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Introduction: The CapG gene, which is an actin-binding protein, is prevalent in eukaryotic cells and is abundantly present in various pathways associated with plateau hypoxia adaptation. Tibetan pigs, which have inhabited high altitudes for extended periods, provide an excellent research population for investigating plateau hypoxia adaptation.
Results: This study focused on Tibetan pigs and Yorkshire pigs residing in Nyingchi, Tibet. The blood physiological data of Tibetan pigs were found to be significantly higher than those of Yorkshire pigs, including RBC, HGB, HCT, MCH, and MCHC. The SNP analysis of the CapG gene identified six sites with mutations only present in Tibetan pigs. Notably, the transcription factors at sites C-489T, C-274T, and A-212G were found to be altered, and these sites are known to be associated with hypoxia adaptation and blood oxygen transportation. The mRNA expression of the CapG gene exhibited highly significant differences in several tissues, with the target proteins predominantly higher in the Yorkshire pig compared to the Tibetan pig. Specifically, a notable difference was observed in the lung tissues. Immunohistochemistry analysis revealed high expression levels of CapG proteins in the lung tissues of both Tibetan and Yorkshire pigs, primarily localized in the cytoplasm and cell membrane.
Conclusion: The CapG gene plays a significant role in regulating hypoxia adaptation in Tibetan pigs. This study provides a theoretical basis for the conservation and utilization of Tibetan pig resources, the breeding of highland breeds, epidemic prevention and control, and holds great importance for the development of the highland livestock economy.
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1 INTRODUCTION
The Tibetan pig is a unique breed in China, specifically adapted to the high-altitude areas of the Qinghai-Tibetan Plateau. This plateau, with an average altitude of 4,000 m, presents a challenging environment characterized by low temperatures, low atmospheric pressure, and hypoxia (Ai et al., 2014; Zhang et al., 2017; Shang et al., 2020). The Tibetan pig has undergone natural selection to survive under these conditions, resulting in distinct physical characteristics such as a small body size, black and long hair, and firm skin. It is typically raised using a semi-housed feeding method that includes fine feed as the primary source and supplemented with wild plants for outdoor intake. These feeding practices contribute to the tender meat texture, firm taste, and agile movement of Tibetan pigs (Shang et al., 2019a; Wang et al., 2021). Consequently, Tibetan pigs have been extensively studied as a significant food source for high-altitude Tibetan communities, given their ability to adapt to the plateau’s hypoxic conditions. The prolonged exposure and evolution in this hypoxic region have contributed to the development of unique plateau characteristics and a stable genetic mechanism for hypoxia adaptation (Zhang et al., 2017; Yuan et al., 2022). Thus, Tibetan pigs are ideal subjects for studying the mechanisms of hypoxia adaptation.
The oxygen concentration in the air varies significantly at different altitudes, with higher altitudes experiencing lower oxygen levels. To prevent excessive harm, organisms undergo specific changes when exposed to this environment. Initially, when an organism first arrives at the plateau, compensatory adjustments occur within the body to adapt to the low-oxygen environment (Shao et al., 2020). Over time, individuals who have lived on the plateau for generations or for an extended period become accustomed to this low-oxygen environment, a process known as low-oxygen adaptation (Hochachka et al., 1998). Hypoxia adaptation, in essence, entails efficiently utilizing limited oxygen to ensure normal physiological functions under hypoxic conditions. In the low-oxygen environment of the plateau, various reactions occur during oxygen utilization, including uptake and internal transport of oxygen from the environment, oxygen transportation and exchange in the blood, cellular oxidation, and ultimately achieving a balance and hypoxic adaptation. Through genetic preservation, animals adapted to chronic permanent hypoxia maintain homeostasis (Eaton and Pamenter, 2022). Ramirez et al. (2007) discovered that most animals respond to reduced oxygen availability by reducing their energy metabolism within a low-oxygen environment (Cho et al., 2021). However, reducing energy metabolism is not suitable for all species, such as birds with increased oxygen uptake during flight, requiring heightened oxygen transport capacity (Storz et al., 2010). Hsia et al. (2007) demonstrated that moving foxhounds to high-altitude areas enhanced their lung’s oxygen dispersion ability. Similarly, Hsia et al. (2005) compared guinea pig lung morphology at different altitudes and found that at higher altitudes, the alveoli and lung size were larger. Recent studies have revealed that hypoxic adaptation involves multiple molecular mechanisms that regulate not only oxygen transport but also oxygen utilization in cellular metabolism (Murray, 2016). At the cellular level, the hypoxia-inducible factor (HIF) pathway mediates the transcriptional response to hypoxia (Shang et al., 2019b), promoting glycolysis and inhibiting oxidative metabolism (Chen and Gaber, 2021; Malkov et al., 2021; Batie et al., 2022). It has been observed that species lacking hypoxia adaptation experience reduced oxygen metabolism and increased production of reactive oxygen species (ROS) in the mitochondria, leading to oxidative damage. Finally, it should be noted that ROS plays a vital role in fundamental biological processes such as cell proliferation, differentiation, and cell death pathways (Mittler, 2017; McGarry et al., 2018).
