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Northwest Xizang White Cashmere Goat (NXWCG) is the first new breed of cashmere goat in the Xizang Autonomous Region. It has significant characteristics of extremely high fineness, gloss, and softness. Genome-wide association analysis is an effective biological method used to measure the consistency and correlation of genotype changes between two molecular markers in the genome. In addition, it can screen out the key genes affecting the complex traits of biological individuals. The aim of this study was to analyze the genetic mechanism of cashmere trait variation in NXWCG and to discover SNP locus and key genes closely related to traits such as superfine cashmere. Additionally, the key genes near the obtained significant SNPs were analyzed by gene function annotation and biological function mining. In this study, the phenotype data of the four traits (cashmere length, fiber length, cashmere diameter, and cashmere production) were collected. GGP_Goat_70K SNP chip was used for genotyping the ear tissue DNA of the experimental group. Subsequently, the association of phenotype data and genotype data was performed using Gemma-0.98.1 software. A linear mixed model was used for the association study. The results showed that four fleece traits were associated with 18 significant SNPs at the genome level and 232 SNPs at the chromosome level, through gene annotated from Capra hircus genome using assembly ARS1. A total of 107 candidate genes related to fleece traits were obtained. Combined with Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analysis, we can find that CLNS1A, CCSER1, RPS6KC1, PRLR, KCNRG, KCNK9, and CLYBL can be used as important candidate genes for fleece traits of NXWCG. We used Sanger sequencing and suitability chi-square test to further verify the significant loci and candidate genes screened by GWAS, and the results show that the base mutations loci on the five candidate genes, CCSER1 (snp12579, 34,449,796, A → G), RPS6KC1 (snp41503, 69,173,527, A → G), KCNRG (snp41082, 67,134,820, G → A), KCNK9 (14:78472665, 78,472,665, G → A), and CLYBL (12: 9705753, 9,705,753, C → T), significantly affect the fleece traits of NXWCG. The results provide a valuable basis for future research and contribute to a better understanding of the genetic structure variation of the goat.
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1 Introduction

Cashmere goats, as a part of global biodiversity, have experienced a long process of natural selection and artificial breeding. Nowadays, they have become one of the breeds with the highest cashmere production and excellent cashmere quality in the world. The most important economic value of the cashmere goats derives from its cashmere. Cashmere has the characteristics of fine and soft, white color as snow, bright color, and delicate and smooth feel. Textiles made of cashmere are unique in lightness, comfort, warmth, and elegance. NXWCG is the first new breed of Cashmere Goat cultivation in Xizang Autonomous. Due to the particularity of its living environment, the NXWCG has the characteristics of hypoxia tolerance and high cold tolerance. NXWCG has the most pure blood, the finest cashmere, the largest hair follicle density, and the uniform thickness of a single fiber. Based on its significant characteristics of extremely high fineness, gloss, and softness, we selected this breed of cashmere goat as the experimental object for related genetic research.

The fleece traits are mostly one of the quantitative traits in the cashmere goats. Quantitative traits refer to traits that are controlled by a small number of major genes and gene networks, a large number of minor genes, and environmental modifications; there are interactions between genes and the environment, and gene expression is affected by other genes, biological small molecules, and gene methylation. The fleece quality traits are traits with continuous variation or non-Mendel intermittent variation (1, 2). In brief, the variation of cashmere quality is continuous, and the variation is easily affected by environmental conditions. The earliest genetic improvement method of quantitative traits is to select individual phenotype traits, including individual selection method, family selection method, and mixed selection method. With the introduction of the concept of quantitative genetics in the 1920s, quantitative genetics has undergone continuous development. It has achieved remarkable results in analyzing the genetic mechanism and biological evolution of quantitative traits (3, 4).

