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Abstract
Background

Identifying key markers or genes associated with growth traits in Tianzhu White Yak is crucial for
breeding. Precisely locating genetic factors related to body conformation and growth can improve
breeding efficiency and economic value. In this study, low-coverage sequencing was used to
resequencing 536 Tianzhu White Yak individuals at different growth stages (1 year, 2.5 years, and 4 years
or older) for four growth trait indices: body weight (BW), body height (BH), body oblique length (BOL), and
chest circumference (CC). Genome-wide association studies (GWAS) were conducted to identify
candidate genes associated with these four body measurements, thereby laying the foundation for
subsequent studies on the biological functions of these genes.

Results

After genotype imputation and quality control, a total of 24,383,269 SNPs were retained for subsequent
analysis. A total of 366 significant SNP loci were identified, which were annotated to 32 candidate genes
associated with body conformation traits, such as PLCB17, SAR1B, and SRSF6 for body weight; BRPF3,
MAPK13, and ZNF76 for body height; ABCD3 and NTM for body oblique length; and LMNTD1 and ACVR1
for chest circumference. Functional analysis revealed that multiple candidate genes are involved in key
biological processes, including negative regulation of the G1/S transition of the mitotic cell cycle and
fatty acid beta-oxidation. Notably, TEAD3, ZNF76, and RBL1 were significantly enriched in the
transcription regulator complex, a cellular component that may influence cell proliferation,
differentiation, and tissue formation.

Conclusion

This study identified candidate loci and genes associated with growth traits in Tianzhu White Yak
through low-coverage sequencing combined with GWAS analysis. These findings provide valuable
genetic markers for genomic selection in Tianzhu White Yak, thereby offering resources to advance
precision breeding programs.

Introduction

The Tianzhu white yak (Bos grunniens) is a rare, semi-wild yak population endemic to the Qinghai-Tibet
Plateau, inhabiting the frigid alpine grasslands of Tianzhu County, Gansu Province, at elevations ranging
from 2,500 to 3,400 meters. Located at the eastern end of the Qilian Mountains, where the Qinghai-Tibet,
Loess, and Inner Mongolia plateaus converge, the region features complex terrain and significant vertical
climatic variations. With an annual average temperature of just 0.5°C and lows reaching - 30°C, the dry
season and frozen period last for about half a year, creating a harsh yet unique ecological environment.
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Renowned as the “Ship of the Plateau” and the “Ship of the Snowlands” for its pure white coat, the
Tianzhu White Yak is revered in Tibetan culture as the incarnation of the mountain god, embodying
thousands of years of cultural memory and ethnic sentiment [1]. Through prolonged natural selection
and artificial breeding, the Tianzhu White Yak has evolved into a distinctive and precious local breed
among the yak populations of the Qinghai-Tibet Plateau. As a unique local breed in the Tianzhu region of
Gansu Province, the Tianzhu White Yak population is relatively large and possesses stable genetic
characteristics. Tianzhu White Yaks have a high meat yield and tender meat, characterized by being rich
in nutrients, high in protein, and low in fat, making them highly favored by consumers. The Tianzhu White
Yak is a local breed within the Qinghai-Tibet Plateau yak group. Having long lived under natural
conditions of extreme cold, low oxygen levels, and a dry season lasting approximately six months, it has
a smaller body size and weight, and its milk and meat production performance is lower than that of other
yak breeds and ordinary cattle. Studies have shown that Qinghai-Tibet Plateau yak is characterized by
low body weight, slow growth rates, and an early growth inflection point [2]. Therefore, improving the
growth rate and meat yield of Tianzhu White Yak is a key priority that urgently needs to be addressed in
the conservation and utilization of this breed.

