
the presence of direct and inverted repeats in TEs and interactions between them,
captures of host genome sequences on the flanks of TEs , recombinations between
different TEs. The extensive interactions of TEs with each other lead to the con-
clusion that they can be reconstructed into repeated noncoding or coding se-
quences. This suggests an evolutionary relationship between such DNA sequences
and that the evolution of genomes involved frequent shuffling of repetitive se-
quences, a process referred to as DNA remodeling [103-105]. Multiple TE inser-
tions are caused by the presence of preferred sites for such integration in target
genomes, resulting in the appearance of new TE recombination products formed
at a high rate during periods of active transposition. In other words, the TE trans-
positions itself regularly generates sequences from which new microsatellites can
arise [58, 105].

Thus, non-autonomous short dispersed Alu retrotransposons (SINEs),
containing a poly(A) tail and a central linker region rich in adenines, are wide-
spread in the human genome. Significant connections are shown between the 3'
ends of Alu sequences not only with mononucleotide repeats (A)n, but also with
(AAC)n, (AAT)n and tetra- and hexanucleotide repeats enriched in A-nucleotides,
while for dinucleotide repeats (AT)n such a connection is significantly weaker
[106]. The localization of dinucleotide repeats (AC)n is also preferentially associ-
ated with Alu elements, with 75% of them identified at the 3’-end of the element,
while the rest are in the central region. Interestingly, (GAA)n, a trinucleotide
repeat whose amplification is observed in Friedreich's ataxia, may have arisen with
the participation of the Alu element. Of the 788 loci in the human genome con-
taining (GAA)n repeats, 63% (501 loci) have homology with Alu of at least 25 bp.
Among them, 94% are associated with the poly(A) tail, and the rest are associated
with either the 5'-end of the element or the central region [106]. In Carnivore
species studied, several hundred tRNALys-derived SINEs have been identified
that contain microsatellite repeats predominantly enriched in AG and A [107]. In
a number of species, including fur seal (Phoca vitulina concolour), cattle (Bos tau-
rus), CA/GT microsatellite sequences of varying lengths are found flanking the
most common autonomous TE, the L1 [108].

It is known that in genomes TEs form areas of preferential localization,
so-called nests [109, 110], and both TEs themselves and their integration sites
contain microsatellite sequences, due to which recombination occurs here and
new TE variants arise.

It is important to highlight that the ability for horizontal transfer between
different taxa has been described for some TEs (e.g., L1 and BovB). They are
especially common in mammals, and their representation in the genome can vary
significantly even among groups of animals that are relatively close in origin [111].

Some STRs show a direct relationship between their sequence and TE.
For example, microsatellite (AGC)n is more common in cattle and sheep than in
other mammalian species. In particular, in cattle, the representation of microsat-
ellite loci with the AGC core is 90 and 142 times higher, respectively, than in
humans and dogs [112]. Moreover, in the cattle genome, 39% of such microsat-
ellite loci are directly associated with the Bov-A2 retrotransposon (part of BovB)
[112, 113], the evolutionarily young and species-specific for cattle. Interestingly,
in cattle, Bov-A2 functions as an enhancer of type II interferon gene expression
[113]. The close association of (AGC)n with Bov-A2 turned out to be specific for
this STR and TE; in approximately 60% of other STRs, no genetic linkage with
TE was detected [112].

Thus, both the TEs themselves and their flanks contain STR sequences,



and in some cases they are closely related to each other. The variability of STR
and TE is determined by various events and mechanisms (recombination pro-
cesses, the prevalence of the nesting principle of TE localization in each other),
but each time the STR and TE loci have a pronounced individuality in the speed
and features of evolution, which is apparently due to structural and functional
characteristics and the action of selection factors.

Microsatellites, sites of increased chromosome fragility — karyotype evolution.
In humans, approximately 230 sites of potential increased fragility containing STR
have been described [114]. Ten fragile regions of human chromosomes have been
identified, for which expansions of gene-specific tandem repeats with core motifs
CGG and CCG are shown. The authors of this study suggest that increasing STR
lengths may lead to the emergence of new sites of increased fragility [114].

