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Northern Pakistan is home to many diverse ethnicities and languages. The region acted as a prime corridor for ancient invasions
and population migrations between Western Eurasia and South Asia. Kho, one of the major ethnic groups living in this region,
resides in the remote and isolated mountainous region in the Chitral Valley of the Hindu Kush Mountain range. They are culturally
and linguistically distinct from the rest of the Pakistani population groups and their genetic ancestry is still unknown. In this study,
we generated genome-wide genotype data of ~1 M loci (Illumina WeGene array) for 116 unrelated Kho individuals and carried out
comprehensive analyses in the context of worldwide extant and ancient anatomically modern human populations across Eurasia.
The results inferred that the Kho can trace a large proportion of their ancestry to the population who migrated south from the
Southern Siberian steppes during the second millennium BCE ~110 generations ago. An additional wave of gene flow from a
population carrying East Asian ancestry was also identified in the Kho that occurred ~60 generations ago and may possibly be
linked to the expansion of the Tibetan Empire during 7th to 9th centuries CE (current era) in the northwestern regions of the Indian
sub-continent. We identified several candidate regions suggestive of positive selection in the Kho, that included genes mainly
involved in pigmentation, immune responses, muscular development, DNA repair, and tumor suppression.
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INTRODUCTION
South Asia saw the development of one of the earliest urban
societies and currently encompasses at least one-fourth of
humanity. South Asian populations harbor the highest genetic
diversity in Eurasia with large effective population sizes and a
complex history [1]. Ancient invasions and migrations resulted in
the admixture of different populations that eventually led to the
complex linguistic and genetic patterns found across South Asia
today [2]. Present-day north-western Pakistan served as a prime
corridor for the influx of invaders and immigrants to South Asia
from the northwest. The area currently houses diverse tribes and
ethnicities with excessive linguistic diversity, where different Indo-
European and Tibeto-Burman languages are spoken [3]. Previous
genetic studies reported significant West Eurasian genetic
contributions, assumed to be derived from Neolithic Iranians
and Middle-Late Bronze Age steppe, among populations from
northwestern Pakistan and neighboring north India [4, 5].
Several Pakistani populations have been studied over the past

two decades as part of worldwide population genetic projects,
including the Human Genome Diversity Project [6], the 1000
Genomes Project, Human Genome Organisation (HUGO) Pan-
Asian SNP Consortium, and GenomeAsia 100 K Project [7].
However, genetic characterization of some of the smaller isolated

population groups is still lacking and represents a significant gap
in the understanding of Pakistani as well as South Asian
population genetic history. One such population includes the
Kho who reside in the Chitral Valley in the Hindukush Mountain
range close to the Kalash, an enigmatic isolated ethnic group from
Pakistan [8]. Kho speak the Indo-European Khowar language,
which is the predominant language of the region. Khowar is
phylogenetically and typologically related to the Kalasha language
and according to Morgenstierne’s assumption both Khowar and
Kalasha belong to the first wave of Indo-Aryan immigrants from
the North [9]. Furthermore, a number of phonological, gramma-
tical, and lexical features of Kalasha were reported to infer a close
historical relationship to neighboring Indo-Aryan Khowar [10]. The
approximate population size of Kho is about 0.24 million [3].
The Kho population originating in the context of pre-historical

and extant South and Central Asian groups has so far only been
studied using a dental morphometric approach [11]. This study
inferred that the Kho exhibit distant affinities to prehistorical
Central Asian and present-day North Indian groups, and
concluded that the Kho represented either highly isolated or
peripheral population of the rough Hindu Kush highlands [11]. A
previous report using a limited number of mtDNA markers also
showed the presence of major western Eurasian haplogroups in
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the Kho with few low frequency South Asian specific haplogroups,
but offered no consolidated evidence about Kho origins [12].
In the current study, we produced genome-wide data for the

Kho population residing in the mountainous Chitral Valley of the
Hindu Kush Mountains in northwestern Pakistan, near the border
with Afghanistan, and carried out a population genetic analysis
aimed at unveiling their demographic history and identifying
genomic regions characteristic of adaptation. We also examined
any possible genetic affinity between the Kho and Kalash groups
and compared them with modern and ancient human
populations.

