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Simple Summary: Goats with diverse economic phenotypic traits play an important role in animal
husbandry. However, the genetic mechanisms underlying complex phenotypic traits are unclear in
goats. Genomic studies of variations provided a lens to identify functional genes. The work aimed to
search for candidate genes related to body measurements and body weight of Karachai goats based on
genome-wide associations. Structural annotation of the identified genomic regions showed that they
regulate the processes of transcription, cell proliferation, angiogenesis, body growth, fatty acid and lipid
metabolism, nervous system development, and spermatogenesis. For further use in breeding, SNPs
were selected that were significant for live weight at four and eight months. It was located in the vicinity
of structural genes. An experimental PCR-RV test system was developed and tested for the genotyping
of significant SNPs. Our study found a set of new DNA markers for genetic improvement in meat goats
and provided novel insights into the genetic mechanisms of complex traits.

Abstract: Goats with diverse economic phenotypic traits play an important role in animal husbandry.
However, the genetic mechanisms underlying complex phenotypic traits are unclear in goats. Ge-
nomic studies of variations provided a lens to identify functional genes. The work aimed to search
for candidate genes related to body measurements and body weight of Karachai goats and develop
an experimental PCR-RV test system for genotyping significant SNPs. Comparison of GWAS results
for ages 4 and 8 months revealed 58 common SNPs for significant genotypes. 11 common SNPs were
identified for body weight, 4 SNPs—for group of traits withers height, rump height, body length,
2 SNPs—for withers height and rump height, 1 SNP—for body length and chest depth. Structural
annotation of genomic regions covering a window of ±0.20 Mb showed the presence of 288 genes;
52 of them had the described functions in accordance with gene ontology. The main molecular
functions of proteins encoded by these genes are the regulation of transcription, cell proliferation,
angiogenesis, body growth, fatty acid and lipid metabolism, nervous system development, and
spermatogenesis. SNPs common to body weight and localized within a window of ±200 kb from
the structural genes CRADD, HMGA2, MSRB3, FUT8, MAX, and RAB15 were selected to create a
test system. The study of meat productivity after slaughter and chemical analysis of muscle tissue
in Karachai goats at the age of 8 months of different genotypes according to the identified SNPs
revealed that rs268269710 is the most promising for further research and use in breeding. The GG
genotype is associated with a larger live weight of animals, a larger carcass yield, the content of the
boneless part in it, and the ratio of protein and adipose tissue in meat preferred for dietary nutrition.
These results will contribute to the genetic improvement of Karachai goats.

Keywords: GWAS; SNP; QTL; candidate genes; meat; carcass; Karachai goats

Animals 2023, 13, 3237. https://doi.org/10.3390/ani13203237 https://www.mdpi.com/journal/animals

https://doi.org/10.3390/ani13203237
https://doi.org/10.3390/ani13203237
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-9501-8080
https://orcid.org/0000-0002-1799-6014
https://orcid.org/0000-0001-7533-4281
https://orcid.org/0000-0002-5809-1262
https://orcid.org/0000-0002-7095-418X
https://orcid.org/0000-0003-4017-6863
https://doi.org/10.3390/ani13203237
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani13203237?type=check_update&version=1


Animals 2023, 13, 3237 2 of 19

1. Introduction

Goats are known as one of the most common farm animals. Their high adaptive
abilities to various, and sometimes extreme, living conditions have formed many breeds
of different productivity trends in more than 195 countries around the world [1]. The
global number of goats is about 1.2 billion and has a positive tendency to increase [2,3]. The
interest in goat breeding is due not only to the variety of products received from them—milk,
wool, meat but also the ability to produce all this in ecological and geographical regions
where agriculture is limited by factors such as insufficient moisture, high temperature,
difficult terrain [4,5]. This explains that out of 635 goat breeds, only 38 breeds are classified
as cross-border. The rest are indigenous and adapted to difficult breeding conditions
(http://www.fao.org/dad-is, accessed on 9 June 2022). Local breeds are most widespread
in Central, South and East Asia and Africa and are a valuable source of animal products for
developing countries [6,7].

Long-term breeding to improve productivity while maintaining high adaptive quali-
ties of goats affected changes in their genome, as evidenced by several studies of modern
and ancient goat DNA [7,8]. The successful implementation of several international projects
on goat genome research, the development of Goat 50K BeadChip and the use of genome-
wide associative analysis (GWAS) provided significant progress in the search for breeding
prints and the identification of SNPs associated with different indicators of goat productiv-
ity [9–11]. The following groups of genes have been identified: controlling signs of lactic
acid [12–16], down productivity and wool color [17,18], reproduction [19–22], as well as
adaptations [23,24].

To increase meat productivity and include valuable genotypes in breeding programs
for further replication, a search for genomic associations was performed, and candidate
genes for body parameters and live weight of goats were established. Thus, in goats of
the dazu black goat breed, genotyped using Goat 50K BeadChip and sequencing of the
complete genome using GWAS, it was revealed that the genes PRDM6, PSTPIP2, SUN3,
MANEA, CDKAL1, CDH9, CBLN4, SOX4, SGCG, FIG9, CNTFR, RPP25L, FGF9, SIPA1L and
CCL19, are associated with the height and length of the body, with the width and depth of
the chest, the width of the hips and the live weight of the young. Functional annotation
of these genes has shown that they regulate the immune response, cell division processes,
and skeletal muscle development [25,26].

In Kashmiri (downy) goats, a connection was found with the live weight and height,
body length, depth, and chest width of the genes KDM6A, AKAP12 and SNX29, which
regulate the processes of proliferation of muscle tissue cells [27–29].

The association of the genes DKK2, TBCK, FGF, and ANK2, which are involved in the
processes of embryonic development and regulation of cell proliferation and growth, has
been established with the body size in goats of seven breeds bred in Pakistan [30].

Candidate genes associated with body type in Mursiana granadina goats have been
identified, including genes associated with collagen synthesis (ATF3, ADAMTS14 and
COL14A1), general growth and development (CGGBP1WNT5A, DNAH14), limb develop-
ment (ECEL1 and PIEZO2), homeostasis and bone remodeling (PTH1R, CDH11, SPATA4
and EPHA3) [31].

Three SNPs associated with body weight were identified in Beetal goats, which were
located within the BTAF1, NTM and GRID1 genes. In addition, some of the established
SNPs were localized near the genes CEP78, ROBO1, ZFP36L2, SPTLC3, CTR 9 and ZFHX3.
Functional annotation of these genes has shown that they are involved either in growth,
development or in both basic cell functions from embryonic to adult life of an animal [32].

Several studies performed on different breeds of goats have established a connection with
the live weight and growth dynamics of such genes as PRLR, MYLK and CADM2 [33–35],
IGF-I [36], which are more associated with endocrine and autocrine effects, enzymatic reactions
in muscle tissue, and also with synaptic interactions in cells.

In Russia, there has recently been a growing interest in breeding dairy and meat-dairy
goats. Goats of double productivity are most widespread in Altai, Tyva, Khakassia and
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the North Caucasus [37]. One of the breeds of interest for the production of milk and meat
is the Karachai goat breed. It is bred on mountain and foothill pastures of the Caucasus,
which are characterized by rich forage resources, but due to the complexity of the terrain,
they are not available for other types of domestic animals. The ecological well-being of the
Karachai goat breeding region makes it in demand to obtain goat meat from them, which
determines the direction of breeding to improve their meat productivity [38].

Taking into account the relevance of genome-wide associative analysis, the work aimed
to search for candidate genes associated with body measurements and body weight of
Karachai goats to develop an experimental PCR-RT test system for genotyping significant
SNPs based on functional annotation of genes, as well as to study meat productivity
indicators of different genotypes.

2. Materials and Methods
2.1. Sample Collection and Phenotypic Measurements

To obtain a representative sample of young Karachai goats and exclude kinship,
287 clinically healthy animals (74 male and 213 female goats) at four months were randomly
selected in genetically isolated herds using unrelated producers and belonging to six
different farmers. The location of the farm herds was chosen in such a way as to cover
the entire region of breeding Karachai goats in the North Caucasus. Farms “Pyatigorsky”
and “Maysky” were located at an altitude of 400–600 m above sea level, “Kyzyl-Kala”,
“Storozhevaya”, “Darik”—900–1200 m, “Uchkulan”—1500 m. The distance between the
farms did not exceed 350 km (Figure 1). The system of maintenance—pasture in the spring,
summer, and autumn seasons, in winter—is stable also with grazing on pasture in the
absence of snow cover. Depending on age, the feeding ration of young animals includes 5
to 10 kg of green mass of pasture grass of the subalpine belt, consisting of 50% of mothley
grass, 40% of cereals and 10% of legumes. In winter, in addition to pasture feed, the animals
received 0.8–1.2 kg of hay from cereals and legumes of subalpine meadows and 0.1–0.2 kg
of compound feed concentrate.
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Figure 1. Karachai goats: (a) herds location 1—Piatigorsky, 2—Maysky, 3—Kyzyl Kala, 4—Darick, 
5—Storozhevaya; 6—Uchkulan; (b) yang goat; (c) herd on grazing. 
Figure 1. Karachai goats: (a) herds location 1—Piatigorsky, 2—Maysky, 3—Kyzyl Kala, 4—Darick,
5—Storozhevaya; 6—Uchkulan; (b) yang goat; (c) herd on grazing.

