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Abstract

Neandertals and Denisovans, having inhabited distinct regions in Eurasia and possibly
Oceania for over 200,000 years, experienced ample time to adapt to diverse environmental
challenges these regions presented. Among present-day human populations, Papua New
Guineans (PNG) stand out as one of the few carrying substantial amounts of both
Neandertal and Denisovan DNA, a result of past admixture events with these archaic human
groups. This study investigates the distribution of introgressed Denisovan and Neandertal
DNA within two distinct PNG populations, residing in the highlands of Mt Wilhelm and the
lowlands of Daru Island. These locations exhibit unique environmental features, some of
which may parallel the challenges that archaic humans once confronted and adapted to. Our
results show that PNG highlanders carry higher levels of Denisovan DNA compared to PNG
lowlanders. Among the Denisovan-like haplotypes with higher frequencies in highlander
populations, those exhibiting the greatest frequency difference compared to lowlander
populations also demonstrate more pronounced differences in population frequencies than
frequency-matched non-archaic variants. Two of the five of the most highly differentiated of
those haplotypes reside in genomic areas linked to brain development genes. Conversely,
Denisovan-like haplotypes more frequent in lowlanders overlap with genes associated with
immune response processes. Our findings suggest that Denisovan DNA has provided
genetic variation associated with brain biology and immune response to PNG genomes,

some of which might have facilitated adaptive processes to environmental challenges.

Significance statement

Understanding Denisovan biology remains challenging due to the scarcity of fossil evidence
and gaps in our knowledge about their natural habitat. To enhance our understanding, this
study explores Denisovan DNA inherited through past admixtures between modern humans
and this ancient group. Focusing on two distinct Papuan populations residing at different sea
levels, our analysis reveals significant frequency differences in Denisovan DNA, impacting
genomic regions linked to immunity and brain development. These findings provide valuable
insights into the functional roles of Denisovan DNA, shedding light on its adaptive signatures
in the environments associated with the two Papuan populations. This suggests that the
adaptive processes observed may parallel those of Denisovans facing similar environmental

challenges.
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Main

The initial human settlement of New Guinea is estimated to have occurred by at least 50
thousand years ago (1, 2). Today, the distribution of PNG populations across the region is
uneven, often occurring in areas characterized by significant environmental disparities (3, 4).
These environmental challenges, such as exposure to high altitudes or region-specific
pathogens, have been demonstrated to correlate with phenotypic variations among PNG
populations inhabiting distinct environments (5). These challenges have also been
established as factors contributing to the emergence of local genetic adaptation signatures
(6, 7). Moreover, PNG, like their counterparts in near and remote Oceania, bear a significant
share of approximately 3-4% Denisovan DNA, ranking among the highest proportions
globally (8, 9). This is in addition to the ~2% of Neandertal ancestry that are found in PNG
and all present-day non-Africans (10, 11). Our understanding of particularly the functional
aspects of Denisovan DNA in its carriers and its potential contribution to adaptive processes
in populations, such as the PNG, remains limited. This restricted knowledge is attributable to
a variety of challenges. Firstly, the scarcity of fossil fragments has hindered the ability to
comprehensively reconstruct Denisovan physiology and their historical geographic
distribution (12). These aspects make it challenging to postulate hypotheses regarding their
functions in present-day individuals. Some insights have been derived from the Denisovan
genome sequence (8), such as the presence of only one copy of the amylase gene - a
feature shared with Neandertals, hinting at potential differences in starch digestion
compared to modern humans (13). Additionally, attempts to predict Denisovan phenotypes
from genomic data have provided new insights into their skeletal physiology (14). Due to the
limited fossil record originating from only a handful of locations, predicting the precise
geographical range of Denisovans presents another significant challenge. However, both the
distribution of these fossils and the distribution of populations carrying Denisovan DNA
collectively suggest a relatively broad habitat (12, 15). It is plausible that Denisovans may
have inhabited various regions across the Asian continent, spanning from Siberia to
Southeast Asia. The existing uncertainty about their geographical distribution further
complicates the formulation of hypotheses regarding potential environmental adaptations of
Denisovans. The interbreeding between modern humans and Denisovans has been
suggested to occur in multiple waves involving distinct Denisovan populations (7, 16—18).
These findings may imply the existence of diverse Denisovan groups with potentially
differing genetic compositions, adding another layer of complexity to the interpretation of
their phenotypic characteristics. Another challenge arises when attempting to annotate the
phenotypic effects of Denisovan DNA in contemporary individuals. In the case of

introgressed Neandertal DNA, the utilization of phenotypic association data played a pivotal
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role in studying its influence on modern humans and drawing potential insights into
Neandertal biology (19-23). However, unlike Neandertal DNA, which is present in
populations with accessible GWAS data, Denisovan DNA lacks readily available association
information from phenotype and expression cohorts, rendering such annotation approaches
less practicable. Nonetheless, several studies have provided valuable insights into how
Denisovan DNA has influenced phenotypic variation and facilitated adaptation in modern
humans (24-30). Notably, among them are well-documented instances where Denisovan
DNA has been associated with adaptations related to high-altitude environments, metabolic
processes, and immune responses. The environmental challenges encountered by PNG as
they dispersed across various regions could potentially mirror the challenges that
Denisovans themselves had to contend with. Analyzing the fate of Denisovan DNA within
PNG populations residing in diverse environmental conditions may offer a pathway to assess

the functional capacity of Denisovan DNA and unveil some of its adaptive potential.
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Results

