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  Chapter-1 

Introduction 

 
1.1 Background 

The ‗Bharal‘ (Pseudois nayaur) or ‗blue sheep‘ is classified as a 'Least Concern' 

species by ‗the International Union for Conservation of Nature (IUCN). According to 

the Indian Wild Life (Protection) Act, 1972, it is protected under Schedule I and also 

listed in Appendix III of the Convention on International Trade in Endangered Species 

of Flora and Fauna (Harris, 2014). The species is probably found in Tajikistan (Wilson 

and Reeder, 2005) while it is very common in India, Nepal, Bhutan, China, and 

northern Pakistan (Coogan et al., 2014). Bharal are predominantly common in the 

southern slopes from Ladakh to Arunachal Pradesh (Schaller 1977, Mallon 1991; Fox 

et al., 1991, Sathyakumar 2001, Mishra et al., 2004, Suryavanshi 2010) in the Indian 

Himalayan Region (IHR) (fig. 1.1). One of the most commonly encountered wild 

ungulate the blue sheep is the major prey for snow leopard and wolf. It is primarily a 

grazer, although it could consume herbs and bushes during times when there is a grass 

shortage (Awasthi et al.,2003). It is a favored prey of snow leopards (Panther uncia) 

and Himalayan wolves (Canis lupus); however, juveniles are reported to be predated 

upon by red foxes (Vulpes vulpes) too (Sharma and Lachungpa, 2002). 

In the Himalayan region, the elevation range of Bharal habitat is between 2,500 and 

5,400 m (Schaller 1977, Aryal et al., 2016). Two species of the genus Pseudois are 

classified based on body size: the Bharal (P. nayaur) and the dwarf Bharal (P. 

schaeferi). Pseudois nayaur is further divided into two subspecies: P. n. nayaur, 

which predominantly inhabits the western Himalayas, and P. n. szechuanensis, 

reported from the eastern Himalayan region (Joshi et al., 2022). However, the 

taxonomic status of P. n. szechuanensis remains uncertain, as it has not been formally 

recognized by the IUCN due to insufficient supporting data. The easternmost 

population of P. n. szechuanensis occurs in the Helan Mountains and differs markedly 

from Bharal in China's Qinghai, Gansu, and Sichuan provinces. The distribution of 

the dwarf Bharal (P. schaeferi) in India remains unclear (Wang et al., 2000; 

Shackleton, 1997). 
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Although several studies have examined its current status, distribution, and 

phylogenetics, the genetic structure and population boundaries of the Bharal remain 

poorly understood. Previous research has focused on the mtDNA marker 

Cytochrome b (Cyt b), which identified two lineages of Bharal in the Indian 

Himalayan highlands (Joshi et al., 2022). Furthermore, populations in the Himalayan 

mountains and the Tibetan Plateau are geographically distinct. DNA analysis has 

confirmed that Bharal in the Tibetan mountains belong to P. nayaur and specifically 

to the subspecies P. n. szechuanensis. Based on nuclear genes, the Helan population 

was also classified as P. n. szechuanensis. However, no comprehensive data exist on 

the status or distribution of these Bharal clades in India. Consequently, the taxonomic 

classification of Bharal populations across different geographic regions remains 

unresolved. For Bharal in India in particular, complete mitogenome sequencing may 

be especially valuable for clarifying the genetic status of multiple populations. 

 

 

Fig. 1.1 The Bharal: major prey for the Snow Leopard 

 

1.2 Taxonomic Status of Bharal (Pseudois nayaur) 

The Bharal, commonly referred to as Pseudois nayaur and frequently referred to as 

blue sheep, is a fascinating wild ungulate that has evolved to thrive in the High 

altitudes Himalaya (>3,000m). Based on its evolutionary history and ecological 

adaptations, the species is taxonomically positioned within the Animal Kingdom 

(Wilson & Reeder, 2005). 

Pseudois nayaur is classified as a multicellular, eukaryotic organism, categorizing it 

under the Kingdom Animalia. It belongs to the Phylum Chordata and Subphylum 
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Vertebrata respectively, which respectively comprise all creatures with a notochord 

and a spinal column. Class Mammalia includes this warm-blooded vertebrate with 

mammary glands and body hair (Nowak, 1999). It is part of the Subclass Theria, 

which consists of live-bearing species, and the Infraclass Placentalia, which 

comprises all placental mammals, within mammals. It is then further classified as 

part of the varied clade of mammals known as Superorder Laurasiatheria, which 

include carnivores and ungulates (Hassanin et al., 2012). 

The Bharal belongs to the Order Artiodactyla—even-toed ungulates—more 

especially, the Suborder Ruminantia, which comprises herbivores with a 

sophisticated, multi-chamber stomach suitable for breaking down fibrous plant 

material. More specifically, it belongs to the Subfamily Antilopinae, which consists 

of agile, grazing ungulates; it is attributed to the Family Bovidae, renowned for 

antelopes, goats, and sheep (Groves & Grubb, 2011). Bharal belongs to the Tribe 

Caprini, are evolutionary relatives of genuine sheep and goats. Pseudois nayaur is 

the only inhabitant of the monotypic genus Pseudois. This categorization not only 

represents its biological characteristics, but also emphasizes its ecological relevance 

in Indian Himalayan alpine environments. 

1.3 Distribution Range of Pseudois nayaur 

The Bharal is distributed in the Himalayan region that forms the norther border for 

India, Nepal, Bhutan, Myanmar and Pakistan. In Tibetan region of China (Gansu, 

South Inner Mongolia (Mittermeier 2011), ‗the Ningxia-Inner Mongolia border, 

Qinghai, Shaanxi, Sichuan, Tibet, south-eastern Xinjiang Uyghur Autonomous 

Region, and northern Yunnan), and most likely Tajikistan (Shackleton 1997). 

 China: Its range extends from western Tibet to southwestern Xinjiang (Schaller et 

al. 1977), where they exist as small populations in the mountains surrounding the 

western margin of Aru Co, and then eastwards with scattered populations across the 

autonomous territory. It may also be found in the Kunlun Mountains, and southern 

Xinjiang. In addition to the Qilian and related Gansu Mountain ranges, it can be 

found in the majority of the mountain ranges in western and southern Qinghai, as 

well as in eastern Sichuan and northwest Yunnan. The Helan Shan, which constitute 

the western boundary of the Ningxia Hui Autonomous Region (with Inner 
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Mongolia), appear to represent the easternmost extent of its current distribution 

(Harris 2014). 

 Bhutan: It might be found at 4,000 to 4,500 meters above sea level in northern 

Bhutan (Baillie 2004, White 1909). 

 India: Although the extent of the Bharal's eastern distribution along the northern 

boundary of Arunachal Pradesh is still unknown, the species is fairly constantly 

dispersed across the northern Himalayan and Trans-Himalayan areas of India (Rawal 

et al., 2013). They are very widespread in portions of Spiti and the upper Parbati 

valley in northern Himachal Pradesh, as well as in numerous regions of eastern 

Ladakh (Jammu and Kashmir). Bharal might be found in eastern Arunachal Pradesh, 

on the slopes of the Khangchendzonga massif in Sikkim, near Badrinath in Uttar 

Pradesh, and in the Govind Pashu Vihar Wildlife Sanctuary and Nanda Devi National 

Park. The existence of Bharals has only recently been verified in the northwest region 

of Arunachal Pradesh, near to its borders with China and Bhutan (Harris 2014). 

 Nepal: It is roughly distributed to the north of the Greater Himalaya, from the border 

with India and Tibet in the extreme northwest, eastward via Dolpo and Mustang to 

Gorkha district in north-central Nepal. After that, it reappears in Nepal in at least two 

remote locations: Lamobogar and the southwest slopes of Kanchenjunga near to the 

Indian border with Sikkim (Schaller 1977, Heinen 1992). These two most likely‘ have 

connections to more extensive communities in Tibet on the other side of the border 

(Aryal et al, 2013). 

 Pakistan: The upper Gujerab and upper Shimshal valleys, as well as the region east 

of Shimshal pass (District Gilgit), which contains a portion of Khunjerab National 

Park, comprise its primary distribution range in Pakistan (Schaller 1977; Roberts 

1977; Ghalib et al., 2019). One animal from Khunjerab Pass has been observed 

recently outside of these locations. Previously, Roberts (1977) suggested that, its 

occurrence (with proof) near Shigar and the Baltoro glacier (District Baltistan), 

however, there is no genuine information from this location. 

1.4 IUCN Status of Pseudois nayaur 

The Bharal is categorized as "Least Concern" in IUCN Red List due to its widespread 

distribution, estimated high population, and the likelihood that its population decline 

will be quite lower than the rate required to be listed as threatened (fig. 1.2). There 

are no population estimates available for the entire range. However, if the available 

numbers are added together, the total population could be as high as 414.000 (likely 
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an excess) or as low as 47.000 (likely a very cautious estimate). Nearly all Bharals 

live in robust, mountainous areas. It is most likely lacking from large regions (like 

basins) without severe terrain. It appears to be found in almost all suitable 

mountainous terrain, from the Himalaya in the south to the Qilian Mountains in the 

north (Gansu and Qinghai provinces), therefore this does not necessarily imply that 

populations are divided. In western China, the Greater Bharal is most likely the most 

common ungulate (Buzzard et al., 2018; Feng et al., 2024). 

 China: The majority of population size extrapolations in China are not well-founded 

and should be treated with care. In contrast to other species, field examinations of 

subjective and informal descriptions of P. nayaur consistently affirm the species' 

presence and general abundance. As a result, even though specific numbers in 

Chinese literature could be off, all available data indicates P. nayaur becoming 

ubiquitous and comparatively abundant in suitable habitats in Chinese regions of the 

Tibetan plateau. P. nayaur was described as "relatively abundant" in Western China 

(Shackleton 1997), with a total population of over 10,000 and a variety of (uncertain) 

local density estimates. The most of these 10.000 were likely overestimates that were 

extrapolated for ‗the Arjin Shan Nature Reserve. The number of 10.000 in the western 

part of the Chinese range is not necessarily out of the question, though, as several 

locations within the present range were not included in this estimate (Schaller 1997 

thought that at least 10.000 inhabited the Chang Tang Nature Reserve in western 

Tibet). Wang (1998) claimed a Chinese extrapolation of more than 1.200.000 in 

Qinghai province (of which 267.000 were in "eastern" Qinghai), which is most likely 

a significant exaggeration. Zhao et al., (2021) estimated between 5,000 and 9.000 

Bharal in the Helan Shan (Inner Mongolia), however their extrapolations were based 

on transects that were not set at‘ random (Harris 2014). Even greater estimates are 

provided by some estimations for this region: 10,000 

 India: Shackleton (1997) references a Fox et al. (1991) estimate of "a minimum of 

11.000" in Ladakh, India. 

 Nepal: Schaller (1998) presented an illustration indicating 1.947 to 2.561 animals in 

regions included within Nepal, despite Shackleton (1997) reporting a "conservative 

estimate of 10,000 animals." Pakistan: According to published, the species is not as 

scarce as originally believed, according to Shackleton. In 1992, the latest estimates 

put the number of animals at 2,000 and 2,500. 
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Fig. 1.2 Distribution of the Bharal (Pseudois nayaur) Source: IUCN Red List of 

Threatened Species 

1.5 General appearance and Morphology 

The bharal, or Bharal, is a robust ungulate with muscular limbs and a broad chest, 

well adapted for life in steep, rocky terrain (Schaller 1997, 2000). Its relatively short 

legs minimize heat loss and lower the centre of gravity. Morphologically, it displays 

traits of both sheep and goats. P. nayaur lacks most sheep-typical glands—including 

the inguinal, preorbital, and interdigital glands—and does not possess a beard, strong 

odour, or knee callus (traits common in goats). Goat-like features include a wide, flat 

tail with a bare underside, large dewclaws, distinct limb markings, and certain cranial 

characteristics (Wilson & Mittermeier, 2011). 

Adult males measure 120–140 cm in body length and 80–91.4 cm at the shoulder, 

weighing 60–75 kg. Females weigh 35–55 kg (Schaller, 1997, 2000). Male horns, 

ranging from 38–76 cm (occasionally >82 cm), sweep outward, then downward and 

backward, with slightly curled tips; female horns are shorter (10–20 cm). Horns grow 

gradually with age and display annual growth rings (Shackleton, 1997). The tail 

measures 10–20 cm, is broad and flat, and has a naked underside. The species usually 

has 2n = 54 chromosomes, although one record from China reported 56 (Schaller, 
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1997, 2000). While bharal may live up to 15 years in captivity, individuals older than 

10 years are rarely encountered in the wild. 

 Coloration and Pelage 

Coat colour changes seasonally, from bluish-grey in winter (origin of the name ―Blue 

sheep‖) to brownish-grey in summer (Shackleton, 1997). Mature males have a 

distinctive black chest and neck, absent in females. The underparts are white, 

occasionally golden-brown, with a conspicuous black flank stripe, more pronounced 

in older males. Forelegs are black in front and white behind; the rump patch is white 

and the face dark brown. The tail is predominantly black with a bare underside. 

 Habitat and distribution 

P. nayaur inhabits diverse high-altitude habitats, typically between 2,500 and 5,500 

m a.s.l. (Shackleton, 1997). It generally avoids forests, favouring open grassland 

slopes near cliffs for predator evasion. Habitat preferences vary geographically— 

alpine sedge meadows in Xizang, montane grasslands and shrublands in the Helan 

Mountains of Inner Mongolia, and mixed grass-bare ground mosaics in Nepal (Fox 

et al., 1991). It thrives even in marginal environments and frequently overlaps with 

domestic livestock at high elevations (Harris, 2014; Mishra et al., 2004; Surywanshi 

et al., 2010). 

 Feeding Ecology 

The diet is dominated by graminoids in summer (up to 80%) and sedges in other 

seasons, with forbs abundant in spring and shrubs increasingly important in autumn 

and winter. In northern China, graminoids form 36.7% of the winter diet and 58.8% 

in summer, with browse reaching up to 50% (Harris, 2014). In Nepal, graminoids 

also dominate, followed by a balance of forbs and browse (Fox et al., 1991). 

Commonly eaten plants include Arundinella, Danthonia, Festuca, Trisetum, Poa, 

Berberis, and Juniperus (Miller 1987). 

 

 Interspecific Conflict 

Bharal often share habitats with other herbivores, such as Siberian ibex, Tibetan 

argali (in Ladakh), and domestic livestock. Overlap with livestock (goat and sheep) 

is common, particularly in summer, can lead to competition for graminoids (Mishra 

et al., 2004; Bhatnagar et al., 2006). 
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 Predation and mortality 

Mortality peaks in late winter and spring due to climatic stress and food scarcity 

(Schaller, 2000). Predation is significant where large carnivores are present, 

especially snow leopards, which consume 11–24% of the local bharal population 

annually in some areas (Fox et al., 1991). Other predators include wolves, leopards, 

dholes, red foxes, and raptors such as steppe eagles. 

 Development and Reproduction 

Bharals achieve sexual maturity about 1.5 years old, but males seldom reproduce 

successfully until age 7. The mating season lasts from December to January, with 

most births taking place between May and June (Schaller, 1977, 2000). Courtship 

consists of elaborate demonstrations; dominant males older than five years usually 

control breeding. With a 25day cycle, an estrus lasts 1 to 4 days. Usually delivering 

a single lamb, ewes have a 160-day gestation period. At six months, weaning takes 

place; temporary lambs' nurseries (creches) of a few mothers have been seen 

(Shackleton, 1997). 

 Social Structure and Behavior 

Bharals are diurnal and most active in the early morning and late afternoon. During 

the rut, midday activity drops, but afternoon activity increases later in the season. 

Socially, Bharals are sociable and create herds ranging in count up to three hundred 

thousand. On the Tibetan Plateau, female herds average 14.5 members; mixed herds 

approximately 23.2. Limited resources in winter causes group size to often decline 

(Schaller, 2000). The Helan Mountains have seen lower average herd counts. Males 

blend into mixed herds during rutting season; up to 80% of them join during peak 

breeding time. In ideal environment, population density falls between 3.6 and 5.3 

individuals/km². Males have a home range of 3-7 km², whereas females have a range 

of 2.5-5 km² during winter (Harris, 2014). 

 Demographic Trends 

The sex and age ratios change annually, with around 93.7 males per 100 females in 

spring, 126.9 in fall, and 91.7 in winter (Fox et al., 1991). Of the population, 34% are 

adult males, 32% are ewes, 15% are yearlings, and 19% are lamb. Lamb-to--ewe 

ratios vary; they peak in autumn (70%) then fall in March (52.5%). On the Tibetan 
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Plateau, yearling to female ratios usually run from 26 to 40 per 100 (Schaller, 2000; 

Mishra et al., 2004; Suryawanshi et al., 2010). 

1.6 Ecological Significance in Alpine Ecosystems 

The Bharal (Pseudois nayaur) exerts a significant ecological influence on alpine 

habitats, particularly in the Himalayas and the Tibetan Plateau. As a keystone 

herbivore, it plays a pivotal role in shaping predator–prey dynamics and influencing 

the structure and composition of plant communities (Schaller, 1998; Mishra et al., 

2004). One of its most critical ecological functions is serving as the principal prey 

species of the snow leopard (Panthera uncia). In regions such as Manang and 

Mustang in Nepal, Bharal constitute 40–60% of the snow leopard‘s diet (Fox et al., 

1991). This strong trophic association means that snow leopard abundance and 

distribution are often closely correlated with the presence and population density of 

Bharal (Mishra, 2004). 

Bharal substantially alter grazing pressure on alpine meadows and shrublands, 

thereby affecting plant biomass and community composition. When population 

density exceeds 5 individuals per km², vegetation tends to exhibit reduced grass 

height, increased areas of bare ground, and a prevalence of grazing-tolerant plant 

species (Bhatnagar et al., 2006; Mishra et al., 2004). Their seasonal dietary shifts— 

primarily grazing on graminoids during summer and switching to browse during 

winter—help maintain vegetation heterogeneity throughout the year and contribute 

to nutrient cycling in alpine systems (Fox et al., 1991; Lü et al., 2000). 

Furthermore, Bharal contribute to nutrient redistribution across alpine pastures 

through the deposition of urine and feces. Their extensive home ranges, typically 

between 2.5 and 7 km², facilitate the widespread dispersal of organic matter, 

enhancing soil fertility and stimulating alpine grassland productivity (Wilson & 

Mittermeier, 2004; Harris, 2014). Areas with high dung deposition often function as 

localized nutrient hotspots, benefiting both wild herbivores and domestic livestock 

in shared grazing landscapes, such as those inhabited by yaks and goats (Namgail et 

al., 2004). However, cohabitation with cattle can lead to interspecific competition, 

particularly in summer when dietary overlap is greatest. In such cases, overgrazing 

by cattle can degrade habitats and displace Bharal to suboptimal feeding areas 

(Bhatnagar et al., 2006; Mishra, 2004). In contrast, under balanced grazing regimes, 
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Bharal act as natural regulators of vegetation succession, preventing excessive shrub 

encroachment and thereby maintaining the ecological equilibrium of alpine meadows 

(Schaller, 1997). 

Finally, the Bharal functions as an indicator species for assessing the overall health 

of alpine ecosystems. Given its sensitivity to habitat degradation, interspecific 

competition, and predation pressure, fluctuations in its population size and 

distribution can serve as early-warning signals of ecological disturbance (Shrestha & 

Wegge, 2008; Mishra et al., 2004). Consequently, its presence, abundance, and 

behavioural patterns are essential parameters for monitoring and conserving 

biodiversity in high-altitude environments. 

 

1.7 Significance of Studying Bharal in the Indian Himalayas 

 

The Bharal (Pseudois nayaur) holds substantial ecological, environmental, and 

socio-cultural importance in the Indian Himalayan region. Comprehensive 

understanding of its biology, distribution, and genetic diversity is vital for advancing 

conservation research and implementing sustainable ecosystem management 

strategies (Schaller, 1977). 

 

 Ecological role as a prey species – The Bharal plays a dual ecological role: as a 

keystone species and as a principal prey for large predators such as the snow leopard 

(Panthera uncia), a globally threatened felid. Its abundance directly influences 

predator population sizes, making it essential for maintaining ecological balance 

(Valentová et al., 2022). Through selective grazing, Bharal also shape the structure 

and composition of alpine vegetation, thereby influencing the availability of 

resources for other herbivores and affecting the entire trophic network of the trans- 

Himalayan ecosystem (Rawat, 2015). 

 Indicator of ecosystem health – Owing to their sensitivity to habitat alterations, 

Bharal serve as reliable bio-indicators in fragile alpine environments. Fluctuations in 

their population dynamics, movement patterns, or physical condition can signal 

broader ecological changes, including climate variability, habitat fragmentation, or 

anthropogenic disturbances (Namgail et al., 2009). Continuous monitoring of Bharal 

populations thus provides early-warning signals of environmental degradation and 

helps in formulating targeted conservation interventions. 
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 Relevance to biodiversity and conservation goals – Research on Bharal is directly 

linked to national and global biodiversity conservation objectives, particularly in the 

Himalayan biodiversity hotspots (Rodgers & Panwar, 1988). As a high-altitude- 

adapted species, Bharal contribute to the region‘s unique ecological diversity. 

Conserving their populations also safeguards the integrity of the alpine ecosystem 

and its associated native flora and fauna. Furthermore, molecular studies of their 

genetic diversity enhance understanding of their adaptive potential and resilience— 

knowledge that is increasingly important in the context of climate change and 

intensifying human–wildlife conflicts (Karmacharya et al., 2022; Choudhury et al., 

2018). 

 Cultural and socio-economic value – For numerous Himalayan indigenous 

communities, the Bharal has deep cultural and socio-economic significance. It 

features prominently in local mythology, spiritual beliefs, and traditional subsistence 

hunting practices (Beall & Goldstein 1992). In recent decades, its presence has also 

driven eco-tourism, particularly wildlife tourism centered on snow leopard tracking, 

which generates income and employment in remote high-altitude villages (Dutta et 

al., 2024). As such, conserving Bharal is critical to community-based conservation 

models, ensuring that ecological protection is aligned with the socio-economic 

development of local populations. 

 

1.8 Molecular Phylogeny: Concepts and Importance 

Phylogenetics is the scientific discipline concerned with elucidating evolutionary 

relationships among biological entities species, individuals, or genes collectively 

referred to as taxa. By comparing genetic, morphological, or molecular data, 

phylogenetics enables researchers to reconstruct divergence patterns and identify 

common ancestry (Nei & Kumar, 2000; Felsenstein, 2004). 

 

Molecular phylogenetics, a specialised subfield, focuses on evolutionary 

relationships inferred from molecular sequences, primarily DNA, RNA, or proteins 

(Yang & Rannala, 2012). This approach has revolutionised our understanding of the 

evolutionary history of life by enabling the construction of phylogenetic trees that 

visually depict descent and divergence patterns (Hillis et al., 1987). Such analyses 

not only illuminate the molecular mechanisms underpinning evolution but also 

support predictions of potential future genetic variation (Page & Holmes, 2009) 
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The importance of phylogenetics lies in its ability to provide a conceptual framework 

for examining the evolutionary dynamics of genes, genomes, and species (Maddison 

& Schulz, 2001). It offers insights into the present organisation and function of 

genetic material while informing our understanding of its evolutionary trajectory. 

Consequently, molecular phylogenetics has become integral to a range of scientific 

disciplines, including systematics, ecology, medicine, and biotechnology (Lemey et 

al., 2009). 

 

1.8.1 Applications of Molecular Phylogenetics 

 Taxonomy and classification – Molecular phylogenetic analyses based on sequence 

data have significantly advanced our understanding of evolutionary relationships 

among species, enabling more accurate and robust taxonomic classifications (Tautz 

et al., 2011; Hibbett et al., 2007). By integrating molecular evidence with traditional 

morphological assessments, these studies have greatly refined the conventional 

Linnaean system, particularly in the classification of newly discovered or cryptic 

species. 

 Forensic science – Phylogenetic methodologies are increasingly employed in 

forensic investigations through the analysis of DNA evidence. When applied to 

criminal cases, paternity disputes, and food authentication or safety assessments, 

these approaches provide scientifically rigorous evidence that is admissible in legal 

proceedings (Salemi & Vandamme, 2003). 

 Pathogen tracking and public health – Molecular phylogenetics is indispensable 

in understanding the origin, evolution, and transmission dynamics of infectious 

diseases. Sequence data can be used to infer relatedness among emerging pathogens, 

reconstruct their evolutionary histories, and identify transmission pathways 

(Drummond et al., 2005; Pybus & Rambaut, 2009). Such insights are critical for 

informing epidemic control strategies, guiding vaccination campaigns, and shaping 

public health policy (Grenfell et al., 2004). 

 Conservation biology – Phylogenetic data play a vital role in conservation planning 

by helping to priorities species and lineages for protection. Beyond safeguarding 

individual species, conservation strategies informed by phylogenetics aim to preserve 

evolutionary diversity, a key factor in maintaining long-term ecosystem resilience 

and adaptive capacity (Faith, 1992). 
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 Bioinformatics and computational biology – The development of phylogenetic 

algorithms has driven major advances in computational biology and bioinformatics. 

These algorithms underpin many modern software tools used in genomics, 

transcriptomics, and systems biology, and have applications extending beyond 

biological research, including linguistics, anthropology, and data science (Swofford, 

1993; Tamura et al., 2013). 

 Definition and Role in Evolutionary Biology 

Molecular phylogeny is the study of molecular sequences to define connections 

between species or individuals (Nei & Kumar, 2000). Molecular phylogeny offers a 

strong framework for rebuilding evolutionary trees by means of genetic markers such 

mitochondrial DNA (mtDNA), Cyt b, D-loop (Avise, 2012). These trees allow the 

discovery of shared ancestral features, common ancestors, and divergent 

evolutionary routes as well as the genealogical links across species (Hillis et al., 

1987). Molecular phylogeny is important in evolutionary biology because it can 

precisely monitor the evolutionary history of living forms, supporting ideas 

regarding evolutionary processes, adaptability, and the genetic foundation of species 

diversification (Yang & Rannala, 2012). 

Molecular phylogeny can also help to demonstrate complicated evolutionary 

processes like hybridization, gene duplication, and horizontal gene transfer, which 

are difficult to infer from traditional morphological traits alone (Doolittle, 1999; 

Mallet, 2005). Scientists could produce predictions about species' evolutionary 

behaviors using DNA sequence analysis, giving essential data for evolutionary 

models (Page & Holmes, 2009). 

 Application in species identification and taxonomy 

Molecular phylogenetics has become critical in species identification and taxonomy, 

especially when traditional morphological categorization is difficult or ambiguous 

(Tautz et al., 2011). This technique allows for more precise descriptions of 

evolutionary connections by detecting genetic differences and similarities that are 

not obvious at the phenotypic level. Molecular markers such as mitochondrial DNA, 

microsatellites, and single nucleotide polymorphisms (SNPs) are commonly used to 

distinguish closely related species or populations that appear physically similar but 

differ genetically (Hebert et al., 2003; Avise, 2000). 
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Furthermore, molecular phylogenetics has enhanced the Linnaean categorization 

system by giving a more exact approach for classifying species and genera based on 

evolutionary lineage rather than observable features (Wiens & Penkrot, 2002). Using 

molecular data in taxonomy has resulted in the identification of cryptic species— 

species that are genetically unique but physically identical—as well as 

reclassification of several species (Bickford et al., 2007). 

 Bharal's Phylogenetic Position Within the Bovidae 

The Bharal (Pseudois nayaur) belongs to the Bovidae family of herbivorous animals 

that includes goats, sheep, and cattle. Bharal are classified by molecular phylogenetic 

studies as members of the subfamily Caprinae, which include genuine sheep, goats, 

and other closely related animals. Studies using mitochondrial DNA and nuclear 

genetic markers have shown that the Bharal has a common ancestor with species 

such as the himalayan tahr (Hemitragus jemlahicus) and wild sheep (Ovis species), 

though it diverged from these species around 5-6 million years ago (Fletcher 2020). 

Understanding Bharal's phylogenetic position within Bovidae is critical for 

investigating evolutionary adaptations to high-altitude settings in the Indian 

Himalayas. Phylogenetic data sheds light on how Bharal have evolved to the harsh 

cold, rocky terrain, and scant flora of their environment, as well as how they compare 

to other mountain-dwelling bovids (Ge et al., 2013). 

 Comparative Phylogenetic Studies in Caprinae 

Caprinae, the subfamily comprising domestic and wild sheep, goats, and various 

relatives, is a varied group having seen major evolutionary changes over millions of 

years. Comparative molecular phylogenetic studies in Caprinae enable scientists to 

follow the evolutionary links and diversification of these species, so providing vital 

new perspectives on their adaptive features including resistance to diseases, high- 

altitude survival mechanisms, and dietary specialization (Groves & Shields, 1996). 

Phylogenetic investigations employing DNA sequencing have shown a complicated 

evolutionary history within Caprinae, with several speciation events associated with 

geographic isolation, climate changes, and ecological adaptations (Manceau et al., 

1999). These findings demonstrate the divergence of species such as Bharal, wild 

goats, and domestic sheep from a common ancestor and shed information on the 

genetic basis of features like as coat color, body size, and behavior. Comparative 
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studies in Caprinae also help to explain the evolutionary relevance of hybridization 

events between closely related species, which are typical in this group. 

 

1.9 Evolution and Divergence of Bharal 

 Ancient Biogeography of the Himalayas of India 

The Indian Himalayas are a distinct and complicated geographical location that has 

been critical to the evolutionary history of numerous species, including the Bharal 

(Pseudois nayaur) (Mani, 1974; Rawat, 2005). The Himalayas have been a center of 

speciation as well as a physical barrier. The region's past biogeography has been 

impacted by geological upheavals, climate alterations, and vegetation changes, all of 

which have had an impact on species distribution and divergence. During the 

Cenozoic age, the Himalayan Mountain range was uplifted, resulting in isolated high- 

altitude habitats that favored the development of species suited to severe conditions 

(Zhisheng et al., 2001). 

The Indian Himalayas have supplied Bharal with distinct ecological niches. Over 

millions of years, geographical isolation caused by difficult mountain topography 

has fostered species and population divergence, leading to the genetic uniqueness of 

Bharal in this region. The geographical variety of the landscape viz. valleys, cliffs, 

and ridges have greatly influenced population patterns and gene flow among Bharal 

communities. 