Somatic traits (such as body weight, body height, body oblique length, and chest circumference) are
important economic traits in animal production, directly influencing farming profitability and breed
improvement strategies [3]. In livestock breeding, these somatic traits are typically complex traits
controlled by polygenic factors with small effects and are significantly influenced by environmental
factors, exhibiting high genetic complexity. In recent years, with the advancement of high-throughput
genotyping technologies, genome-wide association studies (GWAS) have become a vital tool for
elucidating the genetic basis of complex traits [4]. By scanning single-nucleotide polymorphism (SNP)
markers across the entire genome, GWAS can identify candidate genes and genomic regions
significantly associated with target traits, providing a theoretical basis for marker-assisted selection
(MAS) and precision breeding [5, 6]. Initially, researchers used GWAS to identify variant loci associated
with complex diseases [7], thereby pioneering the demonstration of GWAS's effectiveness in identifying
genetic factors underlying complex diseases. Across various animal populations, GWAS not only aids in
deciphering the genetic architecture of body conformation traits but also reveals their potential
association networks with traits such as growth, metabolism, and immunity. In major livestock species
such as cattle [8, 9], sheep [10, 11], and pigs [12—-14], GWAS has identified multiple key genes influencing
growth rate and body conformation, providing a molecular basis for breed optimization. For example,
researchers conducted a genome-wide association analysis of seven body conformation traits in
Longling yellow goats, identifying multiple candidate genes—including MMP16, MECOM, SCD5, LEFT1,
KAT6A, PDE4D, KCND2, and EPHA5—associated with early growth and body conformation traits in
Longling yellow goats [11]. In Nelore cattle, the TMEM68 and XKR4 genes were found to be associated
with birth weight, and the NPR2 gene was found to be associated with height at the withers [15].

To date, GWAS has been used to identify candidate genes associated with traits such as growth,
immunity, and reproduction in various yak breeds. For example, whole-genome sequencing with 10-
coverage was performed on 406 Maiwa yaks, identifying candidate genes such as MFSD4, LRRC37B, and
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NCAM2 that are associated with body weight traits [16]. GWAS studies on yak immune markers have
revealed that the CASZ17 gene is associated with immune traits in yaks, while the KMT2C gene is linked to
inflammatory responses [17]. By combining phenotypic analysis with genotyping chips, candidate genes
such as SNX9 and PRKAA2 were identified as being associated with body size traits in yak [18]. Although
candidate SNPs or genes associated with body conformation and body weight traits have been reported
in the literature, our understanding of them remains limited. Therefore, further research is needed to
validate their utility in marker-assisted selection. More research is needed to enhance the effectiveness
of these genetic markers in breeding programs. Furthermore, as a rare and valuable local yak
subpopulation in China, the Tianzhu White Yak was included in the “Compendium of Chinese Cattle
Breeds” in 1998 and listed in the National Livestock and Poultry Breed Resource Conservation Catalog in
2000. It possesses high market value and economic significance, and its unique genetic resources serve
as valuable material for studying the underlying mechanisms of phenotypic traits. We utilized low-
coverage sequencing supplemented with high-coverage data to obtain high-quality genome-wide data,
and conducted a GWAS on four body conformation traits (body weight, body height, body oblique length,
and chest circumference) in Tianzhu White Yak. The identified SNP loci and candidate genes will provide
valuable genetic resources for understanding the genetic architecture of body conformation traits and
for advancing genomic selection and breeding programs for the Tianzhu White Yak.

Materials and methods

Experimental Animals and Body Measurements

The experimental yaks were sourced from pastoral areas in Tianzhu Tibetan Autonomous County, Wuwei
City, Gansu Province, China. The average elevation of the region is 2,500 meters. In this study, 536
Tianzhu white yaks were sampled, and their body weight, height at withers, body length, and chest
circumference were measured. All measurements were taken in the morning on an empty stomach in
early November 2025. Blood samples were collected from the jugular vein and stored in vacuum blood
collection tubes pre-filled with anticoagulant. After thorough mixing, the samples were transported to the
laboratory at -20°C for DNA extraction.

DNA Library Construction and Sequencing

DNA was extracted from the blood of Tianzhu white yak using the TIANamp Genomic DNA Kit (TianGen
Biotechnology Co., Ltd., Beijing), and DNA concentration and sample quality were assessed using a
NanoDrop™ 2000 spectrophotometer and 1.5% agarose gel electrophoresis. DNA samples that passed
quality control underwent library preparation according to the following steps: restriction enzyme
digestion, random fragmentation, end repair, A-tailing, sequencing adapter ligation, purification, and
ligation. The constructed libraries were sequenced using a DNBSEQ-T7 high-throughput sequencer to
obtain raw FASTQ data.
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SNP Extraction, Genotype Completion, and Data Quality Control