Identification of archaic DNA in PNG highlanders and lowlanders

In this study, our objective was to evaluate the degree to which DNA inherited from past
interbreeding with archaic humans has contributed to shaping local adaptation of two
geographically distinct PNG populations, each confronting unique environmental challenges.
To address this task, we characterized the genomic landscape of Neandertal and Denisovan
DNA in the genomes of 74 PNG individuals residing in the lowlands of Daru Island and 54
individuals inhabiting the highlands of Mount Wilhelm (Supplementary Table 1, Methods)(6).
The habitats of both populations are marked by notable environmental differences, primarily
in terms of altitude. Individuals from the PNG highlander group, included in this study, reside
at elevations ranging from 2,300 to 2,700 meters above sea level. In contrast, the PNG
lowlanders residing on Daru Island, located off the southern coast of Papua New Guinea,
inhabit an environment approximately 100 meters above sea level. These altitude
differentials are associated with various other environmental factors, including variations in
food availability and pathogen exposure. We reconstructed introgressed archaic haplotypes
utilizing a previously established method to detect archaic DNA within contemporary
populations (22). This approach identifies archaic SNPs (aSNPs) within the genomes of
present-day individuals. These aSNPs function as markers of introgressed variants, with
distinctive attributes such as allele sharing signatures with Neandertals and Denisovans.
Moreover, these aSNPs reside on haplotypes of a length that exceeds those of segments
that result from incomplete lineage sorting (ILS) between modern and archaic humans. ILS
segments can produce comparable allele-sharing patterns to those seen in introgressed
haplotypes but are on average considerably older and shorter (Methods). When employing
this methodology in the analysis of PNG genomes within our study, we identified 168,152
aSNPs (Supplementary Table 2). These aSNPs were associated with 10,431 unique core
haplotypes spanning across 50.0 to 65.5 megabases (Mb) of diploid archaic DNA within the

autosome and chromosome X of the analyzed PNG individuals.

Replication of introgression map results with an alternative method

We were able to replicate a large fraction of our identified archaic haplotypes using another
alternative method (HMMIX) designed for reconstructing archaic DNA in contemporary
populations (31). This alternative approach employs a hidden Markov model to identify
genomic regions characterized by a high density of SNPs that are absent in an unadmixed

outgroup population. A significant proportion of 92.0% of the archaic haplotypes we identified
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were also captured by the alternative approach (with a posterior probability exceeding 0.8;
96.0% with posterior probability > 0.5; Methods). Generally, the alternative method detected
a notably higher count of haplotypes (total haplotypes in PNG with posterior probability >
0.8, HMMIX: 483,376; our method: 172,121, Supplementary Figure 1a). However, many
HMMIX-specific haplotypes with a posterior probability larger than 0.8 were characterized by
an absence of archaic SNPs (81.2% HMMIX-specific haplotypes carried no archaic SNPs),
possibly due to the underlying method of HMMIX which doesn’t involve archaic genome
information. These haplotypes also exhibited shorter lengths compared to the ones we
observed and omitted because their lengths aligned with incomplete lineage sorting

(Supplementary Figure 1b-c).

Most likely archaic source of introgressed haplotypes

Next, our goal was to assign the introgressed haplotypes we identified to their most probable
archaic origins. To achieve this, we assessed their sequence similarity in comparison to the
genomic sequences of three high-coverage Neandertals from the Altai Mountains (10),

Vindija Cave (11), and Chagyrskaya Cave (32), as well as the Denisovan individual (8).

We observed that, on average, ~61% of the haplotypes per individual displayed a closer
sequence similarity to Neandertals than to the Denisovan individual (Figure 1a). This result
stands in stark contrast to the anticipated genome-wide estimates of Neandertal ancestry
(~2%) and Denisovan ancestry (~4%) within these populations (8, 11, 18). Yet, this figure
aligns with prior studies that have attributed this disparity to the substantial differences
between the sequenced Denisovan and the introgressing Denisovan population (27, 28). To
examine potential factors contributing to the variance between our haplotype-based ancestry
estimates and those derived from genome-wide analysis, our study investigated the
geographical distribution of archaic haplotypes in PNG (Supplementary Information). First,
assuming that PNG share one major pulse of Neandertal admixture with other non-African
populations and possibly a second minor pulse with present-day mainland Asians (33), we
scanned for the presence of Neandertal-like haplotypes from PNG individuals in present-day
Eurasian individuals that match the aSNP content and genomic location (Methods, Figure
1a). Our findings revealed that roughly half of these Neandertal-like haplotypes were
exclusively found in PNG. One possible explanation for the presence of these PNG-specific
Neandertal haplotypes is that they originated from shared Neandertal admixture pulses but
subsequently disappeared from Eurasian populations. However, in our analysis of the
proportion of unique Neandertal variants in both 1,000 Genomes populations and super-

populations, we estimate that such variants can account for no more than 20% of the total
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PNG-specific Neandertal variants (Supplementary Information). To further explore
alternative sources for the PNG-specific fraction of Neandertal-like haplotypes, we assessed
their sequence relationship with Neandertals and the Denisovan and compared those
measures to the sequence similarity estimates of Neandertal-like haplotypes in PNG that are
also found in 1,000 Genomes Eurasians. We found that PNG-specific Neandertal-like
haplotypes exhibited a closer sequence relationship to the Denisovan individual (Figure 1b)
and displayed greater sequence divergence from Neandertals (Figure 1c) compared to the
PNG Neandertal-like haplotypes identified in Eurasians. These results suggest that some of
the PNG-specific Neandertal-like haplotypes may have originated from an archaic population
that had a closer sequence similarity to the Denisovan and a larger divergence from
Neandertal genomes compared to Neandertal-like haplotype found in PNG and 1,000
Genomes Eurasians. Several scenarios are consistent with this observation. For instance, a
scenario involving admixture between PNG and an archaic population carrying both
considerable Neandertal and Denisovan ancestry would support these findings. However, to
date, no such scenarios have been reported. Moreover, there are factors that might lead to
the misidentification of the ancestral origins of archaic haplotypes. For example, previous
studies have reported multiple pulses of admixture between Oceanian populations and
distinct Denisovan groups (7, 16, 18). Those introgressing Denisovan groups showed
substantially different sequence affinities with the sequenced Denisovan. Furthermore, the
large sequence divergence of the introgressing Denisovan population compared to the
sequenced Denisovan is in contrast with the comparably closer sequence affinity of high-
coverage Neandertal genomes to the introgressing Neandertal population. A previous study
has shown that this contrast and other factors such as incomplete lineage sorting (ILS) pose
an additional challenge in accurately annotating archaic ancestries to introgressed
haplotypes, particularly those of true Denisovan ancestry (27). Finally, the higher number of
available high-coverage Neandertal genomes might potentially further amplify the issue of
misclassification due to ILS. It's also worth noting that admixture between archaic human
groups has previously been reported (10, 34). For example, the Altai Neandertal has been
demonstrated to harbor Denisovan ancestry in its genome, introducing an additional
challenge and further increasing the likelihood of misclassifying genuine Denisovan

introgressed haplotypes.

