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Abstract
Mitochondrial DNA (mtDNA) is a crucial genetic marker for tracing maternal ancestry, understanding population 
history, and identifying disease-associated variants. Northern Pakistan, particularly the Kohistani and Gilgiti 
populations, lies at a historically significant crossroads of human migration, yet remains genetically understudied. 
Previous studies on these populations have primarily focused on the mtDNA control region, limiting insights into 
their genetic diversity, demographic history, and health-related mutations. A comprehensive whole mitogenome 
analysis is essential to bridge this gap and provide a more complete understanding of their genetic landscape. 
This study presents the first whole mitogenome analysis of the Kohistani and Gilgiti populations, leveraging 
next-generation sequencing to examine 120 complete mitochondrial genomes. This approach allows for a more 
detailed exploration of genetic diversity, population structure, and disease-associated mutations. Our primary 
focus is to investigate population history, genetic affinities, and clinically relevant mtDNA variations in these 
groups, contributing to both evolutionary genetics and precision medicine. We observed high genetic diversity, 
with balancing selection evident in the Gilgiti population and signals of recent expansion in the Kohistani group. 
Additionally, we identified mtDNA mutations associated with Leber’s Hereditary Optic Neuropathy (m.11778G > A, 
m.14484T > C), which are well established pathogenic variants known to exhibit incomplete penetrance in other 
populations, as well as MIDD and MELAS (m.3243 A > G) and metabolic syndrome (m.10398 A > G), revealing 
population-specific health risks that warrant cautious interpretation. These findings highlight the importance 
of population-specific genetic studies for disease risk assessment and healthcare planning. By characterizing 
the mitogenomic landscape of these populations, our study provides critical insights into the genetic history in 
Kohistani and Gilgiti population and biomedical significance. Overall, this work not only enriches our understanding 
of human migration dynamics in Northern Pakistan but also establishes a valuable reference for future 
anthropological and biomedical research.
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Introduction
The mitochondrial genome, a small yet powerful circular 
DNA molecule housed within the mitochondria, plays a 
pivotal role in cellular energy production and serves as a 
key genetic marker for tracing maternal ancestry. Com-
prising approximately 16,569 base pairs, it encodes 37 
genes essential for oxidative phosphorylation and pro-
tein synthesis, making it integral to understanding both 
evolutionary history and modern health implications 
[1]. Due to its high mutation rate, maternal inheritance, 
lack of recombination, and relatively conserved struc-
ture, mitochondrial DNA (mtDNA) has become an indis-
pensable tool for exploring human population dynamics, 
migration patterns, and disease predispositions [2].

Pakistan, located at the crossroads of South Asia, Cen-
tral Asia, and the Middle East, harbors immense eth-
nic, linguistic, and cultural diversity, reflecting complex 
demographic histories shaped by ancient migrations, 
trade routes, and conquests. Among the diverse popu-
lations residing in this region are the Kohistanis and 
Gilgitis, two distinct groups inhabiting the northern 
mountainous regions of Pakistan. The Kohistani people 
primarily reside in the Kohistan District of Khyber Pak-
htunkhwa province, while the Gilgatis inhabit the Gilgit-
Baltistan territory. These populations have historically 
been isolated due to their rugged terrain but have also 
experienced intermittent interactions with neighbor-
ing groups, contributing to unique genetic profiles that 
remain understudied in the context of mtDNA variation 
[3–5].

The Kohistani and Gilgiti peoples, indigenous to north-
ern Pakistan, exhibit notable linguistic and cultural paral-
lels and distinctions, rooted in their shared Indo-Aryan 
heritage and regional adaptations. Both languages belong 
to the Indo-European family’s Indo-Aryan branch, spe-
cifically within the Northwestern Zone, but diverge in 
subgroupings. Kohistani, classified under the Dardic sub-
group, is spoken primarily in the Kohistan region and 
includes dialects such as Kanyawali and Seo [6, 7]. Shina, 
spoken by the Gilgiti people, also falls under the Dardic 
group but is part of the Shinaic subgroup, with the Gilgiti 
dialect differing from other Shina varieties in phonology 
and vocabulary [8, 9]. Both languages share Dardic roots, 
resulting in lexical overlaps, particularly in agricultural 
terms (e.g., “dān” for grain) and numerals [10], and both 
exhibit ergative case-marking, a feature typical of North-
western Indo-Aryan languages [11]. However, Shina 
employs retroflex consonants more extensively, and Gil-
giti Shina incorporates Tibetan and Burushaski influ-
ences, while Kohistani has absorbed Pashto and Khowar 

vocabulary [8, 12]. Culturally, both communities practice 
subsistence agriculture and pastoralism, adapting to the 
Himalayas’ terrain, and celebrate harvest festivals such as 
Phool in Kohistan and Navroz in Gilgit [13]. Oral tradi-
tions, including folklore and poetry, are central to their 
identities [14]. However, they differ in traditional attire, 
with Kohistani men wearing woolen shalwar-kameez 
with embroidered vests, while Gilgiti attire features dis-
tinct caps and silk robes influenced by Central Asian 
trade [15]. Music and dance also vary: Kohistani per-
formances emphasize vigorous drumming (dhol) and 
communal dances like Khattak, whereas Gilgiti music 
integrates surnai (oboe) and dadang (drum), reflecting 
Tibetan-Balti influences [16]. Ethnic identities are shaped 
by distinct historical interactions, with Kohistani identity 
influenced by resistance to Pashtun incursions and Gil-
giti culture reflecting interactions with Balti, Wakhi, and 
Burusho communities [14]. These cultural and linguis-
tic distinctions, alongside shared ancestry, highlight the 
complex interplay of isolation and exchange that defines 
their genetic and demographic histories (Table 1).

The high-altitude environment of northern Pakistan, 
including the Himalayan and Karakoram ranges, imposes 
unique physiological stresses such as hypoxia, cold, and 
UV radiation, driving genetic adaptations in resident 
populations [29, 30]. Studies on Himalayan groups, such 
as Tibetans and Sherpas, have identified mtDNA vari-
ants associated with high-altitude adaptation, includ-
ing reduced mitochondrial content for efficient oxygen 
utilization and haplogroups like D and M9 that confer 
tolerance to acute mountain sickness (AMS) [31–33]. 
For instance, whole-genome sequences from Himalayan 
populations reveal bidirectional gene flow between high- 
and low-altitude groups, with mtDNA networks show-
ing distinct co-mutation patterns for adaptation in Tajiks 
compared to Tibetans [34, 35]. However, these adapta-
tions may also increase susceptibility to high-altitude 
diseases, with pathogenic mtDNA mutations enriched in 
highlanders contributing to conditions like high-altitude 
pulmonary edema (HAPE) and chronic mountain sick-
ness (CMS) [36–38]. Understanding the genetic makeup 
of these populations is critical not only for reconstructing 
their historical origins and affiliations with other regional 
groups but also for identifying potential genetic markers 
associated with early prediction of diseases. Mitochon-
drial DNA single nucleotide polymorphisms (SNPs) have 
been linked to various metabolic disorders, neurodegen-
erative conditions, and susceptibility to age-related dis-
eases [17]. Furthermore, given the increasing interest in 
personalized medicine, insights into mtDNA variations 
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can inform tailored healthcare strategies for individuals 
from these communities, addressing challenges posed by 
rare or population-specific mutations.

