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A b s t r a c t  
 

The necessity to address the problem of reducing embryonic losses, which in pigs are 
estimated at the level up to 30%, is not in doubt. LoF (Loss of Function) mutations, which in the 
homozygous state can lead to the termination of synthesis or synthesis of non-functional proteins, are 
considered as one of the genetic factors that cause embryonic mortality. While in cattle, an intensive 
search for LoF mutations is carried out, in pigs, studies of such mutations are still performed on a 
smaller scale. Whole-genome analysis using medium- and high-density SNP chips which are uniformly 
covering the entire genome gives researchers new methodology to identify positional candidates for 
lethal recessive variants. One approach is to assess the level of linkage disequilibrium (LD) of SNP 
alleles. In this work, we applied the LD analysis of alleles in SNP loci to detect genome areas with 
presumptively lethal recessive variants in Duroc pigs (Sus scrofa) and for the first time revealed in the 
genes a series of single nucleotide polymorphisms that significantly affect various physiological 
processes. Studies were carried out with 715 Duroc boars bred in JSC Top Gen (Voronezh region) in 
2017-2019. Whole-genome genotyping was carried out using Porcine GGP HD DNA chips 
(Neogene/Illumina Inc., USA) containing about 70 thousand SNP. After the quality control, 42981 
polymorphic SNP were selected for analysis. Search of reference sequences (rs) and clarification of 
their localization was carried out using the Ensembl database (http://www.ensembl.org). Functional 
gene annotations were performed using the GeneCards database (http://www.genecards.org/). Analysis 
of the maintenance of genetic equilibrium showed the presence of 990 SNPs with the absence of one 
of the homozygous genotypes (2.30% of the total number of polymorphic SNPs), which were 
distributed among all pig chromosomes, including 205 SNPs, which were in the linkage disequilibrium 
(0.48%). Chromosomes SSC9 (0.8 %), SSC5 (0.77 %), SSC7 (0.68%) and SSC2 (0.68%) were 
characterized by the highest ratio of SNPs in linkage disequilibrium, while chromosomes SSC13 
(0.28%), SSC4 (0.29%) and SSC10 (0.30%) were the lowest. For 52 SNPs, of which 25 SNPs were 
localized within genes, differences in observed and expected heterozygosity frequencies were statistically 
significant (p < 0.01). Among SNPs located in intergenic regions, two SNPs (rs81350198 and 
rs81337222) are associated with important phenotypes from earlier GWAS studies. For 12 of the 25 
identified positional candidate genes (OR4C45, EPHB4, EML4, SLC4A1AP, ZFAT, CELSR2, NEGR1, 
LRRC32, MYOCD, HUNK, RPH3A, and DOCK1), we obtained the information on their role in various 
processes in organisms of mammals, including nervous system development, angiogenesis, cardiogenesis, 
cell differentiation, apoptosis and many others. The integration of DNA markers associated with lethal 
phenotypes into breeding programs, in addition to DNA markers identified by GWAS studies, will 
significantly improve the efficiency of marker and genomic breeding programs in pigs. 
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Embryonic losses have significant negative impact on the efficiency and 
profitability of animal husbandry. In pig breeding, embryonic losses make up to 
30% [1]. The so-called LoF (loss of function) mutations, which in the homozygous 
state lead to premature termination of protein synthesis or to the synthesis of non-
functional proteins, are considered among the genetic factors associated with 
embryonic mortality [2]. The most active search for LoF mutations is carried out 
in various cattle breeds using the appropriate diagnostic test systems [3]. In pig 
breeding, studies of LoF mutations are less extensive. To identify mutations 
leading to visible phenotypic changes, an approach based on the analysis of 
pedigrees is often used [4]. However, it is not suitable for the identification of LoF 
mutations, since their phenotypic effects consist in the reduction of multiple 
pregnancies, which may be due to several other reasons. 

The development of methods which enable to analyze whole-genome data 
has opened up new possibilities for the search for genetic factors associated with 
embryonic mortality. Sufficient levels of linkage disequilibrium (LD) between the 
marker allele (alleles) and the lethal variant (variants) are required to successfully 
use DNA markers for identification of lethal recessive variants which cause 
prenatal mortality [5]. Two alleles at different loci are in linkage disequilibrium, if 
the frequency of the haplotype which contains both of them is significantly 
different from the frequency expected in the case of random allele segregation. 
Haplotype-based approach is used to more accurately identify rare and atypical 
variants which are generally not included within the single nucleotide 
polymorphism (SNP) panels used for genotyping. Phasing the genotype data 
allows more clearly defining haplotype heterogeneity and makes it possible to draw 
conclusions about the haplotypes of non-genotyped ancestors and animals that 
were genotyped using lower density panels. This approach was used to identify the 
lethal recessive haplotype associated with stillborn piglets’ number [6]. 