After data acquisition, to ensure the quality of subsequent analysis, the data were evaluated and filtered
using SOAPnuke (v.2.2.1) [19]. The high-quality sequences obtained after filtering were then aligned to
the reference genome (LU_Bosgru_v3.0) using BWA (v.0.7.17) [20]. The resulting alignment data was
converted into sorted BAM format files using Samtools (v.1.9) [21]. Subsequently, statistical analysis and
quality assessment of the BAM files were performed using the bamqc module of the Qualimap2 (v.2.2.2-
dev) software [22]. Based on this, GATK (v.4.2.6.1) [23] was used with default parameters to detect
single-nucleotide polymorphisms (SNPs), generate a VCF file, and extract SNP variants using the
SelectVariants tool. The VCF file containing the extracted SNP variants was then used for genotype
imputation with GLIMPSE2 software (v.5.4). The reference panel for genotype imputation was
constructed using 950 yak genomes with 20x coverage from the research group’s previous studies,
serving to assist in the inference and correction of missing genotypes in low-coverage samples. To
improve data quality, Plink (v.1.90) was used to perform strict quality control according to the following
criteria: --geno 0.2 (filtering out variant sites with a genotype missing rate exceeding 20%), -hwe 1x10-%
(p-value > 1x10-5 for the Hardy-Weinberg equilibrium test), --maf 0.01 (filtering out variants with a
minimum allele frequency below 0.01), and --mind 0.3 (excluding individuals with a genotype missing
rate exceeding 30%) [24]. This process ultimately yielded 24,383,269 high-quality SNP loci for
subsequent analysis. Finally, SnpEff (v.5.0) [25] was used to perform functional annotation and
classification of the obtained SNPs.

Population Structure and Phylogenetic Analysis

Population genotype data were used to calculate the genomic relationship matrix (GRM) among
samples. The GRM was computed using the GCTA (v.1.94.0) software based on the VanRaden method,
using only autosomal SNPs [10]. The complete GRM matrix was imported into R (v.4.2.2), and a
relationship heatmap was generated using the heatmap package (v.1.0.13) to visualize genetic similarity
among individuals. To determine the population structure of the experimental population, analysis was
performed using the Admixture software (v.1.3.0).

Genome-wide association studies and candidate gene annotation

We used a linear mixed model (MLM) to conduct a genome-wide association study (GWAS) of SNPs and
body conformation traits. Traditionally, Bonferroni correction results in a high false-negative rate and
may overlook some SNPs that are truly associated with growth traits [26]. In this study, the threshold for
genome-wide significance was set at P = 1-10" ®, consistent with previous studies [10, 11]. The
proportion of phenotypic variation explained (PVE) by a single SNP was estimated using the formula
reported in previous studies [27].
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B 2/F - MAF - (1 — MAF)
2/ MAF - (1 — MAF) + 2N - (SE[f])? - MAF - (1 — MAF)

PVE

Here, B is the estimated effect of the SNP variant, SE(B) is the standard error of the B estimate, MAF is
the minor allele frequency, and N is the sample size. Manhattan plots and QQ plots were generated using
R. The first two principal components were extracted using R, and principal component analysis (PCA)
scatter plots were plotted using the ggplot2 package to examine whether stratification existed within the
cohort. The first five principal components were included as covariates in a mixed linear model to correct
for false associations in GWAS caused by population stratification. Linkage disequilibrium (LD) decay
analysis was performed using PopLDdecay (v.3.31), with a maximum distance threshold set at 500 kb.
The resulting pairwise r2 values were binned and averaged to generate an LD decay plot. To identify
candidate genes associated with the target trait, this study utilized the Ensembl database. Based on the
yak gene annotation (LU_Bosgru_v3.0), significant SNP loci identified through association analysis were
used to locate potential candidate genes within a 240 kb upstream and downstream region.

Functional enrichment analysis

Functional Enrichment Analysis

The selected candidate genes were annotated for GO functions using the DAVID database
(https://david.ncifcrf.gov), and KEGG pathway analysis was performed using KOBAS 3.0
(http://bioinfo.org/kobas) [24]. To accurately elucidate the biological functions of the annotated
candidate genes and changes in pathways, the species Bos grunniens (domestic yak) was specifically
selected for enrichment analysis. In the enrichment analysis, p < 0.05 was considered statistically
significant.

Statistical Analysis

Excel was used to summarize the growth trait data, and then SPSS25.0 software (IBM, Armonk, NY, USA)
was used to perform One-Way ANOVA analysis of variance and LSD multiple comparisons on all data.
The results were expressed as mean + SD. p < 0.05 indicated significant difference.