Zhang et al. (2017) conducted a study in 2017 where they analyzed transcriptomic and proteomic data from heart tissues of Tibetan and Yorkshire pigs reared in highland and lowland areas. They found significant differences in genes and pathways related to hypoxic adaptation, including the HIF-1 and VEGF signaling pathways. Ai et al. (2014) performed a genome-wide analysis on Tibetan pig populations and lowland breeds, identifying genes that have undergone positive selection in Tibetan pigs. Li et al. (2013) analyzed the genetic mechanism, population structure, and evolutionary model of Tibetan pigs, identifying genes and pathways involved in hypoxic adaptation. CapG, also known as macrophage-capping protein (MCP), is an actin-binding protein found in various tissues and expressed in eukaryotic cells. It plays a role in cell signaling, phagocytosis, cellular transport, and other cellular mechanisms (Gurtu and Michelakis, 2015). CapG proteins regulate cell motility, development, maintenance of cell morphology, and intracellular calcium and phosphatidylinositol levels (Jurasz et al., 2010). The rapid growth of protein filaments is involved in actin-based cell motility and membrane ruffling (Silacci et al., 2004). In a proteomics study, HIF-1 was found to bind to a hypoxia-responsive element in the CapG gene, which is critical for the expression of HIF-1-induced genes. The expression of CapG was also observed to increase in lung cancer cell lines under hypoxic conditions (Shao et al., 2011). In a screening study of candidate genes related to hypoxia adaptation, the CapG gene was found to be expressed in both Tibetan and Yorkshire pigs and enriched in regulatory pathways related to plateau hypoxia acclimatization (Shang et al., 2022).
This study aims to analyze the CapG gene at the DNA, mRNA, protein, and phenotype levels in Tibetan pigs to understand the mechanism of hypoxia adaptation in plateau animals. The findings will contribute to our understanding of molecular mechanisms of animal adaptation to the plateau environment and genetics. They will also provide a basis for the preservation and utilization of Tibetan pig germplasm resources and breeding of plateau varieties, benefiting the plateau animal husbandry industry. Tibetan pigs, having adapted to high altitudes, are ideal subjects for studying plateau hypoxia adaptation.
2 MATERIALS AND METHODS
2.1 Animals and groups
This study examined Tibetan pigs from the teaching practice farm of the School of Animal Science at the Tibetan College of Agriculture and Animal Husbandry, as well as Yorkshire pigs bred at Nyingchi Yugao Ecological Agricultural Development Co. The pigs are fed on an antibiotic-free diet and housed according to routine procedures. They are also regularly vaccinated and wormed, and all pigs have free access to food and water. Blood samples were collected from each pig using a 10 mL syringe via the anterior vena cava. The samples were swiftly returned to the laboratory for assessment of physiological parameters. Randomly selected ear tissue samples were obtained from 50 Tibetan pigs and 50 Yorkshire pigs and placed in 2 mL centrifuge tubes containing 75% alcohol. The samples were then stored at a lower temperature for the DNA extraction process. Heart, liver, spleen, lung, and kidney tissues were collected and placed in tubes filled with RNA preservation solution. The lung tissue samples were preserved using liquid nitrogen and transported at −80°C to the laboratory for RNA extraction. During the collection phase, 3 cm3 tissue samples were fixed in a 4% neutral formaldehyde solution to retain their structural integrity, with care taken to avoid sample extrusion. All the research work was carried out in strict accordance with the guidelines approved by the Animal Welfare Committee of Tibet Agriculture and Animal Husbandry University.