In the selected animals at 4 and 8 months, body measurements such as rump height
(RH), body length (BL), chest perimeter (CP), chest width (CW), chest depth (CD) and
rump width (RW) were recorded using measuring sticks and tape, in addition, withers
height (WH) were determined by weighing on an electronic scale. The data obtained are
summarized in Table S1. At four months, samples of ear tissue or blood were taken into
sterile tubes with a preservative for further DNA isolation.

2.2. Statistical Analysis

The fixed effect of each trait in the model was identified by the General Linear Model
(GLM) procedure using the Statistical 10 program.
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To describe the data, a mixed linear model was used, the equation of which is presented
as follows:

y = HYi + Sexk + b1Age + animalj + e,

where: y— the phenotypic value of the i th individual the corresponding GLM (general
linear model); HYi—fixed effect “herd-year” of animal birth (i = 1–10); Sexk—the fixed
effect of the sex of the animal (k—male, female); Age—the regression effect of age in days
at the time the i th individual was assessed; b1—the regression coefficient of the model;
animalj—the fixed effect of i th individual (j = 1–269) weighed by covariance structure for
genomic relationship matrix (GRM, N(0, Gσg 2)) built from the genomic information using
VanRaden’s method [39]; e—residual effect of the model.

2.3. Genotyping and Quality Control of Data

Genomic DNA was isolated from ear tissue and blood samples according to the proto-
col of the DNA-Extran kit (Syntol, Moscow, Russia). The concentration was determined on
a Qubit device (Thermofisher, Waltham, MA, USA), and samples were taken with a ratio
of A260/280 in the range from 1.7 to 2.0. Genotyping was performed using GoatSNP53K
Beadchip (Illumina Inc., San Diego, CA, USA). Processing of genotype data quality control
was carried out using Plink 1.9 (http://zzz.bwh.harvard.edu/plink/, accessed: 9 June
2022) [40] by the following filters: (1) the frequency of calls for all SNPs for a separate
sampling frame is not less than 90%; (2) the frequency of occurrence of each of the studied
SNPs for all genotyped samples is not less than 90%: (3) the frequency of the minor allele
for each of the studied SNPs is not less than 5%; (4) the deviation of the SNP genotypes
from the Hardy-Weinberg distribution in the set test samples with a p-value < 10−6. The
received data were processed by the GenomeStudio 2.0 software and converted into the
Plink (.bed, .bim, .fam). The format of standard A/B genotypes has been converted to a
nucleotide format corresponding to allelic variants. The data that did not pass the quality
filter was not applied in further analysis. As a result, genotypes of 269 animals were used
on 47,647 polymorphic sites.

To stratify data from six herds, a Principal Component Analysis (PCA) was performed
using the PLINK v1.9 program.

2.4. Genome-Wide Association Studies

The associative search was performed using Plink, a set of tools for analyzing associ-
ations of the entire genome, namely the calculation of linear regression dependence and
determination coefficients. The significance of the regression coefficients of polymorphic
sites was evaluated using the Bonferroni null hypothesis test. Sites whose p-value was
higher than the quotient of dividing the significance level by the number of polymorphic
sites whose p-value of the test was less than 0.05 were considered potentially significant
(threshold p < 1.05 × 10−6; 0.05/47647 SNP). The quantile-quantile (Q-Q) graphs were
constructed by distributing the received and expected log10 (p-value) with coefficients
λ. The distribution of associations and significant SNPs were visualized on a Manhattan
graph constructed using R v. 3.5.2 R [41].

The quantile–quantile (Q–Q) plots were visualized by plotting the distribution of
obtained vs. expected log10 (p value) with inflation factors (λ). The association map and
the significant SNPs were visualized in the Manhattan plot with a threshold line. The
Manhattan and Q–Q graphics were generated with R v. 3.5.2.

2.5. Gene Analysis

The resulting polymorphic sites were annotated with rs identifiers in accordance with
the AdaptMap genome assembly and were transformed into the ARS1.2 genome assembly
using the Ensembl Genes release 103 database [42].

Functional annotation and analysis of the enrichment of gene ontology (GO) terms for
structural candidate genes identified in a window of ±0.2 Mb from statistically significant
SNPs were used by DAVID v6.8 [43]. Significant clusters were selected based on an
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enrichment index of more than 1 and a p-value of <0.05. The Benjamin-Hochberg test was
used to control the level of false deviations, defined as the expected ratio of false deviations
to the total number of deviations [39].

2.6. Development of a Multiplex Test System

The method of hybridization-fluorescence detection in “real-time” mode based on Taq-
Man technology was chosen to construct a multiplex test system [44]. Two allele-specific
dyes embedded in the probe sequence were used for each locus.

The polymerase chain reaction was carried out in a final volume of 20 µL: 19 µL of a
reaction mixture consisting of 20 mM (NH4)2SO4; 75 mM Tris-HCl; pH = 8.8; 0.1% (v/v)
Tween 20; 2.5 mM MgCl2; 0.25 mM dNTP, 0.15 units Taq-DNA polymerase, and 1 µL
(~10–200 ng) of the genomic DNA under study. After initial denaturation (95 ◦C, 7 min),
40 amplification cycles were performed (95 ◦C, 25 s.; 58 ◦C, 35 s.; 72 ◦C, 4 s).

Validation of test systems was performed by comparing the results of genotyping on
46 goats obtained using Goat 60K BeadChip and developed test systems. The results of
genotyping of all 46 animals obtained using the two above-mentioned methodological
approaches completely coincided.

2.7. Meat Productivity and Meat Quality Analysis

Three animals of each genotype were selected from 35 goats aged eight months
genotyped using the developed test system. The selected goats were examined for signs
of meat productivity after slaughter. The slaughter was carried out in accordance with
the recommendations of the Directive of the European Parliament and of the Council
of the European Union 2010/63 EC [45], the European Convention for the Protection of
Vertebrates, used for experiments and other scientific purposes (ETS No. 123) [46].

On electronic scales, the mass of the animal before slaughter and the mass of the
carcass after slaughter were determined with an accuracy of 0.1 kg, and the carcass yield
and the slaughter yield were calculated. The mass of internal fat was taken into account.
After the mechanical separation of muscle tissue from bones with tendons, the meat content
coefficient was determined, expressed by the ratio of the first value to the second. In the
carcass’s main topographic areas (hip, lumbar, spinal-scapular), muscle tissue samples
of 100 g were taken to perform chemical analysis in a total sample of minced meat. The
percentage of moisture, protein, fat, and ash was determined in accordance with accepted
national methods [47–49]. The area of the loin eye was determined on a paper print
obtained when applied to a transverse incision of the longest back muscle. Caloric content
was calculated by the formula:

K = [D − (F + A)] × 4.1 + (F × 9.3),

where K is the caloric content, kcal; D, A, F are the content of dry matter, ash, and fat, respectively.

3. Results
3.1. Population Stratification

The principal component analysis shows a distribution of the studied population
between three clusters. The first principal component (PC1), which is responsible for 8.76%
of genetic variability, clearly separated the Maysky herd from the five remaining herds,
while the principal component two (PC2), which explained 4.86% of genetic variability,
distinguished the Darick, Kyzyl Kala and Storozhevaya herds from the Uchkulan herd. The
individuals of the Piatigorsky herd were distributed between two clusters (Figure 2).

Considering the observed population stratification, we performed GWAS using the
first two PCs as covariates.



Animals 2023, 13, 3237 6 of 19

Animals 2023, 13, x FOR PEER REVIEW 6 of 20 
 

while the principal component two (PC2), which explained 4.86% of genetic variability, 
distinguished the Darick, Kyzyl Kala and Storozhevaya herds from the Uchkulan herd. 
The individuals of the Piatigorsky herd were distributed between two clusters (Figure 2). 

 
(a) (b) 

Figure 2. Population structure from the principal component analysis (PCA). PCA plots show the 
distribution of individuals of Karachai goats in the dimensions of two coordinates, i.e., (a) the first 
(PC1; X-axis) and second (PC2; Y-axis) principal components, (b) the first (PC1; X-axis) and third 
(PC3; Y-axis) principal components, with the percentage of total genetic variability, which can be 
explained by each of the two components, indicated within the parentheses; the individuals from 
the different herds are indicated by different colors. 

