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			ABSTRACT

		

		
			Yaks, native to high-altitude regions, exhibit remarkable adaptations to the challenging environments they inhabit. Over generations, these robust animals have evolved various physiological, morphological, biochemical, and genetic traits through natural selection. These adaptations allow them to thrive in conditions characterized by low temperatures and oxygen pressure. Notable features include their thick, insulating coats, efficient respiratory systems, and specialized metabolism suited for high-altitude forage. Such unique evolutionary adjustments enable yaks to navigate the harsh terrains and limited resources of their high-altitude habitats, showcasing their exceptional resilience and suitability to these challenging ecosystems. Through extensive selective pressures over time, yaks have developed stable and distinctive genetic traits that facilitate their physiological, biochemical, and morphological adaptations to high-altitude environments. Consequently, yaks serve as a representative model for investigating mammalian adaptability to plateaus. The comprehension of these adaptive mechanisms offers unparalleled insights into evolutionary adaptations, with direct implications for the selective breeding of domesticated yaks. This review provides a comprehensive overview of the genetic adaptations in yak to the rigors of high-altitude environmental stress. Advances in genomics and theoretical frameworks have collectively illuminated the genetic underpinnings of high-altitude adaptations.
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			Introduction

			The yak (Bos grunniens) is a native and scarce species of bovine found in the Qinghai-Tibet Plateau and surrounding areas, thriving at altitudes exceeding 2500 m (Wang et al., 2021). Referred to as the third pole, the Tibetan plateau constitutes the world’s largest and highest year-round grazing expanse. This region is characterized by severe climatic conditions, including extreme cold, aridity, high ultraviolet radiation, and hypoxia, posing challenges to the survival of both humans and other mammals (Guo et al., 2021; Jiang et al., 2023). The yak, serving as an iconic representation of high altitudes and a vital resource for the Tibetan people, exhibits anatomical and physiological adaptations, a genetic foundation for mammalian adjustments, and a co-evolved microbiome that collectively prepare the animal for the challenges of high altitude and the harsh environment. However, the regulatory network governing this hypoxic adaptation remains unclear (Xin at al., 2022; Yang et al., 2022). Endothermic animals in these high-altitude regions face challenges due to reduced oxygen levels, which impact cellular functions and physiological performance. These mountainous areas are highly sensitive to climate change, posing a significant threat to biodiversity and the ecosystem (Ghatak et al., 2014). Furthermore, the cold climate, with temperatures dropping by approximately 6°C per kilometer in elevation, adds to the environmental harshness (Vuille, 2011). Other factors, such as late winter and early spring, food scarcity, and snow cover, contribute to severe malnutrition and weight loss among animals (Yang et al., 2022; Liu et al., 2023). Species in these extreme terrestrial environments have evolved unique characteristics through natural selection to adapt (Key and Sneeringer, 2014; Burtscher et al., 2018).

			The yak holds significant importance in the lives and economic endeavors of the inhabitants residing in the extensive and challenging Qinghai-Tibetan plateau, as well as the surrounding mountainous areas (Shah et al., 2023). Yaks, the world’s most remarkable domestic animals, thrive and reproduce in the challenging plateau environment (Miao et al., 2015). Domestication of yaks occurred more than 7300 years ago by early nomadic people, and they remain the only large animals coexisting with their wild ancestors in a similar environment (Qiu et al., 2015). Globally, there are over 17.6 million yaks, with the majority residing in the plateau regions of central Asia, covering approximately 2.5 million square kilometers around the Qinghai-Tibetan Plateau and adjacent highlands (Ma et al., 2013). From the very beginning, the domesticated yak, which traces its origins back to the wild yak, has been not just a primary source of sustenance for herders and their families but has also held a substantial role in shaping their culture, religion, and social interactions (Liu et al., 2023). Yaks provide essential resources (milk, meat, hair, hides, and manure) and services (draft, packing, and riding) to pastoralists and agro-pastoralists in these areas. Yaks also serve as pack animals, capable of covering distances of up to 15 km per day in high-altitude regions while bearing loads weighing up to 100 kg (Sapkota et al., 2022). They also hold financial and cultural significance, including status, dowry, and religious festivals (Liu et al., 2023). Yaks serve as a valuable model for studying natural and artificial selection in livestock domestication and adaptation to diverse environments.

			The yak (Bos grunniens) is a characteristic ruminant species found on the Qinghai–Tibet Plateau (Wu et al., 2021). As the only bovine species native to the Qinghai-Tibetan Plateau and adjacent highlands, yaks exhibit exceptional adaptability to high altitudes, cold temperatures, low oxygen pressure, and prolonged periods of food scarcity (approximately half a year) (Ghatak et al., 2014; Liu et al., 2021; Wang et al., 2011; Lan et al., 2016). Natural and artificial selection has led to distinct yak breeds with unique morphological, physiological, and adaptability traits that enhance survival in harsh environments (Qiu et al., 2012; Zhang et al., 2016; Lan et al., 2018). Studying yak aerobic metabolism under hypoxic conditions offers insights into adaptive evolution (Ding et al., 2014). Combined with advanced molecular and genetic research, this knowledge forms the basis for investigating the genetic mechanisms related to adaptability to climate change, a current research focus (Yang et al., 2016; Friedrich and Wiener, 2020).

			Altitudinal variations in physiological traits have been extensively studied across various species, and there is a relatively comprehensive understanding of physiological acclimation and acclimatization responses to hypoxia and cold exposure in endothermic vertebrates (Liu et al., 2023; Ding et al., 2020). However, it remains somewhat unclear how yaks residing on the Qinghai-Tibetan plateau have specifically adapted physiologically to the exceptionally low partial pressures of oxygen. Additionally, the increased metabolic cost of maintaining body temperature in the face of extremely low ambient temperatures is not clearly understood (Ayalew et al., 2021; Qiang, 2023). Understanding the mechanisms underlying adaptation to different agro-ecosystems is crucial for effective farm animal genetic resource management (Key and Sneeringer, 2014; Rojas-Downing et al., 2017). Intriguingly, multiple studies have focused on yak adaptation, allowing researchers to understand the morphological, physiological, biochemical, and genetic mechanisms of adaptation to extremely high altitudes (Qiu et al., 2012; Lan et al., 2016; Guang-Xin et al., 2019a; Wu et al., 2015; Guang-Xin et al., 2019b). Although research on the adaptation mechanisms of the yak in high altitudes has increased exponentially, review studies on the comprehensive, adaptive mechanisms remain scarce. Therefore, this review attempts to collate and synthesize current knowledge on the mechanisms of yak adaptation to high altitudes. Furthermore, it can also provide new avenues for in vitro and in vivo studies to further test hypotheses arising from previous investigations and options for designing and implementing interventions for improved yak productivity and resilience in high altitudes.

			HOW YAKS ADAPT TO HIGH ALTITUDES

			Altitude adaptation pertains to the capacity developed through natural selection in animals or plants, enabling them to thrive in plateau environments characterized by factors such as thin air, low oxygen content, intense ultraviolet rays, and low pressure over an extended period. The central aspect of altitude adaptation lies in the organism’s ability to optimize the uptake and utilization of limited oxygen, ensuring the fulfillment of daily physiological processes in a low-oxygen environment (Xiang-Dong et al., 2019; Qiang, 2023). In recent years, there has been a growing interest in the mechanisms governing the adaptation of organisms to high-altitude environments, with yaks (B. grunniens) emerging as iconic symbols of the Tibetan Plateau (Ge et al., 2021a). High altitudes negatively impact the normal bodily functions of individuals, whether they are accustomed or unaccustomed to such environments. Mishra and Ganju (2010) reviewed environmental factors at high altitudes, such as cold and hypobaric hypoxia, which affect the immune system, making it more susceptible to conditions like cancer, infections, and autoimmune diseases (Mishra and Ganju, 2010). Inadequate hypoxia management affects reproduction and fertility traits, including reduced intrauterine growth in sheep (Parraguez et al., 2005) and impaired development and function of the corpus luteum (Parraguez et al., 2013). There should be an increased focus on breeding and managing animals for improved resilience to applied stressors (Colditz and Hine, 2016). To adapt to high-altitude environments, plateau-dwelling mammals have developed some distinct characteristics. The yak, a unique breed that inhabits the alpine pastoral area of the Tibetan Plateau, is one of the rare bovine breeds adapted to high altitudes and cold climates (Lan et al., 2016; Fu et al., 2014).