Considering all these observations collectively, we hypothesize that the PNG-specific set of
haplotypes with a closer sequence similarity to Neandertals is composed of a mix of true
Neandertal and misclassified Denisovan haplotypes. Based on that hypothesis, in our study,
we opted to categorize different sets of archaic haplotypes. Firstly, archaic haplotypes

displaying a closer sequence similarity to the Denisovan than to Neandertals were defined
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as ‘Denisovan-like set 1’ - a set of archaic haplotypes with a high likelihood of Denisovan
ancestry, but likely lacking a substantial proportion of misclassified Denisovan haplotypes.
Secondly, alongside ‘Denisovan-like set 1’, we introduced ‘Denisovan-like set 2’, comprising
PNG-specific haplotypes closer in sequence to Neandertals and all haplotypes in
‘Denisovan-like set 1° - a more comprehensive set of genuine Denisovan haplotypes
compared to set 1, but also comprising a fraction of true PNG-specific Neandertal
haplotypes. Thirdly, we defined ‘Neandertal-like’ haplotypes in PNG as those exhibiting a
closer sequence similarity to at least one Neandertal genome compared to the Denisovan
genome and were also present in 1,000 Genomes Eurasian populations - a set of archaic
haplotypes with a high likelihood of Neandertal ancestry. The use of each of these three sets
in our analyses possesses distinct advantages and limitations, which we thoroughly discuss
in the Supplementary Information. We would like to note that Denisovan-like set 2 accounted
for 69.6% of all archaic haplotypes in PNG - a number substantially closer to the figure
derived from other genome-wide ancestry estimates (Supplementary Information). Our
analysis revealed that PNG highlanders and lowlanders carry similar amounts of Neandertal-
like DNA (P=0.98, Mann-Whitney-U test). However, notably, PNG highlanders exhibited
~1.5% (Denisovan-like set 1, P=0.10) and ~3% (Denisovan-like set 2, P=0.003, Figure 1d,
Supplementary Table 1) more Denisovan-like DNA relative to the number of their lowland

counterparts.

Genomic distribution of archaic haplotypes

Introgressed segments combined from all studied PNG individuals covered approximately
21.15% of the human genome. Among those segments we identified 21 archaic haplotypes
characterized by archaic allele frequencies surpassing 70% (99.8 percentile) in the
combined dataset of the two PNG populations. Interestingly, only eight of these haplotypes
exhibit overlaps with protein-coding genes, posing a challenge in establishing a functional
link of those haplotypes on the biology of their carriers (Supplementary Table 3). Among the
top five haplotypes featuring the highest archaic allele frequencies, only the Neandertal-like
haplotype with the highest frequency of 89% (chr9:112,041,006-112,068,271) shares an
overlap with a protein coding gene, namely SUSD1. Notably, SUSD1 remains relatively
understudied, although a recent investigation has suggested its involvement in

neurodevelopmental disorders (35).

Additionally, we studied the archaic DNA content within regions previously identified as
potential sites for negative selection acting on introgressed DNA (27, 28). Our analysis

confirmed that, within all five autosomal genomic regions previously reported to be devoid of
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archaic DNA, there was either an absence or only negligible traces of archaic DNA present
(Supplementary Figure 2). Consistent with these previous studies we also noted
substantially lower levels of archaic DNA on the X chromosome (Supplementary Figure 2).
PNG individuals exhibited an average 7.8-fold decrease in archaic DNA content on
chromosome X in comparison to autosomes. This reduction was more prominent for
Neandertal-like DNA, with a 12.6-fold decrease, compared to Denisovan-like DNA, which

showed a 11.8-fold and 6.9-fold reduction for sets 1 and 2, respectively (Figure 1e-g).

Signatures of local adaptation in PNG lowlanders and highlanders

Next, we aimed to investigate the extent of population differentiation between the PNG
highlanders and lowlanders. This analysis was designed to provide us with insights into the
potential impact of selection on archaic haplotypes within each of these two examined
populations. To achieve this, we conducted a comparative analysis of the allele frequency
difference for each distinct archaic haplotype within both the PNG highlander and lowlander
populations by calculating their respective Fst values (Methods, Figure 2a, Supplementary
Table 3). We then determined whether archaic haplotypes exhibited altered levels of
population differentiation between these two examined groups by comparing their Fst
distribution to those of a genomic background of 1,000 randomly generated sets of non-
archaic variants, chosen to match the allele frequency distribution of the archaic haplotypes
(Methods, Figure 2b). We also required that the alleles within the random sets of non-archaic
variants matching the archaic allele frequency must also exhibit a higher frequency within
the respective PNG population. Overall, our analysis revealed that the mean Fst value for
archaic haplotypes (0.0178) was significantly lower than the mean values observed in the
random non-archaic sets (ranging from 0.018 to 0.019, P<0.001). This trend was consistent
for both Neandertal-like (P = 0.04) and Denisovan-like (set 1: P=0.002, set 2: P=0.08)
haplotypes. When partitioning the Fst distribution according to whether the higher archaic
allele frequency was detected in highlanders or lowlanders, we found consistently lower
mean values for all sets of archaic haplotypes (P values ranging from 0.004 to 0.63) When
we stratified our analysis according to 1% bin Fst quantiles we observed that the Fst
distribution of Denisovan-like haplotypes with a higher frequency in highlanders started to
trend to higher Fst values compared to randomly selected non-archaic background sets and
was significantly higher for the haplotypes within the top 1% of Fst values for both sets of
Denisovan-like haplotypes set 1: P=0.01, set 2: P=0.04, Figure 2c,d). The observation that
the most highly differentiated Denisovan-like haplotypes with a higher frequency in

highlanders show larger levels of population-differentiation than random frequency-matched
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non-archaic variants would be consistent with elevated levels of local selective pressures

that exceed those of random non-archaic variants.