MATERIALS AND METHODS
DNA sampling
This project protocol was approved by the Ethical Review Committee of
the Abdul Wali Khan University Mardan (AWKUM), Pakistan (AWKUM/
Biochem/ERC/2018/574). A total of 116 unrelated Kho individuals were
enrolled in the current study. The self-reported Kho ethnicity of these
individuals was confirmed up to five generations ago. Written informed
consent was provided by all participants. The whole blood specimens of
the participants were collected on Whatman 903 cards and dried.

Genotyping assay
Genomic DNA was extracted from dried blood spots using DP-318 Kit
(Tiangen Biotechnology, Beijing). Genotyping was performed on the
Illumina WeGene V2 Array (1,194,791 SNPs) by Illumina iScan System at the
WeGene genotyping center, Shenzhen, China. A minimal genotyping call
of 98.5% was required for a valid sample.

Data processing
Genetic marker quality control. Indels, heterosomal loci, and loci with
more than two allelic states were removed from the genotyping data. For
each sample, SNP markers were filtered with PLINK V1.9 [13] with
parameters “--maf 0.001 --geno 0.05”. Only the intersection of the two
arrays with identical allelic states was retained.

Genotype phasing. Eagle V2.3.5 [14] was employed for a reference panel-
free genotype phasing via default parameters for the WeGene and 1000
Genomes Project phase 3 dataset.

Reference datasets. We downloaded the v42.4 1240 K (1,233,013 sites)
and 1240 K_HO (597,573 sites) datasets from David Reich Lab website:
(https://reich.hms.harvard.edu). We additionally included modern indivi-
duals from [15] available at the same source, in the 1240K_HO dataset. We
used the 1240K datasets for the analysis on both modern and ancient
individuals, since it has a higher number of sites. However, for comparison
with modern population samples, we also used the 1240K_HO dataset
because it includes a higher number of individuals. We converted the data
to a PLINK format using ADMIXTOOLS convertf [16] and then merged it
with the Kho genotype data using PLINK 1.9 [13], keeping only overlapping
autosomal SNPs and excluding triallelic sites. We pruned the data for
linkage disequilibrium using plink --indep-pairwise command with
parameters 50 10 0.1 and --maf 0.05, thus retaining 66,503 and 168,874
SNPs for the 1240K_HO and 1240K datasets, respectively. For the
ADMIXTURE analysis, we used as a reference panel a subset of the data
presented in Yelmen et al. (2019) [1] pruned for LD as described above.

Principal component analysis
We performed the PCA using LASER-2.04 [17]. The genotype data was
converted to vcf using PLINK and PCA analysis was performed with
parameters -pca 1 and -k 100 retaining 3192 individuals from 126 different
populations (Table S1).

ADMIXTURE, f-statistics, and ALDER analysis
We ran ADMIXTURE [18] on modern genomes in unsupervised mode with K
ranging from 3 to 16. After inspecting cross-validation errors (CV) and finding
no obvious best K, we chose to focus on K= 10 and K= 11 as the ones where
the CV lower plateau seemed to start (Fig. S16). Additionally, we performed a
supervised analysis with K= 7 using ancient genomes as sources. We
converted the PLINK files to EIGENSTRAT format using Admixtools convertf

[16], then performed f3 with default parameters. Standard errors were
computed using a block jackknife with a size of 0.050 cM. We inferred
admixture dates using ALDER [19]. We used a dataset not pruned for LD to
carry out these analyses.

Selection scans
To identify putatively selected regions, we assembled a new reference
dataset comprising of the Punjabi (PJL) and Yoruba (YRI) populations from
the 1000 Genomes phase 3 dataset [20]. We removed indels and joined
biallelic sites from both 1KG and Kho data before merging, keeping only
autosomal sites with <10% missingness. A total of ~1M SNPs were
retained. We used the scikit-allel package to compute PBSn1 [21] score for
each available position with the allele.pbs function with window size= 1,
window step= 1 and normed= True.

Plots and figures
All graphs were plotted using R (version 4.0.5 - “Shake and Throw”) and the
GUI RStudio (version 1.4.1103 - “Wax Begonia”). Circular admixture graphs
were plotted using the Ancestry Painter software [22].