Derks et al. [7] searched for lethal alleles segregating in the Landrace 
(n = 28,085) and Duroc (n = 11,255) pig populations using a medium density 
SNP chip (Illumina, Inc., USA). Using the overlapping sliding window method, 
the authors have identified a single strong candidate haplotype (DU1) carrying a 
lethal recessive allele in the Duroc pig population and four candidate haplotypes 
in the Landrace breed (LA1-4). No homozygotes were detected for the DU1, 
LA1, and LA3 haplotypes, while their expected number was 26, 126, and 16, 
respectively. For the LA2 and LA4 haplotypes, genetic equilibrium disturbance 
was also observed, which may indicate incomplete LD between the haplotypes 
and lethal recessive mutations. The association between all five haplotypes and a 
significant decrease in the total number of born piglets (total number born, TNB) 
and the number of live born piglets (number born alive, NBA) has been shown. 
At the same time, no significant increase in the number of stillborn or mummified 
piglets was observed, which indicates that homozygous carriers die at the early 
stages of gestation [7]. 

In the presented work, we have for the first time performed a search for 
genomic regions which may be associated with lethal recessive defects in Duroc 
pigs using the analysis of the degree of linkage disequilibrium, and revealed a 
number of highly significant single nucleotide polymorphisms localized within 
genes and playing an important role in various physiological processes. 

Our goal was to search for the regions bearing presumptively lethal 
recessive variants in Duroc pigs (Sus scrofa) based on the analysis of the degree of 
linkage disequilibrium between the alleles at SNP loci. 

Materials and methods. The study was carried out on 715 boars of the 
Duroc breed (JSC Breeding-Hybrid Center, Voronezh Region, 2017-2019). 
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Genomic DNA was extracted from tissue samples (ear plucks) using the DNA 
Extran-2 kit (Syntol, Russia). DNA quality and concentration were determined 
using the NanoDrop8000 spectrophotometer (Thermo Fisher Scientific, 
United States) and the Qubit 2.0 fluorimeter (Invitrogen/Life Technologies, 
United States), respectively. 

Whole-genome genotyping was carried out using the Porcine GGP 
BeadChips (Neogene/Illumina, Inc., United States) containing about 70 thousand 
SNPs. 42,981 polymorphic SNPs were selected for the analysis using the Plink 
1.9 software (http://zzz.bwh.harvard.edu/plink/) according to genotyping quality 
(higher that 90%), minor allele frequency (not higher than 0.5%), and linkage 
disequilibrium (at 50 kb intervals) [8]. The search for reference sequences 
(reference sequence, rs) and adjustment of their localization was carried out in 
the Ensembl database (http://www.ensembl.org, accessed date: August 2019). 
Functional gene annotation was performed using the GeneCards database 
(http://www.genecards.org, accessed: August 2019). 

Results. Genetic equilibrium analysis revealed the presence of 990 SNPs 
with the absence of one of the homozygous genotypes, among which 205 SNPs 
were in linkage disequilibrium. These SNPs constituted 2.30 and 0.48% of the 
total number of polymorphic SNPs, respectively (Fig.). 

 

 
Chromosomal distribution of SNPs (single nucleotide polymorphisms) for which the absence of one of 
the homozygous variants and linkage disequilibrium were observed in the Duroc boars (Sus scrofa): a — 
number of SNPs for which one of the homozygous genotypes is missing, b — number of SNPs in 
linkage disequilibrium (bar graph); 1 — portion of SNPs for which one of the homozygous genotypes 
is missing in the total number of polymorphic SNPs on the chromosome, 2 — ratio of SNPs that are 
in linkage disequilibrium in the total number of polymorphic SNPs on the chromosome (line graph) 
(n = 715, JSC Breeding-Hybrid Center, Voronezh Province, 2017-2019). 