			To cope with the challenges of high altitude, both humans and animals have undergone physiological and morphological adaptations to thrive in the harsh environment. Mammals, when exposed to high altitudes, display various physiological responses, such as an increased capacity for oxygen transport in the blood facilitated by improved hemoglobin function (Xiang-Dong et al., 2019; Li et al., 2022; Qiang, 2023). This enhancement enables a higher performance capacity, specifically the maximum oxygen consumption (VO2 max), crucial for sustaining life in low-oxygen conditions (Ge et al., 2021b; Li et al., 2022). The genetic basis for high-altitude adaptation has been extensively investigated in humans and animals, including ruminants (Xin et al., 2021). In ruminants, the demanding conditions of high altitudes impact not just the host but also their commensal microbiota, particularly influencing the diversity and composition of the rumen microbiota. Numerous studies have explored the tripartite interactions among the host, environment, and rumen microbiota (Xin et al., 2021; Li et al., 2022). Comprehensive and thorough investigations into high-altitude adaptation have been conducted across various levels, including morphology, anatomy, hemodynamics, physiology, and genomics (Ge et al., 2021b).

			YAK’S MORPHOLOGICAL ADAPTATIONS TO HIGH-ALTITUDE ENVIRONMENTS

			Morphological adaptations refer to physical changes that occur over multiple generations in animals to enhance their adaptability to a specific environment. Yaks have evolved a range of morphological features that enhance their ability to thrive in high-altitude environments (Ayalew et al., 2021). These adaptations include enlarged lungs and heart optimizing their resilience in regions with lower oxygen levels, a shorter tongue improving their efficiency in food consumption amid challenging conditions, stronger environmental sensing aiding their adept navigation in high-altitude terrains, an elevated energy metabolism and the absence of hypoxic pulmonary vasoconstriction which distinguishes the yaks in their adaptation to the physiological challenges of high altitudes (Xin et al., 2020; Wang et al., 2021; Qiu et al., 2012; Sapkota et al., 2022). Over countless generations, the native high-altitude B. grunniens, despite their close relation to cattle, have successfully adapted to the chronic low-oxygen conditions of high altitudes. The exceptional adaptability of yaks to high-altitude environments is associated with the development of unique morphological mechanisms. Compared to their close relatives like cattle that inhabit lower altitudes, yaks have relatively larger lungs and hearts (Guan et al., 2017). Additionally, yaks have longer, wider, and rounder pulmonary artery endothelial cells with fewer smooth muscles, which enable better performance in high-altitude environments compared to cattle (Wang et al., 2006, 2021; Shao et al., 2010).

			Heat conservation in yaks is achieved through a combination of factors, including a compact body, a dense outer coat of thick hair, and a fine undercoat during winter (Bao et al., 2021). The yak’s resilience to cold is further supported by its compact physique, featuring a short neck, limbs, tail, small ears, and the absence of a dewlap. Both the male’s scrotum and the female’s udder are small and covered in hair. Additionally, the yak possesses a relatively small surface area per unit of body weight, limited sweat glands, and thick skin with non-functioning sweat glands. By autumn, a substantial layer of subcutaneous fat further contributes to thermal insulation. Oxygen uptake is facilitated by the yak’s large lungs and heart, coupled with rapid breathing and hemoglobin characterized by a high affinity for oxygen (Wang et al., 2016; Xiong et al., 2020; Chen et al., 2022; Deng and Xu, 2021). The challenges of high-altitude environments go beyond hypoxia, as freezing temperatures and limited food supply contribute to their harshness. Yaks inhabit alpine regions at altitudes ranging from 3000 to 6000 meters, where there is no frost-free period throughout the year. Yaks are well-suited to this cold, high-altitude environment; they have compact bodies with reduced skin surface area per unit of body weight (0.016 m2/kg). They lack functional sweat glands, which enhances their cold tolerance (Krishnan et al., 2016).

			Moreover, the thick fleece covering their entire bodies helps conserve heat. This thick fleece consists of an outer layer of long hair and an undercoat composed of a dense layer of fine down fibers that appear during colder seasons to retain body heat and repel moisture (Weimer et al., 2009). Feeding mechanisms play a crucial role in the success and survival of vertebrate species in their environments (Shah et al., 2023). High-altitude alpine habitats are characterized by severe climates, short growing seasons, limited grazing resources, and challenging terrain, leading to severe malnutrition and weight loss among animals (Weimer et al., 2009; Long et al., 2008). Yaks have developed shorter tongues with greater lingual prominence, larger and more numerous conical papillae, and thicker keratinized epithelium compared to domestic cattle. These attributes enable yaks to consume a wider variety of pasture plant species (Shao et al., 2010). Additionally, yaks have an unusually large rumen relative to omasum, allowing them to consume large quantities of low-quality food and ferment it for an extended period to extract more nutrients during nutritional scarcity (Weimer et al., 2009).

			Yaks exhibit exceptional adaptation to extreme cold conditions, demonstrating the ability to endure temperatures as low as -40°C. Their optimal performance occurs in environments where the average annual temperature remains below 5°C, and the average temperature during the warmest month stays below 13°C (Liu et al., 2021; Sapkota et al., 2022). The primary cold-resistant features of yaks include: (1) a compact body structure characterized by a short neck, limbs, and tail, coupled with small ears, resulting in minimal surface area for heat dissipation; the presence of a lengthy and dense outer hair layer on the chest, legs, and flanks, effectively trapping air against the body; and a dense yet fine undercoat of downy hairs (Guan et al., 2017; Deng and Xu, 2021). The outer hairs originate from primary hair follicles, while the downy coat is produced by secondary follicles. The ratio between these two types of follicles is highly seasonal, with a notable increase in secondary follicles during colder periods. It is crucial to emphasize that these adaptations primarily aim to minimize heat loss, as generating additional heat from winter forage would be energetically challenging. Despite these adaptations, yaks are susceptible to heat stress, exacerbated by the absence of functional sweat glands, with the limited sweating ability confined to the muzzle (Wang et al., 2021; Sapkota et al., 2022; Xin et al., 2020). The thick skin, sparse distribution of blood vessels, and low density of sweat glands in yaks contribute to their effective adaptation to cold environments at high altitudes. However, extended exposure to the hyperthermal environment typical at lower altitudes, and even in their natural habitat at high altitudes, can lead to heat stress (HS) and oxidative stress (Yang et al., 2022; Wu et al., 2021).

			YAK’S PHYSIOLOGICAL ADAPTATIONS TO HIGH-ALTITUDE CHALLENGES

			Physiology encompasses mechanisms and processes that enable organisms to cope with internal challenges (such as exercise, growth, and reproduction) and external stresses (such as variations in temperature, oxygen levels, water availability, salinity, pressure, radiation, and heavy metals). Yaks inhabit the entire Qinghai-Tibetan Plateau, and their physiological adaptations have played a crucial role in their ability to thrive in hostile environmental conditions (Wu et al., 2013). Chronic hypoxia is the primary stressor in high-altitude conditions, affecting the efficient functioning of the respiratory and cardiovascular systems in mammals and birds (Ivy and Scott, 2015).

			Physiologically, high-altitude domesticated yaks have developed various strategies to adapt to chronic hypoxia. They are recognized for their pulmonary arterial resistance and a diminished capacity for vasoconstriction (Fang et al., 2020). These yaks possess numerous anatomical and physiological traits that equip them for life at high altitudes, including large lungs and hearts, predominant lignocellulose degradation and highly efficient energy metabolism (Qiang, 2023). In recent years, there has been widespread attention on the organic mechanisms that mediate adaptation to high-altitude environments. Genomes of mammals inhabiting highlands, including human highlanders, have been sequenced, revealing many genes associated with altitude adaptation. A focus on the mechanisms behind transcriptomic changes can offer insights into the adaptive evolution of other plateau species, including humans (Ge et al., 2021b). Yaks, owing to their prolonged colonization and widespread distribution on the plateau, serve as ideal models for studying adaptation to plateau environments. Compared with lowland cattle, yak lungs have developed physiological characteristics adapted to high-altitude hypoxia. These include a larger pulmonary alveolar area per unit, a thinner alveolar septum, a thinner blood–air barrier, and smooth muscles within the arteriole wall of microarteries with a diameter of < 50 mm features absent in lowland cattle. These physiological adaptations facilitate more efficient blood flow for oxygen transport under hypobaric hypoxia (Xin et al., 2021; Liu et al., 2023). The lung, a central functional organ in the respiratory system, plays a substantial role in adapting to hypoxia in plateau environments. In addition to enabling an animal’s body to adapt to external environmental stimuli through a series of physiological changes, gene expression, as an intermediate phenotype linking DNA sequences and physiological traits, plays a crucial role in revealing molecular pathways/networks associated with genetic adaptation. There is growing evidence that changes in gene expression are also essential for adaptation to high altitudes (Wang et al., 2016; Ge et al., 2021b; Bao et al., 2021).