2.2 Blood routine examination
Prior to performing physiological index analysis using an automatic animal blood cell analyzer, the collection tube containing sodium heparin anticoagulant was gently inverted. The measured parameters included White Blood Cell Count: WBC (×109/L), Red Blood Cell Count: RBC (×1012/L), Hemoglobin: HGB (g/L), Hematocrit: HCT (%), Mean Corpuscular Volume: MCV (fL), Mean Corpuscular Hemoglobin: MCH (pg), Mean Corpuscular Hemoglobin Concentration: MCHC (g/L), Red Cell Distribution Width: RDW (%), Platelet Count: PLT (×109/L), Mean Platelet Volume: MPV (fL), Platelet Volume Distribution Width: PDW (fL), and Procalcitonin: PCT (%).
2.3 SNP screening and genotyping
Genomic DNA was extracted from pig ear tissue using the phenol-chloroform technique. The DNA sequence of the sus scrofa CapG gene (accession number: NC_010445.4) was retrieved from GenBank (www.ncbi.nlm.nih.gov/). Primer design was conducted using Primer 5.0 software, based on the 2 kb region upstream of the respective start codon and the coding sequence (CDS) region of this gene. Amplification of the 5′ flanking region and coding sequence (CDS) of the CapG gene was performed using ear tissue samples obtained from pigs (see Schedules 1, 2). Single nucleotide polymorphisms (SNPs) were identified using Chromas Pro software, and the corresponding gene and genotype frequencies were calculated based on the sequencing results. The mutated loci were analyzed for transcription factor binding sites using the website https://jaspar.elixir.no/ before and after mutation.
SCHEDULE 1 | CapG gene primer information.
[image: Schedule 1]SCHEDULE 2 | CapG gene quantitative primer information.
[image: Schedule 2]2.4 RT-qPCR
To perform real-time fluorescence quantitative PCR, RNA from different tissues of Tibetan and Yorkshire pigs was extracted using a Total RNA extraction kit. The mRNA sequence of the pig CapG gene (Login number: XM_021087297) was downloaded from the NCBI website. β-actin (Login number: XM_021086047) was selected as the internal reference gene. Primer design was done using Primer5.0, and the primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd. Three replicates of each sample were prepared for RT-qPCR, and the relative mRNA expression of the CapG gene was calculated using the 2−ΔΔCT method.
2.5 Western blot
For the Western blot analysis, protein tissues from both Tibetan and Yorkshire pigs were extracted. A polyacrylamide gel was prepared, and the quantity of protein samples was determined based on the measured protein concentration. The denatured samples were placed in the gel, and the electrophoresis apparatus was set up. The gel was washed with water and then prepared for membrane transfer by adding the fiber mat, filter paper, and pre-soaked PVDF membrane (in methanol) to the membrane transfer solution for 5–10 min. These were added to the membrane transfer folder in a specific order. The molds, along with the membrane transfer liquid, were placed into the membrane transfer instrument, and the molds were transferred accordingly. The PVDF membrane was inserted into the rapid membrane transfer solution provided by Suzhou New Saimei Biotechnology Co., Ltd., and incubated in a shaker at 37°C for 30 min. The sealed PVDF membrane was washed with PBS, followed by incubation with the primary antibody (diluted 1–2000: Shanghai Povan Biotechnology Co., Ltd.) overnight at 4°C. The membrane was then washed three times for 10 min each with 1x TBST solution on a horizontal shaker. Subsequently, the washed PVDF membrane and secondary antibody (1:10,000 dilution from ImmunoWay Biotechnology Company) were incubated in a self-sealing pouch at 37°C for 1 h on a shaker. The membrane was again washed three times for 10 min each with 1x TBST solution on a horizontal shaker. Finally, the washed PVDF membrane was incubated at 37°C for 1 h in a self-sealing bag with ECL from Beijing CryptoWay Biotechnology Company. The membranes underwent three washes with 1x TBST solution using a horizontal shaker for 10 min each.