 Divergence Timelines using Molecular Clock Models 

Molecular clock models are commonly employed to predict species divergence 

timeframes using genetic mutation rates across time (Ho & Larson, 2006). By 

examining genetic variations between species or groups, scientists can potentially 

identify how common ancestors lived and at what point specific lineages parted 

ways. Molecular clock studies of Bharal indicate separation from other closely 

related species in the Caprinae subfamily (e.g., wild sheep and goats) occurred 

roughly 5–6 million years ago. This chronology aligns with major geological and 

climatic processes that affected the diversification of high-altitude species in the area: 

the elevation of the Tibetan Plateau and the strengthening of the Asian monsoon 

(Molnar et al., 1993). 
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Molecular clocks are based on the premise that mutations in genetic sequences occur 

at a reasonably consistent pace across time. The study of nuclear and mitochondrial 

DNA (mtDNA) has provided light on how environmental events, including the 

Pleistocene glaciations, could have molded the evolutionary path of the Bharal. 

 Effect of topography and glacial cycles on speciation 

High-altitude animals like the Bharal (Hewitt, 2000) evolved profoundly during the 

repeated cycles of glacial expansion and retreat of the Pleistocene glaciations. These 

climatic changes induced alterations in flora and habitat availability, which most 

likely resulted in population fragmentation and genetic isolation. As glaciers receded, 

Bharal populations were left in isolated refugia, where they adapted to unique 

climatic circumstances. This seclusion helped communities all throughout the 

Himalayas to undergo genetic divergence and speciation. Furthermore, restricting 

gene flow between populations is the geographical complexity of the Himalayan 

area, with its high slopes, valleys, and ridges. These physical constraints enabled the 

evolution of unique genetic fingerprints in many groups and encouraged genetic 

difference (Nybom et al., 2014). 

 Population Genetics of Bharal 

 

 Principles of Population Genetics: Population genetics is the study of genetic 

diversity within populations and the mechanisms throughout time that influence this 

variation including mutation, gene flow, genetic drift, and natural selection (Garant, 

2007). Population genetics clarifies how genetic diversity is dispersed among several 

populations in the Indian Himalayas, which may experience varied degrees of gene 

flow and environmental stressors in Bharal. 

 Importance of Genetic Diversity and Gene Flow 

The adaptability and long-term survival of a species are contingent upon genetic 

diversity. High genetic variety makes populations more likely to adapt to 

environmental changes, fend off illnesses, and preserve ecological stability (Erard et 

al., 2004). Maintaining genetic variety is particularly crucial for Bharal in response 

to habitat loss, climate change, and other human challenges (Biswas et al., 2025). 

Genetic diversity is preserved and inbreeding risk decreases through gene flow—that 

is, the movement of genetic material across populations (Slatkin, 1987). However, in 
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Bharal, topographical factors such as high slopes and deep valleys impede gene flow, 

promoting genetic isolation across populations. 

 Genetic Variation and Population Structure 

Population structure in genetics is the arrangement of genetic variation between 

groups across space. Geographic isolation, climate events, and habitat uniqueness 

influence genetic structure in Bharal. Molecular marker studies employing mtDNA 

and microsatellites have showed considerable genetic difference between 

populations in the Western and Eastern Himalayas, consistent with isolation by 

distance and geographic barriers (Qiu et al., 2015; Wei, 2016). Genetic heterogeneity 

across populations helps researchers in understanding evolutionary forces and 

environmental limitations that determine local adaption and possible speciation 

processes (Avise, 2000). 

 Factors Affecting Genetic Variation (e.g., isolation, fragmentation) 

Geographic isolation and habitat fragmentation are among the several elements 

influencing the genetic variety of Bharal. Habitat fragmentation, which is frequently 

caused by manmade pressures like as roads, dams, and grazing, breaks habitat 

continuity and limits feasible population sizes (Fahrig, 2003). Smaller, isolated 

populations are more likely to undergo loss of genetic diversity, inbreeding, and 

genetic drift (Frankham, 1996). Further contributing to demographic difference is 

natural isolation resulting from the difficult Himalayan topography, which limits 

dispersion and gene flow (Cun 2010). These isolated populations may have limited 

ability to adjust to fast environmental changes, making them more susceptible to 

extinction. 

 

1.10 Genetic Markers Used in Bharal Studies 

 Mitochondrial DNA (mtDNA): Cytochrome b & Control Region 

Mitochondrial DNA (mtDNA) is widely used in evolutionary and phylogenetic 

investigations owing to its maternal inheritance, absence of recombination, and 

relatively high mutation rate (Avise et al., 1987; Ballard & Whitlock, 2004). For 

evaluating genetic diversity and inferring evolutionary connections in Bharal 

(Pseudois nayaur), mtDNA markers including the cytochrome b gene and the control 

region (D-loop) have shown to be extremely valuable. The cytochrome b gene, a 

component of the mitochondrial respiratory chain complex, offers critical 

information on genetic divergence across and within species (Irwin et al., 1991). On 
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the other hand, the relatively highly variable control region is rather helpful for 

understanding maternal lineage variation and spotting sub species-level changes 

(Brown et al., 1986). 

 Microsatellites and Their Applications in Nuclear DNA 

Microsatellites, or simple sequence repeats (SSRs), are tiny DNA sequences that 

occur in tandem throughout the nuclear genome. These markers are highly 

polymorphic and codominant, making them appropriate for investigations into 

population structure, gene flow, genetic drift, and inbreeding (Jarne & Lagoda, 1996; 

Selkoe & Toonen, 2006). In Bharal investigations, microsatellite markers have been 

successfully applied to measure genetic variation across geographically distant 

populations and assess population interaction in face of habitat fragmentation. Their 

nuclear source suggests they reflect biparental inheritance, therefore providing 

another perspective on the matrilineal mtDNA data. 

 Benefits of combining microsatellite and mtDNA data 

Microsatellite and mtDNA data combined offers an exhaustive overview of genetic 

variation. While mtDNA defines maternal lineage and previous demographic events, 

microsatellites provide high-resolution perspectives of modern gene flow and 

population structure (Petit et al., 2005). By exposing both deep differences and 

surface genetic structure, this combined approach has proved helpful in Bharal 

research for reconstruction of evolutionary histories and identification of 

conservation units. In animals such as Bharal, which live in difficult and scattered 

alpine habitats where historical isolation and current gene flow interact to affect 

genetic patterns, the complementary character of these markers is particularly 

important. 

1.11 Methodology 

 Methods of sampling for population genetics of Bharal 

Sampling strategies are critical for population genetics studies on Bharal (Pseudois 

nayaur), since they allow researchers to acquire representative genetic data from a 

variety of habitats in the Himalayan region. An optimal sampling strategy is required 

not only for quantifying genetic diversity within populations, but also for 

understanding genetic differences across populations and detecting the evolutionary 
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processes that shape their genetic structure. The key components of various sampling 

procedures are mentioned as follows: 

 The Regional coverage 

Sampling locations have to be specifically chosen to cover a wide geographic 

spectrum of Bharal habitats including different mountain ranges, valleys, and 

biological zones inside the Himalayas. This approach allows researchers to document 

genetic variation brought about by environmental factors like gradient of 

temperature, types of vegetation, and height. Scientists might investigate how these 

environmental variables impact genetic variation and adaptation in Bharal 

populations by sampling across many settings, providing insight into how these 

populations have evolved in response to their specific circumstances. 

 Population Representation 

Accurate genetic studies need enough samples from every population to evenly show 

genetic factors. The sample sizes must be enough to ensure the population's proper 

genetic variety and avoid data biases. Efforts at sampling should consider the 

demographic composition and size of the population. This entails gathering samples 

from various individuals living in every society contemplating any genetic diversity 

brought about by aspects including sex, age, and social structure. Collecting different 

samples from all throughout the population helps researchers to ensure the robustness 

of the genetic analysis and gain a better knowledge of genetic variation. 

 Non-invasive Sampling Techniques 

Non-invasive sampling techniques are typically employed provided the difficult 

terrain and conservation issues related with Bharal. These methods help the animals 

relax and yet provide valuable genetic material for research. Common non-invasive 

sampling techniques are faecal samples, hair samples (from places), and tissue 

samples (from naturally occurring deaths). These techniques assist ethical 

considerations of the study by offering genetic material suitable for DNA extraction 

and subsequent genetic analysis without physically harming or stressing the animals. 

 Genetic Connectivity 

Beneficial sampling techniques should consider the genetic connects between 

populations. Evaluating the genetic condition of Bharal populations requires an 

understanding of patterns of gene flow and genetic interaction throughout the terrain. 



20  

It examines the impact of landscape features on genetic structure and population 

survival by identifying natural corridors or barriers to gene flow, such as rivers, 

valleys, or human-made impediments. Connectivity assessments help in the 

development of conservation strategies aimed at protecting genetic diversity and 

enhancing population resilience in the face of environmental changes like as climate 

change or habitat fragmentation. 

 Monitoring and prolonged studies 

Long-term monitoring, which includes periodic sampling over several years or 

generations, is required to follow changes in genetic diversity, population structure, 

and adaptation across time. Longitudinal studies allow researchers to monitor the 

effects of environmental disturbances, climate change, and human activities on 

Bharal populations and their genetic health. Constant data collecting over extended 

periods of time allows scientists to better understand how these components 

influence genetic variation and how populations respond to ongoing environmental 

stresses. 

 Comprehensive and group sampling 

Collaboration between research institutions, wildlife managers, and local people is 

essential for the implementation of comprehensive sampling programs. Local 

experience and knowledge can significantly enhance the success of sample 

campaigns; also, incorporating locals in conservation programs helps generate more 

widespread support for the research. Collaboration also promotes data sharing and 

standardisation of sampling methods across study sites, resulting in relevant genetic 

data comparisons and meta-analyses. This integrated approach ensures not just 

scientific rigour but also cultural relevance and fit with local conservation goals. 

1.12 Tools & Instruments used for Analysis 

 Sequencher v4.9 and BioEdit were used for sequence editing and alignment: 

Raw chromatograms from sequencing reactions were edited for quality and 

combined into consensus sequences using Sequencher (Gene Codes Corporation, 

USA). The software detects and corrects ambiguous bases, resulting in high-fidelity 

sequence output. Following their alignment, the aligned sequences were manually 

curated using BioEdit, a biological sequence alignment editor (Hall, 1999), which 

supports editing, alignment, and nucleotide sequence annotations. 
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 Nucleotide and haplotype diversity were analysed using DnaSP v5 software: 

This was to measure genetic diversity using two parameters: 

• Nucleotide diversity (π) is the average fraction of nucleotide variations per site 

between two sequences randomly selected from the population. 

• Haplotype diversity (h) is the probability that two randomly selected haplotypes in a 

sample are different. 

These indices were calculated using DnaSP v5 (Librado and Rozas, 2009), a 

powerful program for analysing DNA sequence polymorphism data. 

 

 Software used for demographic analysis is Arlequin v3.5: Two main tests are 

performed: 

• Tajima's D: An average number of nucleotide difference statistical test for neutrality 

that contrasts the number of segregating sites. A significant negative Tajima's D 

indicates to either population increase or clearing selection. 

• Fu's Fs: A test that detects demographic expansion; significant negative results 

imply recent population increase or genetic hitch-hiking. 

Arlequin v3.5 (Excoffier and Lischer, 2010) supports several population genetic and 

demographic studies, hence both tests were carried out using it. 

 

 BEAST v1.8 (Drummond et al., 2012) was used to estimate phylogenetic 

relationships and divergence times among haplotypes 

• This Bayesian MCMC-based program can reconstruct time-calibrated phylogenies 

under different substitution models. 

• The posterior distribution of trees and parameters was summarized using Tracer and 

visualized with FigTree. 

 

 PopART software was used for the median network joining: It was to visualize 

genealogical links between haplotypes. 

• The network emphasizes ancestral rather than derived lineages and shows the lowest 

number of mutational steps between haplotypes. 

• The MJN was built using PopART (Population Analysis with Reticulate Trees), 

which provides an easy-to-use interface for intraspecific data visualizing. 
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  MEGA X (Kumar et al., 2018): It was used to determine pairwise genetic 

distances between sequences based on multiple evolutionary models. 

• Assessments of phylogenetic and demographic divergence are built on these 

distances. Population differentiation is measured using pairwise comparisons. 

GenAlEx v6.5 was used to evaluate genetic differentiation across populations by 

means of FST values, a standard fixation indicator measuring the fraction of genetic 

variation ascribed to population subdivision. 

• GenAlEx v6.5 (Peakall and Smouse, 2012) an Excel-based population genetics tool 

was used to compute pairwise FST values. 

 

 MICROCHECKER v2.2.3: It was used to test Microsatellite data for possible 

genotyping mistakes including stuttering, allele dropout, and null allele presence (van 

Oosterhout et al., 2004). This step ensures the data's integrity and dependability for 

downstream processing. 

 

 Microsatellite Diversity Indices measured parameters: Polymorphic Information 

Content (PIC), Observed heterozygosity (Ho), Expected heterozygosity (He) 

• Basic diversity data were computed using CERVUS v3.0.6, developed by 

Kalinowski et al., 2007. Understanding population structure depends on knowing the 

degree of genetic diversity at every microsatellite locus, so these indices represent 

that at each of them. 

• FSTAT (Goudet, 2002) was used to compute allelic richness (Ar) and mean inbreeding 

coefficient (FIS), which account for sample size differences. 

 

 STRUCTURE v2.3.4 software: It was used to assign individuals to genetic clusters 

(K) using a Bayesian technique for population structure inference (Pritchard et al., 

2000). It finds admixed people and approximates the percentage of every person's 

genome belonging to every population. 

 

 ADEGENET R package: The ADEGENET package (Jombart, 2008) for R was 

used to perform Discriminant Analysis of Principal Components (DAPC). This 

approach is successful at spotting and characterising groups of genetically related 

people and does not assume Hardy-Weinberg equilibrium. 
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 GENETIX v4.05 Software: Using GENETIX, which permits graphical 

visualisation of multilocus genetic data to investigate population structure and 

individual assignment, factorial Correspondence Analysis (FCA) was performed. 

 

 Alleles in Space v1.0: Isolation by Distance (IBD) study was done using Alleles in 

Space to assess the link between genetic distinctiveness and geographic distance 

(Miller, 2005). This technique for spatial genetic analysis enables one to evaluate if 

groups separated more apart are more genetically different. 

1.13 Laboratory Techniques: 

1.13.1 Extraction of DNA 

DNA extraction is the process of physically or chemically extracting DNA from 

biological sources. The primary objective is to separate DNA from other biological 

elements such proteins, cell membranes, and RNA. In 1869 Friedrich Miescher made 

first successful DNA isolation. The goal of DNA isolation is to get high-quality, pure 

DNA devoid of contaminants such as RNA and proteins for further analysis. DNA 

extraction can be done manually or using commercially available kits, depending on 

the sample type and desired output. 

 Sources of DNA extraction: DNA could be extracted from a variety of tissue types, 

depending on the nature of the research or diagnostic analysis. Blood is a common 

source as it is easily available and produces outstanding nucleated cells. Other non- 

invasive or slightly invasive sources of DNA extraction are bodily fluids including 

saliva, urine, cerebrospinal fluid, and others. In cytogenetic and molecular research 

especially, fine needle aspiration cytology (FNAC) aspirates cellular material from 

specific lesions or masses. Moreover, although DNA fragmentation might be a 

challenge, formalin-fixed paraffin-embedded (FFPE) tissues, which are extensively 

kept in pathology laboratories, offer valuable archive material for retrospective 

molecular study. Another excellent source of high-quality DNA suitable for many 

molecular uses like PCR, sequencing, and gene expression study is frozen tissue 

sections kept at low temperatures. Basic steps in DNA Extraction: 

• Cell lysis: Cells disintegrate to release their DNA. 

• DNA Solubilisation: DNA is soluble in aqueous solution. 

• Contamination removal: Proteins, RNA, and other macromolecules are 

eliminated by chemical and enzymatic methods. 
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• DNA Precipitation: Ethanol or isopropanol are commonly used for 

precipitating DNA. 

 Methods of DNA Extraction: There are various proven techniques for DNA 

extraction, such as: 

• Organic Extraction (Phenol-Chloroform Method): A traditional approach for 

DNA extraction, the organic extraction method—also called the phenol–chloroform 

method—uses organic solvents to remove DNA from cellular components. This 

technique effectively denatures and removes proteins from a combination of phenol, 

chloroform, and isoamyl alcohol, therefore separating DNA from other cellular 

waste. Usually added to the lysed cell solution, the mixture is centrifuged to produce 

two separate phases: an organic phase including proteins and lipids and an aqueous 

phase including the DNA. After that, the DNA is extracted from the aqueous phase 

very deliberately. Although this approach produces high-quality DNA suitable for 

several downstream uses, it is labor-intensive and time-consuming and requires 

cautious management of dangerous chemicals between several phases. 

• Nonorganic techniques of DNA extraction: These are commonly employed due to 

their ease, safety, and efficacy in avoiding toxic chemicals. The salting out method 

is a popular method that uses high concentrations of salt typically sodium chloride or 

ammonium acetate to precipitate proteins from cell lysate. The DNA remains in 

solution and is easily obtained with alcohol precipitation once the proteins have 

separated. Another effective approach in which the enzyme Proteinase K breaks 

down cellular proteins, including histones and other DNA-binding proteins, therefore 

releasing the DNA is the Proteinase K therapy. This process is effective and 

commonly used in combination with other steps to improve purity and yield. Both 

procedures are appropriate for general laboratory use as they are less hazardous and 

more user-friendly than organic extraction methods. 

• Silica-Based Adsorption Techniques: Adsorption methods, particularly silica- 

based methods, are widely employed for DNA purification due to their efficiency 

and ease of use. This method drives DNA to adhere preferentially to a silica gel 

membrane or silica-coated beads under certain pH and salt concentration. The 

attached DNA is subsequently purified by washing away impurities and eluting in a 

low-salt buffer or water. Centrifugation or magnetic separation can be employed for 



25  

purification, depending on the system. Many commercial DNA extraction kits are 

built around these very dependable techniques. 

• Other Techniques: Apart from silica-based approaches, numerous additional 

technologies are also applied for DNA separation. Using magnetic beads coated with 

DNA-binding molecules such as antibodies or silica, which allow the selective 

capture of DNA under a magnetic field for magnetic separation for automated, high- 

throughput processing especially, this method is quite useful. Anion exchange 

technique takes use of DNA molecules' negative charge, allowing them to adhere to 

positively charged resins while other biological components wash away. Ultimately, 

a traditional but labor-intensive method called cesium chloride (CsCl) density 

gradient centrifugation separates DNA according to buoyant density. Although it is 

less often employed nowadays, it produces highly purified DNA, which is 

particularly useful in research applications that need ultra-pure nucleic acids. 

 Evaluating DNA Quality and Yield: Usually, the degree and quality of the 

extracted DNA are evaluated using: 

• Spectrophotometry (Qubit) uses absorbance at 260 nm to estimate DNA 

concentrations. A260/A280 ratio of around 1.8 is desirable for clean DNA, 

whereas a lower ratio suggests protein contamination. 

• Gel electrophoresis enables visualisation of DNA integrity and distribution. 

 Reagents Used for DNA Extraction 

• Phenol-Chloroform Method: 

o Lysis Buffer o NaCl (150 mM) o Tris-HCl 50 mM) o EDTA (10 mM) o Sodium 

Dodecyl Sulfate (20%) o Proteinase K (25 mg/ml) o Phenol, Chloroform, Isoamyl 

Alcohol (25:24:1) o 3M Sodium Acetate o 60% Isopropyl Alcohol o Ethanol o 

Tris-EDTA Buffer (pH 7.5) 

• Gu-HCl Method for Scat DNA Isolation: o Lysis Buffer o Guanidium 

Hydrochloride (GuHCl, 6M) o Wash Buffer (Tris-Cl, EDTA, NaCl, 50% Ethanol) 

o Silica Beads 

 DNA Extraction Protocol 

• Guanidium Hydrochloride (GuHCl) Method 

The Guanidium Hydrochloride (GuHCl) method is a useful approach for extracting 

DNA from biological materials, particularly those containing large quantities of 
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protein, lipids, or RNA. The technique uses guanidine hydrochloride, a potent 

chaotropic drug that denatures proteins and disturbs cellular structures, therefore 

helping to isolate DNA. 

o Principles of the GuHCl Method 

Guanidium hydrochloride (GuHCl) is a strong chaotrope that breaks the hydrogen 

bonds and hydrophobic interactions that hold proteins together, causing them to 

denature and detach from DNA. GuHCl also facilitates the lyse of cell membranes 

and dissolution of cellular debris, therefore releasing DNA. It also helps inactivate 

nucleases that could break down DNA. This produces the effective separation of 

DNA from many biological sources, including cell cultures, blood, and tissues. 

o Guanidium Hydrochloride (GuHCl) Method Procedure 

 Add 1 ml of EDTA to scat sample. 

  Vortex for 30 minutes. 

  Centrifuge at 10,000 rpm for 5 minutes, discard supernatant. 

  Add 600 µl of 5M GuHCl. 

  Add 30 µl of Proteinase K and vortex for 3-4 minutes. 

  Incubate in water bath at 56°C overnight. 

  Centrifuge at 10,000 rpm for 5 minutes, transfer supernatant to fresh vial. 

  Repeat step 4 with same volume of GuHCl. 

 Add 0.5 ml 2X wash buffer (heat shock method), vortex, and store at 

room temperature for 23 hours. 

  Centrifuge at 10,000 rpm for 5 minutes, discard supernatant. 

 Wash with 500 µl of 2X wash buffer, centrifuge at 10,000 rpm for 5 

minutes. 

  Add 500 µl of 80% ethanol, centrifuge at 10,000 rpm for 5 minutes. 

  Dry the sample at 58°C using a block heater. 

  Add 60 µl AE buffer, vortex, and centrifuge at 10,000 rpm for 5 minutes. 

  Transfer clear supernatant to 1.5 ml tube, store at -20°C. 

• Qiagen Kit DNA Extraction Method 
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o Cell Lysis: Mix 200 µl of ATL buffer with 20 µl of Proteinase K (50–80 mg) in a 

tissue sample. Vortex and incubate at 56°C overnight. 

o DNA Release: Vortex 200 µl of buffer AL, then incubate for 15 minutes at 72°C. 

Add 200 µl ethanol. 

o DNA Binding: Put the mixture in a spin column and centrifuge it for one minute at 

8,000 rpm. Eliminate the filtrate. 

o DNA Washing: Centrifuge at 8,000 rpm for 1 minute after adding 500 µl of buffer 

AW1. Eliminate the filtrate. Repeat using buffer AW2, run one minute at 8,000 rpm. 

Centrifuge for three minutes at 14,000 rpm. 

o DNA Elution: Add 40 µl of AE buffer into the spin column, leave it at room 

temperature for a minute, and then centrifuge it for a minute at 8,000 rpm. 

• Phenol: Chloroform Method of DNA Isolation 

o Sample Preparation: Cut 80-100 mg of tissue into tiny pieces and place in a 1.5 ml 

Eppendorf tube. 

o Cell Lysis: Add 25 µl Proteinase K, 60 µl 20% SDS, and 600 µl lysis buffer. Placed 

overnight at 56°C. 

o Phase Separation: Before centrifuging for 10 minutes at 10,000 rpm, add an 

equivalent amount of saturated phenol and shake for 10 minutes. 

o Protein Removal: Add 300 µl of phenol and 300 µl of chloroform:isoamyl alcohol 

(24:1). After mixing, centrifuge at 10,000 rpm for 10 minutes. 

o DNA Precipitation: Add 600 µl of isoamyl alcohol and chloroform, centrifuge, and 

gather the sediment. Add 60% isopropyl alcohol along with 0.1 volume sodium 

acetate. To precipitate the DNA, incubate for one hour at room temperature. 

o Washing: Use 70% ethanol to wash after centrifuging for 10 minutes at 10,000 rpm 

and discarding the supernatant. Continue with with 100% ethanol. 

o Resuspension: Use Tris-EDTA buffer to dissolve the DNA. 

1.13.2 PCR amplification 

Polymerase Chain Reaction (PCR) is a commonly used molecular biology method 

for amplifying a particular part of DNA in vitro. The PCR technique is extremely 

efficient, enabling the amplification of a single DNA molecule into billions of copies. 

The reaction takes place in a thermocycler following these stages: The main steps of 

PCR amplification are: 
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 Denaturation: To separate the two strands, the double-stranded DNA (dsDNA) 

template is heated to temperatures between 92 and 95°C. This mechanism disrupts 

the hydrogen bonds between complementary bases, resulting in two single-stranded 

DNA molecules. 

 Annealing: Short DNA primers can attach (anneal) to complementary sequences on 

the single-stranded template DNA by lowering the temperature to between 50 and 

70°C. These primers are necessary to start the synthesis of DNA. 

 Extension: To enable the thermostable enzyme Taq polymerase to create additional 

DNA strands, the temperature is increased to around 72°C. Taq polymerase stretches 

the primers using the free nucleotides in the reaction mixture (dNTPs), therefore 

producing new DNA strands complementary to the template. Repeated for 30 to 40 

cycles, these three procedures rapidly increase the DNA segment of interest. 

 

 

Fig. 1.3 PCR Amplification 

 

 Key PCR components 

• Magnesium chloride (MgCl₂): It acts as a cofactor for the Taq polymerase enzyme. 

• PCR Buffer (pH 8.3–8.8): Provides the best conditions for the PCR procedure. 

• Deoxynucleoside Triphosphates (dNTPs): dATP, dTTP, dCTP, and dGTP are the 

building blocks required to create new DNA strands. 

• Primers: Short single-stranded DNA sequences (18-25 nucleotides) that bind to the 

target DNA region. 

• Target DNA: The sequence to be replicated in DNA. 
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• Taq Polymerase: It is a thermostable DNA polymerase enzyme that extends primers 

and synthesises new DNA strands. 

 

 Types of PCR Techniques: 

• Conventional (Qualitative) PCR: This is the most basic type of PCR that amplifies 

a particular DNA sequence for qualitative analysis. 

• Multiplex PCR: This technique enables the simultaneous study of numerous DNA 

segments by amplifying multiple targets (different DNA sequences) in a single 

reaction. 

• Nested PCR: A modified PCR method that uses two rounds of amplification to 

increase specificity. The first PCR amplifies a larger area, but the second PCR 

employs internal primers to amplify a smaller, more targeted DNA fragment. 

• Reverse Transcriptase PCR (RT-PCR): It is used to amplify cDNA 

(complementary DNA) generated from RNA. This approach is useful for analysing 

gene expression since it uses reverse transcriptase to convert mRNA into cDNA. 

• Quantitative PCR (qPCR): It is also known as Real-Time PCR, measures the 

quantity of DNA or RNA in samples. Target DNA may be quantified using this 

method, which tracks DNA amplification in real time using fluorescent dyes or 

probes. 

• Hot-Start PCR: This method lowers nonspecific DNA amplification by preventing 

DNA polymerase activity until the reaction reaches the high-temperature 

denaturation stage. This is accomplished by modified polymerases or antibodies 

indicated to prevent the polymerase from functioning at lower temperatures. 

 PCR Protocols: 

• Normal Taq PCR Protocol: This is the standard method for amplification of DNA 

using Taq polymerase. 

O Reagents: 

 Buffer: 1 µL 

  dNTPs: 0.5 µL 

  Primer F: 0.30 µL (Forward Primer) 

  Primer R: 0.30 µL (Reverse Primer) 

  Taq Polymerase: 0.20 µL 



30  

• 

 
  Water (H₂O): 6.75 µL 

  Total Volume: 9.05 µL per sample/tube 

o Procedure: 

  Mix all reagents in a 2 mL tube. 

  Vortex the mixture and perform a short spin. 

  Add 9 µL of the mixture per PCR tube. 

  Add template DNA to each tube. 

 Perform a short spin to ensure the DNA is mixed thoroughly with the reaction 

mixture. 

  Run the PCR reaction in a thermocycler using standard PCR conditions. 

 

• Multiplex PCR (for amplifying multiple targets in one reaction): 

o 

Reagents: 

 Q 

solution 

: 1 µL 

  Multiplex PCR mix: 4 µL 

  Primer F: 0.25 µL (Forward Primer) 

 

  Primer R: 0.25 µL (Reverse Primer) 

  Water (H₂O): 3.5 µL 

  Total Volume: 9.0 µL per sample/tube o Procedure: 

  Combine all reagents in a 2 mL tube. 

  Vortex and short spin. 

  Add 9 µL of the mixture per PCR tube. 

  Add template DNA to each tube. 

  Perform a short spin. 

  Run the PCR reaction in a thermocycler 

1.13.2 DNA Sequencing 
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DNA sequencing is the technique of determining the precise order of nucleotides 

[adenine (A), thymine (T), cytosine (C), and guanine (G)] in a DNA molecule. It 

reveals genetic information essential for understanding biology, evolution, and 

illness, therefore offering an orientation trace of life. 

 

 

Fig . 1.4 DNA Sequencing 

 

 Various DNA Sequencing Methods 

• Sanger Sequencing: Sanger sequencing, also known as the chain termination 

method, was the first widely used technology for DNA sequencing and is still the 

gold standard for short DNA fragments. It depends on chain-terminating di- 

deoxynucleotides (ddNTPs) selectively being incorporated during DNA replication. 

Every ddNTP is tagged with a fluorescent dye, which allows capillary electrophoresis 

read the sequence. Sanger sequencing is low through put and best suited for 

sequencing individual genes or limited genomic areas even if it is quite precise. It is 

frequently utilised in clinical settings for diagnosis or confirmation of next- 

generation sequencing findings. 

• NGS, or next-generation sequencing: Next-generation sequencing transformed 

genomic research by allowing for the simultaneous sequencing of millions of DNA 

fragments. Unlike Sanger sequencing, NGS methods execute sequencing in parallel, 
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resulting in huge volumes of data in a short period of time and at a reduced cost per 

base. Sequencing-by-synthesis platforms, such as Illumina, employ fluorescent 

signals to identify nucleotides as they are added one at a time. NGS is widely utilised 

for whole-genome sequencing, transcriptome analysis (RNA-Seq), epigenomics, and 

clinical diagnostics, providing greater understanding of genetic diversity, gene 

expression, and disease processes. 

• Pyrosequential sequencing: Pyrosequencing is a technique that detects 

pyrophosphate release during nucleotide incorporation. It was originally quite 

common for some genotyping uses and short-read sequencing. Faster than Sanger 

sequencing, it has limits in read length and homopolymer accuracy and has mainly 

been supplanted by more sophisticated NGS technology. However, it is still used in 

niche applications such as microbial community analysis and methylation 

investigations. 