RESULTS
Population demography
Principal component analysis. We performed a PCA to visualize
the relationship between Kho and other Eurasian populations
(Fig. 1, Supplementary Figs. S1, S2, and Table S1). The plot partially
resembles the geographic distribution of these populations with
the first principal component separating Europeans and South
Asians from East Asians. All populations from Pakistan, with the
exception of the Hazara, are located between Iranians and South
Asians. The Kho individuals are all clustered together and are close
to other populations from Pakistan. However, they are slightly
shifted in the direction of East Asians, a feature that they share
with the Burusho who reside in the neighboring Karakoram
Mountain ranges close to Kho homeland in northwest Pakistan.

ADMIXTURE. To infer Kho ancestry we also conducted an
unsupervised ADMIXTURE [18] analysis in the context of global
populations with K clusters ranging from 3 to 16 to infer the Kho
ancestry composition (Fig. 2; Supplementary Figs. S4–17). The Kho
shows genetic affinity with populations from West Eurasia, South

Fig. 1 Principal Component Analysis of Kho with a reference
panel of modern Eurasian populations. Shaded areas correspond
to the 95% density contour for each group.
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Asia, Central Asia, and East Asia. At K= 5 to K= 7 the West
Eurasian populations, i.e., French, Basque, and Sardinian showed
their own component sharing majorly with the Kho population as
well (Supplementary Figs. S6–S8). At K= 8 the Paniya, i.e., a South
Asian population makes its own component that is also present in
Kho (Supplementary Figs. S9–S15). The Kho inferred no significant
genetic differentiation from other surrounding Pakistani popula-
tions, i.e., Sindhi, Brahui, and Burusho from K= 5–10 and show
ancestry components similar to Kalash at K= 10 (Fig. 2A).
However, they exhibit an additional three extra components,
one that is high in East Asian populations, one high in South Asian
(Paniya), and a third component common in Europeans (Sardi-
nian). The Burusho population from northern Pakistan show a
similar profile, but their “East Asian” component was found to be
higher. At K= 11 (Fig. 2B), the Kalash population stands out, while
the Kho retain their three additional components.
Additionally, we performed a supervised analysis using the

following seven as source populations: Yamnaya, Iran Neolithic,
Anatolia Neolithic, Han, Irula, Serbia Mesolithic, and Yoruba
(Supplementary Fig. S17, Table S4). The results show that Kho
possess genetic ancestry components associated with European
Neolithic farmers (Anatolia Neolithic + Mesolithic European
Hunter Gatherers) and Yamnaya; these three components taken
together are characteristic of Middle Bronze Age populations from
the steppe region, while Early Bronze Age steppe populations
(Yamnaya) lack the Anatolian Neolithic and European Hunter
Gatherer components [4].

Comparisons with modern and ancient populations
To follow up the exploratory results we obtained with Admixture,
we computed f3-outgroup [16] statistics in the form f3out (Kho, X,
Mbuti) to identify the populations sharing the highest amount of
drift with Kho (Supplementary Fig. S18, Table S2). We found
populations from Eastern Europe and Caucasus regions, but also
Kalash and Burusho from Pakistan at the higher positions. To test
whether the Kho can be described as an admixture of Kalash with
another Eurasian population, we performed an f3-admixture
analysis in the form of f3adm (Kalash, X, Kho), while X being
every Eurasian population present in our dataset. However, we did
not obtain any significant results (Z <−3). In contrast, f3adm

(Kalash, X, Burusho) was significantly negative for many East Asian
populations, confirming East Asian admixture in the Burusho
(Table S3). Since f3-admixture test is not suitable for negative
tests, we further tested whether Kho show a higher proportion of
East Asian ancestry compared to Kalash using a D-statistic test,
which yielded a significant result (Z-score = 6) for the test Dstat
(Kho, Kalash, Han, Mbuti). Such a contribution is found at a higher
proportion in the Burusho population, as shown by both
ADMIXTURE and f4-ratio test: f4 (Kho, Kalash, Han, Mbuti)/f4
(Japanese, Kalash, Han, Mbuti) = 0.05 while f4 (Burusho, Kalash,
Han, Mbuti)/f4 (Japanese, Kalash, Han, Mbuti) = 0.11.
We subsequently compare the Kho with ancient DNA data and