			Interestingly, prolonged exposure to high altitudes increases the physiological response of yaks to chronic hypoxia. Yaks have a larger pulmonary alveolar area per unit area, thinner alveolar septum, thinner blood-air barrier, larger hearts and lungs, and higher concentrations of erythrocytes and hemoglobin than other cattle species (Guan et al., 2017). Thin-walled pulmonary arteries with minimal smooth muscle and the absence of right ventricular hypertrophy are additional hypoxic adaptations observed in yaks (Ding et al., 2014). These characteristics and changes in the cardiovascular system compensate for the hypobaric high-altitude environment (Fang et al., 2020). Hypoxia adaptation serves as a protective mechanism within the body, established to sustain fundamental life activities in high-altitude or specialized hypoxic working environments. This adaptive response addresses challenges arising from obstacles in the body’s oxygen acquisition and transport, as well as hypoxia induced by various diseases. From a physiological perspective, hypoxia adaptation is characterized by a multi-system and multi-level coordination effect, manifesting as enhanced cardiovascular functions, increased oxygen-carrying capacity in the blood system, and greater efficiency in tissue oxygen (Bao et al., 2021; Ding et al., 2020).

			This adaptation is likely a result of natural selection, which enhances the hypoxic pulmonary vasoconstrictor response, increasing red blood cell production and hemoglobin concentrations in yaks (Ding et al., 2014). Research has shown that chronic exposure to hypoxic conditions leads to an increase in blood/erythrocyte volume in high-altitude native animals, facilitating oxygen delivery to tissues through hyperventilation, hemoconcentration, and stimulated erythropoiesis (Xin et al., 2021; West, 2015, 2017).

			Adaptation often comes at the cost of performance, and animals with lower performance often have better survivability due to lower input requirements, especially in terms of feed, and moderate internal heat production (Gaughan et al., 2019). In their natural habitat, yaks must maintain normal energy production under hypoxic conditions (Wang et al., 2011), optimize nutritional assimilation due to cold stress (Fang et al., 2020), and cope with limited feed resources (Shah et al., 2023). To combat cold stress, yaks employ peripheral vasoconstriction to prevent heat loss, along with heat production through mechanisms such as shivering and uncoupled mitochondrial activity (Manou-Stathopoulou et al., 2015). Additionally, many cold-adapted species can temporarily reduce their metabolism in response to harsh environmental conditions, leading to torpor or, in extreme cases, hibernation (Ruf and Geiser, 2015). Yaks exhibit a significant reduction in heat production during winter, likely due to their adaptation to low oxygen concentrations in the air, the cold environment, and prolonged undernutrition during the six-month-long cold season of the Tibetan plateau (Jiang et al., 2023).

			BIOCHEMICAL ADAPTATIONS FOR HIGH-ALTITUDE SURVIVAL IN YAKS

			There are limited reports on heat stress (HS) in yaks raised at low altitudes during high-temperature seasons. Recent studies have indicated the involvement of oxidative stress in the mechanisms underlying animal stress (Wu et al., 2021; Zhang et al., 2022). Certain free amino acids (AAs) exhibit antioxidant properties as a response to HS. Additionally, free fatty acids (FFAs) and other nutrients are utilized for oxidative phosphorylation to address the negative energy balance in animals experiencing HS. In the context of heat stress conditions, the levels of circulating AAs, FFAs, and other nutrients may undergo alterations as part of thermal adaptation (Yang et al., 2022; Khan et al., 2023; Huang et al., 2022; Fan et al., 2020).

			The cold, hypoxic conditions of high-altitude habitats impose severe metabolic demands on endothermic vertebrates. Understanding how high-altitude endotherms cope with the combined effects of hypoxia and cold can provide important insights into the process of adaptive evolution. Biochemical adaptations offer fascinating insights into how organisms’ function and evolve to maintain physiological processes under a wide range of environmental conditions. Yaks exhibit remarkable biochemical adaptations that enable them to thrive in the challenging environment of the Qinghai-Tibetan plateau, characterized by altitudes exceeding 2000 m (Bao et al., 2021; Shah et al., 2023). One of the key adaptations is their high blood hemoglobin concentrations, which enable them to tolerate the low atmospheric partial pressures of oxygen at high altitudes. The lower energy metabolism observed in yaks may result from their adaptation to the low oxygen concentration in the air, the cold climate, and the prolonged period of undernutrition during the annual six-month-long cold season of the Qinghai-Tibetan plateau. Yaks rely on their rumen microorganisms to ferment approximately 70-80% of their feed intake, producing volatile fatty acids that provide 60-75% of their required metabolic energy. This phenomenon may represent a coevolutionary strategy to cope with the limited feed resources in cold environments (Zou et al., 2019).

			In comparison to indigenous cattle, yaks exhibit a lower rate of urinary nitrogen excretion, possibly as an adaptation to cope with poor feed availability, and a more efficient utilization of nitrogen. This efficiency is partly attributed to a greater microbial protein production in the rumen (Zhou et al., 2017), believed to contribute to the rapid recovery of body weight during the summer grazing period (Wang et al., 2009). Additionally, the yak’s low maintenance protein requirements and reduced body surface area result in a lower metabolic rate, collectively contributing to their survival in the challenging environmental conditions of the Tibetan plateau. While there are variations among species, many studies attribute metabolic adaptation to high altitudes to a decreased muscle oxidative capacity. In this context, lactate dehydrogenase (LDH) plays a crucial role in anaerobic glycolysis by catalyzing the conversion between pyruvate and lactate, a pivotal process in energy metabolism (Huang et al., 2022). Interestingly, unlike cattle, yaks exhibit higher LDH activities in the longissimus muscle, facilitating carbohydrate utilization under limited oxygen supplies. This unique adaptive feature underscores the remarkable capacity of yaks to thrive at high altitudes (Lin et al., 2011). The evidence that high-altitude yaks in the study area exhibit minimal increases in hemoglobin content, compared to their counterparts at relatively lower altitudes, even when both are above 3000 meters above sea level, implies a specific adaptation to the hypoxic environment. In this context, yaks residing at high altitudes seem to have undergone genetic adaptation to the elevated environment, primarily by eliminating the hypoxic pulmonary vasoconstrictor response in the absence of a hypoxemic stimulus to stimulate red blood cell production and increase hemoglobin concentrations (Ma et al., 2022; Jiang et al., 2023; Fang et al., 2020).

			GENETIC RESISTANCE: YAK ADAPTATION TO HIGH-ALTITUDE ENVIRONMENTS

			Genetic adaptations to new environments and climate changes are crucial for the survival of species. The genetic mechanisms behind high-altitude adaptation are highly complex (Gnecchi-Ruscone et al., 2018; Zhang et al., 2022). Recent advancements in the genomic analysis of yaks have created exciting prospects for delving into the molecular genetic foundations of adaptive physiological traits. Genes undergoing positive selection and rapid evolution in the yak lineage have been observed to exhibit significant enrichment in functional categories and pathways associated with hypoxia stress and nutrition metabolism (Jiang et al., 2023; Xin et al., 2020; Kour et al., 2022). Long-term selection has led to the development of unique characteristics in species to cope with extreme terrestrial environments (Key and Sneeringer, 2014; Burtscher et al., 2018). Genetic variation within a population is essential for adaptability and species evolution over time (Yan et al., 2023). Adaptive traits often result from multiple genetic mutations, making them challenging to detect (Pritchard and Di Rienzo, 2010). Natural selection can occur through selective sweeps at specific genetic loci or simultaneous shifts in allele frequencies at multiple loci (Hollinger et al., 2019). Advances in sequencing and genotyping technology have facilitated the identification of genomic features related to livestock adaptation. In yak populations, several genes associated with high-altitude adaptation have been discovered, primarily linked to responses to hypoxia, temperature acclimatization, cardiovascular system modification, and energy metabolism (Qiu et al., 2012; Guang-Xin et al., 2019a; Ding et al., 2019).

