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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 Denisovan-like
haplotypes exhibit increased levels of population differentiation between PNG highlanders and lowlanders. The highly
differentiated haplotypes, more common among highlanders, reside in genomic areas linked to brain development genes.
Conversely, those more frequent in lowlanders overlap with genes enriched in immune response processes. Furthermore,
Denisovan-like haplotypes displayed pronounced signatures of diversification within the major histocompatibility complex.
Our findings suggest that Denisovan DNA has provided a valuable source of genetic variation to PNG genomes that
facilitated adaptive responses to environmental challenges.

Introduction

The initial human settlement of New Guinea is estimated to
have occurred by at least 50 thousand years ago". Today, the
distribution of PNG populations across the region is uneven,
often occurring in areas characterized by significant envi-
ronmental disparities**. These environmental challenges,
such as exposure to high altitudes or region-specific patho-
gens, have been demonstrated to correlate with phenotypic
variations among PNG populations inhabiting distinct envi-
ronments’. These challenges have also been established as
factors contributing to the emergence of local genetic adap-
tation signatures®’. Moreover, PNG, like their counterparts
in near and remote Oceanian, bear a significant share of ap-
proximately 3-4% Denisovan DNA, ranking among the high-
est proportions globally®®. This is in addition to the ~2% of
Neandertal ancestry that are found in PNG and all present-
day non-Africans'®!'. 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 comprehen-
sively reconstruct Denisovan physiology and their historical
geographic distribution'. These aspects make it challenging
to postulate hypotheses regarding their functions in present-
day individuals. Some insights have been derived from the
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Denisovan genome sequences, such as the presence of only
one copy of the amylase gene, hinting at potential differ-
ences in starch digestion'®. Additionally, attempts to predict
Denisovan phenotypes from genomic data have provided
new insights into their skeletal physiology'. Due to the lim-
ited fossil fragments record originating from only a handful
of locations, predicting the precise geographical range of
Denisovans presents another significant challenge. How-
ever, both the distribution of these fossils and the distribu-
tion of populations carrying Denisovan DNA collectively
suggest a relatively broad habitat'>'*. It is plausible that Den-
isovans may have inhabited various regions across the Asian
continent, spanning from Siberia to Southeast Asia. The ex-
isting uncertainty about their geographical distribution fur-
ther complicates the formulation of hypotheses regarding
potential environmental adaptations of Denisovans. The in-
terbreeding between modern humans and Denisovans has
been suggested to occur in multiple waves involving distinct
Denisovan populations”'¢'%. These findings may imply the
existence of diverse Denisovan groups with potentially dif-
fering genetic compositions, adding another layer of com-
plexity to the interpretation of their phenotypic characteris-
tics. 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
role in studying its influence on modern humans and
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drawing potential insights into Neandertal biology"-*. How-
ever, unlike Neandertal DNA, which is present in popula-
tions with accessible GWAS data, Denisovan DNA lacks
readily available association information from phenotype
and expression cohorts, rendering such annotation ap-
proaches less practicable. Nonetheless, several studies have
provided valuable insights into how Denisovan DNA has in-
fluenced phenotypic variation and facilitated adaptation in
modern humans**. Notably, among them are well-docu-
mented instances where Denisovan DNA has been associ-
ated with adaptations related to high-altitude environments,
metabolic processes, and immune responses. The environ-
mental challenges encountered by PNG as they dispersed
across various regions could potentially mirror the chal-
lenges that Denisovans themselves had to contend with. An-
alyzing 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.

