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A b s t r a c t  
 

To date, significant progress has been made in the poultry’s genetic modification. A suffi-

ciently large number of methods and methodological approaches have been developed for the intro-

duction of recombinant genes into bird cells. The efficiency of using these approaches for genetic 

modification of bird cells varies depending on the object of research, the selected target cells for the 

introduction of recombinant DNA and the method of their transformation. Blastoderm cells, primor-

dial germ cells, spermatogonia, sperm cells, and oviduct cells can serve as target cells for gene modi-

fications. Using retroviral, lentiviral and adenoviral vectors, electroporation and lipofection, genetic 

transformation of these target cells can be carried out. In general, three main strategies for creating a 

genetically modified bird can be distinguished: i) the introduction of genetic constructs directly into 

the embryo (J. Love et al., 1994; Z. Zhang et al., 2012) or into individual organs and tissues of adults 

(D.V. Beloglazov et al., 2015; S. Min et al., 2011), ii) transfection of target cells in vitro and their 

subsequent transplantation into the embryo or target organs (M.-C. van de Lavoir et al., 2006; 

B. Benesova et al., 2014), and iii) sperm transformation in vitro and insemination of females with 

transformed sperm (E. Harel-Markowitz et al., 2009). These approaches were used to develop methods 

for editing the avian cell genome. A number of papers have studied the possibility of modifying bird 

cells using various editing systems, in particular, ZFN (zinc finger nuclease), TALEN (transcription 

activator-like effector nucleases), and CRISPR/Cas9 (clustered regularly interspaced palindromic re-

peats). Promising areas of using this technology in poultry farming are the following: studying the genes 

functions (N. Véron et al., 2015), obtaining recombinant proteins in the egg white composition (I. Oi-

shi et al., 2018), improving economically useful and productive qualities (J. Ahn et al., 2017), and 

increasing resistance to infectious diseases (A. Koslová et al., 2020; R. Hellmich et al., 2020). Chickens 

with knockout of genes of the heavy chain of immunoglobulin (B. Schusser et al., 2013; L. Dimitrov 

et al., 2016), ovomucin (I. Oishi et al., 2016), myostatin (G.-D. Kim et al., 2020), as well as an 

integrated human interferon beta gene (I. Oishi et al., 2018) were obtained using genome editing 

technology. Quail with knockout of myostatin genes (J. Lee et al., 2020) and melanophilin (J. Lee et 

al., 2019) were also obtained. A number of studies have shown the simplicity, safety and availability of 

using the CRISPR/Cas9 editing system for modifying the poultry genome. This allows us to consider 

this system as an effective tool for the creation and commercial use of breeds and lines of birds with 

improved qualities in the framework of the implementation of large-scale breeding programs aimed at 

improving the quality of the resulting poultry products. 
 

Keywords: poultry, quail, chicken, transgenesis, genome editing, CRISPR/Cas9, primordial 

germ cells, germ cells. 
  

Farm poultry, in particular chickens and quails, is a convenient and ac-

cessible object for conducting various studies and solving problems in the field of 

developmental biology, medicine, and veterinary medicine [1, 2]. Unlike large 

farm animals, the bird has a short generation interval, which significantly reduces 

http://ofernio.ru/UDC/udc57.htm#577.21
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the time to breed lines or populations of individuals with certain traits that are of 

interest both within the framework of individual studies and for solving larger 

problems. The similarity of the structure of protein glycosylation in birds and hu-

mans, as well as high egg productivity, sterility and availability of eggs, allow us 

to consider birds as an effective productive platform for the production of recom-

binant proteins [3]. This is especially true in the case of recombinant products that 

cannot be obtained using transgenic mammals (if such products are toxic to them). 

It should be noted that the methods used to modify the mammalian ge-

nome are in most cases ineffective for the transgenesis of poultry. This is primarily 

due to the peculiarities of the physiology, reproduction and developmental biology 

of birds (4). Unlike mammals, in birds, the development of embryos in the repro-

ductive organs of the female proceeds only at the early stages of embryogenesis. 

By the time of laying the egg immediately after laying, the embryo consists of 

approximately 60,000 morphologically undifferentiated pluripotent cells (5). Fur-

ther development of the embryo occurs outside the body of the female when ap-

propriate environmental conditions appear. Features of the embryonic develop-

ment of birds significantly complicate the use of the traditional method of breeding 

transgenic animals - DNA microinjection into the pronucleus of zygotes. Limiting 

factors also become difficulties in accurately determining ovulation, a large 

amount of yolk in the egg, and a strong compaction of the cytoplasm. At the same 

time, the long period of embryonic development of birds outside the body of the 

female facilitates access to embryos for genetic engineering manipulations. 

To date, there are a fairly large number of methodological approaches for 

the genetic modification of avian cells for development and optimization of par-

ticular stages of the genome editing technology using various systems, e.g., ZFN 

(zinc finger nuclease), TALEN (transcription activator-like effector nucleases) and 

CRISPR/Cas9 (clustered regularly interspaced palindromic repeats) [6, 7]. This 

technology is used in poultry farming to create cell lines and individuals with a 

knockout or insertion of individual genes when studying their functions [8], ob-

taining recombinant proteins in the composition of egg white, improving econom-

ically useful traits and the quality of poultry products [9, 10], increasing resistance 

to infectious diseases [11, 12].  

The purpose of this review is to summarize data on the main achievements 

in the field of editing the genome of poultry and the prospects for their use in 

poultry farming. 

G e n o m e  e d i t i n g  s y s t e m s. Genome editing technology involves 

making targeted changes to the target genome region using site-specific nucleases 

[6, 13]. The most common are zinc finger nucleases (ZFN), TALE-associated 

nucleases (TALEN), and CRISPR/Cas9 [14, 15]. The principle of their action is 

based on the introduction of double-strand breaks into the genome region of in-

terest, which are subsequently repaired by means of non-homologous end joining 

or homologous recombination [16, 17].  

In the first case, the repair of double-strand breaks leads to the formation 

of insertions or deletions at the break site; in the second, an artificially introduced 

genetic construct imitating the sister chromatid is used to repair DNA [18]. De-

letions and insertions lead to gene knockout (knockout), which is of interest in 

studying their functions, as well as in the production of animal products with 

improved qualities (for example, low-allergenic eggs). The introduction of donor 

DNA (genetic constructs) through homologous recombination makes it possible 

to introduce additional information into the genome. 

ZFN and TALEN editing systems are more costly and time consuming 
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compared to CRISPR/Cas9. With the use of ZFN and TALEN nucleases, off-

target effects are more often noted [7]. The possibility of automated selection of 

individual components of the CRISPR/Cas9 system using various online services 

makes it possible to increase the specificity of introducing genetic changes in the 

target gene and significantly reduce the likelihood of off-target mutations. In ad-

dition, the components of the system can be designed to virtually any target ge-

nomic DNA sequence. The CRISPR/Cas9 genome editing system is based on the 

natural defense mechanism (adaptive immunity) of bacteria and archaea against 

phages [19, 20]. This editing system includes two main components — Cas9 nu-

clease and guide (guide) RNA (gRNA, guide RNA). The guide RNA binds spe-

cifically to the target DNA region, which is subsequently cleaved by Cas9 [21-23]. 

The resulting DNA double-strand breaks are further repaired through homologous 

or non-homologous recombination, depending on the goals of the experiment [24, 

25]. To introduce small deletions or insertions into the target DNA to knock out 

the gene, one guide RNA specific for this DNA region and Cas9 are used. If it is 

necessary to switch off several genes, a mixture of guide RNAs and Cas9 nuclease 

is used. To include donor DNA in a certain region of the genome (for example, 

to obtain producers of recombinant proteins), along with a guide RNA and a 

nuclease, a genetic construct for homologous recombination is introduced into the 

cell, which is a fragment of inserted DNA flanked by sequences homologous to 

the break [18, 26]. 

CRISPR/Cas9-based genome editing systems allow the introduction of 

site-specific mutations in target genes similar to naturally occurring genetic vari-

ants (editing without trace). With editing the genome of target cells using this 

system, expression of its main components Cas9 and guide RNA occurs from a 

single vector or introduced as a mixture. The most common is the first approach 

based on the use of a plasmid encoding Cas9 and a guide RNA. This eliminates 

the need for multiple transfection components, which simplifies the editing pro-

cedure and increases the stability of the results.  

Me t hod s  o f  g en e t i c  mod i f i c a t i o n  o f  b i r d  c e l l s. A set of 

methods and methodological approaches used to obtain genetically modified in-

dividuals depends on the object of research, the choice of target cells for the 

introduction of recombinant DNA, and the method of genetic transformation of 

target cells. The main strategies for creating a genetically modified bird are the 

introduction of genetic constructs directly into the embryo [27, 28)] or the organs 

and tissues of adults [29, 30], the transfection of target cells in in vitro culture and 

their transplantation into an embryo or target organs [31, 32], and the sperm 

transformation in vitro to inseminate females with transformed sperm [33].  

An effective tool for targeted delivery of recombinant DNA into cells of 

an embryo or organs and tissues of adults is the use of vectors based on recombi-

nant viruses, which is associated with their natural ability to independently pene-

trate into target cells and integrate into a foreign genome with high efficiency. 

With the use of viral vectors, the first successful experiments on the crea-

tion of a transgenic bird were carried out. In 1987 Salter et al. [34] obtained 

transgenic chickens by introducing a retroviral vector based on the avian leukosis 

virus (ALV) into the subembryonic cavity of stage X embryos. The efficiency of 

transgene transfer to offspring was 1-11%. Subsequently, the possibility of creating 

a transgenic bird using retroviral vectors based on the Rous sarcoma virus [35], 

reticuloendotheliosis virus (REV) [36], avian spleen necrosis [37], Moloney mu-

rine leukemia virus (MoMLV) was shown [38, 39]. To date, transgenic chickens 

-galactosidase, LacZ [37], -

lactamase [40, 41], green fluorescent protein (GFP) [42], bispecific antibodies 
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[43], hormone growth [44], human granulocyte colony stimulating factor [39], 

interferon -2b [45]. 

The use of lentiviral vectors made it possible to increase the efficiency of 

poultry transgenesis [46]. McGrew et al. [47] obtained transgenic chickens with 

integrated LacZ and eGFP genes by lentiviral transfection of blastoderm cells of 

stage X embryos. The efficiency of transgene transfer to offspring was 4-45%. 

Using lentiviral vectors, transgenic chickens and quails were created that produce 

recombinant proteins, in particular, human -interferon hIFNβ1 [48], bispecific 

antibodies [28, 48], GFP [49, 50], interleukin 1 receptor antagonist (rhIL1RN) 

[51], human lysozyme [52], -defensin HNP4 (human neutrophil defensin 4) [53]. 

It should be noted that when viral vectors are introduced into the subem-

bryonic cavity of embryos at stage X, the transgenic bird turns out to be a mosaic, 

and further crossings are required to create a generative individual. In this regard, 

the key point is the effectiveness of the transformation of cells of the reproductive 

organs of males and females. This problem can be solved by targeted modification 

of germ cells, which makes it possible to purposefully act on specific target cells, 

completely leveling the risks associated with the creation of transgenic mosaic 

individuals, from which it is impossible to obtain transgenic offspring in the future. 

By culturing embryonic and spermatogenic cells in vitro, a variety of tech-

niques can be used to introduce recombinant DNA into target cells using safe gene 

delivery systems. The use of genetically modified germ cells guarantees the pres-

ence in the oocyte after fertilization of one copy of the construct built into a 

certain locus. Recombinant DNA integrated into the genome of target cells can 

be stably transmitted over several generations. Manipulations on adult individuals 

significantly reduce the time and material costs for obtaining genetically modified 

offspring. 

When creating a genetically modified poultry, both mature germ cells [33] 

and their precursors, primordial germ cells (PGCs) [54, 55] and spermatogonia 

[56, 57], can serve as target cells. The use of primary and early germ cells is of 

the greatest interest [58, 59]. With further development, they can form a significant 

population of transformed mature germ cells [60]. 

PGCs in the process of embryogenesis can differentiate into both male 

and female germ cells, which significantly expands the possibilities for realizing 

the potential of PGCs when creating genetically modified and chimeric individuals 

with desired properties. In avian embryos, primordial germ cells form in the epi-

blast and migrate through the hypoblast into the blood, then into the gonads [61]. 

With the introduction of donor PGCs into the dorsal aorta of recipient embryos 

during the period of migration of own PGCs from the blood into the gonads, 

colonization of the recipient gonads by donor cells is possible.  

Spermatogonia serve as precursors of male reproductive cells (56). Of 

greatest interest are type A spermatogonia, which are classified as testicular stem 

cells. The unique property of self-renewal opens up wide opportunities for realizing 

the potential of these cells when breeding genetically modified poultry. Spermat-

ogonia form a small population of cells located on the basement membrane of the 

seminiferous tubules. The process of their repeated self-renewal and further dif-

ferentiation ensures the continuity of spermatogenesis with the formation of sperm, 

the highly specialized germ cells. Spermatogonia are the most resistant to various 

damaging factors (often only these cells survive, while the rest of the cells of the 

spermatogenic epithelium die) and undergo constant replication, maintaining their 

numbers during a process called renewal of the composition of stem cells. 

Currently, approaches have been developed and optimized for obtaining 

and cultivating embryonic [62, 63] and spermatogenic [64, 65] avian cells. The 
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efficiency of genetic transformation of these target cells using various gene delivery 

systems, such as electroporation [66, 67], nucleofection [68], liposomal transfec-

tion [69, 70], the use of retroviral [71, 72] and lentiviral vectors [28, 73, 74], 

cationic polymers [30, 57], transposons [68, 75, 76]. 

PGCs can be transformed in two ways: in culture in vitro and in vivo by 

introducing genetic constructs into the dorsal aorta of embryos during the period 

of migration of their own PGCs into the gonads. Along with the traditional meth-

ods of transfection of cells in culture in vitro, the electroporation and lipofection, 

a number of works present the results of genetic modification of PGCs using other 

methods of gene delivery. Macdonald et al. [75] used Tol2 and piggyBac trans-

posons to transfect chicken PGCs in vitro. The efficiency of transfection of target 

cells was 5.4 and 25.5%, respectively. The formation of functional gametes from 

transformed donor cells was shown, and transgenic progeny were obtained from 

primary germline chimeras. Naito et al. [68] obtained and transformed in vitro by 

nucleofection a culture of chicken PGCs with an efficiency of 10%. The trans-

formed PZK culture was introduced into recipient embryos. From the birds bred 

after these manipulations, offspring were obtained. The presence of GFP was found 

in 1 out of 270 individuals. 

There are a number of reports on the efficiency of transformation of PGCs 

in vivo to obtain germline chimeras. Zhang et al. [28] proposed a simple and 

effective way to create transgenic quails by injecting a lentiviral vector containing 

the eGFP reporter gene into the dorsal aorta of embryos. Out of 80 embryos, the 

authors obtained 48 G0 chimeras (60%). The presence of eGFP was confirmed in 

most organs and tissues of the chimeric bird, including the germ cells of males. 

The efficiency of obtaining transgenic offspring from chimeric males reached 13%. 

Tyack et al. [69] and Lambeth et al. [76] for the genetic transformation of chicken 

PGCs in vivo, recombinant DNA was injected in combination with Lipofectamine 

2000 and the Tol2 transposon directly into the dorsal aorta of chicken embryos. 

Germline F0 chimeras and transgenic progeny expressing integrated recombinant 

genes were obtained. 

Jiang et al. [73] used a lentiviral vector conjugated with antibodies to 

SSEA4 (stage-specific embryonic antigen-4) specific to PGC membrane proteins 

to increase the efficiency of PGC transfection in vitro and in vivo. The proposed 

approach made it possible to increase the target efficiency of transduction of avian 

cells by 30.0-46.7%. In 50.0-66.7% of embryos, GFP expression occurred in the 

gonads. 

Transformation of avian spermatogenic cells, as well as PGC, can be car-

ried out in culture in vitro and in vivo by introducing genetic constructs into the 

parenchyma of the testes of males. In the latter case, as a rule, viral vectors are 

used. A number of studies have considered the possibility of using non-viral gene 

delivery systems. Min et al. [30] and Li et al. [57] studied the efficacy of the 

cationic polymer SofastTM in transforming rooster spermatogenic cells in vivo. 

This drug, in combination with the genetic construct, was injected directly into 

the parenchyma of the testis. Min et al. [30] bred avian influenza resistant chick-

ens. The efficiency of transformation of spermatogenic cells was 72.2%. The 

transgene was present in 10% of the spermatozoa and in the blood of 7.8% of the 

F1 offspring. Li et al. [57] used a genetic construct encoding the GFP reporter 

gene for the genetic transformation of spermatogenic cells. With its introduction 

in combination with a cationic polymer into the testes of roosters, the efficiency 

of target cell transformation reached 19.1%. 

Thus, the technology for creating genetically modified individuals using 

PGCs and spermatogonia as donor cells involves their isolation, transformation, 
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and transplantation into recipient gonads, followed by the production of offspring 

with introduced traits [77, 78]. The efficiency of colonization of donor cells into 

recipient gonads has been shown in a number of studies using both donor PGCs 

[78, 79] and spermatogonia [32, 81, 82]. The preliminary treatment of recipients 

aimed at eliminating their own germ or spermatogenic cells in the gonads under 

the influence of gamma radiation The efficiency of transplantation of donor PGCs 

and spermatogonia can be increased by [83, 84] or chemical sterilization [85, 86]. 

In the latter case, busulfan is effective, which is an alkylating agent that causes 

DNA damage in target cells, which leads to the shutdown of all cellular mecha-

nisms and cell destruction. 

Table 1 summarizes the main methodological approaches currently used 

for the genetic modification of avian cells. Below, their effectiveness in editing the 

genome of poultry in in vitro and in vivo systems is considered. 

1. Main methods to genetically modify poultry cells 

Gene construct introduction  Target cells  Trasfection method References 
Direct introduction into an em-

bryo or into organs or tissues of 

adults 

Blastodermal cell Viral vectors, lipofection  [27, 34, 47] 

Primordial germ cells Viral vectors, transposons, 

lipofection 

[28, 69, 76] 

Oviduct cells, spermatogenic 

testis cells 

Viral vectors [29, 74, 30] 

Transfection of target donor 

cells in vitro followed by trans-

plantation to recipients 

Blastodermal cells, primordial 

germ cells, spermatogonia 

Viral vectors, lipofection, elec-

troporation, nucleofection, trans-

posons 

[31, 32, 87, 88] 

Transformation of spermatozoa 

followed by female insemination  

Sperm  Lipofection, electroporation [33] 

 

Genome  e d i t i n g  o f  p o u l t r y. A number of successful experiments 

reported on the modification of avian cells using various editing systems to knock-

out of individual genes [89]. Functions of a number of genes associated with the 

biology of embryonic development and the pathogenesis of embryonic diseases 

[90], gametogenesis [91], and resistance to infectious diseases [92] have been stud-

ied on chicken cell lines DF-1 and DT-40. Methodological approaches to intro-

ducing mutations (knockout) into target genes [93], including those related to 

growth, development, and productive qualities, have been developed and opti-

mized [94]. 

Abu-Bonsrah et al. [90] obtained two chicken cell lines with a knockout 

of the HIRA, TYRP1, DICER, MBD3, EZH2, and RET genes using the 

CRISPR/Cas9 system. It has been shown that using this editing system, it is pos-

sible to introduce a deletion larger than 75 kb into the target gene sequence. 

Through in vivo electroporation of chicken embryos, genetic changes were made 

to the DGCR8 gene sequence in nerve cells. In genetically modified cells, there 

was a decrease in the expression of DGCR8 and the associated genes Drosha, 

YPEL1, and Ngn2. Morphological differences in the structure of the nervous tissue 

and cardiac muscle in transfected embryos were noted.  

Zhang et al. [91] studied the effect of the Stra8 gene on the differentiation 

of embryonic stem cells in spermatogonia. For this purpose, the Cas9/gRNA plas-

mid was introduced into DF-1 cells and embryonic stem cells. The efficiency of 

introducing mutations into the target gene was 25% in DF-1 cells and 23% in 

embryonic stem cells. It has been shown that Stra8 gene knockout blocks the 

differentiation of embryonic stem cells in spermatogonia in vitro. Y. Bai et al. (93) 

used the CRISPR/Cas9 system to introduce genetic changes in the PPARG and 

ATP5F1E ovalbumin gene sequences in the DF-1 chicken cell line. The mutation 

frequency varied from 0.5 to 3.0%. Cultivation of cells after transfection on a 

selective medium containing puromycin increased the efficiency of selection of ge-

netically modified cells up to 95%. Lee et al. [94] on the DF-1 cell line considered 



 

1021 

the possibility of using the Cas9-D10A nickase to introduce site-specific mutations 

in the target region of the target DNA. The myostatin gene was chosen as the 

target. Genotyping of the transfected cells confirmed the presence of mutations at 

the target site of the target DNA. The size of the introduced deletions varied from 

2 to 39 nucleotides. At the same time, the analysis of six non-target sites did not 

reveal the presence of any non-specific mutations in them. In addition, there were 

no phenotypic differences between normal and modified cells. Western blotting 

did not show the presence of myostatin protein in the modified cells. 

Along with reports on editing the genome of cell lines, there are a number 

of publications on the production of poultry with a knockout or gene insertion. 

The studies were carried out on chickens and quails. Schusser et al. [95], using 

PZK, bred chickens with a knockout of the immunoglobulin heavy chain gene by 

homologous recombination. Birds homozygous for the knockout of this gene did 

not synthesize antibodies and did not develop B-cells. At the same time, the mi-

gration of B-cell precursors into the bursa of Fabricius was preserved, while the 

formation of mature B-cells and their migration from the bursa of Fabricius were 

blocked. The development and functional activity of other types of cells of the 

immune system remained normal. Chickens with a knockout of the immunoglobu-

lin heavy chain gene due to the lack of a peripheral population of B-cells serve as 

a unique experimental model for studying the immune response of birds to infec-

tious diseases, and are also of interest for solving a number of problems in the 

field of virology and biology development and biotechnology. Dimitrov et al. [96] 

showed the possibility of modifying the chicken immunoglobulin heavy chain gene 

by in vitro PGC modification using the CRISPR/Cas9 system. As a result, four 

PGC lines were obtained, which were injected into the embryos. The efficiency 

of the transfer of the introduced modifications from the chimeric bird of the germ 

line to the offspring varied from 0 to 96%. 

Using the TALEN editing system, Taylor et al. (97) bred chickens with a 

knockout of the DDX4 locus on the Z sex chromosome to study the role of this 

gene in the formation of germ cells. The DDX4 gene is a key determinant of germ 

cells in many animal species. It is supposed to control the formation of germ cells 

in birds. The effectiveness of his knockout in the PZK of chickens was 8.1%. Large 

deletions of 30 kb were introduced spanning the entire DDX4 locus. After in vitro 

editing, PGCs were injected into recipient embryos and a chimeric germline bird 

was obtained. The offspring from this bird were homozygous for the knockout of 

the DDX4 gene. In individuals, the initiation and development of PGCs in the 

gonads of embryos was noted, however, with the onset of meiosis, the development 

of reproductive cells was blocked, leading to infertility in females. 

Knockout of egg protein genes is considered as an opportunity to reduce 

the allergenicity of chicken eggs. This is especially true in the production of prod-

ucts for persons sensitive to egg white. In 2014, Park et al. [98[ obtained ovalbumin 

knockout chickens by genetically modifying PGCs with the TALEN editing sys-

tem. Deletions were introduced into the target gene, which led to a shift in the 

reading frame and, as a result, to the shutdown of the function of the ovalbumin 

gene. Oishi et al. [99] created the ovomucin (OVM) gene knockout chickens. 

PGCs transfected in in vitro culture and transplanted into recipient embryos were 

used as target cells for genome editing with the CRISPR/Cas9 system. G0 chime-

ras were used for subsequent crosses with the selection of G2 chickens homozygous 

for the OVM gene knockout. Two out of three chimeric G0 roosters produced 

offspring with a deletion in the OVM gene. 

Later, the same scientific group, using a similar approach, bred chickens 

producing human beta-interferon (hIFN-) by incorporating the hIFN- gene into 
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the ovalbumin gene locus [100]. Such a bird produced 3.5 mg/ml hIFN-

white. Females (unlike males) turned out to be infertile. The bioactivity and pro-

duction of the recombinant hIFN- protein in the offspring remained at the level 

of previous generations, which confirms the prospects of including the target genes 

in the ovalbumin gene locus of chickens to create individuals producing recombi-

nant proteins in egg white for industrial use.  

Qin et al. [101] evaluated the effectiveness of using an adenoviral vector 

to deliver the CRISPR/Cas9 system to chicken cells to knock out the ovalbumin 

(OV) gene and integrate the human epidermal growth factor (hEGF) gene into this 

locus. The efficiency of the OV gene knockout and the expression of the integrated 

hEGF gene was shown in a culture of primary chicken oviduct cells. The biological 

activity of the secreted hEGF protein was confirmed on Hela cells: cell prolifera-

tion when this protein was included in the cultivation medium corresponded to 

those established for the commercial hEGF preparation. The OV gene knockout 

was also carried out with the integration of the hEGF gene in blastoderm cells in 

vitro and in vivo. Chicken embryos with introduced genetic changes in the cells 

of the gonads were obtained. The efficiency of obtaining such embryos was higher 

with transplantation of in vitro modified blastoderm cells into the germinal disc of 

recipient embryos than with direct injection of the adenovirus vector into embryos 

in vivo. The proportion of modified germ cells in the gonads of embryos was also 

higher when using in vitro modified blastodermal cells.  

A number of papers report on the successful editing of the genome of 

chickens and quails with myostatin gene knockout (MSTN). The protein myostatin 

inhibits the growth and development of muscle tissue. Knockout of the MSTN 

gene is of interest in creating lines with an increased growth rate of muscle tissue. 

G.-D. Kim et al. [102] obtained chickens with MSTN gene knockout by inserting 

an editing system into the PGC. The D10A-Cas9 nickase was used to introduce 

deletions into the target region of the target DNA. After the introduction of in 

vitro modified PGCs into embryos, deletions from 5 to 39 nucleotides in the 

MSTN gene locus were identified in 7 out of 52 chickens. This bird was further 

crossed in order to breed chickens homozygous for MSTN gene knockout. The 

features of growth and development of muscle tissue were studied. MSTN knock-

out birds showed a continuous increase in body weight up to 18 weeks of age, 

while in unmodified birds, the growth rate decreased after 13 weeks. A comparative 

assessment of meat productivity indicators revealed an increase in the mass of legs 

by 55.3% in individuals with a knockout of the MSTN gene compared to the 

control. At the same time, the mass of abdominal fat was 77.1% lower. Compar-

ison of the mass of internal organs, including the heart, spleen, stomach and liver, 

did not reveal significant differences between genetically modified and unmodified 

chickens.  

Lee et al. [103] produced myostatin gene MSTN knockout quails by in-

jecting a recombinant adenovirus containing CRISPR/Cas9 into the germinal disc 

(blastoderm cells). In the birds, 3 bp deletions were identified. The mutation did 

not cause a frameshift and resulted in a cysteine deletion in the MSTN propeptide 

region. In quails homozygous for MSTN gene knockout, there was a significant 

increase in body weight and muscle tissue with muscle hyperplasia compared with 

quails heterozygous for MSTN gene knockout and wild type. In addition, in indi-

viduals with a knockout of the MSTN gene, the proportion of abdominal fat de-

creased and the mass of the heart increased compared to wild-type quails. The 

same scientific group bred quails with a knockout of the melanophilin MLPH gene 

associated with feather pigmentation (104). An adenovirus vector containing com-

ponents of the CRISPR/Cas9 system was introduced into the subembryonic cavity 
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of the blastoderm of the embryos. Of the 100 injected embryos, 11 quails were 

obtained, of which five carried a mutation in the MLPH gene in reproductive cells. 

The efficiency of mutation transfer to offspring varied from 2.4 to 10.0%. In the 

offspring of one modified F0 bird, two different mutations were identified at the 

MLPH locus. Differences in the phenotype of modified quails with MLPH gene 

knockout were established. Quails homozygous for the MLPH gene knockout had 

gray plumage, while quails heterozygous for the introduced mutation and the wild 

type had dark brown plumage.  

Along with the use of genomic editing technology to improve economically 

useful traits in agricultural poultry, it is of interest to create individuals resistant 

to infectious diseases, such as avian leukosis virus (ALV). This disease is difficult 

to control and prevent due to the lack of effective vaccines. There are several 

subgroups of ALVs. Hellmich et al. [12] attempted to develop chickens resistant 

to subgroup J of the avian leukemia virus (ALV-J), which causes myeloid leukemia 

and tumor formation. For this purpose, a deletion for tryptophan 38 (W38) was 

introduced into the chNHE1 locus using the CRISPR/Cas9 system. The W38 

amino acid in chNHE1 is critical for virus entry into the cell, making it a preferred 

knockout target to increase pathogen resistance. The genetic modification intro-

duced into the chicken genome completely protected the cells from infection with 

the ALV-J virus. The W38 deletion did not have a significant negative impact on 

the development or general functional state of genetically modified individuals. In 

general, the creation of ALV-J resistant individuals through precise gene editing 

allows this approach to be considered as an alternative strategy for controlling 

poultry diseases.  

Table 2 summarizes the main achievements in editing the genomes of dif-

ferent poultry species.  

 

Thus, at present, some progress has been made in editing the genome of 

poultry. Methodological approaches and techniques for modifying avian cells using 

various gene editing systems, in particular ZFN, TALEN, CRISPR/Cas9, have 

been developed and optimized. Chickens and quails have been bred with a knock-

out of a number of genes in order to study their functions, improve the productive 

qualities of poultry, increase resistance to infectious diseases, and obtain recombi-

nant proteins in egg protein. A number of studies have shown the simplicity, safety, 

and availability of the CRISPR/Cas9 editing system for modifying the poultry ge-

nome, which makes it possible to consider this system as an effective tool for the 

creation and commercial use of bird breeds and lines with improved qualities. 
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A b s t r a c t  
 

Goat biodiversity comprises 635 breeds from in 170 countries (https://www.fao.org/dad-is). 

Wide geographical distribution and positive dynamics of goat populations in recent decades are due to 

high adaptability to various climatic conditions and the uniqueness of goat products (I.N. Skidan et 

al., 2015; A.I. Erokhin et al., 2020). DNA microsatellite markers have been widely used to study 

genetic differentiation of goat breeds and populations in many countries (C. Wei et al., 2014; G. Meku-

riaw et al., 2016). Insignificant genetic distances (FST 0.033-0.069) between goat breeds bred in Europe 

confirm the frequent exchange of the gene pool between them. A more significant genetic differentia-

tion (FST 0.134-0.183) is characteristic of breeds from East and Southeast Asia due to the ecological 

and geographical features and the remoteness of their habitats (K. Nomura et al., 2012; G. Wang et 

al., 2017; P. Azhar et al., 2018). The CSN1S1, CSN1S2, CSN2, and BLG gene polymorphisms are of 

most interest in dairy goat breeding (N. Silanikove et al., 2010; Vorozhko I.V. et al., 2016). Eighteen 

allelic variants have been described in the CSN1S1 gene, eight in CSN2, and 16 in CSN3 (S. Ollier et 

al., 2008; T.G. Devold et al., 2010). The CSN1S1AA association with more protein in milk and less 

total lipids and medium chain fatty acids has been found (Y. Chilliard et al., 2006; D. Marletta et al., 

2007). Goats with BLGAB genotype have longer lactation period, produce more milk with higher fat 

and protein contents (A.S. Shuvarikov et al., 2019). The sequencing of the goat genome (the AdaptMap 

project) and the development of the 52K SNP BeadChipGoat chip has expanded the search for genome 

regions involved in breeding (G. Tosser-Klopp et al., 2014; A. Stella et al., 2018). There is evidence 

that the RARA, STAT, PTX3, IL6, IL8, and DGAT1 genes are linked to dairy performance traits 

(P. Martin et al., 2018; D. Ilie et al., 2018). At the genomic level, the MC1R, ASIP and KIT are 

associated with wool fiber coloration, FGF5, EPAS1 and NOXA1 with wool productivity of goats and 

their high-altitude adaptation (X. Wang et al., 2016; S. Song et al., 2016; Guo J. et al., 2018). Thus, 

the evaluation of genetic relationships between breeds, the search for genes associated with economi-

cally important traits are promising for use in breeding programs and further development of goat 

breeding (L.F. Brito et al., 2016; S. Desire, 2016; A. Molina et al., 2018; T.E. Deniskova et al., 2020). 

However, despite certain achievements, until now, loci associated with economically important traits 

in goats, such as breeding characteristics, the level of down, wool and milk productivity, as well as 

determining resistance to diseases, remain largely unknown. 
 

Keywords: goats, microsatellites, breeds, productivity, genetic differentiation, genetic mark-

ers, GWAS 
 

Goat raising is a dynamically developing branch of animal husbandry. Ac-

cording to the FAO (Food and Agriculture Organization of the United Nations), 

in 30 years the world’s goat population has almost doubled, from 589 million in 
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1991 to 1 billion 200 million by the beginning of 2020. Today, there are 635 

goat breeds in the world, bred in 170 countries, with only 38 breeds classified 

as transboundary (DAD-IS, Domestic Animal Diversity Information System, 

http://www.fao.org/dad-is). 

The purpose of our review is to summarize and analyze data on modern 

genetic markers for the study of biodiversity, genetic structure, determination of 

the degree of inbreeding, purity of breeds and populations of goats, genome-wide 

association studies (GWAS) in order to identify genes associated with economi-

cally important indicators of productivity. 

The domestic goat (Capra hircus) is propagated worldwide and comprises 

a large variety of breeds due to their biological peculiarities, including high adapt-

ability to various climatic conditions. Goat raising cover mountain, high-moun-

tain, steppe and semi-desert zones with a sparse grass vegetation. Other animal 

species (cattle, horses, and sheep) cannot make up for the need for nutrients and 

energy using such limited food resources. The widespread breeding of goats and 

the growth of their numbers are also associated with a global trend of increasing 

demand for products with unique properties, which include goat down, moger, 

goat milk, and goat meat [1]. 

Since ancient times, goat down has been a row material for warm products 

of special lightness, softness and elasticity, which is still relevant today. Herds of 

fiber goats are widespread in Turkey, India, Mongolia, China, Afghanistan, Kyr-

gyzstan, Uzbekistan, and Russia (https://www.fao.org/faostat/en). 

1. Abundance (heads) of breeds and populations of goats (Capra hircus) bred in Rus-

sia in 2000-2019 [5-7] 

Breed (population) 
Year  

2000 2005 2010 2015 2019 
Altai belaya pukhovaya (down goats)     8300 

Alpine goats    900 5230 

Gornoaltayskaya pukhocaya (down goats)  15700 11300 27300 22200 10800 

Dagestanskaya pukhocaya (down goats) 5700 16600 19500 No data 5000а 

Dagestan sherstnaya (wool goats)  5800 16700 19600 No data 11000а 

Donskaya (Pridonskaya) goats 2000 1600 No data No data No data 

Saanen goats  1100 6900 19900 29770 

Karachaevskaya goats No data No data No data No data 8000а 

Murciano-Granadina goats     470 

Nubian goats     330 

Orenburg goats 16900 22800 20500 17200 6500 

Russkaya belaya goats No data No data No data No data 170а 

Sovetskaya sherstnaya (wool goats) 31700 88700 83300 89900 28600 

Tuvinskaya grubosherstbaya (Tuvan coarse-haired goats)  No data No data No data No data 7200а 

Total 77800 158800 177100 150100 97370 

Not identified 2800 28500 7100 63200 41130 

N o t е. Altai belaya pukhovaya (Altai white down goat breed) was officially approved in 2016. Saanen goats were 

brought to the Russian Federation in 2001, Alpine, Murciano Granadina and Nubian goats in 2015-2018. The total 

number of goats is calculated from official data provided by livestock breeding organizations; а — the number of 

goats based on the veterinary control records of the regional administrations of farm locations). 

 

Over the past 10 years, goat milk production in Asia, Africa, North and 

South America has increased by 21.3, 18.4 and 9.5% on average. In France, 

Greece, Italy, Spain and the Netherlands, the share of goat milk consumption 

(including cheese production) is 15-20% of the total dairy production [2]. Goat 

milk is increasingly considered as a raw material for products with high bio-

logical and, in some cases, therapeutic value and for baby food. One of the 

features of goat’s milk is a significantly greater dispersion of fat globules com-

pared to cow’s (average diameter of 3.19 µm and total area 21.78 cm2/ml vs. 

3.51 µm and 17.11 cm2/ml), which provides its high digestibility due to availability 

for lipolytic enzymes. Goat milk contains 54.6-80.2% more unsaturated short-

chain fatty acids (C4:0-C10:0) [3]. In addition, the high content of β-casein and a 
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negligible amount (virtually absent) of s1-casein, which causes allergic reactions, 

bring goat milk closer to human breast milk composition. Goat milk is also dis-

tinguished by the physicochemical properties of casein micelles, which contain 

more calcium and inorganic phosphorus, are less solvated and more resistant to 

heat, therefore, compared to the milk of other animal species, casein is more easily 

lost, which determines the high cheese suitability [4]. 

In Russia, 10 breeds and populations of goats for various use are currently 

raised. The livestock at the end of 2019 amounted to 97,370 animals (Table 1). 

It should be noted that over the past 20 years there has been a significant 

change in the breed composition of goats in terms of productivity. Since 2015, 

there has been a significant decrease in the number of wool goats in terms of 

productivity and, accordingly, their share in the total livestock from 59.9 to 29.4%. 

The number of dairy goats has noticeably increased. In 2005, dairy goats were 

absent in the structure of Russian goat breeding, and by the end of 2019, they 

already accounted for 36.9% (Fig.).  
 

 

Abundance of goat (Capra hircus) breeds for various use (A) and their distribution (%) (B) (the Russian 

Federation, 2005-2019): f — down goats, b — wool goats, c — milk goats, d — coarse-haired goats [5-7]. 
 

Currently, to accelerate goat breeding, it is not enough to use only tradi-

tional methods, and therefore there is an increasing need to integrate modern 

DNA technologies into the breeding process, since they can increase the efficiency 

of breeding through the selection of carriers of alleles associated with economically 

valuable traits [8, 9]. The following types of DNA markers can be distinguished, 

which are most widely used in the study of animal genomes, including goats: 

RFLP (restriction fragment length polymorphism), RAPD (randomly amplified 

polymorphic DNA), AFLP (amplified fragment length polymorphism), MS (mi-

crosatellites, STR, short tandem repasts), SNP (single nucleotide polymorphism), 

CNV (copy number variation). Microsatellites, also known as STR markers, and 

markers based on single nucleotide polymorphisms (SNPs) have received the 

greatest distribution in studies of the goat genome. 

M i c r o s a t e l l i t e s  (STR ma r k e r s). Due to their availability, low cost, 

and information content, microsatellites remain one of the most common markers 

in phylogenetic and taxonomic studies and are used in programs for the conser-

vation of agricultural animal genetic resources. This is especially true for aboriginal 

animal husbandry in general and goat breeding in particular, since there are about 

600 aboriginal goat breeds in the world [10, 11]. 

In the study of genetic processes in populations, Wright’s F-statistics, or 

fixation indices, are most often used, which characterize individual (FIS), subpop-

ulation (FST) and population (FIT) levels of the genetic structure of a population: 

FIS = (HS  HI)/HS, FST = (HT  HS)/HT, FIT = (HT  HI)/HT, where HI is the 

observed heterozygosity, HS is the expected heterozygosity in subpopulations, HT 
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is the expected heterozygosity in the entire population during panmixia. FIS indi-

cates a decrease in heterozygosity due to non-random mating, FIT indicates the 

degree of inbreeding of individuals in the whole population. At FIS, IT > 0, there 

is a deficit of heterozygous individuals, at FIS, IT < 0, there is an excess. FST 

indicates a decrease in heterozygosity due to gene flow restriction and genetic drift 

between subpopulations. The FST for the two populations serves as the genetic 

distance value. At FST < 0.05, population differentiation is insignificant, at FST > 0.25 

it is significant [12]. Nei expressed fixation indices through allelic frequencies, 

observed and expected heterozygosity for any populations, and proposed the use 

of genetic distances [13, 14)]. 

With the development of genetic methods, the number of microsatellite 

loci increased, which were used in the study of the biodiversity of goats with wool 

and down productivity. Thus, six populations of Kashmir goats from China were 

studied using 11 microsatellite loci, which formed three separate clusters: Tibetan 

goat of Plateau type and Tibetan goat of Valley type, Sichuan type (black goats, 

Meigu, Jianchang, Baiyu) and Xinjiang goats [15]. In another study, 14 microsat-

ellite loci were used to study the genetic differentiation of nine Kashmiri breeds 

from China. The obtained FST values indicated their high genetic isolation, with 

the Hegu breed bred in Tibet showing the greatest remoteness [16]. 

Kharzinova et al. [17], in a comparative study of the Sovetskaya sherstnaya 

(wool goats), Tajik sherstnaya (wool goats), Orenburg pukhovaya (down goats), 

Alpine and Saanen dairy breeds for 10 microsatellite loci, revealed that each of 

these breeds has its own population genetic structure and determined the degree 

of genetic differentiation of breeds. 

Selionova et al. (18) assessed the genetic diversity and genetic distances 

between wool and down breeds of goats bred in the North Caucasus (Karachaev, 

Dagestan pukhovaya down goats, Dagestan sherstnaya wool goats), in Siberia (So-

betskaya sherstnaya wool goats), and in the South Urals (Orenburg goats), as well 

as between three species of mountain goats, the Siberian ibex (C. sibirica), bezoar 

ibex (C. aegagrus), and tur (C. caucasica) using 16 microsatellite loci. Karachay 

goats exhibits the greatest genetic diversity, i.e., the average number of alleles per 

locus was 9.1 vs. 6.5-7.5 for other breeds. Subspecies of the Caucasian tur formed 

the first cluster, Siberian ibex formed the second cluster, and breeds of domestic 

goats formed the third cluster. Groups of the bezoar goat were located at the root 

of the third cluster, which indirectly confirms their participation as an ancestral form 

of domestic goats [18]. 

Microsatellite markers were used to study the genetic diversity of five pop-

ulations of native Mongolian goats (Gurvan egch, Darhatskaya, Burakh zavkhan, 

Ulgiy uulan, Altay uulan), two populations of local Tuvan goats, and three breeds 

(Sovetskaya sherstnaya, Tajik sherstnaya wool goats and Orenburg pukhovaya 

down goats). Two main groups have been identified, one group includes predom-

inantly Mongolian aboriginal populations, and the other group includes Central 

Asian goat breeds. Populations of the local Tuvan goat were divided between the 

respective groups. At the same time, Mongolian goats were characterized by high 

intrapopulation diversity and a low degree of genetic differences between popula-

tions [19]. 

A number of studies are devoted to the study of the genetic diversity of 

dairy goats. Wang et al. [20] used 15 microsatellite markers to study breeds bred 

in China, i.e., the breeds of own selection (Guanzhong, Laoshan, and Wendeng), 

those bred using the Saanen breed (Xinong Saanen) and imported from Europe 

(Nubian). The average number of alleles per locus was 4.9, FIS values ranged from 

0.09 to 0.08, FST was 0.08. Between breeds Wendeng and Laoshan as well as 

Guanzhong and Xinong there are the closest genetic links that reflected the history 
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of formation and geography of breeding. It has been established that all four Chi-

nese breeds had a common ancestor, the Saanen breed, which was imported to 

China from Europe in the 18th century [20]. 

Araujo et al. [21] compared the local dairy breed Moxoto with the Alpine 

and Saanen goats for 11 microsatellite loci. The FST value between the Moxoto 

and introduced breeds was 0.08, while between the latter it was 0.03, indicating 

their greater genetic similarity [21]. 

The genetic differentiation of dairy goat breeds from Thailand (Jamunapari, 

Alpine, Nubian, Saanen, and Toggenburg) was studied using 12 microsatellite 

markers. The Alpine, Saanen, and Toggenburg breeds were assigned to one phy-

logenetic cluster, while the Jamunapari and Nubian breeds formed two others. 

The average number of alleles per population per microsatellite locus was 7.4. FIS 

values ranged from 0.18 to 0.04, FST was 0.07 [22]. 

Microsatellite markers were used to identify the breed of goats with main-

tained status in the production of dairy products. Thus, the Girgentana goats are 

bred on the island of Sicily, its distinctive feature is the unique quality of milk, 

but due to the small number of Girgentana goats are endangered, so measures are 

being taken to preserve the breed [23]. A panel of 20 microsatellite markers was 

used to genetically identify Girgentana, Maltese, and Derivata di Siria goats. Eight 

alleles of microsatellite markers were present in the Girgentana and Derivata di 

Siria breeds, but were absent in Maltese goats. Three microsatellite markers 

(FCB20, SRCRSP5, TGLA122), recognized as the most informative, were pro-

posed for use in genetic monitoring of dairy products obtained from goats of the 

Girgentana breed and when mixed with milk from animals of other breeds [24]. 

In a large-scale study performed in China using 30 microsatellite loci and 

covering more than 2 thousand goats of 40 breeds and populations of various 

productivity directions, it was found that their genetic structure is mainly deter-

mined by geographical origin and periods of human migration across the country. 

More clearly, the genetic differentiation of goats was traced in Western China, for 

whose populations two clusters were established, the southwestern and northwest-

ern. These clusters coincided with separation by natural barriers (mountain ranges, 

river basins) [25]. 

Dixit et al. [26] used 25 microsatellite markers to study genetic diversity 

and relationship between 20 breeds from India. Most of the loci were heterozy-

gous, FIS values ranged from 0.61 to 0.73. The Kanniadu breed showed the greatest 

diversity, and Osmanabadi the least. The overall FST value was 0.183, with 83.5% 

of the genetic variability found to be due to differences between individuals within 

a breed and only 16.5% between breeds. The smallest genetic distance was deter-

mined between the Ganjam and Malabari breeds (0.22), the largest between the 

Kanniadu and Malabari breeds (0.83) [26]. 

In a study of 18 native goat breeds and populations from seven East 

Asian countries, 26 microsatellite loci were involved. The average number of alleles 

per locus ranged from 2.5 to 7.6m being 5.8 on average for the studied breeds, 

while there was a deficit of heterozygotes and general inbreeding (FIS = 0.054, 

FIT = 0.181, p < 0.01). In Mongolia and Bangladesh, there was more genetic 

diversity in goat populations than in Japan, Korea and Indonesia. All breeds 

formed three clusters, the East Asian, Southeast Asian and Mongolian, which 

correlated with the use that the breeds are intended for, geographical origin and 

migration routes [27]. 

Cañón et al. [28] used 30 microsatellite markers to genotype 45 goat breeds 

from 15 European and Middle Eastern countries. In all breeds, a heterozygosity 

deficiency (FIS = 0.10) and an average genetic differentiation between them was 

revealed. Multivariate analysis of allele frequencies revealed four clusters: the 
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breeds of the Eastern Mediterranean (Near East) (FST = 0.033) were the first, of 

the Central Mediterranean (FST = 0.040) the second, of the Western Mediterra-

nean (FST = 0.051) the third, and of Northern and Central Europe (FST = 0.069) 

the fourth. The decrease in the genetic diversity of goats from the southeast to the 

northwest was accompanied by an increase in differentiation at the breed level. 

Approximately 41% of the genetic variability was associated with the geographical 

origin of the breeds. The data obtained were considered by the authors as confir-

mation of the hypothesis that livestock migrated from the Middle East to Western 

and Northern Europe, while the formation of breeds was more systematic in 

Northern and Central Europe than in the Middle East. 

In a number of sources, it is proposed to consider the FST value equal to 

or greater than 0.25 as a significant genetic distance between breeds, from 0.05 to 

0.25 as an average, less than 0.05 as insignificant [12, 13, 29, 30]. Analysis of the 

above data draws to the conclusion that, in general, small genetic distances (FST 

0.033-0.069) have been established between breeds and populations of goats bred 

in Europe, which can be considered as confirmation of the frequent exchange of 

genes due to crossings to improve productivity. For breeds and populations of 

goats living in East and Southeast Asia, genetic differentiation is more significant 

(FST 0.134-0.183), which, apparently, is due to ecological and geographical fea-

tures and remoteness of habitats. 

The study of the origin of goats, the routs of their migration, genetic dif-

ferentiation and features of the genetic structure as a result of adaptation to the 

breeding environment does not lose relevance. To obtain new data, single nucle-

otide polymorphisms (SNPs) are now increasingly used [31-33]. 

S i n g l e  nuc l eo t i d e  po l ymo rph i sms  (SNP ma rke r s). SNPs are 

the most common type of polymorphism in both nuclear and mitochondrial DNA. 

The main advantage of using SNPs as markers compared to microsatellites is their 

wide distribution in the genome, a clear mutational mechanism with low homo-

plasia and mutability. 

In addition, SNPs in goats, unlike multi-allelic microsatellites, are pre-

sented as bivalent variants. The methodological advantages of SNP analysis in-

clude the absence of special requirements for DNA quality (SNP analysis is usually 

carried out by obtaining short fragments less than 100 bp long), a lower degree of 

erroneous genotyping, the possibility of automating the process and standardizing 

the data obtained. The study of SNP became widespread even at the early stages 

of the development of DNA diagnostics of farm animals, since it is this type of 

variability that underlies the polymorphism of genes associated with economically 

valuable traits. The development of high-throughput genotyping technologies has 

made SNPs the dominant type of DNA markers in the study of farm animal 

genomes. 

Currently, SNPs are considered the preferred type of marker for genomic 

evaluation, including genome-wide association studies, to determine the relation-

ship between individuals, determine the degree of inbreeding and hybridization, 

high-resolution genetic mapping and more complete characterization of genetic 

resources [34]. 

Po l ymo rph i sm  o f  g o a t  p r o duc t i v i t y  g en e s. Along with phylo-

genetic studies, the identification of genes and their allelic variants associated with 

economically valuable traits is important for the selection improvement of goat 

productivity. For milk goats, these are primarily indicators that characterize the 

quantitative parameters of milk yield, namely, the milk fat and protein content 

[35]. The main part of milk proteins is casein, containing four fractions (s1-, 
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s2-, - and κ-casein), and whey proteins (-lactoglobulin, -lactalbumin) [36, 

37]. The influence of these proteins on the technological properties of milk and 

the possibility of obtaining products with specified quality parameters have been 

comprehensively studied, which determined the interest in studying the genes that 

control their synthesis [38, 39]. 

The gene CSN1S1 for s1-casein whose polymorphism is determined by a 

set of allelic variants is the most studied. They are defined as strong for the content 

of s1-casein at  3.5 g/l (A, A', B1, B2, B3, B4, C, H, L), medium at  1.1 g/l 

(E, I), weak at  0.45 g/l (D, F, G), and zero-variant (O1, O2, N) (no s1-casein 

in milk) [37-39]. The so-called strong alleles are more common in breeds from 

Spain, Italy, France, and Greece while medium and weak alleles are widely rep-

resented in goats in New Zealand and Brazil [43, 44]. Nine allelic variants (A, B, 

C, D, E, F, 0, sub A and sub E) for the CSN1S2 gene (s2-casein), eight variants 

(A, A1, O’, O, B, C, D, E) for the CSN2 gene (β-casein), and 16 (A, B, B’, B’’, 

C, C’, D, E, F, G, H, I, J, K, L, M) for the CSN3 gene (κ-casein) [37, 40]. The 

main types of caseins are encoded by genes located on the chromosome 6 and 

closely linked in a single cluster of 250-350 thousand bp [45]. 

A number of works are devoted to the influence of polymorphism of the 

genes of the main milk proteins on coagulation properties, nutritional value indi-

cators, and the formation of goat productivity. It was found that in products from 

the milk of goats with the AA genotype for the CSN1S1 gene, the protein content 

was 4.5% higher than from the milk of animals with the FF genotype, which 

justifies the selection of carriers of the A allele [40]. 

