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Abstract

It is well established that several Homo sapiens populations experienced admixture with
extinct human species during their evolutionary history. Sometimes, such a gene flow could
have played a role in modulating their capability to cope with a variety of selective pressures,
thus resulting in archaic adaptive introgression events. A paradigmatic example of this
evolutionary mechanism is offered by the EPAS1 gene, whose most frequent haplotype in
Himalayan highlanders was proved to reduce their susceptibility to chronic mountain
sickness and to be introduced in the gene pool of their ancestors by admixture with
Denisovans. In this study, we aimed at further expanding the investigation of the impact of
archaic introgression on more complex adaptive responses to hypobaric hypoxia evolved by
populations of Tibetan and Sherpa ancestry, which have been plausibly mediated by soft
selective sweeps and/or polygenic adaptations rather than by hard selective sweeps. For this
purpose, we used a combination of composite-likelihood and gene network-based methods to
detect adaptive loci in introgressed chromosomal segments from Tibetan whole genome
sequence data and to shortlist those enriched for Denisovan-like derived alleles that
participate to the same functional pathways. According to this approach, we identified
multiple genes putatively involved in archaic introgression events and that, especially as
regards EP300 and NOS2, have plausibly contributed to shape the adaptive modulation of
angiogenesis and nitric oxide induction in high-altitude Himalayan peoples. These findings
provided unprecedented evidence about the complexity of the adaptive phenotype evolved
by these human groups to cope with challenges imposed by hypobaric hypoxia, offering new

Reviewed Preprint

Published from the original
preprint after peer review
and assessment by eLife.

About eLife's process

Reviewed preprint version 1
December 19, 2023 (this version)

Sent for peer review
June 21, 2023

Posted to preprint server
May 25, 2023

https://doi.org/10.7554/eLife.89815.1
https://en.wikipedia.org/wiki/Open_access
https://elifesciences.org/
https://elifesciences.org/peer-review-process


Giulia Ferraretti et al., 2023 eLife. https://doi.org/10.7554/eLife.89815.1 2 of 24

insights into the tangled interplay of genetic determinants that mediates the physiological
adjustments crucial for human adaptation to the high-altitude environment.

eLife assessment

This useful study applies solid and previously validated methodology to identify
archaically introgressed genes involved in high altitude adaptation. However, to test
the robustness of the approach, this study would benefit from using at least one
other method to detect adaptive introgression, and clarification on how the authors
scored the networks in the signet analysis. With these parts strengthened, this paper
would be of interest to population geneticists, anthropologists, and scientists
interested in the genetic basis underlying high-altitude adaptation in Tibet.

Introduction

The scientific community currently agrees that the Homo sapiens species experienced admixture
with extinct Hominins since traces of such inbreeding events are still detectable in the genomes of
modern humans (Gouy et al., 2020     ). In fact, people belonging to non-African populations show
1–2% of Neanderthal ancestry (Green et al., 2010     ; Prüfer et al., 2014     ), while Melanesians and
East Asians present 3% and 0.2% of Denisovan ancestry, respectively (Reich et al., 2010     ; Meyer et
al., 2013     ; Prüfer et al., 2014     ; Racimo et al., 2017     ). Despite evidence supporting selection
against introgressed alleles has been collected (Simonti et al., 2016     ; Racimo et al., 2017     ;
McArthur et al., 2021     ), some of the genomic segments showing signatures ascribable to archaic
introgression were also proved to have been targeted by positive selection in modern human
populations, thus providing examples for the occurrence of Adaptive Introgression (AI) events
(Racimo et al., 2017     ).

So far, several studies have indeed identified introgressed archaic alleles at high frequency in
human genes involved in metabolism or in the response to environmental conditions, such as
temperature, sunlight, and altitude (Prüfer et al., 2014     ; Benjamin et al., 2014     ; Sankararaman et
al., 2014     ; Huerta-Sánchez et al., 2014     ; Gittelman et al., 2016     ; Racimo et al., 2017     ; Enard et
al., 2018     ; Danneman et al., 2018     ). Moreover, some genes that play a role in immune responses
to pathogens are found to be characterized by a similar pattern of variability (Laurent et al.,
2011     ; Enard et al., 2018     ) and certain Neanderthal alleles have been shown to be associated
with down-regulation of gene expression in brain and testes (McCoy et al., 2017     ; Racimo et al.,
2017     ; Dannemann et al., 2018). These works collectively attest how genetic variants introduced
in the human gene pool by admixture with archaic species can significantly impact our biology by
possibly comporting modifications in the modulation of several functional pathways. In
particular, the high frequency of some archaic alleles in protein-coding and/or regulatory genomic
regions suggests a possible adaptive role for Neanderthal and/or Denisovan variants, pointing to a
further evolutionary mechanism having potentially contributed to the processes of human
biological adaptation to different environmental and cultural settings. By introducing new alleles
in the gene pool of a given population, admixture in fact provides a very rapid opportunity for
natural selection to act on it (Huerta-Sanchez et al., 2014     ; Jeong et al., 2014     ; Racimo et al.,
2015; Hamid et al., 2021     ) and this is supposed to have likely occurred during the evolutionary
history of H. sapiens, particularly after the last Out of Africa migration in the late Pleistocene
(Israel et al., 2018     ; Vahdati et al., 2022). According to this view, gene flow from extinct Hominin
species could have facilitated the adaptation of H. sapiens populations to peculiar Eurasian
environments.
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For instance, a Denisovan origin of the adaptive EPAS1 haplotype, which confers reduced
susceptibility to chronic mountain sickness to Tibetan and Sherpa highlanders (Beall et al., 2007;
Bigham et al., 2010     ; Yi et al., 2010; Peng et al., 2011; Xu et al., 2011) is well established (Huerta-
Sánchez et al., 2014     ; Zhang et al. 2021     ). However, the hard selective sweep experienced in
high-altitude Himalayan populations by the EPAS1 introgressed haplotype has been demonstrated
to account only for an indirect aspect of their adaptive phenotype, which does not explain most of
the physiological adjustments they evolved to cope with hypobaric hypoxia (Gnecchi-Ruscone et
al., 2018). Therefore, how far gene flow between Denisovans and the ancestors of Tibetan and
Sherpa peoples facilitated the evolution of other key adaptive traits of these populations remains
to be elucidated.

To fill this gap, and to overcome the main limitation of most approaches currently used to test for
AI (i.e., inferring archaic introgression and the action of natural selection separately by means of
different algorithms, which increases the risk of obtaining biased results due to confounding
variables), we assembled a dataset of whole genome sequences (WGS) from 27 individuals of
Tibetan ancestry living at high altitude (Cho et al., 2017     ; Jeong et al., 2018     ) and we analysed it
using a composite-likelihood method specifically developed to detect AI events at once (Setter et
al., 2020     ). Notably, this method was designed to recognize AI mediated by subtle selective events
(as those involved in polygenic adaptation) and/or soft selective sweeps, which represent the
evolutionary mechanisms that are supposed to have played a more relevant role than hard
selective sweeps during the adaptive history of human groups characterized by particularly small
effective population size, such as Tibetans and Sherpa (Gnecchi-Ruscone et al., 2018     ). Coupled
with validation of the identified putative adaptive introgressed loci through the assessment of the
composition of gene networks made up of DNA segments enriched for archaic derived alleles, as
well as of the genetic distance between modern and archaic haplotypes, such an approach
provided new evidence about the biological functions that have mediated high-altitude adaptation
in Himalayan populations and that have been favourably shaped by admixture of their ancestors
with Denisovans.