The tuco-tuco genus (Ctenomys) of subterranean rodents (Rodentia: Cteno-
myidae) contains about 65 species, which exhibit the most significant chromoso-
mal variations among mammals (from 27 = 10 to 2n = 70). Moreover, karyotypic
variability is possible even within a species, for example, 2z in C. minutus can vary
from 42 to 50, in C. talarum from 44 to 48, and in C. lami from 54 to 58 [115].
Among them, C. minutus stands out, with 45 different cytotypes already identified,
of which seven are believed to be the original ones (they are common in the coastal
plains of Southern Brazil). In tuco-tuco, repeating DNA regions, including mi-
crosatellites and LINE-1, were mapped, and a direct connection was revealed
between the localization of STRs with different core motifs and LINE-1, on the
one hand, and karyotypic variability (formation of cytotypes) on the other in dif-
ferent populations within species [115]. It is important to emphasize that the de-
scribed cytotypes included not only Robertsonian translocations, chromosome fu-
sions and splits, but also tandem repeats, paracentric and pericentric inversions.
The involvement of centromeric and telomeric repeats in intraspecific variability
and the formation of intraspecific chromosomal races is well known in a number
of shrew species [116]; three variants of intraspecific chromosomal races (“Rob-
ertsonian fans”) were described by N.N. Vorontsov [117] in mice of the genus
Leggada, house mice Mus domesticus of the superspecies Mus musculus and mole
voles of the group Ellobius tancrei, belonging to the superspecies Ellobius talpinus.
The involvement of STR and TE in karyotypic variation in fish has been described
[118]. Thus, a comparative analysis of the sequenced genomes of three fish species
showed that the commercial species Solea senegalensis has undergone extensive
chromosomal evolution associated with the localization of STR and TE in areas
with an increased density of chromosomal rearrangements.

Bursts of rapid karyotype evolution, often referred to as karyotypic me-
gaevolution or chromosomal tachythely, have been found across taxa [119]. Ap-
parently, the most obvious example is provided by two species of deer, the karyo-
types of which differ sharply, these are the Indian muntjac Muntiacus muntjak
(2n = 6) and the Chinese muntjac M. reevesi (2n = 46). Comparative analysis of
the sequenced genomes of muntjac, red deer (Cervus elaphus) and cattle (Bos
taurus) confirms the evolutionary sequence of chromosome divisions and fusions
described cytogenetically. It was found that since the divergence of deer and
cattle species (apprx. 20 million years ago), the rapid evolution of the Indian
muntjac karyotype has not been accompanied by major inversions or other in-
ternal rearrangements (except for discrete events of splitting and fusion of chro-
mosomes) [119].

Chromosome-level genome comparisons made for Hydropotes inermis (wa-
ter deer, 2n = 70), Muntiacus reevesi (2n = 46), female and male M. crinifrons
(black mujac, 2n = 8 or 9) and M. gongshanensis (Gongshan Mountains deer,
2n = 8 or 9) [120], led the authors to conclusion that unique centromeric satellite



repeats, including STRs, telomeric STRs, and palindromic repeats, could be re-
sponsible for repeated chromosome fusions in deer of these species [120].

In order to reconstruct the karyotypes of 16 phylogenetic nodes of mam-
mals, including the karyotype of their common ancestor, large-scale studies of
genomic sequences were carried out in 32 species belonging to eutherians (19
orders), marsupials and monotremes (3 orders each) as representatives of three
superorders of mammals, the Fuarchonta, Laurasiatheria and Xenarthra, respec-
tively [121]. Modern species in which the number of chromosomal rearrangements
have been estimated relative to the putative common ancestor of mammals are
humans, sloths (Choloepus didactylus), and cattle. The findings suggest that the
common ancestor of mammals probably had 19 pairs of autosomes. However, nine
of the smallest chromosomes were shared by the common ancestor of mammals
and the common ancestor of all amniotes (of which three chromosomes are still
conserved in extant mammals) [121]. The number and types of chromosomal re-
arrangements for transitions between the karyotype of mammalian ancestors, de-
scendant ancestors and existing species were determined. Common regions of in-
creased rates of evolutionary transformations of chromosomes (evolutionary break-
point regions, EBRs) and evolutionarily conserved blocks (homologous synteny
blocks, HSBs) have been identified [121]. It turned out that EBR regions differ
from HSB regions in the increased density of actively transcribed genes and re-
peating elements. There is a non-random distribution of EBRs in genomes and
their association with fragile sites during tumorigenesis [121]. The high density of
expressed genes detected in the EBR, as the authors suggest, may explain the
increased tendency for DNA double strand breaks (DNA in open transcriptionally
active regions of chromatin is more sensitive to damage). Analysis showed that the
EBR regions are enriched in genes whose products are involved in sensory per-
ception and transcriptional regulation, whereas the HSB blocks have an increased
density of genes involved in the formation of anatomical characteristics and the
development of the central nervous system [121]. EBR has a significantly higher
density of repeats of all types, segmental duplications, SINE (SINE; all SINE and
Alu), LINE (LINE; L1), and long terminal repeats (LTR; all LTR and endoge-
nous retrovirus 1, ERV1) than HSB [121].