Molecular genetics is a branch of genetics that studies the mechanism of biological inheritance and variation at the molecular level. The main research contents of molecular genetics include the nature of the gene, the function of the gene, the change of the gene, and the structure and function of the protein. In the breeding of cashmere goats, the method of combining phenotype- and genotype-assisted selection is gradually improved, which provides theoretical support for improving the accuracy and efficiency of selection and shortening the generation interval. Duan et al. found that cashmere goats with curly fiber hair can produce higher production and finer fiber hair than straight cashmere goats by studying the cashmere characteristics of Yanshan cashmere goats, and this difference in fiber characteristics can be related to the mutation of KRT1 and KRT6A genes (5). Li et al. used the iRTAQ-based method and identified that different protein abundances are associated with different fiber characteristics. Different protein abundances mainly refer to keratin or keratin-associated proteins (KRTAP11-1, KRT6A, and KRT38). Transcriptome sequencing confirmed that the DSC2 gene was significantly associated with the fleece phenotype of goat (6). Purvis and Franklin found that keratin intermediate protein and keratin-associated protein play an important role in determining different fleece quality and production traits (7). These studies suggest that hair follicle and hair fiber-related genes are involved in skin structure and fleece development, and the diversity of these genes may have an impact on the structure and traits of fleece. DNA molecular marker is the genome roadmap. Molecular markers are widely used in genetic map construction, population genetic diversity analysis, marker-assisted selection breeding in animal breeding, gene mapping, and cloning. SNP marker is a single nucleotide polymorphism molecular marker based on PCR and sequencing technology. The mutation rate of SNP in the genome is very low, which can effectively distinguish different alleles and cover the whole genome with high density, low cost, and easy automation of high-throughput analysis (8, 9). Sun et al. reveal the potential genetic basis for litter size, coat color, and skin color by using genome-wide association analysis (GWAS), selection signature analysis, and ROH detection within the Youzhou dark goat population through GWAS; four SNPs were identified (10). Mukhina et al. evaluated the genetic risk of five Mongolian goat breeds (Buural, Ulgii Red, Gobi GS, Erchim, and Dorgon) using Illumina Goat SNP50 genotyping data and explored the phylogenetic relationship between these populations and other breeds (11).

Genome-wide association study (GWAS) is an analysis method based on the principle of linkage disequilibrium. By detecting the genetic variation polymorphism in the whole genome of the associated population composed of hundreds of individuals, tens of thousands or even millions of molecular markers are obtained, and then the relationship between the target traits and the molecular markers is identified, and the relationship between the genetic variation and the characteristics of the population samples is determined. GWAS is widely used in the genetic variation of non-disease quantitative trait variation such as height and weight (12–14). After several years of accumulation and summary of genomic association analysis theory, Klein et al. from Rockefeller University published a GWAS study on age-related macular degeneration in 2005 (15). The study by Klein et al. opened the prelude of GWAS in human, animal, and plant genetic research (16, 17).

In recent years, to accelerate the process of animal genetic improvement and overcome some difficulties in animal genetic breeding, genome-wide association analysis using genotype data obtained using genome resequencing and genotyping technology and animal phenotype trait data has become increasingly mature (18–20). GWAS technology is becoming more and more powerful with the development of next-generation and third-generation sequencing technology.

Sanger sequencing is the international gold standard for many gene detection technologies. This sequencing technology can well detect the accuracy of chip sequencing technology, second-generation sequencing technology, third-generation sequencing technology, and up-to-date fourth-generation sequencing technology. Takenaka quantified RNA editing efficiency by comparing base mutations in the Sanger sequencing chromatogram of RT-PCR products because its sequencing accuracy is superior to other sequencing methods (21). Studies show that Sanger sequencing can effectively and rapidly detect and quantify multiple low VAF BRAF mutations from FFPE samples (22). Danilov et al. compared Bead Chip and WGS/WES genotyping calls via Sanger sequencing, and the results showed that the average precision and accuracy of gene chip and WGS were more than 0.991 and 0.997, respectively (23). The Sanger sequencing method is widely used in the analysis of biological genetic mechanisms.



2 Materials and methods


2.1 Ethics statement

The feeding environment of this experiment is in line with the relevant standards of ordinary animal experimental facilities in the Chinese national standard “Laboratory Animal Environment and Facilities” (GB14925-2010). The feeding and experimental operation of animals meets the requirements of animal welfare. All the experimental procedures involving goats were reviewed and approved by the Experimental Animal Management Committee of Inner Mongolia Agricultural University, Hohhot, China.