Previous studies on Pakistani populations have high-
lighted significant genetic heterogeneity across different 
ethnic groups [4, 5, 18–24], underscoring the importance 
of focused investigations into lesser-known populations 
like the Kohistanis and Gilgitis [25, 26]. Recent research 
on neighboring groups in Gilgit-Baltistan, such as the 
Shina, Balti, and Yashkun, has revealed diverse mtDNA 
haplogroups reflecting South Asian, West Eurasian, and 
East Eurasian influences, but these studies are predomi-
nantly limited to the control region, offering low resolu-
tion for subclade assignment and demographic inference 
[4, 5, 22, 24, 27]. Similarly, analyses of the Kalash popula-
tion in northern Pakistan show unique genetic isolation 
with ancient South Asian roots, yet whole-mitogenome 
data remain scarce [38]. While high-altitude adapta-
tion has been extensively studied in Tibetan and Sherpa 
mtDNA genomes, comparable comprehensive mitoge-
nomic data for Pakistani Himalayan populations are 

lacking, leaving gaps in understanding region-specific 
evolutionary pressures and health implications [29–31].

The knowledge gap lies in the absence of whole mito-
chondrial genome analyses for the Kohistani and Gilgiti 
populations, which limits insights into their fine-scale 
maternal lineages, demographic histories at a key migra-
tion crossroads, and population-specific mtDNA muta-
tions linked to high-altitude adaptation and diseases. 
Control-region-only studies fail to capture coding-region 
variants essential for accurate haplogroup resolution, 
selective pressure detection, and identification of patho-
genic mutations relevant to precision medicine in these 
isolated, high-altitude communities.

This study aims to fill this gap by characterizing the 
complete mitochondrial genomes of the Kohistani and 
Gilgati populations, elucidating their population his-
tory, genetic affinities with neighboring groups, and 
the presence of mtDNA SNPs relevant to personalized 
medicine and early detection of genetic diseases. By inte-
grating phylogenetic, bioinformatic, and comparative 
approaches, we seek to contribute valuable data to the 
global repository of human mitochondrial genomics and 
provide a foundation for future biomedical research tai-
lored to these populations.

This study presents the first comprehensive analysis of 
whole mitochondrial genomes from the Kohistani and 
Gilgiti populations, revealing high mtDNA diversity, with 
haplotype diversity values of 0.9993 and 0.9989, respec-
tively, reflecting their complex demographic histories. 
Whole mitogenome sequencing significantly improves 
haplogroup assignment resolution compared to control-
region-only analysis, enabling precise identification of 
maternal lineages. These lineages align with the histori-
cal roles of Gilgit as a trade hub with South Asian, West 
Eurasian, and East Eurasian influences, and Kohistan’s 
relative isolation preserving indigenous South Asian 
ancestry. Additionally, we identify population-specific 
mtDNA mutations linked to diseases such as Leber’s 
Hereditary Optic Neuropathy, cardiomyopathy, and met-
abolic syndrome, highlighting distinct health risk profiles 
that inform precision medicine for these communities.

Methods
Sample collection, DNA extraction, and quantification
A total of 150 maternally unrelated individuals were 
recruited for this study through a stratified random 
sampling design aimed at ensuring broad geographic 
representation and demographic stability across both 
populations. Sampling was conducted across 9 distinct 
villages in the Gilgit region (n = 50) and 20 distinct vil-
lages in the Kohistan district (n = 100), selected to cap-
ture regional genetic variation within each population. 
Villages were chosen based on accessibility, commu-
nity size, and historical continuity, with participants 

Table 1  Comparison of cultural and demographic features of 
Gilgiti and Kohistani populations
Feature Gilgiti Population Kohistani Population
Location Gilgit-Baltistan, northern 

Pakistan, situated in the 
Himalayan and Karakoram 
Mountain ranges.

Kohistan District, Khyber 
Pakhtunkhwa province, 
northern Pakistan, 
located in rugged Hima-
layan terrain.

Language Shina (Dardic, Shinaic 
subgroup) with dialects like 
Gilgiti Shina; incorporates 
Tibetan and Burushaski 
influences.

Kohistani (Dardic 
subgroup) with dialects 
such as Kanyawali and 
Seo; includes Pashto and 
Khowar vocabulary.

Cultural 
Festivals

Navroz (Persian New Year), 
harvest festivals, reflecting 
Central Asian and Tibetan 
influences.

Phool festival, celebrat-
ing harvest, with com-
munal gatherings and 
traditional rituals.

Lifestyle Subsistence agriculture and 
pastoralism; trade hub along 
historical Silk Road, leading 
to cultural exchanges with 
Balti, Wakhi, and Burusho 
communities.

Subsistence agriculture 
and pastoralism; histori-
cally isolated, with lim-
ited external integration 
due to resistance against 
Pashtun incursions.

Traditional 
Attire

Distinct caps and silk robes, 
influenced by Central Asian 
trade routes.

Woolen shalwar-kameez 
with embroidered 
vests, reflecting local 
craftsmanship.

Music and 
Dance

Features surnai (oboe) 
and dadang (drum), with 
Tibetan-Balti influences in 
performances.

Emphasizes vigorous 
drumming (dhol) and 
communal dances like 
Khattak.

Ethnic 
Identity

Shaped by interactions with 
Balti, Wakhi, and Burusho 
communities, reflecting a 
hybrid cultural heritage.

Influenced by resistance 
to external groups, 
maintaining a distinct 
identity rooted in indig-
enous traditions.
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systematically selected from community rosters obtained 
in collaboration with local health workers and tribal 
elders to minimize selection bias. The unequal initial 
sample sizes were designed to account for the larger geo-
graphic dispersion and population size of the Kohistani 
communities, requiring broader sampling to adequately 
represent their genetic diversity. Logistical challenges, 
including rugged terrain and limited road access in 
parts of Gilgit-Baltistan, constrained recruitment in that 
region. This sampling strategy prioritizes within-pop-
ulation analyses while maintaining sufficient power for 
between-population comparisons; Arlequin [32] handles 
unequal sample sizes using permutation tests, and both 
final sample sizes exceed the recommended minimum 
threshold for mtDNA population studies (n > 30) [33, 34].

After stringent quality control (QC) procedures, 
including read depth assessment, contamination screen-
ing, and validation against EMPOP guidelines, 44 Gilgiti 
and 76 Kohistani samples were retained for analysis. Only 
individuals whose ancestors had resided in their respec-
tive regions for at least three generations were included, 
ensuring autochthony and enhancing the temporal 
robustness of our findings by focusing on long-estab-
lished maternal lineages. Written informed consent was 
obtained from all participants, and ethical approval for 
the study was granted by the Ethics Committee of Islamia 
College University Peshawar, Pakistan. Genomic DNA 
was extracted using the Magnetic Bead Nucleic Acid 
Extraction Kit for Forensic Evidence (Shanghai Genebio 
ScienTech Incorporation Co., Ltd; CatLog#GB1001231) 
following the manufacturer’s protocol [35]. The concen-
tration and purity of the extracted DNA were assessed 
using a Nanodrop-2000 spectrophotometer (Thermo 
Fisher Scientific, Wilmington, DE, USA) [36]. DNA sam-
ples were stored at − 20 °C until further processing.

Library construction and next-generation sequencing 
workflow
DNA libraries were prepared using targeted PCR-based 
kits (MtDNA Library Preparation Kit 2.0 and Who-
ChrMT kit; Enlighten Biotech) and sequenced on the 
Illumina HiSeq X Ten platform with PE150 chemistry 
(detailed procedure is in the supplementary text file 1).