In goats producing milk with a low content of s1-casein, there was a 

significant decrease in the amount of total lipids and medium-chain fatty acids 

C8-C12 (caprylic, capric, lauric), as well as palmitic, stearic, linoleic and conju-

gated linoleic acids. That is, the polymorphism of the CSN1S1 gene affects the 

intensity of lipogenesis in the secretory cells of the mammary gland [46, 47]. 

Investigations of five Chinese goat breeds (more than 4 thousand animals), 

including the most common breed Shaanbei White Cashmere, sequencing of the 

s1-casein gene revealed only one indel mutation of 11 bp, designated as genotype 

II, which was associated with the number of kids at the first lambing. Individuals 

with genotype II had a significantly larger number of offspring compared to ID 

and DD genotypes, which allowed the authors to recommend this indel mutation 

for inclusion in breeding programs to increase multiple pregnancy [48]. 

A number of studies have focused on the effect of the -lactoglobulin 

(BLG) gene on goat productivity. Shuvarikova et al. [49] found that Saanen goats 

with the AB genotype were characterized by longer lactation and produced more 

milk (on average by 110.2 kg, p < 0.01) and more milk fat and protein (by 3.7 kg 

and 3.5 kg, p < 0.05, respectively) compared to AA and BB genotypes. Similar 

data were obtained by Fatikhov et al. [50]. The best indicators of nutritional and 

biological values of yogurt and cottage cheese were noted for the milk of Nubian 

and Alpine goat breeds with the BB genotype [49]. 

Kravtsova et al. [51] concluded that it is desirable to include genotyping 

for the weaver, BLG and pituitary transcription factor (POU1F1) genes in breeding 

programs to improve milk goats. It was found that individuals carrying the complex 

genotypes T2T2/S1S2/D1D2 and T2T2/S2S2/D1D1 for the weaver/BLG/POU1F1 

genes had a higher content of fat and protein in milk (5.64 and 3.63%) than goats 

of other genotypes (4.08 and 3.32%). Goncharenko et al. [52] reported that the 

bodyweight of Belaya pukhovaya breed of down goats heterozygous for BLG was 

0.30-0.61 kg (p < 0.05) higher compared to goats of other genotypes. 
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S t u dy  o f  g enome s  u s i n g  DNA ch i p s  a n d  s e qu en c i n g. The 

development of genetic analysis methods based on the study of complete genomes 

by hundreds or thousands of single nucleotide polymorphisms distributed through-

out the genome has significantly expanded the possibilities of identifying genome 

regions that control physiological and biochemical processes that determine the 

phenotypic differences of animals [53, 54]. 

Genome-wide association studies (GWAS) with productivity traits in goats 

are currently being conducted in many countries around the world [55]. The use 

of GWAS was preceded by the large-scale work of the International Goat Genome 

Consortium (IGGC; http://www.goatgenome.org) on the implementation of sev-

eral research projects of the complete sequencing of the genome of these animals. 

The AdaptMap project has genotyped 4653 animals in 148 populations from 35 

countries on five continents [56]. The developed version of the SNP panel was 

based on the analysis of differences in 12 million SNP variants identified in the 

genomes of the Saanen, Alpine, Creole, Boer, Katjang, and Savanna goat breeds. 

Further validation of the SNP distribution was carried out on 10 other goat breeds. 

As a result, 52295 SNPs were selected, which were successfully used in the 52K 

SNP BeadChipGoat chip (Illumina, Inc., USA) [57]. Whole genome sequencing 

of bird and pig genomes from different countries suggested that intense artificial 

selection contributed to rapid phenotypic evolution in domestic animals [58, 59]. 

The development of DNA chips has significantly expanded the ability to identify 

loci under selection pressure in pigs and cattle [60-62], as well as sheep [63, 64]. 

These results demonstrated how positive selection has altered the genome of do-

mestic animals. However, it should be noted that certain restrictions on the num-

ber of individuals for SNP genotyping on chips can lead to a change in the fre-

quency distributions of alleles, which affects the accuracy of population genetic 

analysis [65]. For example, almost all SNPs included in the GoatSNP50 BeadChip 

(Illumina, Inc., USA) were selected from six Saanen, seven Alpine, and three 

Creole goat populations. At the same time, it turned out that the distribution 

density of the detected SNPs on genomic DNA was insufficient to obtain an ac-

curate result when assessing loci under selection pressure [57]. 

GWAS of British milk goats covered a set of traits, including milk yield, 

milk fat and protein content, somatic cell counts, exterior indicators (i.e., the 

udder depth, the place of its attachment, the teat shape, the angle of the teat 

attachment, the size and shape of the fore and hind legs, the strength of the fore 

and hind hooves). The total phenotypic database included 137235 records for 4563 

goats examined. Association analysis revealed SNPs on chromosome 19 that were 

significantly associated with the amount of milk. In addition, several more SNPs 

were found on chromosomes 4, 8, 14 and 29, the relationship of which with milk 

production turned out to be less significant. Three SNPs identified on chromo-

some 19 were associated with attachment site and udder depth and foreleg features. 

SNPs with a lesser statistical relationship were found on chromosomes 4-6, 10-

18, 21, 23, and 27. However, the influence level on the total variance of the trait 

associated with significant SNPs was low and varied from 0.4 to 7.0% for the 

amount of milk and from 0.1 to 13.8% for exterior indicators, which confirms 

their polygenic nature [66]. Wasike et al. [67] have made a similar conclusion 

based on the GWAS performed for milk goats in the USA. 

The GWAS method was used to search for genes associated with the num-

ber of somatic cells (somatic cell count, SCC), selected as a sign of resistance to 

mastitis. Phenotypic data included SCC for 1941 Alpine and Saanen goats bred in 

France. In the Saanen breed, a significant association with SCC was shown by an 

SNPs identified on chromosome 19 in a region from 33 to 42 Mbp in length, 

which included candidate genes associated with a response to infections caused by 
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intramammary strains, the retinoic acid receptor  (RARA) gene and STAT tran-

scription factor genes (STAT3, STAT5A, STAT5B). However, these associations 

were not found for the Alpine breed [68]. 

In Eastern Europe, 10 genes were identified in goats that affect resistance 

to mastitis and gastrointestinal infections. These were the genes for pentraxin 3 

(PTX3), interleukin-6 (IL6), C-type 4 lectin domain family member 4 (CLEC4E), 

interleukin-8 (IL8), interleukin-1 receptor antagonist (IL1RN), interleukin-15al-

pha receptor subunit (IL15RA), a member of the tumor necrosis factor 13 

(TNFSF13) superfamily, cytokine signaling suppressor 3 (SOCS3), tumor necrosis 

factor (TNF) and toll-like receptor 3 (TLR3) [69]. 

Another French GWAS study attempted to identify genes associated with 

extra lobes and udder teats in goats. The sample included 810 Saanen and 1185 

Alpine goats, however, no significant associations between SNPs and these traits 

could be found [70]. 

Desire et al. [71] used GWAS to evaluate genomic breeding value estima-

tor (GEBV) and identify SNPs associated with milk yield and body weight gain. 

Phenotypic data covered a period of one year for 320 individuals. The obtained 

GEBV accuracy value was low (0.28 for both indicators). Nevertheless, the authors 

believe that with an increase in the number of animals, the period of studies and 

the total number of observations, the accuracy of the genomic estimation will 

increase [71]. 

Martin et al. [72] sequenced the DGAT1 gene and identified 29 polymor-

phisms, of which R251L and R396W not previously described were associated with 

reduced milk fat. The frequency of occurrence of the R396W mutation in Saanen 

and Alpine goats was 13.0% and 7.0%, respectively, the frequency of R251L for 

both breeds was 3.5% [72]. 

When using a one-step approach in combination with genomic best linear 

unbiased prediction (GBLUP), the accuracy of estimating the breeding value of 

Alpine and Saanen goats (825 individuals), which constitute the breeding core on 

farms in France, was increased from 22 to 37% by compared with the two-stage 

method and was higher than the traditional pedigree estimate [73]. Another work 

used several prediction estimates. The estimates were based on the best linear 

unbiased prediction (BLUP), single-step genomic best linear unbiased prediction 

(ssGBLUP), and three weighted analyses (weighted single-step genomic best linear 

unbiased prediction, WssGBLUP; single-step genomic best linear unbiased pre-

diction with the maximum weight of SNPs included in the chromosomal region, 

WssGBLUPMax; single-step genomic best linear unbiased prediction with the sum 

of the weights of the SNPs included in the chromosomal region, WssGBLUPSum) 

calculated for SNPs with regard to their effect on milk protein content. The ac-

curacy of GEBV with ssGBLUP has improved by 5-7% compared to the tradi-

tional BLUP model. WssGBLUP more accurately identified SNPs associated with 

s1-casein content and proved to be more effective in predicting genomic selection 

values than unweighted ssGBLUP. In addition, the authors indicate that using 

WssGBLUP was somewhat easier to perform calculations, which speeded up ge-

nomic analysis [74]. 

In a Spanish study involving 50,649 records of milk production from 

19,067 Florida goats, it was found that the ssGBLUP method improved the aver-

age accuracy of breeding value estimates by 1.06% compared to classical BLUP. 

The correlation between matrix A (pedigree) and matrix G (gene) was 0.826. The 

correlation between EBV (breeding value estimator) and GEBV (genomic breed-

ing value estimator) was 0.989, but when comparing only EBV-genotyped animals, 

the correlation between these estimates decreased to 0.952, and the average accu-

racy increased by 5.86% [75]. 
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In order to reduce the cost of genotyping in the control of origin, Talenti et 

al. [76], based on an analysis of 109 Alpine goats, proposed two low-density panels 

comprising 130 and 114 SNPs with random match probabilities of 1.51½1057 and 

2.94½1034, respectively. The results made it possible to determine family ties with 

absolute accuracy. Subsequently, an improved panel containing 195 SNPs was 

developed. It has been shown that at a comparable cost, the 195 SNP chip can 

replace microsatellite markers, but with much higher accuracy [77]. 

Goat wool color is a polygenic trait that is often determined by epistatic 

gene interactions [78]. These include genes for the melanocortin 1 receptor 

(MC1R) and its endogenous antagonist, the agouti signaling protein (ASIP). The 

MC1R gene plays a key role in the synthesis of melanin pigments and the control 

of the amount of eumelanin (black/brown) or pheomelanin (red/yellow). This has 

been demonstrated in several studies examining the effect of MC1R on color in 

cattle and sheep [79]. Similarly, mutations in the MC1R gene are associated with 

wool color in goats of the Girgentana, Maltese, Derivata di Siria, Murciano-Gra-

nadina, and Camosciata delle Alpi, and Saanen goats [80]. ASIP has an epistatic 

effect on the MC1R gene and reduces MC1R activity, which leads to increased 

pheomelanin synthesis. Yellow or pheomelanin pigmentation is due to the action 

of the dominant allele at the ASIP locus, while black/brown or eumelanin pig-

mentation is due to the action of the recessive allele [81]. In Saanen goats, the 

dominant allele Awt (white/red) seems to be responsible for the white coat color 

[82]. Duplication of regions in the ASIP gene leads to the formation of white and 

black colors [83]. Another gene that affects the coat color of goats is the proto-

oncogene receptor tyrosine kinase (KIT) gene, which is considered one of the key 

genes in color formation in many animal species [80, 84-86]. 

Wang et al. [87], based on sequencing genotyping performed on goats from 

eight populations, reported several genes under positive selection pressure. The 

ASIP gene was associated with coat color, the fibroblast growth factor 5 (FGF5) 

gene was associated with wool productivity, and the NADPH oxidase activator 

gene 1 (NOXA1) was associated with adaptation to altitude hypoxia [87]. Further 

editing of the FGF5 gene in goat embryos led to an increase in the number of 

secondary hair follicles and fiber length, which confirms the positive association 

of the gene with cashmere productivity and the expediency of its inclusion in down 

goat breeding programs [88]. 

Guo et al. [89] performed genome-wide sequencing of 38 goats of three 

Chinese breeds, the Nanjiang Yellow, Jintang Black, and Tibetan cashmere and 

compared them with the genomes of 30 goats of five other breeds, as well as with 

the genomes of 21 bezoar goats from AdaptMap databases. As a result, a new SNP 

(c.-253G>A) associated with down productivity and adaptation to low tempera-

tures in Tibetan cashmere goats was identified in the 5-UTR region of the FGF5 

gene. A high frequency of occurrence of the AGG allele in the exon 12 of the 

desmoglein 3 gene (DSG3), which determines cell adhesion and is expressed 

mainly in the skin, has also been established [89]. Genome comparison of cash-

mere goats of different breeds have shown that loci under selection pressure are 

associated with color (IRF4, EXOC2, RALY, EIF2S2, KITLG), reproduction 

(KHDRBS2) and adaptation to altitude (EPAS1) [90]. The selection pressure for 

the endothelial PAS domain-containing protein 1 (EPAS1) gene was established 

by Song et al. [90] in exome sequencing of 330 Tibetan cashmere goats well 

adapted to mountainous environments [90]. 

We examined selective loci in a population of native Karachay goats (n = 37) 

by analyzing runs of homozygosity (ROH). In total, 17 ROH regions larger than 

0.1 Mb were identified, which were found in the genome in more than 50% of 
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Karachay goats (including 6 ROH regions identified in more than 60% of animals) 

(Table 2). To confirm these data and select positional candidate genes, it is nec-

essary to study a larger population of goats of the Karachay breed. 

2. Runs of homozygosity (ROHs) in the genomes of more than 50% of Karachay 

goats (Capra hircus) 

Chromosome SNP number 
Position 

Length, Mb Candidate genes 
start end 

1 6 123,995,551 124,276,659 0.281  

3 7 91,992,725 92,358,697 0.366  

7 5 47,720,691 47,985,489 0.265  

7 10 50,213,129 50,678,375 0.465  

4а 50,385,448 50,599,960 0.215 HTR4, FBXO38 
11 13 14,570,133 15,147,019 0.577  
 7а 14,850,176 15,108,357 0.258 BIRC6, TTC27 
11 12 37,444,185 37,989,059 0.545  
 10а 37,518,114 37,955,681 0.438 CLHC1, RPS27A, MTIF2, 

CCDC88Ab, CFAP36b, PPP4R3Bb, 
PNPT1b 

11 3 95,963,081 96,081,413 0.118  

12 7 24,713,474 25,070,617 0.357  

12 13 34,478,328 35,027,103 0.549  

 7а 34,509,187 34,826,053 0.317  

13 8 60,716,743 61,161,390 0.445  

 5а 60,913,235 61,123,452 0.210 HCK, TM9SF4, PLAGL2, 

POFUT1, KIF3B, ASXL1 

14 11 74,881,431 75,466,670 0.585  

 7а 74,881,431 75,240,511 0.359 MMP16 

21 8 54,788,196 55,179,468 0.391  

23 5 27,849,491 28,042,905 0.193  

25 5 3,491,087 3,753,620 0.263  

27 3 32,676,747 32,783,591 0.107  

27 3 32,905,720 33,015588 0.110  
28 7 15,314,246 15 639,373 0.325  

N o t е. а — ROH in the genomes of more than 60% animals; b — genes present in more than 70% animals (“Studies 

of the genomic diversity of goats of different breeds, searching for selection marks in the population of Karachay 

goats based on full genome SNP genotyping, biochemical blood analysis and phenotype”. Moscow, 2020). 
 

Thus, in the world’s goat raising, there are many breeds and populations 

of goats intended for various us, the vast majority of which are aboriginal. Goat 

biodiversity has been fairly well studied using microsatellite DNA loci. To obtain 

new fundamental knowledge about the origin of goats, genetic drift, and genetic 

relationships between domestic goats and their wild ancestors, genome-wide anal-

ysis and genome scanning using DNA chips have been widely used recently. Data 

were obtained on the relationship of the goat genes CSN1S1, CSN1S2, CSN2, 

BLG, RARA, STAT, PTX3, IL6, IL8, DGAT1 with milk productivity and milk 

quality. The association has been demonstrated of MC1R, ASIP, and KIT genes 

with the color of wool and down, FGF5, EPAS1, and NOXA1 genes with wool 

productivity and adaptation to high-altitude hypoxia. At present, certain progress 

has been made in understanding the formation of goat biodiversity, the prospects 

of the genomic approach in the selection of wool and milk breeds. However, the 

loci associated with economically important traits (reproduction, down and wool 

productivity, wool color, the amount of milk and the content of milk protein and 

fat, somatic cell counts, etc.) and those associated with adaptiveness and resistance 

to diseases are still little studied. Therefore, efforts should be focused on these issues 

and searching for candidate genes based on genomic and omics technologies. 
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A b s t r a c t  
  

Sheep husbandry contributes significantly to global food production. Improving the biochem-

ical parameters of meat is one of the urgent goals of sheep breeding programs due to the changed 

customers’ requirements for food quality, in particular its dietary properties. The fatty acid composition 

is one of the important indicators of meat quality. High concentrations of saturated fatty acids in the 

human diet are known to increase plasma cholesterol concentrations which increases the risk of de-

veloping diabetes, obesity, and cardiovascular disease (A.P. Simopoulos, 2001; F.B. Hu et al., 2001). 

Improving the dietary properties of sheep meat by breeding animals with the increased content of 

unsaturated fatty acids is one of the possible measures that could reduce the incidence of these diseases. 

In addition, intramuscular fatty acid composition affects flavor, aroma, juiciness, and tenderness of 

the meat and the digestibility of fat. These reasons determine the relevance of identifying genetic 

markers associated with intramuscular fatty acid composition in sheep and their use in sheep breeding 

programs. This review analyzes data on phenotypic variability, inheritance of the intramuscu-lar fatty 

acid composition in sheep, and candidate genes identified due to genome-wide association studies 

(GWAS) with DNA microarrays technology (R. Bumgarner 2013) and high-throughput RNA sequenc-

ing method (RNA-seq) applicable in studying genetic mechanisms that are involved in the formation 

of animal phenotypes at the gene expression level (A. Oshlack et al., 2010; K.O. Mutz et al., 2013; 

R. Stark et al., 2019). Research results demonstrate that the quantitative indicators of the intramuscular 

fatty acid composition in different breeds of sheep and the degree of heritability of this trait vary widely 

which indicates the possibility of changing the profiles of the fatty acid composition of mutton through 

the use of genetic methods in sheep breeding programs (E. Karamichou et al., 2006; H.D. Daetwyler 

et al., 2012; S.I. Mortimer et al., 2014; S. Bolormaa et al., 2016; G.A. Rovadoscki et al., 2017).  

Summarizing GWAS и RNA-seq results, the most significant candidate genes associated with the fatty 

acid composition of sheep meat are i) acot11, baat, pnpla3, lclat1, isyna1, elovl6, agpat9, me1, acaca, 

dgat2, plcxd3, fads2, scd, cpt1a, pisd, lipg, b4galt6, acsm1, acsl1, aacs, and fasn which encode the 

enzymes of fat and fatty acids metabolism; ii) the genes encoding fatty acid transporters FABP3, 

FABP4, FABP5, SLC27A6, APOL6, and COPB2; iii) mlxipl, ppard, wnt11, foxo3, tnfaip8, npas2, fndc5, 

adipoq, adipor2, trhde, cidec, ccdc88c, tysnd1 and sgk2 genes which encode the transcription factors 

and effector proteins, regulating energy and fat metabolism (X. Miao et al., 2015; S. Bolormaa et al., 

2016; L. Sun et al., 2016; G.A. Rovadoscki et al., 2017; R. Arora et al., 2019). These data allow a 

deeper understanding of the genetic mechanisms underlying the phenotypic variability of intramuscular 

fatty acid composition in sheep, which is a necessary background for successful selection strategies in 

sheep husbandry.  
 

Keywords: sheep, fatty acids, genetic markers, GWAS, RNA-seq, SNP 
 

Sheep farming significantly contributes to world food production. Cur-

rently, gene pool of sheep bred in more than 150 countries comprises more than 

2300 breeds. In the Russian Federation, 46 breeds of sheep are raised of which 15 
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are fine-wool sheep, the share of which in 2020 was 53.6% of the total livestock 

at agricultural enterprises, 14 are semi-fine-wool sheep (5.0%), 2 are semi-coarse-

wool sheep (1.4%), 15 are coarse-haired sheep (34.3%) [1]. The general trend of 

modern world sheep breeding is the reduction in the number of woolly sheep. 

From 2000 to 2020 in Russia, the share of fine-wool sheep decreased by 26.9%, 

of semi-fine-wool sheep 2.6-fold, while the share of coarse-wool breeds bred for 

meat production increased 6.4-fold [1]. The main reason for the reduction in the 

need for sheep wool is the rapid growth in the production of synthetic fibers, the 

quality of which, in many respects, is close to natural at a much lower cost. Cur-

rently, the share of meat products in the gross income from the sale of all products 

obtained from sheep approximates to 90% [2, 3]. The intensification of sheep 

breeding and the growing demand for mutton in many countries is accompanied 

by the emergence of new, more productive sheep breeds. Selection is aimed at 

creating sheep breeds with a combined high wool and meat productivity [3]. 

One of the ways to improve sheep breeds is to improve the biochemical 

parameters of meat, which is due to the changed requirements for the quality of 

food products, in particular, for their dietary properties. The average content of 

saturated fatty acids in mutton is 1.464 g/100 g of meat, which is higher than in 

beef and pork (respectively 1.149 and 0.400 g/100 g meat) [4]. Lamb significantly 

exceeds beef and pork (more than 1.5-fold and 10-fold) in the content of polyun-

saturated ω-3 and ω-6 fatty acids [4], which are not synthesized in the human 

body [5], but are involved in the synthesis of eicosanoids, cell signaling, regulation 

of enzyme and neurotransmitter activity, neuronal migration, and other vital pro-

cesses [6, 7]. For an adult, the physiological need for ω-6 fatty acids is 8-10 g per 

day, for ω-3 fatty acids 0.8-1.6 g per day, with the optimal ratio of ω-6 to ω-3 

fatty acids within 5:1-10:1 [8]. 

A high content of saturated fatty acids in the human diet is known to 

increase the blood cholesterol concentration and, as a result, increase the risk of 

cardiovascular diseases, diabetes and obesity [9, 10]. In addition, the fatty acid 

composition of meat affects its consumer properties, e.g., flavor, odor, juiciness, 

tenderness and digestibility. The more unsaturated fatty acids in the composition 

of the fat, the lower its pour point and the higher the digestibility. Therefore, it is 

important to identify and use in breeding genetic markers associated with the fatty 

acid composition of sheep meat. 

The emergence in recent decades of high-throughput DNA sequencing 

(next generation sequencing, NGS) technologies [11, 12] and their widespread use 

has made it possible to establish the nucleotide sequences of the genomes of most 

agricultural animal species, including sheep [13, 14]. In turn, this contributed to 

the development of DNA chip technology [15] for genome-wide association anal-

ysis to identify candidate genes and genomic variations (single nucleotide poly-

morphisms, SNPs) associated with economically important traits in crops and 

domestic animals [16-18]. 

The later developed RNA sequencing technology (RNA-seq) makes it pos-

sible to study the genetic mechanisms of phenotype formation based on a com-

parative analysis of gene expression profiles. [19-22]. The integrated use of these 

approaches contributes to the understanding of the genetic mechanisms underlying 

the variability of economically useful traits of farm animals, which serves as the 

necessary scientific basis for the development of successful breeding programs in 

animal husbandry [23, 24]. 

This review analyzes and summarizes the results of studies of the pheno-

typic variability and heritability of fatty acid composition of sheep muscle tissue, 

as well as data on candidate genes identified using genome-wide association search 

and high-throughput RNA sequencing. 
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The  he r i t a b i l i t y  o f  th e  con t en t  o f  f a t t y  a c i d s  i n  th e  mu s -

c l e  t i s s u e  o f  s h e ep. The quality of lamb, including its fatty acid composition, 

depends on the breed [25-28], sex and age of the animals [29-31], as well as on 

the diet [32-34]. Quantitative indicators of the fatty acid composition of sheep 

meat of different breeds vary widely and differ in breeds of both the same and 

different directions of productivity (Table 1). 

1. Lamb fatty acid composition in various breeds of sheep (Ovis aries) (M±SEM) 

Fatty acids 

Breed 

Edilbay  

[29] 

Romanian 

[31] 

Prekos 

[27]  

Karachai 

[30] 

Kubashev 

[28] 

Tsigai 

[28] 

meat-fat meat-wool  wool-met  
Saturated:  

  
   

   myristic, С14:0 8.11±0.10 2,51±0,45 5,00±0,25 3,50±0,11 2,42±0,19 4,98±0,12 

   pentadecanoic, С15:0  0,68±0,51 
 

0,99±0,03 0,76±0,06  

   palmitic, С16:0 24.15±0.14 22,31±1,53 25,00±0,08 25,32±1,19 22,29±0,29 25,02±0,07 

   stearic, С18:0 21.98±0.23 24,71±0,63 25,00±0,10 22,51±0,96 46,76±0,34 25,02±0,11 

Monounsaturated:   
 

   

   palmitoleic, С16:1 1.38±0.11 2.54±0,13  2,54±0,08 4,33±0,20  

   heptadecenoic, С17:1 0.60±0.09 0,54±0,12   2,01±0,14  

   oleic, С18:1  32.8±0.22 41,09±1,68 39,00±0,18 39,44±1,16 15,8±0,24 38,98±0,23 

Polyunsaturated:  
  

   
   linoleic, С18:2ω6 5.32±0.14 2,54±1,09 4,00±0,15 2,24±0,09  3,99±0,09 

   linolenic, С18:3ω3 0.99±0.07 0,93±0,08 0,50±0,02 0,86±0,02 0,73±0,09 0,55±0,02 
   arachidonic, С20:4ω6 0.27±0.03 

 
1,50±0,04 0,090±0,004  1,46±0,05 

N o t е. Gaps mean no data.  

 

2. Reported heritability (h2) of fatty acid content in muscle tissue of various breeds of 
sheep (Ovis aries) (M±SEM) 

Fatty acids 
h2 

[36] [37] [38] [39] 
Saturated:     

   myristic, C14:0 0.19±0.14  0,15 0,44±0,045 

   palmitic, C16:0 0.29±0.17  0,11 0,25±0,033 

   stearic, C18:0 0.24±0.15  0,19 0,30±0,037 

Monounsaturated:     

   palmitoleic, C16:1 0.31±0.18   0,30±0,035 

   oleic, C18:1 0.27±0.17   0,28±0,035 

Polyunsaturated:     
   arachidonic, C20:4ω6 0.60±0.17 0,15±0,04 0,16  

   linoleic, C18:2ω6 0.10±0.09 0,22±0,04 0,15 0,27±0,034 

   conjugated linoleic, CLAc9t11 0.48±0.06   0,34±0,045 

   -линоленовая кислота, C18:ω3 0.30±0.02   0,46±0,045 

Total content of saturated fatty acids  0.90±0.16   0,32±0,039 

Total content of monounsaturated fatty ac-

ids 0.73±0.18   0,31±0,038 

Total content of polyunsaturated fatty acids  0.40±0.16   0,28±0,034 
Total content of ω-3 fatty acids    0,37±0,045 

Total content of ω-6 fatty acids    0,27±0,034 

Polyunsaturated/saturated fatty acids    0,28±0,034 
ω6/ω3 ж fatty acids    0,33±0,042 

N o t е. Data on Texel, Border Leicester, Polled Dorset, Suffolk, East Friesian, Merino sheep [36], Merino sheep 
[37], Merino, Poll Dorset, Border Leicester, Suffolk, Texel, Corriedale, Coopworth sheep and crosses [38], Santa 
Inês [39] are submitted. Gaps mean no data.  

 

For the first time, the degree of heritability of the content of fatty acids in 

the muscle tissue of sheep was estimated by Karamichou et al. [35] in 2006 based 

on a study of two lines of Scottish Blackface sheep that differed in the fatty acid 

composition of the longissimus dorsi muscle. It was shown that the total content 

of saturated and monounsaturated fatty acids are highly inherited traits (h2 herit-

ability coefficients of 0.90 and 0.73, respectively); the total content of polyunsatu-

rated fatty acids is a moderately inherited trait (h2 = 0.40) (Table 2). 

Later, similar studies were carried out for more than a dozen breeds and 

crosses of sheep [36-39]. Daetwyler et al. [36] conducted a genomic assessment of 

the breeding value of sheep based on the analysis of the databases of the Cooperative 
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Research Center for Sheep Industry Innovation [40] and SheepGENOMICS [41], 

including 14039 breeds Texel, Border Leicester, Polled Dorset, Suffolk, East Frie-

sian and Merino. It was revealed that the intramuscular fat content refers to mod-

erately inherited traits (h2 = 0.49), while this indicator for eicosapentaenoic and 

docosapentaenoic polyunsaturated fatty acids was significantly lower and 

amounted to 0.26 and 0.24, respectively [36], which agrees with the data of Mor-

timer et al. [37]. Bolormaa et al. [38] studied 10613 Merino, Poll Dorset, Border 

Leicester, Suffolk, Texel, Corriedale, Coopworth and cross breed sheep and found 

low heritability coefficients (h2 = 0.15-0.19) for both polyunsaturated arachidonic, 

linoleic, and for saturated C14:0, C16:0 and C18:0 fatty acids (see Table 2). The 

results of a study of 216 sheep of the Santa Inês breed revealed a moderate herit-

ability of all fatty acids studied by the authors, among which the highest values of 

the coefficient of heritability were in -linolenic and myristic acids [39]. 
Thus, the heritability coefficients of the content of fatty acids in the muscle 

tissue of sheep varied over a wide range, which indicates a significant genetic 
variability of the estimated traits in different breeds and, therefore, the possibility 
of changing the profiles of the fatty acid composition of meat in sheep through 
the use of genetic methods in breeding. 

Quan t i t a t i v e  t r a i t  l o c i  and  cand ida t e  g ene s  a s s o c i a t e d  

w i t h  f a t t y  a c i d  con t en t. More than 20 QTLs (quantitative trait loci) asso-

ciated with fatty acid content in sheep muscle tissue have been annotated in the 

SheepQTLdb database [42, 43]. 

For the first time, loci of quantitative traits of the fatty acid composition 

of sheep meat were identified by Karamichou et al. [35] in 2006. A total of 21 

QTLs were found on chromosomes 1, 2, 3, 5, 14, 18, 2 and 21, most of which 

were associated with the content of certain fatty acids, and not with their total 

number [35]. Rovadoscki et al. [39] performed genome-wide association studies 

based on the genotyping of 216 Santa Inês sheep using the OvineSNP50 BeadChip 

DNA chip (Illumina, Inc., USA), as a result of which 27 QTLs were detected on 

chromosomes 1, 2, 3, 5, 8, 12, 14, 15, 16, 17 and 18 and 23 potential candidate 

genes were found, including dgat2, trhde, tph2, me1, parp14, and mrps30 associated 

with fatty acid content in sheep muscle tissue (Table 3). Thus, QTLs of the total 

content of saturated fatty acids were found on chromosomes 3, 14, and 15 and 

included the tph2, trhde, dgat2, wnt11, and npas2 genes. The tph2 gene encodes 

the enzyme tryptophan hydroxylase 2 (TPH2), which is associated with the sero-

tonergic system and is involved in various physiological processes, including lipid 

metabolism in adipose tissue [44, 45]. The enzyme pyroglutamyl peptidase II 

(TRHDE, product of the trhde gene) inactivates thyrotropin-releasing hormone, 

which regulates energy metabolism [46]. The association of the trhde gene with 

the content of visceral fat in Merino sheep was previously shown [47]. The neu-

ronal PAS domain-containing protein 2 (NPAS2) plays an important role in the 

PPAR signaling pathway that regulates lipid metabolism with the participation of 

the PPAR receptor (peroxisome proliferator-activated receptor ), which con-

trols fatty acid beta-oxidation [48, 49]. The enzyme diacylglycerol O-acyltransfer-

ase 2 (DGAT2) plays a key role in triglyceride biosynthesis [50, 51]. The wnt11 

gene is associated with the Wnt signaling pathway which has an inhibitory effect 

on adipogenesis [52-55]. 

Four QTLs were found on chromosomes 1, 3, and 15, associated with the 

total amount of monounsaturated fatty acids (see Table 3) and containing the 

copb2 and dgat2 genes. The COPB2 protein (сoatomer subunit beta 2) plays an 

important role in the metabolic pathways associated with the intracellular transport 

of cholesterol and sphingolipids from the endoplasmic reticulum to the Golgi ap-

paratus [56]. The QTL for oleic acid (C18:1) is located on chromosome 15, overlaps 
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with the QTL for stearic acid (C18:0) and includes the dgat2 gene. For -linolenic 

(C18:3ω3), linoleic (C18:2ω6), conjugated linoleic (CLAc9t11) polyunsaturated fatty 

acids, as well as total polyunsaturated fatty acids, 11 QTLs and 12 candidate genes 

were found, including me1, tnfaip8, plcxd3, ccdc88c and cacna1c located on eight 

chromosomes (see Table 3). The ME1 enzyme (malic enzyme 1) is associated with 

the tricarboxylic acid cycle, in which NADPH and acetyl-CoA necessary for the 

biosynthesis of fatty acids are synthesized [57]. The TNFAIP8 protein (tumor 

necrosis factor TNF-alpha-induced protein 8) is involved in maintaining immune 

homeostasis and regulating the expression of genes encoding lipid metabolism en-

zymes [58]. PLCXD3 (phosphatidylinositol-specific phospholipase C, X domain 

containing 3) refers to phospholipases that break down phospholipids into fatty 

acids and other lipophilic molecules [39)]. The cdc88c gene product regulates the 

Wnt signaling pathway that affects lipid metabolism and adipogenesis [53]. The 

CACNA1C protein (voltage-dependent l-type calcium channel subunit alpha-1 

C), like long-chain fatty acids, is involved in the functioning of calcium channels 

[59, 60]. 

3. Candidate genes associated with fatty acid content in muscle tissue of sheep (Ovis 

aries) 

Gene and the encoded protein Chromosome Method Function References 
adipoq (adiponectin) 1 RNA-seq Regulation of energy homeostasis [66] 

adipor2 (adiponectin receptor 2) 1 RNA-seq Regulation of energy homeostasis [66] 

acot11 (acyl-CoA-thioesterase 11b) 1 RNA-seq Lipid metabolism enzyme [66] 

copb2 (сoatomer subunit beta 2)  1 GWAS Intracellular fat transport [39] 

baat (bile acid-coenzyme А: amino  

acid N-acyltransferase) 

2 RNA-seq Lipid metabolism enzyme  [84] 

cyp27a1 (sterol 26-hydroxylase) 2 GWAS Breakdown of cholesterol  [38] 

fabp5 (fatty acid binding protein 5) 2 RNA-seq Transport of long-chain fatty acids, 
compensation for loss of FABP4 in 
adipocytes 

[80] 

fndc5 (бfibronectin type III domain-
containing protein 5) 

2 RNA-seq Regulation of adipose tissue metab-
olism 

[66] 

fabp3 (fatty acid binding protein 3) 2 RNA-seq Regulation of intramuscular fat 
content, adipogenesis 

[66] 

trhde (pyroglutamyl-peptidase II) 3 GWAS Regulation of energy metabolism [39] 
apol6 (apolipoprotein L6) 3 GWAS Lipid transport [38] 
cacna1c (voltage-dependent l-type  
calcium channel subunit alpha-1 C) 

3 GWAS Transmembrane transport of cal-
cium ions 

[39] 

npas2 (neuronal PAS-containing  
domain protein 2) 

3 GWAS Regulation of fat metabolism 
with PPARα 

[39] 

tph2 (tryptophan hydroxylase 2) 3 GWAS Biosynthesis of serotonin [39] 
pnpla3 (adiponutrin) 3 GWAS Release of fatty acids and glyc-

erol via hydrolysis of triglycerides 
[38] 

lclat1 (lysocardiolipin acyltransferase 1) 3 RNA-seq Lipid metabolism enzyme cata-
lyzing the acylation of polyglyc-
erophospholipids 

[84] 

tnfaip8 (tumor necrosis factor (TNF)-

alpha-induced protein 8) 
5 GWAS Regulation of the expression of 

enzymes involved in the metabo-

lism of lipids and fatty acids 

[39] 

slc27a6 (solute carrier family 27 member 6) 5 RNA-seq Fatty acid transport  [84] 

isyna1 (inositol-3-phosphate synthase 1) 5 GWAS Biosynthesis of phospholipids [38] 

snora70 (small nucleolar RNA, H/ACA 

box 70) 

6 GWAS RNA processing [38] 

elovl6 (elongation of very long chain 

fatty acids protein 6)  

6 GWAS Fatty acid elongation [38, 80] 

agpat9 (1-acylglycerol-3-phosphate O-

acyltransferase 9) 
6 GWAS Biosynthesis of triglycerides [38] 

foxo3 (forkhead box protein O3) 8 GWAS Transcription factor regulating 

glucose metabolism, cell cycle 

and apoptosis 

[39] 

me1 (malic enzyme 1) 8 GWAS Biosynthesis of fatty acids [39] 

fabp4 (fatty acid binding protein 4) 9 RNA-seq Delivery of fatty acids to mito-

chondria 

[66] 

dgkh (diacylglycerol kinase eta) 10 RNA-seq Regulation of intracellular con-

centrations of diacylglycerol and 

phosphatidic acid 

[84] 
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Continued Table 3 
acaca (acetyl-coA carboxylase 1) 11 GWAS Biosynthesis of fatty acids [38] 

fasn (fatty acid synthase) 11 GWAS De novo fatty acid biosynthesis, 

fat deposition and fatty acid 

anabolism 

[38] 

synrg (synergin gamma) 11 GWAS Participation in the transport of 

proteins through the Golgi appa-

ratus 

[38] 

sgk2 (serum/glucocorticoid regulated 

kinase 2) 

13 GWAS Participation in the intracellular 

signaling pathway 

PI3K/AKT/mTOR, regulating 

glucose metabolism, cell prolifer-

ation and apoptosis 

[38] 

gys1 (glycogen synthase, muscle) 14-я GWAS Intramuscular glycogen synthesis [38] 

dgat2 (diacylglycerol O-acyltransferase 

2)  

15 GWAS Biosynthesis of triglycerides [39] 

wnt11 (Wnt family member 11) 15 GWAS Regulation of adipogenesis [39] 

plcxd3 (phosphatidylinositol-specific 

phospholipase C, X domain  

containing 3) 

16 GWAS Breakdown of phospholipids into 

fatty acids and other lipophilic 

molecules 

[39] 

cdh12 (кадгерин 12; cadherin 12) 16 GWAS Intercellular adhesion protein [39] 

aacs (acetoacetyl-СoA synthetase) 17 RNA-seq Enzyme for the biosynthesis of 

cholesterol and fatty acids 

[66] 

pisd (phosphatidylserine decarboxylase 

proenzyme, mitochondrial) 
17 RNA-seq Phospholipid biosynthetic 

enzyme 

[84] 

fbln5 (fibulin-5) 18 GWAS Participation in the formation of 

elastic fibers 

[39] 

ccdc88c (сoiled-сoil domain-containing 

protein 88C)  
18 GWAS Downregulation of the Wnt sig-

naling pathway involved in lipid 

metabolism 

[39] 

cidec (CIDE-N domain-containing 

protein) 
19 RNA-seq Deposition of fats in adipocytes, 

regulation of adipocyte apoptosis 

[66] 

ppard (peroxisome proliferator-activated 

receptor delta) 
20 RNA-seq Transcription factor regulating li-

pid metabolism 

[66] 

fads2 (fatty acid desaturase 2) 21 GWAS Biosynthesis of unsaturated fatty 

acids 

[38] 

scd (stearoyl-CoA desaturase) 22 GWAS Biosynthesis of unsaturated fatty 

acids 

[38] 

cpt1a (сarnitine-palmitoyltransferase 1) 21 RNA-seq Breakdown of long chain fatty 

acids  

[84] 

lipg (lipase endothelial) 23 RNA-seq Fat metabolism  [84] 

b4galt6 (beta 1,4-galactosyltransferase 6) 23 RNA-seq Sphingolipid metabolism [84] 

mlxipl (MLX interacting protein like) 24 GWAS Transcription factor that acti-

vates promoters of triglyceride 

synthesis genes 

[38] 

acsm1 (acyl-coenzyme A synthetase 

ACSM1, mitochondrial) 
24 RNA-seq Biosynthesis of fatty acids  [66] 

tysnd1 (trypsin like peroxisomal matrix 
peptidase 1) 

25 RNA-seq Participation in the processing  
of proteins involved in beta-oxi-
dation of fatty acids 

[66] 

acsl1 (long-chain-fatty-acid-CoA ligase 1) 26 GWAS Fatty acid metabolism [38] 

 

Bolormaa et al. [38] used GWAS technology to study 10613 sheep and 

identified several potential candidate genes involved in the biosynthesis of fatty 

acids and triglycerides, the most significant of which are fasn, mlxipl, elovl6, acaca, 

synrg, acsl1, isyna1, sgk2, fads2, and agpat9 genes. The fasn, acaca, elovl6, and 

fads2 genes encode enzymes that are directly involved in fatty acid biosynthesis 

[62]. The agpat9 gene encodes 1-acylglycerol-3-phosphate-O-acyltransferase 9 

(AGPAT9), a key enzyme in triglyceride biosynthesis that catalyzes the conversion 

of glycerol-3-phosphate to lysophosphatidic acid during the synthesis of triglycer-

ides [63]. The MLXIPL (MLX interacting protein like) protein activates promot-

ers of triglyceride synthesis genes [64]. The enzymes long-chain-fatty-acid-СoA 

ligase 1 (ACSL1) and inositol-3-phosphate synthase 1 (ISYNA1) are involved in 

lipid biosynthesis and fatty acid degradation [65]. 

Arora et al. [66] performed a comparative analysis of the transcriptome 

profiles of musculus longissimus thoracis of Bandur sheep and local Indian sheep 

based on the RNA-seq method. Expression levels of the adipoq, adipor2, fabp3, 
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fabp4, aacs, acsm1, acot11, cidec, fndc5, ppard, and tysnd1 genes associated with 

fatty acid metabolism were higher in Bandur sheep, distinguished by meat tender-

ness, high fat and oleic acid content compared to local sheep populations. The 

fabp3, fabp4, and adipoq genes encode proteins that play an important role in the 

regulation of lipid and glucose homeostasis in adipocytes [67, 68]. FABP3 and 

FABP4 belong to the family of fatty acid-binding proteins (FABPs). FABP3 is 

involved in the metabolism of long-chain fatty acids, transporting them to the 

mitochondria for oxidation, and also regulates adipogenesis [69]. FABP4 is one of 

the predominant proteins in the soluble fraction of adipose tissue, the function of 

which is to regulate lipolysis in adipocytes by activating hormone-sensitive lipase 

(HSL), leading to an increase in intracellular fatty acids [70, 71]. Recent studies 

have shown a negative correlation between fabp4 gene transcription and the ratio 

of polyunsaturated to saturated fatty acids in musculus longissimus dorsi of Chinese 

Tan sheep [72]. The protein ADIPOQ (adiponectin) and its receptor ADIPOR2 

(adiponectin receptor 2) are involved in maintaining energy homeostasis by regu-

lating glucose levels and fatty acid oxidation [73, 74]. Previously, 9 sheep haplo-

types for the adipoq gene were identified [75], and haplotypes B1 and A3 were 

shown to be associated with an increase in lean meat yield in New Zealand Rom-

ney sheep [76]. Peptidase TYSND1 (trypsin like peroxisomal matrix peptidase 1) 

is involved in the processing of proteins involved in beta-oxidation of fatty acids 

[77]. The fabp4, adipoq, and fabp5 genes associated with fat deposition also turned 

out to be the most transcribed in the tail adipose tissue of fat-tailed sheep [78, 79]. 

Sun et al. [80] performed a comparative analysis of the transcriptome pro-

files of the longissimus dorsi muscle in two Chinese sheep breeds and identified 

960 genes with different expression levels, including elovl6 and fabp5, directly as-

sociated with the synthesis and transport of fatty acids [81, 82]. The elovl6 gene 

encoding elongation of very long chain fatty acids protein 6 (ELOVL6) was also 

proposed by Bolormaa et al. [38] as a candidate gene associated with fatty acid 

content in sheep muscle tissue. It should be noted that polymorphism in the pro-

moter region of the elovl6 gene in pigs is associated with the content of palmitic 

and palmitoleic acids in muscles and fat [83]. 

Miao et al. [84] using transcriptome analysis of musculus longissimus dorsi 
of Dorset and Small Tail Han sheep, identified differentially expressed genes cpt1a, 

baat, and slc27a6 associated with fatty acid biosynthesis and metabolism [85-87]. 

Expression of the cpt1a and slc27a6 genes was also high in the tail adipose tissue 

of sheep [88]. 

There are data on the relationship of allelic variants of the calpastatin gene 

with the fatty acid composition of lipids in the muscle tissue of lambs. In sheep, 

two allelic variants of the cast gene, N and M were identified [89], and it was 

shown that the carriers of the NN genotype had more myristic (C14:0), palmitic 

(C16:0), stearic (C18:0), arachidic (C20:0), palmetic (C16:1) and arachidonic (C20:4) 

fatty acids than in lambs of the MM genotype [90]. SNPs C24T, G62A, G65T, 

and T69 were also found in the intron 5, c.197A > T and c.282G > T in the exon 

6 of the cast gene; six corresponding genotypes are B, C, D, F, I, and J. Animals 

of genotype I have been shown to have a lower palmitic acid content and a ratio 

of ω6 to ω3 fatty acids and a higher content of palmitoleic acid compared to 

carriers of other genotypes [91]. 

Thus, at present, genome-wide association studies and sequencing of tran-

scriptomes of sheep muscle tissue identified QTLs and a number of candidate 

genes associated with the content of fatty acids in muscle tissue. Of these, the 

genes acot11, baat, pnpla3, lclat1, isyna1, elovl6, agpat9, me1, acaca, dgat2, plcxd3, 

fads2, scd, cpt1a, pisd, lipg, b4galt6, acsm1, acsl1, aacs and fasn encode enzymes 

of fat and fatty acids metabolism. The genes fabp3, fabp4, fabp5, slc27a6, apol6 
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and copb2 encode transporter proteins of fatty acids and fats. The genes mlxipl, 
ppard, wnt11, foxo3, tnfaip8, npas2, fndc5, adipoq, adipor2, trhde, cidec, ccdc88c, 
tysnd1 and sgk2 encode transcription factors and effector proteins that regulate 

energy and fat metabolism. Further research is needed to validate the identified 

candidate genes and their allelic variants as genetic markers of fatty acid content 

in sheep muscle tissue for use in breeding to improve lamb quality. 
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A b s t r a c t  
 

Continuity of genetic progress and the use of advanced technologies in the breeding of highly 

productive livestock are the distinctive features of modern dairy cattle breeding (G.R. Wiggans et al., 

2017; B.V. Sanches et al., 2019). An example of Holstein cows of North American selection indicates 

the achievement of genetic changes (more than 56,0 %) in animals over 50 years (1963-2013), when 

milk yield doubled from 6619 kg to 12662 kg (A. Garcia-Ruiz et al., 2016). Along with this, genetic 

improvements aimed at higher milk yields have decreased the reproductive capacity and impaired 

health of cows (J. Kropp et al., 2014; L. Hyun-Joo et al., 2015, B. Fessenden et al., 2020) that is a 

global problem (E.S. Ribeiro et al., 2012; K.J. Perkel et al., 2015). High-yielding cows are 30-50 % 

susceptible to mastitis, metritis, lameness and other diseases (I. Cruz et al., 2021), and the average 

calving rate is about 40-50 % with 90-95 % fertilization (M.G. Diskin et al., 1980; P. Humblot, 2001). 

The embryonic period of cows which is up to 42-45 days of gestation (J. Peippo et al., 2011) is 

characterized by high (up to 40 %) embryonic mortality (D.C. Wathes, 1992; K.J. Perkel et al., 2015; 

P. Rani et al., 2018), the multifactorial etiology of which has not yet been elucidated. Loss of genetic 

potential (unborn bull sires, replacement heifers, mothers of bull sires, and embryo donor cows) slows 

down selection process in dairy herds (M. Ptaszynska, 2009). This review focuses on the genetic pre-

disposition of the embryo to survival as one of the important factors determining the onset and devel-

opment of pregnancy of dairy cows. Blastocysts retain the ability to survive in stressful conditions of 

in vivo or in vitro production after cryopreservation-thawing (J.L.M. Vasconcelos et al., 2011; C. Galli, 

2017; H. Erdem et al., 2020) and bisection (microsurgical division of the embryo in half for two demi-

embryos) (Y. Hashiyada, 2017). The information on embryo survivability becomes more genetically 

founded as candidate genes associated with high embryo competence to development are found (M.C. 

Summers and J.D. Biggers, 2003; A. El-Sayed et al., 2006). Molecular genetic technologies make it 

possible to study the entire set of genes that endow the blastocyst with the ability to develop sustainably 

(A.M. Zolini et al., 2020), as well as epigenetic changes of gene expression patterns before and after 

embryo implantation (A. Gad et al., 2012; P. Humblot, 2018). It will help to develop methods for 

marker-assessed diagnostics of embryonic disorders, to regulate embryonic genes expression, to elevate 

the pregnancy rate in cows possessing economically valuable traits and, finally, to accelerate genetic 

progress in dairy cattle populations. 
 

Keywords: genomic selection, transcriptomes, high-yielding cows, embryonic mortality, genetic 

progress, molecular genetic markers 
 

Holstein cattle are common in herds in many parts of the world [1]. How-

ever, the increase in milk productivity caused numerous health problems in cows 

(in 30.0-50.0% of cases of all registered diseases, these are mastitis, metritis, lame-

ness, milk fever, ketosis) [2], and also led to a decrease in reproductive ability [3-

7], which was the result of one-sided selection and genetic improvements and has 

a negative impact on modern dairy cattle breeding [8-10]. 
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The average calving rate in high-yielding cows is about 40-50% with a 

fertilization of 90-95% [11, 12]. Frequent events include high (up to 40.0%) em-

bryonic mortality [13-15] in the period from fertilization to 42-45 days of preg-

nancy [16]. Fetal death between 40 and 80 days of pregnancy occurs in 2.0-6.0% 

of cases, in the remaining period in 4.0% of cases [17]. In addition, industrial 

housing conditions lead to injury, stress, hyperthermia, pyrexia [18] and, conse-

quently, to a longer period between calving, infertility, a significant percentage of 

early culling [19]. This slows down the rate of genetic progress. i.e., the continuous 

improvement in productivity rates provided by the continuity of the breeding pro-

cess, the effectiveness of which depends on the rapid reproduction of animals with 

economically significant genotypes. 

The etiology of the high embryonic mortality that is recorded in herds is 

still not understood [20]. Among the factors influencing embryonic death in preg-

nant high-yielding cows are the oviduct environment which regulates the devel-

opment of the embryo up to the blastocyst stage [21-23], and the uterine environ-

ment before embryo implantation [24, 25]. In addition, attention is focused on 

the natural mechanism of adaptation of the blastocyst to environmental condi-

tions, due to the genetic predisposition of the embryo to survival [17, 26, 27] 

which is determined by hereditary factors [28], i.e., the genetic information trans-

mitted to the embryo from the egg [29] and from the sperm [30, 31]. 

Molecular studies of the relationship between gene expression and early 

embryonic development or its delay can provide insight into the genetic and epi-

genetic mechanisms that ensure the viability of the embryo. 

The purpose of this review is to summarize data on the ability of bovine 

embryos to survive when obtained in vivo or in vitro, after cryopreservation and 

thawing, after microsurgical division, and during transplantation and pregnancy. 

Embryo transplantation technology (ETT), widely practiced in the breed-

ing of high-producing animals, makes it possible to obtain a large number of em-

bryos from genetically valuable donor cows fertilized by the semen of outstanding 

sires in a short period [32, 33]. Among the methods that form the basis of TTE, 

MOET (multiple ovulation and embryo transfer method) through which embryos 

are obtained in vivo [34] and IVP (in vitro production method) designed to obtain 

embryos in vitro [35] are important. 