			One key gene that plays a pivotal role in high-altitude adaptation is the endothelial PAS domain-containing protein 1 (EPAS1) gene, which encodes the hypoxia-inducible transcription factor (HIF-2α). This gene regulates erythropoietin production in response to oxygen levels in high-altitude environments (Qiu et al., 2012; Wu et al., 2015; Dolt et al., 2007). Another crucial gene is the vascular endothelial growth factor-A (VEGF-A) gene, responsible for regulating angiogenesis and blood vessel size during high-altitude adaptation (Wu et al., 2013). Yaks must maintain normal energy production and optimize nutritional assimilation due to the limited availability of forage resources in high-altitude environments (Yang et al., 2022; Wang et al., 2011; Xiong et al., 2020).

			Qiu et al. (2012) identified five key genes that undergo positive selection in yak nutritional and metabolic pathways. Among these genes, the Camk2b gene stands out as it regulates gastric acid secretion in the rumen, aiding in the assimilation of volatile fatty acids produced during ruminal fermentation (Yang et al., 2022; Wiemer et al., 2009). Additionally, genes such as Gcnt3, AQP4, DCC, GSTCD, ND1, Hsd17b12, GRIK4, IFNLR1, Whsc1, and Glul play essential roles in polysaccharide, fatty acid, and amino acid metabolism, respectively (Li et al., 2009; Ding et al., 2020; Wang et al., 2017, 2019; Shi et al., 2017; Guang-Xin et al., 2020). Likewise, Ma et al. (2022) reported EPAS1, EGLN1, and PPARA genes which play significant roles in high-altitude adaptation.

			GENOMIC ADAPTATIONS OF YAKS TO HIGH-ALTITUDE ENVIRONMENTS

			Since the advent of next-generation sequencing, numerous whole-genome sequencing studies of Tibetan mammals have been conducted to investigate the molecular mechanisms underlying high-altitude adaptation (Kang et al., 2022; Gao et al., 2022; Lan et al., 2021; Yue et al., 2022). The yak, being an ancient species exclusive to the Tibetan Plateau in China, has undergone extensive adaptation to challenging natural conditions, including hypoxia and low temperatures. Over the course of long-term adaptation, many genes have exhibited specific increases in transcriptional activities, regulating a range of metabolic activities within the body (Ge et al., 2021b; Yan et al., 2023; Terefe et al., 2022; Chen et al., 2023). Gene expression profiles reveal the activation of specific molecular pathways regulating responses to external stimuli and provide insights into the role of regulatory variation in adaptive evolution (Somero, 2005; Liu et al., 2021; Qi et al., 2018). Recent studies have identified key genes and pathways involved in various biological processes, including hypoxia adaptation. Hypoxia-induced changes in gene expression are coordinated by hypoxia-inducible factors (HIFs), which are fundamental transcriptional activators responding to reduced oxygen availability (Lisy and Peet, 2008; Webb et al., 2009). Among HIFs, HIF-1α and HIF-2α play pivotal roles in cellular adaptation to hypoxia, regulating multiple genes associated with energy metabolism, angiogenesis, erythropoiesis, iron homeostasis, and apoptosis (Schofield and Ratcliffe, 2004; Maxwell, 2005). Yaks, renowned for their adaptation to high-altitude environments and exceptional physical endurance, serve as a valuable model for understanding high-altitude adaptation at the molecular level. Sequencing of yak HIF-1α cDNA by Dolt et al. (2007) revealed variant-specific expression in the blood and liver, with no expression observed in the lung, heart, and kidney. Tissue-specific expression patterns may result from alternative splicing, as observed in plateau pikas, another high-altitude-adapted species (Zhao et al., 2004).

			Comparing tissue-specific expression between yaks and cattle, it was found that HIF-1α exhibited ubiquitous expression in various tissues of yaks (kidney, heart, lung, spleen, and liver) as well as in blood, while HIF-2α expression was limited to endothelial cells. Expression levels of both HIF-1α and HIF-2α were higher in yak tissues compared to cattle. Transcriptome studies further revealed significant differences in gene expression patterns in the heart, lung, and gluteal tissue between the two species (Wang et al., 2015; Xin et al., 2019).

			Conclusions

			High-altitude environments are known for their harsh conditions, marked by low temperatures and oxygen pressure. The native high-altitude yak has developed unique adaptations through long-term selection, involving changes in morphology, physiology, biochemistry, and genetics. To comprehensively understand these adaptations, there is a need to expand studies and integrate research on DNA sequence polymorphism with analyses of transcriptional variation. Despite the synergistic impact of cold and hypoxia on performance at high altitudes, research has predominantly focused on hypoxia alone. The paragraph advocates for prioritizing joint investigations into these simultaneous environmental stressors. Additionally, it highlights the impact of climate change on yak habitats, emphasizing the necessity of further research to understand how these shifts contribute to changes in yak production and the livelihoods of highland communities.

			DECLARATIONS

			Acknowledgment

			We express our sincere gratitude to the College of Life and Health, Dalian University, and Institute of Animal Husbandry and Veterinary, Tibet Autonomous Regional Academy of Agricultural Sciences, Lhasa, Tibet for providing us financial support.

			Funding

			The present study was supported by 1. Central government guided local science and Technology Development Fund Project XZ202101YD0017C; 2. Major science and technology projects during the 14th Five Year Plan Period XZ202101ZD0002N.

			Data availability statement

			All the data used in current article are available in the submitted version of article.

			Statement of conflict of interest

			The authors have declared no conflict of interest.

			References

			Ayalew, W., Chu, M., Liang, C., Wu, X., and Yan, P., 2021. Adaptation mechanisms of yak (Bos grunniens) to high-altitude environmental stress. Animals, 11: 2344. https://doi.org/10.3390/ani11082344

			Bao, Q., Zhang, X., Bao, P., Liang, C., Guo, X., Chu, M. and Yan, P., 2021. Using weighted gene co-expression network analysis (WGCNA) to identify the hub genes related to hypoxic adaptation in yak (Bos grunniens). Genes Genom., 43: 1231-1246. https://doi.org/10.1007/s13258-021-01137-5

			Burtscher, M., Gatterer, H., Burtscher, J. and Mairbäurl, H., 2018. Extreme terrestrial environments: Life in thermal stress and hypoxia. A narrative review. Front. Physiol., 572. https://doi.org/10.3389/fphys.2018.00572

			Chen, Y., Meng, X., Wan, R., Cheng, R., Zhang, G., Zhang, Q., Yu, H. and Wei, Q., 2023. Single-cell transcriptomic survey of cell diversity and functional changes in yak hearts at different altitude. Proteomics, 2023: 2200345. https://doi.org/10.1002/pmic.202200345

			Chen, S.Y., Li, C., Luo, Z., Li, X., Jia, X. and Lai, S.J., 2022. Favoring expression of yak alleles in interspecies F1 hybrids of cattle and yak under high-altitude environments. Front. Vet. Sci., 9: 892663. https://doi.org/10.3389/fvets.2022.892663

			Colditz, I.G. and Hine, B.C., 2016. Resilience in farm animals: Biology, management, breeding and implications for animal welfare. Anim. Prod. Sci., 56: 1961. https://doi.org/10.1071/AN15297

			Deng, L. and Xu, S., 2021. Population genomics of high-altitude adaptation. In: Evolution of the human genome II: Human evolution viewed from genomes. Springer Japan, Tokyo. pp. 67-100. https://doi.org/10.1007/978-4-431-56904-6_3

			Ding, X., Liang, C., Guo, X., Wu, X., Wang, H., Johnson, K. and Yan, P., 2014. Physiological insight into the high-altitude adaptations in domesticated yaks (Bos grunniens) along the Qinghai-Tibetan Plateau altitudinal gradient. Livest. Sci., 162: 233–239. https://doi.org/10.1016/j.livsci.2014.01.012

			Ding, X., Yang, C., Bao, P., Wu, X., Pei, J., Yan, P. and Guo, X., 2019. Population genetic variations of the matrix metalloproteinases-3 gene revealed hypoxia adaptation in domesticated yaks (Bos grunniens). Asian-Austral. J. Anim. Sci., 32: 1801–1808. https://doi.org/10.5713/ajas.17.0706

			Ding, Y., Liu, J., Xu, Y., Dong, X. and Shao, B., 2020. Evolutionary adaptation of aquaporin-4 in yak (Bos grunniens) brain to high-altitude hypoxia of Qinghai-Tibetan Plateau. High Altit. Med. Biol., 21: 167-175. https://doi.org/10.1089/ham.2019.0076

			Dolt, K.S., Mishra, M.K., Karar, J., Baig, M.A., Ahmed, Z. and Pasha, M.Q., 2007. cDNA cloning, gene organization and variant specific expression of HIF-1α in high altitude yak (Bos grunniens). Gene, 386: 73–80. https://doi.org/10.1016/j.gene.2006.08.004

			Fan, Q., Wanapat, M., Yan, T. and Hou, F., 2020. Altitude influences microbial diversity and herbage fermentation in the rumen of yaks. BMC Microbiol., 20: 1-13. https://doi.org/10.1186/s12866-020-02054-5

			Fang, F.U., Jiuqiang, G., Xiulong, Q.U., Li, W., Xiaolin, L., Tianwu, A.N. and Xiangfei, Z., 2020. Transcriptomics analysis of lungs in yaks breeding at different altitudes. Acta Theriol. Sin., 40: 475.