Considering the observed population stratification, we performed GWAS using the 
first two PCs as covariates. 

3.2. Descriptive Statistics 
The descriptive GLM statistics for body weight and body conformation traits in Ka-

rachai goats at ages four and eight months are summarized in Table 1. Descriptive statis-
tics of the genomic inbreeding coefficient derived from the genomic relationship matrix 
in Karachai goats by herds revealed a low variation from 3.13 to 12.55% and had a normal 
distribution for all studied populations. 

The growth and development indicators at the age of eight months were character-
ized by a slightly larger scale of variability compared to similar indicators at four months 
(Table 1). 

Table 1. Descriptive GLM statistics for body weight and body conformation traits in Karachai goats 
at age four and eight months. 

Trait Max Min Mean  Var  Std. Dev CV % 
Four months 

BW 36.5 kg 19.1 kg 24.75 kg 15.58 3.94 14.54 
WH 53.0 cm 45.5 cm 48.97 cm 3.25 1.80 3.72 
RH 54.5 cm 46.5 cm 49.85 cm 3.49 1.87 3.81 
BL 56.0 cm 47.5 cm 51.00 cm 3.55 1.89 3.70 
CP 57.5 cm 49.5 cm 53.12 cm 2.71 1.65 3.13 
CW 12.0 cm 7.5 cm 8.98 cm 0.57 0.75 8.44 
CD 23.5 cm  17.5 cm 19.78 cm 1.53 1.23 6.35 
RW 12.0 cm 9.5 cm 10,28 cm 0.20 0.45 4.42 

Eight months 
BW 49.8 kg 27.1 kg 36.35 kg 14.8 4.21 11.59 

Figure 2. Population structure from the principal component analysis (PCA). PCA plots show the
distribution of individuals of Karachai goats in the dimensions of two coordinates, i.e., (a) the first
(PC1; X-axis) and second (PC2; Y-axis) principal components, (b) the first (PC1; X-axis) and third
(PC3; Y-axis) principal components, with the percentage of total genetic variability, which can be
explained by each of the two components, indicated within the parentheses; the individuals from the
different herds are indicated by different colors.

3.2. Descriptive Statistics

The descriptive GLM statistics for body weight and body conformation traits in
Karachai goats at ages four and eight months are summarized in Table 1. Descriptive
statistics of the genomic inbreeding coefficient derived from the genomic relationship
matrix in Karachai goats by herds revealed a low variation from 3.13 to 12.55% and had a
normal distribution for all studied populations.

Table 1. Descriptive GLM statistics for body weight and body conformation traits in Karachai goats
at age four and eight months.

Trait Max Min Mean Var Std. Dev CV %

Four months
BW 36.5 kg 19.1 kg 24.75 kg 15.58 3.94 14.54
WH 53.0 cm 45.5 cm 48.97 cm 3.25 1.80 3.72
RH 54.5 cm 46.5 cm 49.85 cm 3.49 1.87 3.81
BL 56.0 cm 47.5 cm 51.00 cm 3.55 1.89 3.70
CP 57.5 cm 49.5 cm 53.12 cm 2.71 1.65 3.13
CW 12.0 cm 7.5 cm 8.98 cm 0.57 0.75 8.44
CD 23.5 cm 17.5 cm 19.78 cm 1.53 1.23 6.35
RW 12.0 cm 9.5 cm 10,28 cm 0.20 0.45 4.42

Eight months
BW 49.8 kg 27.1 kg 36.35 kg 14.8 4.21 11.59
WH 60.5 cm 47.5 cm 52.78 cm 8.11 2.84 5.38
RH 60.5 cm 48.0 cm 53.48 cm 8.95 2.99 5.59
BL 61.0 cm 48.1 cm 54.12 cm 9.15 3.02 5.58
CP 69.0 cm 52.2 cm 60.60 cm 10.96 3.31 5.46
CW 14.0 cm 8.0 cm 10.21 cm 1.64 1.28 12.55
CD 26.5 cm 18.0 cm 21.54 cm 2.91 1.71 7.95
RW 13.9 cm 9.5 cm 11.30 cm 0.67 0.82 6.86

BW (body weight), WH (withers height), RH (rump height), BL (body length), CP (chest perimeter), CW (chest width),
CD (chest depth), RW (rump width), Var: variation, Std. Dev: standard deviation, CV: coefficient of variation.

The growth and development indicators at the age of eight months were characterized by
a slightly larger scale of variability compared to similar indicators at four months (Table 1).
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3.3. Genome-Wide Association Studies

A comparative analysis of the GWAS results for the actual phenotypic values of the
studied traits at the ages of 4 and 8 months showed that for most of them, the observed
distribution of deviations from the normal distribution for confidence values approached
the expected one (Figure 3).
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depth (CD); rump width (RW); 4m—4 months, 8m—8 months in Karachai goats using GoatSNP53K
Bead Chip.

Association analysis made it possible to identify genome-wide SNPs for eight studied
traits at the age of 8 months, including live weight (5 SNP), height at the withers (10 SNP),
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height at the sacrum (9 SNP), oblique trunk length (6 SNP), chest circumference (4 SNP),
chest width (30 SNP), chest depth (8 SNP) and width in rump (14 SNP). For comparison,
at four months, genome-wide SNPs were identified for five studied traits, including live
weight (33 SNP), height at the withers (2 SNP), height at the sacrum (4 SNP), oblique trunk
length (2 SNP) and chest depth at four months (1 SNP) (Figure 3, Table 2).

Table 2. Number and chromosome distribution of significant (p < 10−5) SNPs associated with body
weight and body conformation traits at 4 and 8 months of age.

Trait
8 Months 4 Months

n Chr n Chr

BW 5 5, 6, 10, 16 33 1, 2, 3, 5, 6, 7, 9, 10, 13, 16,
17, 20, 24, 26

WH 10 1, 3, 8, 9, 10, 13, 18 2 2, 20

RH 9 1, 3, 8, 10, 13, 18, 26, 29 4 2, 5, 20, 23

BL 6 3, 10, 13, 18, 29 2 2, 5

CP 4 9, 10, 18, 19 - -

CW 30 1, 2, 3, 4, 5, 7, 9, 10, 12,
17, 18, 20, 21, 24, 26, 28 - -

CD 8 9, 13, 17, 18 1 18

RW 14 1, 2, 3, 4, 8, 9, 12, 14, 16,
18, 20, 25 - -

BW (body weight), WH (withers height), RH (rump height), BL (body length), CP (chest perimeter), CW (chest
width), CD (chest depth), RW (rump width).

Comparison of the GWAS results for the studied growth and development indica-
tors of young Karachai goats aged 4 and 8 months revealed the presence of 58 common
SNPs for different traits (Table S2). 11 common SNPs were identified for the body weight
(BW) trait (snp6325-scaffold1223-530258,snp14251-scaffold157-188734,snp32947-scaffold383-
159900,snp33417-scaffold392-2662378,snp945-scaffold1025-1329036,snp30641-scaffold339-3412
745,snp2144-scaffold1065-411721,snp8624-scaffold131-2001386, snp16745-scaffold1753-34329,
snp1555-scaffold1042-1068020,snp54586-scaffold833-2411812) for both ages, while in nine
cases they were the only common of all the studied signs.

For three traits—the height at the withers, the height of the sacrum, and body length
(WH, RH, BL) there were four SNPs in total (snp3628-scaffold1113-460458, snp50055-
scaffold716-3629742, snp31974-scaffold359-260195, snp31438-frame 348-1638233), for two
types—height at the withers, height of the sacrum (W, RH), body length and chest depth
(BL and CD) correspond to 2 SNPs (snp15461-scaffold164-717536 and snp50508-scaffold725-
933710) and 1 SNP (snp41877-scaffold546-944746).

3.4. Candidate Genes

Structural annotation of genome regions using Ensemble web resource within±0.20 Mb
window to identify significant SNPs revealed 288 genes (Table S3).

Functional annotation of 288 identified genes revealed 52 genes with described func-
tions regarding gene ontology (http://geneontology.org/, accessed on 15 November 2022)
(Table S4).

The functions of the identified genes are mainly related to the regulation of transcrip-
tion, angiogenesis, body growth, metabolism of fatty acids and lipids, development of the
nervous system, and spermatogenesis.

The following approach was used to select SNP candidates for designing a test system.
At the first stage, SNPs common to 2 or more signs of growth and development at the
ages of 4 and 8 months were selected, while at least one of the signs should achieve a

http://geneontology.org/
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genome-wide level of reliability of the identified associations. A total of 10 such SNPs were
identified (Table S5).