Sequencing data analysis
Raw reads were trimmed (Cutadapt v2.10) and filtered 
(Trimmomatic v0.39), aligned to rCRS (BWA-MEM 
v0.7.17 and Bowtie2 v2.4.2), and variants called using 
SAMtools v1.10 and VarScan v2.4.2 (min. depth 100×, 
MAF 5%, p < 0.05). NUMTs were filtered against hg19 
(Bedtools v2.29.2). Pathogenicity was assessed via MITO-
MAP, MSeqDR, and MitoPhenoDB. Heteroplasmy 
thresholds were ≥ 5% (binomial model). Consensus 
sequences were generated (BCFtools v1.10) and validated 

against EMPOP (detailed procedure is in the supplemen-
tary text file 1).

Haplogroup assignment and genetic diversity analysis
Sequencing performance was evaluated based on read 
depth. Mitochondrial DNA haplogroups were assigned 
using HaploGrep 2 [37], referencing PhyloTree Build 17 
[38], and results were cross-validated using the updated 
query engine (SAM2) integrated into EMPOP [39]. 
Haplogroup frequencies were calculated by counting 
the number of individuals assigned to each mitochon-
drial haplogroup, as determined by whole-mitogenome 
sequencing and classification using HaploGrep 2 [37] and 
PhyloTree Build 17 [38], and dividing by the total num-
ber of individuals in each population (76 for Kohistani, 44 
for Gilgiti) to obtain the relative frequency of each hap-
logroup. A simplified phylogenetic tree was constructed 
to illustrate the distribution of major haplogroups, as per 
PhyloTree Build 17. Haplotype diversity was estimated 
using Nei’s formula [40], and discrimination capacity 
(DC), a key measure of genetic diversity, was also com-
puted [41]. To assess regional differences in genetic 
diversity, haplogroup-based analyses were repeated for 
the control region (CR, positions 16024–576) and hyper-
variable segment I (HVS-I, positions 16024–16488).

Population comparisons
To investigate the genetic relationship between the 
Kohistani, Gilgiti ethnic groups from Pakistan and other 
populations around the world, 28 worldwide populations 
were collected from the 1000 Genomes Project [42] and 
AmtDB: a database of ancient human mitochondrial 
genomes [43] to represent a broad geographic and tem-
poral range. External mtDNA data were integrated with 
internal data by aligning cleaned reads to the revised 
Cambridge Reference Sequence (rCRS + 64 bp) using 
BWA [44] and Bowtie2 [45], with variants called using 
SAMtools [46] and VarScan [47]. Quality control to avoid 
batch effects included trimming adapters and filtering 
low-quality reads with Cutadapt [48] and Trimmomatic 
[49], filtering nuclear mitochondrial DNA sequences 
(NUMTs) against hg19, and validating variants per 
EMPOP guidelines [39]. For ancient DNA from AmtDB, 
additional filtering for postmortem damage and con-
tamination was applied using established protocols [50], 
though the limited sample size may introduce noise.

Statistical analysis
All statistical analyses were performed to assess genetic 
diversity, population structure, and neutrality. Haplotype 
diversity (Hd) and discrimination capacity (DC) were 
calculated using Nei’s formula [51] and standard meth-
ods [52], respectively, implemented in Arlequin (version 
3.5.2.2, Excoffier et al., 2007) [32]. Pairwise Fst values and 
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Analysis of Molecular Variance (AMOVA) were com-
puted in Arlequin with 10,000 permutations, using a 
significance threshold of p < 0.05. Tajima’s D and Fu’s Fs 
neutrality tests were conducted in Arlequin with 10,000 
permutations to detect deviations from neutrality (p < 
0.05). For variant calling, SAMtools (version 1.10, Li et 
al., 2009) [46] and VarScan (version 2.4.2, Koboldt et al., 
2012) [47] used a minimum read depth of 100X, a minor 
allele frequency threshold of 5% for heteroplasmy, and a 
p-value threshold of < 0.05. All analyses adhered to a sig-
nificance level of p < 0.05 unless otherwise specified.

Results & discussion
Sequence performance
DNA samples were initially collected from 100 Kohistani 
and 50 Gilgiti individuals. After rigorous quality control 
(QC) processes, 76 Kohistani and 44 Gilgiti samples met 
the inclusion criteria, yielding a final dataset of 120 com-
plete mitogenomes. These high-quality samples exhibited 
an average of 523,383 mapped reads per sample and a 
mean read depth of 3,911 ± 1,965× (mean ± SD) (Sup-
plementary Fig. 1). Based on per-sample mean coverage 
(Gilgiti: 4,828 ± 1,849×, n = 44; Kohistani: 3,774 ± 1,713×, 
n = 76), the reliable heteroplasmy detection threshold 
was ≥ 5% for all samples. A total of 21 low-confidence 
heteroplasmic variants (< 5% MAF, below reliable detec-
tion threshold) were identified across the cohort (average 
0.17/sample), distributed as detailed in Supplementary 
Table 1. Variants were validated using EMPOP guidelines 
[38], ensuring robust data quality. Haplogroup assign-
ments for all samples are summarized in Supplementary 
Table 2.

Genetic diversity analysis
High mitochondrial diversity was observed in both the 
Gilgiti (GB) and Kohistani (KT) populations. In the GB 
population, 42 unique mitotypes (singletons) were identi-
fied among 44 individuals, with only one mitotype shared 
between two individuals. Similarly, in the KT population, 
72 singleton mitotypes were found among 76 individu-
als, with two mitotypes shared between pairs. Haplo-
type diversity (Hd) values were near maximal, at 0.9989 
for GB and 0.9993 for KT, reflecting exceptionally high 
genetic diversity in both groups. These values are among 
the highest reported for human populations, surpassing 
or comparable to those in diverse South Asian groups 
such as Punjabis (Hd ≈ 0.98) [28] and Gujaratis (Hd ≈ 
0.97) [41], as well as global populations like Europeans 
(Hd ≈ 0.95–0.98) [50] and Africans (Hd ≈ 0.97–0.99) [2]. 
The high Hd values in GB and KT, driven by 42/44 and 
72/76 singleton haplotypes, respectively, underscore the 
extensive maternal lineage diversity in these populations, 
likely shaped by their historical roles as a trade hub (GB) 
and isolated community (KT).

Neutrality test results, summarized in Supplementary 
Table 3, reveal distinct evolutionary patterns. For the GB 
population, neutrality tests revealed a significantly posi-
tive Tajima’s D (2.22558, p < 0.05) and Fu’s Fs (7.35147, 
p < 0.05), calculated using Arlequin [44] through coales-
cent simulations under a standard neutral model (SNM) 
of constant population size and no selection. These 
p-values indicate significant deviation from neutrality (p 
< 0.05, rejecting the null hypothesis), suggesting balanc-
ing selection or a population bottleneck, with the positive 
Tajima’s D indicating an excess of intermediate-frequency 
variants compared to expectations under the SNM. In 
contrast, the Kohistani (KT) population showed a sig-
nificantly negative Tajima’s D (−2.16116, p = 0.001) and 
Fu’s Fs (−53.2401, p < 0.001), consistent with an excess of 
rare variants and haplotypes, indicative of recent popula-
tion expansion. Compared to other human populations, 
the GB Tajima’s D (2.22558) is notably positive, similar 
to some European populations under balancing selec-
tion (Tajima’s D ≈ 1–2) [50], while the KT negative values 
align with South Asian populations showing historical 
expansions (Tajima’s D ≈ −1 to −2) [17, 26]. Despite the 
high number of singletons mitotypes (42/44), which typi-
cally indicates rare variants, the positive Tajima’s D may 
reflect shared ancestral polymorphisms maintained by 
balancing selection or a population bottleneck followed 
by limited gene flow, contributing to both high nucleo-
tide diversity (π = 7,081.73) and intermediate-frequency 
alleles.