According to the same authors [121], the evolutionary history of chromo-
somes of ancestral mammals (mammalian ancestor chromosomes, MAM) varied
significantly depending on the size of the chromosomes. Large long MAMs were
more often involved in chromosomal rearrangements than short ones, and some
extant species (e.g., Mus musculus, Equus caballus, Canis familiaris, Bos taurus,
and Capra hircus) maintained gene synteny at the chromosome level. Nine of the
14 small MAMs in the listed mammalian species turned out to be orthologous in
gene synteny with the chromosomes of Gallus gallus and the reconstructed chro-
mosomes of the ancestors of birds and amniotes. Some MAMs were conserved as
individual chromosomes or as closed units (i.e., entire chromosomes fused to one
or more chromosomes without breaking synteny) in mammalian genomes. For
example, MAM?7 was conserved as an entire chromosome in Oryctolagus cuniculus,
Rhinolophus luctus, and Procavia capensis, which represent three orders of mam-
mals [122]. MAM13 and MAMI14 are present as distinct chromosomal units in
more than 15 extant mammalian species [121].

Taken together, these results demonstrate striking conservation of synteny
over the approximately 320 million years of vertebrate evolution since the common
ancestor of all amniotes. The reconstructed genome of the ancestors of mammals
showed that the existing genomes of mammals are a mosaic obtained as a result
of the evolutionary shuffling of 2557 syntenic segments, which is from 69 to 94%
of the genome size in the analyzed species, and EBR sequences enriched in TE



act as links between such segments and STR [121]. Analyzing the data obtained,
the authors suggested [121] that evolutionarily conserved syntenic segments, the
HSBs serve as the main building blocks (genomic elements similar to elements of
the periodic system of chemical elements) for the genomes of all mammals, pre-
serving, along with synteny, biological functions [121]. A similar assumption was
formulated in studies of the characteristics of the organization and distribution of
microchromosomes in reptiles, birds and mammals [122]. It has been shown that
the genomes of birds and reptiles, but not mammals, consist of several large
macrochromosomes from 3 to 6 microns in length and many tiny microchromo-
somes, less than 0.5 um. Microchromosomes have centromeric and telomeric re-
gions, carry a large number of genes, are enriched in GC nucleotides, are highly
conserved among birds and reptiles, and have homology with one or more tiny
chromosomes of invertebrates that diverged from vertebrates more than 680 mil-
lion years ago. Microchromosomes associate with each other, are TE-poor and
cluster together in the center of interphase nuclei, which, according to the authors,
indicates functional coherence. In turtles, snakes and lizards, many microchro-
mosomes disappeared due to fusion into macrochromosomes; in most mammals,
microchromosomes disappeared completely, but some platypus chromosomes co-
incide with several previously described microchromosomes of reptiles and birds.
This suggests that such chromosomes represent the building blocks of mammalian
chromosomes, the connection between which is formed by the participation of TE
and STR [121, 122].

STR and TE are directly involved in the architecture of the interphase nu-
cleus. In the interphase nucleus, chromatin is organized in the form of a hierarchy
from nucleosomes to chromatin domains (CD), then to the formation of topolog-
ically associated domains (TADs) and to higher-level compartments; The top of
the hierarchy is the so-called chromosomal territories (CT) [123]. According to
modern concepts, chromatin organization is a critical factor regulating gene ex-
pression [123-125]. Enhancers interact with target genes almost exclusively within
the TAD, the distally located co-expressed genes are recruited into common pro-
tein clusters upon activation, and compact domains exhibit movement and con-
figurational changes in vivo [124, 125].

