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Abstract

:

Simple Summary


In the process of domestication, goats have undergone long-term artificial and natural selection, leading to differences among goat breeds and leaving different selection traces on the genome. However, the genetic components underlying high-altitude adaptation remain largely unknown. Here, we genotyped four goat breeds using the Illumina Caprine 50K single nucleotide polymorphism (SNP) Chip. One highland breed (Tibetan goat) compared with three lowland breeds (Huanghuai goat, Taihang goat and Xinjiang goat) to identify the molecular basis of high-altitude adaptation. So, we investigated selection signatures using the di statistic of four goat breeds and some genes in Tibetan goats related to high-altitude adaptation were identified. In addition, q-PCR validated the gene expression level in Tibetan goats and Huanghuai goats. This information may be valuable for the study of the genetic uniqueness of Tibetan goats and increased understanding of the hypoxic adaptation mechanism of Tibetan goats on the plateau.




Abstract


Tibetan goat is an ancient breed, which inhabits the adverse conditions of the plateaus in China. To investigate the role of selection in shaping its genomes, we genotyped Tibetan goats (Nagqu Prefecture, above 4500 m) and three lowland populations (Xinjiang goats, Taihang goats and Huanghuai goats). The result of PCA, neighbor-joining (N-J) tree and model-based clustering showed that the genetic structure between the Tibetan goat and the three lowland populations has significant difference. As demonstrated by the di statistic, we found that some genes were related to the high-altitude adaptation of Tibetan goats. Functional analysis revealed that these genes were enriched in the VEGF (vascular endothelial growth factor) signaling pathway and melanoma, suggesting that nine genes (FGF2, EGFR, AKT1, PTEN, MITF, ENPEP, SIRT6, KDR, and CDC42) might have important roles in the high-altitude adaptation of Nagqu Tibetan goats. We also found that the LEPR gene was under the strongest selection (di value = 16.70), and it could induce upregulation of the hypoxic ventilatory response. In addition, five genes (LEPR, LDB1, EGFR, NOX4 and FGF2) with high di values were analyzed using q-PCR. Among them, we found that LEPR, LDB1 and FGF2 exhibited higher expression in the lungs of the Tibetan goats; LEPR, EGFR and LDB1 exhibited higher expression in the hearts of the Huanghuai goat. Our results suggest that LEPR, LDB1, EGFR and FGF2 genes may be related to the high-altitude adaptation of the goats. These findings improve our understanding of the selection of the high-altitude adaptability of the Nagqu Tibetan goats and provide new theoretical knowledge for the conservation and utilization of germplasm resources.
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1. Introduction


In China, there are approximately 58 native domestic goat breeds that are distributed widely across a range of environments [1]. Tibetan goat is valued for its important genetic resources and has adapted to living on the Tibetan plateau (above 4000–5500 m). It is characterized by low partial oxygen, temperature and pressure, and high levels of ultraviolet radiation [2]. Through long-term natural selection, they have acquired stable genetic characteristics in physiology, biochemistry and morphology to adapt to the low-oxygen environment on the plateau [3]. Their genetic background fully demonstrates the unique adaptability of plateau species in the long process of evolution. In turn, this selection might have left genetic footprints in the Tibetan goat genome, reflecting a phenotypic evolution driven by the adaptation to the local environments or different breeding objectives [4].



With the development of high-throughput sequencing technology, such as chip technology, resequencing techniques, transcriptome sequencing, etc., and the assembly of the goat genome, research can be carried out at the genome level. Recently, several studies demonstrated hypoxia adaptation in Tibetan goat populations. In Tibetan cashmere goats from the Bange, Ritu, and Cuoqin counties, the EPAS1 (Endothelial PAS domain protein 1) gene was shown to have a strong selection signal and a functional mutation [5]. The DSG3 (Desmoglein 3) gene was also shown to contribute to high-altitude hypoxia adaptation of Tibetan cashmere goats [6]. In the Qinghai Tibetan goat, four genes (CDK2 (Cyclin dependent kinase 2), SOCS2 (Suppressor of cytokine signaling 2), NOXA1 (NADPH oxidase activator 1) and ENPEP (Glutamyl aminopeptidase)) were identified as being important for hypoxia adaptation [7]. Interestingly, these results are inconsistent, indicating that Tibetan goats from different regions may have different mechanisms of high-altitude adaptation.