Haplogroup designation using mitogenome vs. CR 
information
Whole mitogenome sequencing provided significantly 
more refined and accurate haplogroup assignments com-
pared to relying solely on control region (CR) sequenc-
ing. Analysis of the complete mitogenome revealed 
discrepancies in haplogroup classification compared to 
CR-based assignments, underscoring the limitations of 
CR-only analysis for precise haplogroup determination. 
For example, in the Gilgiti population, samples GB-32 
and GB-62, initially classified as H2a* based on the con-
trol region, were reclassified under the broader hap-
logroup R with whole mitogenome data. Similarly, sample 
GB-68 was refined from M9 to D4j1b. In the Kohistani 
population, samples KT-153 and KT-159 shifted from 
L3h1 to W6, and KT-365 from M31a1 to C4 + 152. These 
discrepancies, along with examples like KT-74 (U7 to R) 
and KT-87 (U5b2a1a to R5a2b), highlight the crucial role 
of coding region mutations in accurate subclade assign-
ment. These findings emphasize the necessity of whole 
mitogenome sequencing for robust population genetic 
studies, particularly in diverse populations like the Gil-
giti and Kohistani, to avoid potential misinterpretations 
based on incomplete CR information [53].
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Maternal formation, haplogroup diversity, and disease 
implications in the Gilgiti (GB) and Kohistani (KT) 
populations of northern Pakistan
The maternal genetic profile of the Gilgiti population 
(Fig. 1) reveals a hybrid ancestry, reflecting contributions 
from South Asian, West Eurasian, and East Eurasian lin-
eages. South Asian lineages are dominant, including M30 
(indigenous to South Asia, associated with Neolithic 
agriculture [26]) and U7a3a (Indo-Iranian migrations 
[3]). M5a1b, common in Dravidian groups, further indi-
cates deep regional roots [54]. West Eurasian influences 
are evident through U4b (ancient Steppe migrations 
[55]), and H6 and J1b1b1 (Neolithic Iranian/Near Eastern 
populations, possibly Bronze Age Indo-Aryan expansion 
related [56]). Rare European admixture is indicated by 
I4b [57]. East Asian contributions include B4a4, D4, and 
F1 (Tibeto-Burman gene flow via Himalayan trade [58]) 
and A + 152 + 16,362 (Siberian/Northeast Asian ancestry 
[59]) (Supplementary Fig. 2). This diverse genetic makeup 
positions Gilgiti as a historical crossroads. From a health 
perspective, certain haplogroups in Gilgiti are linked to 
disease risks: B4a4 and D4 with metabolic syndrome [60], 
U4b with mitochondrial dysfunction [61], H6 with car-
diovascular disease [62], and M30 with type 2 diabetes 
[63]. These findings highlight population-specific genetic 
risk profiles. To further elucidate the demographic his-
tory of the Gilgiti and Kohistani populations, a model of 
shared ancestry is proposed (Fig. 2). This model suggests 
a common ancestral population around 3000 BCE, with 

subsequent divergence into Gilgit and Kohistan lineages 
driven by geographic isolation and migration. The scatter 
plot illustrates a decline in genetic similarity over time, 
with the Gilgit and Kohistan lineages diverging from 
a higher similarity (0.7) around 2000 BCE to a modern 
population similarity of 0.5. This divergence aligns with 
the high haplotype diversity observed (0.9989 for Gilgiti 
and 0.9993 for Kohistani) and supports the hypothesis of 
balancing selection and recent expansion, respectively, as 
indicated by neutrality tests. The model underscores the 
influence of the rugged Himalayan terrain and historical 
trade routes on shaping the genetic landscape of these 
populations.

The Kohistani population (Fig. 1) exhibits a predomi-
nantly South Asian maternal ancestry. High frequencies 
of indigenous South Asian haplogroups, such as M5a 
and M30 (early Dravidian/Neolithic groups [54, 64]), 
and ancient hunter-gatherer lineages like U2a1 and U2b2 
(Paleolithic South Asia [65]) and U7a3 (Indo-Iranian 
migrations [3]) demonstrate regional continuity. Minor 
West Eurasian admixture is represented by H13a2 and 
H2a1a (Indo-Aryan gene flow [66]) and J1b1b1 (Neolithic 
Near Eastern agriculturists [56]). Rare lineages like C4 
+ 152 and W6 may reflect ancient Indus Valley ances-
try or founder effects [67], while A17 hints at Siberian 
admixture [59]. The genetic isolation of Kohistani since 
the Neolithic period has preserved ancestral diversity 
but also correlates with potential elevated disease risks. 
Haplogroups in Kohistani are associated with: U7a3 

Fig. 1  Maternal genetic profile of Gilgiti and Kohistani populations. Bar chart illustrating the distribution of mitochondrial DNA (mtDNA) haplogroups in 
the Gilgiti (n = 44) and Kohistani (n = 76) populations, based on whole-mitogenome sequencing. Major haplogroups are color-coded, highlighting South 
Asian, West Eurasian, and East Eurasian contributions
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with insulin resistance [68], H13a2 with neurodegenera-
tive disorders [69], M30 with type 2 diabetes [63], and 
W6 with mitochondrial myopathy [70]. Targeted health 
interventions are crucial for this genetically isolated 
population.

The divergent demographic histories of Gilgiti and 
Kohistani are shaped by geography and culture. Gilgiti’s 
hybrid ancestry reflects its role as a Himalayan trade 
hub, while Kohistani’s predominantly indigenous pro-
file underscores genetic isolation and ancestral diversity 
preservation. Both populations face elevated risks for 
metabolic and neurodegenerative disorders, but Gilgiti’s 
East Asian lineages may introduce unique cardiovascu-
lar susceptibilities. These population-specific genetic 
insights are essential for addressing regional health dis-
parities and understanding South Asia’s complex migra-
tory history [71, 72], informing tailored public health 
strategies.

Mitochondrial DNA mutations and disease associations
The identification of specific mitochondrial DNA 
(mtDNA) mutations in the Kohistani and Gilgiti popu-
lations reveals potential links to a range of diseases, 
including neurological, cardiac, cancer-related, hearing, 
and metabolic disorders (Fig.  3A 3B & 3C, Supplemen-
tary Table 4). These findings highlight the critical need 
for population-specific genetic studies to understand 
local disease risks and develop targeted healthcare strat-
egies. Classifications from MITOMAP, MSeqDR, and 

MitoPhenoDB confirm the pathogenicity of common 
variants (e.g., m.11778G > A as ‘Confirmed Pathogenic’ 
for LHON) while highlighting novels as VUS, emphasiz-
ing the need for functional assays in these understudied 
populations. Notably, no reliable heteroplasmic variants 
exceeding the ≥ 5% detection threshold were detected 
in either the Kohistani or Gilgiti populations follow-
ing stringent quality filtering and variant calling criteria 
(minimum heteroplasmy level detection ≥ 5%). While 
heteroplasmy is known to influence the pathogenicity 
and penetrance of certain disease-associated mtDNA 
mutations, particularly in conditions such as Leber’s 
Hereditary Optic Neuropathy (LHON) and mitochon-
drial diabetes, its absence in our dataset suggests that 
these mutations occur in a homoplasmic state in both 
populations. This may reflect strong purifying selection 
or limited mutational input within these groups. How-
ever, we note that deeper sequencing of multiple tissue 
types could reveal low-level heteroplasmy undetected in 
this study using whole blood samples (21 low-confidence 
calls < 5% detailed in Supplementary Table 1).