The transfer of in vivo or in vitro derived embryos to less valuable recipient 

heifers allows faster reproduction of more offspring than natural reproduction [36, 

37]. According to the International Embryo Transfer Society (IETS), more than 

20 million dairy and beef cattle embryos were received worldwide between 2000 

and 2019, and in 2019 in 39 countries, which accounted for approximately half of 

the world livestock (Russia, USA, Canada, Brazil, France, Italy, etc.), and 

1,419,336 commercial embryos suitable for transplantation have been produced 

[38]. With TTE, a significant part of embryos in vivo degenerates and dies before 

reaching the blastocyst stage. On days 6-7, in superovulated dairy donor cows 

with a productivity of 85-95%, approximately 50% of viable embryos were re-

trieved [39]. 

Embryo  su r v i va l  w i th  the  MOET method. The essence of the 

MOET method is that in a genetically valuable cow (an embryo donor), the growth 

and maturation of many egg-producing follicles (superovulation induction) is ar-

tificially activated by the administration of follicle-stimulating hormone (FSH) 

preparations. On day 7 after insemination of a donor cow, in vivo embryos are 

removed from its reproductive organs and transplanted (freshly obtained or frozen-

thawed) to less valuable recipients [40]. The technological process and the means 

used in this manipulation imply stresses and traumatization of both the resulting 

embryos and donor cows. Donor cows get into a stressful situation already in 
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preparation for the superovulation induction procedure, when the animal is caught 

and fixed. The FSH preparation is used in strict accordance with the scheme (8-

10-fold injection every 12 hours for 4-5 days). In response to multifactorial influ-

ences, physiological and metabolic processes in the body change. The number of 

in vivo embryos produced by donor cows varies over a wide range [41-43]. Ac-

cording to international practice, 30% of donors have no ovarian response to ex-

ogenous gonadotropins [44], 30% of donors show an extremely low ovarian re-

sponse with a number of ovulations of 1-3, which corresponds to the natural pro-

cess of ovulation. And only in one third of donors there is a superovulatory re-

sponse with the number of ovulations from 5 to 12 [45-47]. 

The oviduct of the female cattle serves as a place for the fertilization of 

the egg and the location of the embryo during the first 4 days. At the 16-cell stage 

of development (early morula), the embryo moves into the uterine cavity, where 

it develops to the morula stage and on day 7 to the blastocyst stage (pre-implan-

tation stage of development) [48, 49]. On days 8-9, the blastocyst cavity signifi-

cantly increases in size, its zona pellucida stretches, becomes thin, and breaks 

(hatching process), removing the embryo from the zona pellucida [39, 50]. Fur-

ther, the blastocyst attaches to the endometrium of the uterus, the low receptivity 

of which causes failures in the implantation of the embryo, including during IVF 

programs. The processes that determine the readiness of the endometrium to ac-

cept an embryo in cattle are not well understood [51)], while in humans, the genes 

of the HOX family (Homeobox) and the proteins encoded by them, for example, 

HOX10 and HOX11, are known, which are involved in the regulation of implan-

tation and serve as key regulators of receptivity processes. endometrium [52, 53]. 

In MOET programs, 7-day-old embryos are removed from the reproduc-

tive organs of a donor cow in a non-surgical way using specialized equipment. The 

technical removal of an embryo from its natural environment increases stress [54]. 

In addition, unavoidable losses of embryos occur during retrieval, ranging from 

60-80 to 20-30% of the counted number of corpora lutea [55]. 

After retrieval, the embryos are placed in an artificial environment and 

labeled based on the International Embryo Transfer Society (IETS) guidelines [56, 

57]. The stages of embryo development are determined (stage codes from 1 to 8) 

and their quality is assessed for suitability for transplantation (quality codes from 

1 to 4). Embryos with a quality code of 1 (excellent or good), which are at the 

stages of development from compact morula (stage code 4) to blastocyst (stage 

codes 5 or 6), provide the highest pregnancy rates, including after cryopreserva-

tion. Embryos with quality codes 2 (satisfactory) and 3 (poor) after cryopreserva-

tion show low pregnancy rates in recipients, so they are used for transplantation 

only in a fresh form. In embryo collections, in addition to embryos suitable for 

transplantation, as a rule, there are oocytes (unfertilized eggs), unicellular or de-

generated embryos that are not viable (quality code 4) and must be disposed of. 

According to many years of world practice, an average of 58.0% of embryos suit-

able for transplantation are detected in embryo collections, and the rest are de-

generated embryos (11.0%) and unfertilized eggs (31.0%) [58]. After one session 

of MOET, on average, 6.2 in vivo embryos suitable for transplantation are obtained 

from one donor cow [59], and over 40 embryos in vivo for 1 year when using this 

method every 45 days [60]. Cases have been registered when up to 50 in vivo 

embryos suitable for transplantation were obtained from one donor cow during 

one session of superovulation stimulation [45]. The ability of freshly obtained in 

vivo embryos to survive when transplanted to recipients is evidenced by the 

pregnancy rate of 45.0-55.0%, after transplantation of frozen-thawed embryos, 

this figure is 30.0-45.0% [61-65]. Therefore, a significant part of the embryos 
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repeatedly subjected to technological stresses demonstrates the ability to survive 

which is confirmed by the birth of calves. 

Embryo  su r v i v a l  i n  t h e  IVP s y s t em. The IVP method is even 

more aggressive than MOET, but both methods serve as an important tool in cattle 

breeding to increase the number of offspring from animals of high genetic value, 

which maximizes the reproductive capacity of cows over a shorter period of time 

[66]. 

In the production of IVP embryos, eggs are obtained in vivo or post mor-

tem (after the slaughter of the animal). A transvaginal aspiration method is used, 

which is commonly known as the OPU (ovum pick-up) method. i.e., the collec-

tion of immature oocytes from the ovaries of donor cows under ultrasound control 

[33, 67]. The essence of IVP is that the resulting oocytes are cultivated in the 

laboratory under in vitro conditions for maturation (in vitro maturation, IVM), 

artificially matured oocytes are subjected to in vitro fertilization (IVF), after which 

the fertilized oocytes (zygotes) are cultured in a growth medium (in vitro culture, 

IVC) to develop the embryo to the blastocyst stage [68]. Oocytes are able to re-

sume meiosis during IVM, split after fertilization (IVF), develop to the blastocyst 

stage in IVC, and induce pregnancy leading to the birth of healthy offspring, which 

is generally interpreted as developmental competence of oocytes [69]. 

In addition to hormonal stimulation, follicular wave phase, follicle diam-

eter, feeding conditions, and donor age, the developmental competence of oocytes 

is affected by the in vitro culture process [70]. The transfer of oocytes from one 

culture medium to another, as well as the composition of the medium and culture 

conditions during IVC, can cause physico-chemical (temperature, osmolality and 

pH), oxidative (pro-oxidant and antioxidant balance) and energy (use and accu-

mulation of nutrients, synthesis) in the embryo. ATP) stresses leading to misreg-

ulation of homeostasis at an early stage of development [71]. 

With the use of molecular technologies, it became possible to study various 

indicators of embryo development at all stages of IVP. It has been shown that the 

development of embryos under certain culture conditions leads not only to a 

change in the expression of genes associated with metabolism and growth, but also 

to a change in the concept and development of the fetus after transfer to recipients 

[72]. Embryo stress responses during in vitro culture correlate with transcriptomic 

changes associated with energy metabolism, signaling pathways, and extracellular 

matrix remodeling [71, 72]. It is assumed that the transcriptomic changes that 

occur during the blastulation period are the result of the adaptation of the embryo 

to environmental factors, and such adaptation, under suboptimal cultivation con-

ditions, can cause epigenetic changes leading to metabolic imbalance that nega-

tively affects the process of implantation, development of the embryo, and its 

health in the postnatal period [71, 73]. 

Embryos derived from in vitro matured oocytes are less viable than em-

bryos derived from naturally ovulating oocytes [74-78]. As practice shows, 90% of 

oocytes extracted from the follicles of a donor cow are capable of meiosis and 

maturation, 80% of fertilized oocytes (zygotes) develop to the 2-cell stage, but 

only 30-40% of them can develop to the blastocyst stage [39, 79-81]. On one 

donor cow, the IVP method is used every 15 days, receiving more than 72 in vitro 

embryos within one year, when three in vitro embryos are produced on average in 

one technological cycle [60]. After transfer of embryos in vitro, the pregnancy rate 

in recipients is 10-40% lower compared to embryos in vivo, in addition, 60.0% of 

pregnancies are terminated during the first 6 weeks, and live calves are born in 

27% of cases [82]. Compared to in vivo embryos, in vitro embryos are character-

ized by lower cryotolerance during cryopreservation [83-85], and the engraftment 

rates of vitrified embryos in vitro, recorded by Sanches et al. [86], on day 30 after 
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transplantation, were 35.89±3.87% (84/234) vs. 51.35±1.87% (133/259) after 

transplantation of freshly obtained embryos. The observed (albeit small) percent-

age of calves that developed from oocytes subjected to numerous manipulations 

outside their natural environment indicates the presence of an adaptation mecha-

nism, the understanding of which will become possible with the accumulation of 

experimental data. 

Mic ro su rg i ca l  d i v i s i on  o f  the  embryo  in  ha l f  and  the  su r -

v i va l  o f  demi -embryo s. Cattle are singletons that give birth to one calf per 

year. With natural reproduction, the appearance of twin calves (mono- and dizy-

gotic twins) occurs extremely rarely, in 3-5% of cases in dairy cattle and in no 

more than 1% of cases in beef cattle, the percentage of birth of monozygotic twins 

is even lower [87]. In dairy cattle, the probability of having monozygotic twins 

occurs in no more than 0.001% of calvings [88]. 

The developed method of microsurgical division of the embryo in vivo in 

half (bisection) [89-92] offered a simple way to increase 2-fold the number of in 

vivo embryos. During bisection, the embryo (at the morula or blastocyst stage) is 

placed on a laboratory watch glass or in a Petri dish with an artificial nutrient 

medium. After fixation, the embryo is divided under a microscope into two halves 

[93, 94], which should be of the same size, and blastomeres and trophoblast cells 

should be evenly distributed [95]. The bisection method is based on the unique 

property of totipotency that mammalian gametes (egg and sperm) acquire imme-

diately after fertilization: the zygote begins to split, forming blastomeres, while 

each blastomere is able to generate a full-fledged organism, but this ability is lost 

in the course of embryo development with the onset of cell differentiation [96]. 

After microsurgical division of the embryo, each of the halves within several hours 

(from 1 to 3 hours) in a nutrient medium at room temperature restores the spher-

ical shape typical of the embryo (demi-embryo) [89, 97]. Immediately after re-

covery, demi-embryos can be transferred to recipients. 

Embryonic death in demi-embryos is recorded much more often in com-

parison with intact (intact) embryos [98], but after the demi-embryo engraftment, 

it develops similarly to the intact one [95]. According to Hashiyada [99], the 

pregnancy rate in recipients after transplantation of demi-embryos in vivo is 36.4-

53.2%, according to Lopatarova et al. [100] 48.8-56.5%. The absence of pregnancy 

after demi-embryo transfer is mainly due to damage and loss of blastomeres during 

the bisection procedure, as well as with insufficiently effective methods of culturing 

halves of a divided embryo [101]. Despite the damage caused to the embryo during 

bisection, for several decades, thousands of twin calves without signs of develop-

mental anomalies were obtained from demi-embryos around the world [102]. 

However, the bisection method has not been widely used in practice, since it is 

difficult to perform such manipulations in a farm environment [33]. 

The development of molecular technologies has expanded the scope of the 

bisection method, which makes it possible to conduct scientific research on 

monozygotic genetically homologous demi-embryos [99]. Thus, the expression 

patterns of genes associated with the genetically determined ability of the embryo 

to survive in the mother-embryo system were studied. In the studies of Zolini et 

al. [17, 27], to identify marker genes that correlate with embryo survival, one part 

of a demi-embryo was transplanted into the recipient, and other part was used for 

RNA-seq analysis. The bisection method is also used in breeding farms in testing 

sires for offspring. This reduces the interval between generations, which allows the 

use of such bulls at a younger age [99]. 

The  g ene t i c a l l y  d e t e rm ined  ab i l i t y  o f  th e  embr yo  t o  s u r -

v i v e. Gene polymorphism has been recognized as the most effective mechanism 

that ensures both the homeostasis of the organism and the dynamic constancy of 
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the population [103]. The regulation of gene activity and activation of regulatory 

genes play an important role [104]. Due to gene polymorphism, the embryo is 

programmed to be resistant to damage, and its genotype has an individual potential 

for variability depending on environmental conditions [103, 105]. 

Before the advent of modern molecular genetic technologies, the study of 

genes involved in early embryonic development was difficult, but whole genome 

studies are now possible using advanced microarrays that allow profiling of gene 

expression based on quantitative measurements [106]. Zolini et al. [17, 27] studied 

gene activity in transferred bovine embryo survivors and non-survivors. In embryos 

obtained in vivo, among the genes differentially expressed in viable and nonviable 

embryos, the most transcribed cluster was associated with membrane proteins, 

especially those involved in the development and functioning of the nervous sys-

tem, in particular in the formation of the olfactory function [17]. Interestingly, in 

the survivors derived from in vivo embryo transplantation, there were the genes 

for oxidative phosphorylation the activity of which was suppressed [17]. In case of 

engraftment of embryos obtained in vitro [27], many differentially expressed genes 

involved in survival were associated with cellular responses to stress. The authors 

suggested that this is a consequence of disturbances caused by embryo culture. It 

also turned out that the set of genes associated with the survival of embryos, and 

the biological functions associated with these genes, are significantly different in 

embryos obtained in vivo and in vitro. 

In bioptates of 7-day-old bovine blastocysts, Salehi et al. [106] revealed 

6765 genes associated with numerous biological processes, such as regulation of 

the metaphase-anaphase transition of the cell cycle, regulation of chromosome 

segregation, mitochondrial translation, ubiquitination associated with the K48 pro-

tein, and mitotic nuclear fission. El-Sayed et al. [72], who studied gene expression 

in in vitro blastocyst bioptates transplanted into recipients, showed that the regu-

lation of gene activity was different in the absence of pregnancy and in the case 

of calf birth. For a number of genes, such as TNF (pro-inflammatory cytokine), 

EEF1A1 (enzymatic delivery of aminoacyl-tRNA to the ribosome), PTTG1 (on-

cogene), AKR1B1 (glucose metabolism), and CD9 (implantation inhibitor gene), 

increased expression was found, which correlated with the inability to induce preg-

nancy. The implantation-associated genes (COX2 and CDX2), genes for carbohy-

drate metabolism (ALOX15), growth factor (BMP15), signal transduction (PLAU), 

and placental development (PLAC8) were involved in calf birth. In bovine blasto-

cysts cultured in vitro, Suwik et al. [78], when profiling transcripts of the IGF1R, 

IGF2R, OCT4, SOX2, and PLAC8 genes, showed a change in their expression 

depending on the stage of blastocyst development and quality. In a transcriptomic 

analysis of in vitro blastocysts obtained from oocytes exposed to elevated concen-

trations of non-esterified fatty acids (NEFA), Van Hoeck et al. [107] found phys-

iological changes in developing embryos and a decrease in their survival compared 

to controls. 

At present, the entire set of genes and transcriptomes associated with the 

characteristics of the development and survival of the bovine embryo is not fully 

understood. It is expected that the study of transcriptome abnormalities will lead 

to methodological progress in assessing embryonic competence [71, 108, 109] 

which is understood as its development from the zygote stage (single-cell embryo) 

to the blastocyst (multi-cell embryo, pre-implantation stage), capable of causing 

pregnancy, culminating in the birth of a calf [109]. 

Ep i g ene t i c  a s p e c t  o f  emb r yo  su r v i v a l. In living organisms, ep-

igenetic regulation of gene activity is widespread, which is not associated with a 

change in the primary structure of DNA, but modifies the functioning of the 

genome depending on internal and external factors [110]. It has been shown that 
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epigenetic regulation is carried out through chemical modification of the DNA 

structure (DNA methylation, histone modifications, non-coding RNAs) or chro-

matin [111]. DNA methylation in blastocysts is a reversible and dynamic epige-

netic mechanism involved in the remodeling of the chromatin structure, including 

in critical regulatory regions of the genome, and thereby affecting gene expression 

[112]. To date, the complex relationship between epigenetic modifications, chro-

matin state, and transcriptional activity in bovine embryos has not been sufficiently 

studied [111]. A comparative analysis of the degree of modification of certain parts 

of the genome in normal and pathological conditions can reveal epigenetic pre-

dictors associated with disturbances in the regulation of gene expression, which 

are associated with the survival of the embryo. 

While still in the oviduct, the embryo undergoes epigenetic changes that 

affect its subsequent development, implantation and postnatal phenotype [113, 

114] which is important for ensuring the correct set of genes transcribed during 

embryonic genome activation (zygotic genome activation, ZGA) [115)]. After fer-

tilization, the first zygotic divisions occur in the mode of transcriptomic silence, 

which persists until the activation of the embryonic genome is completed. In this 

regard, early embryos in vitro show increased sensitivity to culture-related stress 

compared to later stages of pre-implantation development [71]. A study by Dobbs 

et al. [116] showed dynamic changes in DNA methylation in bovine embryos, that 

is, a decrease in methylation from the 2-cell to 6-8-cell stage during ZGA followed 

by an increase during further development to the blastocyst stage. This indicates 

that embryonic cells after ZGA acquire transcriptomic variability, providing sen-

sitivity to external environmental conditions [117, 118]. 

With the expansion of experimental data, epigenetic studies of gene ex-

pression patterns in response to changes in environmental conditions before and 

after embryo implantation will become a source of important information on the 

regulation of embryonic development in MS [119, 120]. 

Th e  r o l e  o f  MOET, IVP and  emb r yo  b i s e c t i o n  i n  mo l e cu -

l a r  g en e t i c  s t u d i e s  o f  emb r yon i c  d e v e l o pmen t. Molecular technol-

ogies make it possible to obtain a large amount of genomic information on many 

biological processes in the animal body. Significant progress has been made 

through genomic selection (particularly in dairy farming) [80, 121]. 

Prior to the introduction of TTE in livestock farming practices in the 

1980s, genetic progress in dairy herds was slow due to the long breeding cycle and 

one calf per cow [122]. The advent of MOET and IVP accelerated it by shortening 

the generation interval and using the best females. The combination of these meth-

ods with genomic selection for milk production traits further reduced the genera-

tion gap and increased the genetic effect due to the high selection accuracy [34]. 

An example of Holstein cows of North American breeding indicates the achieve-

ment of genetic changes (more than 56.0%) in the body of animals over 50 years 

(1963-2013), when the annual milk yield doubled from 6619 kg to 12662 kg [1]. 

Also, thanks to the use of TTE in combination with genomic selection for 7 years 

(from 2008 to 2015), in the USA, when producing genetically valuable cows and 

sires, the interval between generations was sharply reduced from about 7 years to 

< 2.5 years, and when obtaining bull-producing cows from 4 to 2.5 years [1]. 

There is evidence that more than 90% of Scandinavian dairy cows in Denmark, 

Sweden and Finland in 2018 were born from bulls that were only 3.1 years old 

[123]. Therefore, despite the fact that genomic selection has been used for a rela-

tively short time, the results achieved confirm its positive impact on the efficiency 

of dairy cattle breeding [1]. 

Currently, research is ongoing on a set of genes and transcriptomic data 

associated with the embryonic development of cattle. It is expected that the 
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identification of molecular genetic markers specific for the development of a cer-

tain pathological process in early embryos will contribute to the development of 

methods for assessing pathogenic factors leading to early embryonic death. The 

CattleQTLdb database (https://www.animalgenome.org/cgi-bin/QTLdb/BT/in-

dex) integrates ever-growing volumes of data on quantitative trait loci (QTL) ob-

tained in different countries of the world during the study of the bovine genome , 

as well as providing tools to study the genetic mechanisms that control traits of 

interest in this farm animal species [124]. In CattleQTLdb, you can quickly find 

relevant genotype-phenotype information for trait analysis [125], including those 

associated with various aspects of fertility and successful pregnancy. 

The results of experiments on the study of transcriptomes of bovine em-

bryos (from oocytes to late blastocysts), including those using next-generation se-

quencing (NGS) technologies, are summarized at http://emb-bioinfo.fsaa.ula-

val.ca/ IMAGE/. However, the assessment of the relationship between the tran-

scriptome profile of the preimplantation blastocyst and the onset of pregnancy in 

cows is still difficult, since there are no unified algorithms and approaches to 

interpreting data from different sources. 

The decisive factors affecting the reliability of genomic estimates and pre-

dictions are the increase in the number of individuals in the reference population, 

which determines the relationship between phenotypes and markers, as well as the 

increase in the size of the reference population and the accuracy of the phenotypes 

of interest [127]. The MOET and IVP methods are becoming important for main-

taining the genetic potential [120], making it possible to obtain tens of hundreds 

of embryos from genetically valuable animals in a short period of time [128]. In 

addition, in vitro embryos serve as a model object for molecular studies of biolog-

ical functions from the unicellular stage to the blastocyst [37] and the study of 

oocyte maturation, fertilization, early development and implantation [78]. 

The use of bisection is common in the study of transcriptomes in embryos 

in connection with the onset of pregnancy [17, 27]. 

Thus, the methods of multiple ovulation, in vitro maturation, microsurgi-

cal division of embryos in half (bisections) and transplantation are quite well de-

veloped and are applicable to obtain viable embryos from genetically valuable do-

nor cows, which, after transplantation to recipients and engraftment, can develop 

up to the birth of offspring. Combined with genomic research, these methods form 

the basis of modern reproductive biotechnologies used to accelerate genetic pro-

gress in herds. Significant factors determining the onset and development of preg-

nancy include the genetically determined ability of the embryo to survive in dif-

ferent environmental conditions, so the search for candidate genes associated with 

embryonic development is an important area of research aimed at increasing preg-

nancy rate in high-yielding cows. Modulation of the expression of embryonic genes 

may become a promising direction in reproduction. To implement this approach, 

genetic and epigenetic markers are needed to detect both violations of embryonic 

development and the high competence of the embryo.  
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A b s t r a c t  
 

The wide spread of viral infections and the ease of overcoming the species-specific barriers 

require the identification of critical stages in the virus interaction with multicellular organisms of 

mammals and the analysis of key molecular genetic systems involved. To date, a large amount of data 

has already been accumulated on the diversity and complexity of such systems, as well as the involve-

ment in them the wide range of metabolic pathways. In this regard, attempts to identify some common 

elements that are implemented in different infectious processes are of particular relevance. This paper 

is such attempt made on the example of the analysis of the main events of cattle infection by bovine 

leukemia virus (BLV). Systems involved in the entry of BLV genetic material into the cytoplasm of 

host cells, the suppression of innate and adaptive immunity, as well as interactions between the ge-

nomes of the BLV provirus and the host genome are the identified critical stages. The direct partici-

pants in the reception of viral proteins are parts of some host tansmembrane systems (G.Yu. Kosovsky 

et al., 2017; V.I. Glazko et al., 2018; L. Bai et al., 2019; H. Sato et al., 2020). During virus reproduction 

in host cells, host enzymes modify virus envelope proteins by (A. De Brogniez et al., 2016; W. Assi et 

al., 2020). Importantly, modifications of SARS-CoV-2 spike proteins, as well as BLV envelope pro-

teins, have a significant impact on their pathogenicity (M. Hoffmann et al., 2020). Pathogenicity and 

depressing effect of both BLV and SARS-CoV-2 on innate and adaptive immunity is realized in part 

through the activation of T regulatory cells and an increase in the expression of the growth transforming 

factor TGF- (L.Y. Chang et al., 2015; G.Yu. Kosovsky et al., 2017; W. Chen et al., 2020). Intracel-

lular mechanisms of protection against retrotranspositions, recombinations between viruses and host 

retrotransposons, the formation of new elements of host regulatory networks such as microRNAs, and 

the integration of proviral DNA into the host genome are closely related and controlled by interfering 

RNA (RNAi) systems with the key gene dicer1 (P.V. Maillard et al., 2019; E.Z. Poirier et al., 2021; 

G.Y. Kosovsky et al., 2020). These systems can provide a certain «resistance» of the host genome 

both to the integration of exogenous genetic material and to transpositions of own mobile genetic 

elements. Apparently, it is the polygenicity of the control of these critical stages of viral infection 

that leads to difficulties in predicting their development and developing methods for their prevention. 
 

Keywords: bovine leukemia virus, SARS-CoV-2, HIV-1, transmembrane systems, innate and 
adaptive immunity, interfering RNA systems, transpositions, mobile genetic elements 
 

In recent years, data have been accumulating that consistently destroy 

simplified ideas about the interaction of retroviruses with host cells. Traditionally, 

each event of this interaction is considered separately, which does not allow as-

sessing the polyvariance of its implementation from a holistic point of view. More-

over, interactions of retroviruses with host cell populations are mostly studied in 

vitro which often leads to contradictory results and complicates the development 

of methods for predicting the pathogenesis and spread of the infection. 
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There are several key stages in the interactions of a virus with a multicel-

lular host organism. The first thing a virus encounters when it enters the body is 

the need to bind viral envelope proteins to receptor proteins on host cell mem-

branes. As a rule, several domains of viral proteins and a number of host cell 

receptors most of which are associated with transmembrane transport systems par-

ticipate in the binging. The second stage is the interaction of the virus with the 

host’s immune defense, namely innate and adaptive immunity, and the third key 

stage is the integration of proviral DNA into the genome of the host cells. 

In this review, we consider the polyvariance of molecular genetic systems 

involved in these events on an example of bovine leukemia virus (BLV, Retroviri-
dae, Deltaretrovirus) as one of the most studied retroviruses. 

BLV belongs to the Retroviridae family along with human T-leukemia vi-

ruse type 1 and 2 (HTLV-1 and HTLV-2). BLV infection in about 70% of cows 

is asymptomatic (aleukemic stage). In 25-30% of animals, persistent lymphocytosis 

develops; B-cell lymphoma occurs in 1-5% of animals after a 4-5-year latent pe-

riod [1)]. 

Vaccination against BLV is still ineffective, so by far the most common 

way to improve the health of the dairy herd is to prevent infected animals from 

breeding. This approach is costly and, in addition, leads to a decrease in the pro-

ductive potential of the herd, since a relatively increased susceptibility to BLV 

infection is often associated with high milk production. The combination of two 

circumstances (the low incidence of leukemia in infected animals and the loss of 

a part of the highly productive gene pool in the course of herd health improve-

ment) actualizes the issues of predicting individual risks of oncogenesis and infec-

tious danger of BLV carriers [2]. In this regard, of particular importance is the 

study of the molecular mechanisms of the processes occurring at each of the three 

stages of BLV-induced pathogenesis listed above. 

 The complex i ty of  the  in teract ion of  the enve lope prote ins 

o f  the v i rus  wi th the prote ins of  the p lasma membrane of the host  

ce l l s. Previously, we considered the basics and implications of the binding of the 

BLV envelope protein, encoded by the env gene, to the cellular receptor of the 

adapter-related protein complex-3 (AP-3) which is involved in the transport of 

proteins into lysosomes [3]. We found that in BLV-infected cows, the expression 

of the gene encoding the AP3D1 receptor is higher, but it does not correlate with 

an increase in the number of lymphocytes, which is usually considered as a pre-

leukemic condition [4]. Another target for the reception of BLV env gene products 

which promotes the fusion of infected and infection-free cells is the transmem-

brane transporter of cationic amino acids SLC7A1/CAT1 [5, 6]. 

The env genes of BLV and human T-cell leukemia virus type I (HTLV-1) 

are 36% identical in amino acid sequences [7]. Entry of these retroviruses into 

target cells is initiated by interaction between Env and host cell receptors. Glucose 

transporter 1 (GLUT1) [8], neuropilin 1 (NRP-1) [9] and heparan sulfate prote-

oglycan (HSPG) [10] have been identified as cellular receptors for HTLV-1 at-

tachment and cell infection. 

The structure of GLUT1 has 12 hydrophobic transmembrane domains, six 

extracellular loops, and seven intracellular domains [11]. Like GLUT1, cationic 

amino acid transporter 1 (CAT1)/SLC7A1 has 14 membrane domains and has 

been identified in mouse cells as a membrane receptor for ecotropic murine leu-

kemia viruses (eMuLV) [12]. CAT1 is a 622 amino acid protein with pronounced 

hydrophobic characteristics and is involved in sodium-independent transport of 

arginine, lysine, and histidine [13, 14]. Two different motifs in the third extracel-

lular loop of CAT1 bind to the N-terminus of the env gene product subunit (SU) 

which is a determinant for eMuLV infection [15, 16]. Human CAT1 cells do not 
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confer susceptibility to human immunodeficiency virus infection. However, ex-

pression of mouse CAT1 in human cells can lead to acquired susceptibility [17]. 

Like human cells, hamster cells are completely resistant to eMuLV infection [18], 

and in many other animals, CAT1 proteins are also not involved in eMuLV in-

fection, indicating that CAT1 may be species-specific for eMuLV infection. Im-

portantly, both AP-3 and CAT1 expression occurs in various mammalian tissues. 

Therefore, retroviruses have no preferential target cells. It is obvious that other 

host proteins can also ensure the success of virus contacts with differentiated host 

cell populations. 

According to Matsuura et al. [19], proteins carrying an immunoreceptor 

tyrosine-based activation motif (ITAM) which is present in the cytoplasmic tails 

of several protein components of antigen receptors on T- and B-cells, may be a 

key element for BLV reception together with the Fc receptor of immunoglobulin 

E. This motif is designated as Yxx(L/I)-x6-8-Yxx(L/I) where x corresponds to a 

variable amino acid residue. 

Proteins of several viruses (e.g., BLV which causes B-cell lymphomas or 

leukemia in cattle, Epstein-Barr virus which causes Burkitt B-cell lymphomas in 

humans, and human herpesvirus 8 which causes sarcomas and primary effusion 

B-cell lymphomas in humans) contain ITAMs. The targets of these viruses are, in 

particular, B-lymphocytes, as well as non-hematopoietic cells, such as epithelial 

and endothelial cells. The BLV envelope glycoprotein (Env) contains two over-

lapping copies of the sequence (YXXL/I)2 (ITAM) in the C-terminal domain of 

the transmembrane (TM) protein. The Env BLV protein is synthesized as the Pr72 

precursor peptide which is glycosylated in the rough endoplasmic reticulum and 

Golgi apparatus. Pr72 is cleaved by the cellular protease into two mature proteins, 

the gp51 surface subunit and the gp30 subunit with transmembrane localization. 

Due to disulfide bonds, gp51 and gp30 proteins form a stable complex and are 

included in the emerging viral particles. The gp51 protein binds to the cationic 

amino acid transporter 1 (CAT1)/SLC7A1 which acts as a cellular receptor for 

BLV and is responsible, as mentioned above [17], for its broad host specificity. 

The gp30 protein contains three different domains. These are an extracellular do-

main that interacts with gp51 and contains at the N-terminus a region of about 

12 hydrophobic amino acids, the so-called fusion peptide [20], a transmembrane 

domain that anchors the gp51-gp30 complex in the plasma membrane of infected 

cells and in the virion [21], and a 58 amino acid cytoplasmic tail containing three 

YXXL sequences which were originally identified as two sets of ITAMs [22]. 

The three YXXL sequences in the cytoplasmic tail of gp30 BLV also cor-

respond to the YXX tyrosine-based motif, where X is a variable residue and  is 

an amino acid with a hydrophobic side chain (23). The YXX motif functions as 

an endocytic sorting motif and binds directly to the µ2 subunit of adapter protein-

2 (AP2) [24]. The AP2 complex plays an essential role in initiating clathrin-me-

diated endocytosis [25]. The Env protein of most retroviruses (e.g., human immu-

nodeficiency virus HIV, simian immunodeficiency virus SIV, and HTLV-1) con-

tains only one YXX motif [26-28]. For HIV, the YSPL sequence contained in 

the Env protein is important for viral endocytosis and is required for virus repli-

cation and infectivity [29]. In vivo, YXXL gp30 sequences mediated high proviral 

loads in sheep experimentally infected with BLV [30]. It was found that a mutation 

in the second YXXL sequence, which leads to the replacement of tyrosine at 

position 498 by alanine, significantly reduces viral infectivity by reducing both the 

frequency of virus entry into the cell and the incorporation of the viral envelope 

protein into virions [23]. Thus, two of the three YXXL sequences in gp30 seem to 

play a crucial role in the development of a viral infection, namely, in binding to 
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cell membrane proteins, in particular, to T- and B-lymphocytes. 

Posttranslational modification of viral proteins, such as glycosylation and 

methylation of arginine, can significantly contribute to their reception by host 

cells. For example, gp51 contains eight asparagine (N) residues; they presumably 

serve as sites for N-glycosylation [31], which can significantly affect viral replica-

tion, antigen conformation, the ability to form syncytium in vitro [32, 33], and 

infectivity in vivo [32]. Glycosylation of Env occurs both when virions attach to 

cell membranes and when cells merge with cells to form syncytium [34-36]. Env-

associated glycans can protect surface viral proteins from neutralizing antibodies 

[36, 37]. A family of protein-specific arginine-N-methyltransferases (PRMT) cat-

alyzes arginine methylation [38]. PRMT5 is a type II arginine methyl transferase. 

Arginine methylation plays a critical role in the biology of several viruses, in par-

ticular of hepatitis delta virus, hepatitis B virus, human immunodeficiency virus 

1, Epstein-Barr virus and Kaposi's sarcoma-associated herpesvirus, and also, as 

followed from the data presented [38], of BLV. The authors of this study report 

that high expression of PRMT5 occurred in BLV-infected cattle only at high but 

not low proviral loads [38]. As it turned out, this is also true for artificial BLV 

infection (from the earliest stages of BLV infection to the stage of lymphoma). 

Note that the multicomponent nature of molecular systems ensuring in-

teraction with the host cell is not unique to BLV. Due to the pandemic, SARS-

CoV-2 (Coronaviridae, Alphacoronavirus) seems to be the virus in which the mo-

lecular genetic systems involved in such interactions are the most studied. In con-

tacts of SARS-CoV-2 with mammalian cells, as in the case of BLV, it is possible 

to isolate host proteins that are directly involved in the binding of the SARS-CoV-

2 envelope protein (spike), as well as a number of systems that are indirectly 

involved in this. SARS-CoV-2 is an enveloped virus with single-strand positive 

viral RNA (ssRNA). Its entry into human cells is initiated through the binding of 

a spike protein (S protein) of the viral envelope to the angiotensin-converting 

enzyme 2 (ACE2) receptor on host cells. The type 2 transmembrane serine pro-

tease (TMPRSS2) and the endosomal cysteine proteases cathepsin B and L 

(CatB/L) cleave the S protein is into S1 and S2 fragmens. TMPRSS2 is believed 

to be of paramount importance for the entry of SARS-CoV-2 into host cells. 

ACE2 and TMPRSS2 are expressed in different cell types, including not only 

capillary endothelial cells, but also pneumocytes, macrophages, and other cells 

[39]. The C-terminal domain of the S1 subunit is responsible for the binding of 

SARS-CoV-2 to ACE2, and the S2 subunit undergoes conformational changes 

that lead to the fusion of the virus envelope with the cell membrane and the 

penetration of the virus content into the target cell. In the cytoplasm, the RNA 

of the virus is released, and the viral RNA polymerase necessary for virus replica-

tion is synthesized. The innate immune response is the host’s first line of defense 

against SARS-CoV-2 infection. Toll-like receptors recognize viral RNA, i.e., dou-

ble-stranded (dsRNA) (TLR3 receptor) and single-stranded (ssRNA) (TLR7 and 

TLR8), and serve as triggers for innate immune responses, including the expression 

of type I interferon genes and a number of cytokines [40]. In addition to the direct 

reception of the virus by host cell proteins, other metabolic modifications initiated 

by cellular enzymes occur. For example, glycosylation or methylation of argenins 

at the S proteolysis site of the spike protein, resulting in its cleavage into S1 and 

S2 subunits, can play a certain role at this stage [39]. 

If we generalize these data for taxonomically unrelated DNA- and RNA-

containing viruses from groups with different types of replication, we can draw an 

obvious conclusion. At the first contact of the virus with the cell and at the stage 
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of virion maturation in the cytoplasm, there are two complex events which can 

significantly affect the subsequent spread of the pathogen. These are the interac-

tion of the envelope protein virus with several host cell plasma membrane proteins 

and post-translational modifications performed by host enzymes during the syn-

thesis of viral proteins.   

V i r u s  p a thogen i c i t y  and  adap t i v e  immun i t y. The next key 

step in the interaction of a virus with a multicellular host organism is the activation 

of an adaptive response. It begins with antigen presentation in which class II gene 

products of the major histocompatibility complex (MHC) play a decisive role. The 

major histocompatibility complex is controlled by a highly polymorphic set of 

genes responsible for peptide antigen presentation and immune response, thereof 

it is associated with disease susceptibility. BoLA is the major histocompatibility 

gene complex in cattle. In particular, BoLA-DRB3 is a highly polymorphic class 

II BoLA locus with 365 alleles registered in the immunopolymorphism database 

(IPD database) of the MHC (https://www.ebi.ac.uk/ipd/mhc/group/BoLA/). Its 

polymorphism is associated with many infectious diseases in cattle [41-43]. Asso-

ciations of BoLA-DRB3 polymorphisms with BLV proviral load (PVL) and asso-

ciated symptoms are well documented [44-46]. 

An association between some BoLA-DRB3 allelic variants and BLV re-

sistance was first described over 30 years ago [47, 48]. BoLA-DRB3 polymor-

phisms have been shown to influence the regulation of PVL by BLV during 

experimental infection in cattle [49, 50]. However, in recent years, it has become 

clear that in Holstein cows, PVL BLV and the development of lymphoma may 

be associated with different allelic variants of BoLA-DRB3 [51]. 

BVL-induced lymphoma develops as a result of the interaction of ele-

ments of the viral genome and products of the host genome in addition to BoLA-

DRB3. For example, the integration of the provirus BLV in the region of the 

host genes involved in oncogenesis affects their expression [52-55]. In a number 

of studies, it is noted that quite often the integration of the BLV provirus is 

detected in the areas of localization of retroviruses [56-60]. 

The interaction of viral genes with host genes is of particular importance. 

For example, products of a number of host lymphocytic genes (transcription 

factors, cell cycle regulators, protein kinases, phosphatases), which affect apop-

tosis, proliferation, promote cell immortalization and ultimately lead to onco-

genesis, transactivate the viral Tax protein, an activator of transcription of pro-

viral DNA integrated into the host genome [53, 58, 61-63]. In turn, activation 

of BLV proviral DNA is to some extent due to the fact that Tax reduces the 

methylation activity of the BLV promoter region [64]. 

Tax mediates the activation of gene expression via the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) pathway [61]. Tax re-

duces the stability of various inhibitors of NF-kB in the cytoplasm (such as IkBa 

and oxidoreductase containing the WW domain) and induces nuclear translocation 

of NF-kB [65]. Tax interacts with the RelA subunit of the NF-kB complex [65, 

66]. It is known that Tax induces an increase in the expression of many host genes, 

in particular tumor necrosis factor alpha TNF [67, 68]. Our studies revealed that 

in BLV-infected cows, regardless of their origin and farms where they were kept, 

one of the most common changes, along with differences in platelet counts [69], 

is a decreased expression of NK-lysine, one of the main proteins in cytotoxic 

granules of T-killers and NK cells, which indicates inhibition of innate immunity 

factors [4]. Summarizing these research data, we proposed a scheme explaining 

the inhibition of not only innate immunity, but also antibody genesis. In brief, the 

essence of this scheme is as follows. Tax induces an increase in the expression of 
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TNF which activates Treg cells, the producers of transforming growth factor beta 

TGF- 70]. The TGF-β inhibits the proliferation and activity of T-killers and 

NK-cells, the producers of NK-lysines and increases the number and activity of 

platelets, in particular platelet antiapoptotic activity that was also described by 

other researchers [71-73]. 

The data accumulated to date generally do not contradict our earlier 

hypothesis about the mechanism of the host’s innate and adaptive immunity 

suppression by the BLV through activation of TNF, being one of the leading 

immune response regulators, by BLV proteins [4]. It should be noted that, in 

our opinion, the key factor of the pathogenicity (aggressiveness) of the virus is 

the ability of the virus proteins to suppress various links of the host’s immunity. 

Based on accumulating evidence, expression of microRNAs (miRNAs) 

and long non-coding RNA sequences may be another source of influence of 

BLV viral genome elements on host immune responses [74-77]. 

Retroviral miRNAs actively influence various metabolic pathways of the 

host not only through the suppression of translation of the host mRNA, but also 

through interactions with its miRNA profile [78] or by interfering with the pro-

cesses by which microRNAs are involved in the regulation of cell division and 

innate immunity functions [79, 80]. In recent years, microRNAs have attracted 

increasing attention as evidence is accumulating that these small RNA molecules 

(18-23 nucleotides), being one of the leading components in the epigenome for-

mation, significantly contribute to the regulation of gene expression profiles [81]. 

To date, the studies performed reveals a spectrum of genes and gene net-

works the regulation of which in modern highly productive cattle breeds funda-

mentally differ from that of ancient ancestral forms in targets for miRNA of 

more than 1600 structural genes. These genes are involved in various metabolic 

pathways, including those associated with immunity [82]. The expression profiles 

of miRNAs involved in the regulation of transcription of structural genes the 

products of which are active in various metabolic pathways, and in particular in 

the key functions of the immune system at different stages of cow lactation, have 

been revealed [83, 84]. 

In recent years, special attention has been paid to the study of the or-

ganization, expression, and targets of BLV miRNAs due to the known similarity 

of this retrovirus with human T-cell leukemia virus types I and II (HTLV-1 and 

HTLV-2) [52, 85-87]. Sequencing of a collection of small RNAs obtained from 

B-lymphomas of BLV-infected sheep made it possible to isolate 10 regions of 

20-23 nucleotide sequences of five BLV microRNAs that were transcribed from 

proviral DNA between the env gene and exon 2 R3 with coordinates of BLV 

proviral DNA positions 6398-6906 [88]. It was found that BLV microRNA tran-

scripts in lymphoma cells account for approximately 40% of all microRNAs in 

these cells, and that transcription occurs with the participation of RNA poly-

merase III. Revealed suppression of the whole genome proviral DNA expression 

is due to epigenetic modification of 5´LTR which prevents transcription while 

no suppression occurs at the region of localization of microRNA genes [86]. The 

authors believe that activation of BLV miRNA transcription in pre-leukemic and 

leukemic cell clones is due to the host immune system-mediated selection against 

cell clones expressing BLV proteins. Moreover, it turned out that one of the 

BLV miRNAs, the BLV-miR-B4 identical in the nucleotide sequence of the 

“grain” region (nucleotides 2-7) to miR-29 of the bovine genome, exceeds miR-

29 which is a member of the family miR-17-92 (oncomir-1) in terms of expression 

[79, 89]. Overexpression of miR-29 is found in BLV-infected tumor cells, as well as 

in human and mouse B-lymphomas [90]. The available data also indicate that BLV 
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miRNA plays a significant role in BLV-induced oncogenesis, and its antagonist 

is an antisense transcript from the 3'-end of BLV proviral DNA [76]. Note that the 

relationship between the expression of BLV proviral DNA, BLV microRNA, and 

leukocytosis has not been sufficiently studied. In addition, study of BLV-infected 

cell cultures suggests some antagonism between expression of full-length BLV pro-

viral DNA and microRNA due to selection against BLV-expressing cell clones 

performed by the host’s immune system. 

An additional factor of the aggressiveness of retroviruses is their muta-

genic activity against various host genes that control the processes of cell divi-

sion, apoptosis, and cell differentiation. Thus, mutations in the host p53 gene 

and polymorphisms of tumor necrosis factor  (TNF) are directly associated 

with the development of lymphoma [91-93]. It also turned out that the expres-

sion levels of DNA repair proteins MSH2 (DNA Mismatch Repair Protein 

Msh2) and EXO1 (Exonuclease 1) are associated with the development of BLV-

induced lymphomas. This suggests that one of the mechanisms causing the onset 

of the disease is the accumulation of mutations in a number of host genes [94]. 

In addition, the expression of the arginine-N-methyltransferase (PRMT5) gene 

involved in virus reception by host cells positively correlates with a high BLV 

proviral load and the development of the lymphoma stage. It was shown that 

changes in BLV pathogenicity is associated with downregulation of PRMT5 ex-

pression [95]. 

Thus, as at the BLV reception stage, a set of BLV genomic elements ac-

tively influence a large number of links in the innate and adaptive immunity of 

the host and inhibit them. It can be expected that proteins such as Tax serve as 

the key effector of suppression; in addition, microRNAs encoded by BLV have a 

significant effect on lymphogenesis in BLV-infected cows [77, 96]. Apparently, 

this can explain the many years of unsuccessful vaccination of cattle with BLV 

proteins. 

The  comp l e x i t y  o f  v a r i a b i l i t y  i n  t h e  i n t e g r a t i on  o f  BLV 

p ro v i r a l  DNA in to  th e  ho s t  g enome. Integration of proviral DNA into 

the host genome is the critical point of the multiple ways to control the penetra-

tion of the BLV genetic material into host cells and the interaction of the virus 

with factors of the innate and adaptive immunity of the host. This process is also 

complex and is ensured by different molecular genetic systems [3]. There also are 

two fundamental points essential for the appearance of aggressive cell clones which 

are precursors of lymphomas. These are the extent of integration itself and the 

predisposition to mutagenesis of proviral DNA integrated into the genome. 

A number of works [52-53, 55, 77, 97] consider massive integration of 

BLV into the genomes of B-lymphocytes followed by elimination of most cell 

clones and the frequency of mutational events in the key BLV genes for oncogen-

esis which occur in these clones. Some of publications mention that quite often 

the BLV proviral DNA integrates in the sites of retrotransposon localization. 

Whole genome sequencing of the bovine genome revealed that the fre-

quency of occurrence of the trinucleotide microsatellite (AGC)n in the bovine 

genome is 90, being 142 times higher than in the human and dog genomes. It 

also turned out that 39% of microsatellite loci with the AGC core in the bovine 

genome are associated with the evolutionarily young and Bov-A2 SINE re-

trotransposon species-specific for cattle [98]. Bov-A2 in its origin is closely re-

lated in origin to the long dispersed nuclear element (LINE) BovB [99]. BovB 

is an autonomous retrotransposon for which horizontal transfer is known in a 

number of species [100]. 

We have previously obtained evidence of a close relationship between 

microsatellites and retrotransposons [101]. We then compared the frequency of 
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occurrence of genomic DNA fragments of different lengths flanked by inverted 

repeats of microsatellites (AGC)6G, (GAG)6C, and (AG)9C in Black-and-White 

Holstain cows differing in BLV infection, as detected by the presence of in BLV 

proviral DNA genomes, and milk production. It turned out that the polymorphism 

of such fragments in the (AGC)6G and (GAG)6C spectra coincides in animals 

infected with BLV and distinguishes them from infection-free individuals regard-

less of their milk production. On other hand, the (AG)9C spectra differentiate 

cows by milk production but not by the presence of proviral BLV DNA in the 

genomes [102, 103]. Sequencing DNA fragments flanked by the (AGC)6G in-

verted repeat turned out that in animals infected with BLV there is an “overrepre-

sentation” of homology regions with retrotransposons and their recombination 

products compared to cows free from the BLV infection [104]. Analysis of the 

associations of sequences localized between the inverted repeat (GAG)6C in the 

genomes of Black-and-White Holsteini cattle with structural genes showed that in 

most cases such sequences are associated with the genes of the immune and cell 

signaling systems or with their 5'-flanks in the intergenic space. In cows infected 

with bovine leukemia virus, in contrast to infection-free cows, such a sequence 

was found in the NK-lysine gene [105]. In addition, the NonLTR/SINE/SINE2 

superfamily were detected in genomic DNA fragments flanked by an inverted re-

peat of the Helitron transposon at a frequency that was 5 times higher in the BLV-

infected animals than in infection-free cows. In general, in the sequenced frag-

ments, the density of transposable genetic elements (in particular, retrotranspos-

ons) in BLV-infected animals was higher than in infection-free ones [106-108]. 

Based on these data, we put forward a hypothesis that there are certain 

intracellular mechanisms the weakening of which promotes the BLV proviral DNA 

integration into the host genome while in the animals resistant to the infection it 

does not occur [104]. To designate the phenomenon of increased resistance to 

retrotranspositions and integration of DNA copies of retroviral sequences into the 

genome we suggest the term “genomic resistance to retrotranspositions”. 

Interestingly, the genomic resistance to retrotranspositions that we noted 

is confirmed by data on the consequences of the coronavirus infection COVID-

19 caused by SARS-CoV-2, a virus with a different type of genome replication 

than in BLV. This may testify in favor of the universality of the mechanism of 

genomic resistance to retrotranspositions. Thus, infection of human lung and 

intestinal cells with SARS-CoV-2 induced increased expression of retrotranspos-

ons [109, 110]. It is assumed that the activation of retrotransposons leads to an 

increase in the amount of reverse transcriptase they encode, and the resulting 

higher intracellular level of this enzyme further increases the risk of retrotrans-

positions [109, 110]. Thus, chimeric transcripts (recombination products) of a 

retrotransposon and SARS-CoV-2 RNA have been found, which suggests the 

potential insertion of proviral fragments into the human genome [109, 110]. 

Note that the leading and terminating parts of the SARS-CoV-2 genome often 

form chimeric RNA. Therefore, SARS-CoV-2 can enter human cells and inter-

act with retrotransposons in the host genome, causing more severe symptoms in 

patients with underlying diseases [109, 110]. 

One of the mechanisms of intracellular defense against retroviruses is the 

activity of the endogenous nuclease Dicer [111, 112]. The internal cellular anti-

viral mechanisms are part of the innate immune response and include RNA 

interference (RNAi) and the interferon system (IFN). The two systems operate 

quite differently, although both can be induced by viral long double-stranded 

RNA (dsRNA) or high base-pair single-stranded RNA (ssRNA). The source of 

dsRNA can be the virus itself (in the case of a virus with a dsRNA genome) or 

two complementary RNA strands formed as viral RNA replication intermediates 
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or convergent viral DNA transcripts. Paired regions of ssRNA, also commonly 

referred to as dsRNA, are localized at high density in hairpins in viral genomes or 

in viral transcripts. Both types of dsRNA (viral genomic double-stranded RNA or 

hairpin structures in viruses with single-stranded genomic RNAs) are absent in 

appreciable amounts in uninfected cells and act as signs of viral infection, inducing 

innate antiviral immune responses. Long dsRNA is cleaved by type III endoribo-

nuclease Dicer into small interfering RNAs (siRNAs), the RNA duplexes 21-24 

nucleotides long. One strand of each siRNA duplex binds to the Argonaute (Ago) 

protein which, together with available proteins, forms an RNA-induced silencing 

complex (RISC) and mediates endonucleolytic cleavage (slicing) of complemen-

tary target RNAs. Ago is involved in an RNAi- and miRNA-mediated process that 

leads to mRNA degradation and/or inhibits translation [111]. 