2.2 Sample collection and obtaining phenotype data

In totally, 539 samples were collected from the NXWCG Original Breeding Farm in Ritu County, Ali Prefecture, Xizang Autonomous Region. Among them, 288 samples were used for the GWAS study and 251 samples were used for the validation test. It contains 335 breeding rams and 204 ewes. The production performance parameters, such as cashmere length and fiber length of the experimental group, were measured in the field of the Original Breeding Farm, and the cashmere and ear tissue samples of the experimental group were collected and brought back to the laboratory for further study.

Descriptive statistical analysis of phenotype data was performed using R software. The ggplot2 package of R software was used to draw the frequency distribution histogram and fitting curve of the phenotype, and the normal distribution law of each trait was judged by graphics.



2.3 Obtaining genotype data and quality control

The genotype data of this experiment were derived from the ear tissues of cashmere goats collected from the Original Breeding Farm of Northwest Xizang white cashmere goats. The ear tissues were collected and placed in a PE tube containing 75% anhydrous ethanol and stored in a refrigerator at −80°C. The DNA of ear tissues was extracted by phenol extraction method in the laboratory. The concentration of DNA was detected by NANODROP 2000c (Thermo, Waltham, MA, USA). The extracted genomic DNA was detected by agarose gel electrophoresis. There were clear bands with a length of more than 10 kb and no obvious degradation. The OD260/280 value of DNA samples should be between 1.7 and 2.1.

The DNA samples that met the requirements of phenotype data and DNA concentration were screened and placed in a 96-well PCR plate, and the genotype sequencing based on the goat 70 K chip was performed by Neogen Bio-Scientific Technology (Shanghai) Co., Ltd.

Plink1.90 software was used to control the quality of genotype data to eliminate unqualified samples and SNP loci. Quality control standards are as follows: (1) SNP deletion quality control: SNP genotype deletions greater than 10% (−geno0.1) were removed from the analysis; (2) Sample missing quality control: samples with a call rate lower than 90% (−mind0.1) were excluded from the analysis; (3) MAF deletion quality control: loci with a minimum allele frequency of less than 1% (−maf0.01) were excluded from the analysis; (4) Hardy–Weinberg equilibrium quality control: sites that did not meet the Hardy–Weinberg equilibrium test with a p-value of less than 10−6 were excluded from the analysis.

To determine whether the SNPs after quality control have sufficient coverage in the whole genome, Haploview4.1 software was used to calculate the LD coefficient between SNP markers and the distance between markers. Excel software is used to calculate the average value of the LD coefficient corresponding to each distance; finally, the average value is used to draw the LD attenuation diagram.



2.4 GWAS

In this study, the mixed linear model of GEMMA-0.98 software (Genome-wide Efficient Mixed Model Association algorithm) was used to perform genome-wide association analysis on the phenotype and genotype values of four fleece traits in the individuals after genotype quality control (24). Individual age is added to the mixed linear model as a fixed effect. In this study, [image: image] statistical analysis model was used, where y is the phenotype trait, X is the fixed effect matrix, α is the fixed effect estimation parameter, Z is the single nucleotide polymorphism matrix, β is the single nucleotide polymorphism effect, W is the random effect matrix, μ is the predicted random individual, e is the random error, and the distribution is [image: image].

Through the principal component analysis of the population genotype data, the principal component of the population genetic variation is calculated, that is, the genetic variation of the population is compressed into several smaller dimensions, and then it is defined as the eigenvector of the inter-individual covariance matrix. The principal component is added as a covariate to the subsequent GWAS analysis model to correct the potential population stratification of the associated population. It is necessary to consider the interference factors caused by population stratification, and it is necessary to perform population stratification detection and parameter correction on the experiment population. In this study, the principal component analysis of the experiment population was carried out using Plink software. The first two principal components were extracted by R software, and the scatter plot of principal component analysis was drawn to observe whether there were differences in the genetic background of the population. Individual age and the first three principal components were added to the mixed linear model as covariates to correct the phenotype data.

The genome-wide association analysis of four phenotype traits (cashmere length, cashmere diameter, fiber length, and cashmere production of NXWCG) was carried out by Gemma-0.98.1 software under the Linux system. First, the population genome kinship matrix is calculated, and then the covariate and Kinship matrix are added to the model for data processing.