In Nagqu, the Tibetan goat is found at elevations above 4500 m and is well protected by the local government. However, the mechanism of high-altitude adaptation in this breed is still unclear. The genetic structure of the Tibetan goat suggests that it belongs to the Northwest China population [8]. Therefore, we investigated the selection signal of hypoxic adaptation of Tibetan goats from Nagqu County. We genotyped four goat breeds using the Illumina Caprine 50K SNP (single nucleotide polymorphism) Chip. One highland breed (Tibetan goat, XZS) compared with three lowland breeds (Xinjiang goats, XJS; Taihang goats, THS; Huanghuai goats, HHS) to identify the selection signals of high-altitude adaptation [9]. Our findings can be used to better understand genomic signatures under selection, as well as increase understanding of the hypoxic adaptation mechanism of Tibetan goats on the plateau.




2. Materials and Methods


2.1. Biological Sample Collection and Genotyping


All experimental procedures involving goats were approved by the Science Research Department (in charge of animal welfare issue) of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (IAS-CAAS) (Beijing, China). Ethical approval on animal survival was given by the animal ethics committee of IAS-CAAS (No. IASCAAS-AE-03, 12 December 2016). In this study, a total of four domestic goat breeds were included: Xinjiang goat, Tibetan goat, Huanghuai goat and Taihang goat. All of the samples were collected from conservation farms or core areas of origin (Table 1). All specimens were randomly selected. Genomic DNA samples were obtained by blood collection from the jugular vein and shipped to our laboratory for processing using the TIANamp Blood DNA Kit (Tiangen Biotech Co. Ltd., Beijing, China). We used a Nanodrop 2000 nucleic acid protein analyzer (Thermo, Waltham, MA, USA) to measure the purity and concentration of genomic DNA. All of these samples were genotyped using the Illumina Caprine 50K SNP Chip, which contains 53,347 SNPs.




2.2. Quality Control


To increase the accuracy of data processing, stringent quality control criteria were applied. SNPs were removed from the panel if the following four criteria were not met by PLINK 1.09: (i) Hardy–Weinberg equilibrium p-value less than 10−4; (ii) SNP call rate greater than 95%; (iii) single nucleotide polymorphism minimum allele frequency (MAF) greater than 0.05; (iv) the presence of mapped and autosomal loci [10].




2.3. Population Structure Analysis


The principal components analysis (PCA) identifies the principal components that represent the population structure based on genetic correlations between individuals. PCA was performed using PLINK1.09 [11]. The neighbor-joining tree (N-J tree) for individuals was also constructed using VCFtools [12] and Tassel [13]. ITOL software (https://itol.embl.de/upload.cgi) was used to visualize the N-J tree [14]. The N-J tree for populations was constructed using Split tree 4.0 [15]. To corroborate PCA and the N-J tree results, ADMIXTURE was implemented to reveal admixture patterns among breeds [16]. The K-value was set from 2 to 4. The solutions for each K-value were visualized using Excel 2010.




2.4. Selection Signal Analyses


The genome regions with differentially fixed variants or strongly differing in allele frequency between separate breeds were identified by Fst, which was the conventional measure of population genetic differentiation. Matrix pairwise Fst values per SNP between breeds were estimated for all loci between populations using Genepop 4.2.2 software [17]. Briefly, Fst was estimated as follows:


  F s t   =     M S P − M S G   M S P +  (   n c  − 1  )  M S G    



(1)




where MSG is the mean square error within the population, MSP is the mean square error between the populations, and nc is the average sample size of the entire population after correction. This method is mainly applicable to the detection of selection signals between different populations and was originally used for the detection of selection signals between populations in human genetics [18]. In addition, the Fst values obtained for pairwise comparisons at each SNP were breed-standardized using di. The standardized Fst values were calculated (di) as:


di value = ∑j≠i[(Fstij − E[Fstij])/sd[Fstij]],



(2)




where E[Fstij] is the expected value and sd[Fstij]] denotes the standard deviation of Fst between breeds i and j calculated from all analyzed SNP.




2.5. Gene Annotation Analysis


Putatively selected loci were defined as genetic regions in overlapped SNPs with extremely high di values (top 1% level). Based on the goat reference genome annotation, the 50 kb upstream and downstream of significant di loci were operationally defined as candidate regions under selection. Gene function was determined using National Center for Biotechnology Information Gene (NCBI, http://www.ncbi.nlm.nih.gov/gene/) and a literature search. We selected candidate genes with high di value without the LOC (Locus) symbols and Gene IDs. Some genes related to high-altitude adaptation were used for functional enrichment analysis by Cytoscape software [19] and the ClueGO 2.2.0 plug-in [20], using Symbol ID as input parameters, the background organism selected B. taurus. p values < 0.05 after Bonferroni correction for multiple testing were considered statistically significant. Then, these genes were also used for analysis by DAVID 6.8 (https://david.ncifcrf.gov/) and Kobas 3.0 (http://kobas.cbi.pku.edu.cn/kobas3/genelist/) for Kyoto encyclopedia of genes and genomes (KEGG) analysis [21]. The background organism selected Capra hircus. Q values < 0.05 were considered statistically significant.