Six SNPs out of ten SNP candidates were associated with the body weight at four and
eight months of age in Karachai goats (Table S6). Therefore, these six SNPs were selected
for further analysis since body weight determines the meat productivity of animals to a
greater extent.

The presence of genes localized within the ±200 kb (0.20 Mb) window was established
for three SNPs: T47480416C (rs268269710 A/G) and A23345368G (rs268270492 G/A) on
Chr 5 (2 and 1 genes, respectively) and A25854668G (rs268234545 A/G) on Chr 10 (3 genes)
(Table S7). These three SNPs were selected as SNP candidates for the construction of a
multiplex molecular genetic test system.

Analysis of scientific information sources for the previously described functions of the
genes presented in Table S7 showed that they were associated with growth and develop-
ment rates in animals of other species.

The obtained data served as a justification for the feasibility of developing an ex-
perimental multiplex test system for genotyping SNP candidates associated with the live
weight of young Karachai goats. A detailed analysis of SNP candidates selected for the
design of molecular genetic test systems is presented in Table S8.

Based on the generated list of SNP candidates, three test systems were created to
determine the alleles of the following polymorphic loci in the goat genome: rs268234545,
rs268270492, and rs268269710. The structural solutions underlying the determination of
polymorphisms of candidate genes are presented in Table S9.

Primers and fluorescently labeled probes developed for genotyping polymorphism
at rs268234545, rs268270492, and rs268269710 loci are presented in Table S10 (nucleotide
sequences are written in the 5′->3′ format).

Validation of test systems was performed by comparing genotyping results on 46 goats
obtained using Goat 60K BeadChip and developed test systems. The results of genotyping
of all 46 animals obtained using the two above-mentioned methodological approaches
completely coincided.

The developed test systems were used for genotyping 35 goats and the subsequent
study of post-slaughter signs of meat productivity in carriers of different genotypes. The
selected animals had a live weight equal to the average for a group of animals of a cer-
tain genotype.

Quantitative and qualitative traits of meat productivity after slaughter were studied in
animals of different genotypes at the age of eight months, which are presented in Table S11.

This age is determined because up to this period, the most intensive growth in Karachai
goats was observed, and there was the greatest transformation of feed nutrients into
productivity, which is known to be effective for meat production [50].

Analysis of the data obtained allowed us to establish that according to SNP rs268269710,
the best indicators of meat productivity were characterized by goats of the GG genotype.
So, in comparison with AA genotype animals, they had a significant advantage in pre-
slaughter and the fresh carcass weight, slaughter yield, boneless meat weight and loin eye
area by 8.9%; 13.6%; 4.3% (p < 0.05); 10.5% (p < 0.01) and 5.2% (p < 0.05), respectively.

Comparison of animals of different genotypes in terms of meat productivity by SNP
rs268270492 revealed that GG genotype compared to AG genotype had higher pre-slaughter,
slaughter yield, slaughter weight, boneless meat weight and loin eye area by 15.8%; 25.7%
(p < 0.01); 8.4% (p < 0.05); 18.3% and 15.7% (p < 0.01), respectively.

No significant differences between genotypes were found for SNP rs268234545. Ac-
cording to most indicators, the AA-genotype animals tended to be superior.

It should be noted that the difference in the studied indicators of meat productivity
between the compared genotypes according to SNP rs268270492 was more significant than
between the genotypes according to SNP rs268269710. It is also necessary to distinguish
animals of GG genotypes in these two SNPs by the content of boneless meat, which is
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the most valuable part of the carcass, which makes keeping these genotypes the most
preferable for breeding in terms of obtaining more meat products.

The muscle tissue of young Karachai goats of different genotypes, according to the
studied SNPs, had no significant differences in protein, fat, caloric content, moisture, and
ash. The meat of young goats of all genotypes at the age of eight months was characterized
by high protein content—20.9–22.56%, with low-fat content—7.65–9.62%, which indicates
its possible dietary properties. At the same time, according to SNP rs268269710, animals of
the GG genotype should be distinguished, which was characterized by the best slaughter
performance and ratio of protein to fat in meat from the point of view of dietary nutrition.
Thus, in the average sample of minced meat of animals of this genotype, 2.47 g of protein
per 1.0 g of fat, whereas in the samples of meat of AA and AG genotypes—2.38 and 2.29 g,
respectively. No significant differences were found for other SNPs. The best ratio of protein
to fat in meat was found in carriers of the AG genotype in SNP rs268270492 and GG
genotype in SNP rs268234545—2.65 and 2.71 g, respectively, whereas in animals of other
genotypes in the range—2.33–2.46 g. However, the AG genotype in SNP rs268270492 and
the GG genotype in SNP rs268234545 did not show better slaughter parameters (Table S11).

Thus, the identified SNPs within a window of ±200 kb (0.20 Mb) from the CRADD,
HMGA2, MSRB3, FUT8, MAX and RAB15 genes associated with the pre-slaughter weight
are more or less involved in the formation of their meat productivity. We conclude that
the most promising for further study and use in the selection of Karachai goats to increase
meat productivity is the SNP in rs268269710. The GG genotype is associated with a larger
live weight of animals, a larger carcass yield, the content of the boneless part in it, and the
ratio of protein and adipose tissue in meat preferred for dietary nutrition.

4. Discussion

Recently, numerous studies have been conducted to analyze the genetic architecture of
goats, as one of the most common domestic species, well adapted to extreme environmental
conditions and possessing phenotypic diversity [51]. In the course of these studies, it was
possible to identify some genes associated with a variety of economically important traits
of goats, such as down and milk productivity and reproduction [16,52–54]. To increase
meat productivity and include it in breeding programs for greater production of goat meat,
an analysis of associations with live weight and signs of body conformation was carried
out, and promising candidate genes were identified [26,30,33–36].

Further research is likely to be related to the identification of new genes, as well as
their selection signatures (SS) and the study of multiple effects on economic and even
non-economic traits that are important in the selection of desirable or elimination of
undesirable goat genotypes, in the development of breeding programs in goat farming [51].
However, the study of goat genomes is still in its infancy compared to other livestock
species. However, progress is being made in performing genome-wide studies, identifying
genomic variants and QTL analysis [55,56].

The present study was devoted to searching for candidate genes associated with body
measurements and live weight of Karachai goats based on genome-wide associations and
developing an experimental PCR-RV test system for genotyping significant SNPs. At the
same time, we considered it especially important to identify areas of the genome that
would be associated with live weight at four months of age, and they would continue to be
associated with this indicator until eight months, i.e., until the optimal age of slaughter and
obtaining meat with lower fat content.

There is evidence of significant differences in the genetic structure of the same traits in
different age periods. For example, in sheep, the genes associated with body weight at birth,
at weaning, at six, 12 and 30 months were different [57,58]. Also, gene differences were
noted in beef cattle, which demonstrated a relationship with body weight and average daily
growth in different periods of ontogenesis—at six and 12 months [59]. We have observed
a similar pattern in our research. Of all the identified SNPs, those different for four and
eight months were significantly more than those that coincided. This seems to confirm that
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such phenotypic traits as the weight and body size of animals at a certain growth phase are
regulated by many genes, while these genes may differ or have different expression levels.
Therefore, our hypothesis is based on identifying such genes that would demonstrate an
association in different periods of growth, and the presence of a functional annotation of
such genes was considered mandatory.

For the studied traits at the ages of four and eight months, 58 common SNPs were
identified and annotated for 288 genes. Function descriptions in terms of gene ontology are
available for 52 of these genes. Despite their significant number, no matches were found
with genes for which associations with body size and weight were determined in other
studies. At the same time, the generalization of the described functions of candidate genes
identified for Karachai goats showed their similarity to those known for other breeds of
goats and sheep. Thus, the analysis of ontology and signaling pathways showed that in
goats of different breeds, they regulate proliferation, growth, development of cells of the
whole organism, and myocytes in particular, cell transport, transcription and translation,
reproduction functions, as well as the process of limb development, homeostasis and bone
remodeling, collagen synthesis [26–28,30–36]. Candidate genes associated with height at
the withers, chest and lower leg girth, body weight gain, loin eye area, and fat thickness are
transcription factors that regulate myocyte proliferation and fatty acid metabolism [57,58].
In our study, the main molecular functions of proteins encoded by the identified candidate
genes are regulating transcription processes, cell proliferation, angiogenesis, body growth,
fatty acid and lipid metabolism, nervous system development, and spermatogenesis.

One of the tasks of our research was to design a test system for genotyping Karachai
goats according to the most significant SNPs, the selection of which was carried out in
three stages: (1) common SNPs for two or more signs of growth and development at the
age of 4 and 8 months, while at least one of the signs should have a genome-wide level of
association confidence; (2) then common SNPs for live weight only; and (3) SNPs localized
within a window ±200 kb of structural genes. In the first stage, ten were revealed. In the
second—six, and the third—three SNPs were identified in the vicinity of six genes CRADD,
HMGA2, MSRB3, FUT8, MAX, RAB15, and five of which functions in gene ontology
were described.