			Friedrich, J. and Wiener, P., 2020. Selection signatures for high-altitude adaptation in ruminants. Anim. Genet., 51: 157–165. https://doi.org/10.1111/age.12900

			Fu, M., Chen, Y., Xiong, X., Lan, D. and Li, J., 2014. Establishment of mammary gland model in vitro: Culture and evaluation of a yak mammary epithelial cell line. PLoS One, 9: e113669. https://doi.org/10.1371/journal.pone.0113669

			Gao, X., Wang, S., Wang, Y.F., Li, S., Wu, S.X., Yan, R.G., Zhang, Y.W., Wan, R.D., He, Z., Song, R.D., Zhao, X.Q., 2022. Long read genome assemblies complemented by single cell RNA-sequencing reveal genetic and cellular mechanisms underlying the adaptive evolution of yak. Nat. Commun., 13: 4887. https://doi.org/10.1038/s41467-022-32164-9

			Gaughan, J.B., Sejian, V., Mader, T.L. and Dunshea, F.R., 2019. Adaptation strategies. Rumin. Anim. Front., 9: 47–53. https://doi.org/10.1093/af/vfy029

			Ge, Q., Guo, Y., Zheng, W., Cai, Y., Qi, X. and Zhao, S., 2021a. A comparative analysis of differentially expressed mRNAs, miRNAs and circRNAs provides insights into the key genes involved in the high-altitude adaptation of yaks. BMC Genom., 22: 1-13. https://doi.org/10.1186/s12864-021-08044-9

			Ge, Q., Guo, Y., Zheng, W., Zhao, S., Cai, Y. and Qi, X., 2021b. Molecular mechanisms detected in yak lung tissue via transcriptome-wide analysis provide insights into adaptation to high altitudes. Sci. Rep., 11: 7786. https://doi.org/10.1038/s41598-021-87420-7

			Ghatak, D., Sinsky, E. and Miller, J., 2014. Role of snow-albedo feedback in higher elevation warming over the Himalayas, Tibetan Plateau and Central Asia. Environ. Res. Lett., 9: 114008. https://doi.org/10.1088/1748-9326/9/11/114008

			Gnecchi-Ruscone, G.A., Abondio, P., De Fanti, S., Sarno, S., Sherpa, M.G., Sherpa, P.T. and Peluzzi, D., 2018. Evidence of polygenic adaptation to high altitude from Tibetan and Sherpa genomes. Genome Biol. Evol., 10: 2919–2930. https://doi.org/10.1093/gbe/evy233

			Guan, J., Long, K., Ma, J., Zhang, J., He, D., Jin, L. and Hu, Y., 2017. Comparative analysis of the microRNA transcriptome between yak and cattle provides insight into high-altitude adaptation. PeerJ, 5: e3959. https://doi.org/10.7717/peerj.3959

			Guang-Xin, E., Basang, W.D. and Zhu, Y.B., 2019. Whole-genome analysis identifying candidate genes of altitude adaptive ecological thresholds in yak populations. J. Anim. Breed. Genet., 136: 371–377. https://doi.org/10.1111/jbg.12403

			Guang-Xin, E., Yang, B.G., Basang, W.D., Zhu, Y.B., An, T.W. and Luo, X.L., 2019. Screening for signatures of selection of Tianzhu white yak using genome-wide re-sequencing. Anim. Genet., 50: 534–538. https://doi.org/10.1111/age.12817

			Guang-Xin, E., Yang, B.G., Zhu, Y.B., Duang, X.H., Basang, W.D., Luo, X.L. and An, T.W., 2020. Genome-wide selective sweep analysis of the high-altitude adaptability of yaks by using the copy number variant. 3 Biotech, 10: 1–6. https://doi.org/10.1007/s13205-020-02254-w

			Guo, N., Wu, Q., Shi, F., Niu, J., Zhang, T., Degen, A.A., Fang, Q., Ding, L., Shang, Z., Zhang, Z. and Long, R., 2021. Seasonal dynamics of diet–gut microbiota interaction in adaptation of yaks to life at high altitude. NPJ Biofilms Microb., 7: 38. https://doi.org/10.1038/s41522-021-00207-6

			Höllinger, I., Pennings, P.S. and Hermisson, J., 2019. Polygenic adaptation: From sweeps to subtle frequency shifts. PLoS Genet., 15: e1008035. https://doi.org/10.1371/journal.pgen.1008035

			Huang, M., Zhang, X., Yan, W., Liu, J. and Wang, H., 2022. Metabolomics reveals potential plateau adaptability by regulating inflammatory response and oxidative stress-related metabolism and energy metabolism pathways in yak. J. Anim. Sci. Technol., 64: 97. https://doi.org/10.5187/jast.2021.e129

			Ivy, C.M. and Scott, G.R., 2015. Control of breathing and the circulation in high-altitude mammals and birds. Comp. Biochem. Physiol. A Mol. Integr. Physiol., 186: 66–74. https://doi.org/10.1016/j.cbpa.2014.10.009

			Jiang, N., Luo, C., Shao, M., Zheng, Z., Ullah, S., Ullah, Q, Sun, G., Luosang, D.Z., Mushtaq, R., Ma, Y., Shah, M.K., Naz, S., Khan, M.Z. and Basang, W.D., 2023. Advancing yak breeding in China: Harnessing genetic resources and marker-assisted selection for improved production traits. Pakistan J. Zool., Pages 1-16. https://dx.doi.org/10.17582/journal.pjz/20230624130639

			Kang, Y., Guo, S., Wang, X., Cao, M., Pei, J., Li, R., Bao, P., Wang, J., Lamao, J., Gongbao, D. and Lamao, J., 2022. Whole-genome resequencing highlights the unique characteristics of Kecai Yaks. Animals, 12: 2682. https://doi.org/10.3390/ani12192682

			Key, N. and Sneeringer, S., 2014. Potential effects of climate change on the productivity of US dairies. Am. J. Agric. Econ., 96: 1136-1156. https://doi.org/10.1093/ajae/aau002

			Khan, R.U., Naz, S., Ullah, H., Ullah, Q., Laudadio, V., Qudratullah, Bozzo, G. and Tufarelli, V., 2023. Physiological dynamics in broiler chickens under heat stress and possible mitigation strategies. Anim. Biotechnol., 34: 438-447. https://doi.org/10.1080/10495398.2021.1972005

			Kour, A., Niranjan, S.K., Malayaperumal, M., Surati, U., Pukhrambam, M., Sivalingam, J., Kumar, A. and Sarkar, M., 2022. Genomic diversity profiling and breed-specific evolutionary signatures of selection in Arunachali Yak. Genes, 13: 254. https://doi.org/10.3390/genes13020254

			Krishnan, G., Paul, V., Hanah, S.S., Bam, J. and Das, P.J., 2016. Effects of climate change on yak production at high altitude. Indian J. Anim. Sci., 86: 621–626. https://doi.org/10.56093/ijans.v86i6.59033

			Lan, D., Ji, W., Xiong, X., Liang, Q., Yao, W., Mipam, T.D., Zhong, J. and Li, J., 2021. Population genome of the newly discovered Jinchuan yak to understand its adaptive evolution in extreme environments and generation mechanism of the multirib trait. Integr. Zool., 16: 685-695. https://doi.org/10.1111/1749-4877.12484