Available data indicate that the interferon and RNAi systems are antag-

onistic as different components of antiviral defense in mammals [112]. Our own 

studies have shown that cows with high leukocytosis tend to have lower expres-

sion of the ifn- gene compared to animals free from BLV infection and those 

with moderate leukocytosis [4]. Note that the first group exhibits a statistically 

significant increase (p < 0.5) in the expression of the Dicer1 (dc1) and ago2 

genes compared to the second of these three groups [113]. Interestingly, we also 

found statistically significant (p < 0.5) positive correlations between the expres-

sion of these two genes in cows free of BLV infection [113]. In case animals 

with insertions of BLV proviral DNA into the genome and the expression of 

BLV reverse transcriptase (pol) are treated together as one group, regardless of 

the level of leukocytosis, then a statistically significant correlation between the 

expression of dc1 and ago is also observed. The expression of both genes corre-

lates positively (p < 0.5) with an increase in the number of leukocytes and lym-

phocytes and with the pol expression. If we conditionally divide the group of 

animals with proviral DNA insertion and pol expression into subgroups of indi-

viduals with moderate (less than 20½109/l) and high (more than 20½109/l) leu-

kocytosis, it turned out that in cows with moderate leukocytosis, correlations 

between dc and ago2 disappear while negative correlation appears between ago2 

expression and thrombocytosis. At that, in animals with high leukocytosis, a 

correlation between dc1 and pol expression is preserved (p < 0.5) and correlations 

of dc1 and pol expression with the number of eosinophils is detercted [113]. In 

the group of BLV-infected cows with microRNA expression, there are correla-

tions between the number of leukocytes, lymphocytes, monocytes, pol and dc1 

expression, but there is no correlation between dc1 and ago2 expression [113]. 

The complexity and variability of the correlation relationships between the 

expression of the studied genes and the leukocyte blood count that we revealed 

are obviously due to high quantitative dynamics of cells of different differentiation 

types and various maturation levels in the peripheral blood in vivo, especially at 

various stages of the infectious process. Gene expression available for analysis 

changes in a significantly smaller number of cells, from which total mRNA is 

isolated at the first stages of the study. This problem becomes especially clear for 

the dynamics of the dc1 gene product (aviDicer1) isoform with deletions of exons 

7 and 8 in embryonic stem and differentiated somatic cells [112]. In our studies 

[113], the activity of dc1 expression was assessed for the terminal region of the 

transcript (exon 29). Therefore, it is obvious that in the blood cell population we 

could type the expression of both the full transcript and the aviDicer1 isoform. 

Thus, intracellular protection against the integration of the sequence of 

DNA copies of retroviruses and, apparently, retrotranspositions in the host ge-

nome also depends on the set of genes. The end result may turn out to be similar 
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with the contribution of the activity of different genes, depending on the network 

relationships between them. 

Another reason for the variability in the relationship between the virus 

and the host is the increased mutability of the nucleotide sequences of the virus. 

In some studies, the estimated mutation rate in retroviruses was on average about 

103-105per nucleotide in one transcription cycle [114]. Such variability is pri-

marily due to the predisposition of some parts of the nucleotide sequence of the 

viral RNA itself to the formation of secondary structures. In particular, these 

motifs include sequences with increased ability to form G4 quadruplexes [115]. 

We assessed [116, 117] the distribution of nucleotide motifs predisposed to the 

formation of secondary structures (G4 quadruplexes, triplexes, inverted repeats) 

both in RNA and in BLV proviral DNA. Our findings showed that the number 

and density of sequences capable of forming G4 quadruplexes increased in the 

BLV env gene compared to the pol gene. We found [116, 117] that the pol gene 

contains sequences with G4 quadruplex motifs on the flanks, which have a cer-

tain homology (> 70%) with regions of retroviruses belonging to other groups of 

retroviruses and found in other species, which coincides to some extent with 

reported data [118]. We also revealed an increased density of nucleotide motifs 

with a predisposition to the formation of secondary structures in the long termi-

nal repeats (LTR) of the BLV genome when comparing the results of their se-

quencing presented in GenBank (National Center for Biotechnology Infor-

mation, https://www.ncbi.nlm.nih. gov/). Analysis of polymorphic regions in the 

sequenced LTR BLV from GenBank performed separately for primary infected 

animals and for lymphomas [119] found only partial matches. This may indicate 

different clonal selection in populations of BLV-infected cells and in lymphomas 

undergoing stages of tumor progression. The greatest polymorphism appears in 

both cases in the regions where the regulatory sequences are located. Of the three 

sequences of potential G4 quadruplexes, the first one (positions 49-68 bp of LTR 

BLV) coincides with the most polymorphic region in sequences both in different 

isolates and in lymphomas, as well as with the TxRE regulatory region [117]. The 

other two are characterized by a relatively increased polymorphism in lymphomas 

and are located at positions 469-508 bp, i.e., on the 5´-flank of the site of homol-

ogy to the primate endogenous retrovirus (positions 505-531 bp). This is con-

sistent with our previous assumption of a relationship between the localization 

of potential G4 quadruplexes and recombination events, in particular, in the pol 
BLV gene [117]. 

In addition, two non-overlapping inverted repeats were identified which 

differed in complexity and unequal polymorphism of localization sites [117]. In 

sequences from GenBank and from lymphomas [119], the first inverted repeat 

is localized in the regulatory sequences in the U3 region with relatively low 

polymorphism, the second inverted repeat found in the U5 region in sequences 

with high polymorphism overlaps with purine-pyrimidine tracks predisposed to 

formation of intramolecular triplexes. Another purine-pyrimidine sequence pre-

disposed to the formation of DNA-RNA triplexes, is localized in a relatively 

conserved region and overlaps with the second regulatory region of TxRE [117]. 

It can be expected that the detected genetic heterogeneity of LTR regu-

latory motifs is associated with an increased density of noncanonical nucleic acid 

structures localized in them (in particular, G4 quadruplexes), which contributes 

to the interaction of viral proteins with various host defense systems. It should 

be noted that G4 quadruplexes are present in the genomes of both DNA and 

RNA viruses and control the critical stages of their replication. For example, G4 

quadruplexes in the HIV-1 genome regulate reverse transcription and proviral 

DNA transcription steps, which require their interaction with cellular proteins 



 

 

1089 

and/or RNA [120]. A search is under way for ligands for G4 quadruplexes that 

could provide antiviral protection, and some encouraging results have been ob-

tained [121]. 

The significance of G4 quadruplexes in mutagenesis and regulation of viral 

gene expression together with the preferential localization of G4 quadruplexes in 

certain regions of the genome of both viruses and their hosts, suggest close coevo-

lution of the virus with the host and mutual “mimicry” in the genomic distribution 

of such noncanonical sequences [122]. 

It is important to note that in viruses of different origins, all three critical 

stages of interaction with host cells have certain similarities. The penetration in all 

cases is associated with host proteins that provide transport across the cell mem-

brane (and, consequently, with glycosylation of viral proteins and modifications 

of host protease targets on these proteins). Suppression of innate immunity is 

associated with an increase in the production of growth-transforming factor TGF-

 by regulatory T-cells of mammals [123, 124]. The interaction of virus and host 

genome involves molecular genetic systems for recombination, including reverse 

transcription, with influence on the host’s regulatory networks. 

Thus, in the interaction of retroviruses with mammalian cells, as exem-

plified by the processes during infection of cattle with the bovine leukemia virus 

(BLV), virus reception by host cell proteins, protective reaction of the host’s 

innate and adaptive immunity, and integration of proviral DNA into the host 

genome can be distinguished as critical events. Many host genes are involved in 

the processes occurring at all stages of the interaction between the virus and the 

host cell, and such polygenicity is characteristic of various viral infections. For 

the first stage, two levels of sources of variability can be distinguished, i.e., the 

interaction itself with host proteins (reception, membrane fusion) and modifica-

tion of viral proteins during its reproduction in host cells (glycosylation, meth-

ylation). The interaction with the host immune system involves viral proteins 

and microRNAs in the metabolic pathways that provide innate and adaptive 

immunity. Post-translational modifications of viral proteins can contribute to 

and modulate the processes occurring at this stage. The third stage is also char-

acterized by the interaction of virus and host gene products, apparently involved 

in metabolic pathways that are directly related to the proviral DNA integration 

and retrotranspositions in the host genome. All these processes are accompanied 

by a high rate of mutation and even recombination between viral sequences. The 

polygenicity of the relationship between the pathogen and the host (in fact, the 

formation of networks of their interacting genes) leads to the severity of individ-

ual manifestations of the disease. The effective prediction of its development can 

be based on the simultaneous assessment of the expression of a set of genes that 

are critical for the pathogen—host relationships at different stages of this process. 
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A b s t r a c t  
 

Genome editing technologies using site-specific nucleases (ZNF, TALEN, CRISPR/Cas9) 

are used more and more in animal husbandry, including poultry farming. With the use of these tech-

nologies, scientists hope not only to speed up the process of creating breeds with improved economi-

cally useful traits, high resistance to infectious diseases, but also to create individuals carrying pheno-

types, the introduction of which into animal and bird populations by traditional breeding methods is 

impossible or difficult. The creation of individuals devoid of plumage in order to improve the com-

mercial qualities of poultry product is of interest for industrial poultry farming. For this, we selected 

the FGF20 and HR genes associated with the development and growth of hair in mammals (F. Be-

navides et al., 2009) and feathers in birds (K.L. Wells et al., 2012). The aim of the study was to create 

a system for knocking out the FGF20 and HR genes in chickens and FGF20 in quails by genome editing 

techniques. We inactivated FGF20 and HR genes in the region of the third exons based on the analysis 

of their structure. The optimal cutting regions of these genes and guide RNAs and primers for ampli-

fying the FGF20 and HR DNA fragments were selected bioinformatically and using internet resources 

(https://zlab.bio/guide-design-resources, https://www.ncbi.nlm.nih.gov/). To create genetic constructs 

for cutting in the regions encoding FGF20 and HR, the vector pX458 was selected (F.A. Ran et al., 

2013). The hybridized oligonucleotides 5´-CACCGAAAGATGGTACTCCCAGAGA-3´ and 3´-CT-

TTCTACCATGAGGGTCTCTCAAA-5´ (for FGF20 gene in chicken), 5´-CACCGTCCATGTTT-

GTACACGTTGG-3´ and 3´-CAGGTACAAACATGTGCAACCCAAA-5´ (for FGF20 gene in chicken 

and in quails); 5´-CACCGACGTGGCTGACGCGGCACT-3´ and 3´-CTGCACCGACTGCGC-

CGTGACAAA-5´ (for gene HR) were used for ligation. The effectiveness of cloning constructs was 

confirmed by sequencing. The plasmids that were obtained were used for edit the genome of embryonic 

(fibroblasts) and generative (primordial germ cells — PGCs, spermatogonia) chicken and quail cells in 

in vitro experiments. Target cells were transfected by electroporation. Efficiency of electroporation 

was evaluated on a high-performance fluorescent cell sorter BD FacsAria III («BD Biosciences», USA) 

by expression of the eGFP marker gene. The proportion of in vitro transfected embryonic fibroblasts, 

PGCs and spermatogonia from chickens with a knockout of the FGF20 gene reached 5.7, 0.9, and 

1.2 %, with a knockout of the HR gene — 7.4, 0.8, and 1.0 %, respectively. The percentage of embry-

onic fibroblasts, PGCs and spermatogonia from quails with a knockout of the FGF20 gene was 6.3, 

http://ofernio.ru/UDC/udc57.htm#577.21
mailto:anastezuya@mail.ru
mailto:natavolkova@inbox.ru
mailto:tomgorova@rambler.ru
mailto:ludavolkova@inbox.ru
https://zlab.bio/guide-design-resources
https://www.ncbi.nlm.nih.gov/
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0.9, and 1.1 %, respectively. Genomic DNA was isolated from transformed chicken and quail cells 

and used for amplification and sequencing of the regions of the FGF20 and HR genes in which deletions 

were introduced. The presence of multiple mutations in the amplified DNA regions was shown. The 

data obtained indicate the success of the knockout system creation for FGF20 and HR genes in chickens 

and for FGF20 gene in quails using genetic constructs based on the pX458 vector. 
 

Keywords: genome editing, CRISPR/Cas9, chicken, quail, primordial germ cells (PGCs), 

spermatogonia cells, FGF20, HR 
 

The development of genomic editing technologies using site-specific en-

donucleases (ZNF, TALEN, CRISPR/Cas9) has opened up new possibilities for 

introducing targeted genetic changes into animal and bird embryonic lines [1, 2]. 

These technologies are increasingly attracting attention due to their high efficiency 

and specificity [3]. In animal husbandry, including poultry, the researchers rely 

on genome editing to accelerate breeding for improved economically useful traits 

[4, 5], increased resistance to infectious diseases [6, 7] and also the creation of 

individuals with phenotypes which are diffecult or impossible to introduce into 

populations of animals and birds by traditional breeding methods [8, 9]. Obtaining 

lines of poultry that transmit the introduced genetic changes by inheritance re-

quires manipulations with generative cells. However, the peculiarities of the em-

bryonic development and reproductive physiology of birds do not allow application 

of methods used in mammals for genetic engineering manipulations, for example, 

microinjections and somatic cloning [10, 11]. Note that a significant part of the 

embryonic period in birds passes outside the body of females, which facilitates 

access to the embryo in the early stages of development. To date, a wide range of 

developed methods and approaches allow the introduction of genetic constructs 

into avian embryonic cells [12]. A number of research works confirm the successful 

production of genetically modified chickens and quails expressing the reporter 

genes LacZ [13] and GFP [14], the bacterial β-lactamase gene [15], human inter-

feron 2b [16], human -interferon [17], human granulocyte colony stimulating 

factor [18], monoclonal antibodies [19], β-interleukin receptor antagonist [20] and 

human growth hormone [21]. However, the technologies used to modify the ge-

nome of animals and birds until 2012 were non-specific, with the exception of 

model scientific systems. Since 2012, CRISPR/Cas9 technology has been consist-

ently replacing other methods of industrial transgenesis. There are a number of 

works on the successful use of CRISPR/Cas9 for the modification of mammalian 

cells with the subsequent production of individuals with desired properties [22, 

23]. In birds, until recently, the transformation of blastodermal cells at stage X 

using lentiviral and retroviral vectors was considered the most effective way to 

introduce hereditary changes into generative chicken cells [24]. In recent years, 

with the development of new methods for editing the genome, in particular 

TALEN and CRISPR, there has been an increasing interest in using generative 

cells, e.g., primordial germ cells (PGCs) and spermatogonia, as target cells for the 

introduction of genetic constructs. PGCs are embryonic cells characterized by 

pluripotency, that is, the ability to differentiate into both male and female germ 

cells. Spermatogonia refers to the stem cells of the testes of males. Spermatogonia 

are a small population of spermatogenic cells located on the basement membrane 

of the seminiferous tubules. They have the ability to self-renewal and differentia-

tion with the formation of sperm, the male highly specialized mature germ cells. 

The peculiarities of PGCs and spermatogonia open up wide opportunities 

for realizing their potential as targets for genome editing in poultry in order to 

create individuals with desired traits. The ability to manipulate cells of this type in 

vitro allows precise integration of expression constructs into a specific locus under 

a preselected endogenous promoter-enhancer system. Moreover, these technolo-

gies allow preservation of the endogenous gene expression. The use of PGCs as a 
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vector involves their isolation from donor embryos, transformation in in vitro cul-

ture, and introduction into recipient embryos. When working with spermatogonia, 

donor spermatogonia are subjected to transformation in vitro, selection of the 

transformed cells and their transplantation into the testes of sterile male recipients 

followed by the production of sperm for insemination of females to obtain genet-

ically modified offspring. 

TALEN and CRISPR technologies are applicable for genetic modification 

of chicken cells in vitro [25, 26]. A number of works have been published on the 

successful production of chickens and quails with desired properties using various 

genomic editing systems [27, 28]. One of the possible directions of genome editing, 

which is of practical interest for improving the commercial qualities of poultry 

products, is the creation of individuals devoid of plumage. The genes (FGF20 and 

HR) required for the development and growth of hair in mammals [29] and feath-

ers in birds [30] have been identified. 

This report submits the results of studies on the creation of an editing 

system based on CRISPR/Cas9 for knockout of the FGF20 and HR genes that 

control the development of plumage in birds. Here, on embryonic fibroblasts and 

generative cells (PCG and spermatogonia), we revealed the effectiveness of using 

the created constructs for introducing deletions in the FGF20 and HR genes of 

chickens and quails under in vitro conditions. 

Our goal was to develop a genome editing system for knockout of the 

FGF20 and HR genes in chickens and quails, suitable for obtaining genetically 

modified poultry. 

Materials and methods. Embryonic fibroblasts were isolated from 5-day-

old chicken embryos (Gallus gallus domesticus, Russian White breed) or 4-day-old 

quail embryos (Coturnix coturnix, Japanese quail breed). Embryos were removed 

under aseptic conditions. For disaggregation, the embryos were first mechanically 

crushed with scissors, then subjected to enzymatic treatment by incubating tissue 

pieces in 0.15% trypsin solution (Gibco, Thermo Scientific, USA) for 15 min at 

37 С. Primordial germ cells were isolated from 6-day-old chicken embryos and 

4-day-old quail embryos. Dissociation was carried out by successive mechanical 

and enzymatic treatments, as described above, but at a trypsin concentration of 

0.05%. Spermatogenic cells were isolated by sequential mechanical and enzymatic 

treatment of the testis tissue of 1-week-old males. For enzymatic treatment, a 

0.25% trypsin solution was used, incubated for 30 min at 37 С. 

The proportion of viable cells in the resulting cell suspension after me-

chanical and enzymatic treatment of embryos and testicular tissue was assessed by 

staining with 0.4% trypan blue for 10 min at 37 С. Stained cells were counted in 

a Countess cell counter (Thermo Fisher Scientific, USA). 

Suspensions of embryonic fibroblast cells and PGCs obtained after enzy-

matic treatment of embryos were transferred to Petri dishes and cultured in 

DMEM HG growth medium (Gibco, Thermo Scientific, USA) with a high glu-

cose content (4.5 g/l), 10% fetal bovine serum (FBS, HyClone, USA), glutamine 

(2 mM), 2-mercaptoethanol (106 mM), and gentamicin (50 μg/ml). For the pri-

mary culture of testis cells, DMEM HG medium with a glucose content of 4.5 g/l 

supplemented with 20% FBS, alpha-glutamine (2 mM), MEM (100½), antimy-

cotic antibiotic (100½) and ITS (100½) was used as a growth medium). Spermato-

gonia were cultured in DMEM HG supplemented with 5% FBS, 2 mM alpha-

glutamine, MEM (10 µl/ml), antibiotic antimycotic (100½), ITS (10 µl/ml), mer-

captoethanol (5½105 M), albumin (5 mg/ml), DL-lactic acid (1 µl/ml), EGF 

(20 ng/ml), bFGF (10 ng/ml), LIF (2 ng/ml). 

Growth additives, amino acids, and antibiotics used in the culture media 
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are produced by Gibco (Thermo Scientific, USA) and Sigma (USA). 

Chicken and quail cells were cultured at 37 С and 5% CO2. For passage 

and molecular genetic studies, the cells were removed from the substrate with a 

0.25% trypsin solution. 

Microscopy of the obtained cultures of embryonic fibroblasts, PGCs, and 

spermatogonia of chickens and quails was performed (an inverted microscope Ni-

kon Eclipse TS100, Nikon, Japan). 

Guide RNA sequences were designed using https://zlab.bio/guide-design-

resources, https://www.ncbi.nlm.nih.gov/ tools, the GalGal5 genome assembly 

variant and gene names FGF20 (Gene ID: 428779) and HR (Gene ID: 

107049623) for chicken and Coturnix japonica 2.0 and the gene name FGF20 

(Gene ID: 107313688) for quail. Optimal cutting sites for the FGF20 gene of 

chickens and the HR gene of quail were selected. To create genetic constructs for 

cutting selected genome regions, pairs of the following oligonucleotides were hy-

bridized: 5'-CACCGAAAGAT-GTACTCCCAGAGA-3' and 3'-CTTTCTACCA-

TGAGGGTCTCTCAA-5' (for the FGF20 gene in chickens), 5'-CACCGTCCA-

TGTTTGTACACGTTGG-3' and 3'- CAGGTACAAACATGTGCAACCCAAA-5´ 

(for the FGF20 gene in chickens and quails); 5'-CA-CCGACGTGGCTGAC-

GCGGCACT-3' and 3'-CTGCACCGACTGCGCCA-5' (for the HR gene of 

chicken). Hybridized oligonucleotides were ligated with plasmid pX458 (Addgene 

#48138) linearized with BbsI restriction endonuclease (ER1011, Thermo Scien-

tific, USA) as described [31]. After ligation and transformation of Escherichia coli 

cells, the grown colonies were subcultured in liquid LB medium with ampicillin 

and used to isolate plasmids. Analysis of the results of cloning was performed by 

sequencing. Successfully cloned constructs were used to transfect cells. 

The commercial QuickExtract™ DNA Extraction Solution kit (Lucigen 

Corporation, USA) was used as per the manufacturer’s recommendations to iso-

late genomic DNA when creating constructs and evaluating the efficiency of cut-

ting the target genome region. Amplification was carried out in a PCR mixture 

PCR MM based on Taq DNA polymerase (K0171, Thermo Scientific, USA) in a 

25-µl mix volume at 60 °C for hybridization and at 72 С for 1 min for elongation. 

Amplification of the FGF20 gene region was performed with primers F20_CHK2F 

5'-TGTTCCTTTGTGCAGGAGAAACT-2' and F20_CHK2R 5'-TCCCTCTCT-

CCTCAGCTGTATC-3'. 

Editing systems were introduced into embryonic fibroblasts, PGCs, and 

spermatogonia by electroporation (a Neon™ Transfection System, Invitrogen, 

USA). Transfected cells were selected using a high-throughput BD FACSAria III 

cell sorter (BD Biosciences, USA). 

Efficiency of cutting the target genome region was evaluated by amplifi-

cation and sequencing of the corresponding genomic DNA fragments with the 

designed primers in the above modes (the sequences of the amplified fragments 

are shown in Figures 1 and 2). Sequencing (performed by OOO Sintol, Moscow) 

was performed by Sanger method with a direct primer for amplification. 

Results. Development of the CRISPR/Cas9 genomic editing system for 
knockout of the FGF20 and HR genes started with a bioinformatic search for the 
HR gene homologue in birds and guide RNA sequences to inactivate the FGF20 
and HR genes.   

The FGF20 gene of the chicken G. gallus domesticus is located on chro-

mosome 4 (Fig. 1, A). To inactivate this gene, we chose exon III. The figure shows 

cut sites in the FGF20 gene of chickens and quails, which are optimal for intro-

ducing target mutations into the genome with the CRISPR/Cas9 system, hybrid-

ization sites for two guide RNAs and primers for amplification of the selected gene 
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FGF20 regions. (see Fig. 1, B). One of the guide RNAs was universal for chicken 

and quail, the second one was complementary only for chicken. The primers for 

amplification of target regions of the FGF20 gene corresponded to the genome of 

both chicken and quail. 
 

A

 
B 

Q u a i l  (Coturnix japonica) 
TGAGTGCATCTTCAGGGAACAGTTTGAGGAAAACTGGTACAACACTTACTCCTCCAACGTGTACAAACATGGAGAT

TCTGGGCGGCGATACTTCGTAGCACTTAACAAGGACGGTACTCCCAGAGATGGTGCAAGGTCCAAAAGACACCAGA

AATTCACACATTTCCTGCCCAGACCTGTGGATCCTGAAAGAGTTCCAGACT 

R o o s t e r  (Gallus gallus domesticus) 
GAGTGCATCTTCAGGGAACAGTTTGAGGAAAACTGGTACAACACTTACTCCTCCAACGTGTACAAACATGGAGATT

CTGGGCGGCGATACTTCGTAGCACTTAACAAAGATGGTACTCCCAGAGATGGAGCAAGGTCCAAAAGACACCAGAA

GTTCACACATTTCCTGCCCAGACCTGTGGATCCTGAAAGAGTTCCAGA 

Fig. 1. Scheme of the FGF20 gene (A) and regions of hybridization of guide RNAs (B) in Gallus gallus 

domesticus and Coturnix japonica. The genomic coordinate of chromosome 4 of G. gallus domesticus 
is shown with the location of exon (thick lines) and intron (thin lines) regions of the gene. Non-

coding regions are marked in light green, coding regions in dark green. The arrows show the direction 

of transcription. Alignment of genome regions of quail C. japonica and chicken G. gallus domesticus 
with hybridization regions of the designed primers (marked in green) and guide RNA (marked in 

turquoise) is presented. PAM (protospacer adjacent motive) sites are shown in purple. 
 

The HR gene is located on chicken chromosome 22 (Fig. 2, A). For its 

inactivation, exon III was chosen, encoding the amino acids of the active center 

of the HR enzyme, which is a lysine demethylase. Figure 2, B shows a fragment 

of the chicken G. gallus domesticus genome with selected regions for hybridization 

of primers and guide RNA.  
 

A 

 
B 

GTCGGACGGTGAGAGCCCGGCGGGGGCGCACGGGGGCGTCCAGAAGCTGAAGAAGACGTGGCTGACGCGGCACTCGGA

GCAGTCGGGGCCGCGCTGTAGGGCGGCGCGGAGGGACGGAGCCGAAGAGGGCTTCAAACGCGCG 

Fig. 1. Scheme of the gene HR (А) and regions of hybridization of guide RNAs (B) in Gallus gallus 

domesticus. The genomic coordinate of chromosome 22 of G. gallus domesticus is shown with the 

location of exon (thick lines) and intron (thin lines) regions of the gene HR. Non-coding regions are 

marked in light green, coding regions in dark green. The arrows show the direction of transcription. 

A genome region of chicken G. gallus domesticus with hybridization regions of the designed primers 

(marked in green) and guide RNA (marked in turquoise) is presented. PAM (protospacer adjacent 

motive) sites are shown in purple. 
 

Oligonucleotides for the guide RNAs were synthesized and used to make  

genetic constructs for the inactivation of the FGF20 and HR genes. Plasmid 

pX458 was treated with restriction endonuclease BbsI and ligated at the cleavage 

site with hybridized oligonucleotides F20C, F20U, and HR (Fig. 3). 
 

F20C 

5’-CACCGAAAGATGGTACTCCCAGAGA 

       CTTTCTACCATGAGGGTCTCTCAAA-5’ 

 

F20U 

5’-CACCGTCCATGTTTGTACACGTTGG 

       CAGGTACAAACATGTGCAACCCAAA-5’ 

 

HR  

5’-CACCGACGTGGCTGACGCGGCACT 

       CTGCACCGACTGCGCCGTGACAAA-5’ 

 

Fig. 3. Oligonucleotides providing specificity of guide 

RNAs and used to create plasmids for the FGF20 and 
HR inactivation by the CRISPR/Cas9 technoogy. 

 

After ligation and transforma-

tion of competent E. coli JM109 cells 

[32], and the clones were used for plas-

mid isolation. Sequencing of the ob-

tained plasmids confirmed the success 

of cloning constructs which were further  
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used for transfection of chicken and quail cells. 
 

 

Fig. 4. An example of sorting a population of quail (A) and chicken (B) embryonic fibroblast cells after 

transfection with pX458 plasmid-based constructs. The X-axis shows the intensity of fluorescence in 

the green range, the Y-axis shows light scattering. Green indicates cells with green fluorescence. 
 

The effectiveness of editing systems designed to knock out the FGF20 and 

HR genes was first evaluated on embryonic fibroblasts due to the simplicity and 

availability of their production. Chicken and quail embryonic fibroblasts with a 

plasmid encoding the components of the CRISPR/Cas9 genomic editing system 

were separated from non-transfected cells using a cell sorter (Fig. 4). pX458 con-

tains regions corresponding to the Cas9 and GFP genes the coding regions of 

which are separated from each other by the sequence encoding the P2A peptide. 

Thereof, cells which synthesize Cas9 also contain GFP and can be separated from 

non-transfected cells due to fluorescence (see Fig. 4). The proportion of success-

fully transfected chicken embryonic cells (sample size of 10,000 cells) using sys-

tems for knocking out the FGF20 and HR genes reached 5.7 and 7.4%, respec-

tively. According to the distribution of cells by fluorescence intensity, the effi-

ciency of transfection of quail embryonic cells using the editing system for the 

FGF20 gene knockout was 6.3%. 

Sorted transfected chicken and quail embryonic fibroblasts were used to 

isolate genomic DNA in order to evaluate the efficiency of editing the FGF20 and 

HR genes. The isolated DNA was used for PCR amplification of loci containing 

regions of complementarity with guide RNA (see Fig. 1, 2). The isolated PCR 

products were analyzed by Sanger sequencing. The analysis of transfected chicken 

(Fig. 5, 6) and quail embryonic fibroblasts detected multiple microdeletions. 

The data obtained (see Fig. 5, 6) allow us to conclude that our constructs 

are highly efficient to introduce microdeletions into the FGF20 and HR genes. Of 

the two constructs targeting the FGF20 gene, the F20U proved to be more effective 

and was used together with the HR construct. 

When generating genetically modified birds, a directed modification of 

gonadal cells with the aim to further obtain offspring with a modified genome is 

of greatest interest. For these purposes, both mature germ cells and their precur-

sors, PGCs and spermatogonia are suitable. 

With disaggregation of chicken and quail embryos by mechanical and en-

zymatic treatment, we obtained a suspension of dissociated cells (the proportion 

of non-viable cells did not exceed 5%). The suspension contained different types 

of embryonic cells the separation of which by adhesion [33] maximally enriched 

population of embryonic cells with PGCs. The proportion of PGCs from the 

total number of other cell types in the culture of chicken and quail embryonic 

cells reached 88 and 81%, respectively. A small population of fibroblasts remaining 
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after cell separation served as a feeder layer on which PGCs were attached and 

cultured, forming colonies (Fig. 7).  
 

 

Fig. 5. Analysis of the CRISPR/Cas9 editing system efficiency for the FGF20 gene by Sanger sequenc-

ing-based assay: A — unedited chicken FGF20 gene; B — chicken FGF20 gene after editing with Cas9 

and F20C guide RNA; C — chicken FGF20 gene after editing with Cas9 and F20U guide RNA. The 

arrows show the sites of gene cutting. You can see the overlap of the results of sequencing the products 

of multiple microdeletions. When sequencing heterogeneous microdeletion products, in contrast to a 

homogeneous wild-type amplicon, there is an overlap of peaks corresponding to different nucleotides 

(green for A, black for G, blue for C, and red for T). 
 

 
Fig. 6. Analysis of the CRISPR/Cas9 editing system efficiency for the HR gene by Sanger sequencing-

based assay: A — unedited chicken HR gene; B — chicken HR gene after editing with Cas9 and HR 

guide RNA. The arrows show the sites of gene cutting. You can see the overlap of the results of 

sequencing the products of multiple microdeletions. When sequencing heterogeneous microdeletion 

products, in contrast to a homogeneous wild-type amplicon, there is an overlap of peaks corresponding 

to different nucleotides (green for A, black for G, blue for C, and red for T). 
 

Disaggregation of the testis tissue of roosters and quails by trypsin created 

suspensions consisting mainly of Sertoli cells and spermatogonia. In culturiing, 

Sertoli cells spread flat on the surface of Petri dishes. Spermatogonia attached to 

Sertoli cells, forming colonies on days 7-8 of culture (Fig. 8). 
 

B 

C 

B 
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Fig. 7. Colonies of primordial germ cells (PGCs) of chickens (A) and quails (B) used for transfection 

with constructs for knockout of the FGF20 and HR genes: 1 — PGCs, 2 — fibroblasts (feeder 

layer). Native preparation, light microscopy (Nikon Eclipse TS100, Nikon Сo., Japan; magnifi-

cation ½400). 
 

 

Fig. 7. Cultures of spermatogenic cells from testis of chickens (A) and quails (B) used for transfec-

tion with constructs for knockout of the FGF20 and HR genes: 1 — spermatogonia, 2 — Sertoli 

cells. Native preparation, light microscopy (Nikon Eclipse TS100, Nikon Сo., Japan; magnifica-

tion ½400). 
 

The resulting cultures of PZK and spermatogonia of chickens and quails 

were transfected with the created constructs for knockout of the FGF20 and HR 

genes. The share of in vitro transfected PZK and spermatogonia of chickens with 

FGF20 gene knockout reached 0.9 and 1.2%, respectively, with HR gene knock-

out 0.8 and 1.0%. The proportion of PGCs and quail spermatogonia with FGF20 

gene knockout was 0.9 and 1.1%, respectively. Note that the efficiency of trans-

fection of these target cells was relatively low. However, we obtained a pure 

population of transfected cells by sorting and multiplied them in vitro to the 

required abundance. 

Several research groups have studied the effectiveness of PGCs as target 

cells for gene editing to obtain birds with knockout of various genes, in particular, 

chickens with CRISPR/Cas9-mediated [5, 6, 8, 34] and TALEN-mediated [35] 

knockout of genes for myostatin [5], immunoglobulin heavy chain [34], DDX4 

[35], ovomucin [8], and NHE1 [6]. In these works, two methods were used for 

PGC transfection, the electroporation [6, 34, 35] and lipofection [5, 8]. With 

electroporation, in most cases, the transfected cells were selected in growth media 

with a selective antibiotic. When the authors selected transfected PGCs by sorting 

without preliminary culture in a selective medium, the transfection efficiency was 

low (1%), which is consistent with our data. 

We did not find information on the use of spermatogonia as targets for the 

introduction of gene editing systems in the available sources of information. 

B 

B 
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Thus, we developed gene editing systems for knockout of the FGF20 and 

HR genes in chickens and the FGF20 gene in quails. To find optimal cutting sites 

of these genes and to design the sequences of guide RNAs and primers for am-

plification of selected target DNA segments, we used bioinformatics tools. To 

introduce deletions into the regions encoding FGF20 and HR, gene constructs 

based on the pX458 vector were created. Our research results confirm the effec-

tiveness of introducing microdeletions into these genes of chickens and quails 

with the constructs created. The transfection frequency is 5.7 and 6.3% for 

chicken and quail embryonic fibroblasts, respectively, 0.9 and 0.9% for primor-

dial germ cells, 1.2 and 1.1% for spermatogonia. These findings indicate the suc-

cessful creation of gene editing systems in poultry using gene constructs based 

on the pX458 vector.  
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A b s t r a c t  
 

The stature of an animal is a classic quantitative trait that affects the predisposition to certain 
diseases and is associated with the productivity of farm animals. Currently, many quantitative trait loci 
(QTL) have been mapped that affect the cattle’s growth constituents, which confirms its polygenic 
determinism. An assessment of the frequencies of SNPs alleles associated with withers height in cattle 
populations bred in Russia has been carried out firstly in this work. The prevalence of alleles associated 
with high stature of animals in three out of four identified single nucleotide polymorphisms in Russian 
local breeds was revealed. The aim of the work was to identify loci that are under selection pressure 
and associated with body size in populations of Russian local breeds and transboundary breeds bred in 
the territory of the Russian Federation, belonging to different types of productivity, as well as with an 
unequal degree of pressure of artificial selection and distribution in the world. Thirteen cattle breeds 
(n = 670) subjected to our study including Angus (n = 39), Ayrshire (n = 144), Black-and-White 
(n = 50), Holstein (n = 184), Istoben (n = 22), Jersey (n = 32), Kalmyk (n = 27), Kholmogor 
(n = 26), Kyrgyz (n = 24), Mongolian (n = 26), Tagil (n = 26), Yakut (n = 29) and Yaroslavl 
(n = 41). Samples of blood, tissue and sperm stored in UNU “Genetic material bank of domestic and 
wild animal species and birds” of the Ernst Federal Research Center for Animal Husbandry were used 
as a source of DNA for this study. The samples were genotyped using DNA arrays GGP Bovine 150K 
and BovineHD BeadChip (Illumina Inc., USA) with the different density. In the course of data pro-
cessing, SNPs common for the two arrays were determined and were used for further analysis. The 
genome-wide study of the associations of genotyping data with measurements of physical development of 
animals was carried out by the PLINK 1.9 program using filters (--geno 0.1), (--mind 0.2), (--maf 0.05). 
Height at withers for the studied breeds was obtained from the FAO database. All studied breeds were 
divided into groups according to the following criteria: growth (tall, short), type of productivity (dairy, 
meat), the degree of pressure of artificial selection (primitive, commercial) and distribution in the 
world (local, transboundary). Four SNPs were identified in total. Three of them were localized on 
chromosome 4 (ARS-BFGL-NGS-116590, Hapmap53144-ss46525999, BovineHD0400021479), and 
one on chromosome 14 (BovineHD1400007259). The alternative alleles in the detected SNPs signifi-
cantly differ in their frequency in different groups of breeds, and also have significant positive or 
negative correlations with the height at the withers. The diversity and heterogeneity of the breeds 
presented in the study allows us to consider the identified traces of selection not as characteristic of 
one breed, region or type of productivity, but as for a group of breeds of the species Bos taurus taurus, 
the distribution of which from the center of domestication proceeded along the Danube Route. Thus, 
the identified SNPs can be used as genetic markers in breeding programs in order to increase the 
stature of animals and their productivity. 

 

Keywords: Bos taurus, cattle, local breeds, transboundary breeds, QTL, SNP markers, DNA 
arrays, GWAS, PLAG1, withers’ height  
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Animal breeding aimed at improving the characteristics of cattle is key for 
sustainable animal husbandry; well-balanced animals are highly productive and 
are in demand in the livestock market [1]. 

Whole genome association studies (GWAS) have enabled the identification 
of many genomic variations associated with the quantitative traits of livestock [2]. 
Over the past decade, numerous studies have mapped the quantitative trait loci 
(QTLs) responsible for the dairy yield [3], disease resistance [4, 5], reproductive 
performance [6], growth [7-9], beef quality [10-13], and carcass weight [14-16] of 
cattle. 

Animal stature is a classic quantitative trait that is of interest to geneticists 
[17-19]. Apart from providing information on the overall genetic architecture of 
quantitative traits, a comprehensive understanding of inter-individual growth var-
iability can also elucidate the mechanisms which govern the growth of an organ-
ism. Growth influences the predisposition of livestock to certain diseases, and 
thus, their overall productivity. Although sensitive to environmental factors, hu-
mans too are generally influenced by this indicator (∼ 85%) [20]. 

The domestication of cattle was highly influenced by this indicator. The 
growth of the species Bos taurus decreased by approximately 1.5 times from the 
Neolithic to Middle Ages, and it increased again only in the Early Modern period 
[21]. The extinct auroch (Bos primigenius) was much larger than its domestic de-
scendants (height at the withers ∼ 2 m versus ∼ 1.1-1.5 m in modern cattle). The 
heritability coefficient of the indicator varies within 25-85% depending on the 
population [22, 23]. If the mechanisms of genetic variation have aided the recovery 
of growth since the Early Modern period, their selection fingerprints should be 
determined based on the genomic data of modern cattle breeds. 

Currently, many QTLs that influence the growth components of cattle 
have been mapped, which confirms its polygenic determinism. Illustratively, 38 
and 52 QTLs have been reported to account for more than 60% of the variation 
in adult height and weight, respectively, in a population of the American Aberdeen 
Angus breed [24]. L. Karim et al. [25] examined the Holstein-Friesian and Jersey 
breeds to identify the QTLs that influence traits responsible for augmenting dairy 
yield. More than 500 traits were measured, six of which were related to body size: 
birth weight, weight at 6, 8, 12, 18 and 24 months (body weight), and height at 
withers at 18 months. 

I. Randhawa et al. [26] compared single nucleotide polymorphism (SNP) 
data across the genome in several European and African breeds of B. taurus with 
high (145-155 cm) and low (105-133 cm) withers, and they found that the most 
significant selection signal associated with growth is mapped on chromosome 14 
(BTA14) within the 24.79-28.25 Mbp region [27]. This selection signature was 
recently confirmed by full genome sequencing of four B. taurus breeds, and it is 
limited to a smaller region spanning positions within 24.80-25.08 Mbp [28], where 
the pleomorphic adenoma 1 (PLAG1) gene is located. 

The PLAG1 gene, consisting of five exons and four introns, with five tran-
scripts, was first discovered through positional mapping, during the investigation 
of pleomorphic adenomas of the human salivary glands [29]. PLAG1 initiates the 
transcription of insulin-like growth factor 2 (IGF2), a mitogenic hormone im-
portant for fetal growth and development, and it influences the genetic variability 
of growth in both humans and cattle [25, 30-32]. Several studies have examined 
the association of the PLAG1 gene with various traits, such as calving ease [33], 
body size [25], birth and yearling weight [14, 35], carcass quality [34] and other 
traits related to the growth of cattle [36]. However, in Russian local breeds, which 
are of great interest for biodiversity conservation [37, 38], the role of the PLAG1 
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gene has not been investigated, despite previous genome-wide studies [39, 40]. 
In this study for the first time the allele frequencies of SNPs associated 

with withers height in populations of cattle bred in Russia were investigated. In 
the Russian local breeds, the predominance of alleles associated with high growth 
of cattle was revealed in 3 out of 4 identified SNPs. 

The aim of this study was to identify the loci and characterize allelic var-
iants that are associated with body size, which are under selection pressure in the 
populations of Russian local breeds and transboundary species bred in the Russian 
Federation. These breeds have different types of productivity, as well as unequal 
degrees of artificial selection pressure and global distribution. 

Materials and methods. Totally 670 animals of 13 cattle breeds were in-
cluded in this study: Aberdeen Angus (ANG, n = 39], Ayrshire (AYR, n = 144), 
Black and White (BLW, n = 50), Holstein (HLS, n = 184), Eastoben ( IST, n = 22), 
Jersey (JRS, n = 32), Kalmyk (KLM, n = 27), Kholmogorsk (KHL, n = 26), 
Kyrgyz (KRG, n = 24), Mongolian (MNG, n = 26), Tagil (TAG, n = 26), Yakut 
(YKT, n = 29) and Yaroslavl (YRS, n = 41). 

The biological material represented whole blood, semen and ear’s tissue 
stored in the Bioresource collection «Bank of genetic materials of domestic and 
wild animals and birds» of the Ernst Federal Research Center for Animal Hus-
bandry. DNA was isolated using commercial DNA-Extran-1 and DNA-Extran-2 
kits (OOO Sintol, Russia) in accordance with the manufacturer's recommenda-
tions. The concentrations of dsDNA solutions were determined using a Qubit 3.0 
fluorometer (Thermo Fisher Scientific, Wilmington, DE, USA). To check the 
purity of extracted DNA, OD260/280 ratios were determined using NanoDrop-
2000 (Thermo Fisher Scientific, Wilmington, DE, USA). 

The genotyping of the samples of 11 breeds was carried out in the Ernst 
Federal Research Center for Animal Husbandry. The genotypes of two breeds, the 
Aberdeen Angus and Jersey were downloaded from the publicly available WIDDE 
database (http://widde.toulouse.inra.fr/widde/widde/main.do?module=cattle).  

The genotyping of the samples was conducted on SNP chips of different 
densities, GGP Bovine 150 K and BovineHD BeadChip (Illumina, Inc., USA). 
During the data processing, SNPs common to the two chips were determined and 
used for further analysis. Quality control genotyping was performed in PLINK 1.9 
[41], using the following filters. At least 90% of loci (--geno 0.1) were successfully 
genotyped in at least 80% of cattle (--mind 0.2) and the frequency of minor alleles 
was at least 5% (--maf 0.05). After combining the datasets and quality control of 
genotyping, 115237 SNPs were included in the analysis. 

Employing PLINK 1.9, a GWAS of SNPs associated with withers height was 
performed. The positions of SNPs were assigned according to the Bos taurus genome 
assembly UMD_3.1.1 (https://www.ncbi.nlm.nih.gov/assembly/GCF_000003055.6). 

Withers height data for the studied breeds were obtained from the FAO public 
database (DAD-IS, https://www.fao.org/dad-is/data/ru/, accessed 09/10/2021). 
Since the values of indicators vary among different countries, the average values 
were calculated for each breed irrespective of their country and sexuality. Conse-
quently, the average value of the height at withers was calculated for the entire 
array of the studied breeds. Calculations and visualization of the results were per-
formed using the R software. 

Based on the obtained body size data of the cattle, all studied breeds were 
divided into two groups. Breeds for which the average withers height did not ex-
ceed the average values calculated for the entire array were classified as the low 
group. In contrast, breeds for which the average values of the indicator exceeded 
the average values of the sample were classified as the high group. Furthermore, 
the studied breeds were subdivided into groups according to the following criteria: 
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the type of productivity (dairy, meat), degree of artificial selection pressure (prim-
itive, commercial), and prevalence in the world (local Russian, transboundary). 

The significance of the difference in the frequencies of alternative alleles 
for SNPs that showed significant associations with withers height in different 
groups of breeds was determined using the χ2 test in R. The authors excluded 
Mongolian and Kyrgyz cattle breeds from the analysis because these groups are 
not bred within Russia in commercial or breeding herds. 

Results. The characteristics of the studied cattle breeds are shown in Table 1. 

1. Characteristics of the studied Russian local and transboundary breeds of cattle (Bos 
taurus taurus) 

Breed Acronym Group 
Geographic classifi-
cation (by FAO) 

Type of produc-
tivity 

Degree of arti-
ficial selection 
pressure 

Aberdeen Angus ANG High transboundary meat commercial 
Ayrshire AYR High transboundary dairy commercial 
Black-and-White BLW High transboundary dairy commercial 
Kholmogor KHL High local Russian dairy commercial 
Holstein HLS High transboundary dairy commercial 
Yaroslavl YRS High local Russian dairy commercial 
Tagil TAG High local Russian dairy commercial 
Istoben IST High local Russian dairy commercial 
Kalmyk KLM Low transboundary meat commercial 
Jersey JRS Low transboundary dairy commercial 
Kyrgyz KRG Low − meat primitive 
Mongolian MNG Low − meat primitive 
Yakut YKT Low local Russian meat primitive 
N o t e. Low and high breeds are designated to cattle for which their average height at withers fall behind and exceed 
the average values calculated for the entire array, respectively. Dashes mean that the breeds are excluded from the 
group, since they are not bred in Russia. 

 

Genome-wide association studies using single nucleotide polymorphism 
markers for withers height (Fig. 1) were conducted for 13 breeds of cattle. Statis-
tically significant (p-value < 1e-80) associations were found for some SNPs (Fig. 2). 

 

 
Fig. 1. Average values of the height at the withers for the studied Russian local and transboundary breeds 
of cattle (Bos taurus taurus): HLS — Holstein, BLW — Black-and-White, KHL — Kholmogor, 
ANG — Aberdeen-Angus, TAG — Tagil, AYR — Ayrshire, IST — Istoben, YRS — Yaroslavl, 
KLM — Kalmyk, JRS — Jersey, KRG — Kyrgyz cattle, YKT — Yakut, MNG — Mongolian cattle. 
On the range charts for each breed, the values of the lower quartile, the average value and upper 
quartile are given. The red line is the average value calculated for the entire array of studied breeds. 

 

In total, four SNPs were identified. Three of these SNPs were located on 
chromosome 4, and the remaining was located on chromosome 14. 
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A B 

 

Fig. 2. Localization of single nucleotide polymorphisms significantly associated with height at the withers 
in Russian local and transboundary breeds of cattle (Bos taurus taurus): A — chromosome 4, B — 
chromosome 14. 

 

We searched for genes located within ±200 Kb of the detected SNPs (Ta-
ble 2). 

2. Genes found in the region of localization of single nucleotide polymorphisms signif-
icantly associated with height at the withers in Russian local and transboundary 
breeds of cattle (Bos taurus taurus) 

SNP name 
Chromo-
some 

Position 
Region, 
Mb 

Genes Traits 

Hapmap53144-ss46525999 4 77555681 77.3-77.8 PURB, MIR4657, 
H2AFV, PPIA, ZMIZ2, 
OGDH, TMED4, 
DDX56, NPC1L1, 
NUDCD3, CAMK2B, 
YKT6 

Duration of pregnancy, 
synthesis of milk com-
ponents, protein and fat 
metabolism, average 
daily weight gain 

BovineHD0400021479 4 77613816 

ARS-BFGL-NGS-116590 4 77635835 

BovineHD1400007259 14 25015640 24.8-25.2 LYN, RPS20, MOS, 
PLAG1, CHCHD7, 
SDR16C5, SDR16C6 

Growth, constitution, 
feed intake, fertility 

 

The region 24.8-25.2 Mb located on chromosome 14 contains genes which 
are associated with body size [42, 43], food intake [44, 45], and fertility [46]. On 
chromosome 4 within the 77.3-77.8 Mb region, genes associated with metabolism 
[47], milk composition [48, 49] and milk synthesis [50], and average daily body 
weight gain [51], were identified. S.M. Ghoreishifar et al. [52] examined breeding 
patterns in a group of five cattle breeds originating from northern, middle and 
southern parts of Sweden. The genome regions where the most significant selection 
signals were found on BTA5 (105.75-106.52), BTA1 (2.25-2.52) and BTA14 
(24.42-25.11 and 25.35-25.73). Annotation of genes in these regions made possible 
to identify both already known and new candidate genes associated with high-
altitude hypoxia (DCAF8, PPP1R12A, SLC16A3, UCP2, UCP3, TIGAR), cold ac-
climatization (AQP3, AQP7, HSPB8), body size and growth (PLAG1, KCNA6, 
NDUFA9, AKAP3, C5H5112orf1, RAD51AP1, FGF6, TIGAR, CCND2, CSMD3), 
resistance to diseases and bacterial infections (CHI3L2, GBP6, PPFIBP1, REP15, 
CYP4F2, TIGD2, PYURF, SLC10A2, FCHSD2, ARHGEF17, RELT, PRDM2, 
KDM5B), reproductive qualities (PPP1R12A, ZFP36L2, CSPP1), milk yield and 
milk composition (NPC1L1, NUDCD3, ACSS1, FCHSD2). 

Our data correlates with those of previously published papers. Meanwhile, 
some regions located on other chromosomes and described in the previous studies 
[53-55] were not identified in our sample. Interestingly, studies conducted by other 
researchers, including those using contrast breeds, did not reveal the associations 
of SNPs located in the region of 77.3-77.8 Mb on BTA4 with the withers height 
[56-58]. 

The frequencies of alternative alleles for the SNPs detected in each breed 

Position 
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were calculated (Table 3). 

3. Allele frequencies at loci significantly associated with height at withers in Russian 
local and transboundary breeds of cattle (Bos taurus taurus) 

Breed Group 

Chromosome 4 Chromosome 14 
ARS-BFGL-NGS-
116590 

Hapmap53144-
ss46525999 

BovineHD0400021479 BovineHD1400007259 

T G a T a C A G a T G a 
HLS High 0.82 99.18 99.18 0.82 0.82 99.18 0.54 99.46 
BLW High 1.00 99.00 99.00 1.00 1.00 99.00 0.00 100.00 
KHL High 23.08 76.92 76.92 23.08 23.08 76.92 13.46 86.54 
ANG High 62.82 37.18 36.84 63.16 62.82 37.18 0.00 100.00 
TAG High 26.92 73.08 73.08 26.92 26.92 73.08 9.62 90.38 
AYR High 28.47 71.53 71.53 28.47 28.47 71.53 21.88 78.13 
IST High 45.00 55.00 54.55 45.45 36.36 63.64 9.52 90.48 
YRS High 45.12 54.88 55.00 45.00 45.12 54.88 17.50 82.50 
KLM Low 95.83 4.17 3.85 96.15 96.15 3.85 94.23 5.77 
JRS Low 95.31 4.69 4.69 95.31 95.31 4.69 100.00 0.00 
KRG Low 72.92 27.08 29.17 70.83 52.27 47.73 85.42 14.58 
YKT Low 98.28 1.72 0.00 100.00 87.50 12.50 98.28 1.72 
MNG Low 100.00 0.00 6.25 93.75 89.58 10.42 100.00 0.00 
N o t e. HLS — Holstein, BLW — Black and White, KHL — Kholmogor, ANG — Aberdeen Angus, TAG — Tagil, 
AYR — Ayrshire, IST — Istoben, YRS — Yaroslavl, KLM — Kalmyk, JRS — Jersey, KRG — Kyrgyz cattle, YKT — 
Yakut, MNG — Mongolian cattle; Low — breeds that have the average height at the withers did not exceed the 
average values calculated for the entire array; High — breeds that have the average height at the withers exceeded 
the average values of the sample: a — alleles associated with high stature in cattle. 