The non-random radial positioning of CTs in the nucleus indicates the
possibility of preferential patterns of interaction between chromosomal territories.
Their ability to form specific interchromosomal networks has been discovered,
which change during the cell cycle, during cell differentiation, and during neo-
plastic transformation [125]. It is assumed that the dynamics of these networks
correlate with the global control of structural changes and regulation of the func-
tional activity of the genome. The tendency to various translocations in pathologies
can be explained by the close and normally demonstrating specificity of the loca-
tion of certain chromosomal regions during the co-expression of genes localized
in them. It is possible that genomic regions from the EBR are characterized by
predominantly open euchromatin, which promotes epigenetic modifications due
to the availability of DNA for regulation and active gene function and/or their
interactions [124].

The participation of STR and TE in the regulation of changes in gene
expression programs through dynamic changes in the architecture of the interphase
nucleus has been reported in many studies [123-125]. In our opinion, the most
striking example is a study performed on the interphase nuclei of columnar pho-
toreceptor cells in nocturnal mammals [125]. The authors revealed an inversion
in the localization of heterochromatin and euchromatin compared to the nuclei
of ganglion cells. The heterochromatin was located inside while the euchromatin
on the periphery of the nucleus under the lamina [125]. Typically, SINEs are



associated with actively transcribed regions, LINEs with heterochromatized ones,
localized at the periphery of the interphase nucleus under the nuclear envelope,
and only in the case of cylindrical photoreceptor cells of nocturnal mammals is
LINE, together with heterochomatin, concentrated in the center of the interphase
nucleus, SINEs at the periphery. According to the authors of the study [125], this
arrangement of hetero- and euchromatin is largely due to contacts between ho-
mologous dispersed repeats, which are localized in different regions of chromatin.

It has been suggested that STRs can be considered as components of the
so-called “genome packaging code” which determined the features of its conden-
sation depending on the cell type [126]. It has been noted that in some organisms
STRs are grouped in certain regions of chromosomes, for example, in pericentro-
meric or subtelomeric regions; in complex genomes, STRs are distributed through-
out its entire length in a non-random manner, located predominantly in intergenic
spaces [57, 126]. Several proteins are known that specifically bind to STR [125,
126]. Therefore, STRs can be “anchors” for the involvement of groups of loci with
which they are linked in the processes of intra- and interchromosomal interac-
tions, the formation of TAD and CD. The involvement of STR in intercellular
interactions in complex organs through its putative influence on the architecture
of chromatin packaging and, as a consequence, on gene expression programs, has
been discussed in a number of works, in particular in the case of microsatellites
with the GATA core motif in animals and plants [126, 128]. It has been shown
that GAGA repeats, which are abundantly present in the eukaryotic genome, are
recognized by the GAGA-associated factor GAF, which influences chromatin
packaging (GAGA pioneer factor, GAF) in Drosophila, BBR proteins (barley B
recombinant protein) in barley, GBP (GAGA- binding protein) in soybean and
rice [126, 128].

The hypothesis of the existence of such a “microsatellite code” of gene
expression programs [126] is also important for understanding the molecular ge-
netic mechanisms of the formation of convergent characters in evolutionarily dis-
tant taxa. There have been numerous attempts to find common structural genes
for such traits [129]. In particular, a comparison was made of transcriptomes in
eight vertebrate species (lizards, mammals, sharks) that carry embryos in the uterus
[129]. It turned out that in all viviparous groups the basic set of physiological
functions of the uterus does not differ, but in the same set of genes, none is
expressed specifically for all viviparous lineages or even in all lineages of viviparous
amniotes that form the embryonic membranes [129]. Thus, the morphological and
physiological traits necessary for successful pregnancy in distantly related verte-
brates turn out to be controlled by different genes. Apparently, evolutionary
changes in viviparity as a mode of procreation occurred multiple times, involving
different genes due to cooperation and collaterality of metabolic pathways, but the
set of such genes was still initially limited by their composition in the ancestors of
each lineage [129].