The output result files by Gemma software were sorted out, and the parameters used to draw the Q-Q diagram and Manhattan diagram were screened. R software was used to draw visual graphics of four trait variation sites. In order to eliminate the false negative caused by too strict Bonferroni correction, and to explore more significant SNPs loci and candidate genes affecting the fleece traits of NXWCG, combined with the results of association analysis in this study, when the potentially significant level threshold was 1 × 10−3, that correspond to 3 in -log10 (p-value) scale, it was determined that it was significantly associated with the traits studied (25, 26).



2.5 Gene annotation and bioinformatics analysis

The goat reference genome data (Genome assembly ARS1.2) was downloaded from the website of the National Center for Biotechnology Information1; the candidate genes within 50 kb upstream and downstream of the significant sites were annotated by bedtools software.

GO function annotation and KEGG signaling pathway analysis were performed using DAVID6.82 database. p < 0.05 is statistically significant in the results of enrichment analysis. GO and KEGG histograms and bubble plots were plotted using the ggplot2 package of R software.



2.6 Validation analysis of GWAS results

In this study, Sanger sequencing method was used to verify the results of GWAS analysis. The ear tissue DNA samples used for Sanger sequencing were all from NXWCG Original Breeding Farm. The DNA samples were different from the GWAS study. The ear tissue DNA of 96 individuals was screened for each fleece trait.

In this study, PCR primers were designed based on the 300 bp upstream and downstream chromosome fragments of 8 significant SNP loci obtained by GWAS (Table 1). Primer design and preparation were carried out by Sangon Biotech (Shanghai) Co., Ltd. (Table 2). PCR amplification was performed using the T100 Thermal Cycler (Bio-Rad), the Composition of conventional PCR reaction solution, and the PCR reaction conditions as follows (Tables 3, 4).



TABLE 1 SNP locus verification table.
[image: Table1]



TABLE 2 The primer sequence information of PCR amplification.
[image: Table2]



TABLE 3 Composition of the conventional PCR reaction solution.
[image: Table3]



TABLE 4 Conventional PCR reaction conditions.
[image: Table4]

The unpurified samples, after PCR amplification, were sent to Sangon Biotech (Shanghai) Co., Ltd. for capillary electrophoresis sequencing (CE). The sequencing was performed using the 3730xl DNA Analyzer (Thermo Fisher). Finally, the peak color map in ab1 format and the sequence file in seq format were generated for genotyping statistics. The chisq.test function of R software was used to test the fitness of candidate genes, and the chi-square value and p-value value of each candidate gene were obtained.




3 Results


3.1 Basic statistical analysis of phenotype data

In this study, the fleece traits of 288 NXWCG for GWAS were measured, including cashmere length, cashmere diameter, fiber length, and cashmere production. The phenotype data were sorted out, and descriptive statistical analysis was performed on the four traits (Table 5). According to the frequency distribution histogram and fitting curve of each phenotype (Figure 1), it was judged that each trait tended to normal distribution and could be used for subsequent genome-wide association analysis.



TABLE 5 Descriptive statistics of phenotype values of cashmere traits.
[image: Table5]
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FIGURE 1
 Frequency distribution histogram for fleece traits. (A) Indicate the frequency distribution and fitting curve of Cashmere length trait. (B) Indicate the frequency distribution and fitting curve of Cashmere diameter trait. (C) Indicate the frequency distribution and fitting curve of Fiber length trait. (D) Indicate the frequency distribution and fitting curve of Cashmere production trait.




3.2 Quality control of genotype data and analysis

A total of 67,088 SNP loci were obtained after genotyping 288 individual ear tissue DNA. Through genotype data quality control, 1,276 SNPs were excluded from the quality control of single nucleotide site deletion, two individuals were excluded from the sample missing quality control, 10,242 SNPs were excluded from MAF quality control, 1,890 SNPs were excluded from Hardy–Weinberg equilibrium, and 523 SNPs on sex chromosomes were removed. A total of 53,157 SNPs were obtained after quality control of raw data, which were uniformly distributed on 29 pairs of autosomes of goats (Figure 2). To reduce the false positive results of genome-wide association analysis, it is necessary to analyze the population structure of 286 individuals and add the first three principal components of the population as covariates to the GWAS model. The principal components analysis results showed that there was no obvious stratification in the group, indicating that there was almost no alien lineage between the samples (Figure 3).