Results
Identification of archaic DNA in PNG highlanders and low-
landers

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 re-
siding in the lowlands of Daru Island and 54 individuals in-
habiting the highlands of Mount Wilhelm (Supplementary
Table 1, Methods)®. We reconstructed introgressed archaic
haplotypes utilizing a previously established method to de-
tect archaic DNA within contemporary populations®. This
approach identifies archaic SNPs (aSNPs) within the ge-
nomes of present-day individuals. These aSNPs function as
markers of introgressed variants, with distinctive attributes
such as allele sharing signatures with Neandertals and Den-
isovans. Moreover, these aSNPs reside on haplotypes of a
length that exceeds those of segments that result from in-
complete lineage sorting (ILS) between modern and archaic
humans. ILS segments can produce comparable allele-shar-
ing 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 168,413 aSNPs (Supplemen-
tary Table 2). These aSNPs were associated with 10,432
unique core haplotypes spanning across 50.0 to 65.5 mega-
bases (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®. This alternative approach
employs a hidden Markov model to identify genomic regions
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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 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 1la). 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', Vindija
Cave', and Chagyrskaya Cave®, as well as the Denisovan
individual®. We observed that, on average, ~61% of the
haplotypes per individual displayed a closer sequence
resemblance to Neandertals than to the Denisovan
individual (Figure 1a). This result stands in stark contrast to
the anticipated genome-wide estimates of Neanderthal
ancestry (~2%) and Denisovan ancestry (~4%) within these
populations®'. 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®”2®. To address this challenge and
enhance the ancestry assignment accuracy, our study
introduced a secondary criterion based on the geographical
distribution of archaic haplotypes (Supplementary
Information). Assuming that the vast majority of archaic
haplotypes with genuine Neandertal origin were introduced
to the ancestors of all non-Africans, we scanned for the
presence of Neandertal-like haplotypes from PNG
individuals in contemporary 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.
This proportion is notably striking because, if these
haplotypes are indeed of Neandertal origin, their presence
solely in PNG suggests two potential scenarios: either their
absence in other non-African populations resulted from
their removal in them or they stem from a distinct
Neandertal admixture pulse that differs from that shared
with other non-Africans. Lacking prior evidence supporting
either of these occurrences, we regard the likelihood of these
explanations as minimal. Instead, we hypothesize that a
significant portion of these PNG-specific Neanderthal-like
haplotypes might be misclassified and are actually of
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Denisovan ancestry. Supporting this hypothesis, these PNG-
specific 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. In our study we therefore decided to combine
Denisovan-like haplotypes with the fraction of Neandertal-
like haplotypes absent in Eurasian populations. The
resulting new set of Denisovan-like haplotype accounted for
69.6% of all archaic haplotypes - a number substantially
closer to the expected figure derived from allele-sharing
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 ~3%
more Denisovan-like DNA relative to the number of their
lowland counterparts (P=0.003, Figure 1d, Supplementary
Table 1).

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% 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 SUSDI. Notably, SUSDI
remains relatively understudied, although a recent
investigation has suggested its involvement in
neurodevelopmental disorders®. Additionally, we studied
the archaic DNA content within regions previously
identified as potential sites for negative selection acting on
introgressed DNA*?. Our analysis confirmed that, within
all five autosomal genomic regions previously reported to be
devoid of 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 6.9-fold reduction (Figure le-g).

Signatures of local adaptation in PNG lowlanders and high-
landers

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.
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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). 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 0.020, P<0.001). This trend was
consistent for both Neandertal-like (P=0.02) and Denisovan-
like (P<0.001) haplotypes. Next, we partitioned the Fst
distribution according to whether the higher archaic allele
frequency was detected in highlanders or lowlanders. The
archaic Fst distributions consistently exhibited significantly
lower mean values for haplotypes found at higher
frequencies in lowlanders (P<0.001 for all haplotypes,
including Denisovan-like and Neandertal-like haplotypes).
However, we observed a noteworthy difference of the Fst
distribution of archaic haplotypes with higher frequencies in
highlanders. The Neandertal-like, Denisovan-like, and the
combined Fst distributions exhibited higher mean values in
comparison to the median of the Fst mean values from the
random background sets. Notably, for the Denisovan-like
haplotypes, this difference approached statistical
significance (P=0.08) and was even more pronounced for
the Denisovan-like haplotypes with an closer sequences
similarity to the Denisovan than to any Neandertal (P=0.02).
When we analyzed the Fst distribution of Denisovan-like
haplotypes against randomly selected non-archaic
background sets, we found that the top 10% of the Fst values
for Denisovan-like haplotypes were significantly higher than
those observed in the random non-archaic sets. (P<0.05,
Figure 2c). This result suggests that particularly highly
differentiated Denisovan-like haplotypes that show a higher
frequency in highlanders show larger levels of population-
differentiation than random frequency-matched 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 Denisovan-like (Spearman correlation, P=0.006) and
Neandertal-like (P=0.03) haplotypes among highlanders,
but this correlation was absent among lowlanders (P>0.05,
Figure 2d). Our results indicate that the differences in
frequencies among highlanders for some of the most distinct
archaic haplotypes have been driven by substantial increases


https://doi.org/10.1101/2024.01.14.575483
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.14.575483; this version posted January 14, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

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***. Our analysis
of the reconstructed allele frequencies within highlander
populations for the top 10 Denisovan-like and Neandertal-
like Fst haplotypes revealed an average increase of 20% and
28%, respectively. Notably, there was a surge of 5.1% within
the last 140 generations among the top ten Fst Denisovan-
like haplotypes (Figure 2e). Comparatively, the average
frequency increase for the top 10 Fst Denisovan-like and
Neandertal-like haplotypes over the last 1,000 generations
was notably smaller for lowlander populations, at 12% and
17%, respectively (Figure 2f). In general, our analysis
revealed that many of the highly differentiated archaic
haplotypes, particularly in PNG highlanders, were
associated with specific allele frequency changes. The allele
frequency burst of some of the most differentiated
Denisovan-like haplotype within the last 100-200
generations suggest that recent selective pressures might
have played a pivotal role in shaping the patterns of
population differentiation we observed.