 

The largest number of SNPs for which the absence of one of the 
homozygous genotypes was observed was detected on chromosome 1 (Sus scrofa 
chromosome 1, SSC1) — 193 SNPs, and the largest number of SNPs in linkage 
disequilibrium, on the chromosomes SSC7 and SSC9 (20 SNPs), while the 
smallest number, on SSC16 (11 SNPs) and SSC18 (5 SNPs), respectively. The 
largest ratio of SNPs in linkage disequilibrium was demonstrated for the 
chromosomes SSC9 (0.85%), SSC5 (0.77%), SSC7 (0.68%), and SSC2 (0.68%), 
the smallest ratio, for SSC13 (0.28%), SSC4 (0.29%), and SSC10 (0.30%). 

The most significant polymorphisms for which linkage disequilibrium was 
observed (p  0.01) are presented in Table 1. 
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1. Most significant single nucleotide polymorphisms in linkage disequilibrium detected 
in the Duroс boars (Sus scrofa) (n = 715, JSC Breeding-Hybrid Center, Voronezh 
Province, 2017-2019) 

SSC RS 
Position on chromo-
some (assembly v.10.2) 

A1A1 A1A2 A2A2 Ho He р 

1 rs81350198 226 188 042 0 163 547 0.2296 0.2032 5.1½105 
1 rs80795638 277 854 630 0 227 440 0.3403 0.2824 1.7½1010 
1 rs81002425 296 461 073 0 700 9 0.9873 0.4999 5.4½10195 
1 rs334911415 312 050 746 0 662 45 0.9364 0.4980 1.2½10152 
1 rs342062641 312 083 991 0 645 63 0.9110 0.4960 1.2½10137 
2 rs81362641 12 082 068 0 618 92 0.8704 0.4916 1.7½10117 
2 rs81255095 14 056 188 0 345 309 0.5275 0.3884 5.2½1028 
2 rs319913462 14 759 005 0 522 126 0.8056 0.4811 4.0½1084 
2 rs323641934 15 384 171 0 537 172 0.7574 0.4706 1.1½1076 
2 rs343381067 15 551 096 0 665 45 0.9366 0.4980 2.0½10153 
2 rs80911461 160 111 983 0 186 506 0.2688 0.2327 7.8½107 
3 rs344115015 8 107 291 0 139 570 0.1961 0.1768 9.7½104 
3 rs323044318 104 257 589 0 120 590 0.1690 0.1547 6.4½103 
3 rs81375606 116 445 052 0 124 586 0.1746 0.1594 4.1½103 
3 rs81375903 118 615 471 0 142 568 0.2000 0.1800 6.0½104 
3 rs80828678 132 719 179 0 348 305 0.5329 0.3909 1.9½1028 
3 rs327044542 141265 677 0 170 540 0.2394 0.2108 1.8½105 
4 rs331053365 4 353 353 0 156 554 0.2197 0.1956 1.4½104 
4 rs323787335 7 185 799 0 591 114 0.8383 0.4869 1.8½10103 
4 rs343205058 109 273 333 0 604 106 0.8507 0.4889 5.1½10109 
4 rs80949619 121 334 654 0 123 587 0.1732 0.1582 6.7½103 
5 rs340620949 1 453 085 0 163 546 0.2299 0.2035 5.1½105 
5 rs81323749 18 046 364 0 184 526 0.2592 0.2256 2.4½106 
5 rs80875559 99 245 749 0 119 591 0.1676 0.1536 6.5½103 
6 rs81337222 13 141 0 709 1 0.9986 0.5000 3.3½10210 
6 rs81476539 67 022 132 0 237 471 0.3347 0.2787 6.2½1011 
6 rs337799081 130 798 722 0 130 580 0.1831 0.1663 2.5½103 
7 rs319008071 27 213 610 0 237 451 0.3445 0.2851 3.0½1011 
7 rs80944793 129 041 116 0 120 590 0.1690 0.1547 6.4½103 
7 rs331172717 131 889 604 0 614 79 0.8860 0.4935 4.5½10122 
8 rs81399201 31 445 286 0 134 576 0.1887 0.1709 1.6½103 
8 rs322099448 78 592 741 0 580 127 0.8204 0.4839 5.5½1097 
9 rs343201786 11 913 668 0 137 573 0.1930 0.1743 9.8½104 
9 rs346413844 12 946 073 0 638 3 0.9953 0.5000 2.7½10185 
9 rs81337172 15 049 063 0 125 585 0.1761 0.1606 4.0½103 
10 rs81305281 76 905 575 0 520 189 0.7334 0.4645 4.7½1070 
11 rs80816476 939 424 0 131 579 0.1845 0.1675 2.5½103 
11 rs325221950 21 018 670 0 145 561 0.2054 0.1843 3.7½104 
11 rs329067201 21 371 677 0 148 562 0.2085 0.1867 3.7½104 
12 rs81478101 26 712 700 0 697 13 0.9817 0.4998 2.4½10189 
12 rs81436301 50 907 615 0 342 368 0.4817 0.3657 1.9½1024 
12 rs81228589 59 880 454 0 137 573 0.1930 0.1743 9.8½104 
13 rs329645817 5 325 304 0 320 390 0.4507 0.3491 5.3½1021 
13 rs322958990 205 932 444 0 276 404 0.4059 0.3235 7.0½1016 
13 rs328137225 218 478 357 0 135 575 0.1901 0.1721 1.6½103 
14 rs80958173 41 518 669 0 125 585 0.1761 0.1606 4.0½103 
14 rs80862470 95 881 035 0 624 86 0.8789 0.4927 1.6½10121 
14 rs80993446 148 199 735 0 128 582 0.1803 0.1640 4.3½103 
15 rs337254355 2 154 617 0 138 570 0.1949 0.1759 9.6½104 
16 rs334615079 81 560 836 0 381 321 0.5427 0.3955 5.0½1032 
17 rs80988530 36 703 557 0 587 68 0.8962 0.4946 4.3½10120 
17 rs345268841 66 549 094 0 258 450 0.3644 0.2980 5.09½1013 