2.6. Validation of Selection Signal Results by q-PCR


2.6.1. RNA Extraction


We also choose another six goats, containing three Tibetan goats (female, Nagqu Tibet) and three Huanghuai goats (female, Zhumadian, Henan, China). Heart and lung tissues were collected in these goats. Total RNA was separately isolated and purified using TRIzol (Invitrogen, Inc., Carlsbad, CA, USA). The extracted RNA was treated with RNase free DNase I (Ambion, Inc., Austin, TX, USA) to remove genomic DNA contamination. Additionally, we used a Nanodrop 2000 nucleic acid protein analyzer (Thermo, Waltham, MA, USA) to measure the purity and concentration of RNA.




2.6.2. Reverse Transcription and q-PCR Analysis


Reverse transcription was conducted in accordance with the instructions of Prime Script II 1st strand kit (Takara, Dalian, China). cDNA could be used for downstream analysis. The primer of LEPR (leptin receptor), EGFR (epidermal growth factor receptor), LDB1 (LIM domain binding 1), NOX4 (NADPH oxidase 4) and FGF2 (fibroblast growth factor 2) genes was designed by NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). β-actin was set as a reference gene. The experimental primer pairs for LEPR, EGFR, LDB1, NOX4 and FGF2 and β-actin are listed in Table S1. Three biological replicates for each breed were collected, and each performed in triplicate as technical replicates. The q-PCR reaction included one cycle of 95 °C for 2 min, followed by forty cycles of 95 °C for 5 s, 60 °C for 30 s and 72 °C for 10 s. Melting curves were analyzed to test the accuracy of the data. The results were used for the analysis of statistically significant differences in expression. All experimental data were analyzed by using equation 2-ΔΔCt. In addition, we used the ANOVA program in SPSS version 19.0 for statistical analysis. All statistical tests were considered statistically significant at p < 0.05. Plots were made using GraphPad Prism version 8.0.2 software (GraphPad Software, San Diego, CA, USA).






3. Results and Discussion


3.1. Genetic Variation and Population Genetic Analysis


After data quality control, 49,141 SNP markers were passed through filters and quality control. PCA showed two principal components (PC1 and PC2). By combining PC1 and PC2, all animals could be divided into two groups: low altitude population (XJS, HHS and THS) and high-altitude population (XZS) (Figure 1a). Analysis of breeding history of these four Chinese indigenous breeds confirmed the results of the PCA. The N-J tree for populations also showed that clearly defined clusters of XJS, HHS and THS were found in one main branch, and XZS was in another main branch (Figure 1b). To further examine the relationships among populations, we performed ADMIXTURE on all individuals. The number of populations varied from K = 2 to 4 (Figure 1c), and the least amount of cross-validation error occurred when K = 2, which makes it clear that K = 2 was the optimal modelling choice. Therefore, the four goat breeds could be appropriately divided into two groups. This result was consistent with the PCA and N-J tree (Figure 1d). These results are consistent with the breeding history. After quality control and population structure analysis, no outliers were detected; therefore, no animals were removed from further analysis.



All paired Fst values between the four breeds were calculated and adjusted to Fst/(1-Fst). It was found that the differentiation degree between THS and XJS was the lowest among all groups (0.016). The difference in Fst between XZS and HHS was the largest (0.058). In comparison, the average Fst of each breed was calculated more closely within the pedigree than between the pedigrees. The results showed that the Fst of THS was the lowest (0.029) and XZS was the highest (0.049) (Table 2). The pedigree of differentiation is consistent with N-J tree and ADMIXTURE.




3.2. Detecting Breed Positive Selection Genes


To determine whether selection for adaptation to chronic hypoxia in Tibetan goat acts on recently occurring or pre-existing variation, we investigated, firstly, the population differentiation in Tibetan goat using di statistics based on the Fst value [22]. Secondly, the putatively selected loci were defined as genetic regions in overlapping SNPs with extremely high di values (top 1% level) (Figure 2). Thirdly, we obtained 261 specific selected SNPs that contained 459 genes without the LOC symbols and Gene IDs (Table S2). In accordance with gene function and previous study, finally, we found 16 potential genes associated with hypoxia and angiogenesis, energy metabolism, or melanogenesis [23,24,25].