Gene content of genomic regions overlapping highly differ-
entiated 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. To tackle this
question, we evaluated the gene content within genomic
regions containing these haplotypes. Subsequently, to
explore potential phenotypic consequences of genes within
these regions, we conducted tests for functional enrichment
within the gene ontology (GO)*. In total, we carried out four
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 Denisovan-like haplotypes (Supplemental
Information, Methods, Supplementary Table 5). No
enriched GO category was observed for high-Fst Denisovan-
like haplotypes with higher frequencies in highlanders
(FWER>0.05, Supplementary Table 5). Nevertheless, we
observed a notable concentration of brain-related genes,
including pivotal developmental genes like NEUROD2 and
PAX5, overlapping these haplotypes (Supplementary
Information). This finding aligns with the discovery that
among the four GO categories exhibiting the lowest P values,
three were associated with fear response. This association
might offer a potential target phenotype linked to these
highlander-specific and highly differentiated Denisovan-like
haplotypes. Genes located in genomic regions overlapping
their counterparts, specifically high-Fst Denisovan-like
haplotypes displaying a higher frequency in lowlanders,
exhibited a GO enrichment for the category 'cellular
response to organic substance’ (FWER=0.03), along with
related categories showing borderline significance linked to
cytokine and protozoan responses (FWER: 0.06-0.08,
Supplementary Table 5). Notably, among the Denisovan-like
haplotypes associated with genes in these categories was a
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haplotype encompassing four members of the Guanylate-
binding proteins family (GBP1, GBP2, GBP4, GBP7) -
proteins crucial in immune response mechanisms®. This
specific haplotype had been previously identified in
Melanesians as a candidate for positive selection®* and
carries an archaic variant introducing a missense variant to
GBP7  (Figure 3b, Supplementary Information).
Additionally, this region exhibits high diversity among
archaic humans, suggesting it might have been a target of
admixture among these groups as well (Figure 3c). Among
the two groups of high-Fst Neanderthal-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 Neanderthal-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® and Biobank Japan®. 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 6). 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 carried
missense aSNPs (5.9%) compared to Neanderthal-like
haplotypes (4.7%, P=0.019, Fisher’s exact test,
Supplementary Table 7). A total of 125 of all 568 missens-
carrying haplotypes contained multiple missense aSNPs,
notably a Denisovan-like haplotype carrying 10 missense
aSNPs. This specific haplotype had been previously noted in
a region involving MUCI19, which has shown signs of
introgression and selection among both archaic and modern
humans® (Supplementary Information). Traits commonly
associated with these haplotypes included blood
biomarkers, measurements related to bone density and body
fat, as well as occurrences of diabetes. 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 6, Figure 3d).
Intriguingly, all of these haplotypes were situated within the
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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. Both
Denisovan-like and Neandertal-like MHC haplotypes
showed significantly larger Fst values compared to their
non-MHC counterparts (Denisovan-like: P=1.1x10"%,
Neandertal-like: P=6.5x10*). This result is consistent with
the general higher diversity in this genomic region.
However, Denisovan-like haplotypes also showed elevated
median (0.067, P=0.03) and mean (0.059, P=0.10) Fst levels
compared to other sets of frequency-matched non-archaic
SNPs within the MHC (Figure 3e). We did not detect such a
difference when comparing the Fst distributions of
Neandertal-like haplotypes to random sets of frequency-
matched non-archaic MHC SNPs.

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 exceeded the level of population
differentiation seen in non-archaic variants with
comparable frequencies. This effect was particularly
pronounced for Denisovan-like haplotypes that had risen to
higher frequencies among highlanders. These findings
imply that Denisovan DNA played a substantial role in
adaptive processes for these populations. Highly
differentiated haplotypes that exhibited higher frequencies
in highlanders overlapped several genes associated with
early brain development. 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®. Similarly, dietary variations
resulting from differences in food availability have been
demonstrated to profoundly affect brain development*.
Notably, none of the PNG individuals examined in our study
carried a previously described Denisovan-like haplotype
associated with high-altitude adaptation®. 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'***. Our
findings imply that comparable patterns might also hold
true for Denisovan DNA. 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**. Although malaria is highly prevalent
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in the geographical region, it is nearly absent among PNG
highlanders”. Our findings imply that Denisovan DNA may
have played a role in the adaptation to defense of malaria
and/or other tropical diseases. Furthermore, we observed
the presence of 19 Denisovan-like haplotypes within the
Major Histocompatibility Complex, a critical immune region
within the human genome. These haplotypes displayed
significant frequency differences between highlanders and
lowlanders, surpassing those found for frequency-matched
non-archaic MHC variants. Our findings suggest that
Denisovan admixture contributed to increased diversity in
the MHC, a boost that might have been especially
advantageous for the PNG population, which currently
exhibits one of the lowest levels of heterozygosity world-
wide®.  Archaic admixture has frequently been
acknowledged as a source of diversity, which is particularly
relevant within the context of immunity and pathogen
defense®*. 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 concerning population differentiation among PNG
populations. However, we did discover that highly
differentiated Neandertal-like haplotypes with greater
prevalence among lowlanders were notably enriched for
genes involved in transcriptional processes. These findings
align with earlier reports highlighting the importance of
Neandertal DNA in the regulation of gene expression®->*-%,
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®® and can collaborate with
prediction algorithms to further explore their phenotypic
significance®. Ultimately, a significant expansion of
available association data%® 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.