			Lan, D., Xiong, X., Huang, C., Mipam, T.D. and Li, J., 2016. Toward understanding the genetic basis of yak ovary reproduction: A characterization and comparative analyses of estrus ovary transcriptome in yak and cattle. PLoS One, 11: e0152675. https://doi.org/10.1371/journal.pone.0152675

			Lan, D., Xiong, X., Ji, W., Li, J., Mipam, T.D., Ai, Y. and Chai, Z., 2018. Transcriptome profile and unique genetic evolution of positively selected genes in yak lungs. Genetica, 146: 151-161. https://doi.org/10.1007/s10709-017-0005-8

			Li, B., Jia, G., Wen, D., Zhao, X., Zhang, J., Xu, Q., Zhao, X., Jiang, N., Liu, Z. and Wang, Y., 2022. Rumen microbiota of indigenous and introduced ruminants and their adaptation to the Qinghai–Tibetan plateau. Front. Microbiol., 13: 1027138. https://doi.org/10.3389/fmicb.2022.1027138

			Li, Y., Trojer, P., Xu, C.F., Cheung, P., Kuo, A., Drury III, W.J. and Gozani, O., 2009. The target of the NSD family of histone lysine methyltransferases depends on the nature of the substrate. J. Biol. Chem., 284: 34283–34295. https://doi.org/10.1074/jbc.M109.034462

			Lin, Y.Q., Wang, G.S., Feng, J., Huang, J.Q., Xu, Y.O., Jin, S.Y. and Zheng, Y.C., 2011. Comparison of enzyme activities and gene expression profiling between yak and bovine skeletal muscles. Livest. Sci., 135: 93–97. https://doi.org/10.1016/j.livsci.2010.06.134

			Lisy, K. and Peet, D.J., 2008. Turn me on: Regulating HIF transcriptional activity. Cell Death Diff., 15: 642–649. https://doi.org/10.1038/sj.cdd.4402315

			Liu, X., Gao, J., Liu, S., Cheng, Y., Hao, L., Liu, S. and Zhu, W., 2023. The uniqueness and superiority of energy utilization in yaks compared with cattle in the highlands: A review. Anim. Nutr., 12: 138-144. https://doi.org/10.1016/j.aninu.2022.09.011

			Liu, Z., Sun, Q., Su, Z., Ullah, Q., Yang, W., Yangjin, L., Li, Z., Zhao, M., Li, Z. and Zheng, A., 2021. Dynamic distribution of nasal microbial community in yaks (Bos grunniens) at different ages. Trop. Anim. Hlth. Prod., 53: 1-11. https://doi.org/10.1007/s11250-021-02996-6

			Long, R.J., Ding, L.M., Shang, Z.H. and Guo, X.H., 2008. The yak grazing system on the Qinghai-Tibetan plateau and its status. Rangeland J., 30: 241–246. https://doi.org/10.1071/RJ08012

			Ma, J., Zhang, T., Wang, W., Chen, Y., Cai, W., Zhu, B., Xu, L., Gao, H., Zhang, L., Li, J. and Gao, X., 2022. Comparative transcriptome analysis of gayal (Bos frontalis), yak (Bos grunniens), and cattle (Bos taurus) reveal the high-altitude adaptation. Front. Genet., 12: 778788. https://doi.org/10.3389/fgene.2021.778788

			Ma, Z.J., Zhong, J.C., Han, J.L., Xu, J.T., Liu, Z.N. and Bai, W.L. 2013. Research progress on molecular genetic diversity of the yak (Bos grunniens). Yi chuan= Hereditas, 35: 151-160. https://doi.org/10.3724/SP.J.1005.2013.00151

			Manou-Stathopoulou, V., Goodwin, C.D., Patterson, T., Redwood, S.R., Marber, M.S. and Williams, R.P., 2015. The effects of cold and exercise on the cardiovascular system. Heart, 101: 808–820. https://doi.org/10.1136/heartjnl-2014-306276

			Maxwell, P.H., 2005. Hypoxia-inducible factor as a physiological regulator. Exp. Physiol., 90: 791–797. https://doi.org/10.1113/expphysiol.2005.030924

			Miao, F., Guo, Z., Xue, R., Wang, X. and Shen, Y., 2015. Effects of grazing and precipitation on herbage biomass, herbage nutritive value, and Yak performance in an alpine meadow on the Qinghai–Tibetan Plateau. PLoS One, 10(6): e0127275. https://doi.org/10.1371/journal.pone.0127275

			Mishra, K.P. and Ganju, L., 2010. Influence of high-altitude exposure on the immune system: A review. Immunol. Investig., 39: 219–234. https://doi.org/10.3109/08820131003681144

			Parraguez, V.H., Atlagich, M., Díaz, R., Bruzzone, M.E., Behn, C. and Raggi, L.A., 2005. Effect of hypobaric hypoxia on lamb intrauterine growth: Comparison between high- and low-altitude native ewes. Reprod. Fertil. Dev., 17: 497–505. https://doi.org/10.1071/RD04060

			Parraguez, V.H., Urquieta, B., Perez, L., Castellaro, G., De los Reyes, M., Torres-Rovira, L. and González-Bulnes, A., 2013. Fertility in a high-altitude environment is compromised by luteal dysfunction: The relative roles of hypoxia and oxidative stress. Reprod. Biol. Endocrinol., 11: 24. https://doi.org/10.1186/1477-7827-11-24

			Pritchard, J. and Di Rienzo, A., 2010. Adaptation not by sweeps alone. Nat. Rev. Genet., 11: 665–667. https://doi.org/10.1038/nrg2880

			Qi, X., Zhang, Q., He, Y., Yang, L., Zhang, X., Shi, P. and Liu, F., 2018. The transcriptomic landscape of yaks reveals molecular pathways for high altitude adaptation. Genome Biol. Evol., 11: 72–85. https://doi.org/10.1093/gbe/evy264

			Qiang, Z., 2023. Physiological adaptability of yak in extreme high-altitude habitat using serum metabolite analysis. Pakistan J. Zool., Pages 1-11. https://dx.doi.org/10.17582/journal.pjz/20230119050142

			Qiu, Q., Wang, L., Wang, K., Yang, Y., Ma, T., Wang, Z., Zhang, X., Ni, Z., Hou, F., Long, R. and Abbott, R., 2015. Yak whole-genome resequencing reveals domestication signatures and prehistoric population expansions. Nat. Commun., 6: 10283. https://doi.org/10.1038/ncomms10283

			Rojas-Downing, M.M., Nejadhashemi, A.P., Harrigan, T. and Woznicki, S.A. 2017. Climate change and livestock: Impacts, adaptation, and mitigation. Clim. Risk Manage., 16: 145–163. https://doi.org/10.1016/j.crm.2017.02.001

			Ruf, T. and Geiser, F., 2015. Daily torpor and hibernation in birds and mammals. Biol. Rev., 90: 891–926. https://doi.org/10.1111/brv.12137

			Sapkota, S., Acharya, K.P., Laven, R. and Acharya, N., 2022. Possible consequences of climate change on survival, productivity and reproductive performance, and welfare of Himalayan Yak (Bos grunniens). Vet. Sci., 9: 449. https://doi.org/10.3390/vetsci9080449

			Schofield, C. and Ratcliffe, P., 2004. Oxygen sensing by HIF hydroxylases. Nat. Rev. Mol. Cell Biol., 5: 343–354. https://doi.org/10.1038/nrm1366

			Shah, A.M., Bano, I., Qazi, I.H., Matra, M. and Wanapat, M., 2023. The Yak. A remarkable animal living in a harsh environment: An overview of its feeding, growth, production performance, and contribution to food security. Front. Vet. Sci., 10: 1086985. https://doi.org/10.3389/fvets.2023.1086985

			Shao, B., Long, R., Ding, Y., Wang, J., Ding, L. and Wang, H., 2010. Morphological adaptations of yak (Bos grunniens) tongue to the foraging environment of the Qinghai-Tibetan Plateau. J. Anim. Sci., 88: 2594–2603. https://doi.org/10.2527/jas.2009-2398

			Shi, Y., Hu, Y., Wang, J., Elzo, M.A., Yang, X. and Lai, S., 2017. Genetic diversities of MT-ND1 and MT-ND2 genes are associated with high-altitude adaptation in yak. Mitochondrial DNA Part A, 29: 485–494. https://doi.org/10.1080/24701394.2017.1307976