High-altitude adaptation may be caused by multiple genes that act in concert with one another [26]. Therefore, we performed ClueGO functional analysis and Kobas analysis on the potential genes and constructed a network of plausible pathways for high-altitude adaptation. ClueGO analysis demonstrated that most selected genes were regulated by the VEGF signaling pathway (p value Bonferroni = 0.0015) and Melanoma (p value Bonferroni = 0.000011) (Figure 3a). Kobas analysis also showed that most selected genes were enriched in Melanoma (Q-value = 1.01 × 10−5) and the VEGF signaling pathway (Q-value = 0.0042) (Figure 3b). Our results are similar to the Tibetan pig and Tibetan sheep [23,27] and indicate that different plateau animals have similar adaptive evolutionary characteristics. In addition, some cancer pathways were also identified in enrichment analysis, such as Pancreatic cancer (p value Bonferroni = 1.6901 × 10−4), Glioma (p value Bonferroni = 3.2299 × 10−4) and Endometrial cancer (p value Bonferroni = 3.5066 × 10−4). Previous studies also have shown that oxygen homeostasis is essential for the maintenance of life and that perturbations of this process play an important role in the pathogenesis of a wide variety of diseases including cancer and inflammatory conditions [28,29]. Network analysis suggested that nine key genes (FGF2, EGFR, AKT1, PTEN, MITF, ENPEP, SIRT6, KDR, and CDC42) have important roles in the high-altitude adaptation of the Tibetan goat (Figure 3a).



Among these genes, some genes were detected in other species. First was the ENPEP gene (Glutamyl aminopeptidase) (di value = 7), which has biological functions associated with high-altitude adaptation and was also selected in the Tibetan sheep [23], Tibetan goat [7], and native Andeans [30]. Second was the MITF gene (melanocyte inducing transcription factor) (di value = 8.36), which was selected for adaptation to high levels of ultraviolet radiation in Tibetan goats. Similar results have been found for Tibetan sheep [23] and Ethiopian sheep [24]. Another, RGCC (regulator of cell cycle) (di value = 9.21) had a physical interaction with HIF1α and VEGF, which are key mediators in the cellular response to hypoxia [31] and also identify in Tibetan pigs [25].



The other newly detected genes were related to hypoxic adaptation, angiogenesis, and energy metabolism in Tibetan goats. The HIF-1 pathway is crucial for the hypoxic response in metazoans [32]. In the present study, it was induced and activated via AKT1 (AKT serine/threonine kinase 1) (di value = 7.37) and EGFR (di value = 10.9) [33,34]. Similarly, SIRT6 (Sirtuin 6) (di value = 11.75) can impede the necrosis/apoptosis pathways, leading to improved survival of cardiomyocytes following hypoxia [35].



Angiogenesis is one of the key mechanisms of high-altitude adaptation [36,37]. Remarkably, FGF2 (fibroblast growth factor 2) (di value = 10.53), one of the fibroblast growth factor family members (FGFs) [38], has been proved as an angiogenic growth factor [39]. Furthermore, CDC42 (cell division cycle 42) (di value = 8.73) mediates Bmp-induced sprouting angiogenesis [40], whilst KDR (kinase insert domain receptor) (di value = 6.86) attenuates VEGF-stimulated signaling to reduce angiogenesis under chronic hypoxia [41]. Selection for genes associated with energy metabolism is necessary for Tibetan goats to adapt to the cold environments they inhabit. We found that the PTEN (phosphatase and tensin homolog) (di value = 7) directly regulated glucose metabolism through dephosphorylation [42].



We also found that some strongly selected genes were related to high-altitude adaption in the Nagqu Tibetan goat. Remarkably, in chromosome 3, there was a strongly selected SNP involving the LEPR (di value = 16.70) gene, which has recently been demonstrated to induce upregulation of the hypoxic ventilatory response [43]. Comparative studies on altitude adaptability showed that the LDB1 (di value = 13.47) gene on chromosome 26 was strongly selected. The nuclear adapter LDB1 is the core component of a multiprotein transcription complex that regulates differentiation of multiple cell types, and plays an important role in regulating the transcription process responsible for maintaining hematopoietic stem cells [44]. Furthermore, NOX4 (di value = 12.84), which contributes to hypoxia-induced angiogenesis by producing H2O2 [45], was strongly selected. In addition, DPP4 (dipeptidyl peptidase 4) (di value = 7.5), an important enzyme involved in glycolysis and the maintenance of glucose stability [46], has also been detected in the Tibetan sheep [23].