Results

Spatial distribution of genomic variation and
ancestry components of Tibetan samples
After quality control (QC) filtering of the available WGS data, we obtained a dataset made up of 27
individuals of Tibetan ancestry characterized for 6,921,628 single nucleotide variants (SNVs). To
assess whether this dataset represents a reliable proxy for the genomic variation observable in
high-altitude Himalayan populations, we merged it with genome-wide genotyping data for 1,086
individuals of East-Asian ancestry belonging to both low- and high-altitude groups (Gnecchi-
Ruscone et al., 2017     ; Landini et al., 2021     ). We thus obtained an extended dataset including
231,947 SNVs, which was used to perform population structure analyses.

Results from ADMIXTURE and Principal Components Analysis (PCA) were found to be concordant
with those described in previous studies (Jeong et al., 2014     ; Gnecchi-Ruscone et al., 2017     ;
Gnecchi-Ruscone et al., 2018     ; Yang et al., 2021     ). According to the ADMIXTURE model showing
the best predictive accuracy (K = 7) (Figure 1      – figure supplement 1), the examined WGS
exhibited a predominant genetic component that was appreciably represented also in other
populations speaking Tibeto-Burman languages, such as Tu, Yizu, Naxi, Lahu, and Sherpa (Figure
1A      and Figure 1      – figure supplement 2). Such a component reached an average proportion of
around 78% in individuals of Tibetan ancestry from Nepal included in the extended dataset, as
well as of more than 80% in the subjects under investigation, who live in the Nepalese regions of
Mustang and Ghorka (Figure 1A      and 1B     ). This suggests that after their relatively recent
migration in Nepalese high-altitude valleys, these communities might have experienced a higher
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degree of isolation and genetic drift with respect to populations that are still settled on the Tibetan
Plateau, in which the same ancestry fraction did not exceed 64% (Figure 1A      and 1B     ).
Nevertheless, the overall ADMIXTURE profile of the considered WGS appeared to be quite
comparable to those inferred according to genome-wide genotyping data for other Tibetan
populations (Figure 1A      and 1B     , Figure 1      - figure supplement 2). Similarly, PCA pointed to
the expected divergence of Tibetan and Sherpa high-altitude groups from the cline of genomic
variation of East-Asian lowland populations (Abdulla et al., 2009; Jeong et al., 2014     ; Gnecchi-
Ruscone et al., 2017     ; Zhang et al., 2017     ; Wang et al., 2022     ) (Figure 1C     ). Remarkably, the
WGS under investigation clustered within the bulk of genome-wide data generated for other
groups from the Tibetan Plateau, thus supporting their representativeness as concerns the overall
genetic background of high-altitude Himalayan populations.

Detecting adaptive introgression
signatures across functionally related loci
To identify genomic regions showing signatures putatively ascribable to AI events, we scanned
Tibetan WGS with the VolcanoFinder algorithm and we computed the composite Likelihood Ratio
(LR) and the -logα statistics for each polymorphic site (Setter et al., 2020     ). After normalization of
the obtained LR values, we searched for chromosomal intervals enriched for significant LR scores
by retaining and merging those overlapping genomic windows falling within top 0.1% of the
related distribution (see Materials and methods). We thus identified 53 significant DNA segments
distributed across nine chromosomes and encompassing a total of 486 genes. To shortlist loci
potentially contributing to the same adaptive trait, we then explored functional relationships
among the identified candidate AI genes by exploiting information about protein-protein
interactions annotated in the STRING database. Accordingly, the EP300 gene resulted one of the
most interconnected loci, along with MAPK1 and MAPK11, and occupied a pivotal position in the
reconstructed framework of functionally related genes (Figure 2      - figure supplement 1).
Interestingly, it showed established associations with genes that have been previously proved to
be characterized by signatures left by natural selection in multiple high-altitude populations and
that play a role in cellular responses to hypoxia, such as EPAS1, EGLN1, PPARA and NOS2 (Figure
2-figure supplement 1) (Bigham et al., 2010     ; Simonson et al., 2010; Peng et al., 2011; Crawford et
al., 2017     ; Zheng et al., 2017     ; Horscroft et al., 2017; Liu et al., 2022     ). In fact, when functional
pathways enriched for putative AI genes were investigated, HIF-1 signalling resulted one of the
few significant pathways including almost all the loci mentioned above (Supplement Table 2).

Collectively, this core set of genes (except for EGLN1) was characterized by a consistent number of
variants showing non-normalized and/or normalized significant LR scores, as well as by elevated
values of -logα (Figure 2      and Figure 2      - figure supplement 2), which suggest respectively their
plausible archaic origin and an appreciable action of natural selection on them. In detail, high -
logα and non-normalized significant LR values (i.e., 13 SNVs included in the upper tail of the
distribution of non-normalized LR values calculated for chromosome 2) were obtained for the
EPAS1 genomic region, which is well-established as a positive control for AI, while high -logα
values coupled with a remarkably low number of SNVs with significant LR scores characterized
the EGLN1 gene, which we instead envisaged as a negative control for AI (Figure 2      - figure
supplement 2). These findings are concordant with previous evidence indicating these two loci as
targets of natural selection in high-altitude Himalayan populations (Yang et al., 2017     ; Liu et al.,
2022     ), although only EPAS1 was proved to have been involved in an AI event (Huerta-Sanchez
et al., 2014; Hu et al., 2017     ).

To validate results obtained by VolcanoFinder analysis, we used an approach based on the
identification of networks of genes contributing to the same functional pathway and showing an
overrepresentation of archaic (i.e., Denisovan)-like derived alleles (see Materials and methods). In
line with what emerged from STRING enrichment analysis, many significant gene networks
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Figure 1.

Population structure analyses performed on the extended dataset
including Tibetan, Sherpa, and lowland East-Asian individuals.

(A) Admixture analysis showed the best predictive accuracy when seven (K=7) population clusters were tested. Populations
included in the dataset are labelled according to population names and acronyms reported in Supplement table 1. (B) Map
showing geographic location and admixture proportions at K=7 of the high-altitude groups included in the extended dataset.
The label Tibetans_WG indicates whole genome sequence data for individuals of Tibetan ancestry analysed in the present
study. Additional information about the considered samples (e.g., number of individuals per group, reference study, and
used abbreviations) are reported in Supplement table 1. (C) PCA plot considering PC1 vs PC2 and summarizing genomic
divergence between high-altitude Tibetan/Sherpa people and the cline of variation observable for lowland East-Asian
populations. The enlarged square displays clustering between Tibetan samples sequenced for the whole genome (i.e., blue
dots) and Tibetan samples characterized by genome-wide data (i.e., light-blue squares).
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Figure 2.