Next, to further investigate signatures of selection on archaic haplotypes in PNG, we
employed a computational approach to reconstruct the allele frequency trajectories of all
archaic haplotypes over the course of the past 1,000 generations in both highlanders and
lowlanders, utilizing an approximate full-likelihood method (Methods, Supplementary Table
4). We found that log-likelihood ratios (logLRs) that signal deviations from neutral allele
frequency patterns showed a significant correlation with Fst values for both sets of
Denisovan-like (Spearman correlation, set 1: P=0.05; set 2: P=0.01) and also for Neandertal-
like (P=0.03) haplotypes among highlanders, but this correlation was absent among
lowlanders (P>0.05, Figure 2e). Our results indicate that the differences in frequencies
among highlanders for some of the most distinct archaic haplotypes have been driven by
substantial increases in allele frequencies over the past 1,000 generations, matching the
time of between ~25,000 and 20,000 years ago when highlands were settled permanently
(4, 36).

Gene content of genomic regions overlapping highly differentiated archaic haplotypes

A key emphasis of this study was to explore the potential phenotypic impact of archaic
haplotypes exhibiting signs of local adaptation in highlanders or lowlanders. Previous studies
on the health of Papua New Guinea (PNG) populations, including some focusing on the two
PNG groups analyzed in this study, have indicated distinctive physiological traits among
highlander groups. These traits include increased ventilatory lung function and hemoglobin
concentration, a deeper chest, shorter stature, and smaller waist (5, 37-39). Furthermore,
genetic variants exhibiting signatures of selection in the PNG highlanders under investigation
have been associated with variations in red blood cell composition and cardiovascular
phenotypes. This observation aligns with findings in other high-altitude populations (6). To
investigate whether similar phenotypes are influenced by archaic introgression, we
examined the gene content of highly differentiated archaic haplotypes and the phenotypic
associations of aSNPs linked to them. First, we evaluated the gene content within genomic
regions containing different sets of archaic haplotypes showing signatures of population
differentiation. Subsequently, to explore potential phenotypic consequences of genes within
these regions, we conducted tests for functional enrichment within the gene ontology (GO)
(40). In total, we carried out six enrichment analyses for genes that overlapped with archaic
haplotypes falling within the top 1% of the Fst distributions for each possible combination of

higher archaic allele frequency in highlanders or lowlanders with Neandertal-like or
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Denisovan-like haplotypes sets (Supplemental Information, Methods, Supplementary Table
5).

No enriched GO category was observed for both sets of high-Fst Denisovan-like haplotypes
with higher frequencies in highlanders (sets 1 and 2; FWER>0.05, Supplementary Table 5).
Nevertheless, two of the top five most differentiated Denisovan-like haplotypes (associated
with both sets of Denisovan-like haplotypes) overlapped a total of 16 protein coding genes.
Ten of those genes had a direct link to the brain and included pivotal developmental genes
like NEUROD2 and PAX5 (Supplementary Information). This finding aligns with the
discovery that among the five GO categories exhibiting the lowest P values (Denisovan-like
sets 1 and 2), three were associated with fear response. We also found that aSNPs
associated with the two highly differentiated haplotypes modified regulatory regions, like 3’
and 5’UTRs for several of those genes (e.g. IKZF3, PPP1R1B, Supplementary Information
and Supplementary Table S6). Although a formal Gene Ontology (GO) enrichment analysis
did not yield significant results, the notable concentration of brain-related genes within
genomic regions that overlap two of the most differentiated Denisovan-like set 1 & 2
haplotypes exhibiting substantial frequency increases in PNG highlanders suggests a
potential role for Denisovan DNA in influencing the biology of the brain in this population.

The associated aSNPs demonstrate potential regulatory effects on some of these genes.

Genes located in genomic regions overlapping high-Fst Denisovan-like set 2 haplotypes
displaying a higher frequency in lowlanders exhibited a GO enrichment for the category
'cellular response to organic substance' (FWER=0.04, Supplementary Table 5). In addition,
we found three categories showing borderline significance linked to cytokine and protozoan
responses (FWER: 0.06-0.07). These three categories encompassed between 3 and 10
haplotype-associated genes that were a subset from the broader pool of 19 haplotype-
associated genes identified within the 'cellular response to organic substance' category. This
observation implies a potential connection between the specific response to organic
substances and pathogenic elements. These findings were specific to Denisovan-like set 2,
as several of the haplotypes overlapping with the 17 genes were PNG-specific Neandertal-
like. Notably, among the Denisovan-like set 2 haplotypes associated with genes in these
categories was a haplotype encompassing four members of the Guanylate-binding proteins
family (GBP1, GBP2, GBP4, GBP7) - proteins crucial in immune response mechanisms (41).
This specific haplotype had been previously identified in Melanesians as a candidate for
positive selection (6, 27) and carries an archaic variant introducing a missense variant to
GBP7 (Figure 3b, Supplementary Information). Additionally, this region shows two distinct

haplotypes that are both present in homozygous and heterozygous states in archaic
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humans, suggesting this diversity might have been a result of admixture among these
groups as well (Figure 3c). Apart from GBP7, three other genes (DRC7, ENTHD1, RTP5)
harbored missense aSNPs associated with high Fst Denisovan-like set 2 haplotypes with a
higher frequency in lowlanders. However, none of these genes were associated with the
discussed GO categories. Nevertheless, we identified multiple aSNPs altering regulatory
regions of genes linked to those categories, including the 3’ untranslated regions (3’'UTRs) of
GBP4 and GBP7 (refer to Supplementary Information and Supplementary Table 6),
suggesting a potential regulatory effect of those variants on GBP4 and GBP7.

Among the two groups of high-Fst Neandertal-like haplotypes, only the set exhibiting higher
frequencies in highlanders displayed enriched GO categories. These categories comprised
22 associations related to regulatory and metabolic functions, largely influenced by members
of the zinc finger family located within highlander-specific and high-Fst Neandertal-like

haplotypes (Supplementary Table 5, Supplementary Information).

Phenotypic inferences of archaic SNPs associated with highly differentiated archaic

haplotypes

To better understand the potential impact of archaic DNA within the genomes of PNG, we
conducted an analysis using data from UK Biobank (42) and Biobank Japan (43). This
analysis aimed to identify associations involving aSNPs linked to archaic haplotypes
reconstructed within the two PNG populations. It's important to note that this approach has
limitations due to notably lower levels of Denisovan DNA in UK and Japanese populations
compared to PNG, resulting in a significantly reduced number of PNG aSNPs tested in these
cohorts (Figure 3a). Moreover, this limitation was compounded by the possibility that aSNPs
might have been tested on a different archaic haplotype in the biobanks compared to those
in PNG.