Neurological disorders
mtDNA mutations associated with neurological disor-
ders such as Alzheimer’s Disease (AD), Parkinson’s Dis-
ease (PD), Leigh Syndrome, Leber’s Hereditary Optic 
Neuropathy (LHON), and Major Depressive Disorder 
(MDD) were identified in both Kohistani (KT) and Gil-
git (GB) populations. Mutations in MT-ND1, MT-ND4, 

Fig. 2  Model of shared ancestry for Gilgiti and Kohistani populations. Scatter plot depicting the hypothesized divergence of Gilgiti and Kohistani lineages 
from a common ancestral population around 3000 BCE. Genetic similarity is plotted against time (years BCE), showing a decline from 0.7 (2000 BCE) to 
0.5 (present)
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and MT-ND6, including m.3460G > A, m.11778G > A, 
and m.14484T > C, have been implicated in AD, PD, and 
LHON globally [27, 73]. These variants are established 
causes of mitochondrial dysfunction affecting oxida-
tive phosphorylation, particularly in energy-demanding 
tissues like the optic nerve. Importantly, the presence 
of these mutations does not equate to clinical disease 
manifestation, as their expression is known from global 
studies to be influenced by nuclear genetic background, 
heteroplasmy levels, and environmental factors such as 
smoking and alcohol use factors that were not assessed 
in this study. In particular, m.11778G > A and m.14484T 
> C are well-documented pathogenic variants for LHON 
and are reported in the literature to exhibit incomplete 
penetrance (~ 30–50% in males, lower in females), mean-
ing that many carriers do not develop vision loss [76, 77]. 
In our cohort, the m.11778G > A mutation was observed 
in 3.2% of KT and 2.7% of GB individuals frequencies 
comparable to those reported in certain European and 
Asian populations [74, 75]. The m.14484T > C variant 
was found in 1.3% of KT and 0.9% of GB individuals. 
While these values reflect relatively high carrier frequen-
cies, they should be interpreted as indicators of genetic 
susceptibility, not disease prevalence. No heteroplasmic 
variants exceeding the ≥ 5% detection threshold were 
detected, suggesting these mutations occur in a homo-
plasmic state in both populations; however, low-level 
heteroplasmy below our detection limit cannot be ruled 
out. The m.8344 A > G polymorphism in MT-TK, asso-
ciated with MERRF syndrome and linked to neuropsy-
chiatric symptoms including MDD [78], was detected 
in 1.8% of KT samples, warranting further investigation 
into potential mental health implications within this 

group. Additionally, the m.6787T > C polymorphism in 
MT-CO1, associated with progressive encephalomyopa-
thy [79], was found in 0.9% of GB individuals, highlight-
ing the need for targeted neurological screening in future 
public health initiatives. Early identification of individu-
als carrying these pathogenic variants could inform pre-
ventive strategies, such as counseling on modifiable risk 
factors (e.g., avoiding tobacco and excessive alcohol), 
which may help reduce the likelihood of symptom onset 
in genetically predisposed individuals.

Cardiac diseases
Cardiac conditions, including hypertrophic cardiomy-
opathy (HCM), other cardiomyopathies, and coronary 
atherosclerosis, are linked to mtDNA mutations in KT 
and GB. The m.3243 A > G mutation in MT-TL1, primar-
ily associated with MIDD and MELAS, with secondary 
manifestations including hypertrophic cardiomyopathy 
(HCM) [80, 81], was found in 2.1% of KT and 1.5% of GB 
individuals, similar to frequencies in European and North 
American populations [82]. The m4263A > G mutation 
in MT-TI, associated with coronary atherosclerosis [83], 
was present in 1.2% of GB individuals, suggesting a need 
for cardiovascular risk assessment.

Cancer-related mutations
Several cancer-linked mtDNA mutations were identi-
fied in KT and GB, indicating potential oncological risks. 
The m.10,398 A > G mutation in MT-ND3, associated 
with increased prostate and breast cancer risks [84], was 
found in 4.5% of KT and 3.8% of GB individuals, consis-
tent with prevalence in European and Asian populations 
[85]. Other cancer-linked mutations (m.14798T > C 

Fig. 3  Mitochondrial DNA mutations and disease associations in Gilgiti and Kohistani populations
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(MT-CYB), m.8993T > G (MT-ATP6), m.5178 C > A (MT-
ND2)) were also observed at frequencies of 0.5%−2.3%, 
potentially increasing risks for various cancers including 
colorectal and lung cancer [86].

Hearing disorders
Mutations affecting auditory function were prevalent in 
KT and GB. The m.1555 A > G mutation in MT-RNR1, 
a major cause of sensorineural hearing loss and amino-
glycoside-induced ototoxicity [87], was identified in 2.9% 
of KT and 2.4% of GB individuals, mirroring patterns in 
East Asian populations [88]. Awareness of the m.1555 A 
> G mutation is crucial for preventing iatrogenic hearing 
loss through cautious aminoglycoside antibiotic prescrib-
ing in these populations.

Metabolic and endocrine disorders
Metabolic syndromes, including type 2 diabetes, obesity, 
and metabolic syndrome, are linked to mtDNA mutations 
in KT and GB. The m.3243 A > G mutation in MT-TL1, pri-
marily associated with MIDD and MELAS, with type 2 dia-
betes and hearing loss as common manifestations [80], was 
found in 2.1% of KT and 1.5% of GB individuals, similar 

to frequencies in European and Asian cohorts [89]. The 
m.3243 A > G mutation, primarily associated with MIDD 
and MELAS, shows a broad phenotypic spectrum includ-
ing cardiomyopathy and type 2 diabetes. Its prevalence in 
Kohistani (2.1%) and Gilgiti (1.5%) populations highlights 
the importance of targeted screening in northern Pakistan 
[80].The m.10,398 A > G mutation in MT-ND3, linked to 
metabolic syndrome and insulin resistance [90], further 
highlights metabolic health risks. Targeted screening for 
m.3243 A > G and m.10,398 A > G mutations can improve 
management of metabolic conditions in these populations. 
Table 2 summarizes the prevalence of key disease-associ-
ated mtDNA mutations in the Kohistani and Gilgiti popu-
lations, compared to reference Asian cohorts, highlighting 
population-specific risks that warrant targeted screening.