It is noteworthy that Tibetan goat has other characteristics and traits besides plateau adaptability, such as slow growth, small body size and low fecundity. So, some relative genes were detected, the most special gene was LEPR, which not only related to hypoxic, but was also associated with reproductive and fattiness traits in goats and sheep [47,48]. PROP1 (PROP paired-like homeobox 1) (di value = 15.53), another strongly selected gene, proved to be associated with growth traits of goat and sheep [49,50]. In addition, MKLN1 (muskelin 1) (di value = 12.37) was associated with backfat thickness in Pigs [51] and CRH (corticotropin releasing hormone) (di value = 10.54) proved to be a candidate gene for body conformation traits in cows [52]. These findings have contributed to understanding the trace of domestication in Tibetan goats.




3.3. Validation of Selection Signal Analysis Results by q-PCR


In order to further validate the potential genes and detect the expression of genes in goats living in different altitudes, we chose five genes (LEPR, LDB1, EGFR, NOX4 and FGF2) with high di value and detected their expression in the heart and lung by q-PCR (Figure 4). The result shows that NOX4 gene expression was not different in heart and lung tissues of the two goat breeds. Expression levels of LEPR, LDB1 and FGF2 in the lungs of Tibetan goats were higher than in Huanghuai goats. LEPR, EGFR and LDB1 had higher expression in the hearts of the Huanghuai goats than in Tibetan goats, but FGF2 higher expression in the hearts of Tibetan goats than in Huanghuai goats (Figure 4). Our results suggest that differences in the expression of LEPR, LDB1, EGFR and FGF2 genes may be related to the high-altitude adaptation, and these genes may be novel selection signals in goats. But there are unclear about these genes play a role in Tibetan sheep’s high-altitude adaptation mechanisms. Further study is also needed to determine how these genes work in Tibetan goats.





4. Conclusions


Our study demonstrates that many high-altitude adaptive genes in the Nagqu Tibetan goats are specific to that breed. We found that LEPR, LDB1, EGFR and EGF2 genes may play an impotent role in high-altitude adaption. Our findings improve the understanding of the selection of high-altitude adaptation in Tibetan goats and provide theoretical knowledge for the conservation and utilization of germplasm resources. Furthermore, they demonstrate the suitability of the Tibetan goat as a model for studying the mechanisms underlying adaptation to chronic hypoxia.
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Figure 1. (a) The genetic relationship of all individuals. Symbols were used to distinguish Tibetan goats (XZS, red points), Xinjiang goats (XJS, purple points), Huanghuai goats (HHS, dark red points) and Taihang goats (THS, blue-green points). (b) Neighbor-joining (N-J) tree for the four breeds based on pairwise Fst. Low-altitude breeds are indicated in blue, and the high-altitude breed is indicated in red. (c) Model-based clustering of goat populations. Typical results are shown for K = 2–4. (d) When K = 2, the least amount of cross-validation error occurred. 
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Figure 2. Overview of selection signals in the Tibetan goat plotted by di values. Some genes were highlighted by red plot. 
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Figure 3. (a) Analysis of enrichment for the potential genes related to high-altitude adaptation by ClueGO; (b) Kyoto encyclopedia of genes and genomes (KEGG) analysis for the potential genes related to high-altitude adaptation by Kobas. 
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Figure 4. Expression levels of LEPR, LDB1, EGFR and EGF2 in heart and lung tissues. * represents significant difference (p < 0.05) and ** represents extremely significant difference (p < 0.01). 
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Table 1. Information of the Chinese goat populations in this study.
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	Breeds
	Abbr.
	Sample Size
	Sex
	Breed Characteristics
	Location
	Living Altitude





	Tibetan
	XZS
	17
	female
	multipurpose, horned, parti-color, small size
	Naqu, Tibet, China
	above 4500 m



	Xinjiang
	XJS
	17
	female
	multipurpose, horned, white color, middle size
	Tacheng, Xinjiang, China
	about 1100 m



	Taihang
	THS
	16
	female
	multipurpose, horned, black color, middle size
	Changzhi, Shanxi, China
	about 800 m



	Huanghuai
	HHS
	16
	female
	meat, horned white color, big size
	Zhumadian, Henan, China
	about 81 m
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Table 2. Fst/(1-Fst) values between pairs of four goat populations.
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	Breed
	XZS
	XJS
	HHS
	Mean Pairwise Fst





	XZS
	
	
	
	0.049



	XJS
	0.043
	
	
	0.030



	HHS
	0.058
	0.032
	
	0.039



	THS
	0.044
	0.016
	0.026
	0.029
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