• Massively Parallel Signature Sequencing (MPSS): MPSS was an early kind of 

high throughput sequencing. It consisted on amplifying DNA segments attached to 

microbeads, then hybridising and enzymatic cleaving the resulting sequence. MPSS 

assisted in paving the path for massive transcriptome profiling and helped create 

more polished NGS platforms even if it is not yet extensively used. 

• Ligated sequencing (e.g., SOLiD): Another technique of DNA sequencing utilising 

short fluorescently labelled oligonucleotides binding to a complementary DNA 

strand is ligation. The SOLiD platform, developed by Life Technologies, is an 

example of this method. 

Through dual-base encoding, it provides great accuracy; yet, its complicated 

procedures have eroded appeal as simpler, more effective NGS methods have 

emerged. 

1.13.4 Gel Electrophoresis 

Gel electrophoresis is a method for separating DNA, RNA, and proteins according 

to their size and charge. In the case of nucleic acids, agarose gel electrophoresis is 

the most popular method. When exposed to an electric field, DNA becomes 

negatively charged and migrates towards the positive electrode (anode). The gel 

functions as a molecular filter, allowing smaller fragments to flow more quickly than 

bigger ones. 
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Fig. 1.5 Gel Electrophoresis 

 

 Agarose Gel Electrophoresis 

This approach is commonly used for analysing DNA fragments, particularly 

following DNA extraction, restriction digestion, or PCR amplification. The 

components, preparation, and step-by-step technique are outlined below. 

 Materials Required 

o Casting tray o Gel cassette o Comb o 10 μL micropipette and tips o Conical flask o 

Measuring cylinder o Agarose powder o 1X TAE (Tris-Acetate-EDTA) buffer o 

Ethidium Bromide (EtBr) – for DNA staining o Microwave or heating oven 

 Procedure: Agarose gel electrophoresis 

The agarose gel electrophoresis technique begins with a 0.8% agarose gel made for 

DNA sample analysis following extraction and isolation. First, 100 mL of 1X TAE 

(Tris-AcetateEDTA) buffer is added to a conical flask. Then, 0.8 gms of agarose 

powder are precisely weighed and added to the buffer. After careful swirling, the 

mixture is heated in a microwave or oven for about one minute, or until the agarose 

has totally dissolved and the solution turns clear. After cooling to 50-60°C, add 4 μL 
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of ethidium bromide (EtBr) to stain the DNA for UV visualisation. After that, the 

ready gel solution is placed undisturbed at room temperature for around 15 to 20 

minutes, then poured into a casting tray with a comb set to create wells. 

In order to resolve smaller DNA fragments for DNA analysis following polymerase 

chain reaction (PCR), a higher 2% gel is needed. In this scenario, using the same 

heating and staining techniques, two gms of agarose are dissolved in one hundred 

milliliters of 1X TAE buffer. Then, the gel will be placed in the electrophoresis 

chamber—filled with 1X TAE running buffer—once it has set. Mixed with loading 

dye, DNA samples are pipetted into the wells using special care; a molecular weight 

marker or DNA ladder is loaded into a separate well for size reference. The gel is 

then operated for around thirty to forty-five minutes at an 80–120-volt voltage. DNA 

fragments move across the gel matrix towards the positive electrode during 

electrophoresis, smaller fragments migrating faster than bigger ones. The gel is 

visualised on a UV transilluminator once the run is over. Under UV light, the 

intercalated ethidium bromide fluoresces to expose the separated DNA bands, which 

may then be seen using gel documentation systems.
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Chapter-2 

 

To assess the evolutionary relationships of different bharal population 

 
2.1 Background 

 

The Bharal (Pseudois nayaur) is a wild caprine inhabiting the rugged mountainous 

terrains of the Himalayas. Its distribution spans India, Nepal, Bhutan, China, and 

northern Pakistan, and its ecological and taxonomic significance has been well 

documented (Martens, 2011). The species is currently listed as Least Concern by the 

International Union for Conservation of Nature (IUCN), yet it is afforded the highest 

level of legal protection under Schedule I of the Indian Wildlife (Protection) Act, 

1972, and is included in Appendix III of the Convention on International Trade in 

Endangered Species of Wild Fauna and Flora (CITES). Despite this wide distribution 

and legal protection, substantial gaps remain in the evolutionary understanding of 

bharal populations across their range. 

The taxonomic classification of bharal has long been debated, largely due to the 

morphological and genetic variability observed across its distribution. The genus 

Pseudois comprises two recognised species: the dwarf Bharal (P. schaeferi) (Zeng et 

al., 2008) and the Bharal (P. nayaur). Within P. nayaur, putative subspecies—P. n. 

nayaur in the western Himalayas and P. n. szechuanensis in the eastern Himalayas— 

further contribute to taxonomic uncertainty (Saini et al., 2025). Additional ambiguity 

arises from conflicting views on the taxonomic status of certain populations: some 

authors regard the dwarf Bharal as a subpopulation of P. n. nayaur, whereas others 

propose the Helan Mountain population in China as a distinct subspecies, P. n. 

helanshanensis. These discrepancies underscore the need for comprehensive 

phylogenetic analyses to resolve the genetic structure and evolutionary history of 

bharal. 

 

Mitochondrial DNA (mtDNA) analyses have proven highly effective for inferring 

evolutionary relationships and assessing population genetics in wild ungulates. 

Previous studies using mtDNA markers—particularly cytochrome b—have 

identified distinct lineages among Bharal populations (Sodhi, 2022). However, 

whole-mitogenome approaches remain underexplored, especially for bharal in India. 
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Given the species‘ extensive distribution across the Indian Himalayan Region (IHR), 

further research is needed to quantify genetic diversity and evaluate the influence of 

habitat connectivity on population structure (Yadav et al., 2020). 

 

Beyond phylogenetic classification, bharal holds significant ecological importance. 

As a primary herbivore in trans-Himalayan ecosystems, it plays a key role in 

maintaining ecological balance (Bagchi, 2009). Its diet primarily consists of alpine 

meadow vegetation, supplemented by shrubs and forbs during resource-scarce 

periods. Bharal also forms a crucial prey base for apex predators such as the 

Himalayan wolf (Canis lupus) and snow leopard (Panthera uncia), meaning 

fluctuations in its population can directly impact predator conservation (Wolf, 2016). 

Nevertheless, the species faces increasing threats from habitat fragmentation, climate 

change, and human disturbances challenges that demand conservation strategies 

informed by both ecological and genetic evidence. 

 

This chapter aims to employ complete mitochondrial genome sequencing to: 

 

1. Clarify phylogenetic relationships between bharal and other bovids, thereby 

addressing taxonomic uncertainties. 

2. Assess the genetic diversity of Indian bharal populations. 

3. Identify potential evolutionary lineages by comparing Indian bharal with closely 

related species. 

 

The findings will contribute to a clearer understanding of bharal‘s evolutionary 

history and provide an empirical basis for conservation planning for Himalayan 

wildlife. 

 

2.2 Methodology 

 Study Area 

The biological samples of Bharal (Pseudois nayaur) collected from the eastern and 

western Himalayan areas to evaluate the phylogenetic relationships among 

geographically diverse populations (Fig 2.1). 
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Figure 2.1. Distribution map of bharal (Pseudois nayaur) (IUCN, 

Harris 2014). 

 

 Sample Collection and DNA Isolation 

This study examined a total of 35 fecal samples and 2 Tissue samples of Pseudois 

nayaur for complete mitogenome were obtained from verified specimens in 

partnership with local wildlife officials in various parts of the Indian Himalayas (fig 

2.2 & table 2.1). One sample is collected from illumine and other one is obtained 

from the given primer sequence (table 2.2). Both samples were procured from 

deceased individuals to adhere to ethical norms; hence, permission from the Animal 

Ethics Committee was unnecessary. Genomic DNA (gDNA) was extracted utilizing 

a modified DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) for ‗tissue and 

hair specimens. A Gu-HCl based silica-binding ‗technique was employed for antlers 

or bone samples (Gupta et al., 2013). 
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Fig. 2.2 A map showing the distribution and sampling locations for the current 

study‘. Yellow circles indicate the location of the sampling sites 

 

Table 2.1. Details of Pseudois nayaur samples used for complete mitochondrial 

genome analysis 

Sample 

Type 

Number 

of 

Samples 

Collection Source / Method Remarks 

Fecal 

samples 

35 Collected from verified 

specimens in collaboration 

with local wildlife officials 

across different regions of the 

Indian Himalayas 

Utilized for complete 

mitochondrial genome 

sequencing 

Tissue 

samples 

2 Obtained from verified 

specimens in collaboration 

with local wildlife officials 

One sample sequenced using 

Illumina platform; the other 

generated using primer- 

based  amplification  (see 

Table 2.2) 
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Table 2.2: Details of the primers used in this study‘ to sequence mitogenome Bharal 

Primer Name Primer Sequence 

DLU405 5'-ACCATGCCGCGTGAAACCAGCA-3' 

12SL41 5'-GYGYGGATRCTTGCATGTGTA-3' 

U1230 5'-CACTGAAAATGCCTAGATGAG-3' 

L2226 5'-CTAGGTGTAAACTAGRTGCTT-3' 

12SU829 5'-GCACGCACACACCGCCCGTCAC-3' 

16SL518 5'-CGCTTTCTTAATTGRTGGCTGC-3' 

16SU365 5'-AGCCTGGTGATAGCTGGTTGTCC-3' 

16SL1056 5'-AAGCTCCATAGGGTCTTCTCGTC-3' 

16SU946 5'-CCGTGCAAAGGTAGCATAATCA-3' 

N1L64 5'-CCTAGNACTTTTCGTTCNACTA-3' 

Uleu 5'-GTGGCAGAGCCCGGTAATTG-3' 

IleL 5'-TTACTCTATCAAAGTAACTC-3' 

N1U840 5'-TYCGAGCATCHTAYCCHCGATT-3' 

N2L492 5'-TGGTTTAGBCCBCCTCAKCCYCC-3' 

N2U354 5'-CACTTYTGAGTNCCAGAAGT-3' 

AsnL 5'-TAGGGTRTTTAGCTGTTAAC-3' 

TrpU 5'-AGACCAAGAGCCTTCAAAGC-3' 

C1L339 5'-GCTTCWACTATDGADGATGC-3' 

C1U246 5'-GGNGGNTTYGGHAAYTGACT-3' 

C1L1017 5'-GAARATRAAGCCTAGRGCTCA-3' 

C1U897 5'-TTYACHGTHGGAATAGAYGT-3' 

C2L15 5'-GCRTCTTGRAANCCTARTTG-3' 

SerU 5'-CCCCCYAYWRYTGGTTTCAAGCCA-3' 

A8L1 5'-GTKGAYGTRTCTAGTTGYGGCAT-3' 

C2U603 5'-CAATGCTCHGARATYTGYGG-3' 

C3L45 5'-GANARDGCTCCYGTDAGNGGTCA-3' 

A6U654 5'-GCCTAYGTNTTYACYCTNCTAGT-3' 
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GlyL 5'-TGATTGGAAGTCARYTGTAC-3' 

C3U780 5'-GTHTCYATCTATTGATGAGG-3' 

N4L27 5'-CAGGTYAGRGGDATDAGTAT-3' 

U213M1 5'-AGCYTGYGAAGCAGCACTAGG-3' 

L918M1 5'-GCKGTRGCTCCTATRTARCTTCA-3' 

N4U840 5'-AGCTCHATYTGYYTHCGYCAAAC-3' 

Leu2L 5'-CCAATTTTTTGGYTCCTAAGRCC-3' 

Ser2U 5'-CCGAAAAAGYAYGCAAGAACTGC-3' 

N5L652 5'-GCDGATTTTCCDGTKGCDGCTA-3' 

N5U501 5'-GACGARCAGAYGCHAAYACAGC-3' 

N5L1214 5'-GTDAKTADDAGGGCTCAGGCG-3' 

N5U1146 5'-GGMAGCCTNGCNYTAACAGG-3' 

N6RL154 5'-AGTTTAATGGDHTDGGDGATTG-3' 

N6RU102 5'-CCATAACTRTAYAAAGCHGCAA-3' 

CBL402 5'-CCTCARAATGATATTTGKCCTCA-3' 

CBU162 5'-CAGGMCTATTCCTRGCHATACA-3' 

LTHR 5'-CCCTTYTCTGGTTTACAAGACC-3' 

U1068 5'-CATCGGACAACTAGCATCTAT-3' 

L482 5'-CCTGAAGWAAGAACCAGATG-3' 

 

 

 PCR Amplification and Sequencing of the Mitogenome 

Polymerase Chain Reaction (PCR) amplification was performed in 20 μL reaction 

volumes comprising 10–20 ng of template gDNA, 1× PCR buffer, 2.5 mM MgCl₂, 

0.2 mM of each dNTP, 5 pmol of each primer, and 5 units of Taq DNA polymerase 

(Thermo Scientific). Amplification was conducted using 23 overlapping pieces that 

included the whole mitochondrial genome, including areas that encode cytochrome 

b and cytochrome c oxidase I (COI) for enhanced coverage. The PCR cycling 

protocol comprised an initial denaturation at 95°C for 5 minutes, succeeded by 35 

cycles of denaturation at 95°C for 40 seconds, annealing at 54–56°C for 40 seconds, 

extension at 72°C for 50 seconds, and a final extension at 72°C for 15 minutes. 
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PCR products were validated using 2% agarose gel electrophoresis, identified under 

UV illumination with ethidium bromide, and purified using Exonuclease-I and 

Shrimp Alkaline Phosphatase methods. BigDye Terminator v3.1 chemistry was used 

bidirectionally‘ on an ABI 3500XL Genetic Analyzer (Applied Biosystems, USA). 

 Complete Mitogenome Assembly, Annotation, and Characterisation 

This study examined a total of two mitochondrial DNA samples. Overlapping DNA 

segments were included into the whole mitochondrial genome using Sequencher® 

v5.4.6. Annotation was performed using the MITOS WebServer (Bernt et al., 2013), 

and gene mapping was shown with the Organellar Genome DRAW tool (Lohse et 

al., 2013). The base composition, AT/GC skew, and structural features (including 

intergenic spacers and overlapping regions) were manually calculated and validated 

using MEGA X (Kumar et al., 2018). 

 Complete Mitogenome Phylogenetic Analysis 

To evaluate the evolutionary status of Pseudois nayaur, comprehensive 

mitochondrial genome sequences of relevant Bovidae species were retrieved from 

GenBank. Mitogenomes of Bos taurus, Bos javanicus, Capra hircus, Ovis aries, 

among others, were included. Furthermore, Moschus moschiferus served as an 

outgroup. Bayesian inference phylogenetic analysis was performed with BEAST 

v1.7 (Drummond et al., 2012). MCMC simulations were conducted using four chains 

over 10 million generations, with sampling occurring every‘ 100 generations, and the 

initial 5,000 generations discarded as burn-in. The consensus trees obtained were 

shown utilizing FigTree (http://tree.bio.ed.ac.uk/software/figtree/). 

 Phylogeography of Pseudois nayaur 

The phylogeographic structure of Bharal was examined to analyze the geographic 

distribution and genetic divergence across populations in India and China. A median- 

joining (MJ) network was generated using PopART software to visually represent 

the relationships among different mitochondrial haplotypes. This network result 

indicated the grouping of unique genetic variants and find if they matched 

geographical locations. The results exposed a significant genetic difference between 

the separate haplogroups of P. n. nayaur in the western Himalayas and P. n. 

szechuanensis in the eastern Himalayas. Although the complete mitogenome 

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/


42  

sequence of Indian (P. nayaur India 01) was found to be genetically distinct, the 

Chinese sequences grouped tightly and indicated little gene flow and maybe 

historical isolation between these two lineages. These results suggest that bharal 

populations could have undergone region-specific evolutionary processes molded by 

physical and ecological constraints. 

2.3 Mitochondrial DNA Haplotype Diversity of Pseudois nayaur Based on 

Control Region and Cytochrome b Gene Sequences Across Different 

Geographic Regions 

 

S.No. Accession no. Origin Haplotype 

1 PP187055 Uttarakhand 1 

2 PP187056, PP187057, PP187059 Uttarakhand 2 

3 PP187058 Uttarakhand 3 

4 PP187065 Uttarakhand 4 

5 PP187060 Uttarakhand 5 

6 PP187061 Uttarakhand 6 

7 PP187062, PP187063 Uttarakhand 7 

8 PP187064 Uttarakhand 8 

9 PP187066, PP187070 Himachal Pradesh 9 

10 PP187067, PP187071, PP187072, 

PP187074 

Ladakh 10 

11 PP187068, PP187069 Ladakh 11 

12 PP187073 Ladakh 12 

13 PQ583502 Uttarakhand 13 

14 PP187076, PP187077, PP187078, 

PP187079 

Himachal Pradesh 14 

15 PP187080, PP187084, PP187085 Uttarakhand 15 

16 PP187075 Uttarakhand 16 

17 PP187082, PP187087 Uttarakhand 17 

18 PP187081 Uttarakhand 18 

19 PP187083, PP187086, PP187088 Uttarakhand and 

Ladakh 

19 
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20 PP187089, PP187090 Sikkim 20 

21 PP187091 Sikkim 21 

22 PP187092 Sikkim 22 

23 PP187093 Sikkim 23 

24 EF420241.1 China 24 

25 EF420240.1 China 25 

26 KX641001.1 China 26 

27 DQ234685.1 China 27 

28 DQ234684.1 China 28 

29 DQ234683.1 China 29 

30 DQ234682.1 China 30 

 

 

S.No. Accession no. Origin Haplotype 

1 PP348784, PP348785, PP348786, 

PP348787, PP348788, PP348789, 

PP348790, PP348794, PP348795, 

PP348798, PP348801 

Ladakh and 

Himachal Pradesh 

1 

2 PP348791, PP348793, PP348796, 

PP348797 

Uttrakhand 2 

3 PP348792 Himachal Pradesh 3 

4 PP348799, PP348800 Himachal Pradesh 4 

5 PP348802 Uttrakhand_India 5 

6 PP348803 Uttrakhand_India 6 

7 PP348804, PP348811 Uttrakhand_India 7 

8 PP348805, PP348806 Uttrakhand_India 8 

9 PP348807, PP348808 Uttrakhand_India 9 

10 PP348809, PP348810 Uttrakhand_India 10 

11 PP348812, PP348813 Uttrakhand_India 11 

12 PP348814, PP348815 Uttrakhand_India 12 
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13 PP348816 Uttrakhand_India 13 

14 PP348817 Uttrakhand_India 14 

15 PP348818 Uttrakhand_India 15 

16 PP348819 Ladakh 16 

17 PP348820 Uttrakhand_India 17 

18 JQ406563.1 China 18 

19 JQ406560.1 China 19 

20 JQ406559.1 China 20 

21 ON412375.1 India 21 

22 ON412376.1 India 22 

23 ON412378.1 India 23 

24 ON412379.1 India 24 

25 ON412377.1 India 25 

26 JQ406562.1 China 26 

27 JQ406564.1 China 27 

28 JQ406561.1 China 28 

29 JQ406565.1 China 29 

30 JQ406567.1 China 30 

31 AF493575.1 China 31 

32 JN839966.1 China 32 

33 JN839981.1 China 33 

34 JN839982.1 China 34 
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35 JN839975.1 China 35 

36 JN839979.1 China 36 

37 JN839973.1 China 37 

38 JN839980.1 China 38 

 

 

2.3 Results & Discussion 

 Mitogenome Organization of Pseudois nayaur ‗The whole mitogenome of ‗the 

Bharal was obtained by Illumina sequencing and submitted to the NCBI GenBank 

under the accession number OP583799 (Fig. 2.3). It contained two ribosomal RNA 

genes, 22 transfer RNA genes, 13 protein-coding genes, and a non-coding regulatory 

area (D-loop region) (Fig. 2.3 and Table 2.3). The nucleotide composition of the 

mtDNA from Bharal was A (33.6%), T (26.3%), C (26.9%), and G (13.2%). Table 

2.8. With the exception of the eight tRNA genes, the bulk of the genes were encoded 

on the H-strand (tRNAGln, tRNAAla, tRNAAsn, tRNACys, tRNATyr, tRNASer, 

tRNAGlu, tRNAPro). The regulatory region was located between tRNAPro and 

tRNAPhe (Table 2.4). We discovered eight pairs of overlapping genes: 

tRNAIle/tRNAGln,  COI/tRNASer,  ATP8/ATP6,  ATP6/COIII,  ND4L/ND4, 

ND5/ND6, and tRNAThr/tRNAPro. The minimal overlap was 1 bp between 

ATP6/COIII and tRNA-Thr/tRNA-Pro, whereas the maximal overlap was 40 bp 

between ATP8 and ATP6 (Table 2.4). Thirteen intergenic spacers between the 

mitochondrial areas were identified, varying in length from 1 to 32 base pairs. The 

most significant gap (32 bp) was noted between tRNAAsn and tRNACys (Table 2.4). 

The whole mitogenome of Bharal exhibited an AT bias of 60%, with 40% attributed 

to GC content. We calculated the values of AT-skew, GC-skew, AT%, and GC% to 

characterize the nucleotide compositions of the whole mitogenome. All examined 

Bharal species had a positive AT-skew (0.112), whilst the others displayed a negative 

GC-skew (0.341)‘. 



46  

 

 

Figure 2.3. Illustration of the location of genes on the complete mitochondrial genome 

of Pseudois nayaur (16,718 bp). 

 

 

 

Table 2.4: Organization of the complete mitochondrial genome of Pseudois nayaur 

 

Feature Start End Size Start 

Codon 

Stop 

Codon 

Anti- 

codon 

Strand Space/ 

Overlap 

tRNAPhe 1 68 68 – – GAA H 0 

12S rRNA 69 1025 957 – – – H 0 

tRNA-Val 1026 1092 67 – – TAC H 0 

16S rRNA 1093 2665 1573 – – – H 0 

tRN ALeu 2666 2740 75 – – TAA H 0 

ND1 2743 3698 956 ATG TA– – H 2 
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tRNA-Ile 3699 3767 69 – – GAT H 0 

tRN AGln 3765 3836 72 – – TTG L -3 

tRN AMet 383 

9 

390 

7 

69 – – CA 

T 

H 2 

ND2 390 

8 

494 

9 

10 42 AT 

A 

T– – H 0 

tRN A- 

Trp 

495 

0 

501 

6 

67 – – TC 

A 

H 0 

tRN A- 

Ala 

501 

8 

508 

6 

69 – – TG 

C 

L 1 

tRN AAsn 508 

8 

516 

0 

73 – – GT 

T 

L 1 

tRN ACys 519 

3 

526 

0 

68 – – GC 

A 

L 32 

tRN A- 

Tyr 

526 

1 

532 

8 

68 – – GT 

A 

L 0 

COI 533 

0 

687 

4 

15 45 AT 

G 

TA 

A 

– H 1 

tRN A- 

Ser 

687 

2 

694 

2 

71 – – TG 

A 

L -3 

tRN AAsp 694 

8 

701 

5 

68 – – GT 

C 

H 5 

COII 701 

7 

770 

0 

68 

4 

AT 

G 

TA 

A 

– H 1 
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tRN ALys 770 

4 

777 

1 

68 – – TT 

T 

H 3  

ATP 

8 

777 

3 

797 

3 

20 

1 

AT 

G 

TA 

A 

– H 1  

ATP 

6 

793 

4 

861 

4 

68 

1 

AT 

G 

TA 

A 

– H -40  

COII 

I 

861 

4 

939 

7 

78 

4 

AT 

G 

T– – H -1  

tRN AGly 939 

8 

946 

6 

69 – – TC 

C 

H 0  

ND3 946 

7 

981 

2 

34 

6 

AT 

A 

T– – H 0  

tRN 

AArg 

981 

3 

988 

2 

70 – – TC 

G 

H 0 

ND 

4 

L 

988 

3 

10, 

179 

29 

7 

AT 

G 

TA 

A 

– H 0 

ND 

4 

10, 

173 

11, 

873 

17 

01 

AT 

G 

T– – H -7 

tRN 

A- 

Hi 

s 

11, 

551 

11, 

619 

69 – – GT 

G 

H 0 

tRN 

A- 

Se 

r 

11, 

621 

11, 

679 

59 – – TG 

A 

H 1 
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tRN 11, 11, 70 – – TA H 1 

ALeu 
681 750 

   
G 

  

ND 

5 

11, 

751 

13, 

571 

18 

21 

AT 

A 

T– – H 0 

ND 

6 

13, 

578 

14, 

083 

50 

6 

AT 

G 

TA 

A 

– L -17 

tRN 14, 14, 69 – – TT L 9 

AGlu 
093 161 

   
C 

  

CYT 

B 

14, 

168 

15, 

295 

11 

28 

AT 

G 

AG 

A 

– H 4 

tRN 

A- 

Th 

r 

15, 

296 

15, 

368 

73 – – TG 

T 

H 0 

tR 

N 

15, 

368 

15, 

428 

61 – – TG 

G 

L 0 

A 

- 

        

Pr 

o 

        

Cont 

rol 

regio 

n 

15, 

434 

16, 

718 

12 

85 

– – – H – 

 

 

 Protein-coding genes (PCGs) 

Protein-coding genes (PCGs) in the Bharal mitogenome measuring 11,319 bp in total 

length and including 64 bp overlapping sections, has 13 protein-coding genes (PCGs) 

that constitute 67.70% of the whole mitogenome. PCGs generally‘ exhibit the 
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following basic compositions: A = 31.4%, T = 27.7%, G = 13.0%, and C = 27.9%. 

Table 2.8. PCGs often have a base composition of A = 31.4%. G constitutes 13.0%, 

T comprises 27.7%, and C accounts for 27.9%. The cytochrome c oxidases COI, 

COII, and COIII; the NADH dehydrogenases ND1, ND2, ND3, ND4, ND5, and 

ND4L; the ATPases ATP6 and ATP8; the cytochrome b gene (Cyt b); and the 

minority strand or L-strand gene (NADH dehydrogenase: ND6) comprise the 12- 

majority strand or Hstrand (Fig. 2.3 and Table 2.3). AT% occurred more frequently 

than GC% (59.1% compared to 40.9%). To clarify the nucleotide distribution in 

protein-coding genes, we assessed the base skews among several Bharal species. The 

average AT and GC skews values for Bharal PCGs were 0.062 and 0.364, 

respectively. The nucleotide composition was biased by cytosine, as seen by‘ the 

negative GC skewness values. The ND5 gene, measuring 1821 bp, was the longest, 

while the ATP8 gene, at 201 bp, was the smallest among the 13 protein coding genes 

(PCGs). All 13 protein-coding genes started with either ATG or ATA. Among ‗the 

13 PCGs, we identified seven full stop codons (TAA), whereas ND1, ND2, ND3, 

and COIII utilized incomplete codons (TA- or T-). (Table 2.3). During mRNA 

maturation, a posttranscriptional addition of polyadenylation happened to finalize the 

protein-coding genes that were deficient in a full stop codon. The 13 protein-coding 

genes of Bharal have a relative synonymous codon use (RSCU) of 3773 codons, 

excluding stop codons (Fig. 2.4). Leucine (15.58%) and tryptophan (2.72%) were 

identified in Bharal PCGs at the highest and lowest rates, respectively (Fig. 2.5)‘. 
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Figure 2.4. Relative synonymous codon usage (RSCU) of the mitochondrial protein 

coding genes Pseudois nayaur of the mitochondrial genome. Codon count numbers 

are provided on the X-axis. 

 

 

Figure 2.5. Comparative pairwise genetic distance in the protein-coding genes and 

control region of other subspecies Pseudois nayaur. 

 Genetic Distance within Bharal and Other Bovidae 

Table 2.5 shows the distance in genes matrix derived from the control region of 

mitochondrial DNA among Bharal groups reveals significant divergence patterns. The 

genetic distances (below the diagonal) indicate that the Western Himalayas exhibit 

considerable divergence from both the Eastern Himalayas (19%) and the China 

Mountains (22%), suggesting restricted gene flow and notable evolutionary isolation. 

The genetic distance between the Eastern Himalayas and the China Mountains is 

comparatively lower (5%), indicating a tighter genetic affinity between these two 

groups. The standard errors (above the diagonal) are comparatively low, with values 

of 0.0219 (between the Western and Eastern Himalayas), 0.0328 (between the 

Western Himalayas and China Mountains), and 0.0105 (between the Eastern 

Himalayas and China Mountains), indicating credible estimations. The data 

substantiates the presence of diverse genetic lineages among regional populations, 

notably a significant divergence of the Western Himalayan Bharal from others. 
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Table 2.5: Genetic distance of control region among Bharal (Pseudois nayaur) are 

presented (below the diagonal), and their standard errors (above the diagonal) 

Location Western 

Himalayas 

Eastern 

Himalayas 

China 

Mountains 

Western 

Himalayas 

- 0.0219 0.0328 

Eastern 

Himalayas 

0.1906 - 0.0105 

China 

Mountains 

0.2223 0.0546 - 

 

The genetic distance (table 2.6) derived from the cytochrome b (cyt b) gene across 

Bharal (Pseudois nayaur) populations throughout several locations indicates differing 

levels of genetic divergence. The genetic distance in between the western Himalayan 

blue sheep and eastern Himalayan blue sheep is 3.9%, although the distance between 

the western Himalayas and the China Mountains is somewhat lower at 4%, suggesting 

a strong genetic affinity between these two locations. The genetic distances between 

the eastern Himalayas and the China Mountains (2.8%), and particularly between the 

western Himalayas and both the eastern Himalayas (3.9%) and the China Mountains 

(4%), indicate a considerably greater genetic divergence. The data suggest that groups 

in the eastern Himalayas and China Mountains have closer genetic affinity, but those 

from the western Himalayas are more genetically divergent, perhaps attributable to 

previous geographic isolation or varying evolutionary pressures. The standard errors, 

although not elaborated upon here, would further substantiate the statistical 

dependability of the measured distances. 