N o t e. SSC — chromosome number, RS — reference sequence, A1 — allele 1, A2 — allele 2, Ho — observed 
heterozygosity, He — expected heterozygosity, and p — level of statistical significance.  

 

A total of 52 significant polymorphisms were identified, for which the 
differences in the observed and expected heterozygosity were statistically 
significant. These SNPs were distributed between 17 chromosomes (except for 
SSC18), including 5 SNPs on SSC1, 6 on SSC2, 6 on SSC3, 4 on SSC4, 3 on 
SSC5, 3 on SSC6, 3 on SSC7, 2 on SSC8, 3 on SSC9, 1 on SSC10, 3 on SSC11, 
3 on SSC12, 3 on SSC13, 3 on SSC14, 1 on SSC15, 1 on SSC16, and 2 on 
SSC17. Two SNPs (rs81350198 on SSC1 and rs81337222 on SSC6) were identified 
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as the DNA markers associated with economically-important phenotypes based 
on the results of the previous GWAS (genome-wide association study) analysis 
[9, 10]. The rs81350198 polymorphism is associated with the taste of meat in 
non-castrated boars due to the accumulation of skatol and androstenone during 
puberty [9]. For the rs81337222 polymorphism, a moderate association was 
found (p = 2.4½105) with the development of umbilical hernia [10]. Although 
no quantitative trait loci that are associated with umbilical hernia have been 
identified in the immediate vicinity of rs81337222, and the identified genes for 
which the association with this phenotypic trait was confirmed have not been 
localized, its presumable QTL may be located in the upstream region of SSC6 
(6:3 814 021-3 870 534) identified by the CNV (copy number variation) analysis 
[11]. Therefore, at the start of SSC6 there are regulatory regions that require 
additional research. 

2. Single nucleotide polymorphisms localized within the genes and presumptively 
associated with lethal recessive variants in Duroc pigs (Sus scrofa) (n = 715, JSC 
Breeding-Hybrid Center, Voronezh Province, 2017-2019) 

RS (р) Gene name (Ensembl) Candidate gene Mutation type 
rs343381067 (2.0½10153) ENSSSCG00000031436 OR4C45 Substitution within intron 
rs344115015 (9.7½104) ENSSSCG00000007675 EPHB4 Substitution within intron 
rs323044318 (6.4½103) ENSSSCG00000008467 EML4 Substitution within intron 
rs81375606 (4.1½103)  ENSSSCG00000008533 – Substitution within intron 
rs81375903 (6.0½104) ENSSSCG00000008549 SLC4A1AP Substitution at the 3´-end of the 

gene  
rs327044542 (1.8½105) ENSSSCG00000049737 – Substitution within intron 
rs323787335 (1.8½10103) ENSSSCG00000030947 ZFAT Mutation in 3´-UTR  
rs343205058 (5.1½10109) ENSSSCG00000006694 – Substitution within intron 
rs80949619 (6.7½103) ENSSSCG00000034360 CELSR2 Substitution within intron 
rs340620949 (5.1½105) ENSSSCG00000024474 – Substitution at the 3´-end of the 