selected ~100 Middle-Late Bronze Age samples from the steppe
region (Table S5). The f3adm (Steppe_MLBA, Han, Kho) result was
highly significant with Z=−21. We used ALDER [19] to compute
weighted linkage disequilibrium and date the admixture event
identified with the previous analysis. Using Steppe_MLBA+ Han
(as a proxy for East Asia) inferred an admixture date of 62.37 ± 2.55
generations ago. The two 1-ref decay rates, which aim to describe
the studied admixture event from the perspective of either source
populations, suggest that the populations related to Step-
pe_MLBA and Han contributed to the ancestry of Kho at different
times. For this reason, we performed an additional run with
Steppe_MLBA and Turkmenistan_C_Geoksyur (a group of samples
preceding the Bronze Age relatively close to Pakistan) [5] as
sources. This analysis resulted in an inferred admixture date of
110.45 ± 10.63, compatible with the 1-ref result for Steppe_MLBA
in the previously described iteration of ALDER (96.82 ± 11.83).

Natural selection signatures in Kho population
We computed the normalized version [21] of Population Branch
Statistic—PBS [25] to identify putative signs of selection in the
Kho, using Punjabi and Yoruba samples from 1000 Genomes
Project as reference. We averaged the PBS score over 50-Kb
windows and annotated the top results with PBS score based on
the confidence percentile cut-off threshold ≥ 99.9% and 99.5%—
shown as red and blue dash lines in Manhattan plot (Fig. 3,
Table S6).
The top 53 windows (n= 53) were ranked according to the

≥99.9% percentile (PBS ≥ 0.165601) threshold and based on the

Fig. 2 Unsupervised ADMIXTURE analysis of Kho samples in context of worldwide populations, K= 10 (A) and K= 11 (B).
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≥99.5% percentile (PBS ≥ 0.080014) a total of 265 windows were
highlighted. The windows shortlisted based on these cut-off
thresholds were annotated along with nearby (i.e., ~50 kb
upstream and ~50 kb downstream) regions. The genes within
and nearby the 50-kb windows acquired from top threshold, i.e.,
≥99.9% percentile were annotated into five biological categories
(Table 1).
Furthermore, a SNP-based enrichment analysis was performed

for the top SNPs prioritized based on 99.9% percentile (PBS ≥
0.366879, n= 973) and 99.5% percentile (PBS ≥ 0.134140, n=
4862) cut-off thresholds (Supplementary Fig. S3). GWAS catalog,
Ensembl, and gnomAD repositories were used for SNP annotation
and unveiled more than 500 genes underline selection in Kho
population based on the confidence percentile 99.9% PBS score
criteria (Table S7).

A number of genes associated with pigmentation and immune
response to pathogens were highlighted by the PBS analysis
(Table 1). GTF2IRD2 stood out within the top 50-kb window
prioritized based on the 99.9% percentile with the highest PBS
score of ≅ 0.89344. GTF2IRD2 is involved in the neurodevelop-
mental disorder Williams–Beuren syndrome and its functioning is
important in cognitive phenotype and neuropsychological impli-
cations. The GTF2IRD2 positive selection feature has formerly been
reported in Human [26].
Besides, the genes related to the innate immune system, i.e.,

DDB1, and VAT1 [27, 28] was also identified within the 99.9%
percentile cut-off threshold. Both of the genes have an important
role in the epidermis repair mechanism. The other mucosal
membrane genes like IGHA2 and IGHA1 play critical immune
function role in the recognition phase (i.e., mucous membranes) of

Fig. 3 Population Branch Statistic (PBS) score of Kho using Yoruba and Punjabi (PJL) individuals from the 1000 Genomes Project as
reference. The dash lines show confidence threshold cut-off for different markers in the averaged PBS score across 50-Kb windows. The red
dash line indicates the 99.9% percentile and the blue dash line represents the 99.5% percentile thresholds.

Table 1. Overview of key genes underlines selection in north-western Kho population.

Category Adaptation Gene Targets

Skin Pigmentation changes, Psoriasis and epidermal
repair mechanisms.