Table 2.6: Genetic Distance of Cyt b among Bharal (Pseudois nayaur) are presented and 

their standard errors 

Location Western 

Himalayas 

Eastern 

Himalayas 

China 

Mountains 

Western 

Himalayas 

- 0.0115 0.011 
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Eastern 

Himalayas 

0.0395 - 0.0086 

China Mountains 0.0408 0.0288 - 

 

 

The genetic differentiation matrix in Table 2.7 outlines the pairwise genetic distances 

among Pseudois nayaur (comprising Pseudois nayaur WII_01, P. n. nayaur, and P. n. 

szechuanensis) and other closely‘ and distantly related ungulate species. In the Pseudois 

group, minimal genetic distances are noted, namely 2% between P. n. WII_01 and P. 

n. nayaur, and 4% between P. n. nayaur and P. n. szechuanensis, signifying tight 

evolutionary lineage within the species complex. Genetic distances between Pseudois 

species and domestic goat (Capra hircus), domestic sheep (Ovis aries), and Capra ibex 

vary from 8% to 10%, indicating intermediate divergence and a common ancestral 

branch within Caprinae. Significant divergence is noted among Bovinae subfamily 

members, including Boselaphus, Bubalus bubalis, and Bos gaurus (13%-14%), 

indicating their remote taxonomic affiliation. Ovibos moschatus and Capricornis thar 

jamrachi have intermediate divergence levels (8%–14%), consistent with their 

classification within Caprini, however external to the primary Pseudois-Capra-Ovis 

species. A minimum distance of 0.2% is noted between Ovis aries and Ovis orientalis, 

affirming their conspecific or closely related status. The greatest difference is observed 

between Pseudois nayaur and Sus scrofa (19%), highlighting the considerable 

evolutionary gap across artiodactyl groups. The matrix facilitates explicit taxonomic 

differentiation across species, with Pseudois nayaur constituting a genetically unique 

cluster closely associated with other Caprinae members. 
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Table 2.7 Genetic differentiation among Bharal and other species. 
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P. n. WII 01               

P. n. nayaur 0.02              

P. n. szechuanensis 0.04 0.02             

Capra hircus 0.09 0.09 0.09            

Ovis_aries 0.1 0.1 0.1 0.1           

Boselaphus 0.14 0.13 0.13 0.1 3 0.14          

Bubal bubalis 0.14 0.14 0.14 0.1 4 0.14 0.13         

Bos_gaurus 0.14 0.14 0.14 0.1 4 0.14 0.13 0.12        

Ovibos_moschatus 0.11 0.11 0.11 0.1 1 0.11 0.13 0.14 0.14       

Capricornis thar_ jamrachi 0.11 0.11 0.11 0.1 1 0.11 0.14 0.14 0.14 0.08      

Ovis_ orientalis 0.1 0.1 0.1 0.1 0.2 0.14 0.14 0.14 0.11 0.11     

B. taxicolor 0.1 0.1 0.1 0.1 0.11 0.14 0.1 4 0.14 0.11 0.11 0.1 1    

Capra_ibex 0.09 0.09 0.09 0.03 0. 1 0. 14 0.14 0.14 0.11 0.11 0.1 0.1   

Sus_scrofa 0.19 0.19 0.19 0.1 9 0. 
19 

0. 
19 

0.1 9 0. 
2 

0.19 0.2 0.1 9 0.2 0. 
19 
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 Ribosomal RNA and Transfer RNA genes 

The complete mitogenome of ‗the Bharal has 22 tRNA genes and two ribosomal RNA 

genes. The 12S rRNA measured 957 bp, while the 16S rRNA measured 1573 bp 

(Table 2.4 and Fig. 2.6). Two rRNA sequences exhibited the following nucleotide 

percentages: A (36.9%), T (23.4%), C (22.1%), and G (17.7%) (table 2.8). The two 

rRNA genes of Bharal measured 2531 base pairs, constituting 15.01% of the whole 

mitogenome. The two rRNA had a total AT content of 61.30%, with AT and GC 

skew values of 0.022 and 0.110, respectively. The 22 tRNA genes were distributed 

throughout the whole mitogenome, with sizes varying from 60 base pairs (tRNAser) 

to 75 base pairs (tRNALeu). Among the 22 tRNA genes, eight were located on the 

L-strand and 14 on the H-strand (Fig. 2.3 and Table 2.5). The nucleotide makeup of 

22 tRNA consisted of A (32.9%), T (31.0%), C (17.0%), and G (19.0%), with a total 

size of 1512 bp. tRNA exhibited an AT bias, with total AT and GC content of 63.9% 

and 36.0%, respectively. Positive skew values were observed for the AT content 

(0.029) and the GC content (0.055) (table 2.7). Table 2.2 enumerates the anti-codons 

of 22 tRNAs derived from Bharal. With the exception of tRNA ser, it failed to form 

a stable configuration with its dihydrouridine arm, while all 21 tRNA genes exhibited 

a shared secondary‘ cloverleaf structure (Fig. 2.6). 
 

 

Figure 2.6. Predicted structures of the rRNA genes in Pseudois nayaur. 
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Table 2.8: Nucleotide composition and skewness in the P. nayaur mitochondrial genome 

Region Size 

(bp) 

A 

(%) 

T 

(%) 

AT- 

skew 

G 

(%) 

C 

(%) 

GC- 

skew 

Whole 

Mitogenome 
16,718 33.6 26.3 0.121 13.2 26.9 0.341 

PCGs 11,319 31.4 27.7 0.062 13 27.9 0.364 

tRNAs 1,512 32.9 31 0.029 19 17 0.055 

rRNAs 2,531 36.9 23.4 0.022 17.7 22.1 0.11 

Control 

Region 
1,285 37.8 24.2 0.211 12.3 26 0.436 

 

 

 Complete Mitogenome Phylogeny of Pseudois nayaur 

A Bayesian inference phylogenetic study utilizing full mitochondrial genome 

sequences was conducted to assess the evolutionary connections of Pseudois nayaur 

(bharal) from India and China in relation to other bovid species. The resultant 

phylogenetic tree (Fig. 2.7) exhibited robust statistical support for the majority of 

clades (posterior probabilities > 0.97), signifying substantial confidence in the 

deduced connections. P. nayaur constituted a unique and well supported 

monophyletic clade within the Caprini tribe. Two principal lineages were identified 

within this group—one consisting of sequences from India (P. nayaur_India_01, 

indicated in red) and the other from China (indicated in blue). This distinct regional 

difference indicates a possible phylogeographic divergence and genetic structure 

within the species. 

The western Himalaya (India) sequences grouped independently, whereas the 

Chinese sequences constituted a closely connected sub-clade, signifying regional 

difference. The Pseudois clade exhibited a tight evolutionary relationship with other 

Caprini members, including Capra hircus, Capra ibex, and several Ovis species, in 

accordance with prior classifications. The extensive tree topology classified Caprini 

as a sister group to Boselaphini (Boselaphus) and Bovini (Bos gaurus, Bubalus 

bubalis), with Sus scrofa serving as the outgroup for tree rooting. The ‗tree topology 

underscores the unique evolutionary history of P. nayaur and emphasizes its 

phylogenetic diversity throughout its geographical distribution. 
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Figure 2.7. Phylogenetic relationship of Pseudois nayaur with other species of 

Bharal based on Complete mitogenome. Bayesian posterior probability values are 

shown at each node. 

 Divergence Dating and Evolutionary Genetics 

Molecular dating study was performed using BEAST software (version 1.7) to 

determine the divergence periods among these lineages and other related species. A 

rigorous molecular clock model was utilized, supposing a uniform rate of 

mitochondrial DNA evolution among lineages. The molecular clock was calibrated 

utilizing fossil-derived temporal constraints. Two fossil calibration points were 

established: the divergence between Bovidae and Moschidae was approximated at 18 

million years ago (Mya), while the separation between Cervidae and 

Bovidae+Moschidae was estimated at 17.2 Mya. These temporal markers functioned 

as dependable references to establish the evolutionary chronology. Sixteen full 

mitochondrial genomes from diverse species within the families Cervidae, Bovidae, 

and Moschidae were analyzed to enhance the evolutionary context and refine 

divergence estimations. 

Bayesian inference utilizing Markov Chain Monte Carlo (MCMC) simulations was 

conducted, executing two separate studies of 10 million generations each, with 

sampling every 1,000 generations and discarding the initial 10% as burn-in. This 
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method produced a maximum clade credibility (MCC) tree, encapsulating the most 

probable phylogenetic connections and divergence periods among the species 

analyzed. The conclusive phylogenetic tree, shown with FigTree software, 

demonstrated a large divergence between the Indian and Chinese bharal lineages, 

corroborating the existence of past biogeographic separation. The phylogenetic 

placement of P. nayaur within the Caprini tribe was well corroborated, with its 

nearest evolutionary relatives being animals from the genera Ovis and Capra. These 

findings underscore ‗the genetic uniqueness and evolutionary background of bharal, 

emphasizing the necessity of acknowledging regional lineages for biodiversity 

conservation and management approaches. 

2.4 Results 

 Median-Joining Network Reveals Genetic Structure and Phylogeographic 

Patterns in Pseudois nayaur 

The median-joining (MJ) haplotype network, developed from mitochondrial control 

region sequences, offered more understanding of the genetic architecture and 

distribution of haplotypes within Pseudois nayaur species (Fig. 2.8). Thirty different 

haplotypes were discovered among the 47 examined sequences. The western 

Himalayan area exhibited a complicated and intricate network structure, indicating a 

significant level of haplotype diversity and interconnection among indiviual from 

Uttarakhand, Himachal Pradesh, and Ladakh. Central haplotypes, including H_1, 

H_2, and H_3, were disseminated throughout many populations, perhaps signifying 

ancestral or extensively spread lineages. This network structure facilitates the 

manifestation of past gene flow and common ancestry in the western Himalayas. The 

inhabitants of the eastern Himalayan and China Mountains constituted a closer and 

more isolated cluster, exhibiting minor linkage of haplotypes with those from the 

western area. The majority of Eastern haplotypes, especially those from Sikkim and 

China, exhibited tight linkage yet remained unique, separated from western 

haplotypes by several mutational steps. These findings corroborate the phylogenetic 

analysis results, highlighting the existence of limited gene flow and discrete genetic 

lineages across geographically isolated populations. The MJ network collectively 

emphasizes the phylogeographic differentiation of Pseudois nayaur, bearing 

substantial significance for comprehending evolutionary history and guiding 

conservation efforts. 
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Figure 2.8. Median Joining Network Control region of Bharal sequence-based haplotype network, where different colours represent different 

populations. A sequence of lines shows the number of mutational stages 
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 Phylogeographical Analysis of bharal 

A phylogenetic analysis was performed to examine the evolutionary connections 

across Pseudois nayaur populations, utilizing 47 mitochondrial control region 

sequences and one outgroup sequence (Hemitragus jemlahicus; NC_020628). 

Overall, 30 haplotypes with one out group. The Bayesian inference tree topology 

indicated the emergence of two separate and well-supported clades, with posterior 

probability values of 1.0, implying strong evolutionary diversification. The first clade 

comprised haplotypes HAP_01 to HAP_19, which predominantly represented 

individuals from the Western Himalayas, including Uttarakhand, Himachal Pradesh, 

and Ladakh. These series showed notable genetic homogeneity, suggesting a 

somewhat consistent genetic arrangement in this region. Comprising haplotypes 

HAP_20 to HAP_23, the second clade reflected eastern Himalayan population and 

mostly came from Sikkim. These haplotypes, which were far to the western 

Himalayas population, showed genetic uniqueness that suggested probable 

topographical or ecological restrictions influencing genetic difference. Comprising 

haplotypes HAP_24 to HAP_30, the third clade consisted only of Chinese Bharal 

samples. This clade showed notable genetic difference from Indian populations, and 

haplotype HAP_24, found at the base of the clade, would indicate an ancestral branch 

among the Chinese people. The phylogenetic structure demonstrated distinct regional 

divergence, indicative of ancient biogeographic processes and restricted gene flow 

across populations in the trans-Himalayan area (Fig. 2.9). 
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Figure 2.9. Phylogenetic relationship of Bharal based on control region with Bayesian posterior probability values at each node. 
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The phylogenetic tree (Fig. 2.10), constructed from mitochondrial cytochrome b (Cyt 

b) sequences, corroborates the control region results, illustrating the evolutionary 

relationships among Pseudois nayaur (Bharal) haplotypes from the western 

Himalayas, eastern Himalayas, and Chinese mountain ranges, with Hemitragus 

jemlahicus serving as the outgroup. The tree clearly separates the populations into 

two strongly supported clades (posterior probability = 1): a western Himalayan clade 

(Pamir Plateau) and an eastern Himalayan–Chinese clade (Tibetan Plateau and China 

Mountains), suggesting deep genetic divergence shaped by geographical barriers. 

The western Himalayan clade (highlighted in yellow) includes haplotypes HAP_01– 

HAP_22, displaying marked internal structuring and shared ancestry, particularly 

among individuals from the Pamir Plateau and adjacent regions. The eastern 

Himalayan–Chinese clade (highlighted in blue) comprises haplotypes HAP_23– 

HAP_38, which further segregate into geographically coherent subclusters, including 

the Tibetan Plateau, Helan Mountains, and Qilian Mountains. Posterior probability 

values within this clade range from 0.7 to 1.0, indicating moderate to high confidence 

in the inferred branching patterns. 

The basal placement of H. jemlahicus confirms its suitability as an outgroup and 

provides directionality for the observed divergences. Overall, the phylogeny reveals 

strong phylogeographic structuring in P. nayaur, with limited gene flow between 

western and eastern lineages and pronounced regional differentiation—patterns 

likely driven by historical climatic fluctuations and the formidable topographical 

barriers of the Himalayas and surrounding mountain systems. 
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Figure 2. 10. Phylogenetic relationship of Bharal based on cyt b with Bayesian 

posterior probability values at each node. 

 Estimating Genetic Divergences 

The evolutionary history and genetic divergence of Pseudois nayaur (Bharal) are 

estimated using a time-calibrated maximum credibility tree based on the Cytocrome 

b (Cyt b) gene, as shown in figure 2.11. The x-axis of the tree denotes time in millions 

of years (Ma), spanning from the Miocene period through the Pliocene and into the 

Pleistocene. The tree includes both Himalayan Bharal (Pseudois nayaur nayaur, 

shown in red) and Chinese Bharal (Pseudois nayaur szechuanensis, marked in blue), 

with Oryx gazella functioning as an outgroup to establish the phylogeny's root. The 

divergence between Pseudois nayaur and Oryx gazella is believed to have transpired 

about 11.19 million years ago (Ma), during the mid-Miocene, signifying the basal 

break in the phylogenetic tree. Within Pseudois nayaur, two principal clades are 

discernible: one denoting the Himalayan Bharal and the other signifying the Chinese 

Bharal. The two subspecies diverged from a common ancestor roughly 1.38 million 

years ago, implying that physical and ecological factors in the Himalayan and trans- 

Himalayan regions drove their evolutionary separation during the Pleistocene period. 
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The Himalayan clade includes many haplotypes, specifically HAP_01 to HAP_17, 

that are closely related, indicating recent divergence and increased genetic closeness. 

For internal nodes within this clade, posterior probability values (e.g., 0.57, 0.80, 

0.49) show modest to high support for certain lineage divergues. Mostly‘ consisting 

of sequences taken from GenBank (e.g., JN839986.1, JN839985.1), the Chinese 

Bharal clade establishes a discrete group with internal divergence validated by 

posterior values of 0.61 and 0.78. The tree structure and divergence times suggest 

that both lineages have a quite recent common origin; geographic isolation and 

environmental variation most certainly affect their current genetic difference. This 

divergence study emphasizes the evolutionary distinctiveness of Himalayan Bharal 

and Chinese Bharal, therefore influencing taxonomy classification, conservation 

focus, and understanding of biogeographic patterns in the Asian highlands. 

 

 

Figure 2.11. Divergent dating based on a cyt b gene maximum credibility tree. The 

x-axis shows time in million years. 

 

2.5 Discussion 

This study presents phylogeographic tendencies in Pseudois nayaur (Bharal), a 

representative Himalayan ungulate. Our findings significantly enhance the 

comprehension of the evolutionary history and biogeographic diversification of this 

species across the intricate Himalayan and trans-Himalayan terrains by integrating 
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comprehensive mitogenomic data, population-level sequence analyses, and 

sophisticated phylogenetic and species delimitation methodologies. 

The median-joining (MJ) haplotype network developed from mitochondrial control 

region sequences provided significant insight into the genetic architecture and 

haplotype distribution within Pseudois nayaur. Thirty different haplotypes were 

discovered among 47 examined sequences. The western Himalayan region displayed 

a complex and reticulated network structure, indicating substantial haplotype 

diversity and connectivity among individuals from Uttarakhand, Himachal Pradesh, 

and Ladakh. Central haplotypes, such as H_1, H_2, and H_3, were shared across 

populations, suggesting ancestral or widely distributed lineages. In contrast, 

haplotypes from the eastern Himalayas (Sikkim) and China Mountains were more 

distinct and clustered, with minimal linkage to the Western region, highlighting the 

restricted gene flow and deep phylogeographic structuring across the range (fig 

2.8). These patterns align with previous findings in Himalayan ungulates, such as 

Pantholops hodgsonii and Naemorhedus goral, where orographic barriers and niche 

differentiation contributed to east-west population structure (Chen et al., 2019; 

Groves & Grubb, 2011) (fig 2.8). 

Phylogenetic analysis using mitochondrial control region sequences reinforced these 

patterns. The Bayesian inference tree revealed three distinct and well-supported 

clades: (1) western Himalayas, (2) eastern Himalayas, and (3) Chinese populations. 

The Chinese clades and eastern Himalayas, showed a relatively homogenous genetic 

structure, while the western Himalayas clades and Chinese clades exhibited clear 

separation, with HAP_24 positioned basally in the Chinese clade, indicating its 

ancestral nature. The discrete nature of these clades is indicative of long-term 

geographic isolation, supporting regional divergence driven by historical 

biogeographic processes (Fig 2.9). This structure mirrors phylogeographic 

separations observed in Capra sibirica and Pseudois schaeferi (Hassanin & 

Douzery, 2003) (Fig 2.9). 

Similarly, phylogenetic reconstruction using Cyt b sequences yielded congruent 

results. Populations were grouped into two major clades: one corresponding to the 

western Himalayas (Pamir Plateau) and the other to the eastern Himalayas and 

Chinese regions (Tibetan Plateau and adjacent mountain systems). The western 

clade, containing haplotypes HAP_01 to HAP_22, showed internal structure and 
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signs of shared ancestry, while the eastern clade encompassed haplotypes HAP_23 

to HAP_38 with greater substructuring across the Helan, Qilian, and Tibetan regions. 

Posterior probability values ranging from 0.7 to 1.0 lent moderate to high support to 

the inferred relationships. This deep geographic partitioning, supported by both 

control region and Cyt b data, underscores the effect of past topographic and climatic 

barriers on gene flow and lineage diversification. 

Divergence dating based on Cyt b sequences revealed that Pseudois nayaur and Oryx 

gazella diverged approximately 11.19 million years ago during the Miocene. Within 

Pseudois nayaur, divergence between P. n. nayaur (Himalayan Bharal) and P. n. 

szechuanensis (Chinese Bharal) occurred around 1.38 million years ago, during the 

mid-Pleistocene—a period marked by significant climatic oscillations that likely 

drove habitat fragmentation and speciation (fig.2.11). This divergence timeframe is 

consistent with those recorded for other Himalayan mammals like Procapra 

picticaudata and Moschus chrysogaster (Jabin et al., 2023), reinforcing the role of 

Pleistocene glaciations and refugia in promoting allopatric divergence. Our findings 

also support the presence of cryptic sub-lineages within P. nayaur, consistent with 

Kim et al. (2015), who demonstrated that China's mountainous terrain can harbor 

hidden ungulate diversity(Fig. 2.11). 

The complete mitogenome of P. nayaur (GenBank accession no. OP583799), 

spanning 16,718 bp, retained the standard vertebrate mitochondrial architecture with 

13 protein-coding genes, 22 tRNAs, 2 rRNAs, and a control region (fig 2.3). This 

organization is conserved among Caprinae, as previously observed in Ovis aries and 

Capra hircus (Dou et al., 2016), reflecting strong evolutionary constraints on 

mitochondrial genome structure. The mitogenome showed a marked AT bias 

(~60%) and strand- specific nucleotide skews (positive AT-skew, negative GC-

skew), with PCGs exhibiting average AT-skew of 0.062 and GC-skew of –0.364. 

These patterns are consistent with other high-altitude bovids like the yak (Bos 

grunniens) and Himalayan tahr (Hemitragus jemlahicus), and are likely shaped by 

strand- asymmetric replication and mutational pressures, potentially influencing 

codon selection and transcription efficiency(fig 2.3). 

Codon usage analysis revealed a bias toward A- or T-ending codons, especially 

favoring leucine, isoleucine, and serine, as observed in other ruminants (Yang et al., 
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2013). This reflects not only mutational preferences but also selective constraints for 

translational optimization under high-altitude adaptation. Intergenic overlaps, such 

as the 40 bp between ATP8 and ATP6, and the presence of incomplete stop codons 

(e.g., ―T–‖ or ―TA–‖) suggest space-efficient transcription, with reliance on post- 

transcriptional polyadenylation for translation completion. Similar observations were 

reported in Capra aegagrus and Ovis ammon (Mukai et al., 2017). tRNA structural 

analysis showed that all but tRNA-Ser (AGN) maintained the classical cloverleaf 

structure. The missing DHU arm in tRNA-Ser (AGN), a common feature across 

Caprinae and Cervidae (Dou et al., 2016), likely reflects relaxed functional 

constraints or evolved compensatory mechanisms in mitochondrial translation. 

 

 

According to the complete mitogenome, pairwise comparisons within the Pseudois 

clade revealed low genetic distances (2–4%) among P. n. nayaur, P. n. 

szechuanensis, and P. nayaur WII_01, suggesting recent divergence. In contrast, 

deeper divergence (~0.09–0.10) was observed between Capra hircus and Ovis aries, 

consistent with their status as sister taxa within Caprinae (Ropiquet & Hassanin, 

2006). Sus scrofa demonstrated the highest divergence (~0.20), validating its use as 

an outgroup and reflecting significant evolutionary distance, as also confirmed in 

broader artiodactyl phylogenies (Meredith et al., 2011). 

The phylogenetic trees produced by both Bayesian approaches robustly endorsed the 

classification of P. nayaur into two major, well-delineated clades aligned with 

specific geographic locations. Haplotype network analysis corroborated these clades, 

demonstrating restricted haplotype sharing and increased mutational divergence in 

the eastern Himalayan compared with the western Himalayan clade, followed by a 

lower genetic distance between eastern Himalayan and Chinese populations. This 

structure reflects past biogeographic isolation, likely driven by the Himalayan 

orogeny and Pleistocene glacialinterglacial cycles that shaped regional distributions 

and genetic structures (Vintsek et al., 2022; Rana et al., 2023). 

The results indicate considerable genetic diversity within the Bharal population 

throughout the two locations, accompanied by rather stable genetic characteristics. 

This combination of deep divergence, regional lineage structuring, and recent 
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diversification sheds light on the evolutionary dynamics of Pseudois nayaur, 

providing vital knowledge for future conservation planning and management. 
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Chapter-3 

 

To assess the genetic diversity among the bharal 

population using mtDNA and microsatellites markers 

3.1 Background 

Genetic diversity is a cornerstone of species survival and adaptability, particularly 

for populations inhabiting ecologically fragile and topographically complex regions 

such as the Himalayas. The Bharal is a high-altitude caprine species distributed 

across Central Asia‘s mountain ranges, including India, Nepal, Bhutan, and China. 

In India, major populations occur in the trans-Himalayan regions of Ladakh, 

Himachal Pradesh, Uttarakhand, and parts of Sikkim. As a key prey species for apex 

predators such as the snow leopard (Panthera uncia), Bharal plays a pivotal role in 

maintaining the ecological balance of alpine and subalpine ecosystems. 

 

Despite its ecological significance and broad geographic range, the genetic 

composition of bharal populations remains poorly documented. Emerging threats 

such as habitat fragmentation from infrastructure development, overgrazing by 

domestic livestock, climate change, and human–wildlife conflict may contribute to 

genetic isolation, reduced gene flow, and potential population bottlenecks. These 

factors highlight the urgency of assessing bharal genetic diversity and population 

structure to support long-term species persistence. 

 

Molecular genetic tools offer powerful approaches for examining genetic variation, 

connectivity, and population structure. Mitochondrial DNA (mtDNA) markers 

particularly the control region and cytochrome b gene—are widely used due to the 

high mutation rate of the control region and the maternal inheritance of mtDNA, 

providing valuable insights into evolutionary history, population demography, and 

phylogeographic patterns. Nuclear microsatellite markers, known for their high 

polymorphism and codominant inheritance, are especially effective in detecting 

recent population structure, levels of inbreeding, and fine-scale genetic 

differentiation. 
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This study employs a dual-marker approach, combining mtDNA and microsatellite 

data to comprehensively assess genetic variation within and among bharal 

populations across the Indian Himalayas. This integrative analysis will enable the 

identification of Evolutionarily Significant Units (ESUs), Management Units 

(MUs), and regions most at risk of genetic erosion, based on both historical and 

contemporary processes. The findings will have direct implications for evaluating 

habitat connectivity, guiding conservation planning, and informing management 

strategies to ensure the long-term survival of bharal in the Himalayan landscape. 

 

3.2 Methodology 

 Sample Collection and DNA Extraction 

This study involved ‗the collection of 47 fecal samples of Pseudois nayaur from 

various parts of ‗the Indian Himalayas for genetic analysis (table 3.1). Among them, 

31 ‗samples were collected from the Western Himalayas (WH), encompassing the 

Union Territory of Ladakh, Uttarakhand, and Himachal Pradesh, whereas 16 

samples were collected from ‗the Eastern Himalayas (EH), particularly‘ from ‗the state 

of Sikkim‘ (Fig 3.1). 

 

Fig. 3.1 A map showing the distribution and sampling locations for the current 

study‘. Yellow circles indicate the location of the sampling sites 
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Genomic DNA (gDNA) was isolated from fecal samples. For deteriorated samples 

(feces and bones), we employed a Gu-HCl-based silica binding ‗technique, whereas 

DNA from fresh tissue samples was extracted utilizing the DNeasy Blood & Tissue 

Kit (Qiagen, Hilden, Germany). The purity of DNA was assessed using 0.8% agarose 

gel electrophoresis stained with ethidium bromide, and its concentration was 

quantified using a QIAxpert spectrophotometer (Qiagen, Germany). All extractions 

were conducted in a specialized laboratory with rigorous contamination control 

measures. Approval from the Animal Ethics Committee was unnecessary as the 

samples were gathered non-invasively from feces or naturally died animals. The 

authors affirm that all experimental methods adhered to the appropriate laws and 

regulations. 
 

Table 3.1: Sample details used for genetic analysis of Bharal from ‗the Indian 

Himalayas 

Region Sample Type n (Total) Status 

western 

Himalayas 

Faecal, Tissue 31 Wild, Deceased 

eastern 

Himalayas 

Faecal 16 Wild 

 PCR Amplification & Cycle Sequencing 

Species identification and genetic diversity of Pseudois nayaur was conducted by 

sequencing of the mitochondrial cytochrome b gene and control region. PCR 

amplifications were conducted in 10 μL reaction volumes including 1× PCR buffer 

(50 mM KCl, 10 mM Tris-HCl, pH 8.0), 0.25 mM of each dNTP, 1.5 mM MgCl₂, 3 

pmol of each primer, 0.6 units of DreamTaq DNA Polymerase (Thermo Fisher 

Scientific, USA), and 4 μL of genomic DNA template. The thermocycling protocol 

comprised an initial denaturation at 95 °C for 5 minutes, succeeded by 38 cycles of 

denaturation at 95 °C for 45 seconds, annealing at 56 °C for 45 seconds, and extension 

at 72 °C for 90 seconds, culminating in a final extension at 72 °C for 10 minutes. 

Positive and negative controls were incorporated to guarantee the reliability of 

amplification. PCR products were seen on a 2% agarose gel stained with ethidium 

bromide (0.5 μg/mL) and examined under a UV transilluminator. 
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Products that were successfully amplified underwent purification with alkaline 

phosphatase and Exonuclease I at 37 °C for 20 minutes, then followed by enzyme 

inactivation at 85 °C for 15 minutes. The purified amplicons were sequenced 

bidirectionally with the BigDye Terminator v3.1 Cycle Sequencing Kit‘ and examined 

on an Applied Biosystems 3500 XL Genetic Analyzer. 

 Microsatellite Loci Amplification and Genotyping 

‗Eight microsatellite loci—INRA001 (Vaiman et al., 1994), Ca18 (Gaur et al., 2003), 

RT1 (Poetsch et al., 2001), FS59, FS120, SY58, SY112 (Chang et al 2012) and T156, 

(Jones et al., 2000) (Table 3.2) were chosen for ‗the population genetic analysis of 

Pseudois nayaur. These loci were selected for their effective cross-amplification in 

related ungulate species. Multiplex primers were meticulously‘ constructed according 

to molecular size and fluorescent dye labeling of the loci. In order to ensure accuracy 

and reduce amplification errors, each sample was subjected to multiplex PCR 

reactions in 10 μL volumes, comprising 5 μL of QIAGEN Multiplex PCR Buffer Mix 

(QIAGEN Inc.), 0.2 μM of each labeled forward primer (Applied Biosystems), 0.2 

μM of each unlabeled reverse primer, and 20–100 ng of genomic DNA. 