gene 
rs81323749 (2.4½106) ENSSSCG00000024474 – Substitution at the 3´-end of the 

gene 
rs81476539 (6.2½1011) ENSSSCG00000003444 – Substitution at the 3´-end of the 

gene 
rs337799081 (2.5½103) ENSSSCG00000025085 NEGR1  Substitution within intron 
rs319008071 (3.0½1011) ENSSSCG00000001395 – Synonymous mutation 
rs343201786 (9.8½104) ENSSSCG00000014869 LRRC32  Mutation in 3´-UTR 
rs325221950 (3.7½104) ENSSSCG00000045677 – Substitution at the 3´-end of the 

gene 
rs81436301 (1.9½1024) ENSSSCG00000017853 – Substitution at the 3´-end of the 

gene 
rs81228589 (9.8½104) ENSSSCG00000031988 MYOCD Substitution within intron 
rs322958990 (7.0½1016) ENSSSCG00000029392 HUNK Substitution within intron 
rs80958173 (4.0½103) ENSSSCG00000009883 RPH3A Substitution within intron 
rs80862470 (1.6½10121) ENSSSCG00000043778 – Substitution within intron 
rs80993446 (4.3½103) ENSSSCG00000035045 DOCK1 Substitution within intron 
rs337254355 (9.6½104) ENSSSCG00000044919 – Substitution within intron 
rs80988530 (4.3½10120) ENSSSCG00000007155 C20orf194 Substitution within intron 
rs345268841 (5.09½1013) ENSSSCG00000007525 – Missense mutation 
N o t e. OR4C45 — olfactory receptor, family 4, subfamily C, member 45; EPHB4 — EPH receptor B4; EML4 — 
protein associated with excessively expressed proliferation; SLC4A1AP — kanadaptin; ZFAT — zinc finger protein; 
CELSR2 — Cadherin EGF LAG Seven-Pass G-Type Receptor 2; NEGR1 — Neuronal Growth Regulator 1; 
LRRC32 — Leucine-Rich Repeat-Containing protein 32; MYOCD — myocardin; HUNK — Hormonally Up-
Regulated Neu-Associated Kinase; RPH3A — rabphilin 3A; DOCK1 — Dedicator of Cytokinesis. RS — reference 
sequence, p — level of statistical significance, UTR — untranslated region of the gene. The type of mutation is given 
as per Borisevich et al. [12]. Dashes indicate the absence of data. 

 

The analysis of the genomic regions in which we found the detected SNPs 
showed that 25 SNPs were located within genes. By the type of localization, most 
SNPs were mutations in introns (a total of 15 mutations). Nucleotide substitutions 
were also found in the 3´-terminal sequences of genes (6 mutations) and in the 
3´-untranslated region (2 mutations), along with one missense mutation and one 
synonymous mutation (Table 2). 
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For 12 out of the 25 identified positional candidate genes, the data are 
available on their role in various processes in the mammalian organism. For ex-
ample, the OR4C45 gene encodes an olfactory receptor (OR) protein, which is 
important for maintaining intestinal homeostasis. OR is expressed in the entero-
chromaffin cells of the mucous membrane. Odorant ligands through OR present 
in enterochromaffin cells cause serotonin release, which controls motility and in-
testinal secretion and is involved in the pathological conditions such as vomiting 
and diarrhea [13]. The role for the OR ligand in the regulation of epithelial per-
meability and secretion of electrogenic anions in human colon has been reported 
[14]. EPHB4 plays a special role in various biological processes, such as neuronal 
development, bone homeostasis, and angiogenesis [15]. Genetically modified 
mouse embryos homozygous for the EphB4taulacZ allele had cardiovascular de-
fects and were characterized by embryonic mortality with very high penetrance. 
In such embryos, growth retardation, lack of blood flow, and cardiac development 
arrest were observed [16]. EML4 is a poorly characterized microtubule-associated 
protein. It is assumed that its natural function is to stabilize microtubules in the 
axons and dendrites of neuronal cells. Chimeric EML4-ALK causes the develop-
ment of lung cancer in humans [17]. 