 

The most significant differences between the frequencies of alternative al-
leles were observed in the low-breed group. Illustratively, in the ARS-BFGL-
NGS-116590 locus, the frequencies of G/T alleles varied from 0 to 27.08% and 
from 72.92 to 100%, respectively; at the Hapmap53144-ss46525999 locus, T/C 
allele frequencies ranged from 0 to 29.17% and from 70.83 to 100%; at the Bo-
vineHD1400007259 locus, the G/T allele frequencies ranged from 0 to 14.58% 
and from 85.42 to 100%. While in the high-breed group, the most significant 
difference in the frequencies of T/G alleles (0 and 100%, respectively) was ob-
served in the BovineHD1400007259 locus in Black-and-White and Aberdeen An-
gus breeds. 

One of the alternative alleles was absent in some breeds; therefore, the 
differences between the frequencies of alternative alleles were not assessed for each 
breed separately, but for all the groups formed according to different traits (Table 4). 

4. The differences between the frequencies of alternative alleles at the loci associated 
with the withers height in the different groups of Russian local and transboundary 
cattle breeds (Bos taurus taurus) 

Group 

Chromosome 4 Chromosome 14 
ARS-BFGL-NGS-
116590 

Hapmap53144-
ss46525999 

BovineHD0400021479 BovineHD1400007259 

T G a p T a C p A G a p T G a p 
High 0.204 0.796 *** 0.795 0.205 *** 0.201 0.799 *** 0.09 0.91 *** 
Low 0.349 0.651 *** 0.082 0.918 ** 0.309 0.647 *** 0.959 0.041 ns 
Meat 0.839 0.161 ns 0.168 0.832 ns 0.77 0.230 ns 0.687 0.313 *** 
Milk 0.218 0.782 *** 0.781 0.219 *** 0.215 0.785 *** 0.152 0.848 *** 
Commercial 0.276 0.724 *** 0.721 0.279 *** 0.275 0.725 *** 0.177 0.823 *** 
Primitive 0.909 0.091 *** 0.112 0.888 *** 0.777 0.223 *** 0.948 0.052 ns 
Transboundary 0.256 0.744 *** 0.740 0.260 *** 0.259 0.741 *** 0.187 0.813 *** 
Local Russian 0.486 0.514 * 0.514 0.486 * 0.448 0.552 ns 0.306 0.694 *** 
N o t e. a — alleles associated with high stature in cattle. 
* p < 0.05, ** p < 0.01; *** p < 0.001, ns — not significant.  

 

Generally, the frequencies of alternative alleles in the studied groups were 
significantly different. The exception was the group of beef cattle in all three SNPs 
found on BTA4. In addition, the frequencies of the SNP BovineHD1400007259 
did not differ from those theoretically expected from the primitive cattle. A similar 
situation was observed in the undersized cattle group. This may be attributed to 
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the fact that three out of their five breeds belong to primitive cattle (Kyrgyz and 
Mongolian cattle, Yakut breed).  

In the Aberdeen Angus breed, similar trends in the distribution of allele 
frequencies on chromosome 4 were observed as that of the low-breed group, even 
though they belong to the high-breed group. 

The G allele at the BovineHD0400021479 locus, the G allele at the ARS-
BFGL-NGS-116590 locus, the G allele at the BovineHD1400007259 locus, and 
the T allele at the Hapmap53144-ss46525999 locus are associated with large height 
at the withers. For the SNP BovineHD1400007259, located within the PLAG1 
gene, the G allele frequencies associated with high stature correlated with those 
from the previous studies on Holstein-Friesian and Jersey breeds [25]. Previously, 
Hou J. et al. [58] studied the association of SNP rs109815800 (AC_000171.1: 
g.25015640, G > T, designated on the chip as BovineHD1400007259) in the 
PLAG1 gene with cattle growth. The results of the association analysis showed 
that cattle breeds with the T/T genotype were shorter than those with T/G or 
G/G genotypes (p < 0.001). 

A statistically significant correlation was determined between the frequen-
cies of alternative alleles and withers height for all detected SNPs (Table 5). 

5. Correlation between the withers height and the frequency of alternative alleles in 
the loci associated with the height at the withers in different groups of Russian 
local and transboundary cattle breeds (Bos taurus taurus) 

Group 

Chromosome 4 Chromosome 14 
ARS-BFGL-
NGS-116590 

Hapmap53144-
ss46525999 

BovineHD0400021479 BovineHD1400007259 

T/G a p T a/C p A/G a p T/G a p 
High 0.722 *** 0.719 *** 0.708 *** 0.678 *** 
Low −0.172 ns −0.281 ns −0.498 ** −0.063 ns 
Meat 0.530 *** 0.456 * 0.090 ns 0.767 *** 
Milk 0.908 *** 0.908 *** 0.907 *** 0.751 *** 
Commercial 0.829 *** 0.827 *** 0.821 *** 0.729 *** 
Primitive 0.962 *** 0.859 *** 0.96 *** 0.975 *** 
Transboundary 0.876 *** 0.875 *** 0.876 *** 0.84 *** 
Local Russian 0.981 *** 0.982 *** 0.989 *** 0.971 *** 
All samples 0.838 *** 0.826 *** 0.752 ** 0.854 *** 
N o t e. a — alleles associated with high stature in cattle. Correlation coefficients are shown for the "high" allele. 
* p < 0.05, ** p < 0.01; *** p < 0.001, ns — not significant.  

 

Significant correlations were found between high allele frequencies and 
the withers height in almost all breed groups. Interestingly, for the low-breed 
group, contrary to the expectation, no significant negative correlation was found 
at the BovineHD1400007259 locus. 

Thus, we identified that SNPs ARS-BFGL-NGS-116590, Hapmap53144-
ss46525999, BovineHD0400021479, and BovineHD1400007259, localized, ac-
cording to the assembly of the Bos taurus UMD 3.1.1 genome, on chromosomes 
4 and 14, were associated with cattle withers height. The frequencies of the iden-
tified SNPs among breeds differed significantly from that of a randomly possible 
outcome. Alternative alleles in the detected SNPs were determined, and they had 
statistically significant positive or negative correlations with withers height. Thus, 
it can be inferred that the selection pressure on these loci is not the same for 
different breeds. The diversity and heterogeneity of the breeds shown by the sample 
allows us to consider that the identified traces of selection aren't the character-
istic of one breed, region, or productivity type, but are the characteristic for a 
group of breeds of the species Bos taurus taurus that migrated from the center of 
domestication along the Danube route. Thus, the identified SNPs can be used 
as genetic markers in breeding programs to improve cattle stature and their over-
all productivity. 
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A b s t r a c t  
 

Rearing specialized cattle breeds or several intra-breed lines reduces the breed and genetic 

diversity and creates a real threat of extinction of native livestock. Microsatellite analysis and ge-

nome-wide SNP (single nucleotide polymorphism) genotyping are common methods to study the 

population genetic structure of local breeds with unique adaptive traits and diseases resistance. The 

history of the Tagil breed is more than 200 years old. Currently, in Russia and the world, there is 

the only herd of Tagil cattle of about 600 animals molecular genetic characteristics of which remain 

insufficiently poor studied. Here we present the first results of identification of STR and SNP 

genotypes of the unique local Tagil breed. The work aimed to assess genetic diversity and survey the 

population structure of the modern population of indigenous Tagil cattle by microsatellite analysis 

(STR) and genome-wide analysis of single nucleotide polymorphism (SNPs). Genotypes of the Tagil 

animals (TAGIL, n = 98; SPK Shorokhov, Perm Territory, 2021) were studied by multiplex analysis 

using 11 microsatellites (TGLA227, BM2113, TGLA53, ETH10, SPS115, TGLA122, INRA0623, 

TGL1812 ETH225, BM1824). For interbreed differentiation by STR markers in PCA, we used a set 

of breeds that could be potentially involved in the formation of the modern population of Tagil 

cattle (TAGIL) — Holstein (HLST), Kholmogory Holsteinized (Tatarstan type) (TAT), Kholmo-

gorsk purebred (Pechora type) (PECH), black-and-white (old type) (Ch_P_OLD), Tagil (TAG) (sam-

ples from the ONIS BioTechZh database, 2020, https://www.vij.ru/2-obshchaya/226-infrastruktura-

test). To cover maximum genetic diversity in genotyping of TAGIL by SNP markers, the most 

unrelated animals (n = 48) were selected based on the results of analysis of STR genotypes. Genome-

wide genotyping for SNP markers was performed using a high density GGP Bovine HD 150K 

BeadChip DNA chip (150,000 SNPs, Illumina, Inc., USA) (10,8432 SNPs before and 62,809 SNPs 

after LD filtration). A database of genome-wide SNP genotypes of Tagil cattle (TAGIL) was formed 

to analyze the results of SNP genotyping (population genetic and phylogenetic studies). Holstein 

animals (HLST) (n = 45) were the reference group. We clearly differentiated the Tagil (TAGIL) 

and Holstein animals by PCA method. Cluster analysis based on genetic distances FST divided the 

Tagil and Holstein animals into two separate groups. Genome-wide SNP genotyping revealed ge-

nomic regions in which allelic variants are specific for the Tagil cattle (TAGIL). The hapFLK 

analysis showed five regions (p < 0.01) (chromosomes 4, 5, 8, 11, and 15, from 1.20 Mb on BTA8 

to 9.61 Mb on BTA5, the number of SNPs within the regions from 24 to 92) under selection pressure 

in the Tagil animals (TAGIL). The STR genotyping data showed the participation of the Kholmo-

gory cattle, Black-and-White and Holstein breeds in the Tagil breed formation with the greatest 

introgression of Holstein cattle which most likely was used to improve Tagil cattle in recent decades. 

We reveled that more than 50 % of the Tagil animals (TAGIL) have the ROH (BTA14, positions 

24437778-25098364, 0.661 Mb) previously identified in the Yaroslavl and Kholmogor breeds as a 

region under selection pressure. This ROH region may be an element of the adaptive genetic system 

in indigenous Russian breeds. In 40 % Tagil animals, we additionally identified five ROH islands. 

https://www.facebook.com/Vavilov-Institute-of-General-Genetics-Russian-Academy-of-Science-255247164557981/?hc_ref=ARRvUUGqO3qS-ZLByTc_peWzq5LEN7q7smIv6OMlPM9B5og5XEKL8-UDpF1fx4WcMJk&ref=nf_target&fref=tag&__xts__%5B0%5D=68.ARAgYOc9mSKaohbGRa-OtAfwitlHe-HwA6lPsQGSb9iXqRgYVEXIkisLrtYzyC03-yFQOIHbEXGJISCJxTJd0OROEiRWWwA9fCZCBzV2wpqU-2MFLUnVXQE3abg9FvoqXmp4IWH8-zqscqNV8STOYJaeJFV1PjDuK3e36G-qGuCn1Rp4ijItvN_dzP-1Vw1y-CSsrT_LRjQZiV5WDQ-1f4Yrs-CSF36B_HZoJB7aNYrPw_Bmr52USHBd55kZCkHuyknrzFe2X8_6s9wZ1datpkVjxcAvFmH7Di3q_aSAF6IGmXOQiA5S9g3PuTQ&__tn__=kC-R
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The findings of the research will be used to identify genes and their variants that determine adaptive 

and commercial traits of the Tagil breed, study the formation of its genetic structure, develop mon-

itoring regulations to preserve the Tagil cattle breed specificity and biodiversity.  
 

Keywords: dairy cattle, Tagil breed, microsatellites, SNP genotyping, biodiversity 
 

The intensification of world dairy cattle breeding leads to the predomi-

nance of Holstein cows in the structure of cattle breeds. According to statistics, 

Holstein cattle (purebred or crossbred) in the aggregate account for 61% of the 

3.47 million dairy cows in the UK [1], in the USA the proportion of cattle with 

Holstein breed in the pedigree is even higher and reaches 90% of the total num-

ber of dairy cows (2). In Russia, the number of Holstein cattle is still not so 

large (22.95%), but the black-and-white breed prevails (49.98%) [3], including 

partially Holsteinized. Breeding of specialized breeds or several intrabreed lines 

reduces the pedigree and genetic diversity of the livestock, and, as a result, a 

real threat of extinction of aboriginal livestock is created. In this regard, the 

study of the population genetic structure of local breeds, which have unique 

adaptive traits and resistance to a number of diseases, is attracting more and 

more attention [4]. Most often, such studies use microsatellite analysis or a more 

informative method of whole genome SNP (single nucleotide polymorphism) 

genotyping, which has become actively used in population genetics and breeding 

of cattle after deciphering its genome [5]. 

Using STR (short tandem repeat) markers, we studied the genetic struc-

ture of populations of local breeds of Indian zebu Ongole, Deoni, Gir, Kankrei 

[6], Mexican Criollo [7], as well as Red Steppe [8], Suksun, Istoben, Yaroslavl, 

Kholmogory, gray Ukrainian and Kholmogory (Pechora type) breeds of cattle [9]. 

Genome-wide SNP screening has been used to establish genetic diversity and in-

terbreed differentiation of native South African cattle (Afrikaner, Drakensberger, 

Nguni) [10], five indigenous cattle breeds in Bangladesh (Chitagon Red, Pabna 

and Zebu Munshiganj, Northern Bengal Gray, Deshi) [11], six breeds of cattle 

from the Sichuan province in China (Ba Shan, Xuanhan, Pingwu, Sanjiang, 

Ganzi, Langshan) [12], the Irish Kerry breed [13] and Russian ancient breeds 

Bestuzhev, Kholmogory, Kostroma, Red Gorbatov and Yaroslavl [14, 15].  
Tagil cattle is one of the oldest domestic breeds of dairy cattle in the 

Russian Federation. The history of the creation of this breed has more than 200 
years. The formation of the main group of Tagil cattle took place in the Ural 
region in the Nizhny Tagil region. There is no exact information about the origin 
of the Tagil cattle, but the participation in its formation of the English short-
horned and Kholmogory cattle, imported from the Arkhangelsk province in 1842, 
was discussed [16]. There is an opinion that the Tagil breed is a product of crossing 
local Ural cattle with imported animals of the Kholmogory, Yaroslavl and Dutch 
breeds [17] and the use of Black-and-White bulls [18]. Planned selection and 
breeding work to improve the Tagil cattle began after the decree of the Council of 
People’s Commissars dated July 19, 1918 “On breeding livestock” was issued. 
Then a strict selection of purebred Tagil sires was applied, followed by breeding 
“in itself”, which made it possible to significantly increase the productivity of Tagil 
cows, and in 1930 a new Tagil breed of cattle was approved [18, 19]. Unpreten-
tious to the conditions of feeding and keeping, Tagil cattle, when bred in the 
Urals, were not much inferior in terms of milk yield to black-and-white, surpassing 
it in fat milk content. In addition, Tagil cows, due to the specific structure of the 
pelvis, are distinguished by the ease of calving.  

Subsequently, the massive Holsteinization of cattle led to the displacement 

of not only the Tagil, but also the Black-and-White breed. As a result, the only 

gene pool herd of Tagil cattle in Russia and the world (about 600 heads) is cur-

rently left, formed at the Shorokhov SPK in the Oktyabrsky District of the Perm 
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region. This gene pool, limited in number, is of undoubted interest as a source of 

valuable biological and economic traits; however, its molecular genetic character-

istics remain insufficiently studied.  

This report presents for the first time the results of identification of the 

STR and SNP genotypes of the unique local Tagil breed of cattle, which will allow 

the identification of genes and their variants that determine the biological, adaptive 

and productive qualities of animals of economic importance. 

The purpose of this work is to carry out microsatellite analysis (STR) and 

genome-wide analysis of single nucleotide polymorphisms (SNPs) to assess genetic 

diversity and establish the population structure of the modern population of abo-

riginal Tagil cattle.  

Materials and methods. DNA was isolated from blood samples (n = 98) of 

Tagil animals (TAGIL). Samples were taken at the SPK them. Shorokhov (Perm 

Territory, 2021), the QIAmp® DNA Mini Kit (QIAGEN, Germany) was used 

for DNA extraction according to the attached protocol. The purity and concen-

tration of the resulting DNA preparations were determined (OD260/280, ultraviolet 

microspectrophotometer Implen Nano-Photometer®, Implen GmbH, Germany), 

the concentration of double-stranded DNA was measured using a Qubit™ (1.0) 

fluorimeter (Life Technologies, USA). 

Animal genotypes were analyzed by multiplex analysis for 11 microsat-

ellites (TGLA227, BM2113, TGLA53, ETH10, SPS115, TGLA122, INRA023, 

TGLA126, BM1818, ETH225, BM1824) using the STR panel developed at the 

V.I. OK. Ernst based on the recommendations of the International Society for 

Animal Genetics (ISAG). 

Interbreed differentiation by STR-markers was carried out by the 

method of principal components (PCA) with the involvement of genotypes of 

cattle breeds that could potentially take part in the formation of the studied 

modern population of Tagil cattle (TAGIL): Holstein (HLST), Kholmogory 

Holsteinized (Tatarstan type) (TAT) , Kholmogory purebred (Pechora type) 

(PECH), black-and-white (old type) (Ch_P_OLD), Tagil (TAG) (samples 

from the ONIS BioTechJ databank, 2020, https://www.vij.ru/2-obshchaya 

/226-infrastruktura-test). 

For genotyping by SNP markers, samples (n = 48) were selected based 

on the results of the analysis of STR genotypes. In the Structure 2.3.4 program 

(https://web.stanford.edu/group/pritchardlab/structure.html), the similarity coef-

ficient Q was used to preliminarily evaluate the purebred and in the ML-Relate 

program (https://www.montana.edu/kalinowski/software/ml-relate/index.html) the 

degree of relatedness of individuals in the studied population of Tagil cattle. 

Whole genome genotyping for SNP markers was performed using a 

GGP Bovine HD 150K BeadChip high-density DNA chip ( 150,000 SNPs, 

Illumina, Inc., USA). Quality control and filtering of genotyping data for each 

sample and SNP was performed using the PLINK 1.9 [20] software package 

(https://www.co-genomics.org/plink/). The following filters were applied (corre-

sponding commands in the PLINK program are given in parentheses): call-rate 

for all studied SNPs for an individual sample is not lower than 90% (--mind); 

call-rate for each of the studied SNPs for all genotyped samples is not less 

than 90% (--geno); the frequency of occurrence of minor alleles (MAF) more 

than 0.01 or 0.05 (--maf 0.01); deviation of SNP genotypes from the Hardy-

Weinberg distribution in the totality of tested samples with a p-value < 106 (--hwe). 

Linkage disequilibrium (LD) was also assessed using the Pearson correlation 

coefficient (r2 < 0.2) with a step of 50 kb (--indep-pairwaise). 

To analyze the results of genotyping of SNP markers (population ge-

netic and phylogenetic studies), a database of whole genome SNP genotypes 
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of Tagil cattle (TAGIL) was formed. Animals of the Holstein breed (HLST) 

(n = 45) were introduced into the data set as a comparison group. 

Observable heterozygosity (Ho), unbiased expected heterozygosity 

(uHe), allelic diversity (Ar), and inbreeding coefficient FIS (with 95% confi-

dence interval) were calculated based on the obtained SNP genotypes for each 

data set in the R package diveRsity [21]. 

Principal component analysis (PCA) was performed in the PLINK 1.9 

program followed by plotting in the R package ggplot2 [22]. For phylogenetic 

studies in the R package diveRsity [21], pairwise FST values were calculated 

[23]. The matrix of pairwise FST values was visualized as a Neighbor-net group 

genetic network in the SplitsTree 4.14.5 [24] program (https://splitstree4.soft-

ware.informer.com/). The population structure and genetic homogeneity of the 

studied cattle breeds were determined using the Admixture 1.3 program [25] 

with a graphical representation using the pophelper R package [26]. The most 

probable number of ancestral clusters (K) was determined by calculating the 

cross-validation error values (CV error) for K from 1 to 5 in the Admixture 1.3 

program. 

To search for loci under selection pressure, selection of 0.1% SNPs 

with the highest FST values in pairwise comparison of breeds was used, as well 

as hapFLK analysis and detection of ROH islets overlapping in some individ-

uals [15]. For islets, the minimum ROH size was taken to be 0.5 Mb with 50% 

of animals carrying overlapping ROHs and an ROH overlap length of at least 

0.1 Mb. 

Bioinformatic data processing and plotting were performed using the R 

Project for Statistical Computing software environment [27]. 

In hapFLK analysis, a threshold of significance was set p < 0.01. Con-

fidence intervals (CI, 95%) are given for FIS values. When determining the 

mean values (M), their standard errors (±SEM) were calculated. 

Results. The results of principal component analysis (PCA) (Fig. 1) were 

obtained from the data of our microsatellite profiling of Tagil animals in compar-

ison with the data of the previously performed STR genotyping of populations of 

the Holstein, Kholmogory (Holsteinized and purebred), Black-and-White and 

Tagil cattle breeds. It can be seen that a significant part of the Tagil cows differs 

from animals of other breeds, but the arrays of both populations of Tagil cattle 

overlap with the Holstein breed. On this basis, we further considered the Holstein 

breed as a comparison group.  
 

 

Fig. 1. Distribution of the Tagil breed 
animals based on genotypes by STR 
markers in the principal components 
analysis method: the modern popula-

tion of Tagil cattle (TAGIL, n = 98) 

(Shorokhov SPK, Perm Territory, 

2021), Holstein breed (HLST), 

Kholmogory Holsteinized breed (Ta-

tarstan type) (TAT), Kholmogory 

purebred cattle (Pechora type) 

(PECH), Black-and-White breed 

(old type) (Ch_P_OLD), Tagil cat-

tle (TAG) (samples from the ONIS 

BioTechJ databank, 2020). 

 

To cover the maximum range of genetic diversity of the Tagil breed, the 

most unrelated animals were selected for SNP genotyping. Based on the calculation 
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of the similarity coefficient (Q) and the assessment of the degree of kinship (indi-

viduals with Q  0.35 were considered relatives), 51 animals (48 main and 3 spare) 

were selected. The selected individuals were divided into five groups: 1st with Q  

90%, relatives not > 2 for each animal (although there are relatives with Q = 0.50; 

37 cows); 2nd with 90% > Q ≥ 80%, no relatives > 2 for each animal (although 

there are relatives with Q = 0.50; 7 cows); 3rd with 80% > Q ≥ 70%, each animal 

has > 1 relative (none closer than with Q = 0.49; 5 cows); 4th with 70% > Q ≥ 

60%, no relatives (2 cows); 5th (other) are undesirable for genotyping. 

Whole genome genotyping of Tagil cattle for SNP markers was performed 

using the GGP Bovine HD 150K BeadChip DNA chip; the results were obtained 

for 48 animals (genotyping efficiency was more than 90%). The efficiency of gen-

otyping (call rate) of the studied Tagil cows varied from 0.9900 to 0.9982. A total 

of 108432 SNPs were selected for analysis after quality control.  

Table 1 summarizes the data of our population genetic study of the Tagil 

breed by SNP markers in comparison with the Holstein breed. One can see a 

significantly higher genetic diversity (in terms of Ar allelic diversity, observed Ho 

heterozygosity, and unbiased expected uHe heterozygosity) of Tagil cattle compared 

to Holstein. This may be the result of both less stringent selection for economically 

useful traits, and the participation of several breeds in the creation of Tagil cattle. 

The excess of heterozygotes in both populations should also be noted (see Table 1).  

 1. Comparative characterization of the genetic diversity of the Tagil cattle population 

(Shorokhov SPK, Perm Territory, 2021) and Holstein cattle (ONIS BioTechJ 

databank, 2020) by SNP markers (M±SEM, GGP Bovine HD 150K BeadChip, 

Illumina, Inc., USA) 

Breed  n Ar Ho uHe FIS [CI 95 %] 

Tagil 48 1,999±0 0,408±0,001 0,398±0,000 0,023 [0,024; 0,022] 

Holstein 45 1,989±0 0,366±0,001 0,360±0,001 0,014 [0,015; 0,013] 

 

 

Fig. 2. Distribution of individuals of the 

Tagil (TAGIL, n = 48) (Shorokhov SPK, 

Perm Territory, 2021) and Holstein breeds 
(HLST, ONIS BioTechJ databank, 2020) 

based on genotypes for 108432 SNPs. 

 

We clearly differenti-

ated the breeds of selected ani-

mals (Tagil and Holstein) using 

the PCA method (Fig. 2). At the 

same time, unlike the Tagil Hol-

stein breed, it turned out to be 

more consolidated (see Fig. 2), 

the first component (PC1) was 

responsible for 7.28% of geno- 

typic variability and separated the Tagil cattle from the Holstein cattle.  

Cluster analysis based on FST genetic distances (Fig. 3) assigned ani-

mals of the Tagil and Holstein breeds into two large groups in accordance with 

the breed. Animals belonging to the same breed were grouped on neighboring 

branches of the corresponding clusters. 

When performing a structural analysis, the calculation of the cross-valida-
tion error (CV) showed the minimum value of this indicator for the number of 
clusters K = 4. At K = 2 (Fig. 4), each of the two compared breeds (TAGIL and 
HLST) exhibits a specific cluster structure, while the formation of the Tagil breed 
shows the presence of specific Holstein ancestral genomic components. An anal-
ysis of the genetic structure at K = 3 and K = 4 indicates the participation in the 
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formation of the Tagil breed of three more different ancestral breeds in addition 
to the Holstein breed. Taking into account that specific Holstein genomic com-
ponents are manifested in most of the Tagil animals, and the components of the 
other three ancestral breeds of Tagil cattle have only minor traces of admixture in 
the Holstein breed, the resulting data set can be considered suitable for searching 
for loci that are under selection pressure. 

 

 

Fig. 3. Neighbor-net dendrogram based on genotypes of 108432 SNPs for selected animals of the Tagil 

(TAGIL, n = 48) (Shorokhov SPK, Perm Territory, 2021) and Holstein breeds (HLST, n = 45, ONIS 

BioTechJ databank, 2020) (visualization in SplitsTree 4.14.5). 
 

 

Fig. 4. Genetic structure of the Tagil breed population (TAGIL, n = 48, Shorokhov SPK, Perm Ter-

ritory, 2021) compared to the Holstein breed population (HLST, n = 45, ONIS BioTechJ databank, 

2020) according to the Admixture analysis for 62809 SNPs (Admixture 1.3 program, K is the number 

of clusters). Blue and yellow colors are genomic components of ancestral breeds identified in the Tagil 

breed. 
 

By selecting the 0.1% SNPs with the highest FST values in a pairwise 

comparison of breeds, 109 SNPs located on 24 chromosomes were identified (ex-

cluding BTA8, BTA23, BTA27, BTA28, and BTA29). 

Analysis of hapFLK showed the presence of five areas (p < 0.01) under 

selection pressure in the studied groups of Tagil cattle (Table 2) in comparison 

with Holstein. The identified regions were localized on chromosomes 4, 5, 8, 11, 

and 15, while a higher level of identification reliability was established for two 

0.01 
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regions (p < 0.001). The length of the regions varied from 1.20 Mb (BTA8) to 

9.61 Mb (BTA5), the number of SNPs localized within these regions varied from 

24 to 92.  

2. Characterization of chromosome (BTA) regions under selection pressure in Tagil 
cattle (TAGIL, n = 48, analysis by hapFLK method, Shorokhov SPK, Perm 

territory, 2021) 

BTA 
Position  

Length, Mb 
Most significant SNPs 

Number of SNPs 
start end  позиция p 

4 6,842.949 10,648,384 3.81 8,495,236 7.08E-04 63 

5 16,952.114 26,561,662 9.61 24,064,770 8.42E-04 92 

8 50,695.489 51,899,568 1.20 51,101,318 5.14E-03 24 

11 86,926.025 89,081,028 2.16 88,186,796 6.16E-03 31 

15 48,905.274 54,898,376 5.99 54,218,907 5.08E-03 59 

 

As a result of the study of the genomes of Tagil and Holstein cattle for the 
presence of runs of homozygosity (ROH), we identified 37 ROH islets that were 
found in more than 50% of animals, and 36 such regions were found in the genome 
of Holstein cattle, and only one is in Tagil (BTA14, positions 24437778-25098364, 
length 0.661 Mb). Interestingly, this region almost completely overlapped with the 
identical region identified in the genome of Holstein cattle (positions 24437778-
25175950, length 0.750 Mb). It should be noted that the region on BTA14 in the 
region of 24.4-25.1 cm was previously identified as being under selection pressure 
in the Yaroslavl and Kholmogory breeds of cattle [15]. The structural annotation 
performed revealed the localization of eight genes in this region, the XKR4, 
TMEM68, TGS1, LYN, RPS20, MOS, PLAG1, and CHCHD7. Previously, in stud-
ies on different breeds of cattle (Holstein, Simmental, Wagyu, Hanu, etc.), it was 
shown that the listed genes are associated with height, exterior tallness, live weight, 
and feed intake [28-33]. 

Based on the fact that, when improving the Tagil cattle, it was crossed not 

only with the Holstein, but also with other black-and-white breeds of cattle (Khol-

mogory and Black-and-White), we lowered the threshold for the proportion of an-

imals of the Tagil breed to 40%, whose genome contains common ROH. This made 

it possible to additionally identify five ROH islands in the Tagil breed (Table 3).  

3. Characterization of ROH islets identified in the genome of Tagil cattle (TAGIL, 

n = 48, the threshold for the proportion of animals with total ROH is 40%, 

Shorokhov SPK, Perm territory, 2021) 

Breed BTA Number of SNP 
Position 

Length, Mb Proportion, % 
start end 

TAGIL 2 15 65,513,882 65,946,493 0.433 41.7 

TAGIL 14 15 33,026,716 33,348,218 0.322 41.7 

TAGIL 16 4 44,372,045 44,552,678 0.181 41.7 

TAGIL 20 17 71,433,871 71,720,853 0.287 41.7 

TAGIL 23 18 479,600 936,645 0.457 41.7 

 

Thus, as a result of the studies, a characterization of the population genetic 

characteristics of modern Tagil cattle was given and a database of full genome 

SNP genotypes was created that meets the established quality criteria (the number 

of genotyped animals with a genotyping efficiency of more than 90%). According 

to STR-marking, the participation of Kholmogory cattle, as well as Black-and-

White and Holstein breeds in the formation of the Tagil breed was established. The 

greatest introgression of Holstein cattle was noted, which in the last decades, most 

likely, was used as an improving breed for Tagil cattle. In the analyzed population, 

animals of the Tagil breed are differentiated from Holstein cattle and represent a 

genotypically less consolidated and less structured group. In contrast to the Holstein 

cattle, the Tagil cattle were characterized by significantly (p < 0.05) higher genetic 

diversity and an excess of heterozygotes. Whole genome SNP genotyping revealed 
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genomic regions in which allelic variants are specific for the Tagil breed. When 

comparing the Tagil and Holstein breeds, 109 SNPs with the highest FST values 

were identified on 24 chromosomes in pairwise comparison. Five regions under 

selection pressure (p < 0.01) were identified in Tagil and Holstein cattle on chro-

mosomes 4, 5, 8, 11 and 15. In more than 50% of the animals of the Tagil breed, 

an ROH islet (BTA14, positions 24437778-25098364, length 0.661 Mb) was found, 

previously identified in the Yaroslavl and Kholmogory breeds as a region under 

selection pressure. This ROH region may be an element of an adaptive genetic 

system in aboriginal breeds. In 40% of animals of the Tagil breed, five additional 

ROH islets are present. The data obtained by us will be used to identify genes and 

their variants that determine the adaptive and economically significant features of 

the Tagil breed, to study the history of the formation of its genetic structure, and 

to develop monitoring regulations to preserve the breed specificity and biodiversity 

of the Tagil cattle. 
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A b s t r a c t  
 

Analysis of mitochondrial DNA (mtDNA) polymorphism is one of the most effective mod-
ern approaches to assess the genetic diversity of livestock species. The mtDNA sequencing is the 
most efficient approach for identifying mtDNA haplogroups in sheep (Ovis aries). Although this 
approach is widely used abroad, a systematic and comprehensive study of Russian sheep breeds with 
its aid has not yet been conducted. In this work, we analyzed the polymorphism of the complete 
sequence of the cytochrome b (CytB) gene in Russian sheep breeds of various origins. For the first 
time, we established the belonging of sheep from 25 Russian breeds to haplogroups and showed hap-
lotype relationships between coarse wool, fine wool and semi-fine wool sheep breeds based on the 
analysis of polymorphism of the mitochondrial cytochrome b gene. The maternal variability of a wide 
range of local sheep breeds in comparison with transboundary breeds was assessed. In this research, 
we aimed to evaluate genetic diversity and to determine the haplotype variability and haplogroup 
belonging of Russian local sheep breeds based on the CytB gene sequences. The study was performed 
on 106 samples from 25 Russian sheep breeds in 2020-2021. Tissue samples (ear notches) were re-
trieved from the biological collection “Bank of genetic material of domestic and wild animal species 
and poultry” (registered by the Ministry of Education and Science of the Russian Federation No. 
498808), which is established and maintained at the Ernst Federal Research Center for Animal Hus-
bandry. The final study sample included nine fine-wool breeds, including Baikal (n = 3), Dagestan 
Mountain (n = 4), Groznensk (n = 5), Kulundin (n = 5), Manych Merino (n = 5), Salsky (n = 5), 
Soviet Merino (n = 3), Stavropol (n = 5) and Volgograd (n = 5); five semi-fine wool breeds, includ-
ing Altai mountain(n = 5), Kuibyshev (n = 1), North Caucasian meat-wool (n = 5), Russian long-
haired (n = 3) and Tsigai (n = 2); eleven coarse-wool breeds, including Romanov (n = 3), Andean 
black (n = 5), Buubei (n = 5), Karakul (n = 3), Karachaev (n = 5), Kuchugur (n = 3), Lezgin (n = 5), 
Tushin (n = 5), Tuva short-fat-tailed (n = 4), Edilbai (n = 5) and Kalmyk (n = 5). The complete 
sequences of the CytB gene of the studied sheep breeds were determined using the next generation 
sequencing (NGS) technology. To achieve this goal, three overlapping mtDNA fragments (overlap-
ping region of more than 290 bp) with lengths of 6500, 5700, and 6700 bp were amplified. The ob-
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tained polymerase chain reaction (PCR) products were used to prepare libraries, which were then 
sequenced by the method of paired terminal reads of 300 bp each with a MiSeq System Sequencer 
(Illumina, Inc., USA). The CytB gene sequence was recovered from the complete mtDNA sequence 
after alignment, which was performed using the MUSCLE algorithm in the MEGA 7.0.26 software. 
All studied breeds had high haplotype (HD = 0.400-1,000) and nucleotide diversity (π = 0.00058-
0.00760). In total, we identified 82 haplotypes. Tuva short-fat-tailed sheep breed was represented by 
only one haplotype. The AMOVA results showed that genetic diversity was mainly determined by 
intrabreed differences (90.55 %). Four haplogroups including A, B, C and D were identified in the 
study sample. Such a haplogroup diversity might be explained by a wide geographical range of habi-
tats of the studied animals. The most frequent haplogroups in Russian local sheep breeds were B (n 
= 64) and A (n = 34), which are typical for sheep of European and Asian origin respectively. Seven 
animals were assigned to haplogroup C, and haplogroup D was represented by one animal. The re-
sults contribute to a deeper understanding of the processes of migration and settlement of domestic 
sheep in Eurasia.  

 

Keywords: domestic sheep, mitochondrial DNA, cytochrome b gene, haplogroups, haplotypes 
 

Domestic sheep (Ovis aries) are one of the most economically significant 
livestock species, providing humans with food (meat and milk) and raw materials 
for light industry (wool, sheepskin, and astrakhan) [1]. Since domestication (be-
tween 11,000 and 10,500 BC), sheep have spread across all continents, except 
for Antarctica [2]. This has led to various local breeds with a unique composi-
tion of traits due to adaptation and artificial selection with the aim of producing 
livestock products [3]. 

Genetic diversity (variation in alleles and genotypes present in a popula-
tion) reflects the size, history, ecology, and fitness of a population [4]. It plays 
an important role in ensuring the formation of traits that are responsible for the 
improvement, survival, and adaptation of a species [5]. Climate change, emerg-
ing diseases, scarcity of land and water resources, and changing market demands 
make the conservation and sustainable use of livestock genetic resources even 
more important [6]. The study of the genetic variability of the world gene pool 
of modern native sheep breeds makes it possible to comprehensively assess ge-
netic diversity and indicators of selection, deepen knowledge about the breeds’ 
origin and distribution, and determine the impact of human activity on these 
animals since domestication [7-9]. 

Single nucleotide polymorphisms (SNPs), although widely used in the 
study of the genomes of farm animals [10, 11], represent only one type of com-
mon genomic variation. Another effective approach for assessing genetic diversity 
that has not lost its relevance is the study of mitochondrial DNA (mtDNA) pol-
ymorphism [12, 13]. MtDNA demonstrates a high degree of polymorphism and 
is characterized by the absence of recombination. This makes it possible to study 
the genetic relationships between breeds and to track both ancient and relatively 
recent evolutionary events. 

Phylogenetic studies have often focused on mitochondrial genes encod-
ing ribosomal DNA (12S and 16S), but their use in broad taxonomic analysis is 
constrained by the predominance of insertions and deletions (indels); this greatly 
complicates the alignment of sequenced nucleotide sequences [14]. In this re-
gard, 13 protein-coding genes, in which indels are rarely found due to a shift in 
the reading frame, are considered more suitable targets in the mitochondrial ge-
nome. 

The cytochrome B (Cytb) gene has several advantages over other 
mtDNA genes. First, it has a wider range of phylogenetic signals than other mi-
tochondrial genes. Second, nucleotides in the third codon position of Cytb show 
a high base substitution frequency, which is approximately three times higher 
than the rate of 12S or 16S rDNA, leading to accelerated molecular evolution 
[15]. Third, this gene evolves quite quickly, making it possible to distinguish 
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closely related species as well as phylogenetic groups within the same species 
[16, 17]. Therefore, mtDNA sequencing is the approach for identifying haplog-
roups. Although this approach is widely used [18-20], it has not been used to 
conduct a systematic and comprehensive study of Russian sheep breeds. 

In 1996, Wood et al. [19] identified two haplogroups in domestic sheep 
from New Zealand. Then in 1998, after comparing the distribution of haplotypes 
in several breeds in Germany, Russia, and Kazakhstan, Hiendleder et al. [20] 
identified these haplogroups as Asian (haplogroup A) and European (haplogroup 
B). In 2005, based on the results of studies on local breeds from China and Tur-
key, Guo et al. [18] and Pedrosa et al. [21] expanded the composition of hap-
logroups to three generally recognized phylogenetic branches (with the inclusion 
of haplogroup C). Haplogroup C sequences were found at low frequency in 
sheep living in Portugal [22], suggesting gene flow from the Fertile Crescent to 
the Iberian Peninsula. Haplogroup C has also been shown to contain more ge-
netic diversity than haplogroup A or B [21]; however, unlike haplogroup B, it 
does not correspond to any of the wild animals of the Ovis genus. Subsequently, 
in 2006, Tapio et al. [23] found a control region sequence in one Karachaev 
sheep that clustered separately from the three distinct clusters of domestic sheep 
mtDNA. This study provided evidence of the presence of a fourth maternal line-
age, named haplogroup D. Lastly, in 2007, based on the analysis of polymor-
phism of the fragment of the control region and Cytb mtDNA in sheep, Mead-
ows et al. [24] identified the fifth haplogroup, E. 

Genetic analysis showed that haplogroups A and B are found in domes-
tic sheep from all geographic regions (average combined frequency, 89%). Hap-
logroup A is mainly found in Asian populations [19, 25], whereas haplogroup B 
has a high frequency of occurrence in European and Asian populations. In con-
trast, haplogroup C is less common (mean frequency: 18%); only a small num-
ber of individuals have been identified in Asia (within the Fertile Crescent) and 
Europe (within the Caucasus and Iberian Peninsula) [23, 25, 26]. Haplogroups 
D and E have been identified more recently and are the least represented of the 
five lineages; sheep with these haplogroups have so far only been found in the 
Caucasus and Turkey [23, 24]. 

Through the use of mtDNA to determine the genetic diversity of sheep, 
insights into the history of sheep domestication and human-influenced global 
migration have been obtained [27]. In 2007, Pardeshi et al. [28] characterized 
the mtDNA diversity of three breeds of Indian sheep which all belonged to ma-
ternal line A. The Indian sheep network did not have a well-defined central hap-
lotype, no haplotype exchange between populations was observed, and there was 
a strong breed structure. This haplotype structure of Indian sheep indicates that 
the history of these breeds was characterized by complete reproductive isolation 
and a very low frequency of crossing between populations. This is likely because 
Indian sheep farming is indeed based on maintaining cultural and traditional 
barriers that prevent genetic exchange between breeds [28]. 

In 2013, Zhao et al. [29] examined mtDNA variability in local sheep 
raised in seven regions of China. Phylogenetic analysis of mtDNA D-loop se-
quences from 16 indigenous Chinese sheep breeds confirmed the presence of 
three maternal haplogroups (A, B, and C) with high genetic diversity. Addition-
ally, Lv et al. [27] identified two stages of migration in the history of the East 
Eurasian sheep. The authors concluded that the Mongolian Plateau region was a 
secondary center of settlement, acting as a "transport hub" in Eastern Eurasia. 
Sheep from the Middle Eastern center of domestication migrated through the 
Caucasus and Central Asia and arrived in northern and southwestern China 
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(haplogroups A, B, and C) and the Indian subcontinent (haplogroups B and C) 
[27]. 

The estimated time of divergence between the five main haplogroups oc-
curred before domestication, as demonstrated by archaeological evidence [30]. 
For example, the time of divergence between the two most common lineages, A 
and B, was estimated to be 1.6-1.7 million years ago based on the Cytb sequenc-
es [20]. In addition, Pedrosa et al. [21] suggested that the divergence times of 
line C and lines A and B are approximately 0.42-0.76 and 0.45-0.75 Ma, respec-
tively, based on analysis of Cytb sequences. However, a recent study [25] used 12 
protein-coding genes to provide a different estimate of the divergence between 
lineages: 0.590±0.17 Ma between A and B, and 0.26±0.09 Ma between C and E. 
In 2020, Liu et al. [31] conducted a complete genome mtDNA sequencing study 
on Tibetan sheep and obtained similar results. This supports the existence of two 
maternal lines (haplogroups A and B) with high genetic diversity in 15 popula-
tions of Tibetan sheep in China. The ancestors of the maternal lines may have 
been mouflons (O. gmelina) and argali (O. ammon) [31]. Despite the wide cover-
age of mtDNA studies abroad, the Russian sheep breeds remain poorly under-
stood. Sheep breeding has always been an important branch of animal husbandry 
in the Russian Federation because it provides the population with wool, which is 
in huge demand due to harsh climatic conditions. In the 1990s, sheep breeding 
in the Russian Federation fully met the domestic needs of the country [32], but 
by 2007 there was a sharp decrease in the number of sheep (by 65%) and the 
textile industry (by 85–90%) [33]. Many factors contributed to this, including a 
lack of demand for fine and crossbred wool, change of ownership, price disparity 
for industrial and agricultural products, an inundation of the domestic market 
with cheap imported goods made of wool, cotton, and leather, unpreparedness, 
and vulnerability of prices of the Russian commodities in the market [34]. Fur-
thermore, the number of sheep breeding enterprises has decreased in Russia 
[35], and this has led to an economic decline in domestic sheep breeding. In 35 
regions of the Russian Federation, 43 sheep breeds are bred, including 15 fine 
(34.9%), 12 semi-fine (27.9%), 2 semi-coarse (4.7%), and 14 coarse (32.5%) 
wool breeds [36]. 

Despite the problems with domestic sheep breeding, it has begun to re-
cover. Currently, improving the potential meat productivity of raised breeds is 
considered promising for increasing the economic efficiency of the sheep breed-
ing industry. This is due to a significant difference between the economic im-
portance of wool (5% of the total income) and mutton (95%). Due to market 
reorientation, the share of wool breeds has decreased significantly from 90.0% in 
1990 to 55.2% in 2020, whereas that of meat breeds have increased from 10.0 to 
44.8% [37, 38]. These changes have had serious consequences. Some woolly 
breeds are on the verge of extinction. Most fine and semi-fine wool breeds were 
developed using native ewes as maternal forms, with sires of highly productive 
foreign breeds [39]. Local coarse wool breeds were created based on the genetic 
resources of native sheep and their history of origin, which has not yet been fully 
elucidated. 

In this study, we analyzed the polymorphism in the complete sequence 
of Cytb in Russian breeds of sheep of various origins. For the first time, the hap-
logroups of sheep from 25 Russian breeds were established, and haplotype rela-
tionships between coarse, fine, and semi-fine wool breeds were determined. The 
characteristics of maternal variability in local sheep breeds were compared with 
those of transboundary breeds. Our goal was to determine the genetic diversity, 
haplotype variability, and haplogroup assignments of Russian local sheep breeds 
based on Cytb sequences. 
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Materials and methods. The study was performed on 25 Russian sheep 
breeds between 2020 and 2021. Tissue samples (ear notches) were obtained from 
the biocollection "Bank of genetic material of domestic and wild species of ani-
mals and birds" (registered by the Ministry of Education and Science of the Rus-
sian Federation No. 498808). It is established and maintained by the Ernst Fed-
eral Research Center for Animal Husbandry. The final dataset included nine fine 
wool breeds: Baikal fine-fleeced (BAKL, n = 3), Dagestan Mountain (DGMT, 
n = 4), Groznensk (GRZY, n = 5), Kulundin (KLND, n = 5), Manych Merino 
(MNCM, n = 5), Salsky (SLSK, n = 5), Soviet Merino (SVTM, n = 3), Stav-
ropol (STVP, n = 5), and Volgograd (VLGD, n = 5); five semi-fine wool 
breeds: Altai Mountain (ALTM, n = 5), Kuibyshev (KBSV, n = 1), North Cau-
casian (NCCS, n = 5), Russian Longhaired (RSLH, n = 3), and Tsigai (TSIG, 
n = 2); and eleven coarse wool breeds: Romanov (RMNV, n = 3), Andean 
(ANDB, n = 5), Buubei (BUBI, n = 5), Karakul (KRKL, n = 3), Karachaev 
(KRCV, n = 5), Kuchugur (KHGR, n = 3), Lezgin (LZGN, n = 5), Tushin 
(TSHN, n = 5), Tuva short-fat-tailed (TUVA, n = 4), Edilbaev (EDLB, n = 5), 
and Kalmyk (KLMY, n = 5). 

DNA was extracted using a DNA-Extran-2 kit (OOO Sintol, Russia) ac-
cording to the manufacturer's recommendations. Quality control of the obtained 
DNA solutions was performed in two stages. In the first stage, the concentration 
was measured (DNA from 15 to 50 ng/μl was included) using a Qubit 4.0 fluo-
rimeter (Invitrogen/Life Technologies, USA). In the second stage, the ratio of 
the degree of absorption OD260/OD280 (DNA with a ratio ≥ 1.8 was included) 
was measured using a NanоDrop8000 spectrophotometer (Thermo Fisher Scien-
tific, USA). Complete sequences of the Cytb gene of the sheep breeds were se-
quenced using next-generation sequencing technology. For this purpose, three 
overlapping mtDNA fragments (overlapping region > 290 bp), 6500, 5700, and 
6700 bp long, were amplified using the following primer pairs: F1 5′-
GTCCTTCGCCCTAATC-CTCTC-3′, R1 3′-AGGGTGCCGATATCTTTGTG-
5′; F2 5′-ACCCAAAACTCTTCGTGCTC-3′, R2 3′-GGAAGTCAGAATGC-
GATGGT-5′; and F3 5′-AC-ACCAAACCCACGCTTATC-3′, R3 3′-GG-
GTGTTGATAGTGGGGCTA-5′. Reactions were performed at a final volume 
of 25 µl: 10 µl reaction buffer (2.5½ HF Reaction buffer), 10.25 µl Milli-Q Wa-
ter H2O, 2.5 µl dNTPs, 1 µl primer mix, 0.25 µl SmartTaq HF-FuZZ DNA pol-
ymerase (Dialat, Russia), and 1 µl of DNA. After initial denaturation (2 min at 
94 °С), amplification was performed on an Applied Biosystems SimpliAmp 
thermal cycler (Thermo Fisher Scientific, USA) using the following tempera-
ture-time regime: 30 s at 94 °С (1 cycle); 30 s at 61 °С, 6.5 min at 70 °С (10 
cycles); 30 s at 94 °С, 30 s at 60 °С, 3.5 min at 70 °С (25 cycles); and the final 
stage for 10 min at 72 °С. 

The obtained polymerase chain reaction products were purified using a 
Cleanup Standard kit for DNA purification from agarose gel and reaction mix-
tures (ZAO Evrogen, Russia) and used to prepare libraries, which were then se-
quenced using 300 bp paired-end sequencing on a MiSeq device (Illumina, Inc., 
USA). The Cytb sequence was reconstructed from the complete mtDNA se-
quence after alignment was performed using the MUSCLE algorithm [40] in 
MEGA 7.0.26 software [41). A median-joining haplotype network [42] was con-
structed using PopART 1.7 software [43]. The best evolutionary models were 
determined in PartitionFinder 2 [44], using the adjusted Akaike information cri-
terion [45]. The evolutionary models HKY and HKY + I were found to be op-
timal. An analysis of molecular variance (AMOVA] was performed using Arle-
quin 3.5.2.2 [46]. The Bayesian phylogenetic tree was constructed using MrBayes 
3.2.7 [47] with subsequent visualization in FigTree 1.4.3 [48]. The Cytb sequence 
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of snow sheep (O. nivicola; GenBank accession number NC_039431.1) was used 
as the outgroup [49]. A Markov chain Monte Carlo search was performed using 
four chains with 10,000,000 steps, with trees sampled every 500 generations (the 
first 25% of the trees were discarded as burn-in). In the DnaSP 6.12.01 program 
[50], the following parameters of genetic diversity were calculated: the number of 
polymorphic sites (S), the average number of nucleotide differences (K), the 
number of haplotypes (H), haplotype diversity (Hd), nucleotide diversity (π), 
and the standard error of the mean (±SEM). 

Results. A total of 82 haplotypes were identified from 106 domestic 
sheep. All the individuals from the Tuva short-fat-tailed breed group had an 
identical haplotype. The highest haplotypic diversity (Hd = 1.000) was observed 
in the Baikal fine-fleeced, Kalmyk, Karakul, Lezgin, Russian Longhaired, Stav-
ropol, Tsigai, Volgograd, and Manych Merino breeds (Table 1). The North Cau-
casian meat-wool and Tushin breeds showed the lowest haplotype diversity 
(Hd = 0.400). The lowest values of nucleotide diversity and smallest average 
number of nucleotide differences were recorded in the Soviet Merino breed 
(π = 0.00058, K = 0.667). The Baikal fine-fleeced breed was characterized by 
the highest values for these indicators (π = 0.00760, K = 8.667).  