In total 379 archaic haplotypes harbored aSNPs exhibiting significant phenotype
associations in at least one of the two biobank cohorts (Supplementary Table 7). Among
these associations were 48 archaic haplotypes carrying aSNPs that alter the protein
sequence of a gene. In general, we observed that a higher percentage of all Denisovan-like
haplotypes in set 2 carried missense aSNPs (5.9%) compared to Neandertal-like haplotypes
(4.7%, P=0.02, Fisher's exact test, Supplementary Table 8). A total of 125 of all 568
missens-carrying haplotypes contained multiple missense aSNPs, notably a Denisovan-like
(set 1 & 2) haplotype carrying 10 missense aSNPs. This specific haplotype had been

previously noted in a region involving MUC19, which has shown signs of introgression and
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selection among both archaic and modern humans (44) (Supplementary Information). Traits
commonly associated with missense-carrying haplotypes included blood biomarkers,
measurements related to bone density and body fat, as well as occurrences of diabetes,
some of which correlate with the phenotypic difference previously reported for PNG

populations.

When we explored aSNP trait associations for all archaic PNG haplotypes, we identified four
Denisovan-like haplotypes that exhibited substantial pleiotropy, displaying between 77 and
178 associations with various medical and non-disease phenotypes (Supplementary Table
7, Figure 3d). Intriguingly, all of these haplotypes were situated within the Major
Histocompatibility Complex (MHC), a crucial immune-related region in the human genome.
Notably, two of these haplotypes ranked among the top 10% in the Fst distribution. In total,
we found 19 Denisovan-like and 7 Neandertal-like haplotypes located within the MHC. We
found that Denisovan-like (both sets) and Neandertal-like haplotypes showed comparable
but nominally higher mean Fst values relative to other sets of frequency-matched non-
archaic sets of SNPs within the MHC (Figure 3e). The relative mean Fst values for
Neandertal-like and Denisovan-like haplotypes compared to random background sets were
substantially larger than their respective genome-wide counterparts, which tentatively
showed lower mean Fst values compared to non-archaic random background sets (all
P<0.001). While these results indicate a difference in population differentiation between
PNG highlanders and lowlanders for archaic haplotypes in the MHC compared to other
genomic regions, it's important to interpret these findings within the context of the high

evolutionary dynamics characterizing the MHC.
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Discussion

In this study, we investigated the genomic and phenotypic impact of Denisovan and
Neandertal DNA within two PNG populations living in distinct environmental regions - the
mountainous terrain surrounding Mount Wilhelms and Daru Island. We found that
Denisovan-like haplotypes exhibiting the most significant frequency differentiation between
both populations and that had risen to higher frequencies among highlanders exceeded the
level of population differentiation seen in non-archaic variants with comparable frequencies.
These findings imply that Denisovan DNA played a significant role in adaptive processes for
these populations. Highly differentiated haplotypes that exhibited higher frequencies in
highlanders overlapped several genes associated with early brain development, a result also
observed for some of the most highly differentiated non-archaic haplotypes in these
populations (6). This result might reflect adaptive patterns to highlander-specific
environmental factors. For instance, high-altitude-induced hypoxia has been linked to
adaptive changes in neurons (45). Similarly, dietary variations resulting from differences in
food availability have been demonstrated to profoundly affect brain development (46).
Notably, none of the PNG individuals examined in our study carried a previously described
Denisovan-like haplotype associated with high-altitude adaptation (25). Therefore, at this
juncture, it remains challenging to predict the extent and manner in which introgressed
Denisovan DNA impacts these genes and their associated phenotypes. In this context it is
worth noting that Neandertal DNA has been demonstrated to significantly impact several
behavioral and neurological phenotypes in its carriers today (19, 21, 47-49). Our findings
imply that comparable patterns might also hold true for Denisovan DNA. One set of highly
differentiated Denisovan-like haplotypes, present at high frequencies among lowlanders,
exhibited a significant overlap with genes associated with pathogen response. One plausible
explanation for this result could be the exposure to tropical diseases, such as malaria. A total
of 94% of all malaria deaths in the Western Pacific region in 2021 were accounted for in
Papua New Guinea (50, 51). Although malaria is highly prevalent in the geographical region,
it is nearly absent among PNG highlanders (52). Our findings imply that Denisovan DNA
may have played a role in the adaptation to defense of malaria and/or other tropical
diseases. The influence of Denisovan-like haplotypes stands out when compared to
introgressed Neandertal-like haplotypes. We do not observe a similar degree of population
differentiation or functional significance for Neandertal DNA for the most highly differentiated
haplotypes in PNG populations. However, we did discover that highly differentiated
Neandertal-like haplotypes with greater prevalence among highlanders were notably

enriched for genes involved in transcriptional processes. These findings align with earlier
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reports highlighting the importance of Neandertal DNA in the regulation of gene expression
(53-57).

Our findings offer potential phenotype-associated candidates that can contribute to a deeper
understanding of the role of Denisovan DNA in contemporary adaptive processes.
Furthermore, these candidates can serve as a basis for reconstructing the phenotypic
characteristics of Denisovans and shedding light on the adaptive mechanisms within this
archaic human group. These identified candidates present a valuable resource for functional
testing through experimental assays (58, 59) and can collaborate with prediction algorithms
to further explore their phenotypic significance (60). Ultimately, a significant expansion of
available association data (61) will be a crucial component in advancing our understanding
of the phenotypic potential of Denisovan DNA and its contribution to the adaptation of
modern humans. It will also bring us another step closer to learning more about our extinct
relatives and unique aspects of their biology. In our study, we examined two sets of
Denisovan-like introgressed haplotypes. This decision arises from the ongoing challenge of
confidently annotating Denisovan DNA within present-day populations. Both sets of
Denisovan-like haplotypes are potentially prone to either omitting genuine Denisovan
sequences or incorporating misclassified Neandertal haplotypes. The low number of archaic
genomes, especially Denisovans, as well as our likely incomplete knowledge about the
complex landscape of archaic admixture in Oceania are key factors limiting the assessment
of the accuracy of the exact number of true Denisovan haplotypes in both sets. Future
research incorporating additional genomic data from modern and archaic humans and
enhanced genomic and evolutionary methodologies will be key to improve our understanding
of archaic admixture. These advancements will also facilitate a more precise interpretation of
our findings, including an evaluation of the accuracy levels of the Denisovan haplotype sets