References

1.  Clarkson, C. et al. Human occupation of northern Australia by 65,000
years ago. Nature 547, 306-310 (2017).

2. O’Connell, J. F. et al. When did Homo sapiens first reach Southeast
Asia and Sahul? Proc. Natl. Acad. Sci. U. S. A. 115, 8482-8490 (2018).

3. Brucato, N. et al. Papua New Guinean Genomes Reveal the Complex
Settlement of North Sahul. Mol. Biol. Evol. 38, 5107-5121 (2021).

4. Summerhayes, G. R., Field, J. H., Shaw, B. & Gaffney, D. The archae-
ology of forest exploitation and change in the tropics during the Pleis-
tocene: The case of Northern Sahul (Pleistocene New Guinea). Quat.
Int. 448, 14-30 (2017).

5. André, M. et al. Phenotypic differences between highlanders and low-
landers in Papua New Guinea. PLoS One 16, 0253921 (2021).


https://doi.org/10.1101/2024.01.14.575483
http://creativecommons.org/licenses/by-nd/4.0/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.14.575483; this version posted January 14, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

André, M. et al. Positive selection in the genomes of two Papua New
Guinean populations at distinct altitude levels. bioRxiv
2022.12.15.520226 (2022) d0i:10.1101/2022.12.15.520226.

Choin, J. et al. Genomic insights into population history and biological
adaptation in Oceania. Nature 592, 583-589 (2021).

Meyer, M. et al. A high-coverage genome sequence from an archaic
Denisovan individual. Science 338, 222-226 (2012).

Larena, M. et al. Philippine Ayta possess the highest level of Den-
isovan ancestry in the world. Curr. Biol. 31, 4219-4230.e10 (2021).
Priifer, K. et al. The complete genome sequence of a Neanderthal from
the Altai Mountains. Nature 505, 43-49 (2014).

Priifer, K. et al. A high-coverage Neandertal genome from Vindija
Cave in Croatia. Science 358, 655-658 (2017).

Peyrégne, S., Slon, V. & Kelso, J. More than a decade of genetic re-
search on the Denisovans. Nat. Rev. Genet. (2023) d0i:10.1038/s41576-
023-00643-4.

Perry, G. H., Kistler, L., Kelaita, M. A. & Sams, A. J. Insights into hom-
inin phenotypic and dietary evolution from ancient DNA sequence
data. J. Hum. Evol. 79, 55-63 (2015).

Gokhman, D. et al. Reconstructing Denisovan Anatomy Using DNA
Methylation Maps. Cell 179, 180-192.e10 (2019).

Teixeira, J. C. & Cooper, A. Using hominin introgression to trace mod-
ern human dispersals. Proc. Natl. Acad. Sci. U. S. A. 116, 15327-15332
(2019).

Browning, S. R., Browning, B. L., Zhou, Y., Tucci, S. & Akey, J. M.
Analysis of Human Sequence Data Reveals Two Pulses of Archaic
Denisovan Admixture. Cell 173, 53-61.e9 (2018).

Mondal, M., Bertranpetit, J. & Lao, O. Approximate Bayesian compu-
tation with deep learning supports a third archaic introgression in
Asia and Oceania. Nat. Commun. 10, 246 (2019).

Jacobs, G. S. et al. Multiple Deeply Divergent Denisovan Ancestries in
Papuans. Cell 177, 1010-1021.e32 (2019).

McArthur, E., Rinker, D. C. & Capra, J. A. Quantifying the contribu-
tion of Neanderthal introgression to the heritability of complex traits.
Nat. Commun. 12, 4481 (2021).

Dannemann, M. & Kelso, J. The Contribution of Neanderthals to Phe-
notypic Variation in Modern Humans. Am. J. Hum. Genet. 101, 578-
589 (2017).