1. Indices of genetic diversity in populations of 25 Russian local breeds of domestic 
sheep (Ovis aries), based on the nucleotide sequence of the mitochondrial gene 
cytochrome B (Ernst Federal Research Center for Animal Husbandry, Moscow 
region, 2020–2021) 

Population n S K H Hd±SEM  π±SEM 
ALTM 5 8 4.000 4 0.900±0.161 0.00351±0.00069 
ANDB 5 5 2.600 4 0.900±0.161 0.00228±0.00049 
BAKL 3 13 8.667 3 1.000±0.272 0.00760±0.00308 
BUBI 5 13 5.800 3 0.800±0.164 0.00509±0.00208 
DGMT 4 14 7.333 3 0.833±0.222 0.00643±0.00240 
EDLB 5 6 2.800 4 0.900±0.161 0.00246±0.00064 
GRZY 5 4 1.600 4 0.900±0.161 0.00140±0.00042 
KBSV 3 2 1.333 2 0.667±0.314 0.00117±0.00055 
KHGR 3 4 2.667 2 0.667±0.314 0.00234±0.00110 
KLMY 5 8 3.600 5 1.000±0.126 0.00316±0.00065 
KLND 5 5 2.000 4 0.900±0.161 0.00175±0.00051 
KRCV 5 13 5.600 4 0.900±0.161 0.00491±0.00220 
KRKL 3 6 4.000 3 1.000±0.272 0.00351±0.00141 
LZGN 5 15 8.000 5 1.000±0.126 0.00702±0.00160 
MNCM 5 7 2.800 5 1.000±0.126 0.00246±0.00051 
NCCS 5 3 1.200 2 0.400±0.400 0.00105±0.00062 
RMNV 3 2 1.333 2 0.667±0.314 0.00117±0.00055 
RSLH 3 4 2.667 3 1.000±0.272 0.00234±0.00068 
SLSK 5 6 2.400 4 0.900±0.161 0.00211±0.00065 
STVP 5 18 7.800 5 1.000±0.126 0.00684±0.00212 
SVTM 3 1 0.667 2 0.667±0.314 0.00058±0.00028 
TSHN 5 2 0.800 2 0.400±0.237 0.00070±0.00042 
TSIG 2 1 1.000 2 1.000±0.500 0.00088±0.00044 
TUVA 4 0 0.000 1 0.000±0.000 0.00000±0.00000 
VLGD 5 18 7.600 5 1.000±0.126 0.00667±0.00183 
N o t e . n — number of samples, S — number of polymorphic sites, K — average number of nucleotide differ-
ences, H — number of haplotypes, Hd — haplotype diversity, π — nucleotide diversity. ALTM — Altai Mountain, 
ANDB — Andean, BAKL — Baikal fine-fleeced, BUBI — Buubei, DGMT — Dagestan Mountain, EDLB — 
Edilbaev, GRZY — Groznensk, KBSV — Kuibyshev, KHGR — Kuchugur, KLMY — Kalmyk, KLND — Ku-
lundin, KRCV — Karachaev, KRKL — Karakul, LZGN — Lezgin, MNCM — Manych Merino, NCCS — North 
Caucasian, RMNV — Romanov, RSLH — Russian Longhaired, SLSK — Salsky, STVP — Stavropol, SVTM — 
Soviet Merino, TSHN — Tushin, TSIG — Tsigai, TUVA — Tuva short-fat-tailed, VLGD — Volgograd.  

 

The coarse wool sheep breeds (Fig. 1, A) formed three clusters corre-
sponding to haplogroups A, B, and C. These breeds were characterized by high 
genetic diversity. The exception was the Tuva short-fat-tailed breed, all the study 
individuals of which belonged to the same haplogroup A. Animals of the other 
breeds belonged to different haplogroups, which may indicate that these popula-
tions are of a mixed origin. The fine wool sheep breeds (Fig. 1, B) also had a 
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high haplotype diversity. As in the case of coarse wool sheep, animals of the 
same breed clustered into different haplogroups, with the exception of the Salsky 
breed. In contrast to Tuva short-fat-tailed sheep, sheep from the Salsky breed were 
characterized by higher nucleotide diversity and had different haplotypes within 
haplogroup B, which was the most numerous one among the fine wool breeds.  

Sheep assigned to haplogroup C differed from those belonging to haplog-
roup A by nine nucleotide substitutions. Among the fine wool sheep, one indi-
vidual of the Volgograd breed, which differed by eight nucleotide substitutions 
from haplogroups A and C, formed a separate cluster, haplogroup D. 

 

 
Fig. 1. Median-joining haplotype network displaying the relationships among haplotypes identified in 
25 Russian local breeds of domestic sheep (Ovis aries), based on the mitochondrial gene Cytb (Ernst 
Federal Research Center for Animal Husbandry, Moscow region, 2020-2021).  

А — median-joining haplotype network, constructed for coarse wool sheep breeds: ANDB — An-
dean (n = 5), BUBI — Buubei (n = 5), EDLB — Edilbaev (n = 5), KHGR — Kuchugur (n = 3), 
KLMY — Kalmyk (n = 5), KRCV — Karachaev (n = 5), KRKL — Karakul (n = 3), LZGN — 
Lezgin (n = 5), RMNV — Romanov (n = 3), TSHN — Tushin (n = 5), TUVA — Tuva short-fat-
tailed (n = 4).  

B — median-joining haplotype network, constructed for fine wool sheep breeds: BAKL — 
Baikal fine-fleeced (n = 3), DGMT — Dagestan Mountain (n = 4), GRZY — Groznensk (n = 5), 
KLND — Kulundin (n = 5), MNCM — Manych Merino (n = 5), SLSK — Salsky (n = 5), 
STVP — Stavropol (n = 5), SVTM — Soviet Merino (n = 3), VLGD — Volgograd (n = 5).  

C — median-joining haplotype network, constructed for semi-fine wool sheep breeds: 
ALTM – Altai Mountain (n = 5), KBSV — Kuibyshev (n = 3), NCCS — North Caucasian (n = 
5), RSLH — Russian Longhaired (n = 3), TSIG — Tsigai (n = 2).  

Haplogroups: Hap A — haplogroup А, Hap B — haplogroup В, Hap C — haplogroup С, 
Hap D — haplogroup D. The diameter of each circle corresponds to the number of individuals be-
longing to a given haplotype. The number of transverse lines indicates the number of nucleotide 
substitutions. The black circles at network branching points indicate hypothetical haplotypes. 
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Most sheep of semi-fine wool breeds (Fig. 1, C) belonged to haplogroup 
B. Two animals of the Altai Mountain breed were clustered separately into hap-
logroup A. 

Similar conclusions to those mentioned above were drawn based on the 
analysis of the Bayesian phylogenetic tree (Fig. 2). The largest number of ani-
mals was assigned to haplogroup B and two clusters, corresponding to haplog-
roups C and D, were separated from haplogroup A. The results of the AMOVA 
performed for the three groups of sheep (coarse, fine, and semi-fine wool 
breeds) confirmed the presence of genetic differentiation within the breeds, 
which corresponded to 90.55% of the variability (Table 2). The inter-breed dif-
ference was only 3.77%, and the genetic variation between groups was 5.68%. 

2. The results of an analysis of molecular variance on populations of 25 Russian lo-
cal breeds of domestic sheep (Ovis aries), based on the nucleotide sequence of 
the mitochondrial gene Cytb (n = 106, Ernst Federal Research Center for Ani-
mal Husbandry, Moscow, 2020–2021). 

Source of variation 
Degrees of freedom, 
d.f. 

Sum of squares, 
SS 

Variance com-
ponents, VS 

Percentage of 
variation, V% 

Intergroup differences 2 12.052  0.11615  5.68 
Interbreed differences within 
the group 22 47.906  0.7706  3.77 
Intrabreed differences 81 150.033 1.85226  90.55 

Total 105 209.991 2.04547  
 

Domestic sheep are a traditional and significant type of farm animal in 
Russia, providing for the needs of the population with food and raw materials for 
light industry [1]. However, previous studies that have been conducted on the 
genetic resources of Russian sheep populations are characterized to a greater ex-
tent by nuclear molecular genetic markers such as SNPs [51] and microsatellites 
[52]. In this regard, our study will serve as the basis for accumulating knowledge 
about maternal variability and genetic diversity based on mtDNA Cytb polymor-
phism in Russian sheep breeds. 

 

 
Fig. 2. Bayesian phylogenetic tree reflecting the genetic relationships of 25 Russian local breeds of 
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Haplogroup D 
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domestic sheep (Ovis aries) based on the nucleotide sequence of the mitochondrial gene Cytb: ALTM — 
Altai Mountain, ANDB — Andean, BAKL — Baikal fine-fleeced, BUBI — Buubei, DGMT — 
Dagestan Moun-tain, EDLB — Edilbaev, GRZY — Groznensk, KBSV — Kuibyshev, KHGR — 
Kuchugur, KLMY — Kalmyk, KLND — Kulundin, KRCV — Karachaev, KRKL — Karakul, 
LZGN — Lezgin, MNCM — Manych Merino, NCCS — North Cauca-sian, RMNV — Romanov, 
RSLH — Russian Longhaired, SLSK — Salsky, STVP — Stavropol, SVTM — Soviet Merino, 
TSHN — Tushin, TSIG — Tsigai, TUVA — Tuva short-fat-tailed, VLGD — Volgograd (Ernst Fed-
eral Research Center for Animal Husbandry, Moscow region, 2020–2021) 

 

The haplotype diversity in Russian sheep populations (Hd = 0.400–1.000) 
was comparable to the values obtained in other studies on Tibetan (Hd = 0.464–
1.000) [31] and Moroccan sheep (Hd = 0.963–0.996) [53]. Nucleotide diversity 
(π = 0.0000–0.00760) was slightly lower than that of Mexican (π = 0.00041–
0.90000) [54] and Moroccan sheep (π = 0.01330–0.02260) [53], and close to the 
values obtained for Tibetan sheep (π = 0.00100–0.00600) [31]. Consequently, the 
genetic and nucleotide diversity of Russian sheep did not differ significantly from 
previously reported values, which supports the adequacy of our approach for cal-
culating genetic indicators. According to the results of the AMOVA analysis, 
genetic diversity was mainly determined by intrabreed differences (90.55%). Sim-
ilar results were obtained by Oliveira et al. [55], who reported that 91.54% of the 
genetic variation was due to intrabreed differences in Brazilian sheep raised in 
the state of Mato Grosso do Sul. 

Four sheep haplogroups have been identified based on mtDNA nucleo-
tide sequences: A, B, C, and D [18-21, 23]. Haplogroups B and A, which are 
typical for sheep of European and Asian origin, were found to be the most 
common among the Russian local sheep breeds. This result was expected and is 
consistent with the data obtained earlier by Wood et al. [19], Hiendleder et al. 
[20], and Meadows et al. [25]. Wood et al. [19] identified two haplogroups (A 
and B) in domestic sheep from New Zealand, with haplogroup A predominant 
in Asian populations. These haplogroups were characterized by Hiendleder et al. 
[20] as being of Asian (haplogroup A) and European (haplogroup B) origin be-
cause haplogroup B was prevalent among European breeds but was a minority in 
East Asia. Meadows et al. [25] obtained similar results, with haplogroups A and 
B being the most common (approximately 89%). Haplogroup A had a high fre-
quency of occurrence (approximately 77%) in the Indian subcontinent, whereas 
in Europe, its frequency was less than 10%. In contrast, lineage B was mainly 
found in Europe, with the highest frequency (> 90%) in southwestern Europe. 
In our study, haplogroup C was also found in Russian local sheep breeds. Simi-
lar to earlier studies [22, 23, 26], haplogroup C was less common, and only a 
small number of individuals were identified in Asia and Europe. In addition, one 
animal from the Volgograd region clustered with haplogroup D. Tapio et al. [23] 
found haplogroup D in one animal of the Karachaev breed from the North Cau-
casus, indicating the presence of this maternal type in Russia. 

Thus, our analysis of mtDNA Cytb polymorphism in domestic sheep 
showed that there is high genetic diversity in Russian sheep breeds. Four haplog-
roups (A, B, C, and D) were identified, which can be explained by the wide 
habitat of the study animals. Moreover, the diversity of the presented haplog-
roups, including the presence of an Asian and European phylogenetic root, 
could indicate that the processes of migration of domestic sheep in Eurasia, in-
cluding the Russian Federation, took place in two directions. 
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A b s t r a c t  
 

In both dairy and beef cattle breeding, producing the larger number of the offspring from the 

best mothers to increase the degree of genetic progress through the generations is of particular interests. 

One of the attractive ways to resolve this problem is the development and implementation of the 

technology for obtaining embryos in vitro (in vitro embryo production, IVP) using oocytes derived 

from live animals by transvaginal puncture of follicles — Ovum-Pick-Up (OPU). The extracorporeal 

maturation of oocytes is an important element of this technology that may significantly affect its 

efficiency. In this paper, for the first time, we evaluated the advantage of the pituitary hormone pro-

lactin (PRL) — a potential regulator of the quality of mammalian oocytes, during the maturation of 

OPU-oocytes. The effect of this hormone on the completion of nuclear maturation of the OPU-

oocytes, as well as on the development and quality of IVP embryos, was studied. The mature Simmental 

heifers at the age from 19 to 25 months (n = 4) with a natural sexual cycle were used as the oocyte 

donors. Transvaginal aspiration of the follicles was performed every 4 days using the OPU system for 

cattle (Minitube, Germany). A total of 28 OPU sessions were carried out. The derived cumulus-oocyte 

complexes (COCs) were cultured in TS-199 medium supplemented with 10 % bovine fetal serum, 

10 g/ml of follicle-stimulating (FSH) and 10 g/ml of luteinizing (LH) hormones in the absence 

(control) or presence of PRL. After 24 hours, the mature oocytes were subjected to fertilization to 

assess their developmental competence. Morphological analysis did not reveal the effect of culture 

conditions on the completion of nuclear maturation. The rate of mature oocytes was similar in both 

groups and was 82.8 and 88.9 %, respectively, in the control and the PRL groups. However, the oocyte 

cleavage rate after in vitro fertilization in the control group was lower comparing to the PRL group 

(69.7±2.4 % vs. 81.7±4.9 %, p < 0.05). A positive effect of the PRL on the development of mature 

oocytes to the blastocyst stage was observed. When COCs were cultured in the control medium, the 

yield of blastocysts was 11.0±1.8 %, while the adding of PRL into the IVM medium increased this 

indicator to 17.2±2.0 % (p < 0.05). However, we did not find significant differences among compared 

groups in the relation to the total number of nuclei in blastocysts. Thus, prolactin hormone in the 

maturation environment has a stimulating effect on the developmental competence of donor oocytes. 

The positive effect is observed at the stage of the first cleavage and maintained during the development 

of embryos to the blastocyst stage. Our data indicate the positive effect of prolactin on the quality of 

OPU-oocytes, that makes it reasonable the using this hormone at the maturation stage to increase the 

effectiveness of IVP technology. 
 

Keywords: cattle, transvaginal aspiration of follicles, in vitro oocyte maturation, prolactin, 

embryonic development 
 

Obtaining the largest number of calves from the best mothers for a more 

complete realization of their genetic potential in generations remains a challenge for 

both dairy and beef animal husbandry. The development and practical application 
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of in vitro embryo production (IVP) using eggs from live animals through trans-

vaginal follicle puncture (ovum-pick-up, OPU) can address this urgent problem 

[1, 2]. It has been shown that OPU is the most flexible and reproducible method 

for obtaining embryos from living donors. Unlike multiple ovulation and embryo 

transfer, OPU does not interfere with the normal reproduction and production 

cycle of the donor. Any female between the ages of 6 months and the 3rd month 

of pregnancy and soon after calving (in 2-3 weeks) can be a suitable donor [2]. 

OPU has been now recognized as good alternative to the traditional in vivo embryo 

production program [3, 4] and is increasingly used commercially worldwide [5-7]. 

As is known, the efficiency of the IVP technology depends not only on 

the quality of the initial population of gametes isolated from the ovaries [8, 9], but 

also on the environmental impact that oocytes are exposed to in vitro [10, 11]. 

The maturation of oocytes is the most important stage of culture. By means of its 

modeling, it is possible to significantly increase both quantitative (the proportion 

of embryos at the blastocyst stage) and qualitative (the usefulness of blastocysts) 

indicators of the effectiveness of the IVP method [12]. The vast majority of modern 

research is focused primarily on the search for physiologically relevant substances 

(growth factors, hormones, steroids, fatty acids, amino acids, metabolites) that can 

specifically affect oocytes, increasing or maintaining their viability and develop-

mental competence, as well as identifying mechanisms underlying such influence 

[13-16]. 

To date, it has been established that the pituitary hormone prolactin (PRL) 

affects the ovarian function of females and can positively modulate the maturation 

of oocytes and their ability for embryonic development [17-20]. Receptors for this 

hormone or its mRNA have been found in oocytes and associated cumulus cells 

of various mammalian species, including cows [20-23]. In in vitro conditions, the 

addition of PRL to the medium for maturation of post mortem bovine oocytes 

positively affects their nuclear maturation and quality and increases competence 

for further embryonic development [20, 24, 25]. In prolonging oocyte in vitro 

culture it has been shown that PRL inhibits destructive changes in the morphology 

of metaphase chromosomes and reduces the frequency of apoptotic degeneration 

of senescent oocytes of this species [26, 27]. In addition, prolactin increases the 

competence of mature oocytes for further embryonic development, which de-

creases with aging [27]. In general, prolactin is deemed a potential regulator of 

the female germ cells capable of increasing their quality under in vitro conditions. 

In this work, we have for the first time revealed the positive effect of the 

pituitary hormone prolactin on the quality of donor OPU oocytes of cows during 

their maturation in vitro. 

The aim of the work was to assess the effect of prolactin on the completion 

of nuclear maturation by oocytes obtained by transvaginal follicle puncture and 

on the development and quality of embryos after in vitro fertilization of donor 

oocytes. 

Materials and methods. In all experiments, except for separately indicated 

cases, reagents from Sigma-Aldrich (USA) were used. 

Oocytes were collected from mature heifers (Bos taurus taurus) of the Sim-

mental breed aged from 19 to 25 months (n = 4) with a natural sexual cycle. 

Follicle puncture was performed every 4 days using an OPU system for cattle 

(Minitube, Germany), which included an SSD Pro Sound 2 ultrasound scanner, 

a convection sector probe, a vacuum pump, and a probe holder. Aspiration of all 

visible follicles was performed with a needle (1.2 mm in diameter and 75 mm 

long) connected with a silicone hose to a 50 ml vial. Phosphate buffered saline 

(PBS) supplemented with 10% bovine fetal serum (BFS), 18 IU/ml heparin, and 

50 mg/ml gentamicin was used as aspiration fluid. Aspirates from each donor were 
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filtered individually, washed with PSB supplemented with 1% BFSPBS. Cumulus-

oocyte complexes (COCs) were searched and evaluated under a stereomicroscope 

(Nikon, Japan). The isolated COCs were divided into those suitable for in vitro 

culture, including oocytes lacking cumulus cells, and those with obvious cytoplas-

mic abnormalities not suitable for in vitro culture. Selected COCs were incubated 

for 24 h to mature in TS-199 medium supplemented with 10% bovine fetal serum 

(BFS), 10 µg/ml follicle-stimulating hormone (FSH) and 10 µg/ml luteinizing 

hormone (LH) in the absence (control) or presence of PRL (50 ng /ml) (experi-

ment). 

Mature oocytes were fertilized to assess competence for embryonic devel-

opment. COCs were washed once in BO-IVF fertilization medium (IVF Biosci-

ence, UK) and placed in drops of the same medium 30 min before contact with 

spermatozoa. 

Oocytes were fertilized using frozen-thawed semen from one Simmental 

bull. Straws with frozen sperm were thawed 1.5 hours before fertilization, and 

active spermatozoa were obtained by the swim-up method [28] using Sperm-

TALP medium containing 1 mM sodium pyruvate, 6 mg/ml BSA [27]. The 

contents of the straws were layered with 220 μl in 1.8 ml tubes (Nunc, Denmark) 

containing 1 ml of Sperm-TALP medium and placed in an incubator (MCO-

18AIC, Sanyo, Japan) for 50 min. At the end of the incubation, 750 μl of the 

upper layer was taken from the tubes, diluted with fresh medium and centrifuged 

(a centrifuge 3-30KS, Sigma, Germany) at 300 g for 7 min. The resulting sedi-

ment containing motile spermatozoa was introduced into the fertilization medium 

(BO-IVF) with previously transferred COCs to a final concentration of 1.5½106 

spermatozoa per 1 ml. 

COCs were maturated and fertilized in 4-well plates (Biomedical, Russia) 

in drops of 90 μl medium completely covered with light mineral oil. 

After 16-18 h co-incubation with sperm, oocytes were carefully pipetted and 

washed in CR1aa medium [29] to remove cumulus cells and adhering spermatozoa. 

Simultaneously, morphology of isolated oocytes was assessed, the oocytes with target 

bodies (first or first and second) were counted and the percentage of maturation was 

determed. Putative zygotes (regardless of the presence or absence of polar bodies) 

were transferred to the CR1aa medium and cultured for 4.5 days. The developing 

embryos were placed in the same medium containing 5% BFS. 

Embryos were developed in 4-well plates (Nunc, Denmark) in 90 µl of 

medium completely covered with light mineral oil. On day 2 after the fertilization 

of the oocytes, the morphological assessment of the fragmented zygotes was carried 

out; on day 7, the number of embryos that had developed to the blastocyst stage 

was determined. The evaluation was performed under an SMZ stereomicroscope 

(Nikon, Japan) at a magnification of ½40-60. 

The oocyte maturation and fertilization, as well as the embryo culture 

occurred in a 5% CO2 atmosphere at 38.5 С and 90% humidity. 

Embryos obtained on day 7 were fixed with 4% paraformaldehyde solution 

(60 min), permeabilized in 0.1% sodium citrate solution containing 0.5% Triton 

X-100 (30 min) and stained with DAPI to localize the nuclei (20 min). Embryos 

treated in this way were transferred to a glass slide and placed in Vectashield 

medium (Vector Laboratories, UK). Microphotography and evaluation of prepa-

rations were performed under an Axio Imager.M2 microscope (Carl Zeiss, Ger-

many) using the ZEN 2 pro program (Carl Zeiss, Germany). 

Statistical processing was performed by one-way analysis of variance using 

the SigmaStat program (Systat Software, Inc., USA). The data were expressed as 

means (M) and standard errors of the means (±SEM). The significance of differ-

ences between the compared mean values was assessed using Tukey’s test.  



 

1151 

Results. To date, significant progress has been made in the development 

of IVP technology in cattle using donor oocytes, however, the usefulness of em-

bryos developed in vitro from OPU oocytes still remains significantly lower than 

those developed in vivo [5-8]. The identification of biologically relevant factors 

responsible for the regulation of oocyte quality during their in vitro maturation 

will contribute to solving this problem [12-13, 16]. 

Since PRL positively modulates post mortem maturation of bovine oocytes 

and their ability for embryonic development [20, 24, 25], it is likely that this 

hormone may similarly affect donor oocytes. In the present work, oocytes obtained 

by transvaginal follicle aspiration were cultured in the presence or absence of PRL 

(50 ng/ml), followed by fertilization in vitro and cultured to the blastocyst stage. 

The effect of PRL on the completion of nuclear maturation by OPU oocytes, as 

well as on the development and quality of IVP embryos, was evaluated. 

A total of 360 follicles were aspirated from four Simmental heifers during 

28 OPU sessions, of which 166 COCs were isolated. The number of oocytes iso-

lated from individual donors (1 OPU session) averaged 5.9. COCs (Fig. 1, a) 

obtained in the OPU session, except for oocytes with obvious cytoplasmic abnor-

malities (total 140 COCs, 5.0 per 1 OPU session), were cultured in IVM medium 

until maturation was completed (see Fig. 1, b) without (control) or with PRL.  
  

 

Fig. 1. Micrographs of oocytes of Simmental heifers collected by transvaginal follicle puncture: a — 

immature cumulus-oocyte complexes (magnification ½100), b — cumulus-oocyte complexes after 24 

hours of maturation in vitro (magnification ½100), c — mature oocytes after the fertilization procedure 

in vitro (white arrow indicates polar bodies, magnification ½400) (microscope Eclipse Ti-U, Nikon, 

Japan). 
 

Morphological analysis did not reveal the effect of prolactin on the com-

pletion of nuclear maturation. The proportion of mature oocytes as the ratio of 

oocytes with polar bodies (see Fig. 1, c) to the initial oocyte number determined 

after the IVF procedure when oocytes were separated from cumulus cells and 

spermatozoa, was high and did not differ significantly between the control and 

experimental groups (Table 1). 

 1. The competence of oocytes collected by transvaginal puncture of follicles of Sim-

mental heifers and maturing in the presence of prolactin to embryonic develop-

ment after in vitro fertilization (M±SEM) 

Group Oocytes, n Mature oocytes, % Cleaved oocytes, % 
Oocytes developed to  

the blastocyst stage, % 
Control 80 82.8±3.8 69.7±2.4 11.0±1.8 

Experimental 60 88.9±3.9 81.7±4.9* 17.2±2.0* 

N o t е. For a description of the groups, see the Materials and methods section. 

* Differences between groups are statistically significant at p < 0.05. 

 

The competence of mature oocytes to development after in vitro fertiliza-

tion was assessed by their ability to enter the first cleavage division (Fig. 2, a) 

and reach the blastocyst stage (Fig. 2, b, Table 1). On day 2, the proportion of 

cleaved oocytes after in vitro fertilization in the control was lower than in the 

experiment (p < 0.05). A positive effect of the hormone on the development of 
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mature oocytes up to the blastocyst stage also occurred (see Table 1). In general, 

the number of blastocysts per OPU session in the experimental group was 1.5 

times higher than in the control (Table 2).  
 

 

Fig. 2. Micrographs of embryos developed after in vitro fertilization of donor Simmental heifer oocytes 

collected by transvaginal follicle aspiration: a — cleaved oocytes (½200 magnification), b — embryos 

developed to the blastocyst stage (½100 magnification) (Eclipse Ti- U microscope, Nikon, Japan); 

c — staining of nuclei in the blastocyst with DAPI (blue color, cytological preparation, magnification 

½400; microscope Axio Imager.M2, Carl Zeiss, Germany). 
 

Prolactin did not significantly change the quality of the IVP embryos, 

which was assessed by the number of nuclei on day 7 after fertilization (see Fig. 

2, c), however, this parameter tended to increase upon maturation of OPU oocytes 

in the presence of PRL (see Table 2). 

2. Efficiency of IVP (in vitro embryo production) technology and quality of IVP 
embryos from oocytes collected by transvaginal aspiration of follicles of Simmental 
heifers and matured in the presence of prolactin (M±SEM)  

Group OPU sessions, n 
Embryos at the blastocyst 

stage, n 

Blastocysts per OPU 

session, n 

Nuclei per blas-

tocyst, n 
Control 16 9 0.59±0.11 67.3±3.0 

Experimental 12 10 0.86±0.09 78.6±5.2 

N o t е. OPU — ovum-pick-up. For a description of the groups, see the Materials and methods section. 

 

The stimulatory effect of PRL during IVM on the development of ferti-

lized oocytes up to the blastocyst stage was previously reported for rabbit and 

mouse [30, 19]. A similar effect of PRL was also observed in the co-culture of 

post mortem bovine COCs with granulosa cells [25] and in the presence of gon-

adotropic hormones [20]. In the latter case, the addition of prolactin to the COCs 

culture medium containing FSH and LH led to an increase in the yield of embryos 

from the total number of oocytes fertilized in vitro, a 2-fold increase in the yield 

of blastocysts, and an increase in the average number of nuclei per blastocyst. In 

our study, the addition of PRL to the INM medium with FSH and LH, although 

it had a similar effect on the oocyte ability to develop in vitro, did not provide 

such a significant yield of blastocysts and a statistically significant change in the 

number of their nuclear material. 

As is known, cumulus cells are involved in maintaining normal maturation 

and fertilization of mammalian oocytes [31]. In addition, the presence of cumulus 

cells ensures the positive effect of PRL on the embryonic development of post 

mortem oocytes described above [20]. Post mortem oocytes, unlike donor oocytes, 

are carefully selected prior to in vitro culture by morphological features, in par-

ticular, by the presence of a compact multilayer cumulus. In this work, we used 

for culture not only morphologically normal COCs but also oocytes partially en-

closed by cumulus cells, as well as practically devoid of cumulus cells. Selection 

criteria may have influenced the nature of the revealed positive effect of the studied 

hormone. 

Thus, the pituitary hormone prolactin added to the maturation medium 

stimulates the competence of donor bovine oocytes collected by transvaginal 
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follicle puncture to further embryonic development. The beneficial effect occurs 

at the first cleavage division and persists during the development of embryos up 

to the blastocyst stage. This indicates a positive influence of the hormone on the 

oocyte quality and the possibility to use prolactin to increase the effectiveness of 

the IVP technology at the stage of extracorporeal oocyte maturation.  
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A b s t r a c t  
 

Crossbred pigs are characterized by nervous instability, limited thermoregulation, and sus-

ceptibility to stress. Climate stress causes behavioral, physiological, functional, productive changes in 

farm animals. The aim of the research was to assess the influence of a moderate climatic stress factor 

(an increase in ambient temperature) on feeding, the digestibility of nutrients and productivity of 

intensively growing young pigs fed with dihydroquercetin (DHQ) during different periods of rearing 

and fattening (the physiological yard of the Ernst Federal Research Center for Animal Husbandry, 

2020). For groups of crossbred boars F2 (Large White ½ Landrace) ½ Duroc, N = 36) were subjected 

to moderate heat stress (4-6 С above the optimum). Control animals (group 1, n = 9) fed a basal diet 

(BD), group 2 (n = 9) received BD + adaptogen dihydroquercetin (DHQ) during the rearing period, 

group 3 (n = 9) during the rearing and fattening, and group 4 (n = 9) during periods of technological 

stress (7 days after transportation, after transferring to other feeds, and before slaughter). The adaptogen 

we used as dietary supplement was Ecostimul-2 (LLC Ametis, Russia; 45 mg/kg of feed, or 32 mg 

DHQ/kg of feed). Moderate heat stress during feeding period (weeks 12-15  of the experiment) led to 

a significant increase in air concentration of ammonia up to 16.7 mg/m3, hydrogen sulfide up to 

1.67 mg/m3, and carbon dioxide up to 0.14 mg/m3. The blood cortisol level was 291.60 nmol/l in 

control group 1 (or 23.0 % above the upper value of reference limits of 41-237 nmol/l), 299.89 nmol/l 

in group 4, and 210 nmol/l (p > 0.05) in groups 2 and 3. At slaughter, the cortisol level was the highest 

in the control animals (284.77 nmol/l) while feeding DHQ in groups 3 and 4 decrease it to 234-

253 nmol/l. Adverse external stimuli increased the mortality in the control to 11 % vs. 0 % in other 

groups. The animals were weighed weekly, and the average daily weight gain was assessed for each of 

the periods as compared to control with regard to environmental factors (microclimate parameters) 

and technology elements (change of feed, vaccination, etc.). During the growing period, the weight 

gain in all groups with DHQ were 1.5-1.7 % greater than in control group 1 (week 1, group 3, p < 0.05) 

that indicates better adaptation after transportation. Our study showed a significant increase in the 

average daily weight gain in certain periods of co-action of moderate heat stress and other stress factors, 

e.g., during vaccination (week 8, vaccination against classic swine fever, group 2 at 0.05 < р  0.1; 

groups 3 and 4 at p < 0.05). Over the experiment (growing and fattening periods), the largest average 

daily weight gain was in group 4 which received 32 mg/kg DHQ during technological stress, the 

difference with the control was 13.6 % (p > 0.05). In group 3 (32 mg/kg DHQ during the final 

fattening), there was a trend towards an increase in gross growth (by 6.2 %, 0.05 < р  0.1) compared 

to control. The balance test during the final fattening revealed a tendency to higher digestibility of dry 

matter in groups 3 and 4 (by 1.31 and 0.93 %, respectively; 0.05 < р  0.1). In the groups received 

DHQ, the nitrogen excretion with urine was lower (by 21.20, 14.47, and 21.91 g in groups 2, 3, and 

4, respectively) compared to control group 1 (p = 0.18-0.37). Thus, dietary DHQ contributed to the 

retention and more efficient use of nitrogen by growing young pigs. With DHQ, excretion of calcium 

https://en.wikipedia.org/wiki/Johann_Christian_Polycarp_Erxleben
mailto:semmm@mail.ru
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in the feces was also lower (by 3.48 g, p < 0.05; 1.68 g, p > 0.05; 2.87 g, p = 0.06) while its deposition 

in the body of growing young pigs was higher (by 3.52 g, p < 0.05; 1.62 g, p > 0.05; 2.85 g, p = 0.06) 

in groups 2, 3, and 4, respectively. Calcium utilization was 9.82 % higher (p < 0.05) in the animals 

of groups 2, 3, and 4. Thus, the control animals were more susceptible to the heat stress and had 

worse growth parameters, nutrient utilization, and higher mortality. Dietary DHQ applied during 

pig growing and fattening improves adaptive abilities of animals resulting in their better growth and 

productive performance. 
 

Keywords: adaptogen, dihydroquercetin, stress, young pigs, productivity, average daily live 

weight gain, digestibility 
 

To increase the efficiency of pig raising, it is necessary to ensure the op-

timal microclimate in the premises (temperature and humidity, the concentration 

of harmful gases, air exchange). A proper microclimate positively influences the 

physiological state of animals. Conversely, an uncontrolled microclimate or un-

derestimation of the effect of stressors of various strengths and degrees of impact 

on the animals weakens their resistance, which leads to the emergence and devel-

opment of diseases of various etiologies, impairs productivity [1], reproductive 

ability, and causes a number of other undesirable consequences [2], including the 

decline in pork quality [3]. 

The physical state and chemical composition of the air environment are 

fickle factors and are subject to large fluctuations. The animal organism can adapt 

to these changes, but only up to certain limits. In particular, in order to maintain 

normal vitality, animals must expend a certain amount of nutrients to generate 

heat, which is necessary for metabolism [4]. The more the body spends energy 

materials to adapt to environmental conditions, the less nutrients will be used to 

ensure productivity [5]. 

The air environment, which determines the state of the microclimate of 

closed livestock buildings, affects heat exchange, gas exchange, physical and chem-

ical properties of blood, body and skin temperature, and other indicators [6]. The 

body reacts to any impact of the environment with a multilevel physiological and 

biochemical reaction, which causes the development of stress and then, as a con-

sequence, adaptation. The damaging effect of the consequences of stress is due to 

an excessive increase in the adaptive lipotropic effect, which increases the activity 

of phospholipases and the intensity of free-radical lipid oxidation through cate-

cholamines and protein kinases. Stress effects lead to the restructuring of metab-

olism and some physiological functions, which initially increases the stability of 

the animal organism [7]. However, prolonged exposure to stress depletes the in-

ternal defense systems, which ultimately affects the health of animals, their re-

sistance to diseases, productivity and safety [8]. The ambient temperature has a 

significant impact on the physiological changes in the body and the productivity 

of pigs, while the effect of air humidity on these indicators is less pronounced. In 

studies on animals kept under conditions of complex exposure to environmental 

factors, significant violations of immune reactivity were revealed. It was established 

[9] that in 60-kilogram pigs the upper critical temperatures for such important 

physiological reactions as respiratory rate, heat production, rectal temperature 

were within the range of 21.3-22.4 С, 22.9-25.5 С and 24.6-27.1 С, respectively, 

depending on the change in relative air humidity from 50 to 80%. 

Physiological balance under microclimatic stressors is maintained as long 

as the action of external stimuli does not exceed the adaptive capacity of the body 

[10, 11]. The consequences of the manifestation of climatic stress and its duration 

depend largely on the composition of the diet, the system of housing and watering, 

the density of animals in the pig breeding complex, microclimate conditions - 

relative humidity, air velocity and its composition [12]. 
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The trend towards intensification of animal husbandry is likely to con-

tinue, and the problem of heat stress is likely to be exacerbated by global warming 

and climate change. The development of methods for preventing and eliminating 

the negative consequences of stress, in particular heat stress, is undoubtedly an 

important tool for increasing the productivity of animal husbandry [1, 13]. During 

the construction of large pig-breeding complexes, there will be a need for more 

precise control of all factors affecting production efficiency. It is necessary to 

identify and study the possibilities to level the consequences of abiotic stresses, 

including through the use of feed adaptogens. In this regard, a promising solution 

may be the use of natural and synthetic bioactive substances with antioxidant 

properties, which reduce the effect of stressors on homeostasis by stabilizing free 

radical oxidation and increasing the adaptive properties of the body [14, 15]. It 

has been reported that the use of dihydroquercetin (DHQ) helps to reduce lipid 

peroxidation, reducing the negative effects on the body of pigs of the effects of 

transport and feed stress [16, 17]. 

In the present work, we have shown that the feeding of natural bioflavo-

noid dihydroquercetin as an additional prophylactic feed component can favorably 

affect the safety and productivity of intensively growing pigs, contributing to their 

better adaptation to feeding and housing conditions. 

The purpose of this study was to assess the effect of the adaptogen dihy-

droquercetin, fed to pigs at different periods of growing and fattening, on produc-

tivity and nutrient use under conditions of moderately pronounced heat stress with 

accompanying technological stresses (transportation, switching to another feed 

recipe, vaccination and slaughter). 

Materials and methods. Physiological studies were carried out on 36 hybrid 

boletus (Sus scrofa domesticus) F2 [(large white ½ Landrace) ½ Duroc] with a live 

weight at the beginning of the experiment of 17.20-17.43 kg at the age of 58 days 

(physiological yard of the Ernst FRC VIZh, 2020). The duration of the experiment 

was 120 days. 

Young hogs purchased from Verkhnyaya Khava (Voronezh Province) were 

delivered by special vehicles for animal transport (transportation at a distance of 

500 km) in compliance with transportation standards and the necessary veterinary 

and sanitary control. After delivery, the animals were divided into four groups, 

which were kept under the same conditions. 

In a comparative study, groups 2, 3 and 4 (n = 9 each) received DHQ in 

addition to the diet (Ecostimul-2 preparation, Ametis JSC, Russia; dosage 

45 mg/kg of feed, or 32 mg DHQ/kg feed as per active substance), in group 2 

(n = 9) only during the growing period (DHQd), in group 3 (n = 9) during 

growing and fattening (DHQd+o), in group 4 (n = 9) during feed and technolog-

ical stresses (DHQtech) (7 days after transportation, 7 days before and 7 days after 

switching to another type of compound feed, and also not less than 7 days before 

slaughter). Group 1 (n = 9) fed the basal diet without DHQ was used as a control.  

The fattening pigsty for 48 posts complied with the standards for keeping 

animals (GOST 12.1.005 and MR for technological design) during growing and 

fattening. Feeding occurred 2 times a day from group feeders with dividers for 

individual feeding (1.5½2 m pens, 1½1.5 m rubber mat; 3 pigs per pen during 

growing to slaughter, 0.8 m2 per head with an actual area of 3 m2). Teat drinkers 

were located in the corner of the machine directly in front of the manure removal 

channel, the animals had constant access to water; dry compound feeds were 

moistened directly during distribution. The basal components of the diet were SK-

4 (during growing), SK-5 (during the 1st fattening period) and SK-6 (during the 
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final fattening) (the manufacturer of the compound feed is Agrovitex LLC, Rus-

sia). The feeds were balanced in terms of nutritional substances and energy ac-

cording to modern norms and the recommended feeding regimen [18]. 

In the premises, as per veterinary and sanitary requirements, cleaning with 

the removal of manure was performed twice a day. To control the mode of the 

simulated environment, the temperature and relative humidity of the air in the 

pigsty were measured (at 16:00) using a stationary electronic weather station. Us-

ing infrared lamps in each machine, in the warm period when the outdoor air 

temperature was above 10 С, the indoor temperature was increased by 5 С rel-

ative to the calculated summer outdoor temperature (up to 26-28 С the most) to 

simulate stress conditions. 

The temperature-humidity index (THI) was calculated for the entire pe-

riod of the experiment based on the records of the electronic weather station [19]: 

THI = (0.8 ½ t) + [(φ/100) ½ (t  14.4)] + 46.4, 

where t is the dry bulb temperature, С; φ is relative air humidity, %. 

The volume fraction of methane (%vol.f.), mass concentration (mg/m3) 

of carbon dioxide, ammonia, hydrogen sulfide and methane in the air of the work-

ing area was measured (a multicomponent gas analyzer MAG-6, MAG-6 P-K, 

EXIS JSC, Russia). 

Animals were individually weighed (a REUS-300 electronic balance, OOO 

Tenzosila, Russia) before the start of the experiment and every 7 days until its 

completion. Based on the weighing and assessment of feed consumption, gross, 

average daily weight gains and feed costs per unit of gain were calculated. 

In animals from all groups (N = 20, n = 5), blood was taken from the 

jugular vein at the end of rearing, in the middle of fattening period and before the 

end of the experiment. Blood concentration of cortisol was measured by the en-

zyme immunoassay method (an automatic microplate photometer Immunochem-

2100, High Technology, Inc., USA; reagent kits X-3964 Cortisol-IFA-BEST, Vec-

tor-Best, Russia; sensitivity 5 nmol/l, measurement range 0-1200 nmol/l). 
To determine the digestibility of nutrients in the diet and to study the 

metabolism of nitrogen and minerals in intensively growing young pigs at the end 
of the final fattening period, a balance experiment was carried out (N = 12, groups 
of n = 3) as per common standard methods [20, 21]. All animals (N = 12) during 
the balance experiment were kept in special individual cages to record feed con-
sumption and the amount of excrements. Recording was carried out for 5 days, after 
which average samples were taken for chemical analysis using standard methods. 

Statistical analysis was performed using the STATISTICA package, version 

10.0 (StatSoft, Inc., USA). Quantitative data are presented as the arithmetic mean 

(M) and standard error of the mean (±SEM). Identification of the relationship of 

the studied factor with the indicators of nutrient digestibility, nitrogen retention, 

blood parameters was performed on a sample of animals using one-way analysis 

of variance (ANOVA) with Dunnett’s test. Differences from control were statisti-

cally significant at p < 0.05 and were considered a trend at p  0.05 and p  0.1. 

 Results. Table 1 shows the experiment scheme. Table 2 shows the com-

position of diets over the experiment. 

The environmental conditions directly affect the vital activity, substrate 

and energy metabolism of animals. The temperature is one of the main influ-

encing factors. The optimum temperature for pigs of different sex and age groups 

is not the same, 27 С for sucking pigs, 25 С for piglets with live weight from 

15 to 25 kg, 22 С from 25 to 45 kg, 20 С from 45 to 85 kg, and 17 С from 85 

to 120 kg. Any deviation from the optimal parameters activates the thermoregula-

tion system, and the greater the deviation, the more the animal is exposed to stress 

with high energy costs to maintain a constant body temperature [18]. 
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1. Experiment scheme to assess the effect of dihydroquercetin (DHQ) on pigs (Sus 

scrofa domesticus) F2 [(Large White ½ Landrace) ½ Duroc] adaptation to simu-

lated heat stress (physiological yard of Ernst FRC VIZH, Moscow Province, 

May-September 2020) 

Group n Diet DHQ feeding scheme 
1(control) 9 BD   

2  9 BD + DHQ During growing (DHQd) 

3  9 BD + DHQ During growing and fattening (DHQd+о) 

4  9 ОBD + DHQ During feed and technological stresses (ДКВtech) 

N o t е. BD — a basal diet (Table 2), DHQ (Ecostimul-2 preparation, Ametis JSC, Russia) was fed at a dosage of 

45 mg/kg feed (32 mg DHQ active substance/kg feed). The dosage of the supplements was preliminarily estimated 

[2, 5, 12, 30]. 

 

2. The nutritional value of compound feed (at natural humidity) in assessment of the 

dihydroquercetin (DHQ) effects on pigs (Sus scrofa domesticus) F2 [(large white ½ 

Landrace) ½ Duroc] adaptation to simulated heat stress (physiological yard of 

Ernst FRC VIZH, Moscow Province, May-September 2020) 

Parameter Units 
Compound feed (ООО Agrovitex, Russia) 

SK-4 SK-5 SK-6 
Exchange energy MJ/kg feed 11.85 11.65 11.47 

Moisture % 12.00 13.50 14.00 

Crude protein  % 18.50 17.20 12.20 

Crude fat % 1.86 2.35 2.60 

Crude fiber % 4.24 5.72 5.04 

Lysine  % 1.13 1.00 0.75 

Methionine + cystine % 0.65 0.62 0.46 

Threonine % 0.70 0.64 0.50 

Tryptophan  % 0.22 0.20 0.16 

Calcium % 0.85 0.75 0.60 

Phosphorus % 0.56 0.55 0.48 

Salt (NaCl) % 0.54 0.53 0.50 

 

In our research, the temperature regime varied from 22.1 to 29.6 С (or 

from 71.8 to 85.3 F). Thus, there was an excess of the temperature optimum of 

18-20 С by an average of 4-6 С during most of the experiment. Relative air 

humidity varied on average from 65 to 85% and generally corresponded to zoo-

hygienic standards (60-85%) [22] (Fig. 1). 
 

 

Рис. 1. Temperature (F, 1), relative air humidity (%, 3) and temperature-humidity index (THI, 2) in 

the experiment on assessing the dihydroquercetin effects on pigs (Sus scrofa domesticus) F2 [(Large 

White ½ Landrace) ½ Duroc] adaptation to simulated thermal stress (physiological yard of Ernst FRC 

VIZH, Moscow Province, May-September 2020). 
 

Based on measurements of the relative humidity and temperature of the 

room where the animals were kept, a temperature-humidity index (THI) was cal-

culated, confirming that the animals were under moderate stress. The THI values 

were 72.0-77.3 units (Table 3). Along with a moderate increase in temperature, 

the room air was saturated with CO2 to 0.14 mg/m3, remaining within the per-

missible concentration (< 0.2 mg/m3). During the experiment, the content of am-

monia and hydrogen sulfide also remained within the normal range (up to 20 and 

10 mg/m3, respectively). 
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The dynamics of blood cortisol level (Table 4) showed that the animals 

were exposed to stress factors during the experiment. In some periods, the level of 

cortisol often exceeded the physiological norm for pigs (41-237 nmol/l) [23]. 

3. Microclimate parameters during assessing the dihydroquercetin effect on pigs (Sus 

scrofa domesticus) F2 [(Large White ½ Landrace) ½ Duroc] adaptation to simu-
lated thermal stress (n = 6, M±SEM, physiological yard of Ernst FRC VIZH, 

Moscow Province, May-September 2020) 

Week 
Parameter  

, % t, C t, F THI  NH3, mg/m3 H2S, mg/m3 CH4, % CO2, % 
1 73.2±1.37 21.8±0.28 78.8±0.51 75.8±0.50 4.3±1.1 0 0 0.06±0.01 

2 71.6±1.37 22.2±0.45 76.5±0.82 73.7±0.77 3.8±0.8 0 0 0.06±0.01 

3 68.1±0.81 25.2±0.88 81.2±1.59 77.3±1.36 5.8±1.1 0.05±0.01 0 0.07±0.01 

4 66.7±1.49 24.1±0.84 78.1±1.51 74.7±1.32 5.5±1.0 0.06±0.01 0 0.06±0.01 

5 67.5±0.88 24.3±0.40 77.4±0.72 74.5±0.63 6.8±1.2 0.08±0.01 0 0.11±0.02 

6 66.0±1.85 25.2±0.51 78.3±0.91 75.1±0.67 6.5±1.2 0 0 0.09±0.02 

7 73.5±0.97 25.9±0.73 79.6±1.32 76.7±1.12 5.8±1.1 0.05±0.01 0 0.06±0.01 

8 70.5±1.22 24.2±0.08 76.5±0.14 73.8±0.12 6.6±1.2 0.08±0.01 0 0.07±0.01 

9 77.3±1.18 22.7±0.51 74.1±0.92 72.2±0.80 5.5±1.1 0 0 0.08±0.01 

10 72.7±1.18 23.3±0.58 75.4±1.04 72.9±0.93 4.9±1.3 0 0 0.08±0.01 

11 69.8±2.09 23.6±0.07 75.6±0.12 72.8±0.25 7.0±1.3 0 0 0.07±0.01 

12 70.9±0.76 24.2±0.49 76.4±0.88 73.5±0.77 16.7±2.0 0 0 0.13±0.04 

13 74.4±2.09 22.5±0.07 74.5±0.12 72.3±0.25 12.8±1.8 0.38±0.05 0.01±0.005 0.09±0.02 

14 77.6±2.57 22.9±0.28 74.3±0.50 72.5±0.57 15.8±2.2 1.67±0.21 0.02±0.005 0.11±0.02 

15 77.4±2.73 22.6±0.38 74.0±0.68 72.0±0.49 13.3±1.8 1.42±0.15 0.02±0.005 0.14±0.03 

16 73.1±2.56 22.3±0.28 74.1±0. 50 72.0±0.56 9.6±1.5 0 0 0.11±0.02 

17 76.2±0.70 21.5±0.21 76.1±0.37 73.8±0.37 5.5±1.0 0 0 0.11±0.02 

 

4. Blood cortisol levels in pigs (Sus scrofa domesticus) F2 [(Large White ½ Land-
race) ½ Duroc] under simulated heat stress, as influenced by the dihydroquercetin 
(DHQ) additive (physiological yard of Ernst FRC VIZH, Moscow Province, 

May-September 2020) 

Time frames 

Group 

1 

(control)  

2 

(DHQd) 

3 

(DHQd +о) 

4 

(DHQtech) 
Final growing period  291.60±42.68 210.81±18.46 210.26±33.65 299.89±52.35 

Transition to final fattening   147.58±27.50 140.83±13.16 93.53±16.19* 133.74±16.64 

Before slaughter  284.77±86.81 275.59±86.41 234.36±61.23 253.20±46.39 

N o t е. For a description of the groups, see the Materials and methods section. DHQ was fed during the growing 

period (DHQd), during growing and fattening (DHQd+o), and during feed and technological stresses (DHQtech). 

* Differences from control are statistically significant at p < 0.05 

 

5. Weight gain and feed consumption in pigs (Sus scrofa domesticus) F2 [(Large 
White ½ Landrace) ½ Duroc] under simulated heat stress, as influenced by the 
dihydroquercetin (DHQ) additive (n = 9, M±SEM, physiological yard of Ernst 

FRC VIZH, Moscow Province, May-September 2020) 

Parameter  

Group 

1 

(control)  

2 

(DHQd) 

3 

(DHQd +о) 

4 

(DHQtech) 
O v e r  g r o w i n g  p e r i o d  

n 9 9 9 9 

Days 34 34 34 34 

Live weight at the beginning of the exper-

iment kg 
17.20±0.63 17.40±0.51 17.31±0.52 17.43±0.65 

Live weight at the end of the period, kg 38.83±0.89 39.34±1.09 39.31±0.81 39.39±1.26 

Gross gain, kg 21.63±0.46 21.94±0.82 22.00±0.63 21.96±0.80 

Daily gain, g 636.18±13.39 645.42±24.01 647.06±18.57 645.75±23.39 

O v e r  t h e  1st f a t t e n i n g  p e r i o d  

n 8 9 9 9 

Days 49 49 49 49 

Live weight at the end of 1st fattening pe-

riod,  kg 84.32±1.67a 84.47±1.93 84.56±1.26 84.38±2.75 

Gross gain, kg 45.09±0.99a 45.12±1.30 45.24±1.18 44.99±1.85 

Daily gain, g 920.18±20.11a 920.86±26.54 923.36±24.08 918.14±37.73 

O v e r  t h e  2nd  f a t t e n i n g  p e r i o d  а  

n 8 9 9 9 
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Continued Table 5 

Days on average  37 37 37 37 

Live weight at the end of fattening:     

total, kg 121.33±1.59 122.50±1.90 123.86±1.48 123.22±2.28 

to control, % 100.0 101.0 102.1 101.6 

Gross gain, kg 37.01±0.92 38.03±0.69 39.30±0.93+ 38.84±0.74 

Daily gain, g 1000.30±24.93 1027.93±18.58 1062.16±25.01+ 1049.85±19.94 

O v e r  t h e  w h o l e  e x p e r i m e n t   

n 8 9 9 9 

Days 120 120 120 120 

Gross gain, kg 103.82±1.44 105.10±1.76 106.54±1.59 105.79±1.90 

Daily gain, g 865.19±12.02 875.83±14.63 887.87±13.23 881.57±15.81 

F e e d  c o n s u m p t i o n  o v e r  t h e  w h o l e  e x p e r i m e n t  

Total, kg 320.8 312.1 312.1 312.1 

Feed per 1 kg weigh gain: 3.09 2.97 2.93 2.95 

total;, kg     

o control, % 100 96.1 94.8 95.5 

N o t е. For a description of the groups, see the Materials and methods section. DHQ was fed during the growing 

period (DHQd), during growing and fattening (DHQd+o), and during feed and technological stresses (DHQtech); 
a — the value is calculated without estimates for one pig died in the middle of the period, 07/28/2020); + means 

trend of differences from control at 0.05 < р  0.1. 