Results

Statistical Analysis of the Phenotypic Data of Tianzhu
White Yak

The 536 Tianzhu White Yak animals included in this study were primarily divided into three age groups: 1
year old, 2.5 years old, and 4 years old and older. Descriptive statistics were performed on body weight
(BW), body height (BH), body oblique length (BOL), and chest circumference (CC) for the Tianzhu White
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Yak in these three age groups (Table 1). The results indicate that significant phenotypic variation exists
for these growth traits within the Tianzhu White Yak population, with the coefficient of variation for body
weight at 1 year of age being the highest at 31.28%. Furthermore, normality tests confirmed that most
traits approximate a normal distribution (Fig. TA-C), thereby ensuring the applicability of parametric
methods in subsequent analyses.

Table 1
Statistical data on growth traits of sequenced Tianzhu white yak individuals
Items 1 year (n=98) 2.5 year (n=201) 4 ~ year (n = 237)
mean = SD CV(%) meantSD CV(%) meanztSD CV (%)

BW (kg) 85.01 +26.59 31.28 163.55+33.80 22.01 211.06+33.00 15.64
BH (cm) 83.76 +6.17 7.37 100.17+7.36 7.34 106.85 + 5.69 5.33
BOL (cm) 83.43%8.85 10.61 106.26 +9.93 9.34 118.51+10.30 8.69
CC (cm) 125.52+15.73  12.53 147.85+14.06  9.51 161.13+11.26  6.99

Note: BW = Body weight; BH = Body height; BOL = Body oblique length; CC = Chest circumference.

Population structure and kinship analysis

In this study, whole-genome resequencing was performed on 536 Tianzhu White yak individuals to
evaluate their growth traits, including BW, BH, BOL, and CC. The whole-genome sequencing was
conducted at a low depth of approximately 1.49x. Following genotype filling and quality control, the
average DR? of the filled variants was 0.944. The GC content ranged from 42.19% to 46.87%. The average
Q20 score after quality control was 98.88%, and the average Q30 score was 97.17%, indicating high
sequencing quality and no significant bias in the library preparation and sequencing processes (Table
S1). Before data filtering, the raw data contained 53,602,519 SNP loci. After quality control, a total of
24,383,269 SNPs were retained for subsequent analysis. Analysis of the population structure of the
Tianzhu White Yak revealed homogeneity at K= 1. As K increased to 2-5, distinct ancestral components
emerged among individuals, indicating a slight subpopulation structure within the Tianzhu White Yak
population (Fig. 2A). The optimal K value for the Tianzhu White Yak was evaluated using six-fold cross-
validation, with the smallest cross-validation error observed at K = 4 (Fig. 2B). Principal component
analysis (PCA) results showed that most individuals clustered together, with only a few outliers,
indicating a relatively uniform genetic structure within the population and no obvious stratification

(Fig. 2C). LD decay curves were plotted using the ggplot2 package in R (Fig. 2D). The results indicate
that when the LD coefficient r2 declines to 0.1, the corresponding physical distance is approximately 240
kb, and the rate of decline gradually flattens. Therefore, this study will identify potential key genes within
a 240 kb range upstream and downstream of significant loci. Phylogenetic heatmap analysis revealed a
low overall degree of relatedness among individuals, with only a few localized clusters suggesting a
possible family structure (Fig. 2E).
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Genome-wide association study of growth traits

We used a linear mixed model (MLM) to conduct a GWAS of SNPs and body conformation traits. Based
on a P-value threshold of 1x10~®, we identified 366 significantly associated SNP loci. These SNPs were
annotated to 32 candidate genes associated with growth traits, and the PVE for each SNP was
calculated based on B values and MAF (Table S2). A GWAS analysis of growth traits in 1-year-old
Tianzhu white yak (Fig. 3, Table S2) identified two significant SNPs only for BW, leading to the
identification of one candidate gene, such as PLCB1. A total of 331 significantly associated SNP loci
were identified in the GWAS analysis of growth traits in Tianzhu white yak at 2.5 years of age (Fig. 4,
Table S2). For the BW trait, 21 significant SNPs were identified, and 11 candidate genes were
characterized, such as SERGEF, SAR1B, and SRSF6. The highest number of SNPs, 308 in total, was
significantly associated with the BH trait, annotated to 12 candidate genes, including BRPF3, MAPK13,
and ZNF76. Only one SNP was significantly associated with BOL, annotated to one candidate gene, such
as ABCD3. Similarly, only one significant SNP was associated with CC, annotated to one candidate gene,
such as LMNTD1. A total of 33 SNPs showing significant associations were identified in the GWAS
analysis of growth traits in Tianzhu White Yak aged 4 years and older (Fig. 5, Table S2). No significant
SNPs were detected for body weight. A total of 22 SNPs were significantly associated with BH, and
these were annotated to three candidate genes, including B4GALT4, FAM98B, and HPGD. A total of 3
SNPs were significantly associated with BOL, annotated to 1 candidate gene, such as NTM. A total of 8
significant SNPs were associated with CC, annotated to 2 candidate genes, such as ACVRT and ACSS3.
QQ plots of the GWAS results across the three stages showed that A values were all close to 1, with no
obvious signs of population stratification.