The example of viviparity can clearly explain the relatively low efficiency
of marker-assisted selection (MAS), where the selection and selection of animals
for crosses is based on genotypes for a small number of protein-coding genes [130].
That is why the search for DNA markers of regulatory networks, the variability of
which underlies the organization of gene expression profiles, is of particular im-
portance. Accumulated data indicate that, despite chromosomal rearrangements
and structural transformations due to the interaction between macro- and micro-
chromosomes, fairly high evolutionary conservation in the gene composition of
chromosomal regions in TAD A (actively transcribed domains of interphase chro-
matin) and TAD B (heterochromatized domains) remains [121, 123-125]. This
suggests the presence of a spectrum of regulatory elements involved in such a



division. One of these elements is STR involved in the structural interactions of
macro- and microchromosomes and in the formation of the architecture of the
interphase nucleus, which, in turn, is closely related to the modulation of gene
expression profiles.

Summarizing the discussion of the use of DNA markers, it is important to
note that many issues that are significant for breeding are already being resolved
using modern molecular genetic methods. The key stages of the breeding process
are the selection and selection of animals for crossing and the assessment of the
breeding value of the parents based on the characteristics of the offspring. DNA
markers make it possible to exclude errors of origin and facilitate the identification
of mutations associated with phenotypic and reproductive defects, resistance to
biotic factors and environmental stress. If the desired development of economically
valuable traits is controlled by a small number of key genes, DNA marking is
applicable to search for the corresponding allelic variants, usually associated with
variability in the quality of the final product. Attempts to detect associations be-
tween sets of SNP genotypes and variability of phenotypic traits are not always
successful due to the complex design of gene networks, competitive relationships
between molecular genetic structures that serve as targets for natural and artificial
selection factors, and variability in the contribution of elements of regulatory net-
works to interactions between metabolic pathways depending on the genotypic
environment and the influence of external factors. “Elusive master genes” of quan-
titative traits and differences in the genetic control of similar phenotypic charac-
teristics are also examples of the fact that DNA marking of genes and loci associ-
ated with a desired trait is not always sufficient for successful selection.

Note that among animal species, the number of protein-coding genes var-
ies relatively little, while variations in genome size are significant and are due to
differences in the prevalence of dispersed and tandem repeats in them [110, 126].
Tandem repeats (particularly microsatellites) account for more nucleotides in the
mammalian genome than protein-coding genes [126]. The division of the genomes
of various animal taxa into evolutionarily conserved (HSB) and evolutionarily un-
stable (EBR) gene blocks, and the enrichment of the latter with dispersed repeats
[121], suggests the direct involvement of dispersed repeats and their derivatives,
such as STRs, in the regulation of gene networks. The wide representation of
microsatellite repeats in genomes and the diversity of their biological effects dis-
tinguish these DNA markers as elements of regulatory networks and, possibly,
independent targets of variability and selection. Polylocus genotyping of these par-
ticular genomic elements will make it possible to analyze the population genetic
structure of animal groups with high resolution, assess the degree of their consol-
idation and identify differences from closely related groups.

So, one of the central problems in modern animal husbandry remains the
search for genetic markers that would simplify the selection and selection of ani-
mals for crossing and increase the likelihood of obtaining offspring with desirable
economically valuable traits. Developed DNA markers of different types and gen-
erations are successfully used to solve a number of issues that are significant for
breeding. Microsatellites (STR) are used to exclude errors of origin, mononucle-
otide polymorphisms (SNP) for mapping genomic regions associated with pheno-
typic characteristics and adaptation to the pressure of natural selection on edges
of habitats and in areas of risky livestock farming. Areas with increased copy num-
ber variation (CNV) are involved in analysis of polygenic system responses to the
factors of natural and artificial selection. With a small number of main genes that
determine the manifestation of a trait, DNA marking is applicable for searching
for allelic variants of structural genes and analyzing the variability of elements of
regulatory networks and the relationships between metabolic pathways. Long-term



studies have revealed the multiple involvement of STR in basic processes (repli-
cation, repair, transcription, translation, adaptation and morphogenesis, epigenetic
effects) that determine the stability, variability and evolution of biological systems.
In this regard, STRs can be considered as elements of regulatory networks, being
the main targets of natural and artificial selection. Polylocus genotyping based on
microsatellite and dispersed repeats seems promising for analyzing the population
genetic structure and consolidation of animal groups and their differences from
closely related groups.
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