Distribution of VolcanoFinder statistics suggestive of putative adaptive
introgrossed loci across the EP300 and NOS2 genomic regions.

On the x-axis are reported genomic positions of each SNV, while on the y axis are displayed the related statistics obtained.
Pink background indicates the chromosomal interval occupied by the considered genes, while the grey background identifies
those genes/pseudogenes (i.e., EP300AS1 and L3MBTL2 in the EP300 downstream genomic region and the LGALS9DP
pseudogene in the upstream NOS2 region) possibly involved in regulatory transcription mechanisms. The dashed red line
identifies the threshold set to filter for significant LR values. (A) Non-normalized LR (blue diamonds) and -logα (grey
diamonds) values resulted collectively elevated in the entire EP300 genomic region, which was characterized also by a
consistent number of SNVs showing significant normalized LR values (red stars). (B) Both non-normalized LR and -logα
scores appeared elevated in the upstream NOS2 region, which also presented a remarkable number of SNVs showing
significant normalized LR values.
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pointed out by the Signet algorithm were found to be involved in the same biological functions to
which the core set of candidate genes identified by VolcanoFinder contributes (e.g., promotion of
angiogenesis and induction of nitric oxide, NO) (Figure 3     , Supplement Table 3). For instance,
some significant gene networks were found to belong to the JAK-STAT signalling, PI3K-Akt
signalling, Apelin signalling and VEGF signalling pathways that are known to be connected with
each other and to be activated in hypoxic conditions to induce transcription of genes related with
angiogenesis (Kanehisa et al., 2000     , Fresno Vara et al., 2004; Ashley et al., 2005; Trân et al.,
2018     ; Johnson et al., 2018; Mathari et al., 2021; Sahinturk et al., 2021) (Supplement Table 3).
These signalling cascades determinate also the expression of EP300 and NOS2 genes and are
capable to modulate tumour invasiveness, metastasis, and induction of NO (Kanehisa et al.,
2000     ; Wang et al., 2005; Zhang et al., 2011; Johnson et al., 2018). In addition, other significant
gene networks belonging to cancer-related pathways (e.g., Prostate Cancer and Glioma) include
oncogenes that mediate functions related to angiogenesis, cell proliferation and inhibition of
apoptosis (Kanehisa et al., 2000     ; Somanath et al., 2006 Yang et al., 2013; Lai et al., 2015; Chen et
al., 2019; Xu et al., 2020) (Supplement Table 3). In detail, when results from VolcanoFinder and
Signet analyses were compared at the single gene level, a total of twelve genes (i.e., EP300, NOS2,
TAB1, RAC2, MAPK1, MAPK11, MAP2K6, PPARA, FOXO1, ATF4, LEP, CSNK1E) presented variation
patterns supported by both methods as having been shaped by archaic introgression, and were
found to be included in multiple significant gene networks involved in the modulation of
biological functions such as angiogenesis, cell proliferation, and nitric oxide induction
(Supplement Table 3). More specifically, the EP300 gene was found to be involved, along with ATF4
and CREB cAMP responsive elements, in the regulation of angiogenesis promotion, cell
proliferation, and tumour invasiveness via cancer-related pathways (Halle et al., 2013; Voropaev et
al., 2019     ; Huang et al., 2020). MAPK1 was instead included together with ATF4 and other
members of the MAPKinases family in the significant gene network ascribable to the Relaxin
signalling pathway, which is known to exert both angiogenic and vasodilatory effects trough NO
release (Kanehisa et al., 2000     ) (Figure 3A     ).

Estimating genetic distance between
modern and archaic sequences
To explicitly test whether the Denisovan human species represented a plausible source of archaic
alleles in the most convincing AI events inferred according to VolcanoFinder and Signet
approaches, we assembled a dataset including EP300 and NOS2 candidate AI genomic sequences
from high-altitude Tibetan, low-altitude Han Chinese (CHB), and Denisovan samples and we used
the Haplostrip algorithm to estimate the genetic distance between modern and archaic haplotypes
(see Materials and methods). For both genes, appreciable proportions of Tibetan haplotypes were
found to cluster in the upper part of the heatmaps generated, thus showing among the lowest
numbers of pairwise differences with respect to the Denisovan sequence observed in the entire
dataset (Figure 4A      and Figure 4      – figure supplement 2). Particularly, 33% and 16% of the total
Tibetan NOS2 and EP300 haplotypes fell into the first quartile of haplotypes ranked according to
their similarity with the Denisovan ones, in contrast to 50% and 9.5% of the EPAS1 and EGLN1
sequences used respectively as positive and negative controls for AI and non-AI loci. Moreover, as
concerns an introgressed locus (e.g., EPAS1), most Tibetan haplotypes may be expected to present
a smaller number of pairwise differences with Denisovan respect to non-Tibetan (i.e., CHB)
haplotypes. Conversely, non-introgressed regions (e.g., EGLN1) should be characterized by a
remarkably different pattern of haplotype variation. We thus calculated the cumulative
proportion of Tibetan haplotypes for each haplotype class, defying each class according to the
number of pairwise differences with respect to the Denisovan genome. Then, we counted the
Tibetan and CHB haplotypes falling into the first quartile of the haplotype classes considered for
each candidate gene to verify the assumption described above.

https://doi.org/10.7554/eLife.89815.1
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Figure 3.

Significant gene networks enriched for Denisovan-
like derived alleles according to the Signet analysis.

(A) Partially overlapping significant networks belonging to Cancer-related and Relaxin signalling pathways including genes
that mediate key functions in the modulation of cell proliferation and differentiation, in the promotion of angiogenesis, as
well as in the regulation of vascular tone thought NO induction. Among them, EP300 and genes functionally related to both
EP300 and NOS2 candidate AI loci are highlighted in red. Genes supported by both Signet and VolcanoFinder analyses as
potentially introgressed loci, as well as the associations that they establish in the networks are highlighted in blue. (B) Gene
network built by setting co-expression as force function and by displaying the entire set of genes identified by the Signet
algorithm as significantly enriched for Denisovan-like derived alleles. Genes whose variation pattern was supported by both
VolcanoFinder and Signet analyses (e.g., MAPK1) as shaped by archaic introgression are displayed as dark red ellipses. EP300
and NOS2 genes, which we shortlisted as the most convincing candidate AI loci according to the Signet approach,
VolcanoFinder analyses, and evidence advanced by previous studies supporting their adaptive role in high-altitude
populations, are displayed as yellow diamonds. EPAS1, which was included manually in the network as a positive control locus
that has been previously proved to have mediated adaptive introgression in Tibetan and Sherpa populations, was
represented as pale pink rectangular. Genes included in pathways involved in angiogenesis and/or in the modulation of NO
induction are reported as dark green circles, while the remining fraction of significant genes are represented as light-blue
circles. The closeness or the distance between all nodes reflects the tendency to be co-expressed with each other and all the
connections inferred are characterized by a confident score ≥ 0.7.
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Figure 4.