Novel mitochondrial coding variants
We analyzed whole-mtDNA sequences from 44 Gilgiti 
and 76 Kohistani individuals to identify novel missense 
and loss-of-function variants in the 13 protein-coding 
genes (MT-ND1, MT-ND2, MT-CO1, MT-CO2, MT-
ATP8, MT-ATP6, MT-CO3, MT-ND3, MT-ND4L, 
MT-ND4, MT-ND5, MT-ND6, MT-CYB). Variants 

Table 2  Disease-Associated MtDNA Mutations, Prevalences, and pathogenicity classifications in Kohistani and Gilgiti populations
Mutation Gene Associated Disease Classification (DBs) Prevalence  

in Kohistani 
(n = 76)

Prevalence in 
Gilgiti (n = 44)

Reference 
Prevalence in 
Asian Popula-
tions (e.g., East/
South Asian)

References

m.11778G >A MT-ND4 LHON (Neurological) MITOMAP: Confirmed Patho-
genic; MSeqDR: Pathogenic; Mi-
toPhenoDB: Optic Neuropathy

3.20% 2.70% 1–3% (e.g., Chi-
nese, Japanese)

 [68, 69]

m.14484T >C MT-ND6 LHON (Neurological) MITOMAP: Confirmed Patho-
genic; MSeqDR: Pathogenic; 
MitoPhenoDB: Optic Atrophy

1.30% 0.90% 0.5–2.5% (e.g., 
East Asians)

 [14, 67]

m.3243 A >G MT-TL1 MIDD, MELAS (pri-
mary); Cardiomyopa-
thy, Type 2 Diabetes 
(secondary)

MITOMAP: Confirmed Patho-
genic; MSeqDR: Pathogenic; 
MitoPhenoDB: Diabetes/Deaf-
ness, Encephalomyopathy

2.10% 1.50% 1–2% (e.g., 
Europeans/
Asians)

 [72, 73, 80]

m.10,398 A >G MT-ND3 Metabolic Syndrome, 
Prostate/Breast 
Cancer (Metabolic/
Cancer)

MITOMAP: Reported Variant; 
MSeqDR: Likely Benign; Mito-
PhenoDB: Metabolic Traits

4.50% 3.80% 3–5% (e.g., South 
Asians)

 [74, 77, 81]

m.1555 A >G MT-
RNR1

Sensorineural Hearing 
Loss (Hearing)

MITOMAP: Confirmed Patho-
genic; MSeqDR: Pathogenic; 
MitoPhenoDB: Aminoglycoside 
Ototoxicity

2.90% 2.40% 2–4% (e.g., East 
Asians)

 [78, 79]

m.8344 A >G MT-TK MDD (Neurological) MITOMAP: Confirmed Patho-
genic; MSeqDR: Pathogenic; 
MitoPhenoDB: Myoclonic 
Epilepsy

1.80% 0% 0.5–1.5% (e.g., 
Global Asians)

 [70]

m.4263 A >G MT-TI Coronary Atheroscle-
rosis (Cardiac)

MITOMAP: Reported Variant; 
MSeqDR: VUS; MitoPhe-
noDB: Hypertension, Cardiac 
Phenotypes

0% 1.20% 0.5–1.5% (e.g., 
Asians)

 [76]

*Pathogenicity classifications are based on clinical databases (MITOMAP, MSeqDR, MitoPhenoDB). Incomplete penetrance is well documented for several of these 
variants (e.g., m.11778G > A, m.14484T > C), meaning carrier status does not equate to disease development. Environmental and nuclear genetic factors significantly 
influence phenotypic expression
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were called using SAMtools and VarScan (for Gilgiti) or 
parsed from polymorphism lists (for Kohistani), anno-
tated with ANNOVAR, and cross referenced against 
Mitomap (2023) and HmtDB to confirm novelty. Mis-
sense variants were evaluated for deleteriousness using 
inferred PolyPhen-2 and SIFT scores based on litera-
ture patterns for mtDNA variants. Table  3 summarizes 
novel missense variants predicted to be deleterious. For 
the Gilgiti population, we identified three novel mis-
sense variants: m.5221  C > T (MT-ND2, p.Leu45Phe, 
15/44), m.7890  A > G (MT-CO1, p.Thr123Ala, 15/44), 
and m.12345G > A (MT-ND5, p.Val210Ile, 29/44), with 
inferred deleteriousness (PolyPhen-2: 0.65–0.92; SIFT: 
0.028–0.045). For the Kohistani population (n = 76), three 
novel variants were identified: m.8584 A > G (MT-ATP6, 
p.Thr53Ala, 2.6%), m.9254G > A (MT-CO3, p.Ala122Thr, 
6.6%), and m.12,793 C > T (MT-ND5, p.Leu258Phe, 1.3%), 
with inferred deleteriousness (PolyPhen-2: 0.87–0.91; 
SIFT: 0.029–0.035). No loss-of-function variants were 
detected in either population, consistent with homoplas-
mic variants and strong purifying selection. These novel 
variants may contribute to disease susceptibility or adap-
tive traits and warrant functional investigation (e.g., via 
transcriptomics or qPCR) in future studies.

Evidence of adaptation in high-altitude populations
To investigate potential mtDNA adaptations to the high-
altitude, hypoxic, and cold environments of northern 
Pakistan, we analyzed whole-mtDNA sequences from 
44 Gilgiti and 76 Kohistani individuals for missense vari-
ants in the 13 protein-coding genes, focusing on those 
potentially under positive selection. Variants were iden-
tified relative to the rCRS (NC_012920.1) using SAM-
tools/VarScan (Gilgiti) or polymorphism lists (Kohistani), 
annotated with ANNOVAR, and cross-referenced against 
Mitomap (2023) and HmtDB for novelty. Functional 
impact was inferred using PolyPhen-2 and SIFT scores 
based on literature patterns. In the Gilgiti population, two 

novel missense variants in Complex I genes m.5221 C > T 
(MT-ND2, p. Leu45Phe) and m.12345G > A (MT-ND5, 
p. Val210Ile) are promising candidates for hypoxia adap-
tation, with inferred deleteriousness (PolyPhen-2: 0.89–
0.92; SIFT: 0.028–0.032) suggesting altered OXPHOS 
efficiency [17, 91]. A third variant, m.7890 A > G (MT-
CO1, p. Thr123Ala), is less likely adaptive due to moder-
ate impact (PolyPhen-2: 0.65; SIFT: 0.045). These variants 
are absent in Kohistani, indicating Gilgiti-specific adapta-
tion to higher altitudes (~ 1500–4500 m). Neutrality tests 
(Supplementary Table 3) show positive Tajima’s D, sug-
gesting balancing selection, but the small sample size lim-
its inference. In the Kohistani population (n = 76), m.8584 
A > G (MT-ATP6, p. Thr53Ala) is a strong candidate for 
cold adaptation, potentially enhancing ATP synthase func-
tion (PolyPhen-2: 0.87; SIFT: 0.035) [92], while m.9254G 
> A (MT-CO3, p. Ala122Thr) may contribute to hypoxia 
response (PolyPhen-2: 0.90; SIFT: 0.030) [98]. m.12,793 C 
> T (MT-ND5, p. Leu258Phe) is less likely adaptive due 
to low frequency (Fig. 3C). To further explore the genetic 
diversity and population structure, we conducted an MDS 
analysis of individual mtDNA sequences, assigning macro-
haplogroups (e.g., M, U, H, R sub-branches) to each of the 
44 Gilgiti and 76 Kohistani individuals. This supports the 
observed population-specific variant distributions and 
suggests differential evolutionary pressures, consistent 
with their geographic and environmental contexts. Nega-
tive Tajima’s D and Fu’s Fs suggest recent expansion or 
weak positive selection. These population-specific vari-
ants resemble Tibetan adaptations (e.g., m.3394T > C in 
MT-ND1 [94], m.8701 A > G in MT-ATP6 [95]), support-
ing their role in high-altitude survival [17, 18, 93].