  

We revealed differences in the dynamics of live weight in animals during 

the experiment (Table 5, Fig. 2). 

Thus, growing animals fed DHQ differed from the control in the average 

daily weight gain by 1.5-1.7% (p > 0.05). According to the results of the 1st  

fattening period, the animals showed identical parameters of live weight gain, 

but one animal dropped out of the control group (because of paralysis of the 

heart muscle due to a moderately pronounced heat stress), for the rest (n = 8 ) 

growth parameters were the same as in animals of the experimental groups. In 

the 2nd fattening period, the animals showed similar growth parameters (p < 

0.05), but one more animal dropped out of the control group a few days before 

slaughter (the consequences of stress, the hind limbs were stretched, forced 

slaughter was carried out). In group 3, there was a tendency (p = 0.01) to better 

weight gains (1062.2 vs. 1000.3 g in the control group), which indicated a posi-

tive effect of feeding DHQ during the final fattening period. We have established 

the fact of greater susceptibility to stress among the animals of the control group 

compared to those treated with DHQ. Losses due to the disposal of animals in 

the control group influenced the cost of feed for the 1st fattening period (2.9-

3.5% less in the experimental groups), for the 2nd fattening period (2.7-5% and 

8% less in the experimental groups) and in general for the experiment (3.9-5.2% 

less in groups 2-4). 

When compared, there was a tendency (0.05 < p 

digestibility of dry matter by 1.31% in animals treated with DHQ during the fat-

tening period, by 0.93% in those receiving DHQ during technological stress (Table 

6). The digestibility of crude fiber increased in group 3 (DHQd+o) by 3.23%. In 

groups 3 and 4, there was a tendency (0.05 < p  0.1) to increase the digestibility 

of the feed dry matter. Changes in feed digestibility were accompanied by a reduced 

excretion of nitrogen in the urine (in group 2 by 21.20 g, in group 3 by 14.47 g, and 

in group 4 by 21.91 g) compared to control group (p > 0.05) (Table 7). 

DHQ in the diet of pigs from groups 2, 3 and 4 contributed to less calcium 

excretion with faeces (by 3.48 at p < 0.05; 1.68 at p > 0.05; 2.87 g at p = 0.06. 

respectively) and its increased deposition in the body (by 3.52 at p < 0.05, 1.62 at 

p > 0.05, and 2.85 g at p = 0.06) compared to control. The proportion of used Ca 

from that received with food in groups fed DHQ was higher by 9.82% (p < 0.05), 

4.52 and 7.94% (0.05 < р  0.1), respectively. In animals from groups 3 and 4, 

the deposition of phosphorus was somewhat lower than in the control, but the 

decrease was not statistically significant. 
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Fig. 2. Dynamics of average daily weight gain (AGA) in pigs (Sus scrofa domesticus) F2 [(Large White ½ Landrace) ½ Duroc] under simulated heat stress, as influenced by the 

dihydroquercetin (DHQ) additive: weekly from left to right) group 1 (control), groups 2, 3, and 4. For a description of the groups, see the Materials and methods section (n = 9, 

M±SEM, physiological yard of Ernst FRC VIZH, Moscow Province, May-September 2020)). 

* Differences from control are statistically significant at p < 0.05; + means trend at 0.05 < р  0.1. 
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6. Digestibility of nutrients in pigs (Sus scrofa domesticus) F2 [(Large White ½ Land-
race) ½ Duroc] under simulated heat stress, as influenced by the dihydroquercetin 
(DHQ) additive (n = 3, M±SEM, physiological yard of Ernst FRC VIZH, Mos-

cow Province, May-September 2020) 

Nutrient  

Group 

1 

(control)  

2 

(DHQd) 

3 

(DHQd +о) 

4 

(DHQtech) 
Dry matter 73.89±0.36 75.66±0.89 75.20±0.42+ 74.82±0.20+ 

Organic matter Органическое вещество 76.71±0.59 77.51±0.77 77.13±0.39 76.71±0.24 

Crude protein 76.45±1.08 77.36±1.83 76.53±1.03 75.61±0.54 

Crude fat 59.32±6.63 65.25±0.26 66.81±3.94 60.88±7.42 

Crude fiber 40.26±2.47 40.44±1.47 43.49±2.88 40.89±2.10 

Nitrogen-free extractives 81.63±0.13 82.24±0.49 81.53±0.37 81.76±0.30 

N o t е. For a description of the groups, see the Materials and methods section. DHQ was fed during the growing 

period (DHQd), during growing and fattening (DHQd+o), and during feed and technological stresses (DHQtech); 
+ means trend at 0.05 < р  0.1. 

 

7. Nitrogen, calcium, and phosphorus utilization in pigs (Sus scrofa domesticus) F2 

[(Large White ½ Landrace) ½ Duroc] under simulated heat stress, as influenced 
by the dihydroquercetin (DHQ) additive (n = 3, M±SEM, physiological yard of 

Ernst FRC VIZH, Moscow Province, May-September 2020) 

Parameter 

Group 

1 

(control)  

2 

(DHQd) 

3 

(DHQd +о) 

4 

(DHQtech) 
N i t r o g e n  b a l a n c e  

Input with feed, g 112.82 112.82 112.82 112.82 

Output with faeces, g 27.79±0.38 25.54±2.06 26.48±1.17 27.52±0.61 

Digested, g 85.03±0.31 87.28±1.68 86.35±0.95 85.30±0.50 

Output with urine, g 60.37±11.48 39.17±8.78 45.90±8.51 38.46±7.32 

Deposited in the body:     

total, g 24.66±11.77 48.11±7.23 40.45±9.64 46.84±7.28 

of the input, % 21.86±10.44 42.64±6.41 35.85±8.54 41.51±6.45 

of digested, % 28.91±13.69 55.46±9.20 46.57±10.60 54.92±8.61 

C a l c i u m  b a l a n c e  

Input with feed, g 35.83 35.83 35.83 35.83 

Output with faeces, g 20.31±0.77 16.83±0.45* 18.63±1.33 17.44±0.77+ 

Output with urine, g 0.31±0.04 0.27±0.06 0.38±0.04 0.34±0.04 

Deposited in the body 15.20±0.78 18.72±0.45* 16.82±1.34 18.05±0.77+ 

Utilized, % of the input 42.43±2.19 52.25±1.26* 46.95±3.73 50.37±2.16+ 

P h o s p h o r u s  b a l a n c e  

Input with feed, g 22.53 22.53 22.53 22.53 

Output with faeces, g 10.23±0.09 9.48±0.57 9.85±0.18 10.10±0.15 

Output with urine, g 3.12±0.39 2.89±0.65 4.40±0.37+ 4.01±0.70 

Deposited in the body 9.17±0.40 10.16±0.54 8.28±0.54 8.42±0.73 

Utilized, % of the input 40.70±1.79 45.09±2.38 36.74±2.39 37.38±3.25 

N o t е. For a description of the groups, see the Materials and methods section. DHQ was fed during the growing 

period (DHQd), during growing and fattening (DHQd+o), and during feed and technological stresses (DHQtech). 

* Различия с контролем статистически значимы при р < 0,05; + means тенденция при 0,05 < р  0,1. 

 

Thus, pigs normally performed physiological functions when being in a 

neutral thermal zone. It also depends on animal age, body weight and the effective 

perceived temperature, which, in turn, is influenced by air movement, bedding, 

humidity and temperature of the walls and floor. Pigs do not sweat and have a 

relatively small lung capacity. Because of these physiological limitations and the 

relatively thick layer of subcutaneous fat, pigs are more susceptible to heat stress. 

Pigs with a live weight of 25, 50 and 75 kg respond differently to an increase in 

ambient temperature from 14 to 35 С. The average daily live weight gain of 75 kg 

pigs begins to decrease at the temperature exceeding 23 С, of 25 kg pigs at the 

temperature above 27°С [1]. 

The concentration of ammonia, hydrogen sulfide and carbon dioxide var-

ied during the experiment depending on the temperature and humidity conditions 

of the premice. When modeling moderately pronounced heat stress during the 

fattening period (12-15 weeks of the experiment), with an increase in the animal 
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live weight, the concentration of ammonia increased to 16.7 mg/m3, hydrogen 

sulfide up to 1.67 mg/m3, and carbon dioxide up to 0.14 mg/m3 (see Table 3). We 

believe that these values indicate the complex negative impact of the simulated 

heat stress on animals. The change in the microclimate of the premise together 

with current technological manipulations to a certain extent influence the physi-

ological processes, reducing the adaptive capabilities of some individuals. As a 

result, one animal from the control group failed to acclimatize and died. Thus, 

the mortality of livestock was 11% in the control group vs. 0% in the rest animals.  

In growing, individuals fed DHQ had greater average daily weight gains 

compared to control, especially during the 1st week (p < 0.05, group 3). In our 

opinion, it indicates better adaptation after distant (500 km) transportation to-

gether with simulated moderate heat stress (see Table 5, Fig. 2). This followed 

from the blood cortisol level which in the control exceeded the upper limit of the 

norm. In animals that received DHQ only during technological and feed stresses 

(group 4), the cortisol concentration was comparable to control while in groups 2 

and 3 it corresponded to the norm. This indicates a positive role of DHQ additives. 

The effect of DHQ similar to that found during growing was noted in group 3 

during the 1st fattening period when cortisol levels decreased to 93.5 vs. 147.6 

nmol/l in the control (p < 0.05). Dietary DHQ led to an increase in the average 

daily weight gain in groups 2, 3 and 4 groups during technological stress, together 

with moderate simulated thermal stress. It occurs during growing (1st week, group 

3, p < 0.05) and at vaccination against classical swine fever in the beginning of 

fattening (8th week, group 2, 0.05 < р 0.1; groups 3 and 4, p < 0.05) (see Fig. 2). 

Note that constantly fed dietary DHQ (group 3) ensured the live weight gain which 

did not decrease (as compared to the control) throughout the entire experiment. 

When the supplement was stopped (group 2) or periodically fed (group 4, 11th 

and 16th weeks of the experiment), the gains were lower than in the control. 

The blood cortisol level before slaughter was the highest in the control 

animals (20.2% above the physiological norm). In animals that received DHQ only 

during growing, it also exceeded the norm. Feeding with DHQ during the entire 

growth and at some subsequent periods stabilized this parameter (234-253 nmol/l), 

indicating a positive effect of DHQ on stress resistance of animals. The best result 

was provided by the constant DHQ input during growth and fattening. 

As is known, in response to heat stress, an animal tries to lower its body 

temperature by increasing sweating, respiration rate and salivation [18]. These re-

actions energy-consuming and, accordingly, part of the feed energy used under 

optimal conditions to ensure live weight gain is redirected to thermoregulation. 

Digestion also transforms chemical energy in feeds into thermal energy in the 

body, and animals change their feeding behavior [24]. Some researchers believe 

[25] that the primary response to heat stress in different animal species is to reduce 

food intake (metabolic heat reduction strategy). 

It is difficult to quantify the effects of climatic stress on animal productivity 

compared to a normal temperature regime [1, 26, 27]. Stress-induced reduction 

in feed intake creates the prerequisites for a decrease in the productivity of growing 

animals. In recent years, the negative consequences of thermal stress in pigs have 

become more obvious, probably due to increased susceptability of these animals 

to heat as a result of genetic selection for heat-producing traits [24]. The negative 

effect of heat stress on productivity is primarily explained by a decrease in feed 

intake, although the experimental results of recent years contradict this conclusion. 

In our experiments, no suppression of feed intake occurred with an increase in 

ambient temperature. As long as the animal consumes enough food (including dry 
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matter and metabolizable energy) to provide growth, development and physio-

logical response to heat stress, stress does not lead to negative consequences, but 

at certain periods, the body needs additional support (increased feed energy, 

administration of adaptogenes, etc.). It is assumed that heat stress directly and 

indirectly affects the physiological processes that determine the health and produc-

tivity of animals. In our experiment, we found a trend towards an increase in dry 

matter digestibility, by 1.31% in animals fed DHQ during fattening and by 0.93% 

when subjected to technological stress (p < 0.1). In our opinion, it is explained by 

DHQ-mediated activation of metabolism due to the antioxidant properties of the 

adaptogene, by optimization of energy consumption with a moderate increase in 

ambient temperature, and alteration of metabolic priorities through direct or in-

direct mechanisms. At large pig breeding complexes, it was found [28] that about 

5% of the nitrogen used as feed is emitted as NH3 and another 1% with wastewater. 

Our data, including those obtained previously [5, 12], suggest that in growing pigs, 

feeding dietary DHQ may promote better utilization and deposition of nitrogen 

due to less excretion in the urine. Further studies of the influence of DHQ on the 

nitrogen compound redistribution in heat-stressed pigs will confirm or refute our 

assumption. In intensive pig breeding, the DHQ used constantly or in courses 

under stresses can increase pig adaptability and prevent the undesirable effects of 

technological, feed, transport and heat stresses. Improving the health of animals 

increases their livability and stabilizes daily weight gain under stress. 

Suray and Fisinina [13] showed that immediately after the temperature 

impact on chickens, their growth slows down but then compensatory growth fol-

lows which contributes to a higher final live weight in broilers compared to birds 

not subjected to thermal training. That is, short-term stressful situations train an-

imals, causing them to have a physiological response to stress. Long-term chronic 

stress, even of a moderate strength, worsens the growth performance and leads to 

premature retirement of the livestock, which was also confirmed by our findings. 

Dietary adaptogenes can neutralize the negative effects of stress and improves 

adaptive reactivity of animals [29, 30]. Previously, we have shown that dietary 

DHQ prevents negative effect of simulated technological stress on metabolism, 

including lipid peroxidation, stimulates anabolic processes, positively affectes the 

clinical health and nonspecific resistance of animals. In pigs fed DHQ, the level 

of cortisol, a hormone involved in the development of stress reactions was the 

lowest (134 nmol/l during growth and 215 nmol/l at the final fattening) [30], 

which additionally confirms our data of 2020. There are several aspects of the 

leveling effect of dietary adaptogens under various stresses. Phytogenic feed addi-

tives with a high content of antioxidants may reduce oxidative stress in pigs caused, 

among other reasons, by thermal exposure of pigs [31]. Feeding gamma-amino-

butyric acid provides better performance due to improved functions of the nervous 

system and increased stress resistance of piglets [32]. Research has shown that 

targeted bioactives reduce adrenaline production and increase growth hormone 

production in piglets [32], resulting in consuming more feed and wasting less time 

and energy on aggressive behavior and associated stress. Immunoprophylaxis of 

various stresses with immunotropic drugs can reduce the age of the first insemi-

nation in gilts and increase their fertility [33, 34]. Normotimics and adaptogens 

may accelerate animal growth and improve the quality of meat products [35, 36]. 

Thus, a reduced heat generation and proper intake of dietary nutrients 

help to mitigate the effects of various stresses in pigs. We suggest an integrated 

approach to prevent negative effect of heat stress in pigs. It includes breeding 

animals for heat tolerance; the use of special anti-stress feed additives (with 
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thermal exposure, changes in the feeding regime, transportation and other stress 

factors); proper ventilation and air cooling regime in the premise. Timely fore-

casting of heat and other stresses and adequate preventive measures will help to 

avoid negative consequences of stresses for young animals and economic losses 

under intensive pig farming. 
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A b s t r a c t  
 

Lack of protein in the diet leads to a violation of nitrogen metabolism. Experts estimate that 

the feed protein market will exceed US $ 200 billion by 2024. In Russia, the deficit of fodder proteins 

is more than 1 million tons. Traditional protein sources cannot meet the daily need for food and feed 

proteins because of economic and social reasons, so there is a growing interest in alternative protein 

sources. This communication presents the results of obtaining a protein concentrate based on the 

biomass of thermotolerant yeast K. marxianus grown on a waste of oilseed production that is little used 

in bioconversion - sunflower husk. Yeast of this type increases the digestibility of feed, is used in the 

food industry for the fermentation of soy milk, soft cheese and as a flavor enhancer. The aim of the 

study was to develop a technology for obtaining a protein concentrate from the yeast biomass of 

K. marxianus and to substantiate the feasibility of its use as a feed and food additive. The K. marxianus 

Y-4570 strain was selected as a result of screening on sunflower husk fermentolysate as the most 

productive in terms of biomass accumulation (up to 30 g/l) and crude protein (59.29±2.96 %). Using 

a multicyclic semi-continuous method, yeast was cultured in a laboratory fermenter on a saline medium 

with sunflower husk fermentolysate to obtain protein biomass. Technological parameters were deter-

mined to obtain the protein concentrate containing at least 60 % of the true protein, no more than 2 

% of lipids and no more than 2 % of nucleic acids. The biomass was defatted with 60 % ethyl alcohol 

with a hydromodule of 1:2.5 at 60 С for 1 hour. The residual lipid content was 1.94±0.09 %. Denu-

cleinization was performed by activating the cell’s own endonucleases at 40-60 С. Nucleic acids were 

removed at a 50 С for 1 hour with a hydromodule 1:7. The residual content of nucleic acids was 

1.97±0.10 %. The final product contains 65.94±3.14 % of true protein, which meets the requirements 

for protein concentrates. Analysis of the amino acid profile of the protein concentrate showed that the 

content of almost all essential amino acids exceeds that in the original yeast biomass, with the exception 

of glycine, leucine and histidine. A relative increase in the content of amino acids occurs due to the 

removed lipids, nucleic acids, the loss of moisture and the concentration of substances of the original 

biomass with drying. Protein concentrate based on the biomass of the yeast K. marxianus Y-4570 is 

intended for use as a feed and food additive in order to enrich products with essential amino acids. 
 

Keywords: protein concentrate, protein, lipids, nucleic acids, Kluyveromyces marxianus, 
yeast, denuclearization, degreasing 

 

In intensive animal farming, because of restrictions on the use of feed 

antibiotics, protein preparations are recently attracting increasing attention to im-

prove animal health and accelerate the growth [1]. Basidiomycetes can be a source 

of complete protein. However, fungi grown in natural conditions are capable of 

accumulating toxic heavy metals [2, 3], therefore, under industrial conditions, 

champignons and oyster mushrooms are most often grown on artificial soils. 

Mushrooms are only 16.47-36.96% protein, which is their main disadvantage [4], 

although this figure for edible mushrooms such as champignons and oyster mush-

rooms is approximately 2 times higher than for vegetable crops [5]. Algae are rich 

in protein (on average up to 60-65% of dry matter) [6] and contain biolactive 
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substances that have a beneficial effect on humans and animal health (vitamins, 

minerals, antioxidants) [7]. However, algae, like champignons and oyster mush-

rooms, are able to accumulate heavy metals from the environment, so algae cannot 

be considered as a proper replacement for traditional protein sources either [8]. 

Among protein-oil crops, soybean is the leader in yield. However, discussions 

about the dangers of soybeans for human do not stop: its use is associated with 

the occurrence of cancer and the appearance of allergic reactions [9, 10]. 

The range of yeast feed preparations is quite wide. Dietary yeast primarily 

enrich feed with essential amino acids, in particular lysine [1, 11]. Yeast feed 

additives may be obtained from potato processing waste [12] and from the fer-

mentation of cheese whey with the yeast Kluyveromyces fragilis [13]. Some yeasts 

have therapeutic and prophylactic effects on humans and animals [14]. Adding 

Saccharomyces cerevisiae protein preparations into feed increased the number of 

villi in the intestine and stimulated animal productivity [15-18]. The use of Kluy-
veromyces marxianus as a feed additive in fish farming provides a 40% replacement 

of the protein in expensive fishmeal without loss in salmon growth rates [19]. Yeast 

is a promising biologically active feed and food additive [20]. They accumulate up 

to 60% protein in dry mass, contain B vitamins [21, 22], some species, in partic-

ular Saccharomyces cerevisiae, serve as a rich source of ergosterol [23]. 

In microbial synthesis for protein production, cheap substrates [24, 25], in 

particular, cheese whey [13] and lignocellulose-containing waste and products of 

processing the cellulose-containing raw materials [26] are the indisputable ad-

vantages. Growing yeast biomass on chicken manure allows utilization of poultry 

waste that is toxic to the environment [27]. Microbiological bioconversion of ag-

ricultural waste into protein products reduces the negative impact on the environ-

ment [28]. 

Along with biologically valuable protein and vitamins, yeasts synthesize 

organic acids, polyhydric alcohols, and enzymes [29]. However, it is necessary to 

control the content of lipids and nucleic acids in yeast preparations [3]. Lipids 

cause unpleasant taste, odor, as they enter into oxidation reactions, and nucleic 

acids contain nitrogen, which accumulates in the form of urates, causing urolithi-

asis [30]. 

Kluyveromyces marxianus is an ascomycete yeast with pronounced ther-

motolerant properties used in the biotechnological production of enzymes, in par-

ticular inulinase, β-galactosidase and pectinase [31]. K. marxianus is also used in 

agriculture and the food industry, including for the production of ethanol, aro-

matics, and as starter cultures [32-35]. A number of data confirm the safety of the 

Kluyveromyces yeast for human and animal health [36, 37]. 

The main reasons hindering the industrial production of microbial protein 

using yeast fungi are the high cost of technologies due to expensive equipment and 

significant energy consumption during fermentation. For baker yeast Saccharomy-

ces cerevisiae and Candida, Cryptococcus, and Torulopsis yeasts used for microbi-

ological synthesis, the optimum growth temperature is 28-32 С, while in K. marx-

ianus it is 34-40 С [1]. Yeast cultures are heat generating. Therefore, it is profit-

able to cool the medium in the bioreactor to a higher temperature, reducing the 

coolant consumption. In addition, from the point of view of waste bioconversion 

and cost reduction, it is important to expand the raw material base of such pro-

duction. This report presents the results of obtaining a protein concentrate based 

on the biomass of thermotolerant yeast K. marxianus grown on sunflower husks, 

which are little used in bioconversion. The strain selected during screening on a 

nutrient medium containing enzymatic lysate of sunflower husk accumulates 

59.29±2.96% of crude protein, the biomass yield reaches 30 g/l. 
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The study aimed to develop a technology for production of a protein con-

centrate from the K. marxianus yeast biomass and to substantiate the feasibility of 

its use as a feed and food additive. 

Materials and methods. Sunflower husks were ground to a particle size of 

30-100 µm (a rotor beater mill Retsch SR 200, RETSCH GmbH, Germany) con-

trolled with a particle analyzer HELOS (H3908) & RODOS/L, R5 (Sympatec 

GmbH, Germany). The crushed particles were delignified by suspending in a 4% 

NaOH solution at a hydromodulus of 1:8.5 followed by incubation at 125±1 С 

for 2 h; the extractant was separated by centrifugation. The resulting wet sediment 

of delignified husks was suspended in water and subjected to enzymatic hydrolysis 

for 24 h at 50±1 С, pH 5.0±0.1. We used the enzyme preparation RovabioMax 

AP (Adisseo France S.A.S., France); cellulolytic activity 1900 units CA/g as per 

GOST R 55293-2012, xylanase activity 23500 units XA/g as per GOST R 55302-

2012, the dosage of the preparation was determined at cellulase activity of 35 ClA/g 

raw material). After 24 h, the suspension was centrifuged, and the enzyme lysate 

was used as a substrate. 

The yeast biomass of the Kluyveromyces marxianus Y-4570 strain (obtained 

from the collection of the NBC VKPM NRC Kurchatov Institute—GosNIIge-

netika, Moscow) was produced using deep culture in a medium containing 0.50% 

NH4H2PO4, 0.10% MgSO4, 0.06% KH2PO4, 0.20% yeast extract, and up to 100% 

sunflower husk enzymatic lysate (8% DM). 

Yeast was cultured in a multicyclic semi-continuous way in a laboratory 

fermenter MD-300 (L.E. MARUBISHI, Japan), aeration 1 v/(v∕min) (air volume 

to nutrient medium volume), 38±1 С, pH 5.0 (25% aqueous ammonia solution 

served as a titrant; alkalization of the medium indicated the need to add fresh en-

zyme lysate). A yeast suspension (4%) obtained in flasks on a liquid Sabouraud 

medium (5½106 cells/ml, counted with a Goryaev chamber) was used as an inocu-

lum. After 10-day culture, the yeast biomass was separated at 5000 rpm for 15 min 

in a laboratory centrifuge (MLWT23D, OOO Medtehnika-Servis, Ukraine). 

The amount of dry matter in the samples were determined gravimetrically 

by drying samples to constant weight at 105°С. Crude protein in the biomass was 

measured according to Kjeldahl [38] (an automatic LK-500 distillation system. 

ZAO Laboratory Equipment and Devices, Russia). The analyzed sample was min-

eralized, ammonia was distilled off for 10 min in a Parnas-Wagner apparatus 

(PJSC Khimlaborpribor, Russia). The excess acid from the receiving flask was 

titrated with 0.1 N sodium hydroxide solution. The true protein was measured by 

the Barnstein method. The precipitate was filtered, washed, and the amount of 

nitrogen was determined by the Kjeldahl method [48]. Lipids were determined 

according to Folch [39] by distillation in a device for distilling liquids (NPO La-

borkomplekt, Russia), and then drying to constant weight in a ShS-80-01 SPU 

drying cabinet (OAO Smolensk SKTB SPU, Russia). Nucleic acids were measured 

by Spirin method (an SSP-715 spectrophotometer, ZAO Spectroscopic Systems, 

Russia) [40]. 

The amino acid composition was analyzed by capillary electrophoresis 

(Kapel-105M system, Lumex LLC, Russia; the M-04-38-2009 methodology 

amended No. 1 of February 1, 2010, in accordance with the manufacturer's rec-

ommendations). 

For defatting, the yeast biomass was extracted with ethyl alcohol (food 

alcohol Lux from grain raw materials; 40, 60 and 70%) in the ratio of biomass:eth-

anol 1:1.5; 1:2.0, and 1:2.5 in three doses of 20 min each. An appropriate amount 

of alcohol was added successively every 20 min, for a total of 60 min, at 50, 60 

and 70 С (a water bath TW-2.02, Elmi, Latvia). The partially defatted biomass 

was dried in an oven to constant weight. The amount of extracted lipids was 
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determined by the difference between the initial dry yeast biomass and the defatted 

biomass. 

Nucleic acid degradation in yeast biomass occurred due to own enzyme 

activation at 50-70 С. The incubation in a water bath took from 30 min to 1.5 h 

with hydromodules of 1:3, 1:5 and 1:7. 

Statistical processing of quantitative data was performed using the STA-

TISTICA 23.0 software package (StatSoft, Inc., USA). All measurements were 

performed in 3 replicates. Results are presented as weighted arithmetic mean 

(WAM) with standard deviation (±SD). Statistical significance was calculated us-

ing the non-parametric Mann-Whitney U-test and Kruskal-Wallis H-test. The 

critical significance level of the null hypothesis (p) was equal to 0.05. 

Results. In the sunflower husk enzymatic lysate used to grow K. marxianus 
Y-4570 was 7.0-8.0% dry matter, 3.0-3.5% reducing substances (according to Ber-

trand), 69.65±3.48% glucose, 16.08±0.80% cellobioses, and 14.27±0.71% higher 

sugars. 

The resulting K. marxianus Y-457 biomass was 59.29±2.96% crude pro-

tein, 13.45±0.67% lipids, and 8.85±0.44% nucleic acids. The residual amount of 

lipids and nucleic acids in protein preparations, which worsens their safety and 

provokes the formation of stones, should not exceed 2.00% [30]. 

The fundamental difference between our method and similar methods is 

the use of edible ethyl alcohol (95%) to remove lipids. For this purpose, the Folch 

method is most commonly used, extracting lipids with a mixture of chloro-

form:methanol (2:1 v/v) [41]. For food protein, it is advisable to use ethyl alcohol 

without chloroform. The amount of extracted lipids did not differ much compared 

to the Bligh-Dyer method, where chloroform is used for extraction in addition to 

ethyl alcohol, 33.04±0.16% without chloroform vs. 33.18±0.24% with chloroform 

according to the Bligh-Dyer method [42]. 

With an increase in the concentration of ethanol, the amount of extracted 

lipids increased, reaching a maximum for 70% ethanol (Table 1). However, it is 

preferable to use 60% ethanol, since 40% ethanol insufficiently removed lipids 

while the use of 70% alcohol increases costs, despite the fact that the amount of 

extracted lipids differs only by 1-2%. Ethanol 60% (1:2.5 v/v) removes up to 80% 

of lipids. In addition, sonication pre-treatment ensures the removal of a large 

amount of lipids [43]. 

1. Lipids (of initial content, %) extracted from yeast Kluyveromyces marxianus bio-
mass under various conditions (n = 27, WAM±SD, lab test) 

Temperature and ethanol concentration 
Hydromodul 

1:1.5 1:2.0 1:1.5 
50 С: 

40 % 72.41±3.62Aa 74.18±3.70Ab 75.02±3.75Ac 

60 % 74.24±3.71Bb 75.24±3.76Bc 77.70±3.88Bd 

70 % 75.12±3.75Cc 76.30±3.81Cd 78.52±3.92Cf 

60 С: 

40 % 75.46±3.77Ca 76.74±3.83Cb 82.90±4.14Dd 

60 % 76.18±3.80Cb 78.10±3.90Dc 85.57±4.27Ee 

70 % 77.12±3.85Dc 81.32±4.06Ed 86.46±4.32Ee 

70 С: 

40 % 78.54±3.92Da 82.15±4.10Ec 87.17±4.35Fe 

60 % 79.60±3.90Db 83.47±4.17Fd 87.89±4.39Fe 

70 % 81.04±4.05Ec 84.30±4.21Fd 89.55±4.47Gf 

A-G Differences between the values in the column are statistically significant and differ at p < 0.05. 
a-f Differences between the columns are statistically significant and differ at p < 0.05. 

 

As the temperature increased, the amount of extracted lipids increased (see 

Table 1). The largest amount of lipids was remove at 70 С (but this temperature 

regime is economically unfavorable), the smallest amount at 50 С, therefore, a 
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temperature of 60 С was chosen. 

After choosing the concentration of ethanol and temperature, the ratio of 

ethanol:biomass was determined to extract the largest amount of lipids. Ethyl al-

cohol was used at ratios to biomass of 1:1.5; 1:2.0 and 1:2.5. With 60% ethanol 

and 60 С, the optimal ethanol:biomass ratio was 1:2.5 (see Table 1), resulting in 

85.57±4.27% extracted lipids. For 1:1.5 and 1:2.0 ratios, less lipids were removed, 

and their residual amount was more than 2.0%. In a similar study, the following 

parameters were proposed, the biomass:ethanol ratio 1:40, 135 С and P = 1.5 MPa 

[44]. In this case, the disadvantages are the high consumption of the extractant, 

the high temperature which negatively affects the amino acid composition of the 

protein concentrate, and the use of excess pressure which leads to additional costs. 

Thus, based on the data obtained, we propose the ratio of yeast biomass:60% 

ethanol of 1:2.5 at a temperature of 60 С as technological parameters for lipid 

extraction. These treatments reduce the residual lipid content to 1.94±0.09%. One 

of the works reported on the preparation of a baker’s yeast protein concentrate in 

which the amount of residual lipids after extraction was 6.47% [45]. 

The extraction temperature has the greatest influence on the amount of 

extracted nucleic acids (factor load 0.700). 

With yeast biomass:water ratio of 1:7, the samples were kept at 40, 50 and 

60 С in a water bath for 0.5; 1 and 1.5 h for nucleic acid degradation. Less 

amount of nucleic acids was removed at 40 С compared to 50 and 60 С (see 

Table 2). It can be concluded that with an increase in temperature to a certain 

level, the activity of the yeast’s own enzymes will increase, i.e., at 40 С it is lower 

than at 50 С) while at 60 С the enzymes inactivation occurs. At 70 С, nucleic 

acid residual was approximately 3.00%, but the amount of lysine also reduced. At 

50 С, nucleic acids would account for approximately 2.50%, while lysine loss 

would not be so significant [46]. 

2. Nucleic acids (of initial content, %) extracted from yeast Kluyveromyces marxi-

anus biomass under various conditions (n = 27, WAM±SD, lab test) 

Temperature and extraction time  
Hydromodul 

1:3 1:5 1:3 

40 С: 

0.5 h 56,32±2,81Aa 58,75±2,93Ab 59,60±2,98Ab 

1.0 h 58,60±2,93Bb 60,12±3,00Bd 64,02±3,20Be 

1.5 h 62,75±3,13Cc 65,43±3,27Ce 66,05±3,30Ce 

50 С: 

0.5 h 67,89±3,39Da 68,98±3,44Db 70,25±3,51Dc 

1.0 h 69,34±3,46Eb 71,30±3,56Ed 77,74±3,88Ee 

1.5 h 70,02±3,50Ec 72,46±3,62Ed 79,88±3,99Ef 

60 С: 

0.5 h 66,16±3,30Da 67,18±3,35Db 68,07±3,40Cc 

1.0 h 67,25±3,36Db 68,93±3,44Dc 69,74±3,48Dd 

1.5 h 68,73±3,43Ec 69,80±3,49Dd 70,10±3,50Df 

A-D Differences between the values in the column are statistically significant and differ at p < 0.05. 
a-f Differences between the columns are statistically significant and differ at p < 0.05. 

 

The final step was to determine the optimal time for nucleic acid degra-

dation. In our experiment, it was 1.0 h (see Table 2). At 50 С for 1 h and hydro-
module of 1:7, up to 77.74±3.88% nucleic acids were removed. Thus, these pa-
rameters were selected for nucleic acid degradation. 

Pacheco et al. [47] developed a technology for the production of a protein 

concentrate from baker’s yeast with a true protein content of about 75.0% on 

average, for which salts (sodium perchlorate and sodium trimetaphosphate) were 

used. In this regard, we note that there are reports of a negative effect of sodium 

perchlorate on thyroid function [48]. In our work, ethyl alcohol and native 

yeast endonucleases were used to obtain the concentrate. In a similar study, 
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the biochemical composition of the K. marxianus and S. cerevisiae autolysates 

was compared [49]. The K. marxianus biomass contains a large amount of nucleic 

acids (approximately 10%) and 56% of true protein vs. approximately 9% and 57% 

for S. cerevisiae [30]. In our work (Table 3), the K. marxianus initial biomass was 

13.45±0.67% lipids and 8.85±0.44% nucleic acids vs. 1.94±0.09% and 1.97±0.10%, 

respectively, for the produced protein concentrate. 

3. Biochemical composition (of dry matter, %) of initial yeast Kluyveromyces marxi-
anus biomass and the protein concentrate after extraction of lipids and nucleic 
acids (n = 8, WAM±SD, lab test) 

Parameter Biomass  Protein concentrate 
Crude protein  59.29±2.96Aa 71.65±3.43Bb 

True protein  54.60±2.73Aa 65.94±3.14Cc 

Lipids  13.45±0.67Da 1.94±0.09Fd 

Nucleic acids 8.85±0.44Ea 1.97±0.10Fd 
A-F Differences between the values in the column are statistically significant and differ at p < 0.05. 
a-d Differences between the columns are statistically significant and differ at p < 0.05. 

 

The yeast biomass protein of K. marxianus was lower in the contents of 

lysine, threonine, and sulfur-containing amino acids (Table 4). However, the re-

sulting protein concentrate was almost completely balanced in all essential amino 

acids, except for sulfur-containing amino acids, phenylalanine and tyrosine. Pro-

cessing under selected technological parameters significantly increased the content 

of lysine, threonine, serine, arginine, proline, glutamine and aspartic amino acids, 

however, as compared to the initial biomass, the amount of leucine, histidine and 

glycine decreased. The relative increase in the content of amino acids occurred 

due to a decrease in the content of lipids, nucleic acids and the removal of mois-

ture during drying. Compared to the initial biomass, the lysine level increased by 

1.75%, threonine by 0.50%, serine by 0.62%, arginine by 1.02%, proline by 2.66%, 

aspartic acid by 1.93%, and glutamic acid by 1.76%. The amount of glycine de-

creased by 2.14%, leucine by 1.22%, and histidine by 0.16%, since heating destroys 

these amino acids. 

4. Amino acid composition (g/100 g protein) of initial yeast Kluyveromyces marxianus 

biomass and the protein concentrate after extraction of lipids and nucleic acids as 

compared to the FAO ideal protein (WAM±SD, lab test) 

Amino acid  Yeast biomass Protein concentrate “Ideal” protein  
Phenylalanine + tyrosine 5.77±0.28 5.20±0.26 6.0 

Leucine  6.70±0.33 5.48±0.27 5.9 

Lysine  3.75±0.18 5.50±0.27 5.5 

Valine  4.36±0.21 4.86±0.24 4.9 

Isoleucine  4.28±0.22 4.35±0.21 4.0 

Threonine  1.87±0.09 2.31±0.11 3.3 

Tryptophan  1.23±0.06 1.34±0.06 1.0 

Glutamic acid 2.55±0.12 4.31±0.21 – 

Arginine  3.46±0.17 4.48±0.22 – 

Glycine  4.59±0.23 2.45±0.12 – 

Aspartic acid 3.54±0.17 5.47±0.27 – 

Methionine + cysteine  2.03±0.10 2.20±0.11 3.5 

Proline  2.61±0.13 5.27±0.26 – 

Histidine  1.82±0.09 1.66±0.08 1.5 

Alanine  4.32±0.21 5.53±0.27 – 

Serine  0.41±0.02 1.03±0.05 – 

N o t е. Dashes mean that these amino acids are not determined for the “ideal” protein. 

 

Lysine is the main limiting amino acid in pig feed. In the protein concen-

trate we obtained its amount is 5.50±0.27%. This is enough to meet the daily 

needs of farm animals. For birds, the limiting amino acids are cysteine and me-

thionine the amount of which in the protein concentrate (2.2±0.11%) can also 

cover daily requirement. One study used a yeast protein concentrate to feed 

Cyprinidae fish [50] and showed that this concentrate could replace up to 50% of 
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expensive fishmeal in carp diets without any negative effects on fish health and 

growth. In addition, the amino acid composition of the yeast biomass of K. 

marxianus and the protein concentrate is comparable in composition to the ideal 

FAO/WHO protein [51, 52] (see Table 4). 

The main advantage of our technology is the use of thermotolerant yeast 

K. marxianus, which can be cultured at higher temperatures (34-40 С). In addi-
tion, to date, most studies have focused on the physiology and metabolism rather 
than on practical applications of K. marxianus [32]. Baker’s yeast is most com-

monly culture at approximately 32 С [53]. Yeast culture generates a large amount 
of heat, so it is necessary to cool the medium in the bioreactor. K. marxianus yeast 
requires less cooling than baker’s yeast, which reduces the amount of coolant. 

Using the developed technology, we have obtained a prototype protein 

concentrate. It is a paste-like mass after drying in an oven at 103 С to a 5.56% 
residual moisture content. Characteristics of the prototype are as follows: 

Parameter Regulatory document Показатель 
Crude protein  GOST 20083-74   71.65 % 
True protein  GOST 20083-74   65.94 % 
Appearance  GOST Р 54731-2011  Homogeneous dry fine powder 
Color  GOST Р 54731-2011   Light beige or light brown 
Flavor   GOST Р 54731-2011   Yeast-specific, without  

off-flavours 
Taste  GOST Р 54731-2011   Yeast-specific, without extra-

neous aftertaste 
Moisture  GOST Р 54731-2011   5.56 % 
Microbiological indicators Technical regulation of the Customs Union 021/2011 Matched  
Heavy metal content Technical regulation of the Customs Union 021/2011 Matched 

 

Thus, the sunflower oil production generates a large amount of wastes. We 
have developed the biotechnology for manufacturing a protein-rich product from 
the yeast Kluyveromyces marxianus Y-4570 biomass with the use of sunflower husk 
enzymatic lysate as the culture medium. The technology includes nucleic acid 
degradation and defattening. Lipid removal includes extraction with 60% ethanol 

for 1.0 h at 60 С and a hydromodule of 1:2.5 (the residual amount of lipids does 
not exceed 2%). Nucleic acid degradation occurs during 1.0 h due to yeast’s own 

endonucleases at 50 С and a hydromodulus of 1:7 (the residual amount of nucleic 
acids also does not exceed 2%). The resultant protein concentrate contains at least 
65% of true protein. The increase in the content of amino acids in the protein 
concentrate occurs due to a decrease in the content of lipids and nucleic acids. 
The amino acid composition of yeast biomass and protein concentrate is compa-
rable to that of an ideal FAO/WHO protein. The introduction of a concentrate 
from the yeast biomass of K. marxianus Y-4570 into food products will enrich 
them with protein with a high content of essential amino acids and improve the 
organoleptic qualities. Protein concentrate can also be used in animal husbandry. 
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A b s t r a c t  
 

The somatic cell count in cow's milk is used to control the inflammatory infection process 

and to assess the likelihood of subclinical and clinical mastitis. In the article, within the framework of 

experimental design of observations in a dairy cattle herd, the possibility in the cows’ mammary gland 

monitoring status, based on the total somatic cell count determination and proportion for lymphocytes 

and polymorphonuclear neutrophils (PMN) in raw milk is shown for the first time in Russia. The 

obtained results confirm the relationship between somatic cell count (SCC) and daily milk yield for 

lactating animals. The aim of this work is to assess the relationship between the number of somatic 

cells in milk and their differentiation by species with milk production, milk component traits, and the 

risk of progressing subclinical and clinical mastitis in Holsteinized Black-and-White cows. The work 

was carried out from June 2020 to May 2021 (an experimental herd of Holsteinized Black-and-White 

cattle, PZ Ladozhsky — a branch of the Ernst Federal Research Center for Animal Husbandry, Kras-

nodar Territory). The total sample in a data set was 313 animals; the number of milk lactation records 

was 1931. The analysis of milk components was carried out using an automatic analyzer CombiFoss 7 

DC (FOSS, Denmark) based on express methods of infrared spectroscopy and flow cytometry. The 

following milk traits were studied: daily milk yield, percentage of fat, protein, casein, lactose, dry 

matter, dry skimmed milk residue, traces of acetone and beta-hydroxybutyrate (BHB), freezing point 

and acidity, fatty acids (FA), SCC, DSCC (fraction of lymphocytes and PMN in the total amount of 

cells). In order to indirectly assess the mammary gland condition of cows, animals in the herd were 

conditionally divided into four groups: A — SCC ≤ 200 thousand cells per ml, DSCC ≤ 70 %; B — 

SCC ≤ 200 thousand cells per ml, DSCC > 70 %; C — SCC > 200 thousand cells per ml, DSCC 

> 70 %; D — SCC > 200 thousand cells per ml, DSCC ≤ 70 %. Also, the following animal gradation 

was applied regardless of the probability of mastitis: two groups with DSCC ≤ 70 and DSCC > 70 %; 

four subgroups with SCC ≤ 200, 201-500, 501-1000 and ≥ 1001 thousand cells per ml. We used loga-

rithmic (normalized) SCC scores according to G.R. Wiggans et al. (1987) approach. The individual 

economic value of the daily milk yield of cows was determined. For assessing effects of environmental 

factors and their elimination on daily milk component traits, the equation of generalized linear models 

(GLM) was used. Estimates of phenotypic means for milk features were obtained by the GLM-equa-

tion using the least squares method. The pairwise comparison between means was performed using 

Tukey’s test. Principal component analysis (PCA) was used to study the variability of milk composition 
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depending on their formation in the animal organism in order to determine the most significant pa-

rameters that determine the productivity of dairy cows. Healthy individuals and animals with suspected 

mastitis (predisposed to the onset of infection) (groups A and B) had desirable features of milk pro-

duction, the daily milk yield was 25.7-27.7 kg, the average economic efficiency of milk production was 

714-744 rubles per day per cow. Cows assigned to groups C (subclinical or clinical forms of active 

mastitis) and revealed as D (chronic mastitis) had the milk component traits superior to other groups 

with a relatively lower daily milk yield. Animals with high SCC values as well as with a chronic form 

of mastitis were most susceptible to metabolic disorders or ketosis, regardless of DSCC. An increase 

in the fat percentage in milk by 0.18-0.37 % (p ≤ 0.001) for animals with SCC ≥ 1001 thousand cells 

per ml led to rise the share of saturated FA by 1.1-1.4 percentage points (p.p.), palmitic FA — by 0.4-

1.2 p.p., medium-chain FA — by 1.0-1.4 p.p. An increase in the normalized scores of SCC by one 

point (limits from 1 to 10) led to a decrease in the daily milk yield by 0.6 kg, lactose percentage — by 

0.062 p.p. and an increase in fat and protein by 0.090 and 0.055 p.p., respectively. Analysis of the main 

components revealed clear clusters for the protein and fat milk fractions, urea and fatty acids, acetone 

and BHB, freezing point and pH values, SCC and DSCC. A separate group included the daily milk 

yield and lactose percentage (together with ketone bodies) traits not related to other milk composition 

traits, thereby indicating the independent nature of the variability of these features. Further study of 

the relationship between the milk components synthesis in mammary gland and animal physiological 

status will make it possible to clarify the direction of selection in dairy cattle and define the genetic 

determination of milk production traits. 
 

Keywords: milk, cow, somatic cell count, milk yield, fat, protein, fatty acids, acetone, BHB, 

mastitis, ketosis 
 

The total somatic cell count (SCC) in the milk of dairy cows is crucial for 

detecting various mastitis, monitoring the inflammatory process, predicting sub-

clinical and clinical mastitis, and assessing the health status of animals and milk 

quality. A more detailed analysis of the milk composition helps to develop ways 

to improve milk quality and milk yield [1, 2]. 

Despite of considerable progress in cow udder health over the past 40 

years, mastitis continues to cause enormous economic damage to dairy cattle 

throughout the world. This is a complex pathology influenced by the environment, 

feeding, keeping conditions and genetic factors. In addition, pathogens that cause 

mastitis are constantly mutating, which requires adjustment of treatment regimens. 

Now dairy cattle are more productive than 20-30 years ago, which changes the 

type of herd management and breeding approaches [3]. 

Since the milk somatic cells are mostly lymphocytes, macrophages and 

polymorphonuclear neutrophils (PMN), for a more accurate characterization of 

the udder state and the prognosis of the occurrence of mastitis, in addition to 

evaluation of total SCC, it is advisable to differentiate somatic cells by their type 

[4-6]. Three major populations of cells found in milk play a key role in the mam-

mary gland inflammation [7, 8]. Lymphocytes regulate the induction and suppres-

sion of immune responses. Macrophages recognize pathogens and initiate an im-

mune response to invasion, resulting in a massive influx of PMN. Macrophages 

engulf bacteria, cellular debris, accumulated milk components and participate in 

tissue repairing. PMNs also protect the udder from bacterial entry in the event of 

mastitis [9]. 

In disease, the total number of SCCs and the composition of cells involved 

in the immune response usually change. In milk of healthy animals, the counts of 

somatic cells, mainly macrophages and lymphocytes, are low [10-13]. With any 

infection, the SCC increases significantly, and PMNs become predominant [14]. 

Flow cytometry coupled with infrared spectroscopy is a relatively inexpen-

sive rapid method to assess SCCs and milk composition compared to fluorescence 

microscopy and arbitration methods [15, 16]. The method allows an accuracy of 

0.839 to differentiate somatic cell types, 0.994 to detect SCCs, 0.820 to detect 

beta-hydroxymalic acid, and 0.800-0.950 for other milk components. 

Many practitioners deem the number of somatic cells in milk to be insig-

nificant for breeding, since the state of the mammary gland is more influenced by 
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the environment (including bacterial microbiota, especially staphylococci) than by 

genetic factors. However, population monitoring can contribute to breeding the 

most resistant and genetically adapted individuals. In Russia, in cows with SCC 

from 201 to 500 thousands per milliliter, milk production over lactation was 

274 kg, or 4%, lower compared to animals with SCC not exceeding 200 thousands 

per milliliter. For SCC from 501 to 1000 thousands per milliliter, productivity was 

348 kg (5%) lower, for SCC above 1001 thousand cells per ml408 kg (5.9%) lower. 

Note that the mass fraction of milk protein was 0.19% higher in animals with SCC 

of more than 1000 thousands per milliliter, which indirectly indicates physico-

chemical changes in milk [17, 18]. 

At present, dairy cattle breeding for higher milk protein content is relevant 

because of general deficiency of protein in the human diet with constantly growing 

milk consumption. Also important is the traditional breeding for milk fat content 

to meet the market needs for butter, sour cream, cream, soft cheeses. However, 

without understanding the nature of the onset and course of the inflammation in 

the mammary gland, it is difficult to obtain high-quality products. It is obvious 

that an increase in productivity creates an additional physiological burden on the 

cow's body, which leads to metabolic stress, a decrease in resistance and a change 

in the composition of milk. 

All these stimulate interest in search for putative biomarkers of the physi-

ological state and productivity traits of dairy cows. Various types of somatic cells 

in milk can be such biomarkers. 

For the first time, our observations in a herd of dairy cattle revealed that 
the total SCC in milk and the proportions of lymphocytes and PMN in SCC might 
be indicative of the state of cows’ mammary gland. Our finding confirmed the rela-
tionship between the SCC score and daily milk production of lactating cows. 

This work aimed to reveal the relationship of somatic cell counts (total 
and by species) with milk yielding, milk composition and the likelihood of occur-
rence of subclinical and clinical mastitis in Holsteinized Black-and-White cows. 

Materials and methods. The work was carried out from June 2020 to May 

2021 in an experimental herd of Holsteinized Black-and-White cows (PZ Ladoga — 

a branch of the Ernst FRC VIZH, Krasnodar Territory). The total number of 

measurements of daily milk indicators on 334 cows was 2023. After quality control 

for normal distribution and extreme values (outliers) for the main parameters, i.e., 

the mass fractions of fat (MFF), protein (MFP), lactose (MFL) and dry matter 

(DM), the sample size was 313 animals, with 1931 measurements in total. Control 

milking, individual sampling and conservation of milk samples using Microtabs 

tablets (USA) were carried out three times a day, in the morning (5.00-7.00), in 

the afternoon (12.00-13.30), and in the evening (18.00-20.00). 

Milk component assay was performed (an automatic analyzer CombiFoss 

7 DC, FOSS, Denmark; the analyzer consists of a MilkoScan for near infrared 

spectroscopy coupled with Fossomatic 7 DC for flow cytometry). All indicators were 

recorded automatically, the data were uploaded to the Microsoft Excel program for 

each sample. Before starting milk sample analysis, the readings for a standard milk 

sample and a synthetic medium containing somatic cells were recorded. 

Each milk sample was analyzed individually; the values obtained were re-

duced to average daily values. The following parameters were determined: daily 

milk yield (DMY), MFF, MFP, mass fraction of casein (MFC), MFL, DM, dry 

skimmed milk residue (DSMR), traces of acetone and beta-hydroxybutyrate 

(BHB), freezing point (FP) and acidity (pH), fatty acids (FA) — C14:0 (myristic), 

C16:0 (palmitic), C18:0 (stearic), C18:1 (oleic), long-, medium- and short-chain 

fatty acids (LCFA, MCFA , SCFA), mono- and polyunsaturated FAs (MUFAs, 

PUFAs), saturated FAs (SFAs), transisomers (TFA), SCC, DSCC (differential 
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somatic cell count, DSCC as the proportion of lymphocytes and PMN in the total 

amount of cells). The device cannot record the proportion of macrophages, so it 

was calculated as the difference between the SCC taken as 100% and the DSCC 

percentage. 

To indirectly assess the mammary gland state, all cows were conditionally 

grouped according to Schwarz [26] in our modification. Group A was healthy 

individuals (SCC  200 thousands per milliliter, DSCC  70%); group B was indi-

viduals with suspected mastitis (SCC  200 thousands per milliliter, DCC > 70%); 

C was individuals with subclinical/clinical mastitis, SCC > 200 thousands per millili-

ter, DSCC > 70%); D was individuals with chronic (persistent) mastitis (SCC > 200 

thousands per milliliter, DSCC  70%). In addition, regardless of the likelihood 

of mastitis, animals were grouped by DSCC scores (two groups with DSCC  70 

and > 70%) and by SCC scores (four subgroups with SCC  200, 201-500, 501-

1000 and  1001 thousands per milliliter) (eight subgroups in total for the DSCC 

and SCC combination). 