The PCR cycling protocol included an initial denaturation at 95 °C for 15 minutes, 

succeeded by 35 cycles including denaturation at 95 °C for 45 seconds, annealing at 

55 °C for 1 minute, extension at 72 °C for 1 minute, and a concluding extension at 

60 °C for 30 minutes. Each batch had positive and negative controls to assess response 

fidelity. Amplified alleles were examined on an ABI 3500XL Genetic Analyzer 

(Applied Biosystems) with the LIZ 500 Size Standard (Applied Biosystems) and 

processed with GeneMarker version 2.7.4 (Hulce et al., 2011)‘. 
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Table 3.2: Microsatellite Locus for Bharal (Pseudois nayaur) Population Genetic 

Analysis 

LOCUS Primer Sequence Size(bp) dye 
Refer 

ences 

FS59 F: GCGCGTATGTGTGTCTGAGT  

261–273 

 

FAM 

Chang 

et al 

2012 R: TGTTGTTTTTAAGTCACCCAGTCT 

FS120 F: CAGTTTAGGGACTCTTCCTCTGG  

237–255 

 

PET 

 

R: AACAGGATCCTTGCTGAACG 

SY58 F: CTATTGAACCTGTATCTCCCCC-3′  

197–205 

 

PET 

Chang 

et al 

2012 R: GCATTCTGGCTCTGGCAA-3′ 

SY112 
F: TCA ATA ATC AGG GCA GGC TC-3´ 

 

192-202 

 

6FAM 

Chang 

et al 

2012 
R: GTC CTT GTG TAG TCT GTG TGG 

G-3´ 

 

T156 

 

F: TCTTCCTGACCTGTGTCTTG 

 

 

131-217 

 

 

GREEN 

Jones 

et 

al.,20 0 

R: GATGAATACCCAGTCTTGTCTG 

INRA 
F: GGGTGTGACATTTTGTTCCC 

 

110-170 

 

FAM 

Vaima n

 et 

al., 

1994 
R:CTGCTCGCCACTAGTCCTTC 

CA18 F: TTCCGTCTCTCCCCTTAATA  

128–136 

 

FAM 

Gaur et 

al., 2003 

R: TGGATCTGAGATTTCTGCTG 

RT1 
F:TGCCTTCTTTCATCCAACAA 

 

220-240 

 

FAM 

Poetsc h

 et 

al., 

2001 
R:CATCTTCCCATCCTCTTTAC 
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 Data Analysis 

• Mitochondrial DNA Sequence Analysis 

Sequences were acquired from both forward and backward orientations and 

subsequently aligned and modified with SEQUENCHER® v4.9 (Gene Codes 

Corporation, Ann Arbor, MI, USA). The sequences were subsequently aligned 

individually‘ utilizing CLUSTAL X v1.8 inside BioEdit (Hall, 1999). The Bayesian 

Information Criterion (BIC) was utilized for selecting the optimal DNA substitution 

models for phylogenetic tree reconstruction via MEGA 11. The TN93 + G + I model 

was utilized for ‗the control region (CR) sequences, whereas the K2 + G model was 

employed for ‗the cytochrome b (cyt b) sequences. Bayesian inference was performed 

with BEAST X v10.5 (Drummond et al., 2012) under a stringent molecular clock. 

The research was conducted over 10 million generations, sampling one tree every 

10,000 generations, with a burn-in period of 5,000 generations. A 10% burn-in period 

was used, and parameter convergence was evaluated utilizing TRACER v1.7 

(Drummond et al., 2012). The Bayesian Skyline Plot (BSP) was generated utilizing 

the MCMC approach in BEAST X v10.5, and genetic diversity indices, including 

haplotype diversity (Hd) and nucleotide diversity (π), were computed using DnaSP 

v5.10 (Librado and Rozas, 2009). Population history was assessed using Tajima's D 

(Tajima, 1989) and Fu's Fs (Fu, 1997) tests in conjunction with a mismatch 

distribution analysis. 

• Microsatellite Analysis 

Microsatellite genotyping was used on all genetically‘ verified Pseudois nayaur 

samples. Of the eighteen loci examined, eight microsatellite markers were 

successfully amplified and applied for next research (Chang et al., 2012). The PCR 

amplification was carried out following the 2020 Gao et al. (2020) established 

technique. Using a Genetic Analyzer (Applied Biosystems, Foster City, USA), 

fluorescence-based genotyping was run with allele scoring done in GeneMapper v4.1 

(Applied Biosystems, USA). Based on minimal or no genotyping errors, extremely 

tiny amplicon sizes, high amplification success rates, and strong discriminating 

ability to minimize overestimation of individuals, we chose eight loci for person 

identification. The count of distinct individuals was assessed utilizing GeneCap 

v1.2.2 (Wilberg et al., 2004), while ‗the polymorphic information content (PIC) for 
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each locus was computed with CERVUS v3.0 (Kalinowski et al., 2007). Genetic 

diversity indicators, such as the number of observed alleles (Na), effective alleles 

(Ne), observed heterozygosity (Ho), anticipated heterozygosity (He), and Wright‘s 

inbreeding coefficient (FIS) for each locus, were computed utilizing GENALEX v6.5 

(Peakall et al., 2012). 

3.3 Results 

 Demographic Analysis 

The gene diversity analysis of the control region in several regions indicates diverse 

patterns of genetic variation (Table 3.3). The population in the western Himalayas 

demonstrates considerable haplotype diversity (Hd = 0.96) and nucleotide diversity 

(π = 0.0183), suggesting a rich genetic reservoir. In Ladakh, a reduced nucleotide 

diversity (π = 0.0069) is noted, accompanied by high haplotype diversity (Hd = 0.8), 

indicating high genetic variation. The population of Himachal Pradesh has the 

moderate haplotype diversity (Hd = 0.53) and nucleotide diversity (π = 0.0032), 

reflecting limited genetic variation within the region. In Uttarakhand, the population 

exhibits elevated haplotype diversity (Hd = 0.95) and nucleotide diversity (π = 

0.0265), implying a high level of genetic variability. The eastern Himalayas show 

high haplotype diversity (Hd = 0.91) and nucleotide diversity (π = 0.0112), high 

genetic diversity. The total sample (n = 40) exhibits high haplotype diversity (Hd = 

0.97) and moderate nucleotide diversity (π = 0.0609), suggesting overall genetic 

stability and diversity across the sampled regions. 
 

Table 3.3. Gene diversity of control region (h), nucleotide diversity (π), for control 

region. 

Location Number   

of 

Samples 

Number of 

Haplotypes 

(H) 

Haplotype 

Diversity 

(Hd) 

Nucleotide 

Diversity (π) 

Western 

Himalayas 

35 19 0.96 0.0183 

Ladakh 8 4 0.8 0.0069 

Himachal 

Pradesh 

6 2 0.53 0.0032 
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Uttarakhand 21 13 0.95 0.0265 

Eastern 

Himalayas 

5 4 0.91 0.0112 

Total 40 23 0.97 0.0609 

Table 3.4 displays the overall gene diversity of the cytochrome b (Cyt b) region across 

several Himalayan regions, specifically the western Himalayas, eastern Himalayas. 

In the western Himalayas, six haplotypes were observed, with a haplotype diversity 

(Hd) of 0.7 and a nucleotide diversity (π) of 0.0053, indicating moderate genetic 

variation. The eastern Himalayas exhibited four haplotypes with high haplotype 

diversity (Hd = 0.99) and nucleotide diversity (π = 0.0261), reflecting a substantial 

level of genetic variability within the population. In the Indian Himalayas, 10 

haplotypes were identified, with a haplotype diversity of 0.76 and a nucleotide 

diversity (π = 0.00994), suggesting moderate genetic differentiation across the region. 

Overall, the results indicate that gene diversity in the cyt b region is consistently 

distributed across these Himalayan regions, with no notable deviations suggesting 

population expansion or contraction. 

Table 3.4. Gene diversity of cyt b (h), nucleotide diversity (π) 

Location No.  of 

Haplotype (H) 

Haplotype 

Diversity (Hd) 

Nucleotide 

Diversity (π) 

Western Himalayas 6 0.7 0.0053 

Eastern Himalayas 4 0.99 0.0261 

Overall 10 0.76 0.00994 

 

The genetic diversity indices presented in Table 3.5 compare eight microsatellite loci 

across P. n. nayaur and P. n. szechuanensis populations, revealing moderate to high 

genetic variation in both groups. On average, P. n. nayaur exhibited slightly higher 

allelic richness (Na = 5.75) and effective number of alleles (Ne = 3.936) than P. n. 

szechuanensis (Na = 3.875; Ne = 2.887), indicating greater overall genetic variability. 

Observed heterozygosity (Ho) and expected heterozygosity (He) were also generally 

higher in P. n. nayaur (Ho = 0.632; He = 0.689) compared to P. n. szechuanensis (Ho 

= 0.626; He = 0.612), though both populations showed relatively balanced 

heterozygosity levels. Several loci (e.g., FS120 and CA18) in P. n. nayaur 
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demonstrated high polymorphism information content (PIC > 0.80), supporting their 

informativeness for population genetic studies. Most fixation index (F) values were 

negative, particularly in P. n. szechuanensis, suggesting an excess of heterozygotes 

and possible outbreeding or avoidance of inbreeding. The overall nuclear DNA result 

of Ho was 0.67and He was 0.65, followed by Na was 4.81. Shannon's Information 

Index (I) was 1.26 also showed the population is stable, followed by Fixation index 

(F) -0.12 showed the moderate genetic diversity. 

The results indicate considerable genetic diversity within the Bharal population 

throughout the two locations, accompanied by rather stable genetic characteristics, 

suggesting evolutionary resilience and limited recent bottleneck effects. Collectively, 

the findings support the existence of healthy gene pools in both lineages, though 

slightly elevated genetic diversity in P. n. nayaur may reflect broader distribution, 

larger population size, or more extensive historical gene flow. 
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Table 3.5: Genetic Diversity Indices for Different Loci in Populations P. n. nayaur and P. n. szechuanensis. 

Pop       Locus N Na Ne I Ho He F PIC 

P. n. nayaur FS120 35 9.000 7.292 2.080 0.514 0.863 0.875 0.881 

FS59 36 3.000 2.610 1.014 0.833 0.617 0.626 0.623 

INRA 36 6.000 3.939 1.481 0.500 0.746 0.757 0.803 

RT1 36 7.000 5.773 1.822 0.806 0.827 0.838 0.786 

SY112A 36 5.000 3.384 1.392 0.528 0.704 0.714 0.610 

SY58 35 4.000 1.641 0.726 0.200 0.391 -0.396 0.579 

CA18 36 6.000 4.386 1.613 0.889 0.772 -0.783 0.814 

T156 36 6.000 2.457 1.212 0.750 0.593 -0.601 0.632 

P. n. 

szechuanensis 

FS120 11 6.000 5.378 1.736 0.818 0.814 -0.853 0.788 

FS59 14 3.000 2.178 0.876 0.857 0.541 -0.561 0.453 

INRA 14 5.000 2.800 1.257 0.571 0.643 0.667 0.803 

RT1 12 4.000 3.470 1.317 0.833 0.712 0.743 0.663 

SY112A 14 4.000 1.712 0.832 0.357 0.416 -0.431 0.691 

SY58 14 2.000 1.912 0.670 0.500 0.477 -0.495 0.363 

CA18 14 4.000 2.992 1.177 0.643 0.666 -0.690 0.601 

T156 14 3.000 2.649 1.035 0.429 0.622 0.646 0.551 

Mean  24.563 4.813 3.411 1.265 0.677 0.650 -0.124 0.7257 

SE  2.897 0.449 0.399 0.102 0.052 0.036 0.036 - 

Note: N= number of samples, Na = number of alleles, Ne = No. of Effective Alleles, I = Shannon's Information Index, HO = observed 

heterozygosity; HE = expected heterozygosity, F=fixation index, PIC = Polymorphic Information Content 
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3.4 Discussion 

The genetic diversity analysis of Bharal populations in the Himalayan regions 

revealed pronounced patterns of variation, with distinct genetic structures evident in 

the western and eastern Himalayas. In the western Himalayas, nucleotide diversity 

(π = 0.0183) and haplotype diversity (Hd = 0.96) were notably high, suggesting a 

neutral evolutionary process and stable population dynamics. This pattern is 

consistent with Singh et al. (2023) for the Himalayan tahr (Hemitragus jemlahicus), 

which also reported high genetic diversity in the western Himalayas, and with 

Cancellare (2023) for snow leopard (Panthera uncia) populations in the same region, 

both studies reinforcing the inference of stable, neutral evolutionary processes. 

Conversely, the Ladakh population exhibited lower nucleotide diversity (π = 0.0069) 

and moderate haplotype diversity (Hd = 0.8), indicative of possible population 

expansion or selective sweeps. This trend parallels Tumendemberel (2020) for the 

black bear in the eastern Himalayas, where selective pressures or declines were 

proposed (Table 3.5). Although no definitive bottleneck or demographic 

contraction was detected in our data, the genetic differentiation between Ladakh 

and western Himalayan populations suggests a complex evolutionary history 

shaped by environmental conditions and potential selection mechanisms (Table 

3.5). 

The Himachal Pradesh population displayed the lowest genetic variation, with 

haplotype diversity (Hd = 0.53) and nucleotide diversity (π = 0.0032). This contrasts 

with Jabin et al. (2023) for Himalayan ibex (Capra sibirica) in the eastern Himalayas, 

who attributed declining nucleotide diversity to habitat fragmentation and 

environmental stress. In contrast, our results indicate a relatively consistent 

population with neutral evolutionary tendencies and no clear evidence of substantial 

fragmentation or environmental stress in Himachal Pradesh. 

In the eastern Himalayas, populations showed nucleotide diversity (π = 0.0112) and 

high haplotype diversity (Hd = 0.91). These values are broadly comparable to Sharief 

et al. (2025) for musk deer in the same region, where high haplotype diversity was 

observed alongside signs of population decline—signals that were not strongly 

evident in our study. Nevertheless, the observed patterns may still reflect the 

influence of localized environmental or ecological pressures on population genetic 

structure. 



80  

Across all sampled regions, mtDNA analysis revealed high haplotype diversity (Hd 

= 0.97) and moderate nucleotide diversity (π = 0.0609), indicating a stable and well- 

preserved population structure. This aligns with Dolker et al. (2023) for Bharal 

populations in Tibet, where high genetic diversity was attributed to the effects of 

population isolation on genetic variation. Nuclear DNA results showed observed 

heterozygosity (Ho) of 0.67, expected heterozygosity (He) of 0.65, and mean number 

of alleles (Na) of 4.81. The fixation index (F) was −0.12, indicating moderate genetic 

diversity without inbreeding, and Shannon‘s information index (I) of 1.26 supported 

the conclusion of population stability across the Himalayan range. 
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Chapter-4 

To investigate population genetic structure, gene flow, and 

demographic history of bharal 

4.1 Background 

Bharal (Pseudois nayaur) are a keystone herbivore inhabiting the high-altitude 

landscapes of the Indian Himalayan Region (IHR). As a principal prey species for 

apex predators such as the snow leopard (Panthera uncia), they play a critical role in 

maintaining ecosystem balance (Schaller, 1977; Mishra et al., 2004). Their extensive 

morphological and ecological adaptations enable survival in some of the most 

extreme environments on Earth, allowing them to occur widely across the Himalayas, 

the Tibetan Plateau, and adjacent high-altitude ranges (Groves & Grubb, 2011; 

Wilson & Mittermeier, 2011). Despite this broad distribution, the genetic structure, 

gene flow, and demographic history of Bharal populations in the western Himalayas 

(WH) and eastern Himalayas (EH) remain poorly understood. 

 

Molecular phylogenetic studies have substantially advanced our understanding of 

high-altitude ungulate diversity, including that of Bharal. Previous research has 

revealed marked genetic differentiation across populations spanning the Himalayas 

and Tibetan Plateau, indicating the presence of two distinct evolutionary lineages. 

Recent analyses suggest that EH populations are genetically closer to P. n. 

szechuanensis, the Chinese Bharal largely restricted to the Tibetan Plateau, whereas 

WH populations are more closely aligned with P. n. nayaur. This divergence is likely 

shaped by historical glacial cycles, river systems, complex topography, and other 

biogeographic barriers constraining gene flow and population connectivity (Avise, 

2000; Hewitt, 2004). 

 

While these broad phylogeographic patterns are increasingly evident, fine-scale 

studies addressing intra-population genetic variation and the role of environmental 

variables in shaping population structure remain scarce. The mechanisms underlying 

past connectivity between WH and EH populations, and the extent of contemporary 

gene flow, are also largely unexplored. Understanding these factors is essential for 
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conservation, particularly given the substantial genetic differentiation between the 

two regions (Erard et al., 2004). 

 

To address these knowledge gaps, this study investigates gene flow, demographic 

history, and population genetic structure of Bharal across the IHR, alongside their 

evolutionary relationships inferred from mitochondrial DNA and microsatellite 

markers. We hypothesise that WH and EH populations represent distinct 

Evolutionarily Significant Units (ESUs), requiring region-specific conservation 

approaches. By clarifying patterns of genetic variation and phylogenetic 

relationships, this work aims to inform future management strategies for this 

ecologically important high-altitude ungulate. 

 

4.2 Methodology 

 Sample Collection and DNA Extraction 

For this study, 47 fecal samples of Pseudois nayaur were collected from diverse 

locations in the Indian Himalayas for genetic analysis. While 16 samples came from 

the eastern Himalayas (EH), most famously from Sikkim (Fig 4.1), 31 samples 

were collected from the western Himalayas (WH), including the Union Territory of 

Ladakh, Uttarakhand, and Himachal Pradesh. 

 

Fig. 4.1 A map showing the distribution and sampling locations for the current 

study. Yellow circles indicate the location of the sampling sites. 
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Genomic DNA (gDNA) was isolated from fecal specimens. For deteriorated samples 

(feces and bones), we employed a Gu-HCl-based silica binding technique, whereas 

DNA from fresh tissue samples was extracted utilizing the DNeasy Blood & Tissue 

Kit (Qiagen, Hilden, Germany). The purity of DNA was assessed using 0.8% agarose 

gel electrophoresis stained with ethidium bromide, and its concentration was 

quantified using a QIAxpert spectrophotometer (Qiagen, Germany). All extractions 

were conducted in a specialized laboratory with rigorous contamination control 

measures. Approval from the Animal Ethics Committee was unnecessary as the 

samples were gathered non-invasively from feces or naturally died animals. The 

authors affirm that all experimental methods adhered to applicable rules and 

legislation. 

 PCR Amplification 

Polymerase chain reaction (PCR) amplifications were conducted in 20μl volumes 

including 10–20 ng of extracted genomic DNA, 1× PCR buffer (Applied Biosystems), 

2.5mM MgCl2, 0.2 mM of each dNTP, 5 pmol of each primer, and 5 units of Taq 

DNA polymerase (Thermo Scientific). PCR amplification was performed using 23 

overlapping segments of complete mitochondrial DNA (Hassanin et al., 2012). We 

also included fragments of the whole Cytochrome b (Bhatt et al., 2020) and 

Cytochrome c oxidase subunit-I gene (Kundu et al., 2019) to improve the overlap. 

The PCR process for DNA amplification consisted in an initial denaturation at 95°C 

for 5 minutes, followed by 35 cycles of denaturation at 95°C for 40 seconds, annealing 

at 54–56°C for 40 years, extension at 72°C for 50 years, and a last extension at 72°C 

for 15 years. One assessed the accuracy and efficiency of the responses by use of 

controls. PCR results were electrophoresis on a 2% agarose gel under UV light and 

using Ethidium bromide dye. To eliminate any remaining primer, the amplified PCR 

products were subjected to 15 minutes at 37ºC and 80ºC respectively using 

Exonuclease I and Shrimp alkaline phosphatase (USB, Cleveland, OH). The pure 

amplicons were then sequenced bidirectionally using BigDye Terminator 3.1 and an 

automated Genetic Analyser 3500XL ( Applied Biosystems, Carlsbad, CA, USA). 

 Microsatellite loci amplification and genotyping 

Eight microsatellite loci—INRA001 (Vaiman et al., 1994), Ca18 (Gaur et al., 2003), 

RT1,(Poetsch et al., 2001), FS59, FS120, SY58, SY112 (Chang et al 2012) and T156, 
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(Jones et al., 2000) were chosen for the population genetic analysis of Pseudois 

nayaur. These loci were selected for their effective cross-amplification in related 

ungulate species. Indiviualy of multiplex were meticulously constructed according to 

molecular size and fluorescent dye labeling of the loci. 

To ensure accuracy and reduce amplification errors, each sample was subjected to 

multiplex 

PCR reactions in 10 μL volumes, comprising 5 μL of QIAGEN Multiplex PCR Buffer 

Mix (QIAGEN Inc.), 0.2 μM of each labeled forward primer (Applied Biosystems), 

0.2 μM of each unlabeled reverse primer, and 20–100 ng of genomic DNA. The PCR 

cycling protocol included an initial denaturation at 95 °C for 15 minutes, succeeded 

by 35 cycles including denaturation at 95 °C for 45 seconds, annealing at 55 °C for 1 

minute, extension at 72 °C for 1 minute, and a final extension at 60 °C for 30 minutes. 

Each batch had positive and negative controls to assess response fidelity. Amplified 

alleles were examined on an ABI 3500XL Genetic Analyzer (Applied Biosystems) 

with the LIZ 500 Size Standard (Applied Biosystems) and processed with 

GeneMarker version 2.7.4 (Hulce et al., 2011). 

 Data Analysis 

Sequences adopted from both forward and reverse orientations were aligned and 

altered using SEQUENCHER® v4.9 (Gene Codes Corporation, Ann Arbor, MI, 

USA). Later, the sequences were individually aligned using CLUSTAL X v1.8 within 

BioEdit (Hall, 1999). MEGA 11 (Tamura et al., 2021) allowed one to calculate the 

genetic p-distance among sequences. Using MEGA 11, the best DNA substitution 

models were chosen using the Bayesian Information Criteria (BIC), for phylogenetic 

tree reconstruction. The control region (CR) sequences used the TN93 + G + I model; 

the cytochrome b (cyt b) sequences used the K2 + G model. 

Using STRUCTURE 2.3.4 (Pritchard et al., 2000), we performed a Bayesian 

clustering analysis to determine the most likely count of genetic groups in India. 

Presuming allele frequencies to be independent, we investigated our data using the 

admixture model with a burn-in of 10,000 and then 100,000 MCMC (Markov chain 

Monte Carlo) replications. Ten separate experiments for every cluster configuration 

(K) ranging from 1 to 10 were carried out. Using the online program STRUCTURE 

HARVESTER (Earl 2012), we determined the statistically best number of clusters 
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(K) by using the ΔK measure. Using the ADEGENET program, the DAPC method 

was used to count the genetic clusters in the population (Jombart et al., 2010). Without 

requiring Hardy-Weinberg equilibrium, DAPC is a multivariate, model-free strategy 

that maximizes genetic difference across groups with unknown prior clusters thereby 

improving population discrimination. FCA was performed using the GENETIX 4.05 

program (Belkhir 2004). CONVERT 1.31 (Glaubitz 2004) was utilized to transform 

the necessary input file format. Pairwise FST values among the populations were 

computed using GenAlEx version 6.5 (Peakall et al., 2006). 

 Predictor Selection for Suitability Modeling Using MaxEnt 

A dataset including 14 predictor factors was first employed to simulate the likely 

distribution of Bharal. We utilized six bioclimatic layers sourced from the Worldclim 

database (Fick and Hijmans 2017), four topographic variables (elevation, slope, 

aspect, and terrain ruggedness index) from the SRTM dataset 

(http://srtm.csi.cgiar.org/srtmdata), and two land use/land cover classes (Barren land 

and Grassland) from https://lpdaac.usgs.gov/products/mcd12q1v006/. We created 

distinct Euclidean layers for highways and rivers to examine if these factors affect the 

distribution of Bharal. Among the 14 variables, we analyzed their collinearity 

(Spearman correlation coefficient r > 0.7), yielding seven uncorrelated variables for 

the western Himalayas and six for the eastern Himalayas (r < 0.7). Only a limited 

number of factors were considered physiologically important for the ecological 

requirements of Bharal from both regions. They were employed for additional 

analysis after scaling the selected variables to 30 arc seconds, or approximately 1 km 

near the equator. Analysis was conducted using Arc GIS v10.5 and the R package 

'coordinatecleaner' (Zizka et al. 2019). Model procedures were executed using 

MaxEnt v3.4.4 (Phillips & Dudík 2024) subsequent to the analysis of Bharal 

distribution and environmental variable data. The model's maximum iterations were 

established at 500, with 10 cycles designated, cross-validation selected for repetition 

classification, and the substantial impact of chosen environmental factors on 

predicting the suitable distribution area of Bharal assessed. 

 Spatial genetic analysis 

http://srtm.csi.cgiar.org/srtmdata)
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The correlation between paired genetic and geographic distances was analyzed to 

identify the pattern of isolation by distance among the separated regions, utilizing 

Mantel‘s test as implemented in Alleles in Space 1.0 (Miller et al., 2005). 

4.3 Results 

 Pairwise Genetic Differentiation 

The pairwise genetic differentiation values (below the diagonal) and their 

corresponding standard errors (above the diagonal) among six mitochondrial genome 

sequences of Pseudois nayaur (Bharal), including different subspecies are shown in 

table 4.1. The greatest genetic difference (4.1%) is noted in 

Mitochondrial_genome_India_1 and JX101653.1_P. nayaur, signifying considerable 

divergence. The minimal difference (1.9%) is seen between NC_020632.1_P. nayaur 

and both KP998469.1_P. n. szechuanensis and KJ784494.1_P. n. szechuanensis, 

indicating close genetic affiliations. The P. n. szechuanensis sequences exhibit 

minimal genetic divergence both among themselves and in comparison, to 

NC_020632.1_P. nayaur, whereas JX101652.1_P. n. nayaur has significant 

difference from all other sequences. The consistently low standard errors (between 

0.001 and 0.002) signify a high level of confidence in the results. These findings 

underscore differing levels of genetic variability within populations, indicating 

potential historical isolation, geographic diversification, or subspecies-level 

organization among Pseudois nayaur. 

Table 4.1. Genetic differentiation among Bharal species of Pseudois nayaur are 

presented (below the diagonal) and their standard errors (above the diagonal). 

Species 1. 2. 3. 4. 5. 6. 

Mitochondrial_genome_ 

India_1 

- 0.002 0.002 0.002 0.002 0.002 

JX101653.1_P. nayaur 0.041 - 0.002 0.002 0.002 0.002 

NC_020632.1_P. nayaur 0.038 0.033 - 0.001 0.001 0.002 

KP998469.1_P.n. 

szechuanensis 

0.039 0.035 0.019 - 0.001 0.002 

KJ784494.1_P.n. 

szechuanensis 

0.038 0.033 0.019 0.020 - 0.002 
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JX101652.1_P.n.nayaur 

 

0.037 0.036 0.034 0.035 0.034 - 

 Demographic Analysis 

The outcomes of demographic analysis for several populations of Bharal (Pseudois 

nayaur) employing Tajima‘s D and Fu‘s Fs statistics (table 4.2). The P. n. nayaur 

population has a marginally positive Tajima‘s D (0.46) and a significantly negative 

Fu‘s Fs (-5.417), but non-significant P – value indicating potential historical stable 

selection rather than current population growth. Conversely, P. n. szechuanensis has 

positive values for both statistics (Tajima‘s D = 1.365; Fu‘s Fs = 0.461), but non- 

significant P – value suggesting population in equilibrium stage. Finally, The P. 

nayaur population has a negative Tajima‘s D (-0.875) and Fu‘s Fs (-0.63), over all 

Bharal population in equilibrium stage due to non-significant P – value of cyt b.. 

Collectively, these findings suggest that none of the groups demonstrate substantial 

evidence of recent expansion. 

Table 4.2. Demographic analysis shows the Bharal populations had not 

undergone an expansion 

Population Tajima’s Da Fu’s Test 

(Fs) 

P-value 

(Tajima’D 

and Fu’s 

Test) 

P.n.nayaur 0.46 -5.417 P > 0.10 

P.n.szechuanensis 1.365 0.461 P > 0.10 

P.nayaur -0.875 -0.63 P > 0.10 

 

The neutrality test findings for the control region (D-loop) region across several 

geographic populations of Pseudois nayaur show no significant variation from 

neutrality, with Tajima's D and Fu's Fs values yielding P > 0.10. The western 

Himalayas, Ladakh, Himachal Pradesh, and Uttarakhand all had positive Tajima's D 

and Fu's Fs values, but non-significant P – value indicating potential historical stable. 

Although the eastern Himalayas had a negative Tajima's D (-0.6464), but non- 

significant P – value which would suggest a population is stable (table 4.3). Likewise, 
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the total population showed almost neutral values (D = -0.1243; Fs = 5.3), but non- 

significant P – value So supporting the inference that the Bharal populations over the 

Himalayan range are essentially developing under neutral conditions with strong 

evidence of demographic stability. 

Table 4.3. Neutrality Test using Tajima‘s (D), and Fu‘s (Fs) for control 

region. 

Location Tajima’s D Fu’s Test 

(Fs) 

P-value (Tajima’s 

 

D and Fu’s Test) 

Western 

Himalayas 

0.3944 0.033 P > 0.10 

Ladakh 1.4025 3.011 P > 0.10 

Himachal 

Pradesh 

1.2188 3.696 P > 0.10 

Uttarakhand 1.0116 0.825 P > 0.10 

Eastern 

Himalayas 

-0.6464 1.467 P > 0.10 

Total -0.1243 5.3 P > 0.10 

 

The Bayesian skyline map, shown in Figure 4.2 shows a comparatively constant 

effective population size across time. Demographic stability in the species' 

evolutionary history is suggested by the lack of clear signs of either population 

growth or decrease. The 95% greatest posterior density (HPD) intervals are shown 

by the shaded region, which shows some degree of uncertainty but a generally stable 

population size over time.Figure (b) illustrates the mismatch distribution study by 

comparing the actual pairwise differences (blue dashed line) with the predicted 

distribution under a unimodal model of rapid population increase (red line). The 

observed curve suggests that the population has not experienced recent demographic 

growth due to its multimodal form and deviation from the anticipated unimodal 

distribution. This is further supported by a difference between the actual and expected 

distributions. All of these findings point to a long history of demographic stability 

for the Bharal population, with no indications of recent expansions or bottlenecks. 
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Fig. 4.2 Bayesian Skyline Plot 

 

 

 Amova Analysis 

The Analysis of Molecular Variance (AMOVA) shows that individuals (66%) had 

the largest proportion of genetic variation in Pseudois nayaur populations, therefore 

suggesting considerable heterozygosity at the individual level (table 4.4 & fig 4.3). 

Variation among populations suggests modest genetic difference between groups as 

22% of the total genetic variance can be explained by it. In addition, 12% of the 

variance among Bharal living in populations reflects some level of genetic diversity 

inside every community. These findings underline the need of preserving genetic 

variety at both the population and individual levels as most genetic variation persists 

inside Bharal even if population structure exists. 