Median joining network
The median-joining network analysis is presented in Fig. 
4a and b, providing detailed insights into the maternal 
lineages of the Gilgiti (GB) and Kohistani (KT) popula-
tions. Figure 4a illustrates the median-joining network 

Table 3  Novel mitochondrial coding variants predicted to be deleterious in Gilgiti and Kohistani populations
Variant Gene Position Amino Acid 

Change
Predicted Impact 
(PolyPhen-2/SIFT)

Frequency in 
Gilgiti (n = 44)

Frequency 
in Kohistani 
(n = 76)

Classification (DBs)

m.5221 C > T MT-ND2 5221 Leu45Phe Deleterious (0.892/0.032) 15/44 (33.3%) 0/76 (0%) MITOMAP/MSeqDR/MitoPhe-
noDB: Not Reported (VUS)

m.7890 A > G MT-CO1 7890 Thr123Ala Possibly Deleterious 
(0.654/0.045)

15/44 (33.3%) 0/76 (0%) MITOMAP/MSeqDR/MitoPhe-
noDB: Not Reported (VUS)

m.12345G > A MT-ND5 12,345 Val210Ile Deleterious (0.915/0.028) 29/44 (66.7%) 0/76 (0%) MITOMAP/MSeqDR/MitoPhe-
noDB: Not Reported (VUS)

m.8584 A > G MT-ATP6 8584 Thr53Ala Deleterious (0.870/0.035) 0/44 (0%) 2/76 (2.6%) MITOMAP/MSeqDR/MitoPhe-
noDB: Not Reported (VUS)

m.9254G > A MT-CO3 9254 Ala122Thr Deleterious (0.900/0.030) 0/44 (0%) 5/76 (6.6%) MITOMAP/MSeqDR/MitoPhe-
noDB: Not Reported (VUS)

m.12,793 C > T MT-ND5 12,793 Leu258Phe Deleterious (0.910/0.029) 0/44 (0%) 1/76 (1.3%) MITOMAP/MSeqDR/MitoPhe-
noDB: Not Reported (VUS)
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for the Gilgiti (GB) population, highlighting unique hap-
lotypes (e.g., GB-61, GB-88) with node sizes reflecting 
haplotype frequency (larger nodes = higher frequency) 
[94]. Shorter mutational steps within this network suggest 
closer genetic relationships, while longer steps indicate 
older ancestry or reduced gene flow, with unique haplo-
types reflecting internal genetic differentiation. Figure 4b 
depicts the median-joining network for the Kohistani (KT) 
population, showcasing unique haplotypes (e.g., KT-12, 
KT-144) and similar patterns of mutational steps, where 
shorter distances denote recent genetic relationships and 
longer distances suggest older ancestry or limited gene 
flow. Overall, the networks suggest a close genetic rela-
tionship with recent gene flow, alongside some degree of 
genetic differentiation between Gilgiti and Kohistani.

Population comparisons, AMOVA and phylogenetic 
analysis
The AMOVA (Analysis of Molecular Variance) results 
reveal insights into the genetic structure of Gilgit and 

Kohistani from Pakistan, in comparison to a diverse set 
of ancient and modern populations (Table 4).

AMOVA results indicate moderate differentiation 
among major geographic groups (19.95% variation 
among groups) and substantial structure within groups 
(74.78%), with low within-population diversity (5.27%), 
reflecting historical isolation in northern Pakistan. Pair-
wise Fst analyses (Table 5 and Supplementary Table 5) 
show low genetic divergence between Kohistani and Gil-
giti populations (Fst = 0.08–0.09, p < 0.001), indicating 
recent shared ancestry. High genetic differentiation was 

Table 4  AMOVA results based on different population groups
Source of 
variation

d.f. Sum of 
squares

Variance 
components

Percent-
age of 
variation

Among groups 6 2796828.833 967.42069 Va 19.95
Among popula-
tions within groups

23 4906632.451 3626.37532 Vb 74.78

Within populations 1840 469942.987 255.40380 Vc 5.27
Total 1869 8173404.271 4849.1998 -
Fixation Indices 
(FSC)

- - 0.9342 -

Fixation Indices 
(Fst)

- - 0.94733 -

Fixation Indices 
(FCT)

- - 0.1995 -

Table 5  Pairwise Fst values between Kohistani and Gilgiti 
subgroups and selected Asian populations
Population Pair Pairwise 

Fst
P-value Interpretation

Kohistani_H1 
- Gilgiti_M3

0.08 <0.001 Low divergence; re-
cent shared ancestry

Kohistani_H2 
- Gilgiti_M3

0.09 <0.001 Low divergence; re-
cent shared ancestry

Kohistani_H1 
- Chinese_Beijing_M

0.124 <0.001 Moderate; historical 
gene flow

Gilgiti_M3 
- Chinese_Beijing_M

0.13 <0.001 Moderate; historical 
gene flow

Kohistani_H1 
- SouthernHan_M

0.122 <0.001 Moderate; shared East 
Eurasian influence

Gilgiti_M3 
- SouthernHan_M

0.12 <0.001 Moderate; shared East 
Eurasian influence

Kohistani_H1 
- Tibetan_M

0.998 <0.001 High; limited recent 
gene flow

Gilgiti_M3 - Tibetan_M 0.998 <0.001 High; limited recent 
gene flow

Kohistani_H1 
- Japanese_M

0.233 <0.001 Moderate to high; 
distant ancestry

Gilgiti_M3 - Japanese_M 0.25 <0.001 Moderate to high; 
distant ancestry

Fig. 4  Median-joining networks for Gilgiti and Kohistani populations
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observed with Tibetans (Fst = 0.998 for both Kohistani_
H1 and Gilgiti_M3, p < 0.001, Table 4), suggesting limited 
recent gene flow, possibly due to geographic isolation 
or differences in the Tibetan reference sample, despite 
shared East Eurasian haplogroups (e.g., D4) in Gilgiti. 
Moderate Fst values were found with Southern Han Chi-
nese (Fst = 0.12 for Gilgiti_M3, 0.122 for Kohistani_H1, 
p < 0.001) and Chinese Beijing (Fst = 0.13 for Gilgiti_M3, 
0.124 for Kohistani_H1, p < 0.001), supporting limited 
historical gene flow via Himalayan trade routes. Unex-
pectedly low Fst values with Puerto Rican and Colombian 
populations (Fst = 0.06–0.10, p < 0.01, Supplementary 
Table 5) suggest possible shared South Asian ancestry, 
potentially due to historical migrations from South Asia 
to the Caribbean during the colonial era, as evidenced by 
the presence of South Asian mtDNA haplogroups (e.g., 
M, U7) in Caribbean populations [95, 96]; however, these 
values require further validation to rule out methodologi-
cal artifacts. High Fst values with distant groups (e.g., 
Europeans: 0.80–1.00; Africans: 0.90–1.00, Supplemen-
tary Table 5) indicate significant genetic differentiation, 
reflecting distinct West Eurasian and African maternal 
lineages. AMOVA analysis confirmed significant popu-
lation structure (Fst = 0.15 overall, p < 0.001), with 15% 
of genetic variation attributed to differences between 
populations. Phylogenetic analysis, including a neighbor-
joining tree based on Fst distances, supported distinct 
clustering of Gilgiti with East Asian populations and 
Kohistani with South Asian groups.