we have generated.
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Methods

Genomic datasets

This study included whole-genome sequencing data (8-43X coverage, Supplementary Table
1; human genome version hg38) derived from a cohort of 128 unrelated adult PNG
individuals, consisting of 74 individuals from the lowlands of Daru Island and 54 individuals
from the highland region around Mount Wilhelm (6). Andre et al. utilized the Broad Institute’s
GATK v4.2.0.0 'Germline short variant discovery' pipeline (62) to generate genotype data
from a diverse cohort comprising populations from Papua New Guinea, Oceania, and
additional individuals of African, European, and Asian descent sourced from the 1000
Genomes Project dataset. To ensure data quality, a coverage-based genomic mask was
established to filter out sites with limited accessibility, particularly those derived from next-
generation short-read sequencing methods. Subsequently, the genotype dataset was refined
to include only biallelic SNPs with a call rate of at least 95%. Phasing was conducted without
a reference panel using shapeit v4.2.2, which incorporates an automatic imputation step
prior to phasing. Furthermore, we analyzed high coverage whole-genome sequencing data
from the 1,000 Genomes cohort (63) and four archaic humans: the Altai, Chagyrskaya and
Vindija Neandertals (10, 11, 32) and the Denisovan (8). Genotype information for all four
archaic genomes was only available for the human genome version hg19. To harmonize our
genotype datasets, genotypes were converted to hg38 coordinates using UCSC genome
browser’s liftover tool (64). In addition, genotypes were filtered using the provided genomic
masks from each dataset. Genotype data from the 1,000 Genomes cohort was limited to
variable single nucleotide variant positions within the dataset. When combining Yoruba (YRI)
population and PNG populations, YRI positions without genotype information in the 1,000
Genomes cohort were considered to be homozygous for the human reference
allele.Genotype information for the PNG and 1,000 Genomes individuals was available in
phased format with the exception of chromosome X in PNG. We therefore processed the
unphased genotype data for chromosome X using the same pipelines as previously used for
the autosomes (6). Briefly, we kept biallelic variants that had genotype information for more
than 95% of individuals and passed the same quality filters as applied in the autosomal
dataset. Next, we filtered out the pseudo-autosomal parts PAR1 and PAR2 and phased the
remaining variants using shapeit v4.2.2 with default parameters (65).

Archaic introgression map
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We employed a previously established methodology (22) to characterize introgressed
archaic haplotypes in individuals of both PNG (N=128) and three 1,000 Genomes (63)
Eurasian super populations (Europe, N=633; South Asia, N=601, East Asia, N=585). This
approach identifies these haplotypes by leveraging distinctive characteristics, including
shared allele signatures, haplotype structure, and haplotype length, which are indicative of
ancestral interbreeding between modern humans and Neandertals as well as Denisovans.
Following the approach, we first identified archaic SNPs (aSNPs) within the genomes of four
distinct populations under analysis: PNG, East Asians, South Asians, and Europeans. These
aSNPs were defined as those containing an allele that met the following criteria: (i) it was
absent in the 1,000 Genomes Yoruba population, (ii) it was present in at least one of the
three high-coverage Neandertal genomes (Vindija (11), Chagyrskaya (32), Altai (10)), or the
Denisovan genome (8), and (iii) it was present in at least one individual within the four
populations we were examining. Next, within each of the four populations, we computed
pairwise measures of linkage disequilibrium (LD) represented as r* between all identified
aSNPs within that particular population. We collapsed sets of aSNPs that showed r*>0.8 and
defined them as an archaic haplotype. All aSNPs displaying no LD of r>>0.8 with any other
aSNP were removed. Subsequently, we calculated the nucleotide distance for all remaining
haplotypes by measuring the span between the two furthest aSNPs within each haplotype.
We then assessed the compatibility of each haplotype's length with the genomic
phenomenon incomplete lineage sorting (ILS). ILS refers to the retention of ancestral genetic
variation shared by some modern and archaic human populations, which predates the
divergence of these human groups. As a result, ILS can lead to similar allele-sharing
patterns as aSNPs. However, because ILS segments are considerably older, the average
length of ILS haplotypes is much shorter compared to Neandertal or Denisovan haplotypes.
These archaic haplotypes typically span tens of kilobases in size, reflecting the relatively
recent admixture between modern and archaic humans approximately 55,000 years ago
(66). Building upon the methodology introduced by Huerta-Sanchez et al (25) and
incorporating more recent estimates for divergence and mutation rates (67), we computed
the likelihood of each inferred haplotype's length being compatible with incomplete lineage
sorting (ILS). This calculation was conducted using recombination rate estimates obtained
from two separate cohorts (68, 69). We calculated false-discovery rates (FDR) by adjusting
the acquired P values for multiple testing using the Benjamini-Hochberg procedure (70).
Haplotypes that exhibited a length compatible with ILS for both recombination maps
(FDR>0.05) or had fewer than 10 aSNPs were excluded from further analysis. Lastly,
separately for PNG and each 1,000 Genomes Eurasian superpopulation and using the
remaining haplotypes and their corresponding aSNPs, we reconstructed haplotypes within

individuals based on each individual's alignment with the archaic allele at the aSNP sites.
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Next, we assigned archaic haplotypes to their most probable archaic source by evaluating
their sequence similarity with the genomes of three high-coverage Neandertals and the
Denisovan. For haplotypes alleles that were present in a heterozygous state in the unphased
archaic human genomes we defined a distance of 0.5. Haplotypes were defined as
Denisovan-like when they exhibited a stronger sequence affinity with the Denisovan genome
than with the other three Neandertals. All remaining haplotypes were categorized as
Neandertal-like. Moreover, we further categorized Neandertal-like and Denisovan-like
haplotypes within the PNG population based on their presence in any of the three Eurasian
populations we examined. Archaic haplotypes in PNG were regarded as shared with
Eurasian populations if they exhibited an overlap of at least 80% and were composed of the
same set of aSNPs in the overlapping region as the matching archaic haplotypes in
Eurasians. Finally, we generated three sets of archaic haplotypes: (i) Denisovan-like set 1
which is composed of all haplotypes with the closest sequence similarity to the Denisovan;
(i) Denisovan-like set 2, composed of all haplotypes in (i) and all Neandertal-like haplotypes
that are found in PNG, but not Eurasia; (iii) Neandertal-like set with all Neandertal-like

haplotype shared between PNG and 1,000 Genomes Eurasians.