[image: Figure 2]

FIGURE 2
 Distribution of SNPs in chromosome.


[image: Figure 3]

FIGURE 3
 Principal component analysis.


The LD decay map is a two-dimensional curve to show the process that the average LD coefficient between SNP markers on the chromosome of the genome decreases linearly with the increase of the distance between markers. The linkage disequilibrium also measures the genotype synchronization and correlation index of the two molecular markers. In this study, the LD decay map showed that the LD correlation coefficient (r2) decreased gradually after the physical distance reached 200 kb, indicating that the closer the distance between the two SNP loci on the chromosome, the stronger the correlation and the greater the LD coefficient (Figure 4).

[image: Figure 4]

FIGURE 4
 The diagram of the linkage disequilibrium.




3.3 GWAS

GWAS results of cashmere length showed that 77 SNPs were significant at the potentially significant level (Figure 5A). The calculation results of the expansion factor of the Q-Q diagram show that there was no genome expansion, indicating that the model used had a good fitting degree and was suitable for this trait. Through gene annotation, 18 candidate genes related to cashmere length traits were obtained. For the cashmere diameter trait, 71 SNPs were significant at the potentially significant level. The gene expansion factor was λ = 1.027 (Figure 5B); through gene annotation, 32 candidate genes related to the cashmere diameter trait were obtained. For the fiber length trait, 42 SNPs were significant at the potentially significant level. The gene expansion factor was λ = 0.983 (Figure 5C); through gene annotation, 18 candidate genes related to fiber length trait were obtained. For the cashmere production trait, 60 SNPs were significant at the potentially significant level. The gene expansion factor was λ = 1.023 (Figure 5D); through gene annotation, 25 candidate genes related to cashmere production trait were obtained (Table 6). Table 6 lists some of the more significant loci and annotated genes in the GWAS results of four fleece traits, respectively.

[image: Figure 5]

FIGURE 5
 Manhattan and Q-Q plot of fleece trait. (A) Indicate the Manhattan and Q-Q plot of Cashmere length trait. (B) Indicate the Manhattan and Q-Q plot of Cashmere diameter trait. (C) Indicate the Manhattan and Q-Q plot of Fiber length trait. (D) Indicate the Manhattan and Q-Q plot of Cashmere production trait.




TABLE 6 Gene list of GWAS candidate genes of fleece traits.
[image: Table6]



3.4 GO and KEGG analysis

The GO and KEGG enrichment analysis of 107 candidate genes associated with fleece traits was performed by NCBI‘s DAVID 2021 Gene system (Table 7). Gene ontology was enriched to one biological process, five cellular components, and five molecular functions (p < 0.05). GO enrichment to the negative regulation of cell proliferation biological processes (GO: 0008285) includes ALDH1A2, STAT3, CDH13, and five other genes. It is enriched in cellular components such as cytoplasm (GO: 0005737), cell membrane surface (GO: 0009986), and endoplasmic reticulum (GO: 0005783), including genes such as CREBBP, PRLR, and KCNRG. The enriched molecular functions included ATP binding (GO: 0005524), calcium ion binding (GO: 0005509), and voltage-gated potassium channel activity (GO: 0005249), including RPS6KC1, CAPNS1, and KCNK9 genes. KEGG was enriched to one signal pathway of motor protein (chx: 04814) (p < 0.05), and MYO15A, KIF16B, MYO5C and MYO5A were significantly enriched to this pathway (Figure 6).



TABLE 7 GO function and KEGG signaling pathway enrichment table.
[image: Table7]
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FIGURE 6
 GO and KEGG enrichment analysis.




3.5 Validation analysis of GWAS

The one or two most significant loci of each trait in GWAS results were selected for the verification test. In total, 5 pairs of primers for four fleece traits of NXWCG were pre-tested. Finally, 5 pairs of primers successfully amplified the target length fragment altogether. Based on 5 pairs of primers, PCR amplification was performed on 251 individual ear tissue DNA templates of NXWCG. Sanger sequencing was performed on 251 amplified sequences. The results of Sanger sequencing were analyzed using Chromas 2.6.6 software. Finally, 5 chromosome mutation sites were found (Figure 7). The candidate genes corresponding to the five chromosome mutation sites were genotyping statistics. The chi-square test was used to analyze the correlation between significant loci and phenotype traits (Table 8). Verification analysis results show that the mutation sites of CCSER1 (snp12579,34,449,796, A → G), RPS6KC1 (snp41503,69,173,527, A → G), KCNRG (snp41082, 67,134,820, G → A), KCNK9 (14: 78472665,78,472,665, G → A), and CLYBL (12: 9705753,9,705,753, C → T) were consistent with the results of GWAS analysis and highly significant (p < 0.01). The accuracy of genome-wide association analysis of fleece traits of NXWCG was verified theoretically.