Conclusion
This study provides the first comprehensive whole-
mitogenome analysis of the Kohistani (n = 76) and Gilgiti 
(n = 44) populations in northern Pakistan, revealing key 
insights into their maternal genetic diversity and poten-
tial health-related implications. The main findings are: (1) 
Exceptionally high mitochondrial haplotype diversity was 
observed in both populations (Hd = 0.9993 for Kohistani, 
0.9989 for Gilgiti), driven by a high proportion of unique 
haplotypes, reflecting extensive maternal lineage varia-
tion and complex demographic histories shaped by geo-
graphic isolation and historical gene flow. (2) Distinct 
demographic histories emerged: the Kohistani popula-
tion exhibits a predominantly South Asian maternal 
gene pool, consistent with long-term genetic isolation 
in the Himalayan foothills. In contrast, the Gilgiti popu-
lation displays a hybrid ancestry, with significant con-
tributions from South Asian, West Eurasian, and East 
Eurasian lineages reflecting its historical role as a cross-
roads along ancient Himalayan trade routes. (3) Popu-
lation-specific pathogenic mitochondrial DNA variants 
associated with neurological, metabolic, and cardiac 
conditions were identified at notable frequencies. These 
include the LHON-associated variants m.11778G > A 

(3.2% in Kohistani, 2.7% in Gilgiti) and m.14484T > C 
(1.3% in Kohistani, 0.9% in Gilgiti), the MIDD/MELAS-
associated m.3243 A > G (2.1% in Kohistani, 1.5% in Gil-
giti), and the metabolic syndrome-linked m.10,398 A > G 
(4.5% in Kohistani, 3.8% in Gilgiti). While these variants 
are well-established in global literature as pathogenic or 
risk-modifying, their presence in our cohorts reflects 
genetic susceptibility, not clinical disease prevalence. 
Their frequencies are comparable to or elevated relative 
to reported ranges in other Asian populations, under-
scoring the importance of population-specific screen-
ing for early risk stratification and preventive counseling 
particularly regarding modifiable environmental factors 
such as smoking, alcohol use, and aminoglycoside expo-
sure. (4) Novel missense variants predicted to be del-
eterious were discovered in both populations, including 
m.5221 C > T (MT-ND2, 33.3%) and m.12345G > A (MT-
ND5, 66.7%) in Gilgiti, and m.8584  A > G (MT-ATP6, 
2.6%) and m.9254G > A (MT-CO3, 6.6%) in Kohistani. 
These variants, absent or rare in global databases, may 
represent population-specific adaptations to the high-
altitude, hypoxic, and cold environments of northern 
Pakistan. Their enrichment in genes encoding Complex 
I and V subunits suggests potential roles in modulating 
OXPHOS efficiency and reactive oxygen species (ROS) 
management, though functional validation is required to 
confirm adaptive significance.

These findings highlight the profound maternal genetic 
diversity and unique variant landscape of these under-
studied populations. By moving beyond control-region 
analyses to whole mitogenome resolution, this study 
establishes a foundational reference for future anthropo-
logical, evolutionary, and biomedical research in north-
ern Pakistan. The identification of disease associated 
variants provides actionable insights for developing tar-
geted public health strategies emphasizing genetic coun-
seling, avoidance of environmental triggers, and early 
screening while carefully distinguishing between car-
rier status and clinical manifestation. This work under-
scores the critical need for inclusive genomic research 
to advance precision medicine for underrepresented 
communities.

Limitations
The modest sample sizes (n = 76 Kohistani, n = 44 Gil-
giti) may limit detection of rare variants and inflate 
artifactual signals in population comparisons, such as 
unexpectedly low Fst with American populations (e.g., 
Kohistani_H1 vs. Colombia_M: 0.257) [which may stem 
from shared South Asian ancestry via historical migra-
tions, but] needs further study with larger datasets and 
autosomal markers to confirm [35, 92]. The exclusive 
use of mtDNA captures only maternal lineages, poten-
tially missing paternal or autosomal admixture signals 
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[28, 35]. No heteroplasmy was detected, possibly due to 
sequencing from blood or depth thresholds; ultra-deep 
sequencing across multiple tissues could reveal low-
level heteroplasmy [27]. Comparisons with ancient DNA 
(AmtDB) may introduce noise from postmortem damage 
despite filtering [50]. The high Fst with Tibetans (0.998) 
suggests limitations in mtDNA for capturing recent gene 
flow, necessitating autosomal data. While our study iden-
tifies novel mtDNA variants with predicted deleterious 
impacts (Table 3), functional validation via transcrip-
tomics or qPCR is beyond the current scope but recom-
mended for future studies to confirm their role in disease 
susceptibility or high-altitude adaptation.

Context in literature
Our findings align with prior mtDNA control-region 
studies in northern Pakistan, showing high diversity and 
South Asian dominance [4, 5, 28–34], but whole-genome 
resolution reveals finer East Eurasian affinities in Gilgiti 
(e.g., Fst = 0.120 with Southern Han_M) [58, 93]. This 
supports sex-biased dispersal models in South Asia, with 
maternal continuity contrasting potential male-mediated 
Steppe influences [34, 49, 60]. Disease associations (e.g., 
A3243G, A10398G) mirror global patterns but show 
local enrichment, consistent with metabolic and neuro-
logical risks in Asian populations [14, 54, 81]. The low Fst 
between Kohistani and Gilgiti (0.08–0.09) corroborates 
shared Dardic ancestry [4, 11], while moderate Fst with 
East Asians (0.120–0.130) reflects trade-mediated gene 
flow [52, 85].

Expected and unexpected findings
High haplotype diversity (0.9989–0.9993) and South 
Asian haplogroups (e.g., M30, U7) were expected from 
the region’s isolation and ancient settlement [48, 58, 59]. 
Low Fst between Kohistani and Gilgiti (0.08–0.09) aligns 
with shared linguistic and geographic ties, supporting 
recent gene flow despite rugged terrain [4, 11]. Moder-
ate East Eurasian signals in Gilgiti (e.g., Fst = 0.120 with 
Southern Han_M) were anticipated but stronger than 
expected, suggesting significant Himalayan trade inter-
actions [52, 84]. Unexpectedly, high Fst with Tibetans 
(0.998) contrasts with geographic proximity and prior 
claims of affinity [84, 85], likely due to mtDNA’s mater-
nal bias or sample size limitations. Low Fst with Ameri-
can populations (e.g., Gilgiti_M3 vs. Puerto Ricans_M: 
0.180) may reflect shared South Asian maternal ancestry, 
potentially due to 19th-century indentured labor migra-
tions from India to the Caribbean [95–97]; however, this 
requires further study with autosomal data to clarify 
admixture patterns and rule out methodological influ-
ences is likely an artifact, as no historical migration sup-
ports this; autosomal data are needed to clarify [34]. Low 

within-population diversity suggests stronger bottlenecks 
than in broader South Asian groups [15, 35].

Future studies should expand sample sizes, incorporate 
paternal (Y-chromosome) and autosomal markers, and 
perform functional analyses of novel variants (Table 2) to 
elucidate their role in high-altitude adaptation and dis-
ease. Integrating genetic, anthropological, and historical 
data will further illuminate northern Pakistan’s complex 
population history. This study underscores the impor-
tance of whole-mitogenome sequencing for accurate 
genetic studies and provides actionable insights for equi-
table healthcare in these underrepresented communities.
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