Table 4.4: Genetic Variation Partitioned Among Populations, Individuals, and 

Within Individuals 

Source df SS MS Est. Var. % 

Among Pops 1 35.615 35.615 0.770 22% 

Among Indiv 45 140.853 3.130 0.411 12% 

Within Indiv 47 108.500 2.309 2.309 66% 

Total 93 284.968 41.054 3.489 100% 
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Fig. 4.3 Genetic Variation Partitioned Among Populations, Individuals, 

and Within Individuals 

 

 

 Population genetic structure and genetic differentiation 

Figure 4.4 depicts the correlation between the Bayesian Information Criterion (BIC) 

and the quantity of clusters in a clustering study, wherein a diminished BIC signifies 

a more ideal model that balances fit and complexity. A notable fall in BIC is noted 

when the number of clusters rises from 1 to 2, then followed by a progressive 

reduction till five clusters. The ideal BIC value occurs at four clusters, showing that 

this arrangement achieves the best balance between fit and simplicity. Beyond four 

clusters, BIC values show slight variations without a consistent decrease, suggesting 

that further clusters either could cause overfitting or not significantly improve model 

quality. Four is the optimal number of clusters for the dataset as it offers the best 

balance between explanatory
‘
 efficacy and complexity. 
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Fig. 4.4 The relationship between the number of clusters and the Bayesian 

Information Criteria (BIC) 

Figure 4.5 illustrates a non-bayesian clustering Discriminant Analysis of Principal 

Components (DAPC) plot, a multivariate technique frequently utilized in population 

genetics to depict genetic diversity within established groups by integrating Principal 

Component Analysis (PCA) and Discriminant Analysis (DA). This scatterplot 

displays individual points, with ellipses indicating the dispersion and central 

tendency of the four genetic groups, designated 1 to 4, inside the reduced multivariate 

space. The figure demonstrates distinct genetic architecture among the groupings 

showing significant genetic difference, whereas Cluster 2 (brown) represent the 

eastern Himalaya population and also exhibits pronounced separation, implying 

historical isolation or restricted gene flow. Conversely, Clusters 1 (blue), 3 (orange), 

and Clusture 4 (brown) represent the western Himalaya population exhibit partial 

overlap, indicating a level of genetic closeness or recent gene flow between them. 

The DA eigenvalues barplot (top left) demonstrates the variance percentage 

elucidated by the discriminant functions, while the PCA eigenvalues plot (top right) 

indicates the contribution of the principal components included in the study. The 

pronounced geographic segregation among the clusters indicates a substantial genetic 
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structure among the tested populations, providing insights into their evolutionary 

history, migratory patterns, and possible impediments to gene flow. 

 

Fig. 4.5 Non-Bayesian pattern of Bharal with DAPC 

Figure 4.6 Bayesian clustering depicts the results of a population structure analysis for 

two groups, WH and EH, using varying numbers of genetic clusters (K = 2 to K = 6). A 

significant genetic difference is shown at K=2; WH is mostly connected to the red cluster 

and EH to the green cluster, therefore indicating an obvious division between the two 

groups. Further substructure within WH becomes obvious when K increases to 3 and 4, 

with the appearance of additional colour components (blue and yellow), therefore 

highlighting genetic structure in this group. With K=5, the structure gets more complex, 

as several individuals have mixed ancestry, indicating admixture events or more nuanced 

genetic difference. At K=6, the complexity of the population structure escalates, 

especially within WH, with the formation of additional clusters (e.g., pink and cyan), but 

EH stays predominantly homogenous, consistently characterized by a singular cluster 

(green or cyan). These data indicate that the EH group retains genetic homogeneity, but 

the WH group displays significant genetic variation, potentially reflecting historical 

mixing or more extensive genetic origins. The ideal value of K is generally ascertained 

by model selection criteria, such as BIC or ΔK, 
‗
to reconcile the model's complexity with 

its explanatory efficacy. 
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Fig. 4.6. Bayesian clustering patterns of Bharal population at K2,K3,K4,K5,K6; 

Assignment at population level (cluster 1: Western Himalaya, cluster 2: Easter 

Himalaya); A (i): Mean L (K), A (ii) The ad hoc quantity (delta K) over 20 runs for 

each K value. The structure analysis was performed using STRU CTU RE v 2.3.4. 

 Analysis of Response Curves for Environmental Variables 

The response curves for critical parameters affecting the distribution of Bharal were 

delineated individually for the WH and Sikkim state in the EH region (Fig. 4.7). The 

minimum temperature of the coldest month (40.4%), elevation (19.9%), and 

maximum temperature of the hottest month (16.5%) substantially influenced the 

habitat selection of P. nayaur in WH. This species is restricted to exclusive, 

permanent, and secure habitats at elevated altitudes in mountains with little 

vegetation. Conversely, both factors, namely the minimum temperature of the coldest 

month (35.2%) and the maximum temperature of the warmest month (25.5%), 

significantly influenced distribution in the EH region, along with precipitation 

seasonality (13.6%), and played a crucial role in habitat selection of P. nayaur in 

Sikkim. 
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Fig. 4.7 Map of the suitable distribution area of Bharal in Western Himalayas and 

Sikkim (Eastern Himalayas) (MaxEnt v3.4.4) 

The figure 4.8 presents a heatmap that delineates the correlation between genetic 

distance and geographic distance (quantified in kilometers), frequently employed to 

investigate isolation by distance across populations. Each point is a pairwise 

comparison of individuals or groups, with the color gradient (from blue to red) 

denoting the density of observations— red suggesting greater densities and blue 

indicating lower densities. The heatmap indicates two separate high-density areas: 

one at short geographic distances (0–200 km) and another at greater distances 

(~1000–1200 km), both demonstrating increased genetic distances (about 5.5 to 6.5). 

These trends indicate that groups separated by both short and vast geographic 

distances may exhibit significant genetic diversity. The significant genetic distances 

seen across short geographic separations may suggest pronounced genetic structuring 

at confined geographical scales, either resulting from historical impediments to gene 

flow or local adaption. In contrast, the center portion of the figure (400–800 km) has 

diminished densities and decreased genetic distances, potentially indicating fewer 

pairwise comparisons or more uniform genetic links within this range. This 

discontinuity may signify a genetic interruption or a sampling deficiency. The 

findings indicate a clear isolation-by-distance trend, A genetic distance test (IBD) 

result indicated weak connectivity between WH and EH populations, signifying 

substantial genetic divergence (Fig 4.7). This divergence is likely due to variations 
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in bioclimatic conditions and topography, which have shaped distinct ecological 

niches for these populations (Ranjitsinh 2017; Joshi et al. 2022). 

 

Figure 4.8 Scatterplot showing the result of Mantel test for presence of IBD 

(Isolation by distance) between significance of geographical distance on the genetic 

distance (r = 0.381) in the Bharal population. Colour represent the relative density 

of point higher densities are represented by warmer colour while show the 

correlation between the distance matrices. IBD was performed in R.4.0 software 

with Adegenet version 1.3.4 package R. 

 

4.4 Discussion 

This study examined the genetic structure, demographic history, and environmental 

preferences of Pseudois nayaur (Bharal) populations across the western Himalayas 

(WH) and eastern Himalayas (EH) using complete mitochondrial genome sequences 

and microsatellite markers. The findings reveal pronounced population structuring, 

varying levels of genetic differentiation, and ecological divergence, offering 

important insights into the species‘ evolutionary history and conservation needs. 

 

Pairwise genetic differentiation based on mitochondrial sequences indicated 

moderate to high divergence among sampled individuals. The greatest genetic 

distance (4.1%) occurred between Mitochondrial_genome_India_1 and 

JX101653.1_P. nayaur, suggesting substantial divergence, whereas the lowest 

differentiation (1.9%) was observed among P. n. szechuanensis sequences and 
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NC_020632.1_P. nayaur, indicating close genetic affinity. These results support the 

presence of two distinct lineages: the WH Himalayan Bharal (P. n. nayaur) and the 

EH–Tibetan Chinese Bharal (P. n. szechuanensis), consistent with earlier studies 

(Tan et al., 2012; Gao et al., 2020). The relatively low divergence within the P. n. 

szechuanensis clade, coupled with their tight phylogenetic clustering, suggests either 

recent shared ancestry or ongoing gene flow among EH populations. 

Analysis of molecular variance showed that 66% of genetic variation occurred within 

individuals, 22% among populations, and 12% within populations, highlighting 

considerable within-individual genetic diversity. This pattern is comparable to that 

reported for other Himalayan Caprinae (Shrestha & Wegge, 2008; Aryal et al., 2015) 

and suggests moderate gene flow with localized differentiation, likely influenced by 

habitat fragmentation and rugged topography(Fig. 4.3). 

 

STRUCTURE and DAPC analyses revealed clear separation between WH and EH 

populations, most apparent at K = 2 and K = 5. EH individuals consistently formed 

a single genetic cluster, indicating homogeneity, whereas WH populations exhibited 

substantial admixture and higher genetic diversity—patterns consistent with broader 

historical gene flow, past population expansion, or secondary contact zones. The 

haplotype network further reflected this structure, with WH populations showing 

more interconnected haplotypes, potentially representing ancestral lineages. 

 

Ecological niche modelling and response curve analysis indicated distinct 

environmental preferences between the regions. In WH, the minimum temperature 

of the coldest month (40.4%) and elevation (19.9%) were the strongest predictors of 

habitat suitability, pointing to adaptations to cold, high-altitude conditions with 

minimal human disturbance. In contrast, EH (Sikkim) populations were influenced 

by both temperature and precipitation seasonality (13.6%), suggesting greater 

ecological plasticity but also sensitivity to seasonal climatic variation (Thapa et al., 

2011)(Fig. 4.7). These differences indicate ecological divergence driven by regional 

bioclimatic conditions. Projected climate change—particularly rising temperatures 

and altered precipitation regimes—may shift species distributions and population 

dynamics, underscoring the need for region-specific conservation planning. 

 

Neutrality tests using Tajima‘s D and Fu‘s Fs provided no strong evidence for recent 

demographic expansion in any population. P. n. nayaur showed slightly positive 
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Tajima‘s D values and significantly negative Fu‘s Fs, consistent with historical 

stability rather than recent growth. P. n. szechuanensis populations yielded positive 

but non-significant values, also suggesting demographic stability. These results align 

with earlier findings, supporting long-term equilibrium in Himalayan Bharal 

populations. 

 

The Mantel test revealed a moderate correlation (r = 0.381) between genetic and 

geographic distances, indicating isolation by distance (IBD) across the species‘ 

range. Combined with STRUCTURE and DAPC patterns, this supports the 

conclusion of limited gene flow and substantial geographic structuring, shaped by 

topographic complexity and historical climatic fluctuations (Ranjitsinh, 2017)(Fig 

4.6). 

 

In summary, this study presents strong evidence of significant genetic divergence, 

population structure, and ecological differentiation in Pseudois nayaur. The findings 

support the recognition of two Evolutionarily Significant Units, P. n. nayaur and P. 

n. szechuanensis and reinforce the importance of tailored, region-specific 

conservation strategies to maintain genetic diversity and adaptive potential. Future 

work employing genome-wide SNP datasets, ancient DNA, and landscape genetic 

modelling will be critical for refining conservation priorities and assessing adaptive 

capacity under accelerating environmental change in the Himalayas. 
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Chapter-5 

Summary of Results 

The genus Pseudois serves as an important model for understanding the evolutionary 

history and phylogeographic structuring of high-altitude ungulates in the Himalayan 

region. Pseudois nayaur (Bharal) is currently recognized as a single, widely 

distributed species inhabiting parts of China, the Indian Himalayas, and the Tibetan 

Plateau. However, previous research has shown that under the combined influence of 

complex topography, ecological heterogeneity, and historical climatic oscillations, P. 

nayaur exhibits pronounced genetic variation and potentially cryptic lineages across 

its range. 

 

The present study aimed to: (i) investigate the phylogenetic relationships of P. nayaur 

with other bovids; (ii) assess genetic diversity within Indian populations using 

mtDNA and microsatellite markers; and (iii) evaluate population genetic structure, 

gene flow, and demographic history across the Indian Himalayan Region (IHR). 

Chapter 1 introduced the ecological significance, distribution, and unresolved 

taxonomic issues surrounding P. nayaur. Chapter 2 explored phylogenetic 

relationships and phylogeographic structuring, revealing two major clades 

corresponding to the western Himalayas (WH) and eastern Himalayas (EH), with 

molecular clock analyses indicating divergence during the mid-Pleistocene. Chapter 

3 examined genetic diversity patterns, identifying considerable within-population 

variability and region-specific trends. Chapter 4 addressed demographic history, gene 

flow, and population genetic structure, revealing evidence of sub structuring, 

restricted recent expansion, and ecological niche variation linked to elevation and 

temperature. 

 

Overall, the findings provide strong evidence for the existence of evolutionarily 

significant units (ESUs) within P. nayaur, underscoring the need for region-specific 

conservation measures. These results contribute valuable genetic and ecological 

insights that may inform future taxonomic reassessments and conservation strategies 

for high-altitude species threatened by climate change and habitat fragmentation. 
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Objective 1 - Phylogenetic relationships 

As presented in Chapter 2, this objective examined the phylogenetic relationships and 

phylogeographic structure of P. nayaur across the Himalayas and adjacent regions 

using whole mitochondrial genome sequences and population-level sequencing. The 

mitogenome of P. nayaur consists of 13 protein-coding genes, 22 tRNAs, 2 rRNAs, 

and a control region, consistent with standard vertebrate mitochondrial architecture. 

Base composition analysis revealed AT bias and strand-specific nucleotide skews, 

patterns similar to other Caprinae species and reflective of mutational and replication 

pressures. 

 

Phylogenetic reconstruction based on the control region and cytochrome b genes 

resolved two well-supported clades—WH and EH (Sikkim)—showing marked 

genetic divergence. The WH clade displayed the greatest separation from EH 

populations, likely due to restricted historical gene flow imposed by physical and 

climatic barriers. Molecular clock estimates date the divergence between P. n. nayaur 

and P. n. szechuanensis in the IHR to ~1.38 million years ago, during the mid- 

Pleistocene—a period of pronounced environmental shifts and geographic isolation 

in the Himalayas. Bayesian species delimitation consistently supported the existence 

of at least two genetically distinct lineages, indicating cryptic diversity and the 

possible need for taxonomic revision, including recognition of regionally restricted 

forms such as P. n. szechuanensis and P. n. nayaur. In light of increasing 

anthropogenic pressures, habitat fragmentation, and climate change, these genetic 

units highlight the importance of lineage-specific conservation approaches. 

 

The results from this objective are critical for understanding the evolutionary 

background and genetic structure of P. nayaur and provide a reference for future 

taxonomic, ecological, and conservation-focused research on Himalayan Mountain 

ungulates. 

 

Objective 2 - Genetic diversity 

As outlined in Chapter 3, this objective assessed the genetic structure and diversity of 

P. nayaur populations in the Indian Himalayas, revealing substantial regional 

heterogeneity shaped by evolutionary, ecological, and anthropogenic factors. While 
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earlier studies relied on a limited number of molecular markers, this work integrated 

nuclear (microsatellite) and mitochondrial (cytochrome b and D-loop) markers, 

enabling the reconstruction of complex population histories. WH populations, 

particularly in Ladakh and Himachal Pradesh, exhibited higher mitochondrial 

diversity, suggestive of long-term stability, while certain groups showed reduced 

diversity, likely due to recent demographic events or selective pressures. In contrast, 

EH populations, especially in Sikkim, displayed low genetic diversity and signs of 

demographic contraction. Physical barriers and habitat fragmentation were found to 

impede gene flow. 

 

Microsatellite analysis confirmed and refined mitochondrial results, detecting 

significant allelic richness and heterozygosity in EH populations. The combined 

findings highlight the existence of possible ESUs in P. nayaur with each facing threats 

from habitat encroachment, climate change, and livestock competition. Incorporating 

genetic data into conservation planning is essential to safeguard the species‘ adaptive 

potential and long-term viability across the Himalayan landscape. 

 

Objective 3 - Population genetic structure, gene flow, and demographic history 

Chapter 4 provides a comprehensive evaluation of P. nayaur‘s population genetic 

structure, gene flow, and demographic history in the IHR. Significant genetic 

variation was observed both within and between populations, with pronounced 

differences between WH and EH. WH populations exhibited clear sub structuring, as 

shown by multivariate analyses and Bayesian clustering, along with high diversity 

and evidence of admixture. Conversely, EH populations reflected long-term isolation, 

low diversity, and limited gene flow. 

 

Demographic analyses indicated stability in WH populations, with no evidence of 

recent expansion, while an isolation-by-distance pattern suggested that topographic 

complexity and environmental heterogeneity are key drivers of genetic structuring. 

Ecological niche modelling further revealed regional differences in habitat suitability, 

strongly influenced by elevation, temperature extremes, and precipitation seasonality 

factors critical to P. nayaur‘s distribution and habitat preferences. 

 

These results have direct conservation implications, providing strong evidence for 

ESUs within P. nayaur. Recognizing region-specific genetic lineages is essential for 
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developing locally tailored management strategies that account for ecological context 

and evolutionary distinctiveness. Conserving genetic diversity and adaptive capacity 

will be vital for ensuring the species‘ persistence under growing human pressures and 

climate change in high-altitude ecosystems. 
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A B S T R A C T   

The ‘Bharal’ or ‘Himalayan Blue Sheep’ (Pseudois nayaur) is endemic to the Himalayan and Tibetan Regions. 
There are gaps in the available database for the blue sheep mitogenome sequencing from the Indian region. We 
sequenced and characterized the whole mitogenome of one blue sheep individual using the Illumina Nova-seq 
6000 platform, which was 16,718 bp in length. It included 13 protein-coding genes (PCGs), 22 transfer RNA 
genes (tRNAs), two ribosomal RNA genes (rRNAs), and one non-coding control region (D loop). It was compared 
with other complete mitochondrial DNA sequences of blue sheep from the NCBI database. The whole mitoge
nome of blue sheep was found to be highly AT-biased (60%) and had a positive AT skew (0.121) and a negative 
GC skew (− 0.341). In 13 PCGs of blue sheep, Leucine (15.58%) and tryptophan (2.72%) occurred most 
frequently. A typical secondary cloverleaf structure was observed for all tRNA genes except for tRNA-Ser, where 
a stable structure of dihydrouridine did not develop. The phylogenetic analysis showed Indian blue sheep 
population formed a separate clade with a genetic distance of 3.7 to 4.1% from the Chinese blue sheep popu
lation, suggesting it to be of a different lineage and genetically qualifies the status of distinct subspecies. The 
results of this study will help in further phylogenetic analysis of Indian blue sheep populations in the Western and 
Eastern Himalayan regions and in understanding lineage identification and evolution for further research.   

1. Introduction 

The Himalayan blue sheep (Pseudois nayaur) or bharal is listed as a 
‘Least Concern’ species by the International Union for Conservation of 
Nature (IUCN). According to the Indian Wild Life (Protection) Act, 1972, 
it is protected under Schedule I, and The Convention on International 
Trade in Endangered Species of Flora and Fauna lists it in Appendix III 
(CITES) (Harris, 2014). The species is widely distributed in India, Nepal, 
Bhutan, China, and northern Pakistan (Coogan et al., 2015) and are 
probably found in Tajikistan (Wilson and Reeder, 2005). In the Indian 
Himalayan Region (IHR), blue sheep are mostly found on the southern 
slopes from Ladakh to Arunachal Pradesh (Mallon, 1991; Uniyal, 2004; 
Mishra et al., 2006). The blue sheep is one of the most popular wild 

animals and plays a critical role in maintaining the food chain. It is 
primarily a grazer, but they turn to herbs and shrubs during periods of 
grass shortage. It is a preferred prey of snow leopards (Panther uncia), 
and Himalayan wolves (Canis lupus), and young are known to be pre
dated upon by Red foxes (Vulpes vulpes) and eagles (Sharma and 
Lachungpa, 2002). The blue sheep habitat’s elevation range was be
tween 2500 and 5400 m in the Himalayan region (Aryal et al., 2016). 

According to the taxonomy, the genus Pseudois has two species: the 
blue sheep (P. nayaur) and the dwarf blue sheep (P. schaeferi), two sub- 
species of the P. nayaur have been identified based on body size (Wang 
and Hoffmann, 1987; Bhatnagar, 2003). P. n. nayaur is the main sub
species found in Western Himalayas; however, Chinese blue sheep (P. n. 
szechuanensis) is found in the eastern Himalayan region but IUCN has not 

Abbreviations: P. nayaur, Pseudois nayaur; P. n. szechuanensis, Pseudois nayaur szechuanensis; IUCN, International Union for Conservation of Nature; CITES, 
Convention on International Trade in Endangered Species of Flora and Fauna; IHR, Indian Himalayan Region; mtDNA, Mitochondrial DNA; gDNA, genomic DNA; 
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acknowledged this and hence its taxonomic status is still uncertain due 
to limited data. The easternmost population of P. n. szechuanensis are 
found in Helan Mountains and significantly differ from the blue sheep in 
Qinghai, Gansu and Sichuan Provinces of China. In India, dwarf blue 
sheep (P. schaeferi) distribution is unknown (Xiao-Ming et al., 1998; 
Shackleton, 1997). Several studies have been conducted to determine its 
current status, distribution and phylogenetics, but the blue sheep’s ge
netic structuring and population boundaries are still unclear. Previous 
studies on blue sheep were centered on the mtDNA marker Cytochrome 
b (Cyt b), which revealed the existence of two lineages of blue sheep in 
the Indian Himalayan highlands. (Joshi et al., 2022). Moreover, pop
ulations of the Helan Mountains and Tibetan Plateau are geographically 
diverse. Based on nuclear genes, the Helan population is categorized as 
P. n. szechuanensis, while DNA analysis confirmed that the blue sheep in 
the Tibetan Mountains belonged to the P. nayaur species and the sub
species was P. nayaur nayaur (Gao et al., 2020). However, no in-depth 
information on the status or distribution of these blue sheep clades 
from India is available. As a result, the taxonomic classification of blue 
sheep populations across geographic ranges is still unclear. (). As a 
result, the full mitogenome may be more helpful in confirming the ge
netic status among different populations of blue sheep, especially for the 
blue sheep in India. In this study, to resolve the phylogenetic status, we 
sequenced the whole mitochondrial genome of blue sheep population in 
India and compared it to the genomes of other closely related species. 

2. Materials and methods 

2.1. Study area and sample collection 

Nanda Devi Biosphere Reserve has a different climate due to its 
diverse landscape and its altitude ranging from around 1800 m to 7800 
m. The reserve encompasses an ecosystem of mountains; thus, the 
weather is cool to cold temperatures and moderate to high rainfall. The 
sample has been collected from 30◦85′8′′N 79◦45′64′′E. The study area 
has significant fauna such as Snow leopard, Asiatic black bear (Ursus 
thibetanus), Himalayan & Kashmir musk deer (Moschus leucogaster and 
Moschus cupreus), and Himalayan tahr (Hemitragus jemlahicus), along 
with Blue sheep, and the prominently found vegetation types are fir, 
birch, rhododendron, and Juniper. Dried muscle was collected from one 
naturally dead animal’s carcass and preserved in 70% ethanol and 
stored at − 20◦ celcius in the deep freezer. DNeasy Blood & Tissue Kit 
was used to extract total genomic DNA (gDNA) in 100 μl. (20). The DNA 
quality was evaluated using a spectrophotometer and a 0.9% agarose gel 
dyed with ethidium bromide stain dye. The final concentration of the 
extracted DNA for PCR amplification was 50 ng/μl. 

2.2. PCR amplification and sequencing 

In this study, we have designed two sets of novel primers to amplify 8 
to 9 kb size for amplicon library preparation and Illumina sequencing to 
cover the entire mitogenome of blue sheep. The amplification length for 
the first primer was 9014 at an annealing temp of 58 ◦C: BlueSheepF-1 
5’-ACAACCCACGAGCCACAGAAGC-3′ and BlueSheepR1 5’- 
GGAATCGGGGTTGTCCTAGGAGTG-3′. The second primer amplifies 
8596 bp at an annealing temp of 59 ◦C: BlueSheepF2 5’-TTCGGCCTA
CACCCATGACTACCC-3′ and BlueSheepR2 5’-GCCTGAGGA
TAGGGGAATGCCTTG-3′. The primers were amplified using a long- 
range PCR kit (TaKaRa LA Taq® DNA Polymerase, cat # RR002M). 
With 2 μl of 10× LA PCR Buffer ll (Mg2+ plus) and 4 μl of dNTP Mixture 
(2.5 mM each), 3 pmol of each primer, and 100 ng template DNA, PCR 
reactions were carried out in 20 μl reaction volumes. There were 
negative controls present for each reaction. The following conditions 
were used to conduct the PCR: 30 cycles at 94 ◦C for one minute, at 98 ◦C 
for 10 s, and 68 ◦C for 15 min, with a final extension of 72 ◦C for 10 min. 
Positive controls were used to assess the efficiency and uniformity of the 
PCR reactions. The 1% agarose gel dyed with green stain dye allowed 

the UV-visualization of the amplified PCR amplicons. 

2.3. Library preparation and sequencing 

The amplified PCR products were used for a paired-end library with 
an insert size of 309 bp (24.7 ng/ul concentration) was constructed 
using NEBNext® Ultra™ II FS DNA Library Prep Kit (Biolabs, N.E., 2016. 
NEBNext® Ultra™ II DNA Library Prep Kit for Illumina®) as per man
ufacturer’s protocols. The quality and quantity of the prepared library 
were assessed using Agilent 4150 TapeStation system and Qubit 4 
Fluorometer. High-quality DNA library was sequenced (2 × 150 bp) on 
NovaSeq 6000 V1.5. 

2.4. Blue sheep mitogenome raw data statistics, assembly, and 
characterization 

A total of 9,125,572 raw reads of mitochondrial genome sequences 
were quality-checked through fastqc tool kit followed by removing the 
adaptor using ‘fastp’ in default settings. The filtered reads were further 
used for the K-mer optimization and seed size selection using the 
‘GetOrganelle’ program. Finally, the assembly was carried out through 
the ‘spades assembler’ to get the circular mitochondrial organelle 
genome of 16,718 in size. For the comparative study, we used full 
mtDNA sequences from the Blue sheep species and subspecies 
(JX101653 (Halen Mountain_China), NC 020632 (Zoo, Jardin des 
Plantes), KP998469 (Kangding County, Sichuan Province in China), 
JX101652 (Tibetan Plateau) from the GenBank. The base composition 
and mtDNA genetic code were calculated using MEGA X. Skew analysis 
was used to calculate the nucleotide composition bias over the whole 
mitogenome, where AT skew = (A T)/(A+ T) and GC skew = (G C)/(G +
C). MEGA X was applied to estimate the mitochondrial protein-coding 
genes’ (PCGs) relative synonymous codon use (RSCU) and amino acid 
composition. tRNAscan-SE v2.0 was used to predict the usual Transfer 
RNA genes that have a secondary cloverleaf shape (tRNAs). 

2.5. Phylogenetic analysis and genetic differentiation 

The Tamura-Nei model (TN93) was applied to MEGA X to determine 
the mean pairwise genetic distance between blue sheep (Kumar et al., 
2018). A total of 17 full mitogenome sequences were KT345703, 
FJ207536, NC0091941, NC026063, KP998469, KJ784494, FJ207537, 
NC020632, JX101653, JX101652, KR059225, FJ207526, MK748332, 
NC006295, NC024818, NC020614, NC012095 from the NCBI GenBank, 
including sequences from the Caprini, Bovini, and Boselaphini families 
and one sequence from the outgroup Sus scrofa, were included to analyse 
the phylogenetic relationships of blue sheep. BEAST v1.7 was used to 
generate a Monte Carlo Markov Chain (MCMC) based Bayesian 
consensus tree (Drummond et al., 2012). We used MCMC chains to 
conduct a Bayesian inference analysis for 10 million generations, sam
pling a tree every 1000 generations with a burn-in of 5000 generations. 
FigTree v1.4.0 was used to depict the phylogenetic tree (Rambaut, 
2012). 

3. Results 

3.1. Mitogenome topology 

Illumina sequencing generated the complete mitogenome of blue 
sheep, which was submitted to the NCBI GenBank (OP583799) (Fig. 1). 
There were two ribosomal RNA genes, 22 transfer RNA genes, 13 
protein-coding genes (PCGs), and a non-coding control region (D-loop 
region) in it (Fig. 1 and Table 1). The nucleotide ratio of the mtDNA from 
blue sheep was A (33.6%), T (26.3%), C (26.9%), and G (13.2%). 
(Table 2). Except for the eight tRNA genes, the majority of the genes 
were encoded on the H-strand (tRNAGln, tRNAAla, tRNAAsn, tRNACys, 
tRNATyr, tRNASer, tRNAGlu, tRNAPro). The control region was 
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between the tRNAPro and the tRNAPhe (Table 1). We identified eight 
pairs of overlapping genes among the tRNAIle/tRNAGln, COI/tRNASer, 
ATP8/ATP6, ATP6/COIII, ND4L/ND4, ND5/ND6, and tRNAThr/ 
tRNAPro. The overlapping was lowest (1 bp) between ATP6/COIII and 
tRNA-Thr/tRNA-Pro, and largest (40 bp) between ATP8 and ATP6 
(Table 1). A total of 13 intergenic spacers between the mitochondrial 
regions were found, ranging in size from 1 to 32 bp. The largest gap (32 
bp) was observed between tRNAAsn and tRNACys (Table 1). The whole 
mitogenome of blue sheep was observed to have an AT bias of 60% and 
40% of the AT and GC content. We computed the values of AT-skew, GC- 
skew, AT.%, and GC% for characterizing nucleotide compositions in the 
whole mitogenome. All the studied blue sheep species had positive AT- 
skew (0.112), while the remaining had negative GC-skew (− 0.341). 

3.2. Protein-coding genes (PCGs) 

With a total length of 11,319 bp and 64 bp overlapping fragments, 
the 13 PCGs in the blue sheep mitogenome comprised 67.70% of the 
entire mitogenome. PCGs typically have the following base composi
tions: A = 31.4%, T = 27.7%, G = 13.0%, and C = 27.9%. (Table 2). 
PCGs typically have a base composition of A = 31.4%. G is 13.0%, T is 
27.7%, and C is 27.9%. (Table 2). The cytochrome c oxidases COI, COII, 
and COIII, the NADH dehydrogenases ND1, ND2, ND3, ND4, ND5, and 
ND4L, the ATPases ATP6 and ATP8, the cytochrome b gene: Cyt b gene 
and the minority strand or L-strand gene (NADH dehydrogenase: ND6 
gene) are among the 12 majority strand or H-strand (Fig. 1 and Table 1). 
AT.% was more frequent than GC% (59.1% vs. 40.9%). To elucidate the 
nucleotide distribution in PCGs, we evaluated the base skews between 
different blue sheep species. For blue sheep PCGs, the average AT and 

GC skews values were 0.062 and 0.364, respectively. The nucleotide 
composition was skewed by C, as indicated by the negative GC skewness 
values. The ND5 gene (1821 bp) was the longest, and the ATP8 gene 
(201 bp) was the shortest among the 13 PCGs. ATG or ATA was used to 
start all 13 PCGs. Out of the 13 PCGs, we observed seven complete stop 
codons (TAA), whereas ND1- ND4 and COIII used incomplete codons 
(TA- or T-) (Table 1). A post-transcriptional polyadenylation addition 
occurred throughout the mRNA maturation process to complete the 
PCGs that lacked a complete stop codon. The 13 PCGs of blue sheep have 
a relative synonymous codon use (RSCU) of 3773 codons (stop codons 
excluded) (Fig. 2). Leucine (15.58%) and tryptophan (2.72%) were 
found in blue sheep PCGs at the greatest and lowest frequencies, 
respectively (Fig. 3). 