Kanadaptin (SLC4A1AP) is a nuclear protein with unknown function that 
is widely expressed in mammalian tissues. The ubiquitous distribution of kana-
daptin in mammals suggests that it should play an important physiological role 
[18]. ZFAT is involved in the development and peripheral homeostasis of T cells. 
There is evidence that a deletion in the Zfat gene in mice leads to embryonic death 
and disrupts primitive hematopoiesis in the blood islands of the yolk sac [19, 20]. 
In pigs, ZFAT is associated with susceptibility to enterotoxin infection caused by 
Escherichia coli [21]. CELSR2 is expressed in all brain areas and regulates the 
maintenance and growth of dendrites. Mice homozygous for the CELSR2 muta-
tion develop hydrocephaly due to a decrease in the number, size, and orientation 
of ependymal cilia [22]. NEGR1 is involved in the regulation of neurite prolifer-
ation in the developing brain [23]. As a result of the search for QTL associated 
with obesity in humans and pigs, three most probable genes have been identified, 
including NEGR1, which is responsible for genetic predisposition to the common 
obesity types, in particular, for the thickness of subcutaneous fat [24]. LRRC32 
functions as a receptor for latent transforming growth factor molecules; it has been 
detected in regulatory T cells [25]. Its important role in immune regulation has 
been noted. GWAS studies revealed an association between rs11236909 located 
approximately 58 kb upstream from the LRRC32 gene and certain parameters of 
human sperm motility [26]. 

MYOCD contributes to heart development and differentiation of cardio-
myocytes. It was noted that mutant mice with the knockout of the MYOCD gene 
developed dilated cardiomyopathy, which was accompanied by the disturbance of 
the structural organization of cardiomyocytes and severe depression of systolic 
function [27]. The functions of the HUNK gene are still not clear. Probably, it is 
involved in the transfer of phosphorus-containing groups and possesses transferase 
and protein tyrosine kinase activities. RPH3A plays an important role in the ad-
hesion of neutrophils to endothelial cells during inflammatory reactions [28]. 
DOCK1 regulates phagocytosis, fusion of myoblasts and cell migration, is involved 
in embryonic development. The detected underdevelopment of all skeletal muscle 
tissues in Dock1- knockout embryos allowed to identify DOCK1 as an important 
regulator of the fusion stage in the myogenesis in mammals [29]. No information 
on the roles of the ENSSSCG00000024474 gene has been found in open databases; 
however, GWAS of DNA methylation in lard, lean, and miniature pig breeds, 
identified it as a differentially methylated region [30]. The C20orf194 gene (194th 
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open reading frame on the 20th chromosome) encodes an uncharacterized protein 
with the C-terminal coiled coil. The gene is located on the 20p13 chromosome in 
the 1.8 Mb region associated with the spinocerebellar ataxia phenotype in humans. 
The work of Ponsuksili et al. [31] concerned with the description of the regions 
associated with behavioural reactions in Landrace pigs revealed the presence of 
the rs80988530 SNP, which we detected in the present work in the region with 
high degree of linkage disequilibrium, within this gene. 

To summarize, the genome-wide study which was conducted using the 
GGP Porcine HD beadchips allowed us to identify the regions mutations in which 
may cause lethal effects. The most significant single-nucleotide polymorphisms 
which are in linkage disequilibrium in the boars of the Duroc breed are localized 
in the following genes: OR4C45 (olfactory receptor, family 4, subfamily C, mem-
ber 45); EPHB4 (EPH receptor B4), EML4 (protein associated with excessively 
expressed proliferation), SLC4A1AP (kanadaptin), ZFAT (zinc finger protein), 
CELSR2 (Cadherin EGF LAG Seven-Pass G-Type Receptor 2), NEGR1 (Neu-
ronal Growth Regulator 1), LRRC32 (Leucine-Rich Repeat-Containing 32), MY-
OCD (myocardin), HUNK (Hormonally Up-Regulated Neu-Associated Kinase), 
RPH3A (rabphilin 3A), and DOCK1 (Dedicator of Cytokinesis). For almost each 
identified candidate gene, an important role in various processes, including the 
development of the nervous system, angiogenesis, cardiogenesis, cell differentia-
tion, apoptosis, etc., has been demonstrated by now. In humans, many of these 
genes are associated with various organ and tissue disorders, hence, their partici-
pation in the occurrence of lethal effects in pigs cannot be ruled out. Understand-
ing the processes which take place during the growth and development of embryos 
and using this knowledge in the analysis of the actual zootechnical data will expand 
the arsenal of tools which would allow to propose approaches for the genetic im-
provement of breeding products in proper time. The integration of DNA markers 
associated with lethal phenotypes into breeding programs along with the DNA 
markers identified based on the results of GWAS studies, will significantly increase 
the efficiency of marker and genomic selection programs in pig breeding. 
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