			Somero, G.N., 2005. Linking biogeography to physiology: Evolutionary and acclamatory adjustments of thermal limits. Front. Zool., 2: 1–9. https://doi.org/10.1186/1742-9994-2-1

			Terefe, E., Belay, G., Han, J., Hanotte, O. and Tijjani, A., 2022. Genomic adaptation of Ethiopian indigenous cattle to high altitude. Front. Genet., 13: 960234. https://doi.org/10.3389/fgene.2022.960234

			Vuille, M., 2011. Climate variability and high-altitude temperature and precipitation. In: Encyclopedia of snow, ice and glaciers (eds. V.P. Singh, P. Singh and U.K. Haritashya). Springer, Berlin/Heidelberg, Germany, pp. 153–156. https://doi.org/10.1007/978-90-481-2642-2_66

			Wang, D.P., Li, H.G., Li, Y.J., Guo, S.C., Yang, J., Qi, D.L. and Zhao, X.Q., 2006. Hypoxia-inducible factor 1α cDNA cloning and its mRNA and protein tissue-specific expression in domestic yak (Bos grunniens) from Qinghai-Tibetan plateau. Biochem. biophys. Res. Commun., 348: 310–319. https://doi.org/10.1016/j.bbrc.2006.07.064

			Wang, H., Chai, Z., Hu, D., Ji, Q., Xin, J., Zhang, C. and Zhong, J., 2019. A global analysis of CNVs in diverse yak populations using whole-genome resequencing. BMC Genom., 20: 61. https://doi.org/10.1186/s12864-019-5451-5

			Wang, H., Long, R., Liang, J.B., Guo, X., Ding, L. and Shang, Z., 2011. Comparison of nitrogen metabolism in yak (Bos grunniens) and indigenous cattle (Bos taurus) on the Qinghai-Tibetan Plateau. Asian-Austral. J. Anim. Sci., 24: 766-773. https://doi.org/10.5713/ajas.2011.10350

			Wang, H., Zhong, J., Wang, J., Chai, Z., Zhang, C., Xin, J., Wang, J., Cai, X., Wu, Z. and Ji, Q., 2021. Whole-transcriptome analysis of yak and cattle heart tissues reveals regulatory pathways associated with high-altitude adaptation. Front. Genet., 12: 579800. https://doi.org/10.3389/fgene.2021.579800

			Wang, H.C., Long, R.J., Zhou, W., Li, X.P., Zhou, J.W. and Guo, X.S., 2009. A comparative study on urinary purine derivative excretion of yak (Bos grunniens), cattle (Bos taurus), and crossbred (Bos taurus × Bos grunniens) in the Qinghai-Tibetan plateau, China. J. Anim. Sci., 87: 2355–2362. https://doi.org/10.2527/jas.2008-1544

			Wang, J., Shi, Y., Elzo, M.A., Dang, S., Jia, X. and Lai, S., 2017. Genetic diversity of ATP8 and ATP6 genes is associated with high-altitude adaptation in yak. Mitochondrial DNA Part A, 29: 385–393. https://doi.org/10.1080/24701394.2017.1285292

			Wang, K., Yang, Y., Wang, L., Ma, T., Shang, H., Ding, L., Han, J. and Qiu, Q., 2016. Different gene expressions between cattle and yak provide insights into high-altitude adaptation. Anim. Genet., 47: 28-35. https://doi.org/10.1111/age.12377

			Webb, J.D., Coleman, M. and Pugh, C.W., 2009. Hypoxia, hypoxia-inducible factors (HIF), HIF hydroxylases and oxygen sensing. Cell Mol. Life Sci., 66: 3539–3554. https://doi.org/10.1007/s00018-009-0147-7

			Wei, Q. and Yu, H., 2008. Comparison of histological structure of pulmonary alveoli between 180 days old yak and plain cattle. J. Qinghai Univ. (Natl. Sci.), 26: 36–39.

			Weimer, P.J., Russell, J.B. and Muck, R.E., 2009. Lessons from the cow: What the ruminant animal can teach us about consolidated bio-processing of cellulosic biomass. Bioresour. Technol., 100: 5323–5331. https://doi.org/10.1016/j.biortech.2009.04.075

			West, J.B., 2006. Human responses to extreme altitudes. Integr. Comp. Biol., 46: 25–34. https://doi.org/10.1093/icb/icj005

			West, J.B., 2015. Recent advances in high altitude medicine and biology. High Altit. Med. Biol., 16: 73. https://doi.org/10.1089/ham.2015.28999.jbw

			West, J.B., 2017. Physiological effects of chronic hypoxia. N. Eng. J. Med., 376: 1965–1971. https://doi.org/10.1056/NEJMra1612008

			Wu, D., Vinitchaikul, P., Deng, M., Zhang, G., Sun, L., Wang, H., Gou, X., Mao, H. and Yang, S., 2021. Exploration of the effects of altitude change on bacteria and fungi in the rumen of yak (Bos grunniens). Arch. Microbiol., 203: 835-846. https://doi.org/10.1007/s00203-020-02072-x

			WU, X.Y., DING, X.Z., Min, C.H.U., Xian, G.U.O., Bao, P.J., Liang, C.N. and Ping, Y.A.N., 2015. Novel SNP of EPAS1 gene associated with higher hemoglobin concentration revealed the hypoxia adaptation of yak (Bos grunniens). J. Integr. Agric., 14: 741–748. https://doi.org/10.1016/S2095-3119(14)60854-6

			Wu, X.Y., Liang, C.N., Ding, X.Z., Guo, X., Bao, P.J., Chu, M. and Yan, P., 2013. Association of novel single-nucleotide polymorphisms of the vascular endothelial growth factor-A gene with high-altitude adaptation in yak (Bos grunniens). Genet. mol. Res., 12: 5506–5515. https://doi.org/10.4238/2013.November.18.1

			Xiang-Dong, H., Yi, X., Mo-Ti, J., Hui, W. and Xiang-Dong, Z., 2019. Adaptive response of reproduction to high-altitude hypoxic stress by altering mRNA expression of hypoxia-inducible factors in female yaks (Bos grunniens). Anim. Biotechnol., 31: 373-375..

			Xin, J.W., Chai, Z.X., Zhang, C.F., Yang, Y.M., Zhang, Q., Zhu, Y., Cao, H.W., YangJi, C., Zhong, J.C. and Ji, Q.M., 2021. Comparative analysis of skeleton muscle proteome profile between yak and cattle provides insight into high-altitude adaptation. Curr. Proteom., 18: 62-70. https://doi.org/10.2174/1570164617666200127151931

			Xin, J.W., Chai, Z.X., Zhang, C.F., Yang, Y.M., Zhang, Q., Zhu, Y., Cao, H.W., Yang Ji, C., Zhong, J.C. and Ji, Q.M., 2020. Transcriptome analysis identified long non-coding RNAs involved in the adaption of yak to high-altitude environments. R. Soc. Open Sci., 7: 200625. https://doi.org/10.1098/rsos.200625

			Xin, J.W., Chai, Z.X., Zhang, C.F., Zhang, Q., Zhu, Y., Cao, H.W. and Zhong, J.C., 2019. Transcriptome profiles revealed the mechanisms underlying the adaptation of yak to high-altitude environments. Sci. Rep., 9: 1–8. https://doi.org/10.1038/s41598-019-43773-8

			Xin, J.W., Chai, Z.X., Zhang, C.F., Zhang, Q., Zhu, Y., Cao, H.W., Ji, C.Y., Chen, X.Y., Jiang, H., Zhong, J.C. and Ji, Q.M., 2020. Signature of high-altitude adaptation in the gluteus proteome of the yak. J. exp. Zool. B: Mol. Dev. Evol., 334: 362-372. https://doi.org/10.1002/jez.b.22995

			Xin, J.W., Chai, Z.X., Zhang, C.F., Zhang, Q., Zhu, Y., Cao, H.W., YangJi, C., Chen, X.Y., Jiang, H., Zhong, J.C. and Ji, Q.M., 2022. Differences in proteomic profiles between yak and three cattle strains provide insights into molecular mechanisms underlying high-altitude adaptation. J. Anim. Physiol. Anim. Nutr., 106: 485-493. https://doi.org/10.1111/jpn.13629