Simonti, C. N. et al. The phenotypic legacy of admixture between mod-
ern humans and Neandertals. Science 351, 737-741 (2016).
Dannemann, M. The Population-Specific Impact of Neandertal Intro-
gression on Human Disease. Genome Biol. Evol. 13, (2021).

Skov, L. et al. The nature of Neanderthal introgression revealed by
27,566 Icelandic genomes. Nature 582, 78-83 (2020).

Koller, D. et al. Denisovan and Neanderthal archaic introgression dif-
ferentially impacted the genetics of complex traits in modern popula-
tions. BMC Biol. 20, 249 (2022).

Huerta-Sanchez, E. et al. Altitude adaptation in Tibetans caused by in-
trogression of Denisovan-like DNA. Nature 512, 194-197 (2014).
Racimo, F. et al. Archaic Adaptive Introgression in TBX15/WARS2.
Mol. Biol. Evol. 34, 509-524 (2017).

Vernot, B. et al. Excavating Neandertal and Denisovan DNA from the
genomes of Melanesian individuals. Science vol. 352 235-239 Preprint
at https://doi.org/10.1126/science.aad9416 (2016).

Sankararaman, S., Mallick, S., Patterson, N. & Reich, D. The Com-
bined Landscape of Denisovan and Neanderthal Ancestry in Present-
Day Humans. Curr. Biol. 26, 1241-1247 (2016).

Vespasiani, D. M. et al. Denisovan introgression has shaped the im-
mune system of present-day Papuans. PLoS Genet. 18, €1010470
(2022).

Brucato, N. et al. Chronology of natural selection in Oceanian ge-
nomes. iScience 25, 104583 (2022).

Skov, L. et al. Detecting archaic introgression using an unadmixed out-
group. PLoS Genet. 14, 1007641 (2018).

Mafessoni, F. et al. A high-coverage Neandertal genome from Cha-
gyrskaya Cave. Proc. Natl. Acad. Sci. U. S. A. 117, 15132-15136 (2020).
Glavan, D. et al. Identification of transcriptome alterations in the pre-
frontal cortex, hippocampus, amygdala and hippocampus of suicide
victims. Sci. Rep. 11, 18853 (2021).

Gaftney, D., Ford, A. & Summerhayes, G. Crossing the Pleistocene-
Holocene transition in the New Guinea Highlands: Evidence from the

Yermakovich et al. 2024 (preprint)

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

lithic assemblage of Kiowa rockshelter. Journal of Anthropological
Archaeology 39, 223-246 (2015).

Ashburner, M. et al. Gene Ontology: tool for the unification of biology.
Nat. Genet. 25, 25-29 (2000).

Tretina, K., Park, E.-S., Maminska, A. & MacMicking, J. D. Interferon-
induced guanylate-binding proteins: Guardians of host defense in
health and disease. J. Exp. Med. 216, 482-500 (2019).

Bycroft, C. et al. The UK Biobank resource with deep phenotyping and
genomic data. Nature 562, 203-209 (2018).

Nagai, A. et al. Overview of the BioBank Japan Project: Study design
and profile. J. Epidemiol. 27, S2-S8 (2017).

Villanea, F. A. et al. The MUC19 gene in Denisovans, Neanderthals,
and Modern Humans: An Evolutionary History of Recurrent Intro-
gression and Natural Selection. bioRxiv (2023)
d0i:10.1101/2023.09.25.559202.

Eichstaedt, C. A. et al. Genetic and phenotypic differentiation of an
Andean intermediate altitude population. Physiol Rep 3, (2015).
Cusick, S. E. & Georgieff, M. K. The Role of Nutrition in Brain Devel-
opment: The Golden Opportunity of the ‘First 1000 Days’. J. Pediatr.
175, 16-21 (2016).

Dannemann, M. et al. Neandertal introgression partitions the genetic
landscape of neuropsychiatric disorders and associated behavioral
phenotypes. Transl. Psychiatry 12, 433 (2022).

Chen, Z. et al. The contribution of Neanderthal introgression and nat-
ural selection to neurodegenerative diseases. Neurobiol. Dis. 180,
106082 (2023).

Trujillo, C. A. et al. Reintroduction of the archaic variant of NOVA1 in
cortical organoids alters neurodevelopment. Science 371, (2021).
Organization, W. H. World malaria report 2022. (World Health Organ-
ization, 2022).

Kitur, U., Adair, T., Riley, I. & Lopez, A. D. Estimating the pattern of
causes of death in Papua New Guinea. BMC Public Health 19, 1322
(2019).

Miiller, I., Bockarie, M., Alpers, M. & Smith, T. The epidemiology of
malaria in Papua New Guinea. Trends Parasitol. 19, 253-259 (2003).
Mallick, S. et al. The Simons Genome Diversity Project: 300 genomes
from 142 diverse populations. Nature 538, 201-206 (2016).