Representation of genetic distances between modern and archaic haplotypes.

(A) Heatmap displaying the divergence between Tibetan and Han Chinese NOS2 haplotypes with respect to the
Denisovan sequence. Haplotypes are reported in rows, while derived (i.e., black square) and ancestral (i.e., white square)
alleles are displayed in columns. Haplotypes are ranked from top to bottom according to their number of pairwise differences
with respect to the Denisovan sequence. A total of 14 haplotypes belonging to individuals with Tibetan ancestry are plotted in
the upper part of the heatmap (i.e., the first quartile of haplotype distribution). These haplotypes account for 33% of the
haplotypes inferred for Tibetans and are characterized by 32 or less pairwise differences with respect to the Denisovan
sequence. (B-D) Barplots showing the number and cumulative proportions of NOS2, EPAS1 and EGLN1 Tibetan and Han
Chinese haplotypes in each haplotype class defined according to the number of pairwise differences between modern
and archaic sequences. In all plots are reported on the x-axis the haplotype classes, while on the first and on the second y-
axes are indicated the number of haplotypes belonging to each haplotype class (i.e., blue/red bars) and the cumulative
proportion of haplotypes (i.e., blue/red lines), respectively. (B) NOS2 presents a pattern qualitatively comparable to the one
displayed for the EPAS1 gene, with 46% of haplotype classes presenting a greater value for the cumulative proportion of TIB
haplotypes (i.e., blue line) rather than CHB ones (i.e., red line). (C) The EPAS1 plot represents the trend expected for genes
involved in AI events mediated by hard selective sweeps, in which TIB haplotypes (i.e., blue bars) are over-represented in all
those haplotype classes presenting the smaller number of pairwise differences with Denisovan. In line with this, values
obtained for the cumulative proportion of Tibetan haplotypes are higher with respect to those calculated for CHB haplotypes
in all the haplotype classes considered. (D) The entire set of haplotype classes at EGLN1 showed higher values for the
cumulative proportion of CHB haplotypes with respect to the same proportion calculated for Tibetan haplotypes, with an
over-representation of Han Chinese samples in the haplotype classes presenting few numbers of differences with Denisovan,
as it may be expected for genes not involved in AI events.

https://doi.org/10.7554/eLife.89815.1
https://doi.org/10.7554/eLife.89815.1


Giulia Ferraretti et al., 2023 eLife. https://doi.org/10.7554/eLife.89815.1 10 of 24

Results obtained for the NOS2 gene seem to confirm the hypothesis of archaic introgression at
such a locus. In fact, the cumulative proportion of Tibetan haplotypes turned out to be larger than
that of CHB haplotypes in most of the defined classes and especially in those associated to the
lowest numbers of pairwise differences with respect to the Denisovan sequence (Figure 4A      and
B     ). Such a trend is qualitatively comparable to that observed for the EPAS1 gene (Figure 4C     ),
although the occurrence of a hard selective sweep at EPAS1 (Huerta-Sánchez et al., 2014     ) has
likely made the difference between Tibetan and CHB trends even more pronounced (Figure 4      –
figure supplement 1). The pattern observed for the EP300 gene was instead more nuanced, being
characterized by nearly the same proportion of Tibetan and CHB haplotypes in the first quartile of
haplotype classes and by an overall trend of cumulative proportions that was partially overlapped
between the two populations (Figure 4      – figure supplement 2). However, the distribution of
Tibetan EP300 haplotypes in the different haplotype classes remained remarkably different with
respect to that observed for the non-introgressed EGLN1 locus, in which CHB haplotypes are
systematically overrepresented in the haplotype classes presenting the lowest number of pairwise
differences with respect to the Denisovan genome, thus determining higher cumulative
proportions of CHB rather than Tibetan sequences even in classes enriched for Tibetan haplotypes
(Figure 4D      and Figure 4      – figure supplement 3).

Finally, we explored allele frequency trajectories of Denisovan derived alleles observed at these
genes in Tibetan and CHB groups (see Materials and methods). In detail, when comparing
frequencies for 85 archaic derived alleles in the EP300 genomic region we pinpointed six SNVs
showing significantly higher frequency (average value = 0.93) in Tibetans than in CHB (Fisher
exact test, p < 0.05) (Figure 4      – figure supplement 4 and Supplement Table 4). However, no SNVs
turned out to be significantly more represented in Tibetans after correction for multiple testing.
As regards NOS2, no SNVs out of the 44 alleles considered showed a significantly higher frequency
in the high-altitude group with respect to the CHB low-land population, although the average value
of allele frequencies at Denisova-like derived alleles resulted slightly higher in Tibetans then in
CHB (Figure 4      – figure supplement 4). Overall, these findings suggest that despite having
exerted an adaptive role, introgressed variation at EP300 and NOS2 genes was plausibly not
subjected to hard selective sweeps as instead previously attested for the EPAS1 locus.

Discussion

In the present study, we aimed at investigating how far gene flow between the Denisovan archaic
human species and the ancestors of modern populations settled in high-altitude regions of the
Himalayas contributed to the evolution of key adaptive traits of these human groups, in addition
to having conferred them reduced susceptibility to chronic mountain sickness (Huerta-Sánchez et
al., 2014     ). For this purpose, we used WGS data from individuals of Tibetan ancestry to search for
genomic signatures ascribable to AI mediated by weak selective events rather than by hard
selective sweeps, under the assumption that soft sweeps and/or processes of polygenic adaptation
are more likely to have occurred in such remarkably isolated and small-effective population size
groups (Gnecchi-Ruscone et al., 2018     ).

By assembling a large genome-wide dataset including both low- and high-altitude populations, we
first framed the available WGS data into the landscape of East Asian genomic variation. This
confirmed that the genomes under investigation are well representative of the overall profiles of
ancestry components observable in high-altitude Himalayan peoples (Figure 1A-B     ). In fact, the
considered individuals were found to show close genetic similarity to other populations of Tibetan
ancestry (Jeong et al., 2014     ) and to Sherpa people from Nepal (Gnecchi-Ruscone et al., 2017     ),
as well as to appreciably divergence from the cline of variation of lowland East-Asians (Abdulla et
al., 2009) (Figure 1C     ).

https://doi.org/10.7554/eLife.89815.1
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Based on this evidence, we submitted Tibetan WGS to a pipeline of analyses that implemented
multiple independent approaches aimed at identifying genomic regions characterized
simultaneously by signatures putatively ascribable to AI events and by tight functional
correlations with each other. According to such a rationale, we shortlisted the candidate
introgressed loci that most likely contribute to the same adaptive trait by searching for
chromosomal intervals enriched for: i) significant LR scores computed by the VolcanoFinder
algorithm, ii) Denisovan-like derived alleles belonging to significant gene networks reconstructed
with the Signet method (Supplement table 3), iii) genes that have been also proved to participate to
the same functional pathway according to information about established protein-protein
interactions (Figure 2      – figure supplement 1 and Supplement table 2).