2.6 Immunohistochemical analysis
The lung tissue samples were prepared for immunohistochemical analysis by fixing them and cutting them into 0.5 cm3 pieces using a scalpel blade. These samples were then placed into disposable embedding boxes for further processing. The sections were dewaxed and washed using varying concentrations of anhydrous ethanol and PBS. This was done to ensure proper cleaning of the tissue samples before the immunohistochemistry experiments. For the immunohistochemistry experiments, the SP Detection Kit from Beijing Solepol Technology Co., Ltd. was used. The experiments were conducted strictly following the instruction manual provided with the kit. This ensured accurate and reliable results. After the immunohistochemistry experiments, the sections were stained using hematoxylin for chromogenic analysis. They were then sealed with neutral gum to preserve the staining and prevent any damage to the sections. To analyze the results, the grey density method was employed. This involved analyzing the sections using a technique that measures the intensity of the staining and converts it into grey density values.
2.7 Statistical analyses
For statistical analysis, the mutation sites were analyzed using Chromas Pro sequencing results. The relevant data underwent statistical analysis using IBM SPSS Statistics 26.0. Significance was determined based on the probability values (p-values). A p-value less than 0.05 or 0.01 was considered highly significant. To conduct the grey density analysis, ImageJ software was used.
3 RESULTS
3.1 Analysis of blood physiological indices
Table 1 presents the blood physiological parameters of Tibetan pigs and Yorkshire pigs. Tibetan pigs demonstrated significantly higher levels of RBC, HGB, and HCT compared to Yorkshire pigs, with a p-value of less than 0.01. Additionally, Tibetan pigs exhibited significantly higher values of MCH and MCHC (p < 0.05), whereas Yorkshire pigs had significantly greater RDW values than Tibetan pigs (p < 0.01). However, no significant difference (p > 0.05) was observed in the other physiological indices between the two species.
TABLE 1 | Blood physiological index data.
[image: Table 1]3.2 SNPs loci in Tibetan and Yorkshire pig
Based on the sequencing results, it has been determined that the 5′ flanking area of only the CapG gene of Tibetan pigs exhibits six mutation sites: A-556C, C-489T, T-459C, A-429G, C-274T, and A-212G (Figure 1). Notably, these mutations are not present in Yorkshire pigs.
[image: Figure 1]FIGURE 1 | SNPs loci in the 5′ flanking region of the CapG gene in Tibetan pigs.
Table 2 presents the six single nucleotide polymorphism (SNPs) loci observed in Tibetan pigs. These include an A/C mutation at −556 bp from the start codon, designated as A-556C, a C/T mutation at −489 bp, designated as C-489T, a T/C mutation at −459 bp, designated as T-459C, an A/G mutation at −429 bp, designated as A-429G, a C/T mutation at −274 bp, designated as C-274T, and an A/G mutation at −212 bp, designated as A-212G. All six mutation sites underwent rigorous testing and were determined to conform to the Hardy-Weinberg equilibrium (p > 0.05).
TABLE 2 | Genotype frequencies and chi-square test of SNPs loci for CapG gene.
[image: Table 2]Transcription factor prediction was conducted at the six mutation sites. It was determined that there were no alterations to transcription factors preceding or following the mutation at A-556C, T-459C, and A-429G. However, the mutation at sites C-489T, C-274T, and A-212G resulted in the emergence of new transcription factors, namely, KLF4, GFI1, and RUNX1.
3.3 Tibetan and Yorkshire pigs: CapG gene expression
Comparison of CapG Gene Expression in Tibetan and Yorkshire Pigs, Figure 2 depicts the mRNA expression levels of the CapG gene in the heart, liver, spleen, and lungs of Tibetan and Yorkshire pigs. The analysis revealed a significant increase in the relative expression of the CapG gene in Yorkshire pigs compared to Tibetan pigs (p < 0.01).
[image: Figure 2]FIGURE 2 | Relative mRNA expression of CapG gene in different tissues. TP indicates Tibetan pig and YY indicates Yorkshire pig. ** denotes a highly significant difference with p < 0.01.