Functional enrichment analysis

Functional enrichment analysis was performed on the 32 candidate genes identified through screening
for various traits at different ages. The results of the GO enrichment analysis (Fig. 6A) showed
enrichment in three biological processes: negative regulation of the G1/S transition of the mitotic cell
cycle, fatty acid beta-oxidation, and positive regulation of transcription by RNA polymerase Il. Four were
enriched in cellular components: chromatin, transcription regulator complex, nucleoplasm, and Golgi
cisterna membrane. One was enriched in molecular function: phosphatidylinositol-4,5-bisphosphate
binding. Among these, RBL1, which is associated with BW, was significantly enriched in GO terms such
as the transcription regulator complex. KEGG pathway enrichment analysis revealed (Fig. 6B) that the
candidate genes were significantly enriched in multiple pathways, including growth and development-
related signaling pathways such as Hippo, TGF-B, and sphingolipid pathways, involving genes such as
PLCB1, PPP2R2B, and MAPK13.

Genotyping results for key SNPs loci

Six significant SNP loci were selected for validation to determine the direction of their effects (positive or
negative) on phenotypes associated with the Tianzhu White Yak. The candidate genes identified at these
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loci were ADGRL1, SLC16A7, MAPK13, ANKSTA, ACVR1, and NTM. Based on genotyping results, all six
SNP loci exhibited a low frequency of mutant individuals, and there was consistently a highly significant
difference between the wild-type and mutant homozygous genotypes (Fig. 7).

Discussion

As arare and precious yak genetic resource in the world, Tianzhu white yak has formed a local variety of
yak with both meat and hair after long-term natural selection and artificial breeding. Its series of
products such as meat, milk, skin, hair, cashmere, tail and bone have unique quality and market value.
Although significant achievements have been made in the conservation of the Tianzhu White Yak's
genetic resources and the development and utilization of its industry, the breed still faces a series of
challenges and difficulties. With the advancement of genome-enhanced breeding and the improvement
of genomic selection efficiency, the conservation and development of the Tianzhu White Yak’s breeding
resources will become feasible, thereby promoting the modernization and industrialization of the
Tianzhu White Yak industry [28]. Body measurement indices are important economic traits for the
genetic improvement of large livestock [29]. GWAS are an effective method for identifying major genes
associated with complex traits, providing new avenues for studying the genetic mechanisms underlying
these traits. This study utilized resequencing and GWAS to identify SNPs and genetic variations
influencing growth traits. The goal is to provide scientific evidence and technical support for the
conservation, genetic improvement, and sustainable utilization of the Tianzhu White Yak's genetic
resources.

This study utilized low-coverage sequencing data with an average sequencing depth of 1.49x. The data
alignment rate reached 99.27%, and the average genome coverage of > 1x was 59.39%, which is
consistent with expectations for low-coverage sequencing. To compensate for the low coverage, we
used a population-matched reference panel comprising 950 Tianzhu white yak individuals (sequencing
depth approximately 20x) to perform genotype imputation for the 536 low-coverage individuals,
achieving an average DR? of 0.944 for the imputed variants. Low-coverage sequencing combined with a
high-density haplotype reference panel restores uncovered or low-confidence loci through genotype
imputation, thereby obtaining high-density genome-wide markers on a large-scale basis [30]. Studies
have shown that when the sample size is sufficiently large and the sequencing depth is = 1x, the
accuracy of the imputed genotypes can approach that of high-depth sequencing [31]. This strategy has
been widely applied in large-scale population genetics, genome-wide association studies, molecular
breeding, prenatal aneuploidy screening, and circulating tumor DNA detection, serving as an effective
approach that balances cost and data breadth in large-scale genomic research.