Ségurel, L. & Quintana-Murci, L. Preserving immune diversity
through ancient inheritance and admixture. Curr. Opin. Immunol. 30,
79-84 (2014).

Dannemann, M., Andrés, A. M. & Kelso, J. Introgression of Neander-
tal- and Denisovan-like Haplotypes Contributes to Adaptive Variation
in Human Toll-like Receptors. Am. J. Hum. Genet. 98, 22-33 (2016).
Quach, H. et al. Genetic Adaptation and Neandertal Admixture
Shaped the Immune System of Human Populations. Cell 167, 643-
656.€17 (2016).

Sams, A. J. et al. Adaptively introgressed Neandertal haplotype at the
OAS locus functionally impacts innate immune responses in humans.
Genome Biol. 17, 246 (2016).

Zeberg, H. & Pdibo, S. The major genetic risk factor for severe COVID-
19 is inherited from Neanderthals. Nature 587, 610-612 (2020).
Zeberg, H. & Piibo, S. A genomic region associated with protection
against severe COVID-19 is inherited from Neandertals. Proc. Natl.
Acad. Sci. U. S. A. 118, (2021).

Yermakovich, D. et al. Long-range regulatory effects of Neandertal
DNA in modern humans. Genetics (2022) doi:10.1093/genet-
ics/iyac188.

Dannemann, M., Priifer, K. & Kelso, J. Functional implications of Ne-
andertal introgression in modern humans. Genome Biol. 18, 61 (2017).
Silvert, M., Quintana-Murci, L. & Rotival, M. Impact and Evolutionary
Determinants of Neanderthal Introgression on Transcriptional and
Post-Transcriptional Regulation. Am. J. Hum. Genet. 104, 1241-1250
(2019).

McCoy, R. C., Wakefield, J. & Akey, J. M. Impacts of Neanderthal-In-
trogressed Sequences on the Landscape of Human Gene Expression.
Cell 168, 916-927.€12 (2017).

Gallego Romero, I. & Lea, A. J. Leveraging massively parallel reporter
assays for evolutionary questions. Genome Biol. 24, 26 (2023).

Pollen, A. A, Kilik, U., Lowe, C. B. & Camp, J. G. Human-specific ge-
netics: new tools to explore the molecular and cellular basis of human
evolution. Nat. Rev. Genet. 24, 687-711 (2023).


https://doi.org/10.1101/2024.01.14.575483
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.14.575483; this version posted January 14, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

61. Brand, C. M., Colbran, L. L. & Capra, J. A. Predicting Archaic Hominin
Phenotypes from Genomic Data. Annu. Rev. Genomics Hum. Genet.
23, 591-612 (2022).

62. Natri, H. M. et al. Genetic architecture of gene regulation in Indone-
sian populations identifies QTLs associated with global and local an-
cestries. Am. J. Hum. Genet. 109, 50-65 (2022).

63. High-coverage whole-genome sequencing of the expanded 1000 Ge-
nomes Project cohort including 602 trios. Cell 185, 3426-3440.e19
(2022).

64. Kent, W.J. et al. The human genome browser at UCSC. Genome Res.
12, 996-1006 (2002).

65. Delaneau, O., Zagury, J.-F., Robinson, M. R., Marchini, J. L. &
Dermitzakis, E. T. Accurate, scalable and integrative haplotype esti-
mation. Nat. Commun. 10, 5436 (2019).

66. Sankararaman, S., Patterson, N., Li, H., P4idbo, S. & Reich, D. The date
of interbreeding between Neandertals and modern humans. PLoS
Genet. 8, €1002947 (2012).

67. Kong, A. et al. A high-resolution recombination map of the human
genome. Nat. Genet. 31, 241-247 (2002).

68. International HapMap 3 Consortium et al. Integrating common and
rare genetic variation in diverse human populations. Nature 467, 52—
58 (2010).

69. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J. R. Stat. Soc. 57,
289-300 (1995).

70. Danecek, P. et al. The variant call format and VCFtools. Bioinformat-
ics 27, 2156-2158 (2011).

71. Speidel, L., Forest, M., Shi, S. & Myers, S. R. A method for genome-
wide genealogy estimation for thousands of samples. Nat. Genet. 51,
1321-1329 (2019).

72. Stern, A.J., Wilton, P. R. & Nielsen, R. An approximate full-likelihood
method for inferring selection and allele frequency trajectories from
DNA sequence data. PLoS Genet. 15, 1008384 (2019).