[image: Figure 7]

FIGURE 7
 Peak color map of Sanger sequencing.




TABLE 8 Genotyping statistics and Chi-square test table.
[image: Table8]




4 Discussion

NXWCG has attracted much attention because of their excellent cashmere quality. To firmly implement the country‘s agricultural policy to promote the process of agricultural and rural modernization, science and technology have been on the road. To explore the important molecular markers and candidate genes related to the fleece traits of NXWCG, the research group collected the cashmere and ear tissue samples in the early stage to analyze the phenotype traits and genotype data. By drawing the frequency distribution histogram and its fitting curve for the four phenotype traits of cashmere diameter, cashmere length, fiber length, and cashmere production, it can be seen that the phenotype data are in accordance with the normal distribution and can be used for subsequent genome-wide association analysis. A total of 288 ear tissue DNA samples shared by the four phenotype traits were selected for goat 70 K SNP chip sequencing. The results showed that 92% of the individuals were successfully genotyped, and the genotype detection rate was greater than 99%.

The basic principle of genome-wide association analysis is linkage disequilibrium. Linkage disequilibrium is a non-random association of alleles at different loci and a key indicator of population heritability (27–29). GWAS analysis does not completely rely on population pedigree information and can directly locate the target traits and SNP sites through genome-wide SNP linkage disequilibrium. GWAS analysis can also screen out the main genes that affect the complex traits of biological individuals (30, 31). The significant loci snp4438 of cashmere diameter traits is located at 38,993,710 bp on chromosome 20 of goats. This significant loci is located in the intron region of the prolactin receptor protein coding gene PRLR. The PRLR gene is the same as the candidate gene identified by the research group in Inner Mongolia Cashmere Goat. The PRLR gene has been confirmed to be related to the growth and development of hair follicles in cashmere goats (32). Wu et al. screened several candidate genes, such as PRLR, that are significantly related to hair follicle and hair growth in the study of revealing the driving factors of plateau adaptability of Jiangnan Cashmere Goat and Xizang Cashmere Goat by genome and transcriptome analysis. The finer cashmere traits of the Xizang Cashmere Goat make this breed better adapt to the cold environment of the Xizang Plateau (33).

To understand the application of candidate genes in the analysis of biological genetic mechanisms from a macro perspective, the information on key candidate genes that significantly affect the fleece traits of NXWCG was retrieved through NCBI and PubMed databases. CCSER1 is a gene encoding a coiled-coil serine-rich protein, which is located between 33,559,344 bp and 35,024,683 bp on chromosome 6 of the goat genome. Xu et al. detected the CNV of the CCSER1 gene in 693 individuals of 6 goat breeds by q RT-PCR and analyzed the correlation between CNV type and growth traits. The results showed that the CNV type of the CCSER1 gene was significantly correlated with the body weight and chest circumference of GZW goats, and the expression profile showed that the CCSER1 gene was highly expressed in the lung (34). Xue et al. used the Illumina PorcineSNP50 Bead Chip to perform genome-wide association analysis on the backfat thickness and lumbar muscle depth of 370 young eagle black pigs to detect the effects of QTL loci and candidate genes on growth traits. Finally, candidate genes related to backfat thickness, such as CCSER1, GPHN, and MAGED1, were screened (35). Yurchenko et al. carried out high-density genotyping and comprehensive scanning on the genomic marker selection of 15 indigenous sheep breeds in Russia. The scanning results showed that the region of the candidate gene CCSER1 related to growth traits was consistent with the previous research results (36). CLYBL is a citramalyl-CoA lyase A protein, which is located between 9,645,150 bp and 9,878,794 bp on chromosome 12 of the goat genome. The gene has the molecular function of activating citrate coenzyme A activity in the gene body and the biological process involved in regulating the cobalamin metabolic process, which is involved in the regulation of protein homotrimerization and cobalamin metabolism. CLYBL is a mitochondrial enzyme that exists in a variety of eukaryotes and is conserved in bacteria. It is expressed in the mitochondria of various organs such as brown fat and kidney in mammals (37).