Evaluation of introgression map

To assess the performance of our approach, we leveraged HMMIX, an independent method
utilizing a Hidden Markov model designed to infer putative introgressed segments (31). We
executed the method using default parameters for all 128 PNG samples. To closely mirror
the comparison with our approach, we selected the Yoruba population from the 1,000
Genomes cohort as the outgroup. In addition, we used the four archaic genomes to annotate
HMMIX’s results with shared archaic variants. In comparing our results to the output of
HMMIX, we examined the overlap between fragments identified as "Archaic" by HMMIX and

our inferred archaic haplotypes, considering overlaps of any length.

Measures of population differentiation

We assessed the extent of population differentiation between PNG highlanders and
lowlanders by calculating Fst values for all identified archaic haplotypes in these two groups.
For each haplotype, we randomly selected one candidate aSNP for the analysis, additionally
conditioning the selected aSNP to be within the same 1% allele frequency bin as the aSNP
with the median allele frequency value of a given archaic haplotype. We used VCFtools

(0.1.14) software and computed the Weir and Cockerham Fst estimate (71). Furthermore,
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we created 1,000 control sets of randomly selected non-archaic SNPs that matched the
number of candidate aSNPs and their frequency distribution within the combined PNG
population dataset. Moreover, for aSNPs exhibiting differences in archaic allele frequencies
among PNG populations, we selected non-archaic SNPs matched in frequency, where the
allele corresponding to the archaic allele also demonstrates a higher frequency in the PNG

population, akin to the archaic allele.

Computational reconstruction of allele frequency trajectories for aSNPs

We employed computational methods to reconstruct allele frequency trajectories, utilizing
genomic data from both PNG highlanders and lowlanders, applying a modification of the
pipeline detailed in André et al (6). In brief, our approach involved selecting three random
representative aSNPs from each archaic haplotype. Subsequently, we extracted the local
genealogical tree for each aSNP, utilizing the RELATE software (72) (v1.1.8). These
generated trees served as input for CLUES (73), an approximate full-likelihood method for
testing signatures of selection (v1). CLUES facilitated the reconstruction of allele frequencies
and assigned log-likelihood ratios (log(LR)) to indicate support for non-neutrality. We did not
assess aSNPs with a minor allele frequency below 5%. Furthermore, we excluded data

points for which the CLUES algorithm did not yield a log(LR) value.

Functional enrichment analysis

We performed functional enrichment analysis in the Gene Ontology (GO) (40) using the R
package GOfuncR (74). Specifically, we examined six sets of archaic candidate haplotypes
that ranked within the top 1 percentile of their respective Fst distributions. These six sets
were created by splitting all archaic haplotypes by (i) ancestry (Denisovan-like sets 1 & 2 or
Neandertal-like) and (ii) frequency (higher in highlanders or lowlanders). For each of the six
sets, we defined background haplotypes, which included all remaining haplotypes that did
not fall within the top 1 percentile of their respective Fst distributions. To account for the
genomic clustering of functionally related gene groups, we ran the GO enrichment software
with the parameter circ_chrom=TRUE. This setting allowed us to create 10,000 test sets that
randomly shifted the coordinates of both candidate and background haplotypes on the
circularized version of the same chromosome. Family-wise error rates (FWER) were
determined by comparing empirical enrichment P values for each GO category to the

minimum enrichment P values observed in the entire GO across all test sets.

Phenotypic and regulatory annotation of aSNPs
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We conducted a screening of phenotypic association data from two biobank cohorts, the UK
Biobank (42) (4,280 phenotypes, https://www.nealelab.is/uk-biobank) and Biobank Japan
(43) (220 phenotypes), to identify associations with aSNPs linked to the archaic haplotypes
observed in PNG highlanders and lowlanders. We included in our analysis all associations
involving aSNPs with allele frequencies exceeding 1% and meeting the stringent genome-
wide significance threshold of P<5x10®. In addition, we leveraged ENSEMBL's variant effect
predictor (75) (ensembl-vep version: 109.3) to annotate the aSNPs identified in PNG with

their predicted molecular consequences.

Protein visualization

We employed AlphaFold2 (76) to predict the 3D protein folding structures for two variants of
GBP7. The first variant was constructed based on the reference protein sequence, while the
second variant incorporated a Proline substitution in place of Leucine at amino acid position
559. This substitution was introduced by chr1:89,132,390:A>G aSNP, with Guanine being
the archaic allele at this site. This aSNP resides on the Denisovan-like set 2 haplotype
(chr1:89,054,418-89,200,767), which encompasses this gene. To visualize the resulting

protein structures for both variants, we utilized the Mol* viewer (77) (Figure 3b).
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Data availability

Genotype data

e Papuan dataset: European Genome-Phenome data repository access:
EGADO00001010142, EGAD00001010143, EGAD50000000050
e 1,000 Genomes dataset: https://www.internationalgenome.org/

e Archaic humans: http://cdna.eva.mpg.de/neandertal/

Phenotype data

e UK Biobank GWAS summary statistics: https://www.nealelab.is/uk-biobank

e Biobank Japan GWAS summary statistics: https://pheweb.jp/

e ENSEMBL’s variant effect predictor:
https://www.ensembl.org/info/docs/tools/vep/index.html

Code availability

e https://github.com/SillySabertooth/papuan_archaic_admixture/
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Figure legends

Figure 1: Archaic DNA in PNG genomes.