Sample size is critical to the reliability of genome-wide association study results [32]. This study
collected phenotypic data from a total of 536 Tianzhu White yak individuals at three different
developmental stages: 98 at 1 year of age, 201 at 2.5 years of age, and 237 at 4 years of age or older.
Although this sample size may be considered moderate for a typical genome-wide association study, it is
important to note that such analyses have demonstrated robust performance in populations of similar or
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smaller sizes. This has been confirmed by several previous studies, including a GWAS of early growth
traits in 212 Inner Mongolian cashmere goats, which identified 21 SNPs and 117 candidate genes
associated with early growth traits [33]. Another study involving 100 Qira Black sheep and 84 German
Merino sheep identified 84 candidate genes associated with production traits [34]. A significantly smaller
study involving 96 Baluchi sheep was also conducted [35]. Similarly, small-sample GWAS studies have
been performed in large livestock; for example, a GWAS of a 202 head Huaxi cattle population identified
99 variants significantly associated with growth traits and annotated 83 candidate genes [36]. These
studies have all successfully identified significant genetic variations associated with body weight and
body size traits. Furthermore, our rigorous phenotypic measurements across multiple growth stages
further reinforce our confidence that our sample size is sufficient for meaningful genetic discoveries.

The coefficients of variation (CV) for BW, BH, BOL, and CC across the three age groups in this study
ranged from 5.33% to 31.28%, with the CV for BW in 1-year-old Tianzhu White Yak being the highest at
31.28%. In contrast, the CVs for BH, BOL, and CC remained at low to moderate levels (5.33%-12.53%)
across all age groups, indicating good consistency of these morphological traits within the population.
Overall, this CV range is considered acceptable for growth trait GWAS studies and is suitable for
subsequent association analysis. To obtain better GWAS analysis results, we analyzed the population
structure and kinship of the Tianzhu White Yak population. Population structure analysis showed that
when K = 2, individuals were clearly divided into two major subpopulations, whereas when K = 3, the
population partitioning tended to become mixed, indicating the presence of multiple minor
subpopulations within the population. This result is consistent with the PCA analysis, where PC1 and
PC2 revealed distinct clustering among individuals, yet some genetic admixture still existed between
different subpopulations. The kinship heatmap showed that most individuals were not closely related,
indicating that the overall sample was suitable for GWAS analysis. Additionally, the lighter-colored blocks
corresponding to subpopulation differentiation corroborated the results of the PCA and population
structure analyses.

Using genomic sequencing and GWAS studies, we demonstrated that 32 candidate genes are
significantly associated with growth traits in Tianzhu White Yak. For BW traits, two significant SNPs were
identified in an association analysis of 1-year-old Tianzhu White Yak, leading to the identification of the
PLCBT1 (Phospholipase C Beta 1) gene. The study found that PLCB1 participates in the
phosphatidylinositol signaling pathway, which is involved in the regulation of glucose metabolism, such
as gluconeogenesis and glycogen metabolism [37]. This may be related to the fact that 1-year-old yaks
are in the stage of cell proliferation and early differentiation, providing them with the energy and
metabolic regulation necessary for growth. ADGRL1 (Adhesion G-Protein Coupled Receptor L1) is an
adhesion G protein-coupled receptor (adhesion GPCR) with a long extracellular domain that participates
in cell-cell and cell-matrix interactions and may play a role in cell adhesion and signal transduction [38].
Studies have shown that adhesion GPCRs (including ADGRL 1) are involved in cytoskeletal remodeling,
which is closely associated with cell migration, shape changes, and dynamics [39]. ADGRL1 not only
mediates cell adhesion but also activates downstream G proteins and small GTPase signaling [40];
therefore, the ADGRL1 gene may influence processes such as cell proliferation and migration in Tianzhu
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white yak cells. PPP2R2B encodes the regulatory subunit B55b of protein phosphatase 2A (PP2A), and
this gene may serve as a key regulator in the AKT/mTOR signaling pathway [41]. Studies have found that
the PPP2R2B gene, as a regulatory subunit of PP2A, plays a central role in regulating protein
dephosphorylation, cell signaling inhibition, and cell cycle control [42]. In Chinese Holstein cattle, the
PPP2R2B gene has been identified as being associated with milk production traits [43], and it has also
been found to be potentially associated with sperm motility in Duroc pigs [44]. In this study, the gene was
found to be associated with body weight traits in Tianzhu White Yak.