Thus, it was found that the CRADD gene, along with SOCS2 and PLXNC1 genes, is
lo-calized within the so-called “high-growing region” on chromosome 10 in mice. Those
genes are associated with the phenotype of high growth in peace and with no obesity [60].
Another study demonstrated a significant relationship between the “high-growing region”
mouse genes CRADD, SOCS2 and PLXNC1, as well as two closely located genes, ATP2B1
and DUSP6, with the growth rate in pigs, as well as the quality of meat and fat [61].

Previous studies have revealed a high level of HER2 expression during embryogenesis
and a key role in growth-determining and early postnatal development [62]. CRISPR/Cas9
was used in mice to generate an HMGA2 null allele that disrupts only the coding sequence. It
was shown that the loss of one or both HMGA2 alleles decreased body weight by 20% and 60%,
respectively, compared with wild-type mice from the same litter [63]. The association of the
HMGA gene with growth and body weight has also been found in pigs and dogs. It was found
that it is activated during early development, participates in the processes of cell division,
and the body weight of the animal is highly correlated with HMGA expression [64–66]. The
MSRB3 gene is an important member of the MSL gene family, which regulates the catalyzing
effect of methionine-R-sulfoxide to methionine [67]. In four indigenous cattle breeds selected
in China, individual SNPs in the MSRB3 gene were associated with traits of body growth and
conformation (body weight, rump height, body length, and chest width) [68,69]. The FUT8
gene encodes an enzyme that belongs to the fucosyltransferase family. Deletion of the FUT8
gene in mice has been shown to lead to growth retardation during postnatal development [70].
The MAX gene encodes MYC-associated factor X (MAX). MAX protein re-lates to the bHLHZ
family of transcription factors (Basic helix-loop-helix leucine zipper transcription factors). It
forms a transcriptional network with MYC and MAD proteins (MAX-MYC-MAD), which
regulates cell proliferation, differentiation, and apoptosis [71].
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Sufficiently convincing data on the connection of the above genes with signs of animal
growth were the justification for their selection for developing a PCR-RV test system. It
was designed, successfully validated, and used for genotyping young goats of the next
generation and studying their meat productivity indicators after slaughter. The results
showed that the SNP in the rs268269710 position is the most promising for further research
and use in breeding Karachai goats. The GG genotype is associated with a larger live weight
of animals, increased carcass yield, and the content of the pulp part in it, but also the ratio
of protein and adipose tissue in meat preferred for dietary nutrition. The data obtained
seem to be explained by the fact that the SNP at the rs268269710 position is located in close
proximity to the HMGA2 and MSRB3 genes, for which a more pronounced association
with growth energy in young animals has been described [62–69].

Unfortunately, it is not possible to compare our data with the results of other studies.
As a rule, such works demonstrate the result of GWAS, functional annotation of genes for
identified SNPs, and description of protein products of candidate genes [51,72–74]. We have
not been able to find studies that would present the results of the PCR tests development
and the effectiveness of their use in goat breeding.

In conclusion, we would like to emphasize that our results are preliminary, and to
confirm the feasibility of using a PCR test for genotyping and selecting animals preferred
for increasing goat meat production, further testing on a larger sample of animals with
additional studies on the meat qualities of animals of different genotypes is necessary.

5. Conclusions

Thus, for the first time, GWAS of Karachai goats was conducted to identify genes
associated with body traits at different ages. We identified 58 common SNPs for different
signs of body size (conformation) and body weight at 4 and 8 months. The genes CED,
HMGA2, MSRB3, FUT8, MAX, and RUBI 15 are candidates for signs of body weight and
meat productivity and are promising for further priority studies. These results will make a
significant contribution to understanding the mechanisms underlying the signs of meat
productivity and will contribute to the genetic improvement of Karachai goats.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ani13203237/s1; Table S1. Body measurements in yang goats at 4 and 8 months;
Table S2 List of common SNPs associated with body conformation traits at both 4 and 8 months of age in
Karachai goats; Table S3: Closest candidate genes for genome-wide SNPs (p < 10−5) associated with body
weight and body conformation traits based on GWAS in Karachai goats; Table S4: Functional annotation
of candidate genes; Table S5: SNP candidates selected on the results of GWAS, common for two or more
signs of growth and development at the age of 4 and 8 months; Table S6: Candidate SNPs associated with
the body weight at 4 and 8 months of age in Karachai goats; Table S7: SNP candidates associated with the
live weight of Karachai goats used to construct a molecular genetic test system; Table S8: SNP candidates
analysis for the molecular genetic test systems design; Table S9: Modeling the definition of polymorphism
in position: (a) rs268270492; (b) rs268234545; (c) rs268269710; Table S10: Primers and fluorescent probes
developed for genotyping polymorphism in loci rs268270492, rs268234545, rs268269710; Table S11:
Indicators of meat productivity of young Karachai goats of different genotypes by SNP rs268269710,
rs268270492, rs268234545 (8 months). The SNP genotypes of 269 Karachai goats used for genome-wide
association studies are available in the ZENODO repository (https://doi.org/10.5281/zenodo.7053677,
Uploaded on 6 September 2022).

Author Contributions: Conceptualization, M.S. and N.Z.; methodology, T.D. and N.Z.; software, A.S. and
A.B.; validation, A.S. and A.B.; formal analysis, A.S., A.B. and T.D.; investigation, M.S., M.A., T.M. and N.Z.;
resources, M.A. and T.M.; data curation, A.B.; writing—original draft preparation, M.S.; writing—review
and editing, E.Z. and N.Z.; visualization, M.A.; supervision, E.Z.; project administration, E.Z.; funding
acquisition, M.S. All authors have read and agreed to the published version of the manuscript.

Funding: The study was carried out within the framework of the complex project “Scientific and
technological frontiers” of the program of strategic academic leadership “Priority-2030” on the topic
“Biotechnological methods of reproduction and genomic technologies in breeding farm animals and
preserving the gene pool of small breeds”.

https://www.mdpi.com/article/10.3390/ani13203237/s1
https://www.mdpi.com/article/10.3390/ani13203237/s1
https://doi.org/10.5281/zenodo.7053677


Animals 2023, 13, 3237 16 of 19

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Institute of Animal Science and Biology Russian State Agrarian University—
Moscow Timiryazev Agricultural Academy (protocol No. 7, 14 March 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to M. Kalmykov for providing Karachai goats for research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alberto, F.J.; Boyer, F.; Orozco-Terwengel, P.; Streeter, I.; Servin, B.; de Villemereuil, P.; Benjelloun, B.; Librado, P.; Biscarini, F.;

Colli, L.; et al. Convergent genomic signatures of domestication in sheep and goats. Nat. Commun. 2018, 9, 813. [CrossRef]
2. Miller, B.A.; Lu, C.D. Current status of global dairy goat production: An overview. Asian-Australas. J. Anim. Sci. 2019, 32,

1219–1232. [CrossRef]
3. Pulina, G.; Milán, M.J.; Lavín, M.P.; Theodoridis, A.; Morin, E.; Capote, J.; Thomas, D.L.; Francesconi, A.H.D.; Caja, G. Invited

review: Current production trends, farm structures, and economics of the dairy sheep and goat sectors. J. Dairy Sci. 2018, 101,
6715–6729. [CrossRef]

4. Reshma Nair, M.R.; Sejian, V.; Silpa, M.V.; Fonsêca, V.F.C.; de Melo Costa, C.C.; Devaraj, C.; Krishnan, G.; Bagath, M.; Nameer, P.O.;
Bhatta, R. Goat as the ideal climate-resilient animal model in tropical environment: Revisiting advantages over other live-stock
species. Int. J. Biometeorol. 2021, 65, 2229–2240. [CrossRef] [PubMed]

5. Silanikove, N. The physiological basis of adaptation in goats to harsh environments. Small Rumin.Res. 2000, 35, 181–193.
[CrossRef]

6. Mazinani, M.; Rude, B. Population, World Production and Quality of Sheep and Goat Products. Am. J. Anim. Veter-Sci. 2020,
15, 291–299. [CrossRef]

7. Daly, K.G.; Delser, P.M.; Mullin, V.E.; Scheu, A.; Mattiangeli, V.; Teasdale, M.D.; Hare, A.J.; Burger, J.; Verdugo, M.P.; Collins,
M.J.; et al. Ancient goat genomes reveal mosaic domestication in the Fertile Crescent. Science 2018, 361, 85–88. [CrossRef]