3.3. Ribosomal RNA and transfer RNA genes 

The entire blue sheep mitogenome was found to have 22 tRNA genes 
and two ribosomal RNA genes. 12S rRNA was 957 bp in size, whereas 
16S rRNA was 1573 bp (Table 1 and Fig. 1). Two rRNA included the 
following nucleotide percentages: A (36.9%), T (23.4%), C (22.1%), and 
G (17.7%). (Table 2). Blue sheep’s two rRNA genes were 2531 base pairs 
long, making up 15.01% of the whole mitogenome. Two rRNA had a 
total AT content of 61.30%, and the AT and GC skew were, respectively, 
0.022 and − 0.110. The 22 tRNA genes were dispersed over the whole 
mitogenome, and their sizes ranged from 60 base pairs (tRNAser) to 75 
base pairs (tRNALeu). Of these 22 tRNA genes, eight were on the L- 
strand and 14 were on the H-strand (Fig. 1 and Table 1). The nucleotide 
composition of 22 tRNA was A (32.9%), T (31.0%), C (17.0%), and G 
(19.0%) and its size was 1512 bp. It was observed that tRNA had an AT 

Fig. 1. Illustration of the location of genes on the complete mitochondrial genome of Pseudois nayaur (16,718 bp).  
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bias, with an overall AT and GC content of 63.9% and 36.0%, respec
tively. Positive skews values were found for the AT content (0.029) and 
the GC content (0.055). (Table 2). Table 1 lists the anti-codons of 22 
tRNAs from blue sheep. Except for tRNAser, it did not create a stable 
structure with its dihydrouridine arm, and all 21 tRNA genes displayed a 
common secondary cloverleaf pattern (Figs. 4 and 5). 

3.4. Mitochondrial D-loop 

In P. nayaur, the mitochondrial control region/D loop(mtCR) was 
1285 bp in length and was located between the tRNAPro and tRNAPhe 
(Table 1 and Fig. 1). Due to insertion and deletion, the CR length varies 
(INDEL). A (37.8%), T (24.2%), C (26.0%), and G (12.3%) were the 
nucleotide components of CR. The AT content (62%) was greater than 
the GC content (38.3%). AT has positive skews values, whereas GC 
content has negative skews values were found to be 0.211 and − 0.436, 
respectively (Table 2). 

3.5. Phylogenetic analysis and genetic distance 

Complete mitogenome sequences of Chinese blue sheep, seven 
Caprini, one Bovini, and two species of Boselaphini were used to 
determine the evolutionary position of blue sheep. The Bayesian infer
ence phylogenetic tree showed that all blue sheep species were unique 
from other Cervini, Bovini, and Boselaphini species and clustered in a 
monophyletic clade (Fig. 6). Except for dwarf blue sheep (PP = 0.97), 
the phylogenetic tree topology derived from Chinese and Indian blue 
sheep populations had high posterior probability values (PP = 1). The 
phylogenetic study revealed that the Indian blue sheep population 
represented a distinct group. Using the whole mitogenome, we calcu
lated the pairwise genetic distance between the species (Table 3). The 
highest genetic distance was found between the blue sheep clade from 
India and China (JX101653), with a genetic distance of (0.041, 4.1%) 
followed by P. n. szechuanensis (KP998469, 3.9%), and P. n. nayaur 
(JX101652, 3.7%). However, a low genetic distance (1.9%) was 
observed between P. n. szechuanensis (KP998469) and P. nayaur 

Table 1 
Organization of the complete mitochondrial genome of Pseudois nayaur.   

Positions Codon  

Start End Size Start Stop* Anti-codon Strand Space/overlap# 

tRNA-Phe 1 68 68 – – GAA H 0 
12S ribosomal RNA 69 1025 957 – – – H 0 
tRNA-Val 1026 1092 67 – – TAC H 0 
16S ribosomal RNA 1093 2665 1573 – – – H 0 
tRNA-Leu 2666 2740 75 – – TAA H 0 
ND1 2743 3698 956 ATG TA– – H +2 
tRNA-Ile 3699 3767 69 – – GAT H 0 
tRNA-Gln 3765 3836 72 – – TTG L –3 
tRNA-Met 3839 3907 69 – – CAT H +2 
ND2 3908 4949 1042 ATA T– – H 0 
tRNA-Trp 4950 5016 67 – – TCA H 0 
tRNA-Ala 5018 5086 69 – – TGC L +1 
tRNA-Asn 5088 5160 73 – – GTT L +1 
tRNA-Cys 5193 5260 68 – – GCA L +32 
tRNA-Tyr 5261 5328 68 – – GTA L 0 
COI 5330 6874 1545 ATG TAA – H +1 
tRNA-Ser 6872 6942 71 – – TGA L –3 
tRNA-Asp 6948 7015 68 – – GTC H +5 
COII 7017 7700 684 ATG TAA – H +1 
tRNA-Lys 7704 7771 68 – – TTT H +3 
ATP8 7773 7973 201 ATG TAA – H +1 
ATP6 7934 8614 681 ATG TAA – H − 40 
COIII 8614 9397 784 ATG T– – H − 1 
tRNA-Gly 9398 9466 69 – – TCC H 0 
ND3 9467 9812 346 ATA T– – H 0 
tRNA-Arg 9813 9882 70 – – TCG H 0 
ND4L 9883 10,179 297 ATG TAA – H 0 
ND4 10,173 11,550 1378 ATG T– – H − 7 
tRNA-His 11,551 11,619 69 – – GTG H 0 
tRNA-Ser 11,620 11,679 60 – – GCT H 0 
tRNA-Leu 11,681 11,750 70 – – TAG H +1 
ND5 11,751 13,571 1821 ATA TAA – H 0 
ND6 13,555 14,082 528 ATG TAA – H − 17 
tRNA-Glu 14,083 14,151 69 – – TTC L 0 
CYTB 14,156 15,295 1140 ATG AGA – H +4 
tRNA-Thr 15,299 15,368 70 – – TGT H +3 
tRNA-Pro 15,368 15,433 66 – – TGG L − 1 
Control region 15,434 16,718 1285 – – – H 0  

Table 2 
Nucleotide composition and skewness in the P. nayaur mitochondrial genome.  

P.nayaur Size(bp) A% T% AT-skew G% C% GC-skew 

whole Mitogenome 16,718 33.6% 26.3% 0.121 13.2% 26.9% − 0.341 
PCGs 11,319 31.4% 27.7% 0.062 13.0% 27.9% − 0.364 
tRNAs 1512 32.9% 31.0% 0.029 19.0% 17.0% 0.055 
rRNAs 2531 36.9% 23.4% 0.022 17.7% 22.1% − 0.110 
Control region 1285 37.8% 24.2% 0.211 12.3% 26.0% − 0.436  
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(NC020632). It indicated that the newly generated complete mitoge
nome of the Indian blue sheep population was a different lineage, 
genetically qualifying the status of distinct subspecies. The gene-wise 
comparison of the species and subspecies of blue sheep is shown in 
Fig. 3. 

4. Discussion 

The complete mitogenome sequence of blue sheep from the Indian 
Himalayas was unavailable in the open database. Using the Illumina 
Nova-seq 6000 technology, we sequenced the first whole mitogenome of 
blue sheep (16,718 bp) from Nanda Devi Biosphere Reserve in Uttar
akhand, India. The arrangement of genes was comparable to that of 

other mammalian species (Kumar et al., 2018; Singh et al., 2020). In the 
complete mitogenome of blue sheep, we found eight pairs of overlapping 
genes, similar to other deer species (Gilbert et al., 2006). We discovered 
that Pseudois nayaur’s mtCR was 1285 bp long and positioned between 
the tRNAPro and tRNAPhe. The mitochondrial genome’s replication and 
transcription are significantly regulated by the mtCR, a non-coding, 
hyper-variable region (Pesole et al., 1999). In IHR, blue sheep are 
mostly found on the southern slopes from Ladakh (Pamir plateau) to 
Arunachal Pradesh (Tibetan plateau). Recently, five haplotypes in blue 
sheep populations were identified using a short fragment of Cyt b (Joshi 
et al., 2022). Western and Eastern blue sheep populations were found in 
the Tibetan and Pamir plateaus (Joshi et al., 2022). Both of these were 
genetically diverged and paraphyletic (Tan et al., 2017). A comparison 

Fig. 2. Relative synonymous codon usage (RSCU) of the mitochondrial protein-coding genes Pseudois nayaur of the mitochondrial genome. Codon count numbers are 
provided on the X-axis. 

Fig. 3. Comparative pairwise genetic distance in the protein-coding genes and control region of other subspecies of blue sheep from Pseudois nayaur. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of the newly generated blue sheep sequence with GenBank sequences 
from the Chinese indicated a separate clade from India with a genetic 
distance ranging from 3.7 to 4.1%. However, a short Cyt b sequence- 
based study showed its clustering within the Western Himalaya-Pamir 
plateau (Tan et al., 2017). 

In contrast to the small segment, increased mtDNA coverage pro
vided more information about the phylogenetic tree’s resolution and 
taxonomic position (Boore, 1999). The control region was highly vari
able, in which P. nayaur (JX101653) showed a high genetic distance 
from the Indian sample. We observed that the Indian blue sheep had the 
longest (1285 bp), and P. n. szechuanensis (KJ784494) had the lowest 
(1084 bp) mtCR. Our research also suggested that a complex interplay of 
environmental and historical factors has shaped the unique evolutionary 

history of blue sheep populations in the Himalayan region. 

5. Conclusions 

The complete mitogenome blue sheep, which was 16,718 base pairs 
long, was sequenced and characterized. The phylogenetic analysis 
revealed that Indian blue sheep formed a separate clade with a genetic 
distance of 3.7 to 4.1% from the Chinese blue sheep population and 
suggested it is a different lineage, which genetically qualifies the status 
of distinct subspecies. The fundamental information needed for phylo
genetic analysis, geographical distribution ranges, and evolutionary 
connections was derived from a comparative analysis of blue sheep 
species based on the entire mitogenome. Longer mtDNA sequencing is 

Fig. 4. Predicted secondary structures of the 22 tRNA genes in Pseudois nayaur.  

D. Saini et al.                                                                                                                                                                                                                                    



Animal Gene 29 (2023) 200155

7

helpful in determining whether a group of populations harboring a high 
amount of genetic diversity could justify separate conservation efforts. 
The newly sequenced blue sheep mitogenome (from India) will also help 
with the lineage identification of the biological materials seized for 
investigating wildlife crime cases. It provided baseline data for deeper 
insight into the phylogenetic analysis of other Indian blue sheep pop
ulations from the Western Himalayan region (Himachal Pradesh and 
Ladakh) and Eastern Himalayan region (Sikkim and Arunachal 

Pradesh). By understanding these factors, conservationists and wildlife 
managers can develop more effective strategies for protecting these 
important species and their habitats in the face of ongoing environ
mental challenges. 
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Fig. 5. Predicted secondary structures of the rRNA genes in Pseudois nayaur.  

Fig. 6. Phylogenetic relationship of Pseudois nayaur with other species of blue sheep based on Complete mitogenome. Bayesian posterior probability values are 
shown at each node. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Abstract
Indian Himalayan Region (IHR) supports a plethora of biodiversity with a unique 
assemblage of many charismatic and endemic species. We assessed the genetic 
diversity, demographic history, and habitat suitability of blue sheep (Pseudois 
nayaur) in the IHR through the analysis of the mitochondrial DNA (mtDNA) con-
trol region (CR) and Cytochrome b gene, and 14 ecological predictor variables. 
We observed high genetic divergence and designated them into two genetic lineage 
groups, i.e., the Himalayan blue sheep (P. n. nayaur) in the western part, and the 
Chinese blue sheep (P. n. szechuanensis) in the eastern part. They exhibited poor 
connectivity due to landscape resistance. The genetic distance value suggested sub-
stantial genetic differentiation between them. The habitat selection by blue sheep 
indicated the disparity between the residence preferences in the western and eastern 
Himalayas. In both the regions, the habitat suitability was mostly influenced by the 
minimum temperature of the coldest month. However, in the eastern Himalayas, pre-
cipitation seasonality emerged as a significant variable influencing habitat suitabil-
ity. These findings provided strong support for the presumption that the habitats 
preferred by blue sheep in the western Himalayas are dryer, compared with the pre-
ferred habitats in the eastern region, which were moister. The identification of two 
separate lineages of P. nayaur in the IHR has significant conservation implications 
as it underlines the necessity for a unique management approach for each lineage. 
In order to preserve genetic integrity, conservation efforts must make sure that each 
population is maintained and monitored separately, as genetic divergence across the 
lineages that might indicate reproductive isolation. This study has potential conser-
vation implications as it provides insights on the crucial ecological information of a 
relatively lesser-known ungulates species of Himalaya essential for effective conser-
vation planning.
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Introduction

The in-depth understanding of a species’ genetic status and ecological requirements 
plays a crucial role in ensuring the long-term persistence of a species (Moritz 1994) 
particularly in the alpine region where the free-ranging terrestrial wildlife are pol-
ytypic due to low permeability and connectivity between different habitats (Ben-
ton and Bowler 2012; Dolker et  al. 2023; Bhattacharya et  al. 2020; Dolker et  al. 
2023). Therefore, assessing genetic distance among the populations and studying 
the impact of habitat connectivity throughout the distribution range are essential to 
interpret the evolutionary consequences in mountainous ranges (Bhattacharya et al. 
2020; Dolker et al. 2023). In this context, mitochondrial DNA (mtDNA) data is used 
along with direct and indirect sign surveys to address questions on phylogeography, 
evolutionary history, current population genetic parameters, and species distribution 
with respect to landscape features and habitat connectivity. This empirical informa-
tion has significant conservation implications as it helps prioritize the conservation 
and management goals for the species in the distributional range, and eventually, 
conserve suitable habitats for the population (Manel et al. 2003; Dalui et al. 2020; 
Joshi et al. 2020; Ghosh et al. 2022; Dolker et al. 2023).

Blue sheep (Psudois nayaur) is one of the most commonly found wild ungulates 
in the region of the Tibetan plateau, Pamir plateau, and Indian Himalayan Region 
(IHR) distributed in China, Bhutan, India, Myanmar, Nepal, Pakistan, and Tajik-
istan (Tan et al. 2012). Based on their geographic origin and genetic variation, it was 
suggested that blue sheep should be classified into different subspecies (Wang et al. 
2006). The Helan mountain population in China was proposed as a new subspecies, 
P. n. helanshanensis owing to its distinct morphological and genetic characteristics 
(Wang et al. 2006). Another ambiguous taxonomic issue was the status of the dwarf 
blue sheep (P. schaeferi) found only in the Sichuan province of China (Wang et al. 
2000; Yu and Xiao-Ming 2003; Zeng et  al. 2008Tan et  al. 2012a). However, few 
studies demonstrated that dwarf blue sheep are not a separate species but a subset of 
P. n. nayaur, the eastern Himalayan subspecies of blue sheep, and P. n. szechuanen-
sis from the Sichuan subspecies, which is recognized in the phylogenetic classifica-
tion (Wang et al. 2006; Tan et al. 2017; Saini et al. 2023; Dolker et al. 2023).

Blue sheep is a Schedule I species under the Wildlife (Protection) Act, 1972 
and listed as least concerned (LC) in the IUCN Red List, primarily found in 
the western Tawang region of Arunachal Pradesh, Himachal Pradesh, Uttara-
khand, Sikkim, and Ladakh at altitudes between 2500 m and 5500 m above the 
sea level (a.s.l.) (Schaller 1998; Namgail et  al. 2009; Harris 2014; Saini et  al. 
2023). However, from the western and eastern Himalayas, the topography acts 
as a barrier for the east to west movement of the species inside their distribu-
tional range. They exhibit an altitudinal migration to lower elevations during win-
ter to meet their nutritional requirement (Bhatnagar et al. 2019). Climate change, 
increasing anthropogenic pressure and livestock grazing practices are the major 
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factors negatively affecting the species distribution range and also their popu-
lation (Farooquee and Nautiyal 1999; Mishra et  al. 2004; Namgail et  al. 2007; 
Suryawanshi 2008; Bhattacharya et al. 2020).

We conducted this study to assess the genetics distance and preferred habitat 
of blue sheep in the western and eastern parts of the IHR using mtDNA control 
region (CR) and Cytochrome b (cyt b) gene along with ecological modeling. We 
tested whether the populations of blue sheep in the eastern and western Himala-
yas belong to different lineages and have different habitat preferences. Eastern 
Himalayas blue sheep are considered as a subset of Tibetan Plateau blue sheep, 
whereas the western Himalayan species are the subset of Pamir Plateau blue 
sheep.

Materials and Methods

Study Region and Sample Collection

35 fecal samples were collected from the western Himalayas (Union Territory of 
Ladakh, Uttarakhand, and Himachal Pradesh) and five from eastern Himalayas (Sik-
kim) (Fig. 1) during July 2022 to July 2023 with appropriate permissions. Samples 
were stored in 70% ethanol until DNA extraction. Total genomic DNA (gDNA) was 

Fig. 1   A map illustrating the distribution and sampling locations for the current study. Yellow dots indi-
cate the location of all the sampling sites (This map was created in-house using the template map of the 
Survey of India)
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extracted in 100 μl volume using the GuHCl method (Gupta et al. 2013) and DNeasy 
Blood & Tissue Kit. The quality of DNA was checked under UV light on 0.8% aga-
rose gel stained with EtBr and quantified using a QIAxpert spectrophotometer.

PCR Amplification and Sequencing

PCR amplification and DNA sequencing were carried out for CR using newly 
designed primer set: Forward 5′-CTA​TAG​CCT​CAC​TAT​CAG​CAC-3′ and Reverse: 
5′- AGC​ACA​GTT ATG​TGT​GAGC-3′ and for cyt b gene using mcb398 5’-TAC​
CAT​GAG​GAC​AAA​TAT​CATT CTG-3′ and mcb869 5′-CCT​CCT​AGT​TTG​TTA​
GGG​ATT​GAT​CG-3′ (Verma & Singh 2003). The PCR reactions were performed 
in 10 μl reaction volumes using 1 × PCR buffer (50 mM KCl, 10 mM Tris–HCl and 
pH 8.0), 0.25 mM of each dNTPs, 1.5 mM MgCl2, 3 pmol of each primer, 0.6 units 
of DreamTaq DNA Polymerase (Thermo Fisher Scientific, Waltham, USA) and 4 μl 
of the template DNA. The PCR conditions were as follows: initial denaturation at 
95 °C for 5 min, then 38 cycles of denaturation at 95 °C for 45 s, annealing at 56 °C 
for 45 s, and extension at 72 °C for 1:30 s, followed by a final extension at 72 °C for 
10 min. A negative and positive control were used to ensure the experiment’s reli-
ability. PCR amplification was confirmed by electrophoresis on a 2% agarose gel 
stained with ethidium bromide (0.5 mg/ml) and viewed with a UV transillumina-
tor. The successfully amplified PCR products were treated with alkaline phosphatase 
and exonuclease-I at 37 °C for 20 min to remove any remaining primer and dNTPs, 
followed by 15 min of enzyme deactivation at 85 °C for subsequent Sanger sequenc-
ing. The purified segments were directly sequenced in forward and reverse direc-
tions using the BigDye 3.1 Kit and analyzed on an Applied BioSystems Genetic 
Analyzer 3500 XL.

Mitochondrial DNA Sequence Analysis

Sequences from forward and reverse orientations were aligned and edited  with 
SEQUENCHER® v4.9 (Gene Codes Corporation, Ann Arbor, MI, USA). The 
sequences were aligned separately with the CLUSTAL X v1.8 multiple alignment 
program in BioEdit (Hall 1999). Genetic p-distance was calculated in MEGA 11 
(Tamura et al. 2021). A median-joining haplotype network (Bandelt et al. 1999) was 
drawn using PopART (Leigh and Bryant 2015) to visualize the relationship among 
the haplotypes. For phylogenetic tree reconstruction, the Bayesian Information Cri-
terion (BIC), was applied to choose the evolutionary best fit DNA substitution model 
settings using MEGA11 Using the (TN93 + G + I) and (K2 + G) for CR and cyt b, 
respectively (Tamura et  al. 2021). BEAST X v10.5 (Drummond et  al. 2012) was 
used to build a Bayesian tree based on the Monte Carlo Markov Chain (MCMC). 
We performed Bayesian inference analysis for 10 million generations, used a strict 
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clock model, and selected one tree every 10,000 generations with a burn-in for 
5000 generations. The evolutionary tree was annotated using Tree-Annotator v1.8.1 
(Bouckaert et al. 2014). The phylogenetic trees that resulted were displayed using 
FigTree v1.4.4 (http://​tree.​bio.​ed.​ac.​uk/​softw​are/ figtree/).

A 10% burn-in was used, and the convergence of all parameters was assessed using 
the TRACER software (part of the BEAST package) (Drummond et al. 2012). The 
model was summarized using a Tree Annotator with a posterior probability limit of 
0.5, the height of each node in the tree set to the median height across the whole sam-
ple of trees for that type, and trees shown with FigTree, and a Bayesian Skyline Plot 
(BSP) was created using the Monte Carlo Markov Chain (MCMC) method in BEAST 
X v10.5. (Drummond et  al. 2012). We calculated genetic diversity indices such as 
haplotype diversity (HD) and nucleotide diversity (π) using DnaSP v5.10 (Librado 
and Rozas 2009), estimated Tajima’s D  (Tajima 1989) and Fu’s test  (Fu 1997) and 
assessed the mismatch distribution.

To generate divergence time trees, the sequence of Gemsbok (Oryx gazelle) was 
chosen as an outgroup (Hassanin et al. 2012) and divergence times among blue sheep 
genetic lineages were estimated using the strict Clock model in BEAST v10.5 (Drum-
mond et al. 2012) following the methodology outlined by Bouckaert et al. (2019). The 
Yule speciation model was employed as the tree prior. Markov Chain Monte Carlo 
(MCMC) runs were conducted for 10 million generations, logging parameters every 
1000 generations. The initial 25% of generations were discarded as burn-in using 
Tracer v1.7. The resulting phylogenetic tree was visualized with FigTree v1.4.4 (Ram-
baut et al. 2018).

Predictor Selection for Suitability Modeling Using MaxEnt

A data set with 14 predictor variables was initially used to model the potential dis-
tribution of blue sheep. We used six bioclimatic layers obtained from the Worldclim 
database (Fick and Hijmans 2017); four topographic variables (elevation, slope, 
aspect, and terrain ruggedness index) from (SRTM) http://​srtm.​csi.​cgiar.​org/​srtmd​
ata and two LULC (Barren land and Grassland) classes from https://​lpdaac.​usgs.​gov/​
produ​cts/​mcd12​q1v006/. We generated separate Euclidean layers for roads and rivers 
to test if these variables influence the distribution of blue sheep. Out of 14 variables, 
we further examined  the collinearity of the variables (Spearman correlation coeffi-
cient r > 0.7), which resulted in seven uncorrelated variables for the western Hima-
layas and six for the eastern Himalayas (r < 0.7). Only a few variables were deemed 
biologically significant in the context of the ecological needs of blue sheep from both 
areas. They were used for further investigation after scaling these selected variables 
to 30 arc seconds, or up to 1 km near the equator. Analysis was performed in Arc-
GIS v10.5 and the R package ’coordinatecleaner’ (Zizka et al. 2019). Model proce-
dures were carried out with MaxEnt v3.4.4 (Phillips & Dudík 2024) after processing 
the blue sheep distribution and environmental variable data. The model’s maximum 
number of iterations was set to 500, the number of cycles was set to 10, the classifica-
tion of repetition was chosen as cross-validation, and the significant contribution of 

http://tree.bio.ed.ac.uk/software/
http://srtm.csi.cgiar.org/srtmdata
http://srtm.csi.cgiar.org/srtmdata
https://lpdaac.usgs.gov/products/mcd12q1v006/
https://lpdaac.usgs.gov/products/mcd12q1v006/
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selected environmental factors to the prediction of the appropriate distribution area 
of blue sheep was estimated.

Results

mtDNA Control Region Analysis

Genetic Diversity and Genetic Differentiation

We obtained up to 900 bp long CR sequences from 40 blue sheep samples and 
deposited them in GenBank (accession numbers: PP187055—PP187093 and 
PQ583502). We observed 193 variable sites among the samples. T = 26.2%, 
C = 25.7%, A = 36.4%, and G = 11.7% constituted the standard nucleotide com-
position, indicating an A + T-rich area within the mitochondrial CR. Based on 
the CR data, 23 haplotypes were identified. We found that blue sheep had a mod-
erate nucleotide diversity (0.0609) and a high haplotype diversity (0.97). High 
haplotype diversity was reported in western Himalayas- WH (0.96) and eastern 
Himalayas- EH (0.91). Nucleotide diversity was estimated to be 0.01833 in the 
WH and 0.0112 in the EH (Table 1). Using the CR, we calculated the pairwise 
genetic distance between the population (Table 2). A genetic distance of 22% was 

Table 1   Gene diversity of control region (h), nucleotide diversity (π), Tajima’s (D), and Fu’s (Fs) for 
control region

Location Number 
of sam-
ples

No. of 
haplotype 
(H)

Haplotype 
diversity 
(Hd)

Nucleotide 
diversity(π)

Tajima’s D Fu’s test P-value
(Tajima’s 
D and Fu’s 
test)

Western Hima-
layas

35 19 0.96 0.0183 0.3944 0.033 P > 0.10

Ladakh 8 4 0.8 0.0069 1.4025 3.011 P > 0.10
Himachal 

Pradesh
6 2 0.53 0.0032 1.2188 3.696 P > 0.10

Uttarakhand 21 13 0.95 0.0265 1.0116 0.825 P > 0.10
Eastern Hima-

layas
5 4 0.91 0.0112 − 0.6464 1.467 P > 0.10

Total 40 23 0.97 0.0609 − 0.1243 5.3 P > 0.10

Table 2   Genetic distance of control region among blue sheep (Pseudois nayaur) are presented (below 
the diagonal), and their standard errors (above the diagonal)

Western Himalayas Eastern Himalayas China Mountains

Western Himalayas – 0.0219 0.0328
Eastern Himalayas 0.1906 – 0.0105
China Mountains 0.2223 0.0546 –
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observed between the WH and the Chinese Mountains (Qilian, Helan, and Heng-
duan Mountains), followed by a 19% genetic distance between the EH and the 
WH. The lowest genetic distance of 5% was found between the EH and the Chi-
nese Mountains. 

Phylogenetic Analysis and mtDNA Network

To assess the overall mtDNA structure and to conduct the phylogenetic and network 
analysis, we used 40 blue sheep’s sequences generated in the laboratory (accession 
number PP187055 to PP187093 and PQ583502) and seven additional sequences 
retrieved from NCBI GenBank (Supplementary Table: ST1). To have a better under-
standing of the evolutionary relationships, a single sequence of Hemitragus jemla-
hicus (NC020628) was selected as an out-group. Finally, a total of 47 control region 
sequence and one sequences of out-group were used for phylogenetic analysis. As 
illustrated in the CR phylogenetic tree (Fig.  2), all blue sheep populations ana-
lyzed throughout were found to be organized in one paraphyletic clade with poste-
rior probability values (PP = 1), i.e., WH, EH, and CM (Fig. 2). The blue sheep from 
the western Himalayas also formed a unique clade showed in green color, distinct 

Fig. 2   Phylogenetic relationship of blue sheep species based on control region with Bayesian posterior 
probability values at each node
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from those in the CM and eastern Himalayas showed in blue color (Fig.  2). This 
clade from WH was found to have 19 haplotypes of blue sheep and 4 haplotypes of 
blue sheep from EH. The sequences from EH, which were associated with CM dis-
played high posterior probability value (PP = 1). In comparison, the sequences of the 
WH showed two groups with considerably posterior probability value (PP = 1). EH 
was the grouping of all the haplotypes found in the blue sheep population of China. 
The phylogenetic tree topology recovered from the WH and EH, CM exhibited high 
posterior probability value (PP = 1); based on the phylogenetic analysis, the Himala-
yan blue sheep formed separate clades from the Chinese blue sheep (Fig. 2).

A total of 47 control region sequences were used for network design. The distri-
bution pattern of haplotypes across blue sheep populations was illustrated using a 
median-joining network, which included 30 distinct haplotypes (Fig. 3). The major-
ity of haplotypes comprised distinct individuals. A subset of blue sheep from Utta-
rakhand was found to share haplotype with individuals from the Union Territory of 
Ladakh population, indicating a genetic connection between these populations. The 
blue sheep sequences from the WH formed a separate cluster and shared no haplo-
types with the EH.

Demographic Analysis

The Tajima’s D and Fu’s tests were used to determine the demographic history of 
the blue sheep (Table 3). Neutrality test results under a multimodal evolution sug-
gest a high prevalence of rare nucleotide site variants. Tajima’s was negative but 
not statistically significant for any of the blue sheep groups, and a similar pattern 
was observed with Fu’s. The pairwise distribution frequency within sequences was 
determined using a historical demographic expansion model. Multimodal plots of 
the mismatch distribution were found in the studied blue sheep populations found in 

Fig. 3   Control region of blue sheep sequence-based haplotype network, where different colors represent 
different populations. A sequence of lines shows the number of mutational stages
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IHR (Fig. 4), indicating a demographically stable population. The BSP was used to 
understand the historical demographic history of blue sheep that supported Tajima’s 
D and Fu’s tests for the recent population decline (Fig. 4). Moreover, BSP found that 
the population size did not experience any significant changes in demography for a 
long period (Fig. 4).