We used logarithmic (normalized) SCC estimates (SCCE) according to 

Wiggans [19]. The best animals in terms of SCC in milk corresponded to 1 point, 

the worst to 10 points, with a one-point step SCC: 

SCCE = log2(SCC/100) + 3. (1) 

The individual estimated milk value (EMV) in phenotypic terms was de-

termined based on the milk price (60% for MFP, 40% for MFF expressed for the 

basal contents of 3.0% protein and 3.4% fat) in terms of the physical mass of the 

chilled raw material. The economic value was specified by increasing and decreas-

ing coefficients for raw material for processing which depend on the SCC value by 

(1.1 for SCC < 250 thousands per milliliter, 1.0 for SCC 250-400 thousands per 

milliliter, 0.9 for SCC = 400-1000 thousands per milliliter, and 0.5 for SCC > 1000 

thousands per milliliter). 

To assess the effect of environmental factors and their elimination on the 

daily indicators, the equation of generalized linear models (GLM) implemented 

in the STATISTICA 10 program [20] was used: 

yikm = MLi + DMk + a1DIM + DSCC_SCCm + eikm, [2] 

where y is the estimated parameter for group m, month i, and milkmaid k; ML is 

the month of the productivity estimation (i = 10); DM is the fixed effect of the 

milkmaid (k = 6); DIM is a continuous effect of lactation days from calving (a1 

is regression coefficient); DSCC_SCC is the fixed effect of the group the animal 

is assigned to with regard to SCC and DSCC scores (m = 8); e is residual variance 

of the model. 

Based on the GLM equation using the least squares method (Least-

Squares, LS), estimates of phenotypic means for milk performance were obtained. 

Pairwise comparisons between means were made using Tukey’s test. The principal 

component analysis (PCA) method was used for spatial visualization and analysis 

of the variability of milk composition depending on the individual characteristics 

of its formation to establish the most significant parameters that determine the 

dairy productivity. Descriptive statistics were calculated using the STATISTICA 

10 program (StatSoft, Inc., USA) and Microsoft Excel 2013. The tables show the 

means (M), their standard errors (±SEM), and coefficients of variation (Cv, %). 

The differences were considered statistically significant at p  0.05. 

Results. The milk composition estimates provided by infrared spectroscopy 

or flow cytometry assay, serve as a kind of biomarker to control the productive 

traits through breeding and to manage animal health. 

DSCC in milk from cows in our experiments ranged from 0 (no blood 
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cells detected) to 93.8%. I.e., the proportion of macrophages at the maximum 

DSCC was the smallest, which could indicate an active inflammatory process in 

the mammary gland.  
 

 

Fig. 1. Somatic cell differentiation (DSCC, lymphocytes and polymorphonuclear neutrophils) in milk 

of Holsteinized Black-and-White cows (individual daily values) depending on somatic cell counts 

(SCC) (PZ Ladoga — a branch of the Ernst FRC VIZH, Krasnodar Territory, 2020-2021). Dotted 

lines indicate the threshold values for DSCC and SCC. 
 

Figure 1 shows the distribution of DSCC depending on the total number 

of somatic cell counts (with threshold values of 70% for DSCC and 200 thousand 

cells per mlSCC). With an increase in the SCC in milk, the DSCC index increased 

in a logarithmic function (R2 = 0.453). The percentage of records with the lower 

threshold for SCC, regardless of the DSCC score, was 35.9%, with 13.4 and 50.7% 

excess for SCC < 70% and > 70%, respectively. These results draw to the conclu-

sion that approximately two thirds of the herd have a subclinical pattern of mam-

mary dysfunction, which often occur in high-yielding herds whose diet is high in 

concentrated feed. For 13.4% of animals, deviations in the functional properties 

of the udder were chronic. 

The average daily milk yield in the studied animals was 25.4±0.2 kg with 

a mass fraction of fat and protein of 3.61±0.02 and 3.20±0.01%, respectively (Ta-

ble 1). In our opinion, the low milk fat content is associated with the climatic 

conditions of the breeding area and the diet intended for high milk production. 

Values of metabolic biomarkers (ketone bodies or traces of acetone and BHB in 

milk) were within the physiological norm, the 0.30-0.35 and 0.15 mmol/l, respec-

tively. In 1.1% of cases, the appearance of clinical (new-calving cows, from day 9 

to day 78 after calving) and subclinical (second half of lactation, from day 167 to 

day 598 after calving) forms of ketosis occurred. Similar results for acetone and 

BHB in milk were obtained in the herds of the Black-and-White and Holstein 

breeds in the Tyumen region [21]. The relationship between the amount of ac-

etone and BHB was linear (R2 = 0.631). The concentration of urea in milk 

exceeded the optimal values (15.1-30.0 mg/100 ml) and amounted to 38.7 

mg/100 ml. Earlier work on a dairy cattle population in the Moscow Province 

showed that an increase in the urea content in milk to 35.0-37.6 mg/100 ml led 

to a 0.27-0.55% decrease in MFF [22]. 
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1. The impact of generalized linear model (GLM) factors on milk productivity and 

composition of Holsteinized Black-and-White cows (n = 1931, PZ Ladoga — a 

branch of the Ernst FRC VIZH, Krasnodar Territory, 2020-2021) 

Parameter M±SEM Cv, % 
Factor 

R2 
DL MM ML DSCC/SCC 

Daily milk yield, kg 25.4±0.2 28.0 *** *** *** *** 0.240 

MFF, % 3.61±0.02 26.0 *** t *** *** 0.273 

MFP, % 3.20±0.01 13.8 *** nr *** *** 0.315 

MFC, % 2.69±0.01 13.8 *** nr  *** *** 0.310 

MFL, % 4.82±0.01 4.5 *** nr  ** *** 0.285 

Dry matter, % 12.72±0.028 9.5 *** nr  *** *** 0.268 

DSMR, % 9.08±0.01 5.3 *** nr  *** *** 0.195 

Acetone, mmol/l 0.055±0.002 160.1 *** *** *** ** 0.171 

BHB, mmol/l 0.013±0.001 326.4 * *** *** *** 0.256 

Urea, mg/100 ml 38.7±0.1 16.8 nr *** *** t 0.514 

C14:0, g/100 g 0.336±0.002 25.9 *** t *** *** 0.196 

C16:0, g/100 g 0.887±0.005 26.2 *** t *** *** 0.182 

C18:0, g/100 g 0.336±0.003 34.9 nr nr *** *** 0.200 

C18:1, g/100 g 1.156±0.007 27.5 *** t *** *** 0.252 

LCFA, g/100 g 1.426±0.010 30.7 ** * *** ** 0.263 

MCFA, g/100 g 1.358±0.008 26.4 *** * *** *** 0.207 

SCFA, g/100 g 0.479±0.003 31.0 *** nr *** *** 0.304 

MUFAs, g/100 g 1.076±0.007 27.4 *** t *** *** 0.211 

PUFAs, g/100 g 0.131±0.001 22.9 *** *** *** *** 0.325 

SFAs, g/100 g 2.373±0.015 27.7 *** t *** *** 0.275 

SCC, thousand cells per ml 832±31 166.1 nr  nr nr *** 0.526 

DSCC, % 63.5±0.6 39.8 nr  t *** *** 0.685 

N o t е. DL — lactation days, MM — milkmaid, ML — lactation month, DSCC/SCC — proportion of lympho-

cytes + polymorphonuclear neutrophils (DSCC) in total somatic cell counts (SCC) (8 subgroups), R2 — determi-

nation coefficient; MFF — mass fraction of fat, MFP — mass fraction of protein, MFC — mass fraction of casein, 

MFL — mass fraction of lactose, DSMR — dry skimmed milk residue, BHB — beta-hydroxybutyrate, fatty acids 

С14:0 — myristic, С16:0 — palmitic, С18:0 — stearic, С18:1 — oleic, LCFA — long-chain fatty acids, MCFA — 

medium-chain fatty acids, SCFA — short-chain fatty acids, MUFAs — monounsaturated FAs, PUFAs — polyun-

saturated FAs, SFAs — saturated FAs. 
tp  0.1, * p  0.05, ** p  0.01, *** p  0.001; nr — unreliable. 

 

The milk fatty acid distribution was as follows: by saturation of the carbon 

chain 66.3% SFA, 30.1% MUFA, 3.7% PUFA; by the length of the carbon chain 

39.8% LCFA, 37.9% MCFA, SCFA 13.4%, trans-isomers of fatty acids 2.7%; by 

the number of carbon atoms in the FA chain 32.3% oleic (C18:1), 24.8% palmitic 

(C16:0), 9.4% myristic (C14:0) and stearic (C18:0) each. The proportions of fatty 

acids in the population of Holsteinized cattle in the Moscow region was similar 

[23], however, the proportion of the milk fat fraction was higher (4.46%), while 

SFA accounted for 78.2%, MUFA for 21.8%, PUFA for 0.1% [23]. 

 The detected milk SCC was consistent with an increased incidence of 

subclinical and clinical forms of mammary gland diseases in the herd, as well as 

persistent chronic mastitis. The coefficient of phenotypic variability was the high-

est for SCC (166.1%), acetone content (160.1%) and BHB (326.4%), which may 

indicate a significant influence of paratypical conditions (keeping technology, 

management, diet of animals). The minimum variability occurred for MDL 

(4.5%), DSMR (5.3%) and DM (9.5%). The variability of the main indicators of 

milk production ranged from 13.8% for protein to 26.0% for fat (including 22.9-

34.9% FA) and 28.0% for daily milk yield. According to the model equation for a 

number of fixed and regression factors, the day of lactation and the stage of lac-

tation had no effect on the of milk urea concentration, the content of stearic FA, 

SCC and DSCC. 

The milkmaid factor turned out to be the least significant of all those 

considered and was not statistically significant for the content of protein, casein, 

lactose, dry matter and DSMR, stearic FA, short-chain FA and SCC. The milk-

maid factor slightly affected (p  0.1) the MFF, the content of myristic and palmitic 
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FAs, MUFAs, SFAs and DCSCs In all likelihood, the effect of milking on the 

composition of cows’ milk was eliminated by other more significant factors. 

The month of lactation had a highly significant significance (p  0.01-

0.001) for all the studied parameters, except for SCC. The influence of factors 

from eight DSCC/SCC subgroups on the variability of milk parameters turned out 

to be highly significant (p  0.01-0.001), with the exception of the concentration 

of urea (p  0.1). The coefficient of determination of the model expectedly 

showed higher values for SCC (R2 = 0.526), DSCC (R2 = 0.685) and for urea 

(R2 = 0.514). In other cases, the reliability of the model ranged from R2 = 0.171 

for acetone to R2 = 0.325 for polyunsaturated fatty acids. 

Table 2 submits the distribution of the least squares estimates for the trait 

of milk productivity, depending on the predicted state of the mammary gland, 

with the gradations of groups A, B, C and D. The highest daily milk yield (27.7 kg, 

p  0.001) were characteristic for cows from group B, that is, individuals with 

suspected inflammatory processes in the mammary gland, however, SCC in group 

B was below 200 thousands per milliliter. This may be due to an increase in the 

number of PMN and leukocytes (78.3%, p  0.001) at an early stage of bacterial 

infection and the subsequent immune response to phagocytosis. It is expected that 

after the absorption of the pathogen, a gradual increase in the activity of macro-

phages will occur followed by normalization of the udder function. 

2. Parameters of milk productivity and composition of Holsteinized Black-and-White 
cows as influenced by the udder condition (M±SEM, PZ Ladoga — a branch of the 

Ernst FRC VIZH, Krasnodar Territory, 2020-2021) 

Parameter 
Group 

A (n = 96) B (n = 40) C (n = 115) D (n = 62) 
Number of observations, % 29.5 6.4 50.7 13.4 

Daily milk yield, kg 25.7±0.3*** 27.7±0.6**/*** 25.5±0.3*** 23.3±0.5 

MFF, % 3.39±0.04 3.32±0.08 3.57±0.04*** 3.69±0.06*** 

MFP, % 3.10±0.02 3.05±0.04 3.22±0.02*** 3.34±0.03*** 

MFC, % 2.62±0.02 2.58±0.03 2.70±0.01*** 2.80±0.02*** 

MFL, % 4.93±0.01*** 4.92±0.02*** 4.78±0.01*** 4.74±0.01 

Dry matter, % 12.51±0.06 12.37±0.10 12.66±0.05*/** 12.89±0.08**/*** 

DSMR, % 9.09±0.02 9.01±0.04 9.06±0.02 9.16±0.03*** 

Acetone, mmol/l 0.063±0.004* 0.064±0.008 0.052±0.004 0.065±0.006 

BHB, mmol/l 0.010±0.002 0.012±0.004 0.012±0.002 0.023±0.003*/*** 

Urea, mg/100 ml 37.9±0.3 37.8±0.4 37.4±0.2 37.8±0.3 

C14:0, g/100 g 0.318±0.004 0.315±0.008 0.337±0.004*** 0.343±0.006*** 

C16:0, g/100 g 0.823±0.012 0.811±0.021 0.897±0.010*** 0.907±0.016*** 

C18:0, g/100 g 0.320±0.006 0.308±0.010 0.327±0.005 0.342±0.008** 

C18:1, g/100 g 1.108±0.015 1.078±0.027 1.131±0.013 1.186±0.020*/** 

LCFA, g/100 g 1.375±0.021 1.330±0.037 1.384±0.018 1.447±0.028* 

MCFA, g/100 g 1.256±0.018 1.236±0.032 1.372±0.015*** 1.401±0.024*** 

SCFA, g/100 g 0.444±0.007 0.438±0.012 0.471±0.006** 0.492±0.009*** 

MUFAs, g/100 g 1.035±0.015 1.009±0.026 1.056±0.012 1.104±0.019*/** 

PUFAs, g/100 g 0.125±0.001 0.122±0.002 0.127±0.001 0.131±0.002** 

SFAs, g/100 g 2.203±0.031 2.160±0.056 2.361±0.027**/*** 2.444±0.041*** 

SCC, thousand cells per ml 23.7±67.6 184.8±120.4 1315.9±57.5*** 467.8±89.5*** 

DSCC, % 33.7±0.8 78.3±1.4*** 80.2±0.7*** 59.4±1.0*** 

EMV, rub.ʺday1ʺhead1 714±10*** 744±19*** 516±9 585±14*** 

N o t е. DSCC/SCC — proportion of lymphocytes + polymorphonuclear neutrophils (DSCC) in total somatic cell 

counts (SCC), MFF — mass fraction of fat, MFP — mass fraction of protein, MFC — mass fraction of casein, 

MFL — mass fraction of lactose, DSMR — dry skimmed milk residue, BHB — beta-hydroxybutyrate, fatty acids 

С14:0 — myristic, С16:0 — palmitic, С18:0 — stearic, С18:1 — oleic, LCFA — long-chain fatty acids, MCFA — 

medium-chain fatty acids, SCFA — short-chain fatty acids, MUFAs — monounsaturated FAs, PUFAs — polyun-

saturated FAs, SFAs — saturated FAs, EMV — estimated milk value. For a description of the groups, see the 

Materials and methods section. Sequential pairwise comparison is performed. 

* p  0.05, ** p  0.01, *** p  0.001.  
 

Cows of group B were inferior to the rest in percentage of milk fat, protein, 

fatty acids, BHB (p  0.001), except for lactose. However, in terms of EMV, these 

animals outperformed others by 30-228 rub. Cows of group A (healthy individuals) 

showed the best scores for SCC and DSCC, 23.7 thousand cells per ml and 33.7%, 
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respectively, with a higher daily milk yield (25.7 kg) compared to groups C and 

D. For the main milk components, these cows were inferior to those with high 

SCC value, except for MDL (p  0.001) and traces of acetone (p  0.05); the 

EMV values were close to group B, 714 rub.ʺday1ʺhead1. 

The cows of groups C (with subclinical or clinical active mastitis) and D 
(with chronic mastitis) exceeded other groups in the milk components, while have 
a relatively lower daily milk production. In animals from group C, MFF was 0.18 

and 0.25% higher (p  0.001) compared to groups A and B, in cows of group D 
0.30 and 0.37% higher. MFP increased by 0.12 and 0.17%, respectively, and by 
0.24 and 0.29%, respectively. The fatty acid content and casein also changed. 

It should be noted that in cows of group D, the amount of milk ketone 
bodies increased, while for BHB, there was a highly significant difference, +0.011 

(A/D, p  0.001) and +0.013 mmol/l (B/D,  p 0.05), which is consistent with 
the results for the Holstein cattle population in Canada [24]. 

Despite higher MFF and MFP parameters, the economic efficiency of 

groups C and D was only 516 and 585 rub.ʺday1ʺhead1. We believe that in our 
case, increased fat and protein secretion could be due to the active phase of the 
inflammation at the beginning (after calving and before the peak of daily milk 
yield) and the end of lactation (from day 210 after calving to the dry period), 
when there was a physiological maximum production of milk components. 
Schwarz et al. [25-27] noted similar patterns for populations of Holstein, Sim-
mental and Brown Swiss breeds in Austria, China, Estonia, Germany and Spain. 

We compared these parameters with respect to DSCC/SCC gradation for 
eight subgroups for a more detailed characterization of the changes in the daily 
productivity and milk composition (Table 3). It was found that the average daily 

milk yield of animals with SCC  200 thousand cells per/ml was 1.8-5.8 kg higher 

(p  0.001) for DSCC  70% and 0.9-3.0 kg higher (p  0.001) for DSCC > 70% 
compared to subgroups with other SCC scores. For the main milk component 
parameterss, e.g., MFF, MFP, and MFC, there was a significant superiority of 
cows’ subgroups with CSC > 200 thousand cells per ml. 

We concluded that an increased number of somatic cells in milk (in par-

ticular, > 1 million cells) changes the proportion of some FAs, regardless of the 

DSCC threshold. So, when comparing the contrasting subgroups with SCC  200 

and  1001 thousand cells per ml, the greatest differences were found in the total 

fats, from +1.1 to +1.4 p.p. for SFAs, from +0.4 to +1.2 p.p. for palmitic FA, 

and from +1.0 to +1.4 p.p. for MCFAs. There also was a decrease in stearic and 

oleic fatty acids (by 0.6 and 1.0 p.p.), long-chain fatty acids (by 1.7-2.5 p.p.), 

monounsaturated fatty acids (0 .9-1.2 p.p.), and polyunsaturated fatty acids (by 

0.2 p.p.). An increase in the fraction of saturated fatty acids with a simultaneous 

decrease in MUFA and PUFA leads to a decrease in the quality of processed 

products, since fatty acids with many double carbon bonds are recognized as the 

most useful for humans. Significantly higher values of EMV were in animals with 

SCC  200 thousand cells per ml (by 423-444 rubles compared to the cows with 

SCC  1001 thousand cells per ml). 

 Figure 2 shows the daily productivity vs. the normalized SCC estimates. 

In daily milk yield, cows with a SCC score of 1 point were statistically significantly 

(p  0.1-0.001) superior by 1.5-6.0 kg to cows with 4 points and higher. The 

distribution of LS-estimates for the fat, protein and lactose fractions was similar 

to that for the DSCC/SCC control groups, that is, with an increase in the score, 

the MFF and MFP increased from 3.34 to 4.24% and from 3.02 to 3.57%. The 

dynamics of the MFL had an inverse pattern and averaged 0.062 p.p. for each 

point of the SCC score. In our opinion, this may be due to the more active use 

of milk sugar by the bacterial microbiota of the mammary gland. 
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3. Milk productivity and milk composition of Holsteinized Black-and-White cows depending on the SCC score gradations and DSCC values based on the 
LS-estimates and (M±SEM, PZ Ladoga — a branch of the Ernst FRC VIZH, Krasnodar Territory, 2020-2021) 

Parameter  

SCC, thousand cells per ml 

DSCC  70 % (n = 829) DSCC > 70 % (n = 1102) 

 200 201-500 501-1000  1001  200 201-500 501-1000  1001 
Number of observations, % 29,5 7,8 4,3 1,4 6,4 15,3 14,5 20,9 
Daily milk yield, kg 25,7±0,3*** 23,9±0,6*** 22,9±0,7* 19,9±1,2 27,7±0,6*** 26,8±0,4*** 25,2±0,4 24,7±0,4 
MFF, % 3,39±0,04 3,71±0,07*** 3,65±0,09* 3,95±0,16*** 3,31±0,08 3,41±0,05 3,53±0,06* 3,72±0,05**/*** 
MFP, % 3,10±0,02 3,33±0,03*** 3,37±0,04*** 3,41±0,07*** 3,05±0,04 3,13±0,02 3,24±0,03*** 3,29±0,02*** 
MFC, % 2,62±0,02 2,80±0,03*** 2,81±0,04*** 2,85±0,06*** 2,58±0,03 2,64±0,02 2,73±0,02*** 2,74±0,02*** 
MFL, % 4,93±0,01*** 4,80±0,02*** 4,67±0,02*** 4,55±0,04 4,93±0,02**/*** 4,87±0,01*** 4,81±0,01*** 4,67±0,01 
Dry matter, % 12,51±0,06 12,95±0,09*** 12,80±0,12* 13,04±0,21** 12,36±0,10 12,50±0,07 12,68±0,07** 12,77±0,06*** 
DSMR, % 9,09±0,02 9,21±0,04*** 9,11±0,05 9,05±0,09 9,01±0,04 9,05±0,03 9,11±0,03* 9,03±0,03 
Acetone, mmol/l 0,063±0,004 0,056±0,007 0,071±0,009 0,097±0,016*/** 0,064±0,008* 0,049±0,005 0,046±0,006 0,060±0,005* 
BHB, mmol/l 0,011±0,002 0,015±0,003 0,025±0,004** 0,068±0,008*** 0,012±0,004 0,008±0,003 0,006±0,003 0,021±0,002*** 
Urea, mg/100 ml 37,9±0,3 37,8±0,4 37,4±0,5 38,5±0,9 37,9±0,4 38,0±0,3** 37,4±0,3 37,0±0,3 
C14:0, g/100 g 0,318±0,004 0,347±0,007*** 0,331±0,009 0,366±0,016** 0,314±0,008 0,327±0,005 0,338±0,005** 0,344±0,005** 
C16:0, g/100 g 0,827±0,012 0,910±0,019*** 0,897±0,025** 0,987±0,042*** 0,808±0,021 0,844±0,014 0,879±0,015** 0,954±0,013*** 
C18:0, g/100 g 0,320±0,006 0,345±0,009* 0,341±0,012 0,354±0,021 0,307±0,010 0,311±0,007 0,317±0,007 0,348±0,006**/*** 
C18:1, g/100 g 1,108±0,015 1,184±0,025** 1,184±0,032* 1,263±0,055*** 1,076±0,027 1,085±0,019 1,116±0,019 1,178±0,017**/*** 
LCFA, g/100 g 1,376±0,021 1,455±0,034* 1,429±0,044 1,519±0,075 1,327±0,037 1,336±0,025 1,368±0,026 1,434±0,023** 
MCFA, g/100 g 1,256±0,018 1,404±0,029*** 1,384±0,037** 1,516±0,063*** 1,232±0,031 1,300±0,022 1,354±0,022** 1,441±0,020**/*** 
SCFA, g/100 g 0,444±0,007 0,498±0,011*** 0,477±0,015* 0,532±0,025*** 0,437±0,012 0,458±0,008 0,467±0,009* 0,483±0,008*/** 
MUFAs, g/100 g 1,035±0,014 1,102±0,024** 1,102±0,031* 1,171±0,052** 1,006±0,026 1,009±0,018 1,042±0,018 1,102±0,016**/*** 
PUFAs, g/100 g 0,125±0,001 0,133±0,002** 0,127±0,003 0,138±0,005* 0,122±0,002 0,124±0,002 0,127±0,002 0,130±0,002** 
SFAs, g/100 g 2,204±0,031 2,453±0,051*** 2,409±0,066** 2,646±0,111*** 2,154±0,055 2,249±0,038 2,329±0,039** 2,472±0,035**/*** 
SCC, thousand cells per ml 28±53 281±86* 586±112*/*** 2039±189*** 119±94 312±64 661±66*** 2622±59*** 
DSCC, % 33,7±0,8 59,2±1,3*** 60,4±1,7*** 59,3±2,8*** 78,1±1,4 78,2±1,0 79,7±1,0 82,3±0,9*/** 
EMV, rub.ʺday1ʺhead1 713±8*** 636±14*** 551±18*** 269±30 753±15*** 671±10*** 593±11*** 330±9 

N o t е. DSCC/SCC — proportion of lymphocytes + polymorphonuclear neutrophils (DSCC) in total somatic cell counts (SCC), MFF — mass fraction of fat, MFP — mass fraction of protein, MFC — 

mass fraction of casein, MFL — mass fraction of lactose, DSMR — dry skimmed milk residue, BHB — beta-hydroxybutyrate, fatty acids С14:0 — myristic, С16:0 — palmitic, С18:0 — stearic, С18:1 — 

oleic, LCFA — long-chain fatty acids, MCFA — medium-chain fatty acids, SCFA — short-chain fatty acids, MUFAs — monounsaturated FAs, PUFAs — polyunsaturated FAs, SFAs — saturated 

FAs, EMV — estimated milk value. For a description of the groups, see the Materials and methods section. Sequential pairwise comparison is performed. 

* p  0.05, * p  0.01, *** p  0.001. 
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Fig. 2. Distribution of the least squares method-based LS-estimates for parameters of milk productivity 

and milk composition in Holsteinized Black-and-White cows depending on the somatic cell counts 

(SCC): diagram shows daily milk yield, 1 — mass fraction of lactose (MFL), 2 — mass fraction of fat 

(MFF), 3 — mass fraction of protein (MFP) (PZ Ladoga — a branch of the Ernst FRC VIZH, 

Krasnodar Territory, 2020-2021). 
 

 

Fig. 3. Principal component analysis (PCA) of milk parameter distribution in Holsteinized Black-and-
White cows depending on variability along two factor axes: DM — dry matter, DMY — daily milk 
yield, MFF — mass fraction of fat, MFPtrue — mass fraction of true protein, MFPcrude — mass fraction 
of crude protein MFC — mass fraction of casein, MFL — mass fraction of lactose, DSMR — dry 

skimmed milk residue, BHB — beta-hydroxybutyrate, Acetone, Urea, fatty acids С14:0 — myristic, 
С16:0 — palmitic, С18:0 — stearic, С18:1 — oleic, LCFA — long-chain fatty acids, MCFA — medium-
chain fatty acids, SCFA — short-chain fatty acids, MUFAs — monounsaturated FAs, PUFAs — 
polyunsaturated FAs, SFAs — saturated FAs, TFA — trans fatty acid isomers, sSCC — total somatic 
cell counts, FP — freezing point, DSCC — lymphocytes + polymorphonuclear neutrophils in SCC (PZ 
Ladoga — a branch of the Ernst FRC VIZH, Krasnodar Territory, 2020-2021). 

 

We used principal component analysis (PCA) method to reveal co-variation 
of parameters characterizing milk composition and mechanisms underlying its 
formation (Fig. 3). The most significant variables turned out to be MFF, SFA and 

dry matter (P  0.99), that is, their scatter of variables was minimized or evenly 
ordered, and the variance was maximized with respect to component 2. Using 
visualization based on two components of variability, it was shown that the protein 

TFA 

Urea 

Acetone 

MFL FP 

DMY 
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and fat fractions of milk formed their own clusters, while for a number of fatty acids, 
there was structural differentiation by the groups of medium- and long-chain fatty 
acids, mono- and polyunsaturated fatty acids. Urea as one of the factors of variability 
was closer to fatty acids. For biomarkers of metabolism (acetone and BHB), 
technological qualities (TQ and pH) and somatic cells (SCC, DSCC), their clusters 
were designated, not associated with other indicators of milk composition. The first 
component singled out the daily milk yield and the mass fraction of lactose (together 
with ketone bodies) into a separate group, thus denoting the independent (and at 
the same time complex) nature of the variability of these parameters. 

The approach in which somatic cells are differentiated according to their 

types is of interest for accurate diagnosis of mammary gland physiology disorders, 

product quality control, and optimization of economic costs in the herd. Our 

findings have shown that the gradation of animals by groups based on DSCC and 

SCC makes it possible to distinguish individuals according to the likelihood of a 

subclinical form of mastitis. The obtained distribution of the milk productivity trait 

values and economic efficiency of cows indicated a significant influence of the 

studied factors. Schwarz et al. [26] reported similar data. On a sample of animals of 

different breeds from the dairy cattle populations of Austria, China, Estonia, 

Germany, and Spain, similar patterns were found in the composition of cow milk 

(percentage of fat, protein, lactose, traces of urea) and EMV. Previous studies [9, 

25] have shown a close relationship between DSCC and SCC (both in combination 

and separately) with the presence of an infectious form of mastitis. With an 

increase in DCSC, the sensitivity of this biomarker in predicting the manifestation 

of infection increased. 

It is also promising to study the structure of milk microbiota depending on 

milk composition, the number of somatic cells and their types. In Russia, an analysis 

of the association of Staphylococcus aureus isolates from milk with the manifestation 

of mastitis in cows has already been carried out [28]. We believe that the control 

over the change in the composition of cow’s milk in the herd can be carried out 

using a complex of biomarkers, e.g., the amount of lactose, traces of acetone and 

BHB, which is currently used routinely in the farms of the Moscow region to predict 

the occurrence of mastitis and ketosis [22]. Principal component analysis has shown 

its effectiveness for determining the boundaries of interdependent variability of the 

component composition of milk in order to identify signs with independent 

variability. 

Thus, the somatic cell counts in milk and the SCC differentiation by species 

can serve as additional criteria for predicting and monitoring the spread of mastitis. 

Our findings confirm the possibility of individual assessment of the mammary gland 

state based on the proportion of lymphocytes and polymorphonuclear neutrophils 

(differentiated somati cell count, DSCC) in the total amount of somatic cells in 

milk (SCC). Animals assigned to healthy individuals and individuals with suspected 

mastitis (predisposed to the onset of infection) had the desired indicators of milk 

production and economic efficiency. Animals with high SCC values, as well as with 

chronic mastitis were the most prone to metabolic disorders and ketosis, regardless 

of the SCC value. An increase in the percentage of fat in the milk of animals having 

SCC  1 million cells per ml led to a change in the ratio of fatty acids with an 

increase in the amount of saturated, medium chain and palmitic FAs. The normalized 

SCC estimates (SCCE) more clearly show the observed patterns in the change of 

cows’ milk productivity parameters. An increase in SCCE by one point (limits from 

1 to 10) led to a drop in daily milk yield by 0.6 kg of milk, in lactose by 0.062 p.p. 

and to an increase in the fat and protein levels by 0.090 and 0.055 p.p, respectively. 

Principal component analysis revealed structural clustering of milk composition 

parameter for fat and protein fractions, traces of metabolites (acetone, beta-
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hydroxybutyrate), and somatic cell counts. Further study of the relationship 

between the synthesis of milk components in the mammary gland and the animal 

physiological status will clarify breeding parameters and genetic background of 

productivity traits. The development of methods for express diagnostics of animal 

health based on an expanded analysis of the milk component composition is one of 

the priorities for practical application of our research in the future. 
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A b s t r a c t  
 

Assessment of the physiological state of horses in training is a relevant problem of sport horse 

breeding worldwide. Existing clinical methods do not provide reliable parameters of the functional state 

of animals at rest and in physical activity. The reported standards of the physiological state of horses 

and veterinary guidelines for clinical diagnosis and equestrian sports are contradictory. Therefore, ob-

jective tests are necessary to assess the body’s response to physical activity. We propose simple, fast, 

non-invasive method based on an inhibitory effect of saliva on the enzyme activity of luminous bacteria 

as a screening testing. Changes in the luminescence of the bioluminescent enzymatic system under 

influence of small amounts of saliva can reveal changes in the body of sport horses as a response to 

the maximum permissible loads. This study proves for the first time that the bioluminescent enzyme 

test can track changes in the body condition of sport horses during training. The method uses the 

integral bioluminescent indicator which depends on the biochemical composition of saliva. The aim 

of this study is to substantiate suitability of the bioluminescent-based method for testing the functional 

state of sports horses in training. Trakenen sport horses (Eguus caballus) for dressage (n = 12) kept 

under standard conditions in the Training Center of Horse Breeding Complex (Krasnoyarsk State 

Agrarian University) were subjected to low, medium and high intensity training before the competition 

(February-June 2019-2020). Saliva and blood were sampled before (in the morning) and after training. 

The respiratory rate (RR) and heart rate (HR) were measured. The electrocardiography (ECG) was 

carried out according to a common method, including assessmsnt of the heart rhythm parameters and 

the ventricular systolic functional parameters. Hematological test were performed, and blood concen-

trations of protein and glucose were measured. The saliva was tested by colorimetric, chemi-, and 

bioluminescent methods. As the intensity of physical activity increased, there was an increase in heart 

rate, respiration rate, atrial excitation and a decrease in the time of cardiac diastole while hematological 

and biochemical blood parameters varied within normal limits. The effect of saliva on the intensity of 

bioluminescence depended on the physical activity. The residual luminescence signal decreased under 

low and medium intensity training and increased under high intensity training. During low intensity 

training, a high percentage of luminescence inhibition correlated with an increase in the total blood 

protein concentration (r = 0.6, p = 0.05) and a decrease in the blood glucose content (r = 0.7, 

p = 0.05) and the number of erythrocytes (r = 0.6, p = 0.05). Under moderate physical activity, an 

increase in bioluminescent fluorescence correlated with an increase in RR (r = 0.5, p = 0.1) and in the 

QRS interval (r = 0.8, p = 0.05). Under high intensity training, a low percentage of luminescence 

inhibition correlated with the lactate concentration in saliva (r = 0.58, p = 0.1), a reduction in 
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catalase activity in saliva (r = 0.7, p = 0.05), and a higher amplitude of the P wave on the electro-

cardiogram (r = 0.8, p = 0.05). Therefore, the bioluminescent analysis of saliva using a coupled 

enzyme system, NADH:FMN-oxidoreductase and bacterial luciferase can detect the effect of stress-

ful physical activity during horse training of various intensity. The inhibition of bioluminescence 

can be an indicator of a horse performance in training. The test can be also applicable in sport horse 

breeding to prevent overtraining.  
 

Keywords: sport horses, saliva, lactate, catalase, NADH:FMN-oxidoreductase, luciferase, 

bacterial bioluminescence, functional status, hematological parameters, blood biochemistry 
 

Modern domestic horse breeding is a fairly stable, well-structured agricul-

tural sector that can confidently compete both in the global market for horse 

resources and among livestock industries within the country [1-3]. In the modern 

world ranking of sports horses, the pets of Russian studs occupy a fairly high 

position. Russian horses have repeatedly been champions, winners of international 

equestrian competitions in the USA, UAE [4, 5]. Around the world, the number 

of horses is rapidly increasing and interest in national breeds is growing [6-8]. 

Physiological and clinical methods for assessing the functional state of 

sports horses are objective, but lengthy and difficult to interpret [9-11]. Physio-

logical studies in general do not give a general picture of the condition of the horse 

[12, 13]. The information presented in the literature on the standards of the phys-

iological state of horses and in veterinary guidelines for clinical diagnostics and 

equestrian sport is very contradictory. For example, there are significant discrep-

ancies in the values of the main physiological and clinical indicators (temperature, 

heart rate, number of respiratory movements) and there are no standards for as-

sessing the state of a sports horse both during rest and after muscle work of varying 

tension [14, 15]. 

Today, the basic principles of sport horse breeding have undergone a sig-

nificant transformation based on the principles of Welfare Quality®, according to 

which the well-being of the horse becomes an object of paramount importance 

and should never be subordinated to competitive or commercial interests [3, 16]. 

In this regard, it is of interest to develop non-invasive methods for assessing the 

functional state of the body [17, 18]. The use of saliva as a material for research 

removes restrictions on the frequency and availability of measurements during the 

training or competitive process and allows you to create a convenient tool for the 

daily work of a rider, trainer, veterinarian. It is also possible to individually control 

the assessment of the body's response to physical activity and adjust the training 

process to the response of a sports horse in real time [19, 20]. 

As a screening test for the saliva of a sports horse, we propose to use a 

bioluminescent method using a bacterial enzyme system [21, 22], which has 

proven effective in testing the condition of the human body [23, 24]. A change in 

the luminescence of a bioluminescent test system when exposed to a small amount 

of saliva can indicate deviations in the body of sports horses that occur in response 

to maximum permissible loads, and allow the rider to restructure the training pro-

cess. An important characteristic of bioluminescent testing of horse saliva is non-

invasiveness, which allows painless and quick testing during training. 

In the present work, it is shown for the first time that changes in the state 

of the body of a sports horse can be controlled by an integral bioluminescent 

indicator, which depends on the biochemical composition of saliva. 

The purpose of the work is to evaluate the possibility of using the biolu-

minescent method for testing the functional state of sports horses in training. 

Materials and methods. The study was performed on a group of sports 

horses (Eguus caballus) of the Trakehner breed (n = 12) with a specialization in 

dressage. The horses were kept under standard conditions of the horse breeding 

training and sports complex of the Krasnoyarsk State Agrarian University. Testing 
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of each horse, collecting saliva and blood was carried out before and after training 

at low, medium and high intensity during the preparation for the competition 

(February-June 2019-2020). 

Low-intensity physical activity included horse training for 1 hour, me-

dium-intensity exercise for 1.5 hours, and high-intensity exercise for 2 hours on a 

lunge or under saddle. The training program consisted of the following stages: on 

a free rein, in collection at a trot with the inclusion of lateral elements, shortening 

and spreading of the gaits and transitions from one gait to another, a hitch at a 

trot on a long rein, a step. 

Saliva samples (1.0-1.5 ml) were collected in disposable sterile plastic 

tubes. Sampling before exercise was carried out in the morning (before feeding). 

After physical exercise, saliva, which was formed in sufficient quantities, was taken 

immediately after the completion of training. Basically, this procedure did not 

affect the emotional state of the horses. 

The functional state of the animal was assessed by respiratory rate (RR), 

heart rate (HR), and electrocardiogram (ECG). Respiratory rate was determined 

visually, heart rate was determined by ECG on an EK3T-01-R-D electrocardio-

graph (Monitor, Russia). ECG was recorded in three standard and three enhanced 

limb leads. ECG analysis was carried out according to the generally accepted 

method, including the determination of the nature of the heart rhythm: ventricular 

systolic index (AVS), the height and width of the teeth, and the duration of the 

intervals (25). 

Hematological studies were performed according to the generally accepted 

method with the counting of erythrocytes and leukocytes in the Goryaev chamber, 

the hemoglobin content was determined by the method of Sahli [25]. Biochemical 

analysis of blood serum was carried out according to the generally accepted 

method, the content of protein and glucose was measured [25]. 

Before studying saliva, the samples were centrifuged for 15 min at 5000 rpm 

(Eppendorf Centrifuge 5810 r, Eppendorf, Germany). 

The concentration of lactate (lactic acid) in saliva samples was measured 

by the photometric method (colorimetry) (a UV-1800 spectrophotometer, Shi-

madzu, Japan) in accordance with the description [26, 27]. 

Chemiluminescent and bioluminescent testing of saliva was performed on 

a TriStar LB 941 plate luminometer (Berthold Technologies, Germany). 

Catalase activity in saliva was determined by the H2O2-luminol-dependent 

chemiluminescent method using 25 µl of luminol (AppliChem, Germany) and 

25 µl of 3% hydrogen peroxide (H2O2) (MCD Chemical, Russia) [28]. The dy-

namics of luminescence was recorded in the presence of saliva for 5 min. When 

analyzing the activity of the enzyme, the time of onset of the chemiluminescent 

reaction (t0), the maximum intensity of the chemiluminescent reaction (Imax), and 

the maximum area of the chemiluminescent curve (Smax) were accounted. 

For bioluminescent testing of saliva, a bienzymatic system NADH:FMN-

oxidoreductase + luciferase was used, which is included in the kit of analytical 

bioluminescence reagents (CRAB) (Institute of Biophysics, Siberian Branch, Rus-

sian Academy of Sciences, Krasnoyarsk). The kit contains lyophilized preparations 

of highly purified luciferase enzymes EC 1.14.14.3 (0.4 mg/ml) from a recombi-

nant strain of Escherichia coli and NADH:FMN-oxidoreductase EC 1.5.1.29 

(Photobacterium leiognathi) (0.18 units of activity). The composition of the reaction 

mixture for the bioluminescent reaction was as follows: 80 µl of 0.05 M potassium 

phosphate buffer (pH 6.8-7.0), 5 µl of CRAB solution, 10 µl of 0.0025% tetrade-

canal solution (Merck, Germany), 50 µl of 0.4 mM NADH solution (Sigma, 

USA), 10 µl of 0.5 mM FMN solution (Serva, Germany). The reaction mixture 

was added to the cell of the tablet, and the value of the maximum luminescence 
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intensity was recorded (control measurement). In the experimental measurement, 

40 μl of buffer was replaced by 40 μl of saliva diluted 60 times in buffer. The 

luminescence intensity was measured in duplicate. The ratio of the average maxi-

mum bioluminescence intensities of the experimental measurement (I) to the con-

trol (I0) was used to calculate the value of the residual luminescence (T, %). 

Statistical data processing was performed using the Statistica 10 program 

(StatSoft, Inc., USA) with the calculation of the median (Me) and interquartile 

ranges (C25-C75 percentiles). Differences between the indicators of dependent 

samples were assessed using the nonparametric Mann-Whitney U test, and corre-

lation was assessed using Spearman’s rank correlation coefficient; significance level 

of р  0.1. 

Results. Testing the functional parameters of the body of sports horses in 

training revealed trends to a significant increase in NPV (p = 0.1) and heart rate 

(p = 0.1) with an increase in physical activity from low to high relative to the 

values obtained before training (Fig. 1). 
 

 

Fig. 1. Heart rate (HR, graph) and respiratory rate (RR, diagram) in Trakehner sports horses (Eguus 

caballus) depending on the intensity of physical activity: 1 — before training, 2 — low, 3 — medium, 

4 — high intensity. The median (Me) and percentiles (С25-С75) are given (n = 12). 

* Differences with pre-training value (p = 0.1). 
 

The heart rate of the studied horses remained sinus regular. Prior to train-

ing, electrocardiological parameters corresponded to the average standard. 

Low-intensity exercise increased P wave amplitudes to 4.0 mm (3.0-

4.0 mm) and R wave amplitudes to 13.0 mm (12.0-14.0 mm) relative to pre-

training values. There was also a shortening of the P-Q intervals up to 0.07 s (0.06-

0.1 s), QRS up to 0.06 s (0.06-0.08 s), QPST up to 0.5 s (0.5-0.5 s), TP up to 

0.6 s (0.5-0.8 s), RR up to 1.3 s (1.0-1.5 s), life expectancy up to 36.1% (31.1-

46.2%). Physical activity of moderate intensity did not change the P wave ampli-

tude, which was 2.0 mm (2.0-2.0 mm), and increased the R wave amplitude up 

to 11.0 mm (7.0-12.0 mm) compared to the values up to workouts. Shortening of 

QPST intervals to 0.4 s (0.4-0.5 s), TP to 0.4 s (0.01-0.7 s), RR to 1.2 s (1.1-

1.5 s) were recorded. Life expectancy increased to 35.9% (33.3-37.0%). High-

intensity physical activity increased P wave amplitudes up to 4.0 mm (4.0-4.0 mm) 

and R wave amplitudes up to 24.0 mm (23.0-26.0 mm) compared to pre-training 

values. The intervals TP were also shortened to 0.2 s (0.2-0.2 s), RR to 0.9 s (0.8-

0.9 s). Life expectancy increased to 49.3% (31.0-46.9%). 

With low-intensity exercise, the systolic index (P wave) in horses increased 

(p = 0.004) relative to that with moderate-intensity exercise. Physical activity of 

great intensity affected systolic and diastolic parameters. There was a statistically 

significant increase in the amplitude of the P (p = 0.0043) and R (p = 0.0043) 

waves and a decrease in the intervals P-Q (p = 0.0043), TP (p = 0.017) and RR 

(p = 0.017) relative to the corresponding values at loading of average intensity. 

Hematological and biochemical parameters were in the range of the 
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physiological norm both before training and after exercise. The amount of hemo-

globin increased to 14.0 g% (11.8-15.6 g%) at low intensity exercise and up to 

13.1 g% (11.8-13.8 g%) at high intensity. The content of erythrocytes decreased 

with increasing load up to 10.0 million/μl (8.6-11.8 million/μl) at its low intensity 

and up to 7.5 million/μl (7.2-9.0 million/μl) at medium and high intensity. The 

number of leukocytes, on the contrary, increased to 5.7 thousand/μl (4.1-5.8 thou-

sand/μl) with a low load, up to 6.8 thousand/μl (5.9-8.1 thousand/μl) with an 

average and up to 8.3 thousand/μl (7.9-9.8 thousand/μl) with high intensity. There 

was an increase in the concentration of total protein and a decrease in glucose 

with increasing physical activity. The index of total protein after exercise of low, 

medium and high intensity was 64.4 g/l (61.8-65.1 g/l), 62.5 g/l (60.9-63.6 g/l), 

and 66.9 g/l (63.9-66.9 g/l), respectively, For glucose, it was 4.9 mmol/l (4.8-5.1 

mmol/l) for low and 4.4 mmol/l (4.1-4.8 mmol/l) for medium and high intensity. 

We did not find statistically significant differences in changes in the quantitative 

composition of cells, concentrations of total protein and glucose, depending on 

the intensity of the loads. 
 

  

Fig. 2. Residual luminescence (diagram) and lactate concentration (graph) in saliva of Trakehner sports 

horses (Eguus caballus) depending on the intensity of physical activity: 1 — before training, 2 — low, 

3 — medium, 4 — high intensity. The median (Me) and percentiles (С25-С75) are given (n = 12). 

* Differences with pre-training value (p = 0.1). 
 

The concentration of lactate in saliva tended to increase during physical ac-

tivity of low and high intensity and amounted to 5.2 mmol/l (4.7-5.9 mmol/l) and 

5.4 mmol/l (3.8-7.2 mmol/l), and at medium load it corresponded to the indica-

tors obtained before training, 4.5 mmol/l (3.8-5.0 mmol/l) and 5.0 mmol/l (4.1-

5.4 mmol/l) (Fig. 2). 

The results of saliva testing also showed the dependence of the bioluminescent 

glow on physical activity. There was a tendency to its decrease relative to the indicators 

before training with low-intensity physical activity, followed by an increase with in-

creasing load (see Fig. 2). We believe that the quenching of the bioluminescent glow 

during physical activity of different intensities is due to a change in the metabolic 

composition of saliva, which is caused by the functional state of the horse's body 

during exercise. 

At low, medium and high physical activity, catalase production was activated 

relative to pre-workout levels. The highest intensity of the luminol-dependent chem-

iluminescent luminescence was observed at a low load, while the minimum intensity 

was observed at a high load. A statistically significant increase in the intensity of the 

luminol-dependent chemiluminescent luminescence of saliva indicated an increase in 

free radical oxidation processes (Fig. 3). 

Therefore, in horses with an increase in physical activity, the functional indi-

cators of the body increased, which indicated the activation of the respiratory, cardi-

ovascular and enzymatic systems during training. Excitation of the atria and a 
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reduction in the time of cardiac diastole during physical exertion indicated a rapid 

blood filling of the ventricular volumes of the heart, which was explained by the in-

tensive work of the skeletal muscles. A high physical load, in contrast to a low one, 

increased the rate of propagation of excitation through the muscles of the right and 

left ventricles, which characterized the intensive work of a healthy horse's heart in a 

state of active training [29]. 
 

 

Fig. 3. Intensity of luminol-dependent hemoluminescence in the presence of Н2О2 ) in saliva of Trakehner 

sports horses (Eguus caballus) depending on the intensity of physical activity: 1 — before training, 2 — 

low, 3 — medium, 4 — high intensity. The median (Me) and percentiles (С25-С75) are given (n = 12). 

* Differences with pre-training value (p = 0.1). 
 

As reported, in endurance sport horses, haematological parameters and 

salivary chemistry are associated with heart rate [30, 31]. Our results of the clinical 

analysis of the blood of Trakehner sports horses confirmed the change in hema-

tological parameters in connection with the heart rate or NPV during exercise. 

However, the identified changes remained within the normal range, which indi-

cated a good functional state of the horses [30] or, possibly, a high degree of their 

preparedness. The latter was not noted in other studies, since they considered the 

effect of physical activity of the same intensity. 

Studies of racehorses with low performance in Italy and Ukraine showed 

that increased exercise intensity affected the change in cardiomyocyte permeability 

and the release of enzymes into the blood [32, 33]. In our experiments, physical 

activity of different intensity caused a change in the concentration of glucose and 

total protein in the blood serum, that is, they influenced the dynamics of carbo-

hydrate metabolism [30]. 

In similar studies of horses of various sports specializations, an increase in 

the concentrations of lactate and pyruvate in the blood was noted at different 

periods of the training cycle [11, 12, 32]. Our data show that lactate concentration 

in horse saliva remained stable at low and high levels of exercise. An increase in 

the maximum concentration of lactate with increasing load may be due to insuf-

ficient oxygen saturation of the body, which indicates a poor performance of the 

horse [8, 11, 32]. Therefore, the stable increase in lactate concentration observed 

by us during low and high intensity training compared to the pre-training index 

indicated the absence of hypoxia and indicated a high fitness of the horses. 

The ability of horses to overcome high physical loads is confirmed by 

changes in catalase activity, which characterizes the state of oxidative systems and 

aerobic oxidation processes [14]. On horses of different breeds, it was found that 

the current physical load could be assessed by the reduced, increased or multidi-

rectional dynamics of the catalase content [17-19]. We found an increase in the 

production of salivary catalase in horses with an increase in the intensity of phys-

ical activity, which can be explained by the activation of free radical processes due 

to oxidative stress. 
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According to the presented data, horse saliva is as informative for the 

analysis of the functional state of the body as blood. Saliva, as a dynamic biological 

fluid, rapidly changes its composition depending on the increase in physical ac-

tivity [14, 31]. The bioluminescent index collectively takes into account such 

changes. It is of importance to identify the factors that determine the intensity of 

the bioluminescence of saliva in physical exertion and act as the reasons for its 

change. For these data, we analyzed the correlation between the magnitude of the 

residual luminescence and the functional parameters, cardiac hemodynamics, 

blood biochemical parameters, the content of lactate and catalase in saliva.  

With low-intensity exercise, a high percentage of luminescence inhibition 

correlated with an increase in total protein concentration (r = 0.6, p = 0.05), a 

decrease in glucose content (r = 0.7, p = 0.05), and blood erythrocyte counts 

(r = 0.6, p = 0.05). During moderate exercise, the increase in bioluminescence 

correlated with an increase in RR (r = 0.5, p = 0.1) and lengthening of the QRS 

interval (r = 0.8, p = 0.05). During high-intensity exercise, a low percentage of 

luminescence inhibition correlated with salivary lactate (r = 0.58, p = 0.1), de-

creased salivary catalase (r = 0.7, p = 0.05), and increase in P wave amplitude 

(r = 0.8, p = 0.05). 

So, bioluminescent testing of saliva of horse in training using the 

NADH:FMN-oxidoreductase + luciferase bienzyme system showed that the ob-

served luminescence intensity is related to changes in the concentration of metab-

olites in saliva and depends on the physical load experienced by the animal. The 

value of the residual glow decreases with low physical activity and increases with 

high physical activity. It was found that the intensity of the luminescence correlates 

with the concentration of catalase and lactate in saliva. Thus, our finding have 

proved potential use of non-invasive saliva testing to assess the impact of physical 

activity on sports horses in training. The obtained preliminary results make it pos-

sible to assess the physiological state of horses under physical loads of various 

volume and intensity.  
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