73. Grote, S. GOfuncR: Gene ontology enrichment using FUNC. R pack-
age version (2018).

74. McLaren, W. et al. The Ensembl Variant Effect Predictor. Genome
Biol. 17, 122 (2016).

75. Jumper, J. et al. Highly accurate protein structure prediction with Al-
phaFold. Nature 596, 583-589 (2021).

76. Sehnal, D. et al. Mol* Viewer: modern web app for 3D visualization
and analysis of large biomolecular structures. Nucleic Acids Res. 49,
W431-W437 (2021).

Acknowledgements

D.Y., M.A., V.P and M.D. were supported by the European Union through
Horizon 2020 Research and Innovation Program under Grant No. 810645
and the European Union through the European Regional Development
Fund Project No. MOBECO008. F.-X. R. and N.B. were supported by the
French Ministry of Research grant Agence Nationale de la Recherche (ANR
PAPUAEVOL 20-CE12-0003-01), the French Ministry of Foreign and Euro-
pean Affairs (French Prehistoric Mission in Papua New Guinea), and the
Labex TULIP, France, and the Leakey foundation. Data analyses were car-
ried out in part in the High-Performance Computing Center of the Univer-
sity of Tartu.

Competing interest statement

The authors declare no competing interest.

Materials and Methods

Genomic datasets

This study included high-coverage whole-genome sequencing data (version
hg38) derived from a cohort of 128 unrelated adult PNG individuals, con-
sisting of 54 individuals from the lowlands of Daru Island and 74 individu-
als from the highland region around Mount Wilhelm®. Furthermore, we an-
alyzed high coverage whole-genome sequencing data from the 1,000 Ge-
nomes cohort®® and four archaic humans: the Altai, Chagyrskaya and
Vindija Neandertals'®'** and the Denisovan®. Genotype information for all
four archaic genomes was only available for the human genome version
hgl9. To harmonize our genotype datasets, genotypes were converted to
hg38 coordinates using UCSC genome browser’s liftover tool®. In addition,
genotypes were filtered using the provided genomic masks from each da-
taset. Genotype data from the 1,000 Genomes cohort was limited to single
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nucleotide variants (SNPs). Genotype data for the 1,000 Genomes cohort
only contained variable positions within the dataset. All 1,000 Genomes in-
dividuals at genomic positions for which PNG or archaic humans showed
at least one non-reference allele and that were without genotype infor-
mation 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
autosomes6. Briefly, we kept biallelic variants that had genotype infor-
mation for more than 95% of individuals and carried the ‘PASS’ flag in the
FILTER field. Next, we filtered out the pseudo-autosomal parts PAR1 and
PAR2 and phased the remaining variants in the 128 PNG using shapeit4
with default parameters®.

Archaic introgression map

We employed a previously established methodology? to characterize intro-
gressed archaic haplotypes in individuals of both PNG (N=128) and three
1,000 Genomes® Eurasian superpopulations (Europe, N=633; South Asia,
N=601, East Asia, N=585). This approach identifies these haplotypes by lev-
eraging distinctive characteristics, including shared allele signatures, hap-
lotype structure, and haplotype length, which are indicative of ancestral in-
terbreeding between modern humans and Neandertals as well as Den-
isovans. 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', Chagyrskaya®, Al-
tai'®), or the Denisovan genomes$, and (iii) it was present in at least one in-
dividual within the four populations we were examining. Next, within each
of the four populations, we computed pairwise measures of linkage disequi-
librium (LD) represented as r* between all identified aSNPs within that par-
ticular population. We collapsed sets of aSNPs that showed r*>0.8 and de-
fined them as an archaic haplotype. All aSNPs displaying no LD of r*>0.8
with any other aSNP were removed. Subsequently, we calculated the nucle-
otide distance for all remaining haplotypes by measuring the span between
the two furthest aSNPs within each haplotype. We then assessed the com-
patibility of each haplotype's length with the genomic phenomenon incom-
plete 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 haplo-
types typically span tens of kilobases in size, reflecting the relatively recent
admixture between modern and archaic humans approximately 55,000
years ago®. Building upon the methodology introduced by Huerta-Sanchez
et al® and incorporating more recent estimates for divergence and mutation
rates®, we computed the likelihood of each inferred haplotype's length be-
ing compatible with incomplete lineage sorting (ILS). This calculation was
conducted using recombination rate estimates obtained from two separate
cohorts®, We calculated false-discovery rates (FDR) by adjusting the ac-
quired P values for multiple testing using the Benjamini-Hochberg proce-
dure®. Haplotypes that exhibited a length compatible with ILS for both re-
combination maps (FDR>0.05) or had fewer than 10 aSNPs were excluded
from further analysis. Lastly, using the remaining haplotypes and their cor-
responding aSNPs, we reconstructed haplotypes within individuals across
all investigated populations, based on each individual's alignment with the
archaic allele at the aSNP sites. 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 un-
phased 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 Eur-
asian populations we examined. Archaic haplotypes in PNG were regarded
as shared with Eurasian populations if they exhibited an overlap of at least
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80% and were composed of the same set of aSNPs in the overlapping region
as the matching archaic haplotypes in 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”. 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 candidate aSNPs for the analysis. Per haplotype, we conditioned
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”™. Furthermore, we created 1,000 control sets of randomly
selected non-archaic SNPs that matched the number of SNPs and their
frequency distribution of the tested aSNPs within the combined PNG
population dataset.