			Xiong, L., Pei, J., Wu, X., Kalwar, Q., Liang, C., Guo, X., Chu, M., Bao, P., Yao, X. and Yan, P., 2020. The study of the response of fat metabolism to long-term energy stress based on serum, fatty acid and transcriptome profiles in yaks. Animals, 10: 1150. https://doi.org/10.3390/ani10071150

			Xiong, X., Fu, M., Lan, D., Li, J., Zi, X. and Zhong, J., 2015. Yak response to high-altitude hypoxic stress by altering mRNA expression and DNA methylation of hypoxia-inducible factors. Anim. Biotechnol., 26: 222–229. https://doi.org/10.1080/10495398.2014.1002563

			Yan, Y., Shi, T., Bao, X., Gai, Y., Liang, X., Jiang, Y. and Li, Q., 2023. Combined network analysis and interpretable machine learning reveals the environmental adaptations of more than 10,000 ruminant microbial genomes. Front. Microbiol., 14. https://doi.org/10.3389/fmicb.2023.1147007

			Yang, J., Li, W.R., Lv, F.H., He, S.G., Tian, S., Peng, W.F. and Zhang, M., 2016. Whole-genome sequencing of native sheep provides insights into rapid adaptations to extreme environments. Mol. Biol. Evol., 33: 2576–2592. https://doi.org/10.1093/molbev/msw129

			Yang, S., Liu, J., Gu, Z., Liu, P. and Lan, Q., 2022. Physiological and metabolic adaptation to heat stress at different altitudes in yaks. Metabolites, 12: 1082. https://doi.org/10.3390/metabo12111082

			Yue, Y., Hua, Y., Zhang, J., Guo, Y., Zhao, D., Huo, W., Xiong, Y., Chen, F., Lin, Y., Xiong, X. and Li, J., 2022. Establishment of a subcutaneous adipogenesis model and distinct roles of LKB1 regulation on adipocyte lipid accumulation in high-altitude Bos grunniens. J. appl. Anim. Res., 50: 167-176. https://doi.org/10.1080/09712119.2022.2042001

			Zhang, J., Liang, Z., Ding, K.R., Han, J., Du, M., Ahmad, A.A., Wang, S., Salekdeh, G.H., Long, R., Yan, P., Ding, X., 2022. Maternal fecal microbes contribute to shaping the early life assembly of the intestinal microbiota of co-inhabiting yak and cattle calves. Front. Microbiol., 13: 916735. https://doi.org/10.3389/fmicb.2022.916735

			Zhang, Q., Cidan, Y.J., Luosang, D.Z., Pingcuo, Z.D., Dawa, Y.L., Chen, X.Y. and Basang, W.D.,  2022. Dominant-genotype frequency analysis of economic traits related to SNP candidate markers in three yak populations. Indian J. Anim. Res., 56: 400-406.

			Zhang, Z., Xu, D., Wang, L.I., Hao, J., Wang, J., Zhou, X., Wang, W., Qiu, Q., Huang, X., Zhou, J. and Long, R., 2016. Convergent evolution of rumen microbiomes in high-altitude mammals. Curr. Biol., 26: 1873-1879. https://doi.org/10.1016/j.cub.2016.05.012

			Zhao, T.B., Ning, H.X., Zhu, S.S., Sun, P., Xu, S.X., Chang, Z.J. and Zhao, X.Q., 2004. Cloning of hypoxia-inducible factor 1alpha cDNA from a high hypoxia tolerant mammal-plateau pika (Ochotona curzoniae). Biochem. biophys. Res. Commun., 316: 565–572. https://doi.org/10.1016/j.bbrc.2004.02.087

			Zhou, J.W., Zhong, C.L., Liu, H., Degen, A.A., Titgemeyer, E.C., Ding, L.M. and Li, Z.P., 2017. Comparison of nitrogen utilization and urea kinetics between yaks (Bos grunniens) and indigenous cattle (Bos taurus). J. Anim. Sci., 95: 4600–4612. https://doi.org/10.2527/jas2017.1428

			Zou, H., Hu, R., Wang, Z., Shah, A.M., Zeng, S., Peng, Q. and Wang, X., 2019. Effects of nutritional deprivation and re-alimentation on the feed efficiency, blood biochemistry, and rumen microflora in yaks (Bos grunniens). Animals, 9: 807. https://doi.org/10.3390/ani9100807

		

	OEBPS/image/Open_Access_logo_black.png





OEBPS/image/1.png
Pakistan J. Zool., vol. 57(5), pp 2451-2463, 2025

https://dx.doi.org/10.17582/journal.pjz/20231201092818

Review Article

Yak’s Resilience and Adaptation to High-
Altitude Stress

Luobin He!, Xuewei Li!, Guifang Liu?, Yang-Ji Cidan2, Qudrat Ullah’*,

Article Information
Received 01 I 2023
Revised 05 D 2023

Check for

Rubina Mushtaq®, Yuhe Xiu!, Guangming Sun?, Dun-Zhu Luosang? and Nan Jiang!?*Accepted 12 1“9 - 2023

!College of Life and Health, Dalian University, Dalian Economic-Technological
Development Zone, Liaoning, 116622, China

2Institute of Animal Husbandry and Veterinary, Tibet Autonomous Regional Academy of
Agricultural Sciences, Lhasa, Tibet, 850000, China

3Faculty of Veterinary and Animal Sciences, The University of Agriculture, Dera Ismail
Khan, 29220, Pakistan

“Institute of Molecular Biology and Biotechnology, The University of Lahore, Lahore,
Pakistan

Luobin He and Xuewei Li contributed equally to this work.

ABSTRACT

Yaks, native to high-altitude regions, exhibit remarkable adaptations to the challenging environments they
inhabit. Over generations, these robust animals have evolved various physiological, morphological, biochemical,
and genetic traits through natural selection. These adaptations allow them to thrive in conditions characterized
by low temperatures and oxygen pressure. Notable features include their thick, insulating coats, efficient
respiratory systems, and specialized metabolism suited for high-altitude forage. Such unique evolutionary
adjustments enable yaks to navigate the harsh terrains and limited resources of their high-altitude habitats,
showcasing their exceptional resilience and suitability to these challenging ecosystems. Through extensive
selective pressures over time, yaks have developed stable and distinctive genetic traits that facilitate their
physiological, biochemical, and morphological adaptations to high-altitude environments. Consequently, yaks
serve as a representative model for investigating mammalian adaptability to plateaus. The comprehension of
these adaptive mechanisms offers unparalleled insights into evolutionary adaptations, with direct implications
for the selective breeding of domesticated yaks. This review provides a comprehensive overview of the genetic
adaptations in yak to the rigors of high-altitude environmental stress. Advances in genomics and theoretical
frameworks have collectively illuminated the genetic underpinnings of high-altitude adaptations.
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INTRODUCTION

he yak (Bos grunniens) is a native and scarce species

of bovine found in the Qinghai-Tibet Plateau and
surrounding areas, thriving at altitudes exceeding 2500
m (Wang ef al., 2021). Referred to as the third pole, the
Tibetan plateau constitutes the world’s largest and highest
year-round grazing expanse. This region is characterized
by severe climatic conditions, including extreme cold,
aridity, high ultraviolet radiation, and hypoxia, posing
challenges to the survival of both humans and other
mammals (Guo ef al., 2021; Jiang et al., 2023). The yak,
serving as an iconic representation of high altitudes and a
vital resource for the Tibetan people, exhibits anatomical
and physiological adaptations, a genetic foundation for
mammalian adjustments, and a co-evolved microbiome
that collectively prepare the animal for the challenges of
high altitude and the harsh environment. However, the

regulatory network governing this hypoxic adaptation
remains unclear (Xin at al., 2022; Yang et al., 2022).
Endothermic animals in these high-altitude regions
face challenges due to reduced oxygen levels, which
impact cellular functions and physiological performance.
These mountainous areas are highly sensitive to climate
change, posing a significant threat to biodiversity and the
ecosystem (Ghatak ef al., 2014). Furthermore, the cold
climate, with temperatures dropping by approximately
6°C per kilometer in elevation, adds to the environmental
harshness (Vuille, 2011). Other factors, such as late winter
and early spring, food scarcity, and snow cover, contribute
to severe malnutrition and weight loss among animals
(Yang et al., 2022; Liu ef al., 2023). Species in these
extreme terrestrial environments have evolved unique
characteristics through natural selection to adapt (Key and
Sneeringer, 2014; Burtscher et al., 2018).

The yak holds significant importance in the lives
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