3.4 Expression of CapG proteins in tissues
Figure 3 demonstrates that there were no statistically significant differences (p > 0.05) in CapG protein expression levels in the heart, liver, and spleen between Tibetan and Yorkshire pigs. However, a general trend indicates that Yorkshire pigs tended to exhibit higher expression levels compared to Tibetan pigs. Notably, in lung tissues, the data revealed a significant increase in CapG protein expression in Yorkshire pigs compared to Tibetan pigs (p < 0.05).
[image: Figure 3]FIGURE 3 | Relative expression of CapG protein in different tissues. TP indicates Tibetan pig and YY indicates Yorkshire pig. (A) Protein bands of CapG protein in different tissues; (B) Relative expression of CapG protein in different tissues.
The immunohistochemical results of Tibetan and Yorkshire pigs, evaluated using ImageJ software, are presented in Figure 4A. We observed significantly higher mean Integrated Optical Density (IOD) values for CapG protein in the lung tissue of Yorkshire pigs compared to Tibetan pigs (p < 0.01). As shown in Figure 4B, the lung tissue of Yorkshire pigs displayed prominent brownish-yellow and yellow staining, indicating a strong positive reaction. In contrast, the lung tissue of Tibetan pigs exhibited a weaker positive reaction and lighter color. Extensive expression of CapG protein was observed in the lung tissue of both Tibetan and Yorkshire pigs, with the most intense expression observed in the cell membrane and cytoplasm.
[image: Figure 4]FIGURE 4 | IHC and mean IOD values of different pig CapG proteins. TP indicates Tibetan pig and YY indicates Yorkshire pig. (A) Mean IOD of CapG protein; (B) IHC of different pig lung tissue.
4 DISCUSSION
Tibetan pigs exhibited significantly higher indices for RBC, HGB, HCT, MCH, and MCHC compared to Yorkshire pigs, while the RDW was significantly higher in Yorkshire pigs. These findings indicate that Tibetan pigs possess a superior capacity for oxygen transport, which is a physiological manifestation of their long-term adaptation to a plateau environment and contributes to their improved ability to tolerate hypoxia (Wang et al., 2017). A higher number of RBC and HGB results in a larger surface area of the blood red cell membrane and greater oxygen-carrying capacity, promoting efficient gas exchange between hemoglobin in red cells and tissue cells, thereby enhancing the rate of blood oxygen metabolism. Increased RBC and HGB numbers in the blood result in a larger surface area of the erythrocyte membrane, enhancing the oxygen-carrying capacity and facilitating efficient gas exchange between hemoglobin in erythrocytes and tissue cells, thereby enhancing the rate of oxygen metabolism. Additionally, erythrocyte count is associated with the capacity for carrying both oxygen and carbon dioxide, as well as immune function. Consistently, Tibetan pigs have adapted to the low oxygen conditions of the plateau by increasing their RBC, HGB, and HCT levels. Notably, high-altitude species with robust low oxygen adaptation exhibit significantly higher blood oxygen transport and release capacity compared to corresponding lowland species.
Plateau hypoxia leads to a range of heritable physiological changes, including hematological indices, energy metabolism, transcriptional regulation, and antioxidant capacity. Yi et al. (2010), Arciero et al. (2018), and Zhang et al. (2019) conducted a genome-wide scanning of polymorphic sites in EPAS1, EGLN1, RUVBL1, and SLC4A3 genes, establishing their association with hypoxic adaptation. In their experiments on a mouse model of pulmonary arterial hypertension, Xu et al. (2016) demonstrated that the CapG gene is involved in the remodelling mechanism of the pulmonary vasculature in mice with pulmonary arterial hypertension and is associated with the proliferation of pulmonary artery smooth muscle cells. The CapG gene was examined in this study to identify pig polymorphic sites at the DNA level. A one-generation sequencing and screening approach was employed to investigate mutation sites in the 2 kb region upstream of the start codon and CDS region of the gene. The results revealed six mutation sites, namely, A-556C, C-489T, T-459C, A-429G, C-274T, and A-212G, in the 5′ flanking region of the CapG gene in Tibetan pigs. Importantly, all of these mutation sites were consistent with the Hardy-Weinberg equilibrium. Transcription factor prediction revealed the presence of three specific transcription factors at different loci: KLF4 at the C-489T locus associated with hypoxic adaptive capacity (Sangwung