Among the genes encompassed within the putative introgressed chromosomal intervals identified
by the VolcanoFinder method, EP300, NOS2, TAB1, RAC2, MAPK1, MAPK11, MAP2K6, PPARA,
FOXO1, ATF4, LEP and CSNK1E were retained after the filtering procedure describe above. In fact,
although 13 EPAS1 SNVs were observed among the top positive non-normalized LR values for
chromosome 2, this locus did not present significant scores after normalization. We can interpret
such a finding as suggestive of the tendency of the normalization procedure to enable the
identification of relatively weak and widespread AI signatures plausibly ascribable to soft
selective sweeps and/or polygenic adaptive mechanisms rather than to hard selective sweeps.

When we used STRING enrichment analysis to explore the functional role of the identified
candidate AI loci, mitogen-activated protein kinase genes (e.g., MAPK1 and MAPK11) were found to
systematically occur in diverse significant pathways (Supplement Table 2). These proteins are key
actors in the activation of the signalling cellular cascades in the MAPK signalling pathway,
comporting the exploitation of multiple effects among which the modulation of the VEGF
signalling pathway in different types of cancers is included (Nicolas et al., 2019     ). For instance,
the activation of MAPK/CREB pathways upregulates the expression of anti-apoptotic genes in renal
tubular cells during hypoxia-reoxygenation injury (Dong et al., 2019     ). Moreover, the TAB1 gene
directly binds and activates MAP3K7/TAK1 kinase protein thus establishing strong functional
connections within the MAPK signalling pathway (Kanehisa et al., 2000     ; Sayers et al., 2022     ).
Finally, ATF4 encodes for the activating transcription factor 4 that belongs to a family of CREB-like
proteins whose expression is detected in hypoxic and nutrient-deprived regions in tumours
(Singleton et al., 2019; Sayers et al., 2022     ).

Despite such suggestive findings and according to the signatures ascribable to the action of natural
selection on EP300 and NOS2 previously detected by other studies focused on high-altitude human
populations, we considered these latter genes as the most convincing candidate AI loci to have
played a relevant role in the adaptive history of Tibetan and Sherpa peoples. In detail, they were
found to be recurrent in almost all the significant pathways pointed out by STRING enrichment
analysis and, as members of the HIF-1 signalling pathway, are known to act in conjunction with
EPAS1 to regulate cellular responses to the hypoxic stress (Supplement table 2) (Narravula et al.,
2001; Belanger et al., 2007; Chiu et al., 2020, Wu et al., 2022     ). Interestingly, EP300 has been
demonstrated to modulate directly EPAS1 transcriptional activity and resulted significantly co-
expressed whit EPAS1 in the placenta of Tibetan women (Kanehisa et al., 2000     ; Sayers et al.,
2022     ; Wu et al., 2022     ). The inducible nitric oxide synthase 2 enzyme encoded by NOS2 is
instead expressed in a variety of cell types under hypoxic conditions where it controls a wide
range of biological processes, among which activation of the HIF-1 signalling pathway and NO
production (Kanehisa et al., 2000     ; Bigham et al., 2010     ; Fago et al., 2015; Ho et al., 2012; Sayers
et al., 2022     ). The resulting signalling cascade thus impacts on target loci, such as VEGF, Flt-1, Flk-
1, Tie2, EPO, NOS, which act as the main regulators of angiogenesis, erythropoiesis, and vascular
tone (Kanehisa et al., 2000     ; Verheul et al., 2003; Takeda et al., 2004; Carroll et al., 2006; Vočanec
et al., 2019     ). Especially angiogenesis represents a biological function that has been
demonstrated to be improved in Tibetan and Sherpa high-altitude populations, enabling efficient
O2 delivery despite the hypoxic stress due to tissues’ increased blood perfusion (Gnecchi-Ruscone
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et al., 2018     ). In fact, the potential adaptive role of EP300 and NOS2 was already proposed for
Tibetan and Andean populations respectively (Bigham et al., 2010     ; Simonson et al., 2010; Peng et
al., 2011; Crawford et al., 2017     ; Zheng et al., 2017     Bigham et al., 2010     ; Simonson et al., 2010;
Peng et al., 2011; Crawford et al., 2017     ; Zheng et al., 2017     ), along with that of multiple genes
(e.g., PPARA, STAT3, IL6, EPAS1, VEGF, EGLN1, EPO, ERK, PKC) functionally related with them or
with other members of the HIF-1 signalling pathway whose expression is modified under hypoxic
conditions when tested in vitro and in vivo in different animal models (Foll et al., 2014     ; Yang et
al., 2017     ; Tenzing et al., 2021     ; Liu et al., 2022     ; Mrakic-Sposta et al., 2022     ; Soliman et al.,
2022     ; Yang et al., 2022     ; Yuan et al., 2022     ) (see Supplement information). In addition, both
NOS2 and EP300 resulted implicated in mechanisms of NO production and regulation (Kanehisa et
al., 2000     ; Zheng et al., 2017     ), which have been previously hypothesized as possibly subjected
to selective pressures in Tibetans because of the high NO concentration in their blood and its
physiological consequences, including increased O2 delivery and reversibly inhibition of cellular
respiration (Hoit et al., 2005; Erzurum et al., 2007; Fago et al., 2015; Poderoso et al., 2019). Results
obtained by Signet analysis seem to further corroborate such a hypothesis by validating EP300 and
NOS2 as genes plausibly involved in AI events. Some significant gene networks including EP300 or
functionally related to NOS2 indeed showed higher-than-expected proportions of Denisovan-like
derived alleles and again pointed to NO induction and promotion of angiogenesis as functional
cascades having evolved peculiarly in populations of Tibetan ancestry (Figure 3     , Supplement
table 3). For instance, one of these networks participate to the Jack-Stat signalling pathway
responsible for phosphorylation and activation of the STAT3 transcriptional factor (Supplement
table 3) (Kanehisa et al., 2000     ). Interestingly, STAT3 expression was found to be downregulated
in the placenta of Tibetan women compared with that of individuals of European ancestry living
at high-altitude for fewer than three generations, suggesting a potential adaptive role of such gene
in populations that successfully reproduce in hypoxic conditions since thousands of years (Tenzing
et al., 2021     ). Another significant network strictly linked from a functional perspective with both
NOS2 and EP300 was ascribable to the Apelin signalling pathway (Supplement table 3). Activation
of the Apelin-receptor system was shown to induce vessel relaxation and cardiac contractility in
rodents, both in vivo and in isolated heart models, through the production and release of NO
(Zhong et al., 2007     ; Trân et al., 2018     ; Mathari et al., 2021). The complex functional connections
between EP300/NOS2 and genes playing a role in such processes thus provide additional evidence
supporting their potential adaptive role in high-altitude Tibetan and Sherpa populations.
Moreover, EP300 resulted included in one significant gene network belonging to the Prostate
cancer pathway together whit ATF4 and CREB genes, supporting once again its strong connections
with cellular mechanisms deeply involved in the modulation of angiogenesis (Figure 3A     ).
Particularly, the CREB1 gene is defined as a proto-oncogene whose knockout in uveal melanoma
cells dramatically decreases the tumour progression (Voropaev et al., 2019     ; Sapio et al., 2020).
This gene, along with PPARA, was also proved to upregulate the expression of Highly Up-regulated
in Liver Cancer (HULC) long non-coding RNA in hepatocellular carcinoma, affecting the
aggressivity and proliferation of this type of cancer (Yu et al., 2017     ).