Gene Ontology describes our understanding of biology from three aspects: biological processes, cellular components, and molecular functions. Biological processes refer to biological processes completed through a variety of molecular activities, such as DNA repair or signal transduction, in a broad sense. Cell components refer to the cellular structure where gene products perform functions, such as in the endoplasmic reticulum, ribosomes, and plasma membranes. Molecular function refers to the activity of a single gene product (including proteins and RNA) or a complex of multiple gene products at the molecular level, such as “response,” “regulation,” and “catabolic process.” Gene Ontology has become one of the most popular frameworks to describe protein functions and their relationships (38–40).

The negative regulation process of cell population proliferation (GO: 0008285) enriched in this study refers to any process that can prevent or reduce the speed and degree of cell proliferation. It is a subtype of cell population proliferation regulation (GO: 0042127) and negative regulation of cell process (GO: 0048523)3. The genes enriched in this biological process are ALDH1A2, STAT3, CDH13, NUDT6, and PTPN14. Zhao et al. systematically studied the biological mechanism of hair follicle development and hair-related traits in Merino sheep based on the skin transcriptome and methylome data sets of Merino sheep and further predicted that transcription factors such as STAT3 were involved in the morphogenesis of hair follicles during the special period of hair follicle development (41). STAT3 has the molecular function of activating DNA binding transcription factor, RNA polymerase II specificity, and sequence-specific DNA binding in cis regulatory region of RNA polymerase II in gene ontology.

The KEGG-enriched motor protein (chx: 04814) signaling pathway (p < 0.05) belongs to the cell motor category in the cell process. This type of protein is involved in cell movements, such as rotational structures and structures that move along the cytoskeleton filaments. This signaling pathway was enriched in four genes: MYO15A, KIF16B, MYO5C, and MYO5A. The significant SNP loci 19: 34119983 on chromosome 19 is located in the CDS region of the MYO15A protein-coding gene, and MYO15A encodes the Myosin-XVa protein. MYO15A has the molecular functions of ATP binding, protein binding, and cytoskeleton movement activation in the gene ontology. The cell components include the cytoskeleton and some myosin complexes. Hadi et al. used scanning electron microscopy to measure the number and diameter of stereocilia in auditory hair cells of shake-2 mice lacking long and short Myosin-XVa protein isoforms and found that Myosin-XVa protein short isoforms are critical for controlling the size of stereocilia (42). KIF16B is a kinesin family member 16B protein-coding gene, and the corresponding cashmere production trait significant locus NC _ 030820.1 _ 10,060,242 is located in the intron region of this gene. KIF16B has the molecular functions of ATP binding, microtubule binding, phosphatidylinositol binding, and microtubule movement activation and participates in microtubule-based motor biological processes. Based on the 50 K SNP chip, Wang et al. performed a GWAS study on five wool production traits of Chinese Merino sheep, including fiber diameter, fiber diameter coefficient of variation, and fineness dispersion. The 28 significant SNPs screened at the genomic level were annotated to several candidate genes related to wool traits, such as KIF16B and TCF9 (43).



5 Conclusion

In summary, through genome-wide association analysis of four fleece traits of cashmere length, cashmere diameter, fiber length, and cashmere production of NXWCG, a total of 18 significant SNPs were associated at the genomic level, and 232 SNPs were associated at the chromosomal level. After gene annotation of significant loci, CLNS1A, CCSER1, RPS6KC1, PRLR, KCNRG, FBXO11, KCNK9, and CLYBL8 were screened as important candidate genes for fleece traits of NXWCG. Further verification of GWAS results through Sanger sequencing revealed that the mutation site of CCSER1, RPS6KC1, KCNRG, KCNK9, and CLYBL8 genes significantly influence the fleece traits of NXWCG. The results of this study lay a theoretical foundation for further research and have extremely important scientific significance for analyzing the genetic mechanism of fleece traits.
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