et al., 2017), GFI1 at the C-274T locus associated with hem oxygen transport (Kang et al., 2022), and RUNX1 at the A-212G locus, involved in regulating the response to hypoxia (Gao et al., 2018). These findings provide insights into potential mechanisms of transcriptional regulation in response to hypoxia. Krüppel-like factor 4 (KLF4) belongs to the KLF family of transcription factors and is associated with cell proliferation, differentiation, apoptosis, as well as promoting pulmonary angiogenesis and blood transport. KLF4 facilitates oxygen transport and improves the lung’s hypoxic status (Ghaleb and Yang, 2017). Additionally, KLF4 and EGR1 genes may jointly regulate BCL6B genes, forming the KLF4-EGR1-BCL6B complex. The KLF4 gene likely acts as the main regulator of the KLF4-EGR1-BCL6B complex, enabling the TGF-β signaling pathway and enhancing hypoxia resistance in Tibetan pigs. Furthermore, RUNT-related transcription factor 1 (RUNX1) plays a crucial role in regulating hematopoietic stem cell differentiation (Kamikubo, 2018). Zhang and Chen (2009) proposed that RUNX1 interacts with HIF-1 to modulate its transcriptional activity. Therefore, these three loci are considered pivotal in regulating the hypoxia adaptation mechanism in Tibetan swine.
The expression of the CapG gene was significantly higher in the heart, liver, spleen, and lung tissues of Yorkshire pigs compared to Tibetan pigs (p < 0.01). The findings are in line with Xu et al. (2016) study, which showed that the CapG gene is preferentially expressed in pulmonary artery smooth muscle cells under hypoxic conditions. This breed-specific difference in expression levels may be attributed to the prolonged exposure of Tibetan pigs to the hypoxic conditions of the plateau over generations, resulting in the development of a stable plateau adaptation mechanism (Zhang et al., 2009). In contrast, Yorkshire pigs, being an exotic species, exhibit increased expression of the CapG gene under hypoxic conditions, potentially to alleviate pulmonary arterial hypertension and adapt to the hypoxic environment. Hence, Tibetan pigs demonstrate greater adaptability to hypoxia than Yorkshire pigs (Xu et al., 2016). Immunohistochemical analysis revealed high expression of the CapG protein in the lung tissues of both Tibetan and Yorkshire pigs, primarily located in the cytoplasm and cell membrane. However, the expression level of CapG protein was significantly higher in the lungs of Yorkshire pigs compared to Tibetan pigs (p < 0.01). These results confirm the distinctive expression pattern of CapG protein, particularly its high expression in the lung tissues of Yorkshire pigs (p < 0.05). In the heart, liver, and spleen tissues, the expression of CapG protein was higher in Yorkshire pigs compared to Tibetan pigs, although the difference was not statistically significant (p > 0.05). The regulation of actin-based cell movement in muscle cells is controlled by CapG protein (Cunningham et al., 1991). Overexpression of this protein in fibroblasts and endothelial cells can enhance cellular activity (Sun et al., 1995). CapG protein facilitates cytoskeletal filament formation and actin assembly through its interaction with actin. Additionally, it plays a crucial role in regulating vital cellular activities such as cell differentiation, phagocytosis, and cell migration (Chi et al., 2019). A comparison between the protein-level results and mRNA level results showed consistent expression of CapG in both cases. These findings further emphasize the important role of CapG in hypoxia adaptation in pigs and provide valuable insights into the regulatory mechanisms underlying hypoxia adaptation through CapG.
5 CONCLUSION
The blood physiological indices of Tibetan and Yorkshire pigs were examined in this research. The findings revealed that Tibetan pigs had significantly higher values for five indices compared to Yorkshire pigs. Furthermore, transcription factor prediction analysis identified the emergence of new factors after mutation, all of which were associated with hypoxia regulation. The results obtained from RT-qPCR and CapG protein analysis consistently supported the role of CapG protein in regulating hypoxia adaptation mechanisms. Overall, Tibetan pigs demonstrated impressive blood oxygen transportation capacity, with the CapG gene being a significant candidate gene involved in regulating hypoxia adaptation in this species. Notably, this gene co-regulates hypoxia adaptation mechanisms in Tibetan pigs at multiple levels.
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