Overall, results obtained by means of the Signet and VolcanoFinder algorithms partially
overlapped both from a functional perspective and at the single gene level, thus supporting the
hypothesis that the evolution of especially EP300 and NOS2 genes has been shaped by AI events.
More in general, these results indicate that archaic introgression remarkably impacted those
biological functions, such as angiogenesis and NO induction, that have been then targeted by
natural selection in high-altitude populations, suggesting that a portion of the introgressed
variation was positively selected in Tibetan ancestors after their settlement at high altitudes.

We also attempted to explicitly test whether the Denisovan human species represented a plausible
source of archaic alleles in the framework of the inferred AI events, as previously demonstrated
for EPAS1 (Huerta-Sánchez et al., 2014     ). When direct comparison between modern and archaic
haplotypes at the putative introgressed loci was performed, an overall higher degree of similarity
between Tibetan and Denisovan rather than between Han Chinese and Denisovan sequences was
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observed for NOS2 in those haplotype classes presenting the smallest numbers of pairwise
differences with the archaic sequence, in line with what reported for EPAS1 (Figure 4A     ).
Instead, as concerns EP300 the distribution of haplotypes among individuals with Tibetan and
Han Chinese ancestry was found to be more homogeneous, suggesting that after Denisovan
admixture with their common ancestors natural selection might have targeted this locus less
intensively in Tibetan and Sherpa populations with respect to what happened at NOS2.
Nevertheless, for both genes the observed patterns of haplotype variation substantially diverged
from that described for EGLN1, which was previously proved to have been not involved in an AI
event. At the same time, it is noteworthy that EP300 and NOS2 presented considerably less striking
divergence between Tibetan and Han Chinese haplotype frequencies and similarity with the
Denisovan sequence than what observed for EPAS1 and thus than what expected after the
occurrence of a hard selective sweep (Figure 4      – figure supplement 1). This suggests that the
adaptive evolution of NOS2 and EP300 after the introgression event has been mediated by
different mechanisms, which did not exceptionally increase the frequency of few
variants/haplotypes and consequently did not drastically reduce genetic diversity at the selected
locus. This is in accordance with the hypothesis of a relevant role played by soft selective sweeps
and/or polygenic adaptation during the evolutionary history of the ancestors of high-altitude
Himalayan populations (Gnecchi-Ruscone et al., 2018     ). These mechanisms are generally
characterized by weak selection strength on single alleles due to their limited individual
contribution to the adaptive trait, which enables recombination to erode haplotypes carrying
advantageous variants and to produce signatures that are hardly distinguishable from those
observed at neutrally evolving genomic regions (Pritchard at al., 2010).

Overall, we collected multiple evidence supporting both the archaic origin and the adaptive role of
variation at EP300 and NOS2 genes in populations of Tibetan ancestry, as well as at other loci
presenting tight functional relationships with them, thus expanding the knowledge about AI
events having involved the ancestors of modern high-altitude Himalayan populations and
Denisovans. The results obtained emphasized once more the complexity of the adaptive
phenotype evolved by these human groups to cope with challenges imposed by hypobaric hypoxia,
offering new insights for future studies aimed at elucidating the molecular mechanisms by which
several genes along with EP300 and NOS2 interact with each other and contribute to mediate
physiological adjustments that are crucial for human adaptation to the high-altitude environment.

Materials and methods

Dataset composition and curation
The dataset used in the present study included WGS data for 27 individuals of Tibetan ancestry
recruited from the high-altitude Nepalese districts of Mustang and Ghorka (Jeong et al., 2018     ).
Although these subjects reside in Nepal, they have been previously proved to speak Tibetan
dialects and to live in communities showing religious and social organizations proper of
populations settled on the Tibetan Plateau, being also biologically representative of high-altitude
Tibetan people (Cho et al., 2017     ). To filter for high-quality genotypes, the dataset was subjected
to QC procedures using the software PLINK v1.9 (Purcell et al., 2007). In detail, we retained
autosomal SNVs characterized by no significant deviations from the Hardy-Weinberg Equilibrium
(P > 5.3 × 10−9 after Bonferroni correction for multiple testing), as well as loci/samples showing
less than 5% of missing data. Moreover, we removed SNVs with ambiguous A/T or G/C alleles and
multiallelic variants, obtaining a dataset composed by 27 individuals and 6,921,628 SNVs. WGS
data were finally phased with SHAPEIT2 v2.r904 (Delaneau et al., 2013) by applying default
parameters and using the 1000 Genomes Project dataset as a reference panel (1000 Genomes
Project Consortium et al., 2015) and HapMap phase 3 recombination maps.
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Population structure analyses
To assess representativeness, genetic homogeneity, and ancestry composition of Tibetan WGS
included in the dataset, we performed genotype-based population structure analyses. For this
purpose, we merged the unphased WGS dataset with genome-wide genotyping data for 34 East-
Asian populations (Gnecchi-Ruscone et al., 2017     ; Landini et al., 2021     ) and we applied the same
QC procedures described above. The obtained extended dataset included 231,947 SNVs and was
used to assess the degree of recent shared ancestry (i.e., identity-by-descent, IBD) for each pair of
individuals. Identity-by-state (IBS) estimates were thus used to calculate an IBD kinship coefficient
and a threshold of PI_HAT = 0.270 was considered to remove closely related subjects to the second
degree (Ojeda-Granados et al., 2022). To discard variants in linkage disequilibrium (LD) with each
other we then removed one SNV for each pair showing r2 > 0.2 within sliding windows of 50 SNVs
and advancing by five SNVs at the time. The obtained LD-pruned dataset was finally filtered for
variants with minor allele frequency (MAF) < 0.01 and used to compute PCA utilizing the smartpca
method implemented in the EIGENSOFT package (Patterson et al., 2006), as well as to run the
ADMIXTURE algorithm version 1.3.0 (Alexander et al., 2009     ) by testing K = 2 to K = 12 population
clusters. In detail, 25 replicates with different random seeds were run for each K and we retained
only those presenting the highest log-likelihood values. In addition, cross-validation errors were
calculated for each K to identify the value that best fit the data. Both PCA and ADMIXTURE results
were visualized with the R software version 4.0.5.