Regarding body conformation, SLC76A7 (Monocarboxylate Transporter 7) encodes a transmembrane
protein whose primary function is to transport monocarboxylic acids, such as lactate, pyruvate, and
ketone bodies [45]. In studies of growth traits in Barki sheep, including birth weight and weaning weight,
SLC16A7 was identified as a candidate gene for birth weight [46]. Egami R et al. [47] used a mouse
model to genetically engineer the monocarboxylate transporter Slc16a7 into skeletal muscle. The results
showed that SLCT6A7 expression in skeletal muscle decreased, and its ability to transport ketone bodies
was impaired. This indicates that it participates in the metabolic regulation of skeletal muscle under
normal physiological conditions. Interestingly, we annotated this gene in the BH trait of 2.5-year-old
Tianzhu White yak. The protein encoded by the ANKSTA gene is a member of the Anks1 protein family,
featuring two SAM domains and one PTB domain at its C-terminus [48]. Based on structural differences
in PTB adaptors, the Anks1 family of adaptors belongs to the Dab class of PTB adaptors, which play a
role in regulating the transport of transmembrane proteins [49]. Studies have found that the ANKSTA
gene is associated with eye muscle area and eye muscle depth in pigs [50]. ACVRT (Activin A receptor
type 1) encodes the type | osteomorphogenic protein receptor of the TGF-B receptor superfamily. It is
involved in various biological processes, including the development and regulation of the skeletal,
cardiac, cartilaginous, nervous, and reproductive systems [51]. NTM (Neurotrimin) belongs to the IgLON
family of glycosylphosphatidylinositol (GPI)-anchored cell adhesion molecules and has been shown to
promote neurite growth and adhesion [52]. Studies indicate that NTM acts in concert with other cell
adhesion proteins to regulate neurite outgrowth, axon fasciculation, and synapse formation—processes
that are critical for the proper positioning and development of the nervous system [53].

A functional enrichment analysis was performed on the annotated genes. The GO enrichment analysis
revealed that the annotated genes are primarily involved in membrane-related functions (such as
phosphatidylinositol-4,5-bisphosphate binding and Golgi cisterna membrane), transcriptional regulation
(Transcription regulator complex), and cell cycle regulation (Negative regulation of G1/S transition of
mitotic cell cycle). The “negative regulation of G1/S transition of the mitotic cell cycle” entry primarily
involves inhibiting the transition of the cell cycle from the G1 phase to the S phase, regulating cell
proliferation rates, and maintaining cell cycle homeostasis [54]. Interestingly, the ACVRT gene annotated
in this study is enriched in this pathway. As a BMP/TGF-f receptor, ACVR1 can downregulate Cyclin/CDK
activity associated with the G1/S transition via the Smad signaling pathway, thereby regulating the rate
of cell proliferation [55—57]. KEGG enrichment analysis revealed that differentially expressed genes were
significantly enriched in signaling pathways such as Sphingolipid, TGF-beta, Hippo, and Wnt, which are
extensively involved in the regulation of cell proliferation, differentiation, and tissue development [58, 59].
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Furthermore, the enrichment of the Calcium signaling pathway and Rap1 signaling pathway suggests
that these genes may be involved in cell migration and morphological changes, providing a molecular
basis for the growth and development of the Tianzhu white yak.

Conclusion

In summary, this study conducted genome-wide association analyses for four body conformation traits
in a total of 536 Tianzhu White yak at ages 1, 2.5, and 4 years or older. A total of 32 candidate genes
were identified, including ADGRL1, SLC16A7, MAPK13, ANKS1A, ACVR1, and NTM, which were associated
with body weight and conformation traits in Tianzhu White Yak. These results provide useful molecular
markers for breeding programs and offer a pathway for genetically improving the growth performance
and productivity of this breed. Furthermore, these loci and genes provide foundational information for
elucidating the complex genetic mechanisms underlying growth in Tianzhu White Yak.
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Frequency distribution histograms of phenotypic values for growth traits and heatmap of phenotypic
correlations in Tianzhu white yak. A: Histogram showing the frequency distribution of phenotypic values
for various body conformation traits at 1 year of age; B: Histogram showing the frequency distribution of
phenotypic values for various body conformation traits at 2.5 year of age; C: Histograms showing the
frequency distributions of phenotypic values for various body measurements in children aged 4 and
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older. Abbreviations: BW = Body weight; BH = Body height; BOL = Body oblique length; CC = Chest
circumference.
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Figure 2

Population structure and kinship analysis in Tianzhu white yak. A: Population structure map; B: Line
cross-validation error calculated by the Admixture; C: Principal component analysis results; D: Linkage
disequilibrium (LD) decay analysis. E: Heatmap of kinship analysis. Distant and close affinities are
shown by a blue-to-red colour change.
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Figure 3