(a) Amount of diploid genome sequences reconstructed in PNG individuals based on archaic
haplotypes exhibiting higher sequence similarity with the Denisovan individual (left) and
Neandertals (right). Boxplots are employed to visualize the distributions, with the outer
whiskers indicating the minimum and maximum values. The recovered sequence amounts
are presented in megabases (Mb) for various categories, including total sequences (black),
sequences found in 1,000 Genomes Europeans (EUR, gray), East Asians (EAS, gray),
South Asians (SAS, gray), and the combined sequences from all three Eurasian populations
(All, orange). Additionally, the amount of genome sequences recovered using haplotypes
that were not detected in any of the Eurasian populations (Absent) is displayed in red. (b-c)
Empirical cumulative density distributions (eCDF, y-axis) are displayed for the sequence
similarity measures (in number of differences per 10 bases, x-axis) of archaic haplotypes in
PNG, specifically those exhibiting a greater sequence similarity with Neandertals than with
the Denisovan individual. Panels (b) and (c) show these distributions in comparison to the
Denisovan and three Neandertals, respectively. Haplotypes found in 1,000 Genomes
Eurasians are represented by dashed lines, while PNG-specific haplotypes are delineated
with solid lines. (d) Boxplots illustrating the amount of Denisovan-like (set 1 and 2) and
Neandertal-like diploid genome sequence in PNG highlanders (blue) and lowlanders
(orange). Outer whiskers represent the minimum and maximum values. (e) Boxplots
displaying the percentage of archaic (black/gray), Denisovan-like (set 1: green, set 2: dark
green) and Neandertal-like (blue) ancestry on the autosomes and X chromosome in the
PNG cohort. The outer whiskers indicate the 95% confidence interval borders. (f-g) The
proportion of Denisovan-like (set 2, purple) and Neandertal-like (blue) DNA within one-
megabase windows is depicted for chromosome 14 (f), which harbors the highest levels of
archaic DNA, and chromosome X (g), characterized by the least amount of archaic DNA.
Gray areas below the x-axis denote regions that were previously reported to be devoid of

archaic ancestry in present-day populations. Black areas indicate centromere regions.
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Figure 2: Frequency differences of archaic haplotypes between PNG highlanders and
lowlanders.

(a) Manhattan plot visualizes Fst values, representing frequency differences between PNG
highlanders and lowlanders for Denisovan-like haplotypes (sets 1 & 2: circles, set 2 only:
squares) and Neandertal-like haplotypes (triangles). The Manhattan plot is symmetrically
divided across the x-axis, with data points displayed on both the upper and lower sides
conditioned on whether a haplotype is found at a higher frequency in highlanders or
lowlanders, respectively. (b) Distributions of the ratio of the mean Fst value for archaic
haplotypes compared to each mean Fst value obtained from 1,000 non-archaic background
sets (Methods). These distributions are presented for distinct categories of archaic
haplotypes: the full sets of Denisovan-like (set 1: left, set 2: middle) and Neandertal-like
(right) haplotypes are shown in black. Additionally, they include subsets of haplotypes having
higher frequency in highlanders (blue) or lowlanders (orange) for both sets of Denisovan-like
and Neandertal-like haplotypes. Whiskers in the boxplots represent the 95% confidence
interval for these distributions. Distributions that exhibit a significant deviation from a ratio of
1 (P<0.05) are denoted by an asterisk. (c-d) Distribution of the ratio between Fst quantiles
for sets of Denisovan-like and Neandertal-like haplotypes displaying a higher frequency in
PNG highlanders (c) and PNG lowlanders (d) relative to the quantile Fst values derived from
1,000 matching non-archaic background sets. Distributions are smoothed using a cubic
spline smoothing algorithm. Quantiles for which the ratio significantly deviates from one are
shown with filled circles. A gray line is included to represent the neutral expectation of one.
(e) Spearman’s correlation coefficients together with their 95% confidence intervals (y-axis)
calculated between Fst values and log-likelihood ratios derived from reconstructed allele
frequencies for sets of Denisovan-like and Neandertal-like haplotypes are shown.
Haplotypes are categorized into two sets: those exhibiting a larger archaic allele frequency in
PNG highlanders (blue) and in lowlanders (orange). Correlation coefficients that exhibit a

significant deviation from a value of 0 (P<0.05) are denoted by an asterisk.
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Figure 3: Phenotypic implications of archaic admixture in PNG populations.

(a) The percentage of aSNPs tested in two biobank cohorts, namely the UK Biobank and
Biobank Japan, is depicted. The relative distribution of aSNPs is categorized according to
the ancestral origin of the haplotype linked to them in PNG. Only aSNPs with a minor allele
frequency of at least 1% in both biobank cohorts are considered. (b) A three-dimensional
representation of the human Guanylate Binding Protein 7 (GBP7) is depicted on the right. A
distinct segment of the protein is emphasized in green. Two renditions of this protein
segment are displayed: one reflects the modern human reference protein sequence
(middle), while the other showcases an amino acid substitution introduced by the archaic
allele chr1:89,132,390:A>G, resulting in a Leucine to Proline alteration at position 559 (left).
(c) The genetic composition across 163 variable sites in the Denisovan and three Neandertal
individuals within the region of the introgressed Denisovan-like set 2 haplotype at
chr1:89,054,418-89,200,767 is depicted. Alleles are color-coded based on their prevalence
in the four archaic genomes (major allele in purple, minor allele in yellow, and heterozygous
sites in orange). The analysis only covers genetic positions with genotype information
available for all four archaic individuals. The bottom panel highlights positions that represent
aSNP locations in PNG (gray). (d) Scatterplot depicting the frequencies for sets of archaic
haplotypes spanning the Major Histocompatibility Complex (MHC) in PNG highlanders (x-
axis) and lowlanders (y-axis). Denisovan-like haplotypes are represented by circles (set 1 &
2) and squares (set 2), while Neandertal haplotypes are denoted by triangles. The symbol
sizes correspond to the number of trait associations associated with aSNPs segregating on
these haplotypes (Methods). A gray diagonal line has been included to represent the region
for haplotypes with identical frequencies in both populations. (e) Frequency distributions
illustrate the ratio of both the mean Fst value for genome-wide sets of archaic haplotypes
(right) and sets of haplotypes overlapping the MHC (left) compared to the mean Fst values
obtained from 1,000 non-archaic background sets genome-wide and within the MHC,
respectively (Methods). Whiskers in the boxplots represent the 95% confidence interval for
these distributions. Distributions with a significant deviation from one are highlighted by an
asterisk (P<0.05).
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