Detecting signatures of adaptive introgression
To identify chromosomal regions showing signatures putatively ascribable to AI events, we
submitted the phased WGS dataset to the VolcanoFinder pipeline, which relies on the analysis of
the allele frequency spectrum of the population that is supposed to have experienced archaic
introgression (Setter et al., 2020     ). This method enabled us to scan the genome to calculate two
statistics for each polymorphic site: α (subsequently converted in -logα) and LR which are
informative respectively of i) the strength of natural selection and ii) the conformity to the
evolutionary model of adaptive introgression (see Supplement Information for further details
about the evolutionary model tested). Since composite likelihood statistics are not associated with
p-values, we implemented multiple procedures to filter SNVs according to the significance of their
LR values. First, for each chromosome, variants were grouped into frequency bins and a statistical
distribution of LR values was constructed for each of them. LR distributions were normalized,
obtaining bell curves in which we considered as significant those SNVs whose LR values fell into
the extreme positive tail (i.e., LR ≥ 2). Then, the genome was divided into 200 kb windows with an
overlap of 50 kb and for each of them we calculated the ratio between the number of significant
SNVs and the total number of variants. We finally ranked windows according to such a ratio and
to shortlist those enriched in significant LR values we retained chromosomal intervals within the
top 0.1% of the obtained distribution, subsequently merging overlapping significant windows into
larger genomic segments.

Investigating functional relationships
among putative introgressed loci
Functional relationships among genes included in the chromosomal segments pointed out by
VolcanoFinder analysis as putatively enriched for AI alleles were investigated by exploring
protein-protein interactions and protein activity in specific cellular pathways, as well as by
performing formal enrichment analyses, with functions implemented in the STRING tool
(available at: string-db.org     ) (Jensen et al., 2009). For this purpose, we considered only protein-
protein interactions showing confidence scores ≥ 0.7 and the obtained protein frameworks were
integrated using information available in literature regarding the functional role of the related
genes and their possible involvement in high-altitude adaptation.
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Identifying gene networks enriched
for Denisovan-like derived alleles
To validate VolcanoFinder results by using an independent approach, we set up a pipeline of
analyses aimed at identifying the biological functions whose underlying genomic regions might
have been significantly shaped by Denisovan introgression. For this purpose, we used the Signet
algorithm (Gouy et al., 2020     ) to reconstruct network of genes that participate to the same
biological pathway and that are also characterized by a higher-than-expected proportion of
Denisovan-like derived alleles. To do so, we first compared the Tibetan and Denisovan genomes to
assess which SNVs were present in both modern and archaic sequences. These loci were further
compared with the ancestral reconstructed refence human genome sequence (1000 Genomes
Project Consortium et al., 2015) to discard those presenting an ancestral state (i.e., that we have in
common with several primate species). Accordingly, although we cannot rule out the possibility
that H. sapiens inherited these variants from the most recent common ancestor we share with
Denisovans, we were able to shortlist SNVs that have at least the potential to have been
introgressed due to gene flow from such an archaic species. We then calculated the proportion of
Denisovan-like derived alleles for each Tibetan gene and we used the related genome-wide
distributions to inform Signet analysis (see Supplement Information for details). We performed
five independent runs of the Signet algorithm to check for consistency of the significant gene
networks and functional pathways identified and we finally depicted the confirmed results using
Cytoscape v3.9.1 (Shannon et al., 2003).

Haplostrip analysis
To explicitly test whether the putative introgressed loci pointed out by VolcanoFinder and Signet
analyses present variation patterns compatible with a scenario of introgression from the
Denisovan archaic human species, genetic distance between modern and archaic haplotypes were
estimated using the Haplostrip pipeline, as described in previous studies (Huerta-Sánchez et al.,
2014     ; Marnetto et al., 2017     ). For this purpose, we extracted the sequences of genes showing
putative introgression signatures ± 50 kb upstream and downstream of these loci from the 27
Tibetan genomes under study (Jeong et al., 2018     ), from 27 CHB WGSs (Auton et al., 2015     ) and
from the Denisovan genome (Meyer et al., 2012). The CHB population, which is known to share a
relatively recent common ancestry with Tibetans, was used as a “negative low-altitude control”
(i.e., as a group whose ancestors experienced Denisovan introgression, but did not evolve high-
altitude adaptation). In addition to the identified candidate loci, we included in this dataset also
the EPAS1 and EGLN1 genes as positive and negative control loci, which enabled us to perform a
direct comparison of the observed haplotype patterns to those of genomic regions that have been
previously proved to be involved or not in AI events. We then phased the assembled dataset with
SHAPEIT2 v2.r904 (Delaneau et al., 2013), as described in the Dataset composition and curation
section and we run the Haplostrip pipeline. Then, to assess whether Tibetan haplotypes at
candidate AI genes overall present a lower number of differences from the archaic sequence with
respect to those of the CHB low-land control population, we defined different haplotype classes
according to the number of pairwise differences from the Denisovan genome and we calculated
the percentage of Tibetan and non-Tibetan haplotypes belonging to each of them. The rationale for
such an approach was that in the case of introgressed loci (e.g., EPAS1), most haplotype classes
may be expected to be characterized by a greater cumulative proportion of Tibetan haplotypes
rather than non-Tibetan ones. Conversely, for non-introgressed loci (e.g., EGLN1), we might expect
a remarkably different pattern of haplotypes distribution, with almost all haplotype classes
presenting a larger proportion of non-Tibetan haplotypes rather than Tibetan ones. In line with
this expectation, we also counted the number of Tibetan haplotypes falling into the first quartile of
haplotype classes defined for a given genomic region, considering as evidence supporting archaic
introgression those cases in which the top 25% of haplotype classes included a greater number of
Tibetan haplotypes than CHB ones.
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Comparing frequencies of Denisovan-like derived
alleles between Tibetans and Han Chinese
We investigated the differences in allele frequency of archaic derived alleles (i.e., SNVs presenting
the same derived state in Tibetans, CHB and the Denisovan genome) at candidate AI loci between
Tibetan and CHB populations by performing Fisher exact test using functions implemented in the
PLINK software v1.9 (Purcell et al., 2007). For this purpose, we considered a dataset made up of 27
individuals with Tibetan ancestry and 27 CHB individuals. Particularly, we merged Tibetan WGS
analysed in the present study with 27 CHB WGS from the 1000 Genomes Project panel (Auton et al.,
2015     ). We applied to the obtained dataset the same QC filter procedures described in the
Dataset composition and curation section. Then, we extracted the SNVs showing archaic derived
alleles at candidate AI genes, as well as in 50 kb upstream and downstream of these loci. Finally,
we performed the Fisher exact test on this subset of SNPs considering as significant those variants
with an associated p-value < 0.05 (Figure 5 and Supplement Table 4-5).
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Reviewer #1 (Public Review):

Over the last decade, numerous studies have identified adaptation signals in modern humans
driven by genomic variants introgressed from archaic hominins such as Neanderthals and
Denisovans. One of the most classic signals comes from a beneficial haplotype in the EPAS1
gene in Tibetans that is evidently of Denisovan origin and facilitated high altitude adaptation
(HAA). Given that HAA is a complex trait with numerous underlying genetic contributions, in
this paper Ferraretti et al. asked whether additional HAA-related genes may also exhibit a
signature of adaptive introgression. Specifically, the authors considered that if such a
signature exists, they most likely are only mild signals from polygenic selection, or soft
sweeps on standing archaic variation, in contrast to a strong and nearly complete selection
signal like in the EPAS1. Therefore, they leveraged two methods, including a composite
likelihood method for detecting adaptive introgression and a biological network-based
method for detecting polygenic selection, and identified two additional genes that harbor
plausible signatures of adaptive introgression for HAA.