We generated 250–300 bp partial sequences of the cyt b gene from 37 samples 
of the WH region, covering three locations of Ladakh, Himachal Pradesh, and 
Uttarakhand (PP348784-PP348820). In addition, we included 21 sequences from 
China and one outgroup sequence. Thus, 59 sequences were analyzed, resulting 
in 38 haplotypes (Supplementary Table: ST2). The number of segregating sites in 
WH was 5, and the haplotype diversity (HD) was 0.70, and nucleotide diversity 
(π) was 0.0053. In EH, the number of segregating sites was 11, with HD = 0.99 
and nucleotide diversity (π) of 0.02613. Pairwise genetic distances between 
populations were 4.0% between blue sheep from the WH and the CM, and 3.9% 
between populations from WH and EH (Table  4). However, a lower genetic 

Table 3   Gene diversity of cyt b (h), nucleotide diversity (π), Tajima’s (D), and Fu’s (Fs)

Location No. Of 
Haplotype(H)

Haplotype 
diversity 
(Hd)

Nucleotide 
diversity(π)

Tajima’s D Fu’s test P-value
(Tajima’s 
D and Fu’s 
test)

Western Himalayas 6 0.7 0.0053 0.46066 − 5.417 P > 0.10
Eastern Himalayas 4 0.99 0.0261 1.36522 0.461 P > 0.10
Indian Himalayas 

Region
10 0.76 0.00994 − 0.87518 − 0.63 P > 0.10

Fig. 4   Based on control region (a) blue Sheep’s coalescent Bayesian Skyline analysis output. The dark 
black line indicates the median estimated effective population size, whereas the dark blue areas indicate 
the upper and lower bounds of the 95% higher posterior density interval of the overall population in the 
Indian Himalayan Region (IHR). The x-axis is time, and the y-axis is a log scale of (EPS). b Mismatch 
distributions of the blue sheep (Pseudois nayaur) mtDNA control region in the IHR
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distance (2.8%) was detected between EH and CM populations because of migra-
tion. A high value indicates strong genetic differentiation in blue sheep’s WH and 
EH populations, likely due to limited gene flow. While landscape barriers are the 
most probable cause, other factors may possibly contribute to the restricted gene 
flow between these populations. The cyt b phylogenetic tree demonstrates that the 
examined blue sheep populations were grouped in paraphyletic clade with PP = 1, 
specifically Pamir Plateau, Tibetan Plateau, and CM (Fig. 5). The blue sheep from 
the Pamir Plateau and WH also formed a unique clade (showed in green color) 
were distinct from those in the Tibetan Plateau, CM, and the EH (showed in blue 

Table 4   Genetic distance of cyt 
b among blue sheep (Pseudois 
nayaur) are presented (below 
the diagonal), and their standard 
errors (above the diagonal)

Location (Western 
Himalayas)

(Eastern 
Himalayas)

China Mountains

(Western Himalayas) – 0.0115 0.011
(Eastern Himalayas) 0.0395 – 0.0086
China Mountains 0.0408 0.0288 –

Fig. 5   Phylogenetic relationship of blue sheep (Pseudois nayaur) using cyt b with Bayesian posterior 
probability values at each node
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color) (Fig. 5). Our divergence data indicated that the blue sheep’s group diver-
sification started during the Pleistocene, around 1.38 Mya (HPD95%: 2.84–0.48) 
(Fig. 6).  

Response Curve Analysis of Environmental Variables

The response curves for key important factors that influence the distribution of 
blue sheep were presented separately for the WH and Sikkim state in the EH region 
(Fig. 7). The minimum temperature of the coldest month (40.4%), elevation (19.9%), 
and maximum temperature of the warmest month (16.5%) contributed significantly 

Fig. 6   Divergence dating based on a maximum credibility tree using the cyt b gene. The x-axis repre-
sents time in million years
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to habitat selection of P. nayaur in WH. This species is confined to exclusive, per-
manent, and safe habitats at high elevations in mountains with sparse vegetation. In 
contrast, both factors, i.e., minimum temperature of the coldest month (35.2%) and 
maximum temperature of the warmest month (25.5%), contributed substantially to 
distribution in the EH region, followed by precipitation seasonality (13.6%) too, and 
had significant contributions to habitat selection of P. nayaur in Sikkim.

Discussion

This study was focused on the assessment of accurate spatial genetic diversity and 
probabilistic distribution of P. nayaur in the entire IHR, with coverage of western 
to eastern parts of the Himalaya, including Uttarakhand, Himachal Pradesh, Union 
Territory of Ladakh and Sikkim. Generally, blue sheep are associated with alpine 
and steppe mountain pastures, typically devoid of forested habitats. These open 
high-altitude environments provide optimal grazing conditions, but they are increas-
ingly threatened by habitat loss, fragmentation, poaching, and other anthropogenic 
pressures. As a result, blue sheep populations often exhibit low genetic variation, 
which can hinder their ability to adapt to environmental changes and increase their 
vulnerability to extinction (Li and Fang 1999). The genetic variability in fragmented 
habitats was highlighted in this study, which has implications for regulating and 

Fig. 7   Map of the suitable distribution area of blue sheep in Western Himalayas and Sikkim (Eastern 
Himalayas) (MaxEnt v3.4.4) (This map was created in-house using a template map of Survey of India)
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structuring conservation policies. Previous studies have proposed different genetic 
lineages for blue sheep in the region, with the Chinese blue sheep (P. n. szechuan-
ensis) being linked to the Qinling and Hengduan Mountains. The Himalayan blue 
sheep (P. n. nayaur) being found on the Tibetan Plateau (eastern Himalayas), and 
the ones from Pamir Plateau (western Himalayas) having been recognized as a sepa-
rate lineage (Tan et al. 2012, 2017; Gao et al. 2020). In contrast to earlier assertions 
based on inadequate genetic data, our genetic data exhibited that the Pamir Plateau 
hosts population of the Himalayan blue sheep. Furthermore, the genetic link between 
blue sheep populations on the Tibetan Plateau and those on the Hengduan and Qin-
ling Mountains supports the designation of these groups as Chinese blue sheep. 
The robustness of the Pamir Plateau dataset identifies the importance of extensive 
genomic analysis in resolving taxonomic difficulties and improving the understand-
ing of species distributions and connections within the blue sheep complex.

The blue sheep populations in the eastern and western Himalayas showed no 
mtDNA haplotype sharing. CR region and cyt b showed the paraphyletic clade in 
the western Himalayas. It was likely due to the WH’s blue sheep habitat being domi-
nated by high altitudes and steep slopes owing to topography, terrain, and differen-
tial climatic oscillation in contrast to EH (Fang et al. 1997). Insight of the CR region 
revealed high haplotype diversity (0.97) and nucleotide diversity (0.0609) in blue 
sheep, which indicated that several mtDNA lineages have emerged in the area by 
differing in their nucleotides. Moreover, the high level of CR diversity has unique 
traits, and the outcome of recent events in the species’ evolutionary history may be 
due to different climatic oscillations during the late Pleistocene and Holocene peri-
ods (Joshi et al. 2022).

The high genetic distance indicated a lack of robust connectivity between WH 
and EH populations, highlighting a significant genetic difference (Table 2). It sup-
ports the difference in the bioclimatic condition and the topography have altered 
the ecological food niche that resulted in the WH and EH clades (Ranjitsinh 2017; 
Joshi et al. 2022). The cyt b region indicated that EH populations shared haplotypes 
with the Tibetan Plateau, hence establishing their close affinity and classification 
as Chinese blue sheep (P. n. szechuanensis), which showed a different lineage from 
the Hengduan mountains dwarf blue sheep (P. schaeferi) of China (Tan et al. 2017; 
Joshi et al. 2022). The phylogenetic relationship and network analysis demonstrated 
distinct mtDNA lineages in blue sheep from WH, as depicted in (Fig. 4.). Notably, 
despite potential habitat fragmentation, no haplotype sharing was observed across 
CM blue sheep populations, EH, and WH populations at CR level. Conversely, the 
EH clade exhibited similarities with the mountains of China, suggesting a poten-
tial contemporary migration history from Northeast Asia (Rawat and Tambe 2011; 
Bashir et al. 2018).

Tajima value was negative for the CR based neutrality test, but Fu’s values were 
positive, i.e., statistically insignificant, which suggested the recent bottleneck effect. 
This result was further supported by BSP analysis, which suggested that the pop-
ulation had been declining during the previous few decades (Table  1). Moreover, 
cyt b analysis indicated a stable population of blue sheep supporting the findings of 
Dolker et al. (2023).
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We suggest two distinct lineages, in Pamir Plateau-WH Himalayan blue sheep (P. 
n. nayaur) and the Tibetan Plateau—EH Chinese blue sheep (P. n. szechuanensis), 
which was more closely associated with Helan mountain, Qilian mountains, and 
Hengduan (Tan et al. 2012a; Gao et al. 2020; Joshi et al. 2022; Dolker et al. 2023). 
The robustness of the Pamir Plateau dataset identifies the importance of extensive 
genomic analysis in resolving taxonomic difficulties and improving our understand-
ing of species distributions and connections within the blue sheep complex.

Blue sheep, originating from the Tibetan Plateau and dispersed northeastwardly 
(Schaller 1998). Our phylogenetic divergent tree findings suggested that the Hima-
layan blue sheep (P. n. nayaur) and the Chinese blue sheep (P. n. szechuanensis) 
diverged in the Pleistocene when the Himalayan frontal range experienced a rapid 
uplift (Sakai et al. 2006) approximately 1.38 Mya with a 95% HPD interval of 2.84 
to 0.48 Mya. This event created an insuperable barrier for the blue sheep, leading 
to the speculation that this species migrated to the surrounding regions and evolved 
into distinct clades. EH has a higher precipitation rate than WH (Polanski et  al. 
2014), making it moister, and this helps to sustain a continuous supply of high-
quality food sources (multiple plant/grass species composition) (Yadav 2011). The 
distinct response curves recorded for blue sheep in the WH and EH areas demon-
strate the species’ exceptional adaptability to a variety of environmental conditions. 
Due to their direct effects on the survival, behavior, and availability of resources for 
P. nayaur, the minimum temperature of the coldest month, the maximum tempera-
ture of the warmest month, and elevation are probably significant when it comes to 
habitat selection in the WH. Another interpretation can be that in the WH, where 
elevation varies constantly, blue sheep are likely to benefit from highly specialized 
adaptations for rugged terrain, whereas in the EH, where precipitation has a stronger 
influence, access to water sources and seasonal variability likely shape habitat 
use patterns.

Conclusion and Implications for Conservation

The genetic data assisted in resolving taxonomy of P. nayaur throughout the Indian 
Himalayan region. The WH haplotypes were shared with the population of the 
Union territory of Ladakh, Himachal Pradesh, and Uttarakhand that suggested a pre-
vious maternal connectivity between these localities. The genetic variation between 
the populations of WH and EH blue sheep supported that WH blue sheep was Hima-
layan blue sheep (P. n. nayaur), EH and Tibet plateau blue sheep were Chinese blue 
sheep (P. n. szechuanensis). Given the differences in habitat, orography, and climate 
between two zones, each population should be maintained as a distinct "Evolution-
ary Significant Unit" within IHR and maintained as management units (MUs) for 
conservation management. Besides the clarification of genetic and ecological dif-
ferences between the zones, our data provided better insights on evolutionary rela-
tionships and enables targeted conservation strategies that can preserve distinct evo-
lutionary lineages and adapt to specific habitat needs, thus allowing for improved 
conservation planning. The newly designed control region sequence will also help 
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with the lineage identification of biological samples that have been seized in order to 
follow the cases of wildlife crimes.

Our data suggests seasonal precipitation patterns in EH affect the habitat selec-
tion of P. nayaur by possibly providing moister habitats and a broader array of vege-
tation, which improves forage quality in comparison to the drier WH region. Collec-
tively, the blue sheep of WH and EH are able to thrive in their respective bioclimatic 
zones by selecting ecological food niches that would increase their fitness for their 
natural environment. Understanding these regional differences in habitat selection 
is important for successful conservation management and species conservation. 
Conservation efforts should take into account these ecological aspects, prioritiz-
ing habitat conservation designed for the specific needs of blue sheep populations 
throughout their range. This would further  ensure  their long-term viability in the 
face of potential land use change and anthropogenic pressures. We suggest initiat-
ing a collaborative spatial genetic study, employing standardized markers to identify 
finely detailed connecting corridors between the Pamir-WH and Tibetan plateau-EH 
populations. As blue sheep faces various threats, such as habitat loss, fragmenta-
tion, poaching, and competition with livestock, conducting more comprehensive 
and collaborative studies on the genetic and ecological aspects of blue sheep across 
their range and implementing effective conservation strategies based on their genetic 
diversity and structure may be explored.
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2004; Suryawanshi et al. 2010; Bhattacharya et al. 2020; 
Dolker et al. 2023).

Bharal serve as the primary wild prey for apex predators 
including the 'Vulnerable' snow leopard (Panthera uncia) 
and the dhole (Cuon alpinus chanco), underscoring their 
ecological significance in sustaining predator populations 
(Shrestha and Wegge 2008; Aryal et al. 2014; Lyngdoh et al. 
2014; Shrestha et al. 2018). As such, conserving Bharal pop-
ulations is integral to maintaining the functional integrity of 
alpine ecosystems. The species exhibits extensive morpho-
logical and ecological adaptations to the harsh conditions of 
the Himalayan and trans-Himalayan landscape (Oli 1996; 
Namgail et al. 2004; IUCN 2017; Bhattacharya et al. 2020; 
Pal et al. 2022a, b; Joshi et al. 2022; Dolker et al. 2023), 
necessitating regionally adaptive management strategies for 
the conservation of isolated populations (Dalui et al. 2020).

Despite its broad range and ecological importance, the 
genetic structure and evolutionary history of the western 
(WH) and eastern (EH) Himalayas’ Bharal remain poorly 
characterized (Saini et al. 2025). Molecular phylogenet-
ics has played a crucial role in identifying cryptic lineages 
among high-altitude ungulates (Namgail et al. 2004; Has-
sanin et al. 2012). A recent study based on mitochondrial 

Introduction

The Bharal or blue sheep (Pseudois nayaur) is a keystone 
herbivore of the high-altitude's low-productivity ecosys-
tems of the Indian Himalayan Region (IHR) with a distri-
bution extending across the Tibetan Plateau, encompassing 
India, China, Bhutan, and Nepal (Oli 1996; Mishra 1997; 
Chetri et al. 2017; Pal et al. 2022a, b; Joshi et al. 2022). 
It is currently listed as 'Least Concern' in IUCN Red List; 
however, its populations are exhibiting a declining trend due 
to increasing anthropogenic pressures and climate-induced 
habitat alterations. These stressors not only reduce suitable 
habitat but also intensify interactions with domestic live-
stock, facilitating disease transmission and potential genetic 
admixture. Furthermore, illegal hunting for bushmeat exac-
erbates the threats facing wild populations (Mishra et al. 
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DNA indicated substantial genetic divergence between WH 
Bharal and those from the Tibetan Plateau, suggesting the 
existence of distinct evolutionary lineages. Specifically, 
WH populations are more closely aligned with the Hima-
layan Bharal (P. n. nayaur), whereas EH populations show 
greater similarity to the Chinese Bharal (P. n. szechuanen-
sis) (Saini et al. 2025).

This divergence likely reflects historical biogeographic 
processes, such as glacial refugia, riverine barriers, and 
topographic complexity (Li et al. 2005; Tan et al. 2017; 
Bhattacharya et al. 2020). However, the ecological and 
environmental factors underlying these patterns and the 
extent of population differentiation across the IHR remain 
to be fully elucidated.

Genetic characterization of Bharal populations is use-
ful in formulating conservation strategies, particularly in 
landscapes with habitat fragmentation and local adapta-
tion (Wan et al. 2018; Dalui et al. 2020; Ram et al. 2021; 
Dolker et al. 2023). While mitochondrial DNA provides 
valuable insights into maternal lineages, it offers a limited 
perspective on broader genetic processes such as gene flow, 
allelic diversity, and population structure. The microsatel-
lite markers offer high-resolution information on individual 
and population-level variation, enabling the identification of 
Evolutionarily Significant Units (ESUs) and Management 
Units (MUs) (Li et al. 2005; Frankham 2012; Funk et al. 
2012).

In this study, we examine the nuclear genetic diversity 
and population structure of Bharal across WH and EH 
regions using microsatellite markers. Our objective is to 
validate the genetic distinctiveness of these populations 
and to inform region-specific conservation planning in the 
Indian Himalayas. By integrating genetic data with ecologi-
cal context, we aim to understand the evolutionary forces 
shaping Bharal diversity and inform strategies for their 
long-term conservation.

Materials and methods

Sample collection and preparation

A total of 150 fecal samples were collected from Bharal 
(Pseudois nayaur) populations across the Indian Himalayas 
between July 2022 and July 2023. Due to degradation and 
suboptimal condition, 47 samples were selected for DNA 
extraction and subsequent analysis. Of these, 31 samples 
originated from the western Himalayas including the Union 
Territory of Ladakh, Uttarakhand, and Himachal Pradesh 
and 16 samples were collected from the eastern Himalayas 
(Sikkim) (Fig.  1). Additionally, two tissue samples were 

opportunistically obtained from naturally dead individuals 
in Uttarakhand and preserved in 80% ethanol.

Fecal samples were collected using sterile gloves and 
stored in 2 mL microcentrifuge tubes containing either 80% 
ethanol or silica gel desiccant to preserve DNA integrity. 
Samples were kept at − 4 °C until DNA extraction. To mini-
mize the likelihood of sampling genetically related indi-
viduals, fecal samples were collected at intervals of at least 
300–500 m, across different locations and time points.

Genomic DNA was extracted from fecal samples using 
the guanidine hydrochloride-silica (GuHCl-silica) method 
(Gupta et al., 2013), and from tissue samples using the 
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), 
following the manufacturer’s protocols. DNA was eluted 
in 50 µL of elution buffer. Quality and concentration of 
extracted DNA were assessed using 0.8% agarose gel elec-
trophoresis stained with ethidium bromide (EtBr) and quan-
tified using a QIAxpert spectrophotometer (Qiagen, Hilden, 
Germany). All DNA extracts were diluted to a working con-
centration of approximately 20 ng/µL for PCR amplifica-
tion. Metadata, including sample locations and tissue types, 
is provided in Supplementary Table ST1.

Species identification, PCR amplification

Species was confirmed by sequencing a partial fragment of 
the mitochondrial control region using primer pair, Forward: 
5′-​C​T​A​T​A​G​C​C​T​C​A​C​T​A​T​C​A​G​C​A​C-3′ and Reverse: 5′- ​
A​G​C​A​C​A​G​T​T​A​T​G​T​G​T​G​A​G​C-3′ (Saini et al. 2025). All 
genetically verified samples were subsequently genotyped 
using eight polymorphic microsatellite loci (Supplementary 
Table ST2) selected from previously published sources for 
their suitability in ungulate genetics (Chang et al. 2012; 
Gaur et al. 2003; Jones et al., 2002; Poetsch et al., 2001; 
Vaiman et al., 1992; Tan et al. 2012a; Zeng et al. 2008).

PCR amplifications were conducted in 20 µL reac-
tion volumes containing 1× PCR buffer (50 mM KCl, 10 
mM Tris-HCl, pH 8.0), 0.25 mM of each dNTP, 1.5 mM 
MgCl2, 3 pmol of each primer, 0.6 units of DreamTaq DNA 
Polymerase (Thermo Fisher Scientific, USA), and 4 µL of 
template DNA. Thermocycling conditions included an ini-
tial denaturation at 95 °C for 5 min; followed by 38 cycles 
of denaturation at 95  °C for 45  s, annealing at 56  °C for 
45 s, and extension at 72 °C for 90 s; with a final extension 
at 72  °C for 10 min. Negative and positive controls were 
included in all reactions.

Amplification success was confirmed by 2% agarose gel 
electrophoresis stained with ethidium bromide (0.5 mg/mL), 
and visualized using a UV transilluminator (Analytik Jena, 
Germany). Successful PCR products were enzymatically 
purified using Exonuclease I and alkaline phosphatase at 
37 °C for 20 min, followed by enzyme inactivation at 85 °C 
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for 15 min. Purified products were sequenced bidirection-
ally using the BigDye Terminator v3.1 Cycle Sequencing 
Kit and analyzed on a 3500 XL Genetic Analyzer (Applied 
Biosystems, USA).

Microsatellite analysis

Microsatellite genotyping was performed on genetically 
confirmed Bharal samples. Of the 18 screened loci, eight 
yielded consistent amplification (Supplementary Table 
ST3). Fluorescently labeled PCR products were genotyped 
on a 3500 XL Genetic Analyzer (Applied Biosystems), and 
allele sizes were scored using GeneMapper v4.1 (Applied 
Biosystems).

The selected loci were chosen based on their short ampli-
con sizes, high amplification success, lack of genotyping 
errors, and high discriminatory power, as verified using 
MICROCHECKER v2.2.3 (Van Oosterhout et al. 2004). 
These criteria were essential to minimize the risk of sam-
pling the same individuals more than once. Unique individ-
ual identification was performed using GENECAP v1.2.2 
(Wilberg and Dreher 2004). The polymorphic information 

content (PIC) of each locus was estimated using CERVUS 
v3.0 (Kalinowski et al. 2007).

Population genetic diversity indices including the num-
ber of observed alleles (Na), effective alleles (Ne), observed 
heterozygosity (Ho), expected heterozygosity (He), and 
Wright’s inbreeding coefficient (FIS) were calculated using 
AMOVA in GenAlEx v6.5 (Peakall and Smouse 2012).

To assess population structure, we used two approaches: 
a Bayesian clustering algorithm implemented in STRUC-
TURE v2.3.4 (Pritchard 2007), and a multivariate Dis-
criminant Analysis of Principal Components (DAPC). 
STRUCTURE analyses were conducted using a burn-in of 
10,000 iterations followed by 100,000 MCMC repetitions, 
with 10 independent replicates for each K value. The opti-
mal number of clusters (K) was determined using the ΔK 
method (Evanno et al. 2005). Individuals were assigned 
to clusters based on a minimum membership threshold of 
q ≥ 0.80 (Lecis et al. 2006; Mukesh et al., 2013).

Fig. 1  Distribution and sampling locations for the current study. Yellow circles indicate the location of the sampling sites
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demonstrated consistent shorting to the WH cluster. Dis-
criminant Analysis of Principal Components (DAPC) cor-
roborated this pattern, identifying two major genetic clusters 
congruent with geographic separation (Fig. 3).

A Mantel test indicated significant isolation by distance 
(IBD) across the sampled populations (r = 0.381; P < 0.05), 
supporting a geographic component to genetic divergence 
(Fig.  4). AMOVA results showed that 22% of the total 
genetic variance was attributed to differentiation between 
lineages corresponding to P. n. szechuanensis (from the 
Qinling and Hengduan Mountains and Tibetan Plateau) 
and P. n. nayaur (Western Himalayan region). A further 
12% of variation was due to differences among individu-
als within populations, while 66% of the variation occurred 
within individuals, highlighting substantial individual-level 
genetic diversity (Table 2).

Discussion

Habitat loss, fragmentation, poaching, and other anthropo-
genic pressures have been shown to reduce genetic diversity 
in Bharal populations, potentially diminishing their adaptive 
capacity and increasing extinction risk (Li and Fang 1999; 
Wang et al. 2006; Wan et al. 2018; Dolker et al. 2023; Saini 
et al. 2025). Our study highlights the persistence of genetic 
variability within fragmented habitats, providing critical 
insight into the population structure of Pseudois nayaur and 
informing future conservation policy.

Phylogenetically, Pseudois shares a close evolution-
ary relationship with other Caprinae taxa, including Capra 

Results

Partial control region sequences were successfully obtained 
from 47 fecal samples (Supplementary Table ST1). These 
matched with Pseudois nayaur in the BLAST search against 
the NCBI GenBank. Consistent amplification (≥ 70% suc-
cess) was obtained from these samples for eight microsat-
ellite loci, which were used in further analysis (Table  1). 
These loci exhibited high informativeness, with polymor-
phic information content (PIC) values exceeding 0.5.

Genetic diversity indices revealed notable differentiation 
between western Himalayan (WH) and eastern Himala-
yan (EH) populations. Mean observed allele numbers (Na) 
ranged from 6.21 ± 0.85 in WH to 3.88 ± 0.44 in EH, while 
effective allele numbers (Ne) ranged from 3.98 ± 0.83 (WH) 
to 2.89 ± 0.41 (EH). Mean observed heterozygosity (Ho) 
was 0.57 ± 0.09 in WH and 0.63 ± 0.06 in EH, while mean 
expected heterozygosity (He) was 0.67 ± 0.05 in WH and 
0.61 ± 0.04 in EH. Overall, across both populations, mean 
Ho and He were 0.65 ± 0.03 and 0.64 ± 0.03, respectively, 
with a combined Na of 5.0 ± 0.54 (Table  1). Shannon’s 
Information Index (I) values indicated a relatively stable 
population structure. Fixation index (F) values ranged from 
− 0.067 to 0.585, generally falling within moderate levels of 
genetic differentiation.

Bayesian clustering analysis in STRUCTURE revealed 
the presence of two distinct genetic clusters, as indicated 
by the highest ΔK value at K = 2 (Fig. 2). Individuals from 
the WH (n = 31) were primarily assigned to Cluster I, while 
those from the EH (n = 16) grouped into Cluster II. Indi-
viduals from Ladakh, Himachal Pradesh, and Uttarakhand 

Table 1  Genotyping parameters of used microsatellite loci
Locus N Na Ne I Ho He F PIC

P. n. nayaur FS120 30 11.000 8.612 2.254 0.633 0.884 0.283 0.881
FS59 29 3.000 2.600 1.013 0.793 0.615 − 0.289 0.623
INRA 31 7.000 3.070 1.429 0.419 0.674 0.378 0.803
RT1 31 7.000 5.754 1.825 0.839 0.826 − 0.015 0.786
SY112A 31 5.000 2.934 1.234 0.226 0.659 0.657 0.610
SY58 30 4.000 1.671 0.754 0.167 0.402 0.585 0.579
CA18 31 6.000 5.125 1.708 0.903 0.805 − 0.122 0.814
T156 31 6.000 2.103 1.073 0.613 0.524 − 0.169 0.632

P. n. szechuanensis FS120 13 6.000 5.365 1.728 0.769 0.814 0.055 0.881
FS59 16 3.000 2.169 0.865 0.875 0.539 − 0.623 0.623
INRA 16 5.000 3.048 1.321 0.625 0.672 0.070 0.803
RT1 14 4.000 3.379 1.301 0.857 0.704 − 0.217 0.786
SY112A 16 4.000 1.707 0.822 0.375 0.414 0.094 0.610
SY58 16 2.000 1.882 0.662 0.500 0.469 − 0.067 0.579
CA18 16 4.000 3.048 1.212 0.625 0.672 0.070 0.814
T156 16 3.000 1.015 1.015 0.438 0.607 0.280 0.632

Mean 22.93 5.000 3.439 1.263 0.604 0.643 0.659 0.7257
SE 1.967 0.548 0.469 0.110 0.058 0.037 0.037
N number of samples, na number of alleles, ne no. of effective alleles, i shannon’s information index, HO observed heterozygosity; HE expected 
heterozygosity, f fixation index, pic polymorphic information content
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Fig. 3  Non-Bayesian pattern of bharal with DAPC

 

Fig. 2  Bharal population clustering patterns using Bayesian cluster-
ing at K2, K3, K4, K5, and K6; population-level assignment (cluster 
1: Western Himalaya, cluster 2: Eastern Himalaya); Mean L (K), A 

(i) (ii). For every K value, the ad hoc quantity (delta K) is calculated 
across 20 runs. STRUCTURE v 2.3.4 was used to conduct the struc-
tural analysis
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Plateau, and the Himalayan Bharal (P. n. nayaur) of the Pamir 
Plateau. The WH populations were genetically aligned with 
P. n. nayaur, while EH populations showed greater affinity 
with the szechuanensis lineage. These findings are consis-
tent with mitochondrial data from prior studies (Saini et al. 
2023; Gao et al. 2020) and suggest the presence of a signifi-
cant biogeographic barrier within the IHR that restricts gene 
flow and promotes lineage divergence.

The distinct clustering of EH and WH individuals in 
DAPC and STRUCTURE analyses, with no evidence of 
admixture, further supports this division. The genetic dis-
tance test (IBD) also indicated weak connectivity between 
regions, reflecting limited dispersal and substantial genetic 
differentiation (Fig. 4). Such divergence is likely shaped by 
historical and ecological drivers, including topographic bar-
riers and bioclimatic heterogeneity, which have contributed 
to the formation of region-specific ecological (Ranjitsinh 
2017; Joshi et al. 2022; Saini et al. 2025).

Our findings reinforce the presence of two evolutionarily 
significant units: the western Himalayan Bharal (P. n. nay-
aur) and the eastern Himalayan Bharal (P. n. szechuanensis), 

hircus, Capra ibex, and various Ovis species (Geist 1987; 
Luenser et al. 2005). Caprinae as a whole form a sister clade 
to Boselaphini (Boselaphus tragocamelus) and Bovini (Bos 
gaurus, Bubalus bubalis), underscoring the evolution-
ary distinctiveness of P. nayaur within Bovidae (Saini et 
al. 2023). This distinct phylogenetic position reflects the 
unique evolutionary trajectory of Bharal and emphasizes its 
conservation value across its distributional range.

Our microsatellite-based analysis revealed two distinct 
genetic lineages of Bharal across the Indian Himalayan 
Region (IHR), corresponding to the Chinese Bharal (P. n. 
szechuanensis) found in the Qinling, Hengduan, and Tibetan 

Table 2  Analysis of molecular variance (AMOVA)
Source df SS MS Estimated 

Variation
%

Among Populations 1 35.615 35.615 0.770 22%
Among Individual 45 140.853 3.130 0.411 12%
Within Individual 47 108.500 2.309 2.309 66%
df degrees of freedom, SS sum of squares, MS mean square, % Per-
centage of total variance

Fig. 4  The Mantel test result for IBD (Isolation by Distance) in the 
bharal population is displayed in a scatterplot along with the relevance 
of geographic distance on genetic distance (r = 0.381). Warmer colours 

indicate higher densities and demonstrate the link between the distance 
matrices. Colour indicates the relative density of a spot. IBD was car-
ried out using the Adegenet version 1.3.4 program in R.4.0 software
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Conclusion
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