VAT1, FBXL19, NFE2L2, GTF2H5, STAT3, STAT5A, STAT5B, ZNF780B, ZNF780A, ZNF546,
POLD4, RPS6KB2, DDB1

Keratinization KRTAP5-9, KRTAP5-7, KRTAP5-8, KRTAP5-10, KRTAP5-11, KRT9, KRT15

Eye Pigmentation and ocular phenotypes CA4, RP11-252A24.2, ANAPC1, RTCA, FAM57B, CABP2, ADAMTS7, CYP4X1, DMXL1,
CABP4, GPR152

Muscle Muscle physiology (i.e., weakness and loss of
muscle mass)

POTEF, ARHGAP11A, MYH, SUZ12, GHDC, SERCA1, LRRC39, CARNS1, HCRT, HSD3B7,
PHKG2

Pathogens Pathogenic infection and immune response
functioning

PLEKHM1, GLG1, CLEC6A, IGKV1OR2-2, ZNF479, DEFB130, ERV3-1, MRC1L1, IGHA2,
IGHA1, IGHE, IGHG1, IGHEP1, IFI35, GHDC, PTPRCAP, TMEM134, CEACAM1, CYB561A3,
FAM21C, ASB14, CLCF1, CEACAM8, SLC25A16, TBC1D10C, TMEM219, TMEM121,
STAT5A, STAT5B, APPL1, CORO1B

Diseases Ulcer SCG5, NUDT6

Male fertility PMCH, DHX32, ASTL, CYP3A5, STX1B, C16orf92

Cancer FAM66A, GCC2, ASPHD1, SEZ6L2, NPIPB15 GOLGA8N, RALGAPA1, LIMS1, USP32,
ARHGAP11A STAG3L2, RAB6C, KCTD13, CXCL17, CDIPT-AS1, C16orf92, RAD51C, ACOT6,
RUNDC1, NBR2, ZAR1L, PSG1, CDK2AP2, ZKSCANS, ULK1, BCL7C, MORF4L1, MIR1270-2,
FANK1, TAOK2, RNF40, EIF3E, ARHGAP27, MMP21, RAD9A, PPP1R12A, LIPE-AS1,
FBXO11a, BRCA1a, NFE2L2a, BRCA2a, ERBB2a, NOTCH2a, ARHGEF12a, TRIM27a, ZNF479a,
MSH6a, SDHAF2a, TET1a, STAT3a, STAT5Ba, EIF3Ea, C2orf44a, MEN1a, ACVR2Aa, MLLT6a,
PTPRDa, ETV4a

cognitive and neuropsychology associated
phenotypes

GTF2IRD2, SCG5, PSMD7, CFC1, CFC1B, TP53TG3D, NCF1, SPATA5, LRRC37B, CTF1,
CHRNB4, TMEM138, RPL27, NO80E, DOC2A, HIRIP3, SRCAP, SETD1A, SYNJ2, STX1B,
CARNS1, PPP1R12A, PSMC4, ASPHD1, TMEM219, INO80E, HIRIP3, DOC2A, FBRS, SYT2,
ADRA2B, IGHG1, RALGAPA1, HESX1, PTGES3L, IFI35, DBT

aCancer-related genes identified during correlation analysis against COSMIC database.
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the humoral immunity on exposure to pathogens. In addition to
mucus recognition phase genes, other associated genes like IGHE,
IGHG1, IGHEP1, and pulmonary inflammation, psoriasis linked
gene, i.e., FBXL19, exhibited selection signals, possibly drive
against pathogens [29, 30]. Another top-ranked window, having
a high average PBS score of ≅ 0.8066, harbors TP53TG3D that is
involved in the Wolf Wolf-Hirschhorn Syndrome.
The POTE family of genes, involved in several cancers’ diseases,

also map within the positive selection regions. Previously, the
functional SNPs of such p53-target genes have been reported to
undergo positive selection, influencing the p53 mediated
transcription regulation and hence affect cancer susceptibility
[31]. Besides, several other tumor suppressor genes, including the
GOLGA8N, NBR2, BRCA1, BRCA2, ARHGAP11A, ULK1, anticancer
mature miRNA (microRNA) encoding gene MIR1270-2, MORF4L1,
and RUNDC1 with p53/TP53 inhibitor are actively involved in
tumor proliferation inhibition, suppression, and migration control
[32] were also among the top PBS selection windows ranked on
the 99.9% percentile confidence threshold. Besides, several
important genes are shortlisted based on 99.9% percentile
confidence (Table 1).
In addition, we scanned the COSMIC database [33] to check for