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®.
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”" (v1.1.8).
These generated trees served as input for CLUES™, 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.
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Functional enrichment analysis

We performed functional enrichment analysis in the Gene Ontology (GO)*
using the R package GOfuncR™. Specifically, we examined four sets of
archaic candidate haplotypes that ranked within the top 1 percentile of their
respective Fst distributions. These four sets were created by pairing (i)
highlanders or lowlanders with (ii) Denisovan-like haplotypes or
Neandertal-like haplotypes. For each of the four 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 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 for each test set.

Phenotypic and regulatory annotation of aSNPs

We conducted a screening of phenotypic association data from two biobank
cohorts, the UK Biobank?’ (4,280 phenotypes, https://www.nealelab.is/uk-
biobank) and Biobank Japan® (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<5x107. In addition, we leveraged
ENSEMBL's variant effect predictor74 (ensembl-vep version: 109.3) to
annotate the aSNPs identified in PNG with their predicted molecular
consequences.

Protein visualization

We employed AlphaFold2” 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 a Guanine on an aSNP at position
chr1:89,132,390, with the reference allele being Adenine. This aSNP resides
on the Denisovan-like haplotype (chrl:89,054,418-89,200,767), which
encompasses this gene. To visualize the resulting protein structures for both
variants, we utilized the Mol* viewer™ (Figure 3b).
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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 distribu-
tions (eCDF, y-axis) are displayed for the sequence similarity measures (in number of differences per 103 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 and Neandertal-
like diploid genome sequence in PNG highlanders (blue) and lowlanders (orange). Outer whiskers represent the minimum and maximum values.
Unlike panel (a), where archaic ancestries are determined solely by sequence similarity, here, the annotation includes geographic refinement along-
side sequence similarity. (e) Boxplots displaying the percentage of archaic (black/gray), Denisovan-like (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 (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.
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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 (squares) and Neandertal-like haplo-
types (triangles). The Manhattan plot is symmetrically divided across the x-axis, with data points displayed on both the upper and lower sides condi-
tioned 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 (left, black) and Neandertal-like (right, black) haplotypes.
Additionally, they include subsets specific to highlanders (blue) and lowlanders (orange) for both Denisovan-like and Neandertal-like haplotypes.
Whiskers in the boxplots represent the 95% confidence interval for these distributions. (¢) Distribution of the ratio between Fst quantiles for Denisovan-
like haplotypes displaying a higher frequency in PNG highlanders and the quantile Fst values derived from 1,000 matching non-archaic background
sets. The blue shaded area signifies the 95% confidence intervals, and the median ratio across quantiles is denoted by a black line. A gray line is
included to represent the neutral expectation of one. (d) Spearman’s correlation coefficients together with their 95% confidence intervals (y-axis)
calculated between Fst values and log-likelihood ratios calculated from reconstructed allele frequencies of Denisovan-like and Neandertal-like hap-
lotypes are shown. Haplotypes are categorized into two sets: those exhibiting a larger archaic allele frequency in PNG highlanders (blue) and in
lowlanders (orange). (e-f) Reconstructed average archaic allele frequencies (y-axis) over the past 1,000 generations for two sets of the top ten
Denisovan-like (solid line) and Neandertal-like (dashed line) haplotypes with the highest Fst values in PNG highlanders (e) and lowlanders (f). The
allele frequency trajectories are individually presented for each PNG population (highlanders: blue; lowlanders: orange).
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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 rs139544379, 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
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 frequen-
cies of archaic haplotypes spanning the Major Histocompatibility Complex (MHC) in PNG highlanders (x-axis) and lowlanders (y-axis). Denisovan-
like haplotypes are represented by squares, 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 demarcate the region
for haplotypes with identical frequencies in both populations. (e) Frequency distributions illustrate the ratio of both the mean (beige) and median
(green) Fst value for archaic haplotypes overlapping the MHC compared to the mean and median Fst values obtained from 1,000 non-archaic
background sets in the MHC (Methods). These distributions are presented for the sets of Denisovan-like (left, black) and Neandertal-like (right, black)
haplotypes. Whiskers in the boxplots represent the 95% confidence interval for these distributions.
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