8. Zheng, Z.; Wang, X.; Li, M.; Li, Y.; Yang, Z.; Wang, X.; Pan, X.; Gong, M.; Zhang, Y.; Guo, Y.; et al. The origin of domestication
genes in goats. Sci. Adv. 2020, 6, eaaz5216. [CrossRef]

9. Dong, Y.; Xie, M.; Jiang, Y.; Xiao, N.; Du, X.; Zhang, W.; Tosser-Klopp, G.; Wang, J.; Yang, S.; Liang, J.; et al. Sequencing and
automated whole-genome optical mapping of the genome of a domestic goat (Capra hircus). Nat. Biotechnol. 2012, 31, 135–141.
[CrossRef]

10. Tosser-Klopp, G.; Bardou, P.; Bouchez, O.; Cabau, C.; Crooijmans, R.; Dong, Y.; Donnadieu-Tonon, C.; Eggen, A.; Heuven, H.C.M.;
Jamli, S.; et al. Design and Characterization of a 52K SNP Chip for Goats. PLoS ONE 2014, 9, e86227. [CrossRef]

11. Selionova, M.I.; Trukhachev, V.I.; Aybazov, A.-M.M.; Stolpovsky, Y.A.; Zinovieva, N.A. Genetic markers of goats (Review). Agric.
Biol. 2021, 56, 1031–1048. [CrossRef]

12. Siddiki, A.M.A.M.Z.; Miah, G.; Islam, S.; Kumkum, M.; Rumi, M.H.; Baten, A.; Hossain, M.A. Goat Genomic Resources: The
Search for Genes Associated with Its Economic Traits. Int. J. Genom. 2020, 2020, 5940205. [CrossRef]

13. Getaneh, M.; Alemayehu, K. Candidate genes associated with economically important traits in dairy goats. Cogent Food Agric.
2022, 8, 2149131. [CrossRef]

14. Bagatoli, A.; de Melo, A.L.P.; Gasparino, E.; Rodrigues, M.T.; Ferreira, L.; Garcia, O.S.R.; Soares, M.A.M. Association between
polymorphisms of APOB, SLC27A6, AGPAT6 and PRLR genes and milk production and quality traits in goat. Small Rumin. Res.
2021, 203, 106484. [CrossRef]

15. Kang, X.; Li, M.; Liu, M.; Liu, S.; Pan, M.G.; Wiggans, G.R.; Rosen, B.D.; Liu, G.E. Genomics Copy number variation analysis
reveals variants associated with milk production traits in dairy goats. Genomics 2020, 112, 4934–4937. [CrossRef]

16. Scholtens, M.; Jiang, A.; Smith, A.; Littlejohn, M.; Lehnert, K.; Snell, R.; Lopez-Villalobos, N.; Garrick, D.; Blair, H. Genome-wide
association studies of lactation yields of milk, fat, protein and somatic cell score in New Zealand dairy goats. J. Anim. Sci.
Biotechnol. 2020, 11, 55. [CrossRef]

17. Wang, X.; Cai, B.; Zhou, J.; Zhu, H.; Niu, Y.; Ma, B.; Yu, H.; Lei, A.; Yan, H.; Shen, Y.; et al. Disruption of FGF5 in cashmere goats
using CRISPR/Cas9 results in more secondary hair follicles and longer fibers. PLoS ONE 2016, 11, e0164640. [CrossRef]

18. Wang, J.; Hao, Z.; Zhou, H.; Luo, Y.; Hu, J.; Liu, X.; Li, S.; Hickford, J.G. A keratin-associated protein (KAP) gene that is associated
with variation in cashmere goat fleece weight. Small Rumin. Res. 2018, 167, 104–109. [CrossRef]

19. Dangar, N.S.; Pandya, G.M.; Ramani, U.V.; Kharadi, V.B.; Brahmkshtri, B.P. Association study of fecundity gene BMP 15 with
prolificacy in surti goats under farm and field condition of South Gujarat Region. Ind. J. Vet. Sci. Biotech. 2022, 18, 100–104.

20. Wang, J.-J.; Li, Z.-D.; Zheng, L.-Q.; Zhang, T.; Shen, W.; Lei, C.-Z. Genome-wide detection of selective signals for fecundity traits
in goats (Capra hircus). Gene 2022, 818, 146221. [CrossRef]

21. Islam, R.; Liu, X.; Gebreselassie, G.; Abied, A.; Ma, Q.; Ma, Y. Genome-wide association analysis reveals the genetic locus for high
reproduction trait in Chinese Arbas Cashmere goat. Genes Genom. 2020, 42, 893–899. [CrossRef] [PubMed]

https://doi.org/10.1038/s41467-018-03206-y
https://doi.org/10.5713/ajas.19.0253
https://doi.org/10.3168/jds.2017-14015
https://doi.org/10.1007/s00484-021-02179-w
https://www.ncbi.nlm.nih.gov/pubmed/34363136
https://doi.org/10.1016/S0921-4488(99)00096-6
https://doi.org/10.3844/ajavsp.2020.291.299
https://doi.org/10.1126/science.aas9411
https://doi.org/10.1126/sciadv.aaz5216
https://doi.org/10.1038/nbt.2478
https://doi.org/10.1371/journal.pone.0086227
https://doi.org/10.15389/agrobiology.2021.6.1031eng
https://doi.org/10.1155/2020/5940205
https://doi.org/10.1080/23311932.2022.2149131
https://doi.org/10.1016/j.smallrumres.2021.106484
https://doi.org/10.1016/j.ygeno.2020.09.007
https://doi.org/10.1186/s40104-020-00453-2
https://doi.org/10.1371/journal.pone.0164640
https://doi.org/10.1016/j.smallrumres.2018.08.014
https://doi.org/10.1016/j.gene.2022.146221
https://doi.org/10.1007/s13258-020-00937-5
https://www.ncbi.nlm.nih.gov/pubmed/32506265


Animals 2023, 13, 3237 17 of 19

22. Wang, K.; Liu, X.; Qi, T.; Hui, Y.; Yan, H.; Qu, L.; Lan, X.; Pan, C. Whole-genome sequencing to identify candidate genes for litter
size and to uncover the variant function in goats (Capra hircus). Genomics 2020, 113, 142–150. [CrossRef] [PubMed]

23. Sun, X.; Jiang, J.; Wang, G.; Zhou, P.; Li, J.; Chen, C.; Liu, L.; Li, N.; Xia, Y.; Ren, H. Genome-wide association analysis of nine
reproduction and morphological traits in three goat breeds from Southern China. Anim. Biosci. 2023, 36, 191–199. [CrossRef]
[PubMed]

24. Song, S.; Yao, N.; Yang, M.; Liu, X.; Dong, K.; Zhao, Q.; Pu, Y.; He, X.; Guan, W.; Yang, N.; et al. Exome sequencing reveals
genetic differentiation due to high-altitude adaptation in the Tibetan cashmere goat (Capra hircus). BMC Genom. 2016, 17, 122–136.
[CrossRef] [PubMed]

25. Wang, Z.; Wang, C.; Guo, Y.; She, S.; Wang, B.; Jiang, Y.; Bai, Y.; Song, X.; Li, L.; Shi, L.; et al. Screening of Deletion Variants within
the Goat PRDM6 Gene and Its Effects on Growth Traits. Animals 2020, 10, 208. [CrossRef]

26. Gu, B.; Sun, R.; Fang, X.; Zhang, J.; Zhao, Z.; Huang, D.; Zhao, Y.; Zhao, Y. Genome-Wide Association Study of Body Conformation
Traits by Whole Genome Sequencing in Dazu Black Goats. Animals 2022, 12, 548. [CrossRef]

27. Wang, K.; Cui, Y.; Wang, Z.; Yan, H.; Meng, Z.; Zhu, H.; Qu, L.; Lan, X.; Pan, C. One 16 bp insertion/deletion (indel) within the
KDM6A gene revealing strong associations with growth traits in goat. Gene 2018, 686, 16–20. [CrossRef]

28. Bai, Y.; Yuan, R.; Luo, Y.; Kang, Z.; Zhu, H.; Qu, L.; Lan, X.; Song, X. Exploration of Genetic Variants within the Goat A-Kinase
Anchoring Protein 12 (AKAP12) Gene and Their Effects on Growth Traits. Animals 2021, 11, 2090. [CrossRef]

29. Bi, Y.; Chen, Y.; Xin, D.; Liu, T.; He, L.; Kang, Y.; Pan, C.; Shen, W.; Lan, X.; Liu, M. Effect of indel variants within the sorting nexin
29 (SNX29) gene on growth traits of goats. Anim. Biotechnol. 2020, 33, 914–919. [CrossRef]

30. Moaeen-Ud-Din, M.; Muner, R.D.; Khan, M.S. Genome wide association study identifies novel candidate genes for growth and
body conformation traits in goats. Sci. Rep. 2022, 12, 9891. [CrossRef]

31. Luigi-Sierra, M.G.; Landi, V.; Guan, D.; Delgado, J.V.; Castelló, A.; Cabrera, B.; Mármol-Sánchez, E.; Alvarez, J.F.; Gómez-
Carpio, M.; Martínez, A.; et al. A genome-wide association analysis for body, udder, and leg conformation traits recorded in
Murciano-Granadina goats. J. Dairy Sci. 2020, 103, 11605–11617. [CrossRef] [PubMed]

32. Moaeen-ud-Din, M.; Khan, M.S.; Muner, R.D.; Reecy, J.M. Genome Wide Association Study in Goat Identified Novel SNPs and
Genes for Growth. 2023. Available online: https://doi.org/10.21203/rs.3.rs-2966814/v1 (accessed on 9 June 2022).