possible correlation with cancer-related genes. Out of 20,539
protein-coding genes in the Ensembl GRCh37 Release 104, total
705 are classified as cancer-related genes in the COSMIC database.
We identified 464 protein-coding genes in or nearby ~50 kb
upstream and ~50 kb downstream the PBS top-scoring windows
(99.5% percentile cut-off threshold). Among these, the 21 were
identified as cancer-related genes (Table 1). The ratio of cancer-
related genes in the positively selected genes was found higher
than in the entire genes list (0.045 vs 0.034), but this was
statistically not significant (chi-squared= 1.6734, df= 1, p value=
0.1958).
The PBS and FST based selection scan analysis of Kalash

population is formerly reported [8]. However, we found no shared
genes that possibly underlie selection in both the Kho and Kalash
groups.

DISCUSSION
Our results show that, while being included within the broader
West-South Asian genetic cline, Kho display unique features which
are telling of their peculiar demographic past. Similar to the many
present-day South Asian populations residing in the north and
western part of the Indian sub-continent, the Kho genetic ancestry
has been heavily influenced by the immigration of Bronze Age
populations from the steppe region of Southern Siberia during the
second millennium BCE. This event has been well characterized
archeologically, linguistically, and genetically [4, 5] and fits very
well with the oldest of the admixture events being identified in
the current study (i.e., Steppe_MLBA – Turkmenistan_C_Geoksyur
110 ± 10 generations ago) that resulted in an ancestry component
known as Ancestral North Indian [34]. Other population sharing a
similar history up to this point are the Kalash, another ethnic
minority residing in nearby valleys in the Hindu Kush Mountain
ranges. While the Kalash remained isolated and experienced
intense drift [8], the ancestors of Kho received gene flow from a
population carrying East Asian ancestry. We date this event to ~60
generations ago during the first centuries of the Common Era. The
Kho share this feature with the nearby Burusho population from
northern Pakistan that shows a comparatively higher proportion
of East Asian ancestry, as shown by f4 ratio results. Such an
admixture, estimated to be ∼26% proportion, has also been
observed in the neighboring Balti population that resides in the
Karakoram Mountain valleys and is dated to around 21–39
generations ago. This admixture event may be linked with the
expansion of the Tibetan Empire in 869–1391 CE in this area [35]
as well as with many other events that linked the Eastern and

Western portion of the broader Eurasian continent [36]. The first
millennium CE hosted several population movements in the area
which may have brought West and East Eurasian components on
the Steppe-like background shared by several neighboring
populations, and which we here date to around 100 generations
ago in the area, in agreement with genetics, archeological and
linguistic studies that suggest a Late Bronze Age chronology for
the arrival of steppe ancestry and Indoeuropean languages in
South Asia [37, 38].
From the natural selection perspective, we observed a number