Manhattan and QQ plot of growth traits in 1-year-old Tianzhu white yak. A: Manhattan and QQ plots of
BW traits; B: Manhattan and QQ plots of BH traits; C: Manhattan and QQ plots of BOL traits; D: Manhattan
and QQ plots of CC traits. The dashed line indicates the genome-wide significance threshold, which is

set at 1.0x107°.
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Figure 4

Manhattan and QQ plot of growth traits in 2.5-year-old Tianzhu white yak. A: Manhattan and QQ plots of
BW traits; B: Manhattan and QQ plots of BH traits; C: Manhattan and QQ plots of BOL traits; D: Manhattan
and QQ plots of CC traits. The dashed line indicates the genome-wide significance threshold, which is

set at 1.0x107°.

Page 22/25



>

—
Q.
=
2 3
[=2]
o
| 2
1
0
(0T T ey Uiy N RN NN N NN
r T T T T T T T T T T T T T T T T T T T T T T T T T
Chr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 22 24
B 8 1 °
.
6
o
.
—
Q.
=
S 4
(=2
o
|
2
0
NN MY (ONNED OO (NN TRRTON) OO U TN (00NN OO R NOEOT TN NN D OO OD O EWDWR0OWIW W
r T T T T T T T T T T T T T T T T T T T T T T T T LI
Chr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 22 24 26 28
T S
11357 -~~~
c
22713 9
—_ (2]
Q 1 °
\5 45425 |
[=2] 51103
o el
- (]
| <4
2 Q
(%2}
e}
o
)
T NUN MY (NN OO NNEN TRRTON OO NI NN (NOW OO T NOUDT 0 NN N0 OO OO ORI TODNIWIn
T T T T T T T T T T T T T T T T T T T T T T T T T LI B I | T
Chr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 22 24 26 28 30
D 8
6
—
Q
=
R
[=2
o
|
2
0
| AT DONACE (MO OO VNV TNRION DO NV MR RN DA R R0 A O[O0 EOD NN OO LW
r T T T T T T T T T T T T T T T T T T T T T T
Chr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 22
Figure 5

A=0.9974

2 3 4 5 6
Expected —logo(p)

=0.9628

Expected —logo(p)

A=0.9980

Expected —logo(p)

A=0.9729

Expected —logo(p)

Manhattan plots and QQ plots of growth traits in Tianzhu white yak aged 4 years and older. A: Manhattan
and QQ plots of BW traits; B: Manhattan and QQ plots of BH traits; C: Manhattan and QQ plots of BOL
traits; D: Manhattan and QQ plots of CC traits. The dashed line indicates the genome-wide significance

threshold, which is set at 1.0x107°.
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Figure 6

Functional enrichment results for candidate genes identified by GWAS in Tianzhu white yak. A: GO
enrichment analysis; B: KEGG enrichment analysis.

A Chr8:13136979 B Chr5:51554891 C Chr24:26530522
+ ns 150 *kk
f o— 140 **'*— Tk
300 - . —
—_ —~120- —_ —
o £
s é 5, L100 %
il
= 150 25 100- @
188.63+44.67 102.1046.93 95.5045.87
96.8416.99
145.41430.94 162.18+32.68 80 102.3847.04 1030047 77
ol 97.5816,64 504
n=116 n=77 n=8 n=9%6 n=77 n=28 n=130 n=61 n=10
GG AG AA CcC CT TT CC AC AA
D Chr24:27575906 E Chr2:107923926 F Chr29:14666456
%k k
* 250 —_— 180+ P P
1 * %%k
140+ *kk - FT T3
= 1 L= 1601 L
£120 ,gzoo- £ 1401
S S <
T 1001 Q 1501 O 1201
om 100 O o
162141051 15541040 T 100 128604885
801 8847 100+ 127.3346.43
101.8847.25 S B9556 80. 115.69+9.04 121.78+10.68
=111 n=77 n=13 =211 n=21 n=3 n=143 n=77 n=15
TT CT CcC GG AG AA GG AG AA
Figure 7

Page 24/25



Genotyping results for key SNP loci in Tianzhu white yak. Figures A, B, C, D, E, and F show
chr8:13136979, chr5:51554891, chr24:26530522, and chr24:27575906, respectively, showing the
phenotypic values and their significant relationships among the three genotypes. ns indicates that the
difference is not significant (P = 0.05), * indicates that 0.01 < P < 0.05, ** indicates that 0.001 < P < 0.01,
and *** indicates P < 0.001.
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