Strengths:
The study is well motivated by an important question, which is, whether archaic

https://doi.org/10.7554/eLife.89815.1
http://creativecommons.org/licenses/by/4.0/
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introgression can drive polygenic adaptation via multiple small effect contributions in genes
underlying different biological pathways regulating a complex trait (such as HAA). This is a
valid question and the influence of archaic introgression on polygenic adaptation has not
been thoroughly explored by previous studies

The authors reexamined previously published high-altitude Tibetan whole genome data and
applied a couple of the recently developed methods for detecting adaptive introgression and
polygenic selection.

Weaknesses:
My main concern with this paper is that I am not too convinced that the reported genomic
regions putatively under polygenic selection are indeed of archaic origin. Other than some
straightforward population structure characterizations, the authors mainly did two analyses
with regard to the identification of adaptive introgression: First, they used one composite
likelihood-based method, the VolcanoFinder, to detect the plausible archaic adaptive
introgression and found two candidate genes (EP300 and NOS2). Next, they attempted to
validate the identified signal using another method that detects polygenic selection based on
biological network enrichments for archaic variants.

In general, I don't see in the manuscript that the choice of methods here are well justified.
VolcanoFinder is one among the several commonly used methods for detecting adaptive
introgression (eg. the D, RD, U, and Q statistics, genomatnn, maldapt etc.). Even if the selection
was mild and incomplete, some of these other methods should be able to recapitulate and
validate the results, which are currently missing in this paper. Besides, some of the recent
papers that studied the distribution of archaic ancestry in Tibetans don't seem to report
archaic segments in the two gene regions. These all together made me not sure about the
presence of archaic introgression, in contrast to just selection on ancestral variation.

Furthermore, the authors tried to validate the results by using signet, a method that detects
enrichments of alleles under selection in a set of biological networks related to the trait.
However, the authors did not provide sufficient description on how they defined archaic
alleles when scoring the genes in the network. In fact, reading from the method description,
they seemed to only have considered alleles shared between Tibetans and Denisovans, but
not necessarily exclusively shared between them. If the alleles used for scoring the networks
in Signet are also found in other populations such as Han Chinese or Africans, then that
would make a substantial difference in the result, leading to potential false positives.

Overall, given the evidence provided by this article, I am not sure they are adequate to
suggest archaic adaptive introgression. I recommend additional analyses for the authors to
consider for rigorously testing their hypothesis. Please see the details in my review to the
authors.

https://doi.org/10.7554/eLife.89815.1.sa1

Reviewer #2 (Public Review):

Summary:
In Ferrareti et al. they identify adaptively introgressed genes using VolcanoFinder and then
identify pathways enriched for adaptively introgressed genes. They also use a signet to
identify pathways that are enriched for Denisovan alleles. The authors find that angiogenesis
and nitric oxide induction are enriched for archaic introgression.

Strengths:
Most papers that have studied the genetic basis of high altitude (HA) adaptation in Tibet have
highly emphasized the role of a few genes (e.g. EPAS1, EGLN1), and in this paper, the authors

https://doi.org/10.7554/eLife.89815.1
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look for more subtle signals in other genes (e.g EP300, NOS 2) to investigate how archaic
introgression may be enriched at the pathway level.

Looking into the biological functions enriched for Denisovan introgression in Tibetans is
important for characterizing the impact of Denisovan introgression.

Weaknesses:
The manuscript lacks details or justification about how/why some of the analyses were
performed. Below are some examples where the authors could provide additional details.

The authors made specific choices in their window analysis. These choices are not justified or
there is no comment as to how results might change if these choices were perturbed. For
example, in the methods, the authors write "Then, the genome was divided into 200 kb
windows with an overlap of 50 kb and for each of them we calculated the ratio between the
number of significant SNVs and the total number of variants."

Additional information is needed for clarity. For example, "we considered only protein-
protein interactions showing confidence scores {greater than or equal to} 0.7 and the
obtained protein frameworks were integrated using information available in the literature
regarding the functional role of the related genes and their possible involvement in high-
altitude adaptation." What do the confidence scores mean? Why 0.7?

In the method section (Identifying gene networks enriched for Denisovan-like derived
alleles), the authors write "To validate VolcanoFinder results by using an independent
approach". Does this mean that for signet the authors do not use the regions identified as
adaptively introgressed using volcanofinder? I thought in the original signet paper, the
authors used a summary describing the amount of introgression of a given region.

Later, the authors write "To do so, we first compared the Tibetan and Denisovan genomes to
assess which SNVs were present in both modern and archaic sequences. These loci were
further compared with the ancestral reconstructed reference human genome sequence (1000
Genomes Project Consortium et al., 2015) to discard those presenting an ancestral state (i.e.,
that we have in common with several primate species)." It is not clear why the authors are
citing the 1000 genomes project. Are they comparing with the reference human genome
reference or with all populations in the 1000 genomes project? Also, are the authors allowing
derived alleles that are shared with Africans? Typically, populations from Africa are used as
controls since the Denisovan introgression occurred in Eurasia.

The methods section for Figures 4B, 4C, and 4D is a little hard to understand. What is the x-
axis on these plots? Is it the number of pairwise differences to Denisovan? The caption is not
clear here. The authors mention that "Conversely, for non-introgressed loci (e.g., EGLN1), we
might expect a remarkably different pattern of haplotypes distribution, with almost all
haplotype classes presenting a larger proportion of non-Tibetan haplotypes rather than
Tibetan ones." There is clearly structure in EGLN1. There is a group of non-Tibetan
haplotypes that are closer to Denisovan and a group of Tibetan haplotypes that are distant
from Denisovan...How do the authors interpret this?

In the original signet paper (Guoy and Excoffier 2017), they apply signet to data from
Tibetans. Zhang et al. PNAS (2021) also applied it to Tibetans. It would be helpful to highlight
how the approach here is different.

https://doi.org/10.7554/eLife.89815.1.sa0
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