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Simple Summary: Meat quality traits in yak are influenced by molecular genetic regulation, and
hormone-sensitive lipase (HSL) is a potential gene affecting these traits. HSL is responsible for
breaking down triacylglycerol in adipose tissue and releasing free fatty acids. Therefore, we used
the competitive allele-specific polymerase chain reaction (KASP) technique to detect HSL genotypes
and analyzed the associations between these genotypes and meat quality traits in yak. The HSL
gene mutation affected meat tenderness, decreasing the value of Warner Bratzler shear force (WBSF).
The highest HSL expression was noted in the adipose tissue of yak. These results suggest that the
HSL gene affects the quality characteristics of yak meat by influencing the fatty acid composition.

Abstract: Hormone-sensitive lipase (HSL) is involved in the breakdown of triacylglycerols in adipose
tissue, which influences muscle tenderness and juiciness by affecting the intramuscular fat content
(IMF). This study analyzed the association between different genotypes and haplotypes of the yak
HSL gene and carcass and meat quality traits. We used hybridization pool sequencing to detect exon
2, exon 8, and intron 3 variants of the yak HSL gene and genotyped 525 Gannan yaks via KASP to
analyze the effects of the HSL gene variants on the carcass and meat quality traits in yaks. According
to the results, the HSL gene is highly expressed in yak adipose tissue. Three single nucleotide
polymorphisms (SNPs) were identified, with 2 of them located in the coding region and one in the
intron region. Variants in the 2 coding regions resulted in amino acid changes. The population had
3 genotypes of GG, AG, and AA, and individuals with the AA genotype had lower WBSF values
(p < 0.05). The H3H3 haplotype combinations could improve meat tenderness by reducing the WBSF
values and the cooking loss rate (CLR) (p < 0.05). H1H1 haplotype combinations were associated
with the increased drip loss rate (DLR) (p < 0.05). The presence of the H1 haplotype was associated
the increased CLR in yaks, while that of the H2 haplotype was associated with the decreased DLR in
yaks (p < 0.05). These results demonstrated that the HSL gene may influence the meat quality traits in
yaks by affecting the IMF content in muscle tissues. Consequently, the HSL gene can possibly be used
as a biomarker for improving the meat quality traits in yaks in the future.

Keywords: yaks; HSL gene; gene variants; carcass traits; meat quality traits

1. Introduction

Yak (Bos grunniens) is a “unique” livestock breed distributed in the Tibetan plateau and
its nearby high mountain areas. Yaks have a strong ability to withstand cold and low oxygen
and roughage [1]. They can provide biological resources such as meat, milk, and wool for
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local herders and can provide economic benefits for farmers and herders on the Tibetan
Plateau. Yak meat has a high protein content and various crucial vitamins and minerals and
is delicious and nutritious [2]. However, the low intramuscular fat (IMF) content, thicker
muscle fiber, and coarser texture of yak meat are considered signs of poorer meat quality [3].
The low IMF content is among the major factors limiting consumer acceptance of yak
meat. The IMF content is highly valued because it improves meat quality by enhancing
flavor, juiciness, and tenderness [4]. However, the IMF content of yak meat is affected by
genetics, breeding, environmental nutrition, and other factors [5,6]. Of the aforementioned
factors, genetics is of paramount importance because genetic improvement in livestock is
permanent and accumulates as it is passed on to future generations [7]. In recent years,
marker-assisted selection methods have demonstrated numerous advantages compared
with traditional approaches for evaluating specific traits [8]. Therefore, this method must
be urgently used to select yaks with higher IMF content and thus promote the genetic
improvement of the meat quality traits in yaks.

Hormone-sensitive lipase (HSL) is particularly crucial in lipid metabolism and en-
ergy homeostasis as it is a rate-limiting enzyme involved in triglyceride hydrolysis [9,10].
HSL gene activation is regulated by the cAMP cascade system, starting with the combi-
nation of the hormone with its specific cytosolic receptor, forming a hormone receptor
compound [11]. This compound then interacts with the Gs protein, freeing the alpha
subunit of the activated adenylate cycle. The activated cycle catalyzes cAMP production
from ATP. The modulatory substrates of protein kinase A bind to cAMP, releasing and
activating the catalytic subunit [12,13]. Hormone-sensitive lipase is among the intracellular
proteins phosphorylated by activated kinases, and the phosphorylated adipocyte HSL
gene is the active form of the HSL gene. The activated HSL gene hydrolyzes the first fatty
acids in triacylglycerols stored in adipose tissue, leading to the release of free fatty acids,
which affects the fat deposition and meat quality. The HSL gene, believed to be a “mosaic
gene,” is situated on chromosome 18 in cattle and comprises 9 exons. Each of these exons
encodes a distinct structural domain and can be altered by other exons to create a chimeric
product. HSL is a multifunctional gene that is highly expressed in adipose tissue [14].
HSL is indispensable for lipid metabolism [15] and triglyceride hydrolysis in fat cells is
catalyzed by 2 rate-limiting enzymes via 3 consecutive reactions in which the HSL gene can
hydrolyze triacylglycerol, diacylglycerol, and monoacylglycerol in adipose tissue into free
fatty acids. Therefore, the HSL gene is known as the gatekeeper in lipid metabolism. HSL
gene variants are associated with the body mass index and risk of obesity in humans [16,17].
Furthermore, the HSL gene plays a role in insulin resistance, diglyceride levels, and fatty
acid composition [18]. The identification of 2 SNPs within the HSL gene, specifically in
intron 2 and the promoter region, has revealed associations with blood glucose-related
phenotypes in an obese population [19]. HSL gene overexpression in bovine fetal fibroblasts
negatively regulates adipogenic transcription factors [20]. Since the HSL gene is involved in
free fatty acid metabolism in the body, HSL gene variants affects the fatty acid composition
of meat, and thus, its quality [21]. The HSL gene influences carcass and meat characteristics,
including pH and fatty acid composition of cattle [22,23]. G/A variants were found in exon
1 of the porcine HSL gene and significant differences in REA were noted between the AG
and GG genotypes [24]. HSL gene variants are related to the IMF content of Qinchuan
cattle and Nanyang cattle [25].

Currently, no study has examined HSL gene variation in yaks. Therefore, it is necessary
to detect variation in the HSL gene and its effect on the meat quality traits in yaks. In this
study, we examined the polymorphism of the HSL gene in yak, assessed the effects of
variations in this gene on the carcass and meat quality traits, and enriched the molecular
genetic data of the economic traits in yaks.
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2. Materials and Methods

The animal study was approved by the Animal Care Committee at Gansu Agricultural
University (approval number GAU-LC-2020-056). All animals in this study were approved by
the Animal Ethics Committee of Gansu Agricultural University (approval number 2006-398).

2.1. Animals and Sample Collection

We selected 525 Gannan yaks, aged 3 to 7 years (351 males, 174 females), residing
in the Gannan Tibetan Autonomous Prefecture, Gansu Province, China. Gender and age
information for each yak was recorded. Prior to slaughter, the yaks were fasted for 24 h,
with access to ample water. Blood samples were collected from the jugular of each yak in
10 mL sodium heparin tubes (Thermo Fisher Scientific, Waltham, MA, USA) and stored at
−80 ◦C for genomic DNA extraction.

Post-slaughter, the longest dorsal muscle was collected of each yak for meat quality
determination. Additionally, 3 yaks were chosen and tissues (heart, liver, spleen, kidney,
longest dorsal muscle, large intestine, rumen, testis, small intestine, subcutaneous fat, and
lungs) were rapidly collected and stored at −80 ◦C for further analysis.

2.2. RNA Extraction and qRT-PCR Analysis

Total RNA was extracted using the Trizol reagent according to the manufacturer’s
instructions. The extracted RNA was reverse transcribed to cDNA using the PrimeScriptTM
RT kit and gDNA reagent. The reaction system for qRT-PCR comprised 0.8 µL of cDNA,
0.25 µM of each primer, 10.0 µL of AceQ qPCR SYBR® Green Premix (Vazyme, Nanjing,
China), and 0.4 µL of ROX Reference Dye 2, and the volume was fixed to 20 µL with
free water. The reaction steps were pre-denaturation at 95 ◦C for 30 s; denaturation 5 s;
extension at 95 ◦C, 30 s at 60 ◦C; melting 5 s at 95 ◦C, 1 min at 60 ◦C; and cooling at 50 ◦C
for 30 s.

2.3. Meat Quality Trait Measurements

The carcass and meat quality traits were determined according to GB/T17238-1998
“China Fresh and Cold Beef Division Standards. Five traits were measured and calculated:
WBSF (kg), CLR (%), DLR (%), REA (cm2), and HCW (kg). The HCW was measured for
each Gannan yak immediately after the animal was slaughtered. At 48 h after slaughter,
between the 12th and 13th thoracic ribs, the interface of the longissimus dorsi muscle
representing the REA was traced with sulfuric acid paper and estimated using a product
meter. Additionally, samples of the longissimus dorsi muscles were collected from the
11th and 12th thoracic ribs of the right carcass and stored at −18 ◦C for measuring WBSF,
DLR, and CLR. DLR was measured according to Liu et al.’s method [26], WBSF was
measured according to Shackelford et al.’s method [27], and CLR was measured according
to Honikel’s method [28].

2.4. Genomics DNA Isolation

Genomics DNA was extracted from the blood by using a blood DNA kit (TIANamp
Genomic DNA Purification Kit; Tianen Biotech, Beijing, China) according to the manufac-
turer’s instructions. Genomics DNA was stored at −80 ◦C.

2.5. PCR Amplification and SNP Identification

Primers for 3 regions in intron 3 and exons 2 and 8 of the HSL gene were designed
according to the yak HSL gene sequence (GenBank No. XM_014482659.1) by using primer5
software (version 5.0). Based on the mRNA sequences of yak HSL and β-actin, 2 qPCR
primer pairs were designed to amplify the mRNA sequences of yak HSL and β-actin (Gen-
Bank accession numbers No. XM_014482659.1 and DQ838049.1, respectively) (Table 1).
The primers were synthesized by Beijing Qingke Biotechnology Co. (Hangzhou, China).
The genomic DNA of 30 yaks was used to amplify the 3 HSL gene regions. The mixing
system consisted of a 20 µL mixture, including 10 µL of 2× Taq PCR master mix (Tian-
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gen Biotech, Beijing, China), a 2 µL DNA template, 0.8 µL upstream and downstream
primers, and 6.4 µL ddH2O. The thermal cycling reaction procedure was as follows: denat-
uration at 95 ◦C for 5 min, 30 cycles at 94 ◦C, annealing at 55 ◦C for 30 s, primer extension
at 72 ◦C for 30 s, and a final extension at 72 ◦C for 10 min. The PCR products were sent to
ShengGong Biotech (Shanghai, China) for sequencing. The sequencing results were aligned
by BLAST to detect SNPs.

Table 1. Primer information of the HSL gene.

Gene Region Primer Sequence (5′–3′) Amplicon Size (bp) Primer Usage

HSL

Exon 2 F: TGTGAGTCAGGGGGAGGAGAGGGTA
R: AGATGCTGCGGCGGTTGGAG 430 PCR

Exon 8 F: CTCTCAGCGTGCTCTCCAAGTGCGT
R: TGTGGACTAAGGCTTTATGG 525 PCR

Intron 3 F: TGGACTGGTGTCCTTCGGGGAGCAC
R: CGAGGTCAGAGGCATTTCA 587 PCR

CDS F: CGGGACCGCGGAAAATTGAT
R: GCGCCTTTGACTTTTGGACC 169 qRT-PCR

β-actin CDS F: AGCCTTCCTTCCTGGGCATGGA
R: GGACAGCACCGTGTTGGCGTAGA 113 qRT-PCR

2.6. Genotyping

The KASP genotyping assay was conducted by Gentiles Biotechnology Co., Ltd.
(Wuhan, China). Table 2 presents the primer information for genotyping. The method
applied was as follows: two forward and one reverse primers with 2 universal tags and
SNP sites constituting the primer mix, two detection primers with different fluorescence
signals constitute the Master mix, and the SNP sites were detected fluorescently via 3 PCR
reactions. PCR reaction I: The DNA template was denatured; bound to the matching
KASP primers; and following annealing and extension, the detection primer sequence was
added. PCR reaction II: A complementary strand of the allele-specific terminal sequence
was synthesized. PCR reaction III: The detection primer corresponding to the specific
sequence grew exponentially during PCR and the fluorescence signal was generated and
detected. After the reaction, the fluorescence data were read using a microplate reader
with a fluorescence resonance energy transfer and genotyping maps were generated using
LGC-OMEGA software (version 2.22).

Table 2. Primer information for SNP genotype of HSL gene.

Region Primer Sequence (5′–3′ ) Primer_AlleleGG (5′–3′ ) Primer_AlleleAA (5′–3′ )

Exon 2 TGACCCTGGCAG
AGGACAAC

GAAGGTGACCAAGTTCATGCT
CGGGCCGTCTCCCC

GAAGGTCGGAGTCAACGGA
TTCCGGGCCGTCTCCCT

Exon 8 CGACTCAGACAGAAGGCG GAAGGTGACCAAGTTCATGCTCTCGCAAGAGCAGGGCC GAAGGTCGGAGTCAACGGATTG
TCTCGCAAGAGCAGGGCT

Intron 3 CCCCTACCCTTCCTGTCCCT GAAGGTGACCAAGTTCATGCTCCCCTGGTGGCCTTGC GAAGGTCGGAGTCAACGGATTGCCCCTGGTGGCCTTGT

2.7. Statistical Analyses

The genotype frequency, allele frequency, homozygosity (Ho), heterozygosity (He),
were calculated and Hardy–Weinberg equilibrium (HWE) was tested by referring to
Nei et al.’s method [29]. The number of effective allele (Ne) and polymorphic information
content (PIC) of yak HSL gene SNPs were calculated using the formula put forward by
Botstein et al. [30]. The haplotypes and linkage disequilibrium (LD) of SNPs were analyzed
using Haploview 4.2 software.

The general linear model (GLM) of SPSS26.0 was used to determine the association of
the genotypes, haplotype combinations, and haplotypes with the carcass and meat quality
traits. The GLM was as follows: Yijkl = µ + Gi + Aj + Sk + Fl + eijkl, Yijkl = µ + Di + Aj +
Sk + Fl + eijkl, Yijkl = µ + Hi + Aj + Sk + Fl + eijkl, where Y represented the trait phenotypic
value, µ represented the overall mean, Gi represented the genotype effect, Di represented
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the haplotype combination effect, Hi represented the haplotype effect, Aj represented
the age effect, Sk represented the sex effect, Fl represented the field effect, and eijkl is the
random error.

Any haplotype with an associated p < 0.2 in the single haplotype model and therefore
could have potentially influenced the trait was included in the model. This allowed the
identification of independent haplotype effects.

3. Results
3.1. Tissue Expression of HSL

The relative HSL gene expression was identified in 11 tissues of yaks. The HSL gene
was commonly expressed in various tissues (Figure 1). The highest HSL expression was
in the adipose tissue, the heart, rumen, kidney, testis, and liver, while the HSL gene was
expressed to a lesser extent in the spleen, lung, small intestine, and large intestine.
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3.2. Variation in the HSL Gene in Yaks

3 amplified fragments of the HSL gene were found to be polymorphic via DNA detec-
tion (Figure 2). HSL gene sequencing in the 30 yaks revealed that the SNPs were g.78944
(SNP1) in exon 2, and g.81959 (SNP2) in intron 3, g.84209 (SNP3) in exon 8, respectively.
The KASP genotyping 3 genotypes for each of the 3 SNPs: AA, AG, and GG (Figure 3).
The frequency of the GG genotype was higher than that of the AA genotype. Moreover,
the SNP1 base shift from G to A caused the amino acid to change from glycine to arginine,
and the SNP3 grade transition from G to A led to the amino acid change from arginine to
glutamine. The population genetic analysis revealed that these SNPs were in HWE in the
yak population (Table 3).
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Table 3. Population genetic analysis of the HSL gene.

SNPs
Genotype Frequency Allele Frequency Genetic Polymorphism

HWE
Genotype Number Frequency (%) Allele Frequency (%) Ne Ho He PIC

Exon 2
GG 353 67.37 G 82.00

1.41 0.71 0.29 0.25 p > 0.05AG 155 29.58 A 18.00
AA 16 3.05

Intron 3
GG 256 48.85 G 71.00

1.71 0.58 0.42 0.33 p > 0.05AG 227 43.32 A 29.00
AA 46 7.82

Exon 8
GG 257 48.12 G 70.00

1.71 0.58 0.42 0.33 p > 0.05AG 230 44.75 A 30.00
AA 38 7.11

3.3. LD Analyses of the HSL Gene

For SNP1, SNP2, and SNP3 in HSL, LD was analyzed using Haploview. D′ represents
the LD level of the population and r2 is used to predict the determination coefficient of
SNPs. Table 3 presents the results of the LD analysis. The 3 SNPs were in a strong linkage
state (Figure 4). The 3 haplotypes were constructed in the yak populations and formed six
haplotype combinations with frequencies of >0.03 (Table 4).
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Table 4. LD analysis of the HSL gene.

SNP1 SNP2 SNP3

SNP2 0.08
SNP3 0.08 1

Haplotype structural analysis revealed that the yaks had 3 major haplotypes, with
the highest frequency of H1 (-GGG, 0.428), followed by H2 (-GAA-, 0.376) and H3 (-AGG-,
0.194) (Table 5).
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Table 5. Haplotypes and haplotype combinations of triple SNPs in the HSL gene.

Haplotypes SNP1 SNP2 SNP3 Frequency/% Haplotype
Combinations Frequency/%

H1 G G G 42.8 H1H1 28.2
H2 G A A 37.6 H1H2 30.1
H3 A G G 19.4 H2H3 15.0

H2H2 7.2
H1H3 15.4
H3H3 3.9

3.4. Effects of the HSL Genotype on Meat Quality Traits and Carcass Traits

The association analysis between the genotype and meat and carcass traits revealed
that individuals with GG and AG genotypes in SNP1 had higher WBSF and CLR values
than those with AA genotypes (p < 0.05) (Table 6). The individuals with AG and GG
genotypes at SNP2 and SNP3 had higher WBSF values, whereas individuals with the GG
genotype had higher DLR means than those with the AA and AG genotypes (p < 0.05).
No significant effects of different genotypes on REA or HCW were observed.

Table 6. Association between genotypes of the HSL gene and carcass and meat quality traits of yaks.

SNPs Genotype
Meat Quality Carcass Quality

n WBSF CLR DLR REA n HCW

SNP1

GG 353 5.58 ± 0.11 a 65.97 ± 0.42 a 21.22 ± 0.40 32.49 ± 0.61 123 105.65 ± 3.97
AG 155 5.68 ± 0.14 a 66.21 ± 0.56 a 21.64 ± 0.554 31.95 ± 0.82 46 105.93 ± 5.27
AA 16 4.06 ± 0.45 b 58.13 ± 1.74 b 20.44 ± 0.68 30.92 ± 2.55 4 101.20 ± 17.88

p 0.002 <0.001 0.608 0.687 0.967

SNP2

GG 256 5.50 ± 0.12 a 65.36 ± 0.47 22.44 ± 0.44 a 32.50 ± 0.68 80 105.30 ± 4.27
AG 227 5.74 ± 0.12 a 65.45 ± 0.48 21.04 ± 0.46 b 32.01 ± 0.70 77 106.56 ± 4.42
AA 41 4.97 ± 0.31 b 65.42 ± 1.22 21.61 ± 1.16 b 33.47 ± 1.76 16 102.63 ± 10.34

p 0.022 0.187 0.024 0.627 0.924

SNP3

GG 257 5.51 ± 0.12 a 66.41 ± 0.47 22.43 ± 0.44 a 32.54 ± 0.67 80 105.30 ± 4.27
AG 230 5.76 ± 0.12 a 65.43 ± 0.48 21.19 ± 0.46 b 32.01 ± 0.70 77 106.56 ± 4.42
AA 38 4.99 ± 0.31 b 65.46 ± 1.22 21.81 ± 1.16 b 33.51 ± 1.76 16 102.63 ± 10.34

p 0.020 0.143 0.038 0.605 0.924

Note: Values in the table are mean ± standard errors; the different letters on the shoulder of data means in the
same column with different letters are significantly different (p < 0.05). HCW indicates hot carcass weight, REA
indicates rid eye area.

3.5. Association Analysis of HSL Haplotype Combinations with Meat Quality Traits and Carcass Traits

Significant associations between HSL haplotypes and key meat and carcass quality
traits were identified in our study. Specifically, the presence of the H1 haplotype was
found to be associated with a notable increase in CLR value, reaching statistical significance
(p < 0.05) as detailed in Table 7. Importantly, these associations remained significant even
after accounting for the presence of other haplotypes, such as H2, within the model.
Furthermore, when considering the simultaneous presence of haplotypes H1 and H2 in the
model, the H3 haplotype exhibited a significant association with an elevated CLR value
(p < 0.05). Conversely, the presence of H2 haplotypes was linked to a reduction in DLR,
demonstrating statistical significance (p < 0.05).

An association analysis conducted between the haplotype combinations and carcass
and meat quality traits unveiled that the WBSF values for H1H1, H1H2, H1H3, and H2H3
were higher than that for H3H3 (Table 8). The CLR value of H3H3 was lower than that
of other haplotype combinations (p < 0.05), and the DLR value of H1H1 was higher than
those of H1H2 and H3H3 (p < 0.05).
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Table 7. Association of the presence/absence of HSL haplotypes with carcass and meat quality traits
in yak.

n Single-Haplotype Model
p

Traits Haplotype
Other

Haplotypes
in Model

Present Absent Present Absent

WBSF

H1 396 89 5.64 ± 0.10 5.45 ± 0.17 0.251
H2 238 247 5.69 ± 0.12 5.51 ± 0.12 0.151
H3 152 333 5.60 ± 0.11 5.60 ± 0.14 0.985
H1 H2 328 247 5.66 ± 0.11 5.34 ± 0.17 0.071
H3 H2 152 333 5.62 ± 0.14 5.59 ± 0.111 0.843

CLR

H1 396 89 65.71 ± 0.40 a 63.83 ± 0.63 b 0.003
H2 238 247 65.00 ± 0.46 65.69 ± 0.45 0.151
H3 152 333 65.54 ± 0.54 65.28 ± 0.41 0.617
H1 H2 396 89 65.69 ± 0.40 a 63.89 ± 0.66 b 0.008
H2 H1 238 247 64.71 ± 0.47 64.88 ± 0.54 0.742
H3 H1H2 152 333 65.48 ± 0.54 a 64.13 ± 0.53 b 0.033

DLR
H1 396 89 21.88 ± 0.40 22.773 ± 0.58 0.789
H2 238 247 21.25 ± 0.44 a 22.43 ± 0.44 b 0.012
H3 152 333 21.67 ± 0.53 21.91 ± 0.53 0.650

REA
H1 396 89 32.51 ± 0.60 31.66 ± 0.94 0.357
H2 238 247 32.15 ± 0.68 32.55 ± 0.67 0.579
H3 152 333 32.92 ± 0.81 32.92 ± 0.81 0.452

HCW
H1 124 30 106.34 ± 3.67 103.20 ± 5.97 0.617
H2 79 75 106.06 ± 4.19 105.24 ± 4.25 0.870
H3 44 110 105.64 ± 5.13 105.67 ± 3.78 0.996

Note: the different letters on the shoulder of data means in the same line with different letters are significantly
different (p < 0.05). A single haplotype indicates that one haplotype is the most independent variable, other
haplotypes indicated that single haplotypes associated with traits with p < 0.2 in a single haplotype are fitted to
fixed factors.

Table 8. Association of HSL haplotypes with meat quality traits and carcass traits in yaks.

Diplotypes
Meat Quality Carcass Quality

n WBSF CLR DLR REA n HCW

H1H1 144 5.54 ± 0.13 a 65.68 ± 0.50 a 22.88 ± 0.49 a 32.56 ± 0.76 48 104.50 ± 5.01
H1H2 145 5.71 ± 0.13 a 65.18 ± 0.51 a 20.88 ± 0.51 b 32.32 ± 0.78 55 107.51 ± 5.02
H1H3 75 5.58 ± 0.18 a 66.59 ± 0.66 a 21.61 ± 0.66 ab 32.61 ± 1.01 29 107.68 ± 6.87
H2H2 35 4.97 ± 0.31 ab 62.80 ± 1.15 a 21.74 ± 1.15 ab 33.48 ± 1.77 15 102.79 ± 10.44
H2H3 69 5.84 ± 0.20 a 65.22 ± 0.74 a 21.78 ± 0.74 ab 31.06 ± 1.37 20 103.80 ± 7.68
H3H3 21 4.06 ± 0.45 b 57.84 ± 1.67 a 20.62 ± 1.66 b 30.95 ± 2.55 6 101.25 ± 18.04

p 0.004 <0.001 0.011 0.856 0.989

Note: the different letters on the shoulder of data means in the same column with different letters are significantly
different (p < 0.05).

4. Discussion

The slow growth of yak, inefficient fat deposition, poor tenderness, and rough texture
are not favorable for producing and developing yak products in the Tibetan Plateau and
thus affect their economic value. Therefore, enhancing the growth performance and meat
quality traits of yaks is currently the main direction of yak breeding. IMF can improve
meat tenderness by reducing the intramuscular connective tissue structure [31]. Therefore,
improving yak meat tenderness in terms of its IMF content is an effective method for
enhancing yak meat quality. The IMF content was determined on the basis of fat acid
composition and lipid metabolism [32], where many lipid metabolism genes probably have
a role in IMF content production [33]. The HSL gene was one of the rate-limiting enzymes
involved in regulating fatty acid metabolism [9].
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The HSL gene is highly expressed in adipose and muscle tissues of humans and
mice [21,34]. We found that yak HSL gene expression was the highest in the adipose tissue,
followed by the heart, rumen, liver, dorsal muscle, testis, and liver, which is consistent
with the results of Yeaman et al. [35]. Adipose tissue is an important tissue for storing
energy, when the body is in a state of energy deficit, hunger, excitement, etc., adrenaline
secretion is stimulated. This hormone activates adenylate cyclase in the cell membrane,
thereby accelerating the synthesis of cyclic adenosine monophosphate (cAMP). cAMP
activates protein kinase A, which in turn activates the HSL gene. Each of these signal
transduction processes has a signal amplification effect, which results in the immense
breakdown of triglycerides stored in adipose tissue into triglycerides and free fatty acids.
Subsequently, triglycerides are hydrolyzed by diglyceride lipase and monoglyceride lipase
to form glycerol and fatty acids, which are then transported to other tissues to provide
energy via oxidation. This potentially clarifies the reason for the elevated HSL gene
expression observed in adipose tissue. Moreover, the highest HSL gene expression in
adipose tissue reinforces that the HSL gene has a role in fatty acid metabolism, and so, we
hypothesized that the HSL gene is associated with IMF deposition in yaks.

The candidate gene approach is among many methods of relating phenotypes and
genotypes and is the most advantageous strategy for genetically enhancing the quantita-
tive traits in ruminants [36,37]. Nowadays, an increasing number of observations have
demonstrated that the HSL gene is an outstanding candidate for the meat quality traits [22].
This gene encodes for an intracellular neutral lipase that hydrolyzes various estrogens and
is involved in mobilizing free fatty acids in living bodies; therefore, changes in the sequence
of this gene may alter the fatty acid composition of tissues [38]. The present study is the
first to reveal the relationship between the variation in the HSL gene and meat and carcass
traits in yaks. We have identified here 3 SNPs of the HSL gene, with two of them located in
the exon 2 and intron3 regions. The g.78944G>A and g.81959G>A variants in exon 2 led to
amino acid changes from glycine to arginine and from serine to asparagine, respectively.
Therefore, variations in the amino acid coding region may cause alterations in the HSL pro-
tein structures that result in functional HSL lipid metabolism, thereby influencing the meat
composition and altering the meat quality traits [38,39]. In the current study, individuals
with the AA genotype had lower WBSF values than those with the GG phenotype, possibly
because these amino acid mutation variants alter the function of the yak HSL proteins.
This then affects the contribution of HSL to fat metabolism, IMF content in the muscles,
and ultimately meat tenderness in yaks. Thus, selecting and breeding individuals with
the AA genotype is important to improve the meat quality of yaks in the future. Several
polymorphisms have recently been identified in the HSL gene of other species, and these
polymorphisms are significantly associated with other economic traits. For example, two
mutations were found in exons 1 and 8 of the HSL gene in Simmental cattle, as well as
mutant variants in the HSL gene were found to be related to their meat characteristics,
such as pH and fatty acid composition [22]. A new SNP (s974514528) identified in the
5′ non-translated region of the HSL gene was linked to altered oleic acid and total mo-
nounsaturated fatty acid contents in the meat of crossbred cattle [38]. Five novel variants
in the 5′ terminal sequence of the HSL gene can alter the binding of transcription factors
and therefore of transcription levels, ultimately modifying the fatty acid composition of
Chinese Simmental cattle [20]. Moreover, HSL gene expression was positively correlated
with the IMF content of the longest bovine dorsal muscle [33]. Yang et al. reported that
3 single-nucleotide variants in the fifth intron of the HSL gene in Suffolk sheep with a
nonsynonymous mutation in exon 9 were identified, and the fifth intron variation was
associated with REA depth and width in the sheep, whereas the variant in exon 9 was
not associated with the growth or carcass traits [40]. The aforementioned results suggest
that genetic variation in the HSL gene may influence the fat composition and IMF content,
thereby affecting the meat quality traits, which is similar to our findings. Consequently,
we speculated that variation in yak HSL affects meat tenderness by regulating the IMF
content. Furthermore, SNPs in introns influence gene expression and the mRNA transla-
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tion efficiency in many eukaryotes by modulating transcription rates, nuclear export, and
transcript stability [41]. One or more introns are also required for the optimal expression
of many genes [42]. We here found that variants in intron 3 of the yak HSL gene possibly
affect gene expression or transcription and influence fat deposition, which in turn affects
yak meat tenderness.

Genetic variation is crucial because of its abundance and association with quantitative
trait loci and in remodeling proteins generated from these loci [43]. Meat quality traits
are quantitative traits under the control of multiple genes and their phenotypic changes
are affected by many single mutations sites. Moreover, compared with single mutations,
the cascading influence of multiple mutation sites has a greater impact on the changes
in biological phenotypic traits [44]. Since haplotype combination analysis considers non-
allelic interactions and LD between multiple variant loci, this combination analysis has a
better statistical power than statistical analysis between alleles [45]. Haplotype analysis
has recently been a field of study for complex genetic phenotypes [46]. A haplotype can be
described as a group of SNPs tightly linked on a single chromosome and inherited as a unit.
The haplotype knowledge of multiple SNPs in a gene would offer more crucial information
on genotype–phenotype associations than a single potential SNP. For example, in pigs,
the IMF content was higher in individuals with Hap 4/5 and Hap 5/5 combinations of
the SIRT1 gene than in those with other haplotype combinations [47]. In a Tibetan sheep
population, Zhao et al. found that individuals with the HIF gene having H1H3 had a
higher oxygen transport capacity than those with other haplotype combinations [48]. Our
statistical results revealed that individuals with H3H3 were significantly associated with
WBSF than those with other haplotypes. H3H3 haplotypes can be screened as molecular
markers for combined genotypes towards meat quality improvement in yaks. Additionally,
SNP2 and SNP3 loci are in LD and more pronounced phenotypic changes in organisms,
further confirming that H3H3 had a significant effect on WBSF values compared with other
haplotype combinations.

In conclusion, the aforementioned findings suggest that the HSL gene is one of the
crucial genes affecting meat quality traits in yaks. Therefore, the use of marker-assisted
selection in larger populations will be necessary to improve meat quality in yaks. We found
that 3 SNPs in the HSL gene had no effect on yak carcass traits, and so, further screening of
candidate genes for yak carcass traits is required to enhance basic research for improving
the yak production performance.

5. Conclusions

3 variants were found in the HSL gene of yak. The association analysis involving the
polymorphisms (g.78944G>A, g.84209G>A, and g.81959G>A) revealed significant effects
on the WBSF and CLR values. The haplotypes H2H2 and H2H3 significantly affected
the WBSF values of yak. The HSL gene may have regulatory roles that influence meat
quality traits in yaks. The HSL gene may be mainly involved in regulating the IMF content.
The present study may offer new opportunities for further research on potential genetic
factors affecting meat quality traits in yaks.

Author Contributions: Conceptualization, X.W. and J.H.; data curation, X.W.; writing—original
draft preparation, X.W.; formal analysis, X.W. and Y.Q.; writing—review and editing, X.W. and C.Z.;
funding acquisition, J.H. and B.S.; methodology, X.W. and R.Z.; investigation, X.W. and Z.R.; project
administration, J.H. and B.S.; supervision, Z.Z. and F.Z.; resources, X.L. and S.L.; validation, J.W.;
software, X.W. and Y.Q.; visualization, C.Z.; software, X.W. and Y.Q. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was supported by the “Gansu Provincial Department of Education: Young
PhD Support Project (2023QB-128)”, “National Natural Science Foundation of China (NSFC), grant
Number 32360821”, and “Discipline Team Project of Gansu Agricultural University (GAU-XKTD-
2022-22)”, “Graduate student star of Innovation (2023 CXZC-630)”.



Animals 2023, 13, 3720 12 of 13

Institutional Review Board Statement: The animal study was approved by the Animal Care Com-
mittee at Gansu Agricultural University (approval number GAU-LC-2020-056). All animals in
this study were approved by the Animal Ethics Committee of Gansu Agricultural University
(approval number 2006-398).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We gives thanks all participants for their advice and support of this study.

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

References
1. Yang, L.; Min, X.; Zhu, Y.; Hu, Y.; Yang, M.; Yu, H.; Li, J.; Xiong, X. Polymorphisms of SORBS 1 Gene and Their Correlation with

Milk Fat Traits of Cattleyak. Animals 2021, 11, 3461. [CrossRef]
2. Lang, Y.; Sha, K.; Zhang, R.; Xie, P.; Luo, X.; Sun, B.; Li, H.; Zhang, L.; Zhang, S.; Liu, X. Effect of electrical stimulation and hot

boning on the eating quality of Gannan yak longissimus lumborum. Meat Sci. 2016, 112, 3–8. [CrossRef]
3. Zhang, L.; Sun, B.; Yu, Q.; Ji, Q.; Xie, P.; Li, H.; Wang, L.; Zhou, Y.; Li, Y.; Huang, C.; et al. The Breed and Sex Effect on the Carcass

Size Performance and Meat Quality of Yak in Different Muscles. Korean J. Food Sci. Anim. Resour. 2016, 36, 223–229. [CrossRef]
4. Hudson, N.J.; Reverter, A.; Greenwood, P.L.; Guo, B.; Cafe, L.M.; Dalrymple, B.P. Longitudinal muscle gene expression patterns

associated with differential intramuscular fat in cattle. Animal 2015, 9, 650–659. [CrossRef]
5. Park, S.J.; Beak, S.H.; Jung, D.J.S.; Kim, S.Y.; Jeong, I.H.; Piao, M.Y.; Kang, H.J.; Fassah, D.M.; Na, S.W.; Yoo, S.P.; et al. Genetic,

management, and nutritional factors affecting intramuscular fat deposition in beef cattle—A review. Asian-Australas J. Anim. Sci.
2018, 31, 1043–1061. [CrossRef]

6. Maltin, C.; Balcerzak, D.; Tilley, R.; Delday, M. Determinants of meat quality: Tenderness. Proc. Nutr. Soc. 2003, 62, 337–347.
[CrossRef] [PubMed]

7. Cheng, J.; Peng, W.; Cao, X.; Huang, Y.; Lan, X.; Lei, C.; Chen, H. Differential Expression of KCNJ12 Gene and Association
Analysis of Its Missense Mutation with Growth Traits in Chinese Cattle. Animals 2019, 9, 273. [CrossRef] [PubMed]

8. Ye, M.H.; Chen, J.L.; Zhao, G.P.; Zheng, M.Q.; Wen, J. Associations of A-FABP and H-FABP markers with the content of
intramuscular fat in Beijing-You chicken. Anim. Biotechnol. 2010, 21, 14–24. [CrossRef] [PubMed]

9. Felgner, P.L.; Gadek, T.R.; Holm, M.; Roman, R.; Chan, H.W.; Wenz, M.; Northrop, J.P.; Ringold, G.M.; Danielsen, M. Lipofection:
A highly efficient, lipid-mediated DNA-transfection procedure. Proc. Natl. Acad. Sci. USA 1987, 84, 7413–7417. [CrossRef]

10. Albert, J.S.; Yerges-Armstrong, L.M.; Horenstein, R.B.; Pollin, T.I.; Sreenivasan, U.T.; Chai, S.; Blaner, W.S.; Snitker, S.; O’Connell,
J.R.; Gong, D.W.; et al. Null mutation in hormone-sensitive lipase gene and risk of type 2 diabetes. N. Engl. J. Med. 2014, 370,
2307–2315. [CrossRef] [PubMed]

11. Reilly, S.M.; Saltiel, A.R. Adapting to obesity with adipose tissue inflammation. Nat. Rev. Endocrinol. 2017, 13, 633–643. [CrossRef]
12. Wang, H.; Hu, L.; Dalen, K.; Dorward, H.; Marcinkiewicz, A.; Russell, D.; Gong, D.; Londos, C.; Yamaguchi, T.; Holm, C.; et al.

Activation of hormone-sensitive lipase requires two steps, protein phosphorylation and binding to the PAT-1 domain of lipid
droplet coat proteins. J. Biol. Chem. 2009, 284, 32116–32125. [CrossRef]

13. Sztalryd, C.; Xu, G.; Dorward, H.; Tansey, J.T.; Contreras, J.A.; Kimmel, A.R.; Londos, C. Perilipin A is essential for the translocation
of hormone-sensitive lipase during lipolytic activation. J. Cell Biol. 2003, 161, 1093–1103. [CrossRef]

14. Qiao, Y.; Huang, Z.; Li, Q.; Liu, Z.; Hao, C.; Shi, G.; Dai, R.; Xie, Z. Developmental changes of the FAS and HSL mRNA expression
and their effects on the content of intramuscular fat in Kazak and Xinjiang sheep. J. Genet. Genom. 2007, 34, 909–917. [CrossRef]

15. Lafontan, M.; Langin, D. Lipolysis and lipid mobilization in human adipose tissue. Prog. Lipid. Res. 2009, 48, 275–297. [CrossRef]
16. Hoffstedt, J.; Arner, P.; Schalling, M.; Pedersen, N.L.; Sengul, S.; Ahlberg, S.; Iliadou, A.; Lavebratt, C. A common hormone-

sensitive lipase i6 gene polymorphism is associated with decreased human adipocyte lipolytic function. Diabetes 2001, 50,
2410–2413. [CrossRef]

17. Carlsson, E.; Johansson, L.E.; Strom, K.; Hoffstedt, J.; Groop, L.; Holm, C.; Ridderstrale, M. The hormone-sensitive lipase C-60G
promoter polymorphism is associated with increased waist circumference in normal-weight subjects. Int. J. Obes. 2006, 30,
1442–1448. [CrossRef]

18. Hsiao, P.J.; Chen, Z.C.; Hung, W.W.; Yang, Y.H.; Lee, M.Y.; Huang, J.F.; Kuo, K.K. Risk interaction of obesity, insulin resistance and
hormone-sensitive lipase promoter polymorphisms (LIPE-60 C > G) in the development of fatty liver. BMC Med. Genet. 2013,
14, 54. [CrossRef]

19. Qi, L.; Shen, H.; Larson, I.; Barnard, J.R.; Schaefer, E.J.; Ordovas, J.M. Genetic variation at the hormone sensitive lipase:
Gender-specific association with plasma lipid and glucose concentrations. Clin. Genet. 2004, 65, 93–100. [CrossRef] [PubMed]

20. Fang, X.; Zhao, Z.; Jiang, P.; Yu, H.; Xiao, H.; Yang, R. Identification of the bovine HSL gene expression profiles and its association
with fatty acid composition and fat deposition traits. Meat Sci. 2017, 131, 107–118. [CrossRef] [PubMed]

21. Wang, S.P.; Chung, S.; Soni, K.; Bourdages, H.; Hermo, L.; Trasler, J.; Mitchell, G.A. Expression of human hormone-sensitive lipase
(HSL) in postmeiotic germ cells confers normal fertility to HSL-deficient mice. Endocrinology 2004, 145, 5688–5693. [CrossRef]
[PubMed]

https://doi.org/10.3390/ani11123461
https://doi.org/10.1016/j.meatsci.2015.10.011
https://doi.org/10.5851/kosfa.2016.36.2.223
https://doi.org/10.1017/S1751731114002754
https://doi.org/10.5713/ajas.18.0310
https://doi.org/10.1079/PNS2003248
https://www.ncbi.nlm.nih.gov/pubmed/14506881
https://doi.org/10.3390/ani9050273
https://www.ncbi.nlm.nih.gov/pubmed/31137608
https://doi.org/10.1080/10495390903328116
https://www.ncbi.nlm.nih.gov/pubmed/20024783
https://doi.org/10.1073/pnas.84.21.7413
https://doi.org/10.1056/NEJMoa1315496
https://www.ncbi.nlm.nih.gov/pubmed/24848981
https://doi.org/10.1038/nrendo.2017.90
https://doi.org/10.1074/jbc.M109.006726
https://doi.org/10.1083/jcb.200210169
https://doi.org/10.1016/S1673-8527(07)60102-7
https://doi.org/10.1016/j.plipres.2009.05.001
https://doi.org/10.2337/diabetes.50.10.2410
https://doi.org/10.1038/sj.ijo.0803299
https://doi.org/10.1186/1471-2350-14-54
https://doi.org/10.1111/j.0009-9163.2004.00196.x
https://www.ncbi.nlm.nih.gov/pubmed/14984467
https://doi.org/10.1016/j.meatsci.2017.05.003
https://www.ncbi.nlm.nih.gov/pubmed/28501436
https://doi.org/10.1210/en.2004-0919
https://www.ncbi.nlm.nih.gov/pubmed/15345679


Animals 2023, 13, 3720 13 of 13

22. Fang, X.B.; Zhang, L.P.; Yu, X.Z.; Li, J.Y.; Lu, C.Y.; Zhao, Z.H.; Yang, R.J. Association of HSL gene E1-c.276C>T and E8-c.51C>T
mutation with economical traits of Chinese Simmental cattle. Mol. Biol. Rep. 2014, 41, 105–112. [CrossRef] [PubMed]

23. Goszczynski, D.E.; Ripoli, M.V.; Takeshima, S.N.; Baltian, L.; Aida, Y.; Giovambattista, G. Haplotype determination of the
upstream regulatory region and the second exon of the BoLA-DRB3 gene in Holstein cattle. Tissue Antigens 2014, 83, 180–183.
[CrossRef] [PubMed]

24. Lei, M.G.; Wu, Z.F.; Deng, C.Y.; Dai, L.H.; Zhang, Z.B.; Xiong, Y.Z. Sequence and polymorphism analysis of porcine hormone-
sensitive lipase gene 5′-UTR and exon I. Yi Chuan Xue Bao 2005, 32, 354–359. [PubMed]

25. Gui, L.S.; Raza, S.H.A.; Memon, S.; Li, Z.; Abd El-Aziz, A.H.; Ullah, I.; Jahejo, A.R.; Shoorei, H.; Khan, R.; Quan, G.; et al.
Association of hormone-sensitive lipase (HSL) gene polymorphisms with the intramuscular fat content in two Chinese beef cattle
breeds. Genomics 2020, 112, 3883–3889. [CrossRef] [PubMed]

26. Liu, M.; Peng, J.; Xu, D.Q.; Zheng, R.; Li, F.E.; Li, J.L.; Zuo, B.; Lei, M.G.; Xiong, Y.Z.; Deng, C.Y.; et al. Association of MYF5 and
MYOD1 gene polymorphisms and meat quality traits in Large White x Meishan F2 pig populations. Biochem. Genet. 2008, 46,
720–732. [CrossRef] [PubMed]

27. Shackelford, S.D.; Wheeler, T.L.; Koohmaraie, M. Evaluation of slice shear force as an objective method of assessing beef
longissimus tenderness. J. Anim. Sci. 1999, 77, 2693–2699. [CrossRef]

28. Honikel, K.O. Reference methods for the assessment of physical characteristics of meat. Meat Sci. 1998, 49, 447–457. [CrossRef]
29. Nei, M.; Roychoudhury, A.K. Sampling variances of heterozygosity and genetic distance. Genetics 1974, 76, 379–390. [CrossRef]
30. Botstein, D.; White, R.L.; Skolnick, M.; Davis, R.W. Construction of a genetic linkage map in man using restriction fragment

length polymorphisms. Am. J. Hum. Genet. 1980, 32, 314–331.
31. Nishimura, T.; Hattori, A.; Takahashi, K. Structural changes in intramuscular connective tissue during the fattening of Japanese

black cattle: Effect of marbling on beef tenderization. J. Anim. Sci. 1999, 77, 93–104. [CrossRef]
32. O’Quinn, T.G.; Brooks, J.C.; Polkinghorne, R.J.; Garmyn, A.J.; Johnson, B.J.; Starkey, J.D.; Rathmann, R.J.; Miller, M.F. Consumer

assessment of beef strip loin steaks of varying fat levels. J. Anim. Sci. 2012, 90, 626–634. [CrossRef] [PubMed]
33. Jeong, J.; Kwon, E.G.; Im, S.K.; Seo, K.S.; Baik, M. Expression of fat deposition and fat removal genes is associated with

intramuscular fat content in longissimus dorsi muscle of Korean cattle steers. J. Anim. Sci. 2012, 90, 2044–2053. [CrossRef]
34. Blaise, R.; Guillaudeux, T.; Tavernier, G.; Daegelen, D.; Evrard, B.; Mairal, A.; Holm, C.; Jegou, B.; Langin, D. Testis hormone-sensitive

lipase expression in spermatids is governed by a short promoter in transgenic mice. J. Biol. Chem. 2001, 276, 5109–5115. [CrossRef]
35. Yeaman, S.J. Hormone-sensitive lipase--new roles for an old enzyme. Biochem. J. 2004, 379, 11–22. [CrossRef]
36. Xu, Y.; Zhou, Y.; Wang, N.; Lan, X.; Zhang, C.; Lei, C.; Chen, H. Integrating haplotypes and single genetic variability effects of the

Pax7 gene on growth traits in two cattle breeds. Genome 2013, 56, 9–15. [CrossRef]
37. Gerbens, F.; de Koning, D.J.; Harders, F.L.; Meuwissen, T.H.; Janss, L.L.; Groenen, M.A.; Veerkamp, J.H.; Van Arendonk, J.A.; te

Pas, M.F. The effect of adipocyte and heart fatty acid-binding protein genes on intramuscular fat and backfat content in Meishan
crossbred pigs. J. Anim. Sci. 2000, 78, 552–559. [CrossRef]

38. Goszczynski, D.E.; Mazzucco, J.P.; Ripoli, M.V.; Villarreal, E.L.; Rogberg-Munoz, A.; Mezzadra, C.A.; Melucci, L.M.; Giovambat-
tista, G. Characterization of the bovine gene LIPE and possible influence on fatty acid composition of meat. Meta Gene 2014, 2,
746–760. [CrossRef] [PubMed]

39. Ipsaro, J.J.; Huang, L.; Mondragon, A. Structures of the spectrin-ankyrin interaction binding domains. Blood 2009, 113, 5385–5393.
[CrossRef] [PubMed]

40. Yang, G.; Forrest, R.; Zhou, H.; Hickford, J. Variation in the ovine hormone-sensitive lipase gene (HSL) and its association with
growth and carcass traits in New Zealand Suffolk sheep. Mol. Biol. Rep. 2014, 41, 2463–2469. [CrossRef]

41. Shaul, O. How introns enhance gene expression. Int. J. Biochem. Cell Biol. 2017, 91, 145–155. [CrossRef]
42. Nott, A.; Meislin, S.H.; Moore, M.J. A quantitative analysis of intron effects on mammalian gene expression. RNA 2003, 9, 607–617. [CrossRef]
43. Dadi, H.; Kim, J.J.; Yoon, D.; Kim, K.S. Evaluation of Single Nucleotide Polymorphisms (SNPs) Genotyped by the Illumina Bovine

SNP50K in Cattle Focusing on Hanwoo Breed. Asian-Australas J. Anim. Sci. 2012, 25, 28–32. [CrossRef]
44. Orozco, G.; Hinks, A.; Eyre, S.; Ke, X.; Gibbons, L.J.; Bowes, J.; Flynn, E.; Martin, P.; Wellcome Trust Case Control, C.; Consortium,

Y.; et al. Combined effects of three independent SNPs greatly increase the risk estimate for RA at 6q23. Hum. Mol. Genet. 2009, 18,
2693–2699. [CrossRef]

45. Horne, B.D.; Camp, N.J. Principal component analysis for selection of optimal SNP-sets that capture intragenic genetic variation.
Genet. Epidemiol. 2004, 26, 11–21. [CrossRef]

46. Ciobanu, D.C.; Bastiaansen, J.W.; Lonergan, S.M.; Thomsen, H.; Dekkers, J.C.; Plastow, G.S.; Rothschild, M.F. New alleles in
calpastatin gene are associated with meat quality traits in pigs. J. Anim. Sci. 2004, 82, 2829–2839. [CrossRef]

47. Gui, L.S.; Raza, S.H.A.; Sun, Y.G.; Khan, R.; Ullah, I.; Han, Y.C. Detection of polymorphisms in the promoter of bovine gene and
their effects on intramuscular fat content in Chinese indigenous cattle. Gene 2019, 700, 47–51. [CrossRef]

48. Zhao, P.; He, Z.; Xi, Q.; Sun, H.; Luo, Y.; Wang, J.; Liu, X.; Zhao, Z.; Li, S. Variations in HIF-1alpha Contributed to High Altitude
Hypoxia Adaptation via Affected Oxygen Metabolism in Tibetan Sheep. Animals 2021, 12, 58. [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/10.1007/s11033-013-2842-6
https://www.ncbi.nlm.nih.gov/pubmed/24213829
https://doi.org/10.1111/tan.12293
https://www.ncbi.nlm.nih.gov/pubmed/24499032
https://www.ncbi.nlm.nih.gov/pubmed/16011025
https://doi.org/10.1016/j.ygeno.2020.06.037
https://www.ncbi.nlm.nih.gov/pubmed/32619575
https://doi.org/10.1007/s10528-008-9187-1
https://www.ncbi.nlm.nih.gov/pubmed/18777094
https://doi.org/10.2527/1999.77102693x
https://doi.org/10.1016/S0309-1740(98)00034-5
https://doi.org/10.1093/genetics/76.2.379
https://doi.org/10.2527/1999.77193x
https://doi.org/10.2527/jas.2011-4282
https://www.ncbi.nlm.nih.gov/pubmed/21948609
https://doi.org/10.2527/jas.2011-4753
https://doi.org/10.1074/jbc.M009103200
https://doi.org/10.1042/bj20031811
https://doi.org/10.1139/gen-2012-0124
https://doi.org/10.2527/2000.783552x
https://doi.org/10.1016/j.mgene.2014.09.001
https://www.ncbi.nlm.nih.gov/pubmed/25606458
https://doi.org/10.1182/blood-2008-10-184358
https://www.ncbi.nlm.nih.gov/pubmed/19141864
https://doi.org/10.1007/s11033-014-3102-0
https://doi.org/10.1016/j.biocel.2017.06.016
https://doi.org/10.1261/rna.5250403
https://doi.org/10.5713/ajas.2011.11232
https://doi.org/10.1093/hmg/ddp193
https://doi.org/10.1002/gepi.10292
https://doi.org/10.2527/2004.82102829x
https://doi.org/10.1016/j.gene.2019.03.022
https://doi.org/10.3390/ani12010058

	Introduction 
	Materials and Methods 
	Animals and Sample Collection 
	RNA Extraction and qRT-PCR Analysis 
	Meat Quality Trait Measurements 
	Genomics DNA Isolation 
	PCR Amplification and SNP Identification 
	Genotyping 
	Statistical Analyses 

	Results 
	Tissue Expression of HSL 
	Variation in the HSL Gene in Yaks 
	LD Analyses of the HSL Gene 
	Effects of the HSL Genotype on Meat Quality Traits and Carcass Traits 
	Association Analysis of HSL Haplotype Combinations with Meat Quality Traits and Carcass Traits 

	Discussion 
	Conclusions 
	References