33. Liu, X.; Ma, L.; Wang, M.; Wang, K.; Li, J.; Yan, H.; Zhu, H.; Lan, X. Two indel variants of prolactin receptor (PRLR) gene are
associated with growth traits in goat. Anim. Biotechnol. 2019, 31, 314–323. [CrossRef] [PubMed]

34. Xu, Z.; Wang, X.; Zhang, Z.; An, Q.; Wen, Y.; Wang, D.; Liu, X.; Li, Z.; Lyu, S.; Li, L.; et al. Copy number variation of CADM2 gene
revealed its association with growth traits across Chinese Capra hircus (goat) populations. Gene 2020, 741, 144519. [CrossRef]
[PubMed]

35. Shi, S.-Y.; Li, L.-J.; Zhang, Z.-J.; Wang, E.-Y.; Wang, J.; Xu, J.-W.; Liu, H.-B.; Wen, Y.-F.; He, H.; Lei, C.-Z.; et al. Copy number
variation of MYLK4 gene and its growth traits of Capra hircus (goat). Anim. Biotechnol. 2019, 31, 532–537. [CrossRef]

36. Pardo, J.I.S.; Bermejo, J.V.D.; Ariza, A.G.; Jurado, J.M.L.; Navas, C.M.; Pastrana, C.I.; Martínez, M.d.A.M.; González, F.J.N.
Candidate Genes and Their Expressions Involved in the Regulation of Milk and Meat Production and Quality in Goats (Capra
hircus). Animals 2022, 12, 988. [CrossRef]

37. Erokhin, A.; Russian State Agrarian University—Moscow Timiryazev Agricultural Academy; Karasev, E.; Erokhin, S. Dynamics of
goat population and production of goat milk and meat in the world and in Russia. Sheep Goats Woolen Bus. 2020, 4, 22–25. (In Russian)
[CrossRef]

38. Aybazov, M.M.; Selionova, M.I.; Mamontova, T.V. Exterior and some biological indices of Karachai goats. Zootechniya 2019, 12,
5–9. (In Russian) [CrossRef]

39. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B Methodol. 1995, 57, 289–300. [CrossRef]

40. PLINK 1.9 and 2.0. Available online: https://zzz.bwh.harvard.edu/plink/plink2.shtml (accessed on 5 June 2022).
41. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2012. Available online: http://www.R-project.org (accessed on 9 June 2022).
42. Kinsella, R.J.; Kähäri, A.; Haider, S.; Zamora, J.; Proctor, G.; Spudich, G.; Almeida-King, J.; Staines, D.; Derwent, P.; Kerhornou,

A.; et al. Ensembl BioMarts: A hub for data retrieval across taxonomic space. Database 2011, 2011, bar030. [CrossRef]
43. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics

resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]
44. Holland, P.M.; Abramson, R.D.; Watson, R.; Gelfand, D.H. Detection of specific polymerase chain reaction product by utilizing

the 5′-3′ exonuclease activity of Thermus aquaticus DNA polymerase. Proc. Natl. Acad. Sci. USA 1991, 88, 7276–7280. [CrossRef]
[PubMed]

45. The European Parliament and the Council of the European Union. Directive 2010/63/EU of the European Parliament and
of the Council of 22 September 2010 on the Protection of Animals Used for Scientific Purposes. Off. J. Eur. Union 2010, 276,
33–79. Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:PDF (accessed
on 2 February 2020).

46. European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes. European
Treaty Series—No. 123. Available online: https://rm.coe.int/168007a67b (accessed on 10 October 2022).

https://doi.org/10.1016/j.ygeno.2020.11.024
https://www.ncbi.nlm.nih.gov/pubmed/33276007
https://doi.org/10.5713/ab.21.0577
https://www.ncbi.nlm.nih.gov/pubmed/35760404
https://doi.org/10.1186/s12864-016-2449-0
https://www.ncbi.nlm.nih.gov/pubmed/26892324
https://doi.org/10.3390/ani10020208
https://doi.org/10.3390/ani12050548
https://doi.org/10.1016/j.gene.2018.11.010
https://doi.org/10.3390/ani11072090
https://doi.org/10.1080/10495398.2020.1846547
https://doi.org/10.1038/s41598-022-14018-y
https://doi.org/10.3168/jds.2020-18461
https://www.ncbi.nlm.nih.gov/pubmed/33069406
https://doi.org/10.21203/rs.3.rs-2966814/v1
https://doi.org/10.1080/10495398.2019.1594863
https://www.ncbi.nlm.nih.gov/pubmed/30987502
https://doi.org/10.1016/j.gene.2020.144519
https://www.ncbi.nlm.nih.gov/pubmed/32126252
https://doi.org/10.1080/10495398.2019.1635137
https://doi.org/10.3390/ani12080988
https://doi.org/10.26897/2074-0840-2020-4-22-25
https://doi.org/10.25708/ZT.2019.51.83.002
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://zzz.bwh.harvard.edu/plink/plink2.shtml
http://www.R-project.org
https://doi.org/10.1093/database/bar030
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1073/pnas.88.16.7276
https://www.ncbi.nlm.nih.gov/pubmed/1871133
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:PDF
https://rm.coe.int/168007a67b


Animals 2023, 13, 3237 18 of 19

47. GOST 9793-2016; Meat and Meat Products. Method for Determination of Moisture Content. Standartinform: Moscow, Russia,
2018. Available online: https://docs.cntd.ru/document/1200144231 (accessed on 16 September 2022). (In Russian)

48. GOST 23042–2015; Meat and Meat Products. Methods of Fat Determination. Standartinform: Moscow, Russia, 2019. Available
online: https://docs.cntd.ru/document/1200133107 (accessed on 16 September 2022). (In Russian)

49. GOST 25011–2017; Meat and Meat Products. Protein Determination Methods. Standartinform: Moscow, Russia, 2018. Available
online: https://docs.cntd.ru/document/1200146783 (accessed on 16 September 2022). (In Russian)

50. Selionova, M.I.; Mamontova, T.V.; Aybazov, M.M.; Petrovic, V.C.; Petrovic, M.P. Quality of Aborigenous Karachay Goat Meat
Under Different Conditions. In Proceedings of the 13th International Symposium Modern Trends in Livestock Production,
Belgrade, Serbia, 6–8 October 2021; pp. 117–125.

51. Saleh, A.A.; Rashad, A.M.; Hassanine, N.N.; Sharaby, M.A. Candidate genes and signature of selection associated with different
biological aspects and general characteristics of goat. Emerg. Anim. Species 2022, 5, 100013. [CrossRef]

52. Tilahun, Y.; Gipson, T.A.; Alexander, T.; McCallum, M.L.; Hoyt, P.R. Genome-Wide Association Study towards Genomic Predictive
Power for High Production and Quality of Milk in American Alpine Goats. Int. J. Genom. 2020, 2020, 6035694. [CrossRef]
[PubMed]

53. Talouarn, E.; The VarGoats Consortium; Bardou, P.; Palhière, I.; Oget, C.; Clément, V.; Tosser-Klopp, G.; Rupp, R.; Robert-Granié,
C. Genome wide association analysis on semen volume and milk yield using different strategies of imputation to whole genome
sequence in French dairy goats. BMC Genet. 2020, 21, 19. [CrossRef] [PubMed]

54. Saif, R.; Mahmood, T.; Ejaz, A.; Fazlani, S.A.; Zia, S. Whole-genome selective sweeps analysis in Pakistani Kamori goat. Gene Rep.
2021, 26, 101429. [CrossRef]

55. Mrode, R.; Tarekegn, G.M.; Mwacharo, J.M.; Djikeng, A. Invited review: Genomic selection for small ruminants in developed
countries: How applicable for the rest of the world? Animal 2018, 12, 1333–1340. [CrossRef]

56. Saravanan, K.; Panigrahi, M.; Kumar, H.; Nayak, S.S.; Rajawat, D.; Bhushan, B.; Dutt, T. Progress and future perspectives of
livestock genomics in India: A mini review. Anim. Biotechnol. 2022, 34, 1979–1987. [CrossRef]

57. Lu, Z.; Yue, Y.; Yuan, C.; Liu, J.; Chen, Z.; Niu, C.; Sun, X.; Zhu, S.; Zhao, H.; Guo, T.; et al. Genome-Wide Association Study of
Body Weight Traits in Chinese Fine-Wool Sheep. Animals 2020, 10, 170. [CrossRef]

58. Zhang, L.; Liu, J.; Zhao, F.; Ren, H.; Xu, L.; Lu, J.; Zhang, S.; Zhang, X.; Wei, C.; Lu, G.; et al. Genome-Wide Association Studies for
Growth and Meat Production Traits in Sheep. PLoS ONE 2013, 8, e66569. [CrossRef]

59. Mancin, E.; Tuliozi, B.; Pegolo, S.; Sartori, C.; Mantovani, R. Genome Wide Association Study of Beef Traits in Local Alpine Breed
Reveals the Diversity of the Pathways Involved and the Role of Time Stratification. Front. Genet. 2022, 12, 746665. [CrossRef]

60. Wong, M.L.; Islas-Trejo, A.; Medrano, J.F. Structural characterization of the mouse high growth deletion and discovery of a novel
fusion transcript between suppressor of cytokine signaling-2 (Socs-2) and viral encoded semaphorin receptor (Plexin C1). Gene
2002, 299, 153–163. [CrossRef] [PubMed]

61. Ramos, A.M.; Pita, R.H.; Malek, M.; Lopes, P.S.; Guimarães, S.E.F.; Rothschild, M.F. Analysis of the mouse high-growth region in
pigs. J. Anim. Breed. Genet. 2009, 126, 404–412. [CrossRef] [PubMed]

62. Zhou, X.; Benson, K.F.; Ashar, H.R.; Chada, K. Mutation responsible for the mouse pygmy phenotype in the developmentally
regulated factor HMGI-C. Nature 1995, 376, 771–774. [CrossRef] [PubMed]

63. Lee, M.O.; Li, J.; Davis, B.W.; Upadhyay, S.; Al Muhisen, H.M.; Suva, L.J.; Clement, T.M.; Andersson, L. Hmga2 deficiency is
associated with allometric growth retardation, infertility, and behavioral abnormalities in mice. G3 Genes|Genomes|Genet. 2021,
12, jkab417. [CrossRef] [PubMed]

64. Xiaokai, L.; Quankui, H.; Lingki, F.; Yafeng, G.; Jing, L.; Ganqiu, L. Sequence and expression differences of BMP2 and, FGFR3
genes in Guangxi Bama mini pig and Landrace pig. Guangxi Agric. Sci. 2021, 52, 1709–1718.

65. Quan, J.; Ding, R.; Wang, X.; Yang, M.; Yang, Y.; Zheng, E.; Gu, T.; Cai, G.; Wu, Z.; Liu, D.; et al. Genome-wide association study
reveals genetic loci and candidate genes for average daily gain in Duroc pigs. Asian-Australas. J. Anim. Sci. 2018, 31, 480–488.
[CrossRef]

66. Pan, B.; Long, H.; Yuan, Y.; Zhang, H.; Peng, Y.; Zhou, D.; Liu, C.; Xiang, B.; Huang, Y.; Zhao, Y.; et al. Identification of Body Size
Determination Related Candidate Genes in Domestic Pig Using Genome-Wide Selection Signal Analysis. Animals 2022, 12, 1839.
[CrossRef]

67. Rimbault, M.; Beale, H.C.; Schoenebeck, J.J.; Hoopes, B.C.; Allen, J.J.; Kilroy-Glynn, P.; Wayne, R.K.; Sutter, N.B.; Ostrander, E.A.
Derived variants at six genes explain nearly half of size reduction in dog breeds. Genome Res. 2013, 23, 1985–1995. [CrossRef]

68. Kwak, G.-H.; Kim, T.-H.; Kim, H.-Y. Down-regulation of MsrB3 induces cancer cell apoptosis through reactive oxygen species
production and intrinsic mitochondrial pathway activation. Biochem. Biophys. Res. Commun. 2017, 483, 468–474. [CrossRef]

69. Wu, M.; Li, S.; Zhang, G.; Fan, Y.; Gao, Y.; Huang, Y.; Lan, X.; Lei, C.; Ma, Y.; Dang, R. Exploring insertions and deletions (indels)
of MSRB3 gene and their association with growth traits in four Chinese indigenous cattle breeds. Arch. Anim. Breed. 2019, 62,
465–475. [CrossRef] [PubMed]

70. Wang, X.; Gu, J.; Miyoshi, E.; Honke, K.; Taniguchi, N. Phenotype Changes of Fut8 Knockout Mouse: Core Fucosylation Is Crucial
for the Function of Growth Factor Receptor(s). Methods Enzymol. 2006, 417, 11–22. [CrossRef] [PubMed]

71. Blaževitš, O.; Bolshette, N.; Vecchio, D.; Guijarro, A.; Croci, O.; Campaner, S.; Grimaldi, B. MYC-Associated Factor MAX is a
Regulator of the Circadian Clock. Int. J. Mol. Sci. 2020, 21, 2294. [CrossRef] [PubMed]

https://docs.cntd.ru/document/1200144231
https://docs.cntd.ru/document/1200133107
https://docs.cntd.ru/document/1200146783
https://doi.org/10.1016/j.eas.2022.100013
https://doi.org/10.1155/2020/6035694
https://www.ncbi.nlm.nih.gov/pubmed/32802828
https://doi.org/10.1186/s12863-020-0826-9
https://www.ncbi.nlm.nih.gov/pubmed/32085723
https://doi.org/10.1016/j.genrep.2021.101429
https://doi.org/10.1017/S1751731117003688
https://doi.org/10.1080/10495398.2022.2056046
https://doi.org/10.3390/ani10010170
https://doi.org/10.1371/journal.pone.0066569
https://doi.org/10.3389/fgene.2021.746665
https://doi.org/10.1016/S0378-1119(02)01052-1
https://www.ncbi.nlm.nih.gov/pubmed/12459263
https://doi.org/10.1111/j.1439-0388.2009.00801.x
https://www.ncbi.nlm.nih.gov/pubmed/19765167
https://doi.org/10.1038/376771a0
https://www.ncbi.nlm.nih.gov/pubmed/7651535
https://doi.org/10.1093/g3journal/jkab417
https://www.ncbi.nlm.nih.gov/pubmed/34878116
https://doi.org/10.5713/ajas.17.0356
https://doi.org/10.3390/ani12141839
https://doi.org/10.1101/gr.157339.113
https://doi.org/10.1016/j.bbrc.2016.12.120
https://doi.org/10.5194/aab-62-465-2019
https://www.ncbi.nlm.nih.gov/pubmed/31807658
https://doi.org/10.1016/s0076-6879(06)17002-0
https://www.ncbi.nlm.nih.gov/pubmed/17132494
https://doi.org/10.3390/ijms21072294
https://www.ncbi.nlm.nih.gov/pubmed/32225100


Animals 2023, 13, 3237 19 of 19

72. Silpa, M.; Naicy, T.; Aravindakshan, T.; Radhika, G.; Venkatachalapathy, R.; Kurian, E. Sirtuin3 gene tissue expression profiling,
SNP detection and its association with body conformation traits in goats. Small Rumin. Res. 2019, 184, 106017. [CrossRef]

73. Wu, Y.; Zhang, Y.; Qin, Y.; Cai, W.; Zhang, X.; Xu, Y.; Dou, X.; Wang, Z.; Han, D.; Wang, J.; et al. Association analysis of
single-nucleotide polymorphism in prolactin and its receptor with productive and body conformation traits in Liaoning cashmere
goats. Arch. Anim. Breed. 2022, 65, 145–155. [CrossRef]

74. Berihulay, H.; Li, Y.; Gebrekidan, B.; Gebreselassie, G.; Liu, X.; Jiang, L.; Ma, Y. Whole genome resequencing reveals selection
signatures associated with important traits in Ethiopian indigenous goat populations. Front. Genet. 2019, 10, 1190. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.smallrumres.2019.11.003
https://doi.org/10.5194/aab-65-145-2022
https://doi.org/10.3389/fgene.2019.01190

	Introduction 
	Materials and Methods 
	Sample Collection and Phenotypic Measurements 
	Statistical Analysis 
	Genotyping and Quality Control of Data 
	Genome-Wide Association Studies 
	Gene Analysis 
	Development of a Multiplex Test System 
	Meat Productivity and Meat Quality Analysis 

	Results 
	Population Stratification 
	Descriptive Statistics 
	Genome-Wide Association Studies 
	Candidate Genes 

	Discussion 
	Conclusions 
	References