of genomic regions which specifically differentiated Kho from the
nearby Punjabi population that constitutes the majority of the
Pakistani population, and which could be considered as plausible
targets of adaptation to the local environment. Several regions
depicted evidence of natural selection in Kho possibly with
respect of immune responses to pathogens. DEFB130, an
antimicrobial beta-defensin family protein, is located within a
window having an average PBS score of ≅ 0.4. Up regulation of
DEFB130 within macrophages has been reported to have a
possible role in malarial parasite response [39]. The Chromosome
17: 43551389-43601388 window with PBS score ≅ 0.38 annotated
for PLEKHM1, i.e., involved in autophagosomes maturation. The
PLEKHM1 is reported to be targeted by Salmonella enterica effector
protein, i.e., SifA, and hence the pathogen possibly hijacks the host
endosomal system. Therefore, the PLEKHM1 acts like an interface
between the host endolysosome and microbial infection [40]. The
positive selection signatures exhibited by the PLEKHM1 might be
mediated in response to such microbial infection. ERV3-1 located
within ≈1 Mb region of a selection scan window (chromosome 7:
64543748-64593747) has an average PBS score ≅ 0.36. It is a
retrovirus group 3 member protein which mediates the receptor
recognition during early infection. The ERV3 locus is conserved in
the primate genomes possibly due to its important evolutionary
role [41]. Likewise, the MRC1L1 gene exhibits selection signatures
and is also involved in microbial infection and acts as a major
target and receptor of dengue virus and other pathogens
including bacteria [42]. This MRC1L1 loci may also undergo
selection in the context of immune response mechanisms against
pathogens. In addition to replicating several well-characterized
loci involved in skin pigmentation and immune responses to
pathogens several of the loci contained genes reported to be
involved in cancer pathogenesis and could reflect the response to
increased exposure to ultraviolet radiation at high altitudes (i.e.,
average 1500m) and may play an important role in cancer
development in the Kho population. Besides, the toxic elements
are considered as potential carcinogenic risk. Studies have
reported about high cancerous risk hazardous in water and soil
samples from district Chitral, where the Kho individuals reside [43].
Several important carcinoma-associated genes exhibited signifi-
cant positive selection features in current investigation. Among
these, the RALGAPA and RAB6C are involved in breast cancer [44],
while ZAR1L and NBR2 are associated with breast-ovarian cancer
pathways [45]. Moreover, several other general cancer-linked
genes, including PSG1, CDK2AP2, CEACAM1 [30], carcinoembryonic
antigen, STAG3L2, and LIMS1 involved in colorectal cancer,
endocervical adenocarcinoma, lung cancer susceptibility, and
exocervical carcinoma [46] were also annotated within the top
positive selection regions.
The selection scan window, ranked based on 99.5% percentile

threshold on chromosome17: 39701389-39751388 mapped close
to the cluster of keratins encoding genes, including KRT9, and
KRT15. KRT9 plays a role in keratin filament assembly and affects
the footpad morphology and structure of the palmoplantar
epidermis [47]. During ecological adaptation, KRTAPs genes
encoding the major structural hair shaft proteins, evolve rapidly
in response to intense selective pressure like heat, ultraviolet
radiation, water loss, and mechanical force. This evolution allows
successful ecological adaptation by modifying and diversifying the
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hair keratin [48]. A significant selection signature based on 99.5%
percentile threshold was also detected on chromosome 17:
10,301,389-10,351,388 across the myosin heavy chain (MYH) gene
cluster in the Kho. MYH genes are expressed in different
developmental stages of muscle fiber [49]. The signatures in the
keratin and muscle fibers encoding gene clusters may underline
selection in Kho as an adaptation to their lifestyle in the Hindu
Kush Mountain valleys. Among the major psychotic disorders, the
schizophrenia-associated genes, i.e., ASPHD1, TMEM219, INO80E,
and HIRIP3 [50] were also annotated among the top 27 selection
scan windows. From an evolutionary perspective, schizophrenia is
considered an adaptation phenomenon influenced by leaving the
familiar and safe home to a stressful environment and building
new social networks during migration [51]. Male schizophrenia
pathogenesis has a reduced reproduction rate compared to the
non-affected individuals [52]. This might be the possible cause of
significant selection signals in Kho individuals across the few male
fertility spermatogenesis-associated genes, such as PMCH involved
in spermatocyte differentiation, and DHX32, ASTL, and CYP3A5
involved in testosterone biosynthesis [53].
Moreover, regarding the migratory events across the region/

continents, changing language trajectories cause language
disorder in children after ages 5–6 years [54]. Consequently,
detecting selection signature at expressive language disorder
associated gene, i.e., SRCAP [55], strengthens the evidence of
cross-continent migration events in the Kho population. The
GTF2IRD2 and POTE family of genes were identified as top
selection candidates. However, these genes are reported to be
recently evolved in primates via duplication events [26] and
therefore may not reflect any Kho demography-specific
adaptation.

CONCLUSION
With our work, we elucidated putative genetic origins of the Kho
ethnic minority living in remote Chitral Valley of north-western
Pakistan. The Kho exhibit cross-continental admixture signal of
steppe immigration of Southern Siberia to South Asian region.
Together with the Burusho and Balti they also share a unique
additional wave of East Asian ancestry admixture possibly during
expansion of the Tibetan Empire during the first millennium CE.
The Kho share the Middle-Late Bronze Age ancestry with the
neighboring Kalash, an enigmatic isolated population of South
Asia. We highlighted several genes as candidates of natural
selection in the Kho population that may implicate in diseases
etiology